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Foreword

The Henryk Niewodniczañski Insti tute of Nuclear

Phys ics Pol ish Acad emy of Sci ences (IFJ PAN)

belongs to the top most research cen ters in Poland –

our Insti tute proudly holds the high est A+ grade in the

nation-wide cat e go ri za tion of research insti tu tions.

In the period 2017-2020, the IFJ PAN’s sci en tific activ i -

ties con tin ued with vigor in both fun da men tal and appli ca -

tion research. Stud ies con cern ing basic research were car -

ried out at the Divi sion of Par ti cle Phys ics and

Astro phys ics, the Divi sion of Nuclear Phys ics and Strong

Inter ac tions, the Divi sion of Con densed Mat ter Phys ics

and at the Divi sion of The o ret i cal Phys ics. In turn, the

works related to sci en tific appli ca tions were con ducted at

the Divi sion of Inter dis ci plin ary Research, the Divi sion of

Appli ca tions of Phys ics and at the Cyclotron Centre

Bronowice (CCB).  

In the area of basic research, the driv ing force for the IFJ

PAN is the desire to unravel the nature of the mat ter

con stit u ents and the inter ac tions between them on the

small est pos si ble scale, to under stand the fun da men tal

prop er ties of phys i cal objects made of these con stit u ents,

and, ulti mately, to deter mine the emer gent com plex struc -

tures of dif fer ent forms of mat ter. The IFJ PAN is strictly

 following this path by being involved in the most advanced

inter na tional research pro jects car ried out at large research

 infrastructures spread out around the globe, such as CERN

(Geneve), ILL (Grenoble) or GANIL (Caen), to name but a

few. Engi neers at IFJ PAN are world’s renowned spe cial ists 

who con trib ute with great suc cess to the con struc tion of

new research infra struc tures, like recently to the E-XFEL

(Ham burg), and now to the ESS (Lund) and ITER

(Cadarache).

Research at IFJ PAN related to appli ca tions is also very 

ambi tious and ver sa tile. It encom passes, in par tic u lar, 

a large vari ety of tech niques orig i nat ing from nuclear

phys ics, par ti cle phys ics and solid state phys ics, which were

har nessed to stud ies in biol ogy, med i cine, dosim e try, envi -

ron men tal pro tec tion, but also to such “remote” top ics as

lin guis tics, the behav ior of finan cial mar kets or pres er va -

tion of the cultural heritage.

His tory has shown that fun da men tal research, by gen -

er at ing knowl edge ver i fied in exper i ment, can

enrich our under stand ing of the Uni verse, cre at ing

at the same time new ave nues for tech no log i cal devel op -

ment, which have a very ben e fi cial impact on the soci ety.

The  Cyclotron Cen tre Bronowice at IFJ PAN is par tic u larly

spec tac u lar dem on stra tion of this strong con nec tion

between basic research and appli ca tions. It is a

state-of-the-art pro ton ther apy cen ter and a research lab o -

ra tory, oper at ing two pro ton cyclo trons: 230 MeV Pro teus

C-235 and 60 MeV AIC-144. The whole-body treat ment is

per formed on two rotat ing gan tries with Pen cil Scan ning

Beam, while the treat ment of eye can cer takes place in a

ded i cated room. The num ber of treated patients is con -

stantly grow ing. The other pil lar of the CCB activ ity, that is

basic sci ence research, encom passes exper i ments in nuclear 

phys ics, med i cal phys ics, dosimetry, microdosimetry,

radiobiology and materials engineering.

The IFJ PAN is also actively engaged in edu ca tion of

grad u ate stu dents. Fol low ing a new law on higher

edu ca tion and sci ence intro duced in 2018, an

 interinstitutional, inter dis ci plin ary doc toral school was cre -

ated to train PhD stu dents in the domain of phys ics, chem -

is try, med i cal sci ences and mate ri als engi neer ing under aus -

pices of IFJ PAN: the Krakow School of Inter dis ci plin ary

PhD Studies (KISD).

One has to stress that the impres sive list of achieve -

ments that are pre sented in this Research Report is the fruit

of the com pe tence and com mit ment of the IFJ PAN’s Staff, 

the Sci en tific Coun cil as well as the Board of Direc tors. We

wish to express our deep est grat i tude to all these con tri bu -

tors and, espe cially, to Prof. Marek Je¿abek, who, in August
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2020, after 16 years, ended his term of the IFJ PAN Direc -

tor General.

We invite the Reader of the IFJ PAN Report 2017–2020

to learn about the research achieve ments of our Insti tute.

We are con vinced, that they dem on strate a wide spec trum

of sci en tific works as well as the author’s enthu si asm, which 

all con trib ute to the high sci en tific level of our  Institute on

the inter na tional forum.
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1. Division of Particle and
Astroparticle Physics

The research activ i ties of the Divi sion of Par ti cle and

Astroparticle Phys ics are focused on two areas: one

of them are stud ies of fun da men tal con stit u ents of

mat ter and forces gov ern ing par ti cle inter ac tions, and the

other is astro phys ics, through stud ies of cos mic rays as well

as gamma and neu trino astron omy. The research teams of

our Divi sion par tic i pate in many lead ing sci en tific pro jects

con ducted by large inter na tional col lab o ra tions. These

include par ti cle phys ics pro jects, such as the ATLAS and

LHCb exper i ments at the CERN Large Had ron Collider, the

Belle II e+e- exper i ment at KEKB in Japan as well as the T2K

neu trino exper i ment at the JPARC facil ity in Japan. In addi -

tion, our astroparticle phys ics pro jects include the Pierre

Auger cos mic ray obser va tory, the H.E.S.S., HAWC and CTA

gamma ray obser va to ries as well as the Baikal-GVD neu trino

pro ject. We are involved in all phases of these pro jects:

from the ini tial design, opti mi za tion and con struc tion of the 

detec tor sys tems, prep a ra tion of research pro grams, active

par tic i pa tion in data anal y ses, to main tain ing and upgrad ing

the detectors. Thus our activities are fully in line with

current project requirements.

Dur ing the past four years some orga ni za tional changes

have occurred in our Divi sion to  adjust better to the evolv -

ing engage ment of our groups in research pro jects. Thus,

the Depart ment of Cos mic Ray Research and the Depart -

ment of Neu trino and Dark Mat ter Stud ies were merged

into a new Depart ment of Cos mic Ray Research and Neu -

trino Stud ies. The Depart ment of Lin ear Colliders was

closed, while a new Depart ment of Diffractive Pro cesses

was cre ated. Finally, the Depart ment for Leptonic Inter ac -

tions was renamed the Belle II Exper i ment Depart ment.

The research pro files of the six depart ments of the Division

are outlined below.

v

Direct searches for phys ics phe nom ena from beyond

the Stan dard Model (BSM) are the prin ci pal activ i -

ties of the ATLAS Exper i ment Depart ment. The

Higgs boson pos tu lated in the Stan dard Model (SM) was

dis cov ered in 2012 by the ATLAS and CMS exper i ments at

the Large Had ron Collider (LHC). How ever, the o ries that

go beyond the SM typ i cally require an extended Higgs sec -

tor imply ing the exis tence of addi tional sca lar bos ons. The

decay chains of these bos ons often con tain heavy fer mions

(t-, b-quarks and t lep tons) as indi ca tors of BSM phe nom -

ena. The pro cesses with such par ti cles are exam ined in

detail by the ATLAS Exper i ment Depart ment. In par tic u -

lar, searches for heavy neu tral and charged Higgs bos ons

are per formed with a pair of t lep tons or b-quarks and a t

lep ton in the final state, respec tively. Another inter est ing

BSM pro cess stud ied is the pro duc tion of pairs of SM Higgs 

bos ons. Such events may sug gest the exis tence of an exotic

object, such as graviton, which would decay into a Higgs

boson pair and enhance the pro duc tion rate over the very

small rate predicted by the SM. 

The Depart ment has been involved in the ATLAS

exper i ment for over two decades by tak ing part in the detec -

tor design and con struc tion as well as phys ics anal y sis of

pro ton-pro ton (pp) and heavy ion col li sions. Cur rently, the

group plays a lead ing role in the Inner Tracker sys tem

designed to mea sure tra jec to ries of charged par ti cles, espe -

cially in the Tran si tion Radi a tion Tracker that pro vides data

vital for the vast major ity of phys ics anal y ses con ducted by

the ATLAS col lab o ra tion. The sci en tific pro gram of the

LHC con tains a series of upgrades aim ing at col lect ing an

inte grated lumi nos ity of 3000 fb-1 using pp col li sions. The

exten sive improve ments to the accel er a tor will increase its

per for mance and bring the accel er a tor to the so-called

High-Lumi nos ity LHC phase (HL-LHC). The HL-LHC

will pro vide an unprec e dented instan ta neous lumi nos ity of

~7.5 × 1034 cm-2 s-1 and the aver age num ber of about 200

inelas tic pp inter ac tions per beam cross ing. Look ing into

the future, the group takes part in the design and con struc -

tion of a new all-sil i con tracker for the upgraded ATLAS

detec tor at the HL-LHC, with a focus on radi a tion-tol er ant

and mag netic-field-tol er ant elec tron ics equip ment to be
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installed inside the ATLAS detector to provide power for

future silicon strip sensors.

The Depart ment of Diffractive Pro cesses was cre -

ated in Jan u ary 2020 to con sol i date a group of phys i -

cists work ing on issues known under the com mon

name of for ward phys ics. The employ ees of the Depart -

ment take part in the STAR exper i ment at RHIC and in the

ATLAS Roman Pot (ARP) sys tem con sist ing of the ATLAS 

For ward Pro ton (AFP) and Abso lute Lumi nos ity For

ATLAS (ALFA) detec tors. These detec tors enable a pre cise

mea sure ment of pro tons scat tered at very small angles.

Three groups of phe nom ena are stud ied. One of them is the

elas tic pro ton-pro ton scat ter ing (STAR, ALFA), which

requires spe cial set tings of the accel er a tor. Another group

cov ers diffractive pro cesses (STAR, AFP), in which the

main empha sis is put on the prop er ties of the ensem ble of

par ti cles pro duced in an inter ac tion. The third domain con -

cen trates on very rare phe nom ena of two-pho ton inter ac -

tions lead ing to the exclu sive pro duc tion of par ti cle and

anti-par ti cle pairs (AFP). The staff of the Depart ment have

also worked on the tech ni cal side of the mea sure ments,

includ ing test ing, instal la tion and align ment of the

apparatus, detector control as well as trigger and data

acquisition systems.

The phys i cists of the LHCb Exper i ment Depart -

ment are involved in var i ous phys ics anal y ses, devel -

op ment of soft ware and hard ware con struc tion in the

LHCb experiment (Large Had ron Collider beauty exper i ment), 

which is one of the large high-energy phys ics exper i ments

col lect ing data at the Large Had ron Collider. The main goal

of the LHCb exper i ment is to mea sure pre cisely the break -

ing of sym me try between mat ter and anti mat ter observed in

the Uni verse, and to search for new phys ics phe nom ena in

rare decays of had rons con tain ing heavy quarks. The indi -

rect approach taken by LHCb is com ple men tary to the

direct search for new phys ics by the gen eral pur pose detec -

tors of the ATLAS and CMS exper i ments. This approach

has enor mous poten tial to pro vide the first evi dence for

new phys ics as it allows one to probe pro cesses at ener gies

beyond the LHC cen ter-of-mass energy. The anal y sis of the

data col lected in Run-1 and Run-2 phases of the LHC

showed a few intrigu ing anom a lies with respect to SM pre -

dic tions. In order to col lect more data with higher lumi nos -

ity at the LHCb beam cross ing point, the detec tor under -

goes a major trans for ma tion to cope with these new

demanding conditions in the LHC Run-3 phase. 

The Belle II Exper i ment Depart ment has con tin -

ued its work on data deliv ered by the Belle exper i -

ment and its suc ces sor, Belle II, at the upgraded

super-B-fac tory. The pri mary moti va tion of these exper i -

ments are stud ies of CP vio la tion in heavy fla vor sys tems.

The B-fac to ries are e+e- asym met ric colliders, allow ing the

res o nant pro duc tion of m(4s), the bb quarks bound state,

which decays into a coher ent pair of B mesons.  The res o -

nant pro duc tion pro vides an effi cient and clean source of

mesons con tain ing the b quark. This envi ron ment offers a

unique oppor tu nity to study B decays into final states with

unde tect able par ti cles, such as mul ti ple neu tri nos or new

exotic states of mat ter. This allows us to search for  pro -

cesses vio lat ing lep ton uni ver sal ity, includ ing t leptons

which are hard to access at hadronic colliders.

The Belle exper i ment fin ished data tak ing in 2009. The

data col lected by the detec tor allowed the col lab o ra tion to

pub lish around 70 sci en tific papers over the last 4 years,

with valu able sci en tific results. The Belle II exper i ment suc -

cess fully started tak ing data in 2018 and is cur rently the only 

next-gen er a tion B-fac tory in oper a tion. At pres ent, it is also 

the world's high est-lumi nos ity machine with fur ther sub -

stan tial increase in pros pect. The tar get dataset of 50 ab-1

will sur pass the pre vi ously accu mu lated sta tis tics from

B-fac to ries by a fac tor of 50. The Belle II col lab o ra tion has

already started pub lish ing sci en tific papers, cur rently con -

cen trat ing mostly on a search for exotic par ti cles in the

low-mass region, pro vid ing competing limits for low-mass

supersymmetry particles. 

The sci en tists of the Depart ment of Cos mic Ray

Research and Neu trino Stud ies par tic i pate in sev -

eral pro jects. One of them is the Pierre Auger Obser -

va tory to study ultra-high energy cos mic rays (UHECR), i.e. 

par ti cles with ener gies exceed ing the LHC beam energy by

sev eral orders of mag ni tude. These are the high est-energy

par ti cles known to exist in Nature, yet their ori gin is still

unclear. Explain ing the nature of UHECR and iden ti fy ing

their sources are the main goals of the Obser va tory. The

data accu mu lated so far enabled the deter mi na tion of the

UHECR spec trum and con fir ma tion of its sup pres sion at

high est ener gies, but more pre cise data are needed for

explain ing the cause of this sup pres sion and the UHECR

com po si tion. To meet this objec tive, a large-scale upgrade

of the Obser va tory, known as AugerPrime, is under way.

IFJ PAN actively con trib utes to this effort of the Pierre

Auger Collaboration.

The Depart ment is also involved in neu trino research.

The Tokai-to-Kamioka exper i ment (T2K) is focused on
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stud ies of neu trino oscil la tions, pre cise mea sure ments of

neu trino mix ing param e ters, and  mea sure ments of cross

sec tions of var i ous final states of neu trino inter ac tions. The

Depart ment is also engaged in the ND280 detec tor upgrade 

of the T2K exper i ment. Fur ther more, our sci en tists par tic i -

pate in the devel op ment of the Baikal Gigaton Vol ume

Detec tor (Baikal-GVD). The detec tor is a deep under wa ter

neu trino tele scope, now under con struc tion, designed for

detailed stud ies of the flux of high-energy cos mic neu tri nos

and for search ing for their sources as well as dark matter

candidates and other exotic particles.

Our group con tin ues its involve ment in the Cos mic Ray

Extremely Dis trib uted Obser va tory (CREDO), which is

mostly a “cit i zen sci ence” and out reach pro ject, but it also

has a fun da men tal astro phys ics objec tive of look ing for cor -

re la tions of cos mic rays arriving at Earth.

The group in the Depart ment of Gamma-Ray

Astro phys ics per forms research in the field of the o -

ret i cal and obser va tional high-energy astro phys ics,

with the main inter est in astro nom i cal phe nom ena and

objects that are sources of high-energy par ti cles and elec tro -

mag netic radi a tion in the ultra vi o let, X-ray, and gamma-ray

energy ranges. Such objects include rem nants of super nova

explo sions, pul sars and pul sar wind neb u lae, active galac tic

nuclei, and gamma-ray bursts. The o ret i cal stud ies con cern

the microphysics of par ti cle accel er a tion pro cesses in cos -

mic plas mas. In these stud ies advanced ab-initio numer i cal

meth ods of sim u lat ing astro phys i cal plas mas are employed

with the use of super com put ers of high com pu ta tional

power. Obser va tional pro jects of high-energy gamma ray

astron omy use ground-based facil i ties, such as the High

Energy Ste reo scopic Sys tem (H.E.S.S.) and the High-Alti -

tude Water Cherenkov Obser va tory (HAWC). The main

sci en tific topic our team inves ti gates con cerns the phys ics

of blazars and the search for Galac tic sources of

high-energy cos mic rays. The team is also involved in the

con struc tion of sci en tific equip ment for the

next-generation ground-based gamma-ray observatory, the

Cherenkov Telescope Array (CTA).

Selected Research Highlights of the Division of Particle
and Astroparticle Physics

The ATLAS group of IFJ PAN was actively involved

in searches for beyond-the-Stan dard-Model

(BSM) Higgs bos ons. Var i ous non-min i mal Higgs

sce nar ios, such as Two-Higgs-Dou blet Mod els (2HDM) or

mod els con tain ing Higgs trip lets, pre dict the exis tence of

heavy neu tral pseudoscalar (A) and sca lar (H) states as well

as charged Higgs bos ons, H±, in addi tion to the 125 GeV

light sca lar (h) already dis cov ered. The BSM Higgs bos ons

could addi tion ally man i fest them selves through a sub stan -

tially increased cross-sec tion for h pair pro duc tion, still not

observed at the LHC. 

Four com ple men tary anal y ses were per formed to find

evi dence for an extended Higgs sec tor or exclude ever

larger regions of param e ter space avail able to the BSM

sce nar ios. 

A model inde pend ent search for H± in its decay to a t

lep ton and a neu trino with an addi tional top quark in the

final state was car ried out with 36.1 fb-1 of pro ton-pro ton

col li sion data at Ös=13 TeV. The anal y sis incor po rated both 

leptonic and hadronic decay modes of the top quark and

exploited the mass range of Higgs from about 90 GeV to 2

TeV [JHEP 09 (2018) 139][EurekAlert].

The prob a bil ity of H/A decay into a t+t– pair can be

enhanced rel a tive to other decay modes in 2HDMs of type

II, such as the Min i mal Supersymmetric SM (MSSM). A

search for such decays was per formed using the full Run 2

data (139 fb-1) over the mass range 0.2–2.5 TeV, with H/A

pro duced either via the gluon fusion or in asso ci a tion with a

b-quark and at least one t-lep ton decay ing into final states

with had rons [Phys. Rev. Lett. 125 (2020) 051801]. 

Another anal y sis focused on heavy neu tral Higgs bos -

ons pro duced in asso ci a tion with one or two b-quarks and

decay ing into b-quark pairs. This search is sen si tive to the

type II and flipped sce nar ios of the 2HDM. The search was

per formed in the mass range 450–1400 GeV using 27.8 fb-1

of Ös = 13 TeV pro ton-pro ton col li sion data [Phys. Rev. D

102, 032004 (2020)]. 

The obtained upper lim its on the pro duc tion cross sec -

tion were used for the com bined exclu sion of the hMSSM

model param e ters pre sented in Fig. 1.1.

Searches and a com bi na tion of results for Higgs boson

pairs decay ing into the bbbb, bbW+W–, bbt+t–, W+W–W+W–, 

bbgg and W+W–gg final states, using up to 36.1fb–1 of Ös =

13 TeV data were per formed [Phys. Lett. B 800 (2020) 135103].

The result ing upper limit on the non-res o nant gluon fusion

pro duc tion cross-sec tion as a func tion of Higgs self-cou -

pling mod i fier kl is shown in Fig. 1.2.
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All the pre sented anal y ses show no evi dence for an

extended Higgs sec tor, pro vid ing sig nif i cantly improved

lim its com pared to ear lier results. This trans lates into

reduced param e ter space avail able to BSM scenarios. 

The LHC as a heavy-ion collider rec re ates the state

of mat ter sim i lar to that pres ent in the early uni -

verse, the so-called quark-gluon plasma (QGP).

The ATLAS exper i ment, with its unique capa bil i ties

includ ing large accep tance and extremely fast trig ger,
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Fig. 1.1: Regions of the [mA, tanb] plane excluded in the hMSSM model via direct searches for heavy Higgs bosons and fits to the measured rates of observed
Higgs boson production and decays. Limits are quoted at 95% CL and are indicated for the data (solid lines) and the expectation for the SM Higgs sector (dashed

lines). The light shaded or hashed regions indicate the observed exclusions. [ATL-PHYS-PUB-2020-006]

Fig. 1.2.  95% CL upper limit on the cross-section for non-resonant
production of SM HH via gluon fusion as a function of  kl. The observed
(expected) limits are shown as solid (dashed) lines. In the bbggbbgg final
state, the observed and expected limits coincide. The ±1s and ±2s bands are 
only shown for the combined expected limit. The theoretical prediction of the

cross-section as a function of kl is also shown. [Phys. Lett. B 800 (2020)
135103]

Fig.1.3: Two-dimensional correlation function, C(Df,Dh), in 5.44 TeV

Xe+Xe collisions (Phys. Rev. C 101 (2020) 024906).

https://cds.cern.ch/record/2713580/files/ATL-PHYS-PUB-2020-006.pdf
https://www.sciencedirect.com/science/article/pii/S0370269319308251
https://www.sciencedirect.com/science/article/pii/S0370269319308251
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.024906


5

con tin ues the study of the phys ics prop er ties of QGP in

ultra-rel a tiv is tic nuclear col li sions at the LHC. One of the

most impor tant tools used by the ATLAS Group at IFJ

PAN to study the prop er ties of the unusual QGP state is the 

mea sure ment of the azi muthal ani so tropy of pro duced par -

ti cles. Recently, sig nif i cant azi muthal ani so tropy of

charged had rons was observed in 5.44 TeV Xe+Xe

(Fig.1.3) and 5.02 TeV Pb+Pb col li sions. The mea sured azi -

muthal flow har mon ics (Fig. 1.4) pro vide con vinc ing argu -

ments that the hot and dense medium cre ated in these col li -

sions behaves like an almost per fect fluid. The com par i son

of the Xe+Xe and Pb+Pb results pro vides con straints on

the mag ni tude of fluc tu a tions of the ini tial inter ac tion zone,

pos si ble signs of the colliding nuclei deformation or the role 

of viscous effects in QGP. 

P.A.M. Dirac pre dicted the exis tence of the anti-mat ter

part ner to the elec tron – the pos i tron. The anni hi la -

tion of the two can lead to the

cre ation of two pho tons. The Quan -

tum Mechan ics pre dicts also a

reverse pro cess of cre at ing a par ti -

cle-anti-par ti cle pair, in par tic u lar the

lep ton-anti-lep ton pair. In 2020, the

ATLAS Col lab o ra tion pub lished the

obser va tion and mea sure ment of

for ward pro ton scat ter ing in asso -

ci a tion with lep ton pairs pro -

duced via the pho ton fusion

mech a nism [Phys. Rev. Lett. 125

(2020) 261801]. In this mea sure ment,

the beam pro tons served as a source

of the col lid ing pho tons. In the

pho ton-pho ton inter ac tion, an e+e- or a m+m– pair was cre -

ated and the pro tons were scat tered at very small angles.

The pair was mea sured in the ATLAS cen tral detec tor,

while the scat tered (for ward) pro ton was mea sured in the

ATLAS For ward Pro ton (AFP) spec trom e ter placed about

210 m away from the inter ac tion point. The con struc tion,

instal la tion and prep a ra tion of the phys ics pro gram of AFP

were to a large extent per formed by IFJ PAN phys i cists.

The o ret i cal pre dic tions of pho ton fusion pro cesses have

sig nif i cant uncer tain ties due to mod el ing of strong inter ac -

tions of the scat tered pro tons. Such inter ac tions sup press

the cross-sec tion by soft-sur vival prob a bil ity fac tors, quan -

ti fy ing the prob a bil ity that a pro ton emerges intact from the

inter ac tion. These fac tors are poorly con strained at high gg

invari ant masses, impor tant for new phys ics searches. The

pro ton tag ging sup presses the back grounds to the inves ti -

gated pro cesses. The AFP includes Si-pixel detec tors posi -

tioned about 2 mm away from the pro ton beam. If the rel a -

tive energy loss of the scat tered pro ton (x=1–Ep/Ebeam,

where Ep (Ebeam) is the scat tered pro ton (beam) energy) is

within 2-12%, then the pro ton is deflected into the AFP

appa ra tus by the accel er a tor mag netic field. In this mea sure -

ment, the ATLAS Col lab o ra tion data col lected in 2017

were used. A sam ple of 53 e+e– and 123 m+m- pairs asso ci -

ated with an intact pro ton reg is tered in the AFP was care -

fully selected, requir ing also that the mass of the pair be out -

side the (80 GeV, 110 GeV) inter val to reject the

back ground due to Z0 decays. A match of the rel a tive

energy losses cal cu lated from the lep ton pair, xll, and the

AFP mea sure ments, xAFP was also required. The xAFP  –  xll

distribution is shown in Fig. 1.5.

The expected back ground due to acci den tally match ing

for ward pro tons amounts to about 20 events. The sta tis ti cal 

sig nif i cance of this result exceeds 9 stan dard devi a tions for
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Fig. 1.4: Azimuthal flow harmonics vn in the 5.44 TeV Xe + Xe and 5.02 Pb+Pb

collisions, as a function of collision centrality (Phys.Rev.C
101(2020)024906, Eur.Phys.J.C78 (2018) 997).

Fig. 1.5: The distribution of  xAFP  –  xll  calculated using the AFP  located at both sides (A, C) of the ATLAS
detector from 2017 data. Contribution of various processes and the background are also shown.

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.261801
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.261801
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.024906
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.024906
https://dx.doi.org/10.1140/epjc/s10052-018-6468-7


each con sid ered chan nel. The mea sure ment yielded the

observed cross sec tions of: 

   se+e-+p = 11.0 ± 2.6(stat.) ± 1.2(syst.) ± 0.3(lumi)fb

and

   sm+m-+p = 7.2 ± 1.6(stat.) ± 0.9(syst.) ± 0.2(lumi)fb. 

These val ues are over es ti mated by the QED pre dic tions

by about 30%-40%, and intro duc ing  the sur vival fac tor

con sid er ably improves the agree ment. The obtained results

prove that the AFP per forms well in high-lumi nos ity data

tak ing and show a suc cess ful appli ca tion of the pro ton tag -

ging tech nique. These mea sure ments deliver impor tant

tests of the pho ton inter ac tions. Such tests are espe cially sig -

nif i cant since these inter ac tions can be mod i fied by hypo -

thet i cal new par ti cles, whose exis tence is predicted by

certain theories.

The pro gram of the LHCb exper i ment is focused on 

search ing for phys ics beyond the Stan dard Model

with an approach that is com ple men tary to that used

by the ATLAS and CMS exper i ments. The IFJ PAN group

con trib uted to stud ies based on data col lected since the start

of the LHC collider. Fla vor phys ics offers a rich spec trum of 

var i ous mea sure ments sen si tive to phys ics beyond the SM.

The best method to search for such New Phys ics effects is

to mea sure pre cisely pro cesses that are pre dicted to be very

rare or are for bid den in the SM. The influ ence of hypo thet i -

cal new heavy par ti cles can give an addi tional con tri bu tion

from New Phys ics effects and can show a sig nif i cant dif fer -

ence between exper i men tal measurements and the

prediction of the SM.  

These stud ies yielded a num ber of inter est ing mea sure -

ments and a few of them appeared not to be fully com pat i ble 

with the pre dic tions of the Stan dard Model. One of the best

known anom a lies con cerns a dis tor tion in angu lar dis tri -

bu tion in the final state of the beauty meson decay Bs ®

K*m+m– observed in Run 1 data. The sta tis ti cal sig nif i cance

of the dif fer ence between the mea sured and pre dicted dis -

tri bu tion of P’5 (a spe cial vari able related to angu lar

dis tri bu tion con structed to min i mize uncer tainty of the

the o ret i cal pre dic tion) was below the dis cov ery thresh old.

To con firm the observed effect, a part of the data col lected

in Run 2 was ana lyzed and a com bined dis tri bu tion is pre -

sented in Fig. 1.6 [Phys. Rev. Lett. 125 (2020) 011802]. The

result indi cates that this anom aly is still pres ent. The final

con clu sion on this intrigu ing anom aly will be made after

add ing data col lected in 2017-2018 and, possibly, new data

samples expected from future LHC runs. 

The Lc®p m+m– pro cess is an exam ple of a fla -

vor-chang ing neu tral-cur rent decay, highly sup pressed

within the SM. The branch ing frac tion for nonresonant

con tri bu tion (nonresonant in con trast to decays via inter -

me di ate par ti cles like j meson, i.e.  Lc ® pj fol lowed by

the j®m+m–) is expected to be of the order of 10-9 in the

SM but can be enhanced by New Phys ics effects. The

search for the Lc®p m+m– decay was per formed [Phys. Rev.
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Fig. 1.6: The distribution of P’5 variable for Bs ® K*m+m–.

Fig 1.7: Mass distribution of selected p m+m– final state candidates in the three
regions of the dimuon (m+m–) invariant mass: 
a) nonresonant Lc®p m+m– decay, 
b) j-meson region: Lc®pj  followed by the  j®m+m– decay, 
c) w-meson region: Lc®pj  followed by the w®m+m– decay.

https://doi.org/10.1103/PhysRevLett.125.011802
https://doi.org/10.1103/PhysRevD.97.091101
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D 97, 091101] using the   Lc ® pj  decay for nor mal iza tion.

The result of the anal y sis con ducted in three regions of

m+m– invari ant mass: a) nonresonant being the probe for

New Phys ics, b) j-meson region used for nor mal iza tion

and c) w-meson region where the new decay mode was dis -

cov ered. The recon structed mass of Lc®p m+m– for the

three regions of m+m– sub sys tem invari ant mass is pre sented 

in Fig 1.7.

No sig nal was seen in the nonresonant dis tri bu tion

where New Phys ics could enhance the branch ing frac tion.

There fore an upper limit of the decay branch ing frac tion

BF(Lc®p m+m–) < 7.7(9.6)x10-8 at 90%(95%) was set. This

deter mi na tion improved the exist ing limit by a fac tor

of about 100. In the w region a new decay mode Lc®pj

with sig nif i cance cor re spond ing to 5s was observed

[EurekAlert]. 

The LHCb exper i ment con tin ues ana lyz ing the prop -

er ties of the asym me try between mat ter and anti -

mat ter in heavy had ron decays needed to explain

the mat ter dom i nance observed in the Uni verse. In par tic u -

lar, the col lab o ra tion is lead ing the field in the mea sure ment

of the Cabibbo-Kobayashi-Maskawa (CKM) angle g which

can be esti mated from charmed decays of beauty mesons.

The major ity of these deter mi na tions are pro vided by the

charged B mesons using the time-inte grated meth ods by

sim ply com par ing the num bers of B+ and B- decays with out

look ing at the time dif fer ence between the cre ation and

decay of the B meson. The anal y sis of B D KS S
0 ® ±m  decays

[JHEP 03 (2018) 059] gives a unique oppor tu nity to obtain the

CKM angle in the sys tem from time-depend ent decay rates.

The B D KS S
0 ® ±m  decays are bench mark modes of the

Stan dard Model,  i.e. no con tri bu tions from the phys ics

beyond it are expected. A com par i son with respect to

decays sen si tive to New Phys ics estab lishes a pow er ful test

of the SM. The anal y sis per formed uses data recorded by

the LHCb detec tor at the cen ter-of-mass energy of 7 an 8

TeV. The decay-time-depend ent asym me tries for the final

states  D KS
- +and D KS

+ -are shown in Fig. 1.8. The evi dence 

of this mat ter-anti mat ter asym me try is deter mined at the

level of 3.8s. Future updates with new data are not expected 

to be dom i nated by sys tem atic uncer tainty, and a pre dicted

increase in sta tis tics should lead to the first obser va tion

(with con ven tional 5s of statistical significance) of

asymmetry in these decays. 

The Belle II col lab o ra tion, using data col lected dur -

ing 2018 with a spe cial ized trig ger at the SuperKEKB 

collider, searched for a new vec tor boson Z'. Par ti cles 

of this type occur in sev eral exten sions of the Stan dard

Model (SM). Of spe cial inter est is the L-L model, in which

Z'  cou ples to the SM only through the 2nd and 3rd gen er a -

tion lep tons, with the cou pling con stant g' . The model is

poten tially able to address impor tant issues in par ti cle phys -

ics, includ ing the (g-2) m anom aly. Searches for an invis i bly

decay ing Z'  boson in the pro cess e+e–®m+m–Z'  and of a lep -

ton-fla vor-vio lat ing Z'  in e+e–®e±mm Z' were per formed for 

the first time. No sig nif i cant excess of events was found,

and 90% cred i bil ity level upper lim its were set on the cou -

pling con stant g'  (Fig. 1.9). The study shows that, with the

full dataset, Belle II will be sen si tive to the 10-3-10-4 g'  region 

that could explain the muon anom a lous mag netic moment.
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Fig.1.8: The asymmetries of the  D KS
- + and D KS

+ -final states. 

https://www.eurekalert.org/pub_releases/2018-08/thni-pc080218.php
https://doi.org/10.1007/JHEP03(2018)059


The report on this study [Phys. Rev. Lett. 125, 161806 (2020)]

con sti tutes the first published physics results from Belle II. 

B-meson decays involv ing a t lep ton are expected to 

be sen si tive probes for phys ics beyond the Stan dard

Model (SM). Indeed, the mea sured branch ing frac -

tions of the decays B ® D(*) tn exceed the SM pre dic tions by up 

to 3.5 stan dard devi a tions, hint ing at the vio la tion of lep ton fla vor

uni ver sal ity. The Belle col lab o ra tion, after the first obser va tion of

exclu sive semitauonic B decays in 2007, con tin ued exten sive

stud ies of these pro cesses with newly devel oped anal y sis tech -

niques. Of spe cial impor tance is the mea sure ment of the branch -

ing frac tion ratios R(D(*))= BF(B->D(*) tn)/BF(B->D(*)ln)

(l=e,m) with the tag-side B meson recon structed in a semileptonic 

decay mode [Phys. Rev. Lett. 124, 161803 (2020)]. The mea sured

val ues of R(D)= 0.307 ± 0.037 ± 0.016 and R(D*) = 0.283

± 0.018 ± 0.014, where the first uncer tain ties are sta tis ti cal

and the sec ond ones are sys tem atic, rep re sent the most pre -

cise mea sure ments of these observables per formed to date

(Fig. 1.10). The results agree within 1.2s with the SM and

reduce the over all ten sion between the SM and the world

aver age of the data to 3.1s, but at the same time sup port the 

ear lier obser va tions of larger than expected val ues of

R(D(*)).

Break ing the space-charge sym me try CP is one of the

three con di tions nec es sary to explain the dom i nance

of mat ter over anti mat ter pres ent in the Uni verse [A.

D. Sakharov]. How ever, the mea sured amount of CP sym -

me try break ing in the quark inter ac tion is too small to

explain this dom i nance. For lep tons, the dom i nance of

mat ter could result from the mech a nism called leptogenesis 

[M. Fukugita, T. Yanagida], but break ing of the CP sym me try

has not been con vinc ingly observed because suit able mea -

sure ments require very demand ing exper i ments. The T2K

exper i ment pub lished results that pro vide the best con -

straint so far on the param e ter describ ing the break ing 

of a sym me try between mat ter and anti mat ter in neu -

trino oscil la tions, indi cat ing a sub stan tial vio la tion of this

sym me try [Nature 580, 339 (2000)]. This param e ter, called dCP

phase, can range from -180° to 180°, and CP sym me try

would be con served for 0° or ± 180 °. T2K uses muon
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Fig. 1.9:  90% C.L. upper limits on coupling constant g'. The dark blue filled
areas show the exclusion regions for g' at 90% C.L., assuming the Lm–Lt

predicted branching fraction BF for Z'®invisible; light blue areas are for
BF(Z'®invisible)=1s. The solid and dashed lines are the expected
sensitivities in the two hypotheses. The red band shows the region that could
explain the muon anomalous magnetic moment (g-2)m±2s.

Fig. 1.10: Heavy Flavor Averaging Group
(HFLAV) average of all measurements of R(D) 
and R(D*), updated with the latest result of the
Belle collaboration. The light green area
represents the new Belle results. The results
agree within 1.2s with the SM. The blue area
marks the previous independent Belle results,
while the gray ellipse is the BaBar’s
measurement. Additional measurements of
only R(D(*))  performed by LHCb and Belle are
marked as bars on the left. The world average,
the red area, disagrees with the SM prediction
by 3.1s. This plot is retrieved from the HFLAV
website.

https://journals.aps.org/prl/references/10.1103/PhysRevLett.125.161806
https://journals.aps.org/prl/references/10.1103/PhysRevLett.124.161803
https://inspirehep.net/literature/51345
https://inspirehep.net/literature/51345
https://doi.org/10.1016/0370-2693(86)91126-3
https://www.nature.com/articles/s41586-020-2177-0
https://hflav.web.cern.ch/
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neu trino and anti-neu trino beams pro duced at J-PARC

(Japan Pro ton Accel er a tor Research Com plex) in Tokai,

Japan. Neu trino inter ac tions are stud ied in two detec tors:

near ND280+INGRID at J-PARC and far

Super-Kamiokande, located 295 km from the place where

the neu trino beam is pro duced. A small num ber of muon

neu tri nos and antineutrinos oscil late along a dis tance of 295 

km into elec tron neu tri nos and antineutrinos, respec tively.

The elec trons/pos i trons formed as a result of the inter ac -

tion of elec tron neu tri nos/antineutrinos are detected in the

Super-Kamiokande detec tor thanks to the reg is tra tion of

the char ac ter is tic "fuzzy" rings of Cherenkov radi a tion (Fig. 

1.11). The anal y sis of the data col lected by the T2K exper i -

ment for the neu trino (anti-neu trino) beam cor re spond ing

to 1.49 x 1021 (1.64 x 1021) pro tons on tar get indi cates a

greater prob a bil ity of neu trino oscil la tion than that of

anti-neu trino oscil la tion. The range of dCP val ues from -2°

to 165° was excluded at the 3s con fi dence level (99.7%).

This result is the stron gest lim i ta tion on dCP so far. The val -

ues of 0° and 180° are rejected at the 95% con fi dence level

[T2K Coll.] and the strong CP sym me try break ing in neu trino

oscil la tions seems to be favored. The sec ond phase of the

T2K exper i ment with the upgraded ND280 detec tor (high

involve ment of IFJ PAN) and the increased inten sity of the

neu trino beam will enhance the sen si tiv ity of the CP sym -

me try break ing mea sure ment. The next-gen er a tion

Hyper-Kamiokande exper i ment with a far detec tor nearly

ten times more sen si tive than Super-Kamiokande will

enable mea sur ing  dCP with an accu racy of at least 5s

required in par ti cle phys ics to accept the result as a dis cov -

ery. 

Nature high lighted the T2K dCP mea sure ment as one

of their top ten results pub lished in 2020

[https://www.nature.com/articles/d41586-020-03514-8] in all

fields, including papers related to COVID-19.

The GAMBIT Col lab o ra tion per formed an anal y sis

of var i ous exper i men tal data, search ing for the exis -

tence of right-handed neu tri nos intro duced in exten -

sions of the Stan dard Model (SM). Up to now, neu trino

oscil la tions are the only direct evi dence for the exis tence of

phys ics beyond Stan dard Model. The dis cov ery of such

right-handed neu tri nos can answer a few fun da men tal

ques tions. The neu tri nos can explain the non-zero mass of

SM neu tri nos and the phe nom e non of their oscil la tions.

They are also good can di dates for the con stit u ents of mys -

te ri ous dark mat ter which is detected indi rectly in
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Fig.1.11: T2K neutrino beam interaction events: electron neutrino (left) and electron anti-neutrino (right) candidates observed in the Super-Kamiokande detector

[©T2K experiment]

Fig. 1.12.  Profile log-likelihood ratio with 1s and 2s confidence intervals
(white contours) for the mass MI of one right-handed neutrino and its total
coupling |UI|

2.  Colored lines mark the lower limit on the coupling for fixed
values of the lightest left-handed neutrino mass mn0.

https://www.nature.com/articles/s41586-020-2177-0
https://www.nature.com/articles/d41586-020-03514-8
http://t2k-experiment.org


astro phys i cal obser va tions. In par tic u lar its exis tence is

needed to explain the observed motion of stars in galaxies.

Right-handed neu tri nos, if they exist, are dif fer ent from

other SM par ti cles: they do not “feel” the fun da men tal

forces of nature except grav ity, which has also earned them

the name “ster ile neu tri nos”. This char ac ter is tic not only

makes it extremely dif fi cult to detect them, but also implies

that the sym me tries of the SM per mit them to have an addi -

tional mass term, known as Majorana mass, which causes

them to be their own anti par ti cles, a prop erty that would be

unique with respect to the so far known particles. 

The result of a sta tis ti cal com bi na tion of exper i men tal

results and cos mo log i cal con straints [Eur.Phys.J.C 80 (2020) 6,

569] is shown in Fig. 1.12  in the form of the pro file log-like li -

hood ratio (quan tity related to the com pat i bil ity between the 

the ory pre dic tion and exper i men tal mea sure ments) for val -

ues of the mass MI of any right-handed neu trino in the range

[0.06, 500] GeV and its total cou pling |UI|2 to left-handed

neu tri nos in the range [10-15, 10-1]. As can be seen, the avail -

able param e ter space is still large and spans 12 orders of

mag ni tude in cou pling strength [EurekAlert].

The Pierre Auger Obser va tory pre sented the evi dence

of a large-scale ani so tropy in the arrival direc -

tions of cos mic rays above 8 EeV [Science 357 (2017)

1266]. The dis tri bu tion of arrival direc tions of the cos mic

rays is an impor tant observ able, which is expected to pro -

vide valu able infor ma tion needed to under stand their ori -

gin. Being charged par ti cles, cos mic rays are sig nif i cantly

deflected by the mag netic fields pres ent in the Uni verse.

Only at the high est ener gies are the deflec tions  expected to

get small enough so that it should be pos si ble to observe

local ized flux excesses asso ci ated with indi vid ual sources.

On the other hand, as the ener gies decrease and the deflec -

tions become large, the prop a ga tion even tu ally becomes

dif fu sive and it is likely that only large-scale pat terns, such

as a dipolar flux modulation, may be detectable.

The three-dimen sional dipole was obtained by com bin -

ing first-har monic Fou rier anal y ses in right ascen sion and

azi muth. The anal y ses were per formed using data col lected

over a period of more than 12 years. The ani so tropy,

detected at more than a 5.2s level of sig nif i cance, can be

described by a dipole with an ampli tude of 6.5(+1.3/-0.9)% 

toward right ascen sion a=100°±10° and dec li na tion

d=-24°(+12°/-13°). The dipolar pat tern, with the high est

excess point ing far from the Galac tic cen ter, is clearly seen

in the flux map in Fig. 1.13. This result indi cates an

extragalactic ori gin of these ultrahigh-energy par ti cles, and

was included in the “Phys ics World Top Ten

Breakthroughs of 2017”.

Fur ther anal y sis was later per formed with a larger

dataset [ApJ 891 (2020) 142]. It cov ered a wider energy range,

down to about 0.03 EeV, in which the equa to rial dipole

com po nent was stud ied. Com bined with the results of

other exper i ments (IceCube/IceTop, KASCADE-Gran -

de), the anal y sis revealed a trend of increas ing ampli tudes

with increas ing ener gies, with val ues going from 0.1% at

PeV ener gies to about 1% at EeV ener gies, and reach ing

about 10% at 30 EeV. The most sig nif i cant mod u la tion

appears at ener gies above 8 EeV, with an equa to rial dipole

ampli tude of 6.0(+1.0/-0.9)%, which has a sig nif i cance of

6s. Below 8 EeV, none of the ampli tudes obtained was sig -

nif i cant and 99% CL upper bounds at the level of 1-3%

were set. Regard ing the phases deter mined in the dif fer ent

energy bins, a tran si tion between the val ues lying close to

the right ascen sion of the Galac tic cen ter, which is around

-94°, towards the val ues in a nearly oppo site direc tion (the

phase of the max i mum mod u la tion is at 98° ± 9°) was

observed to take place around a few EeV. All this sug -

gests that these dipolar anisotropies have a tran si tion

from a pre dom i nantly Galac tic ori gin to an
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Fig. 1.13: Sky map in equatorial
coordinates, showing the cosmic-ray
flux above 8 EeV smoothed with a 45°
top-hat function. The Galactic center is
marked with the asterisk; the Galactic
plane is marked with the dashed line.

[Science 357 (2017) 1266].

https://link.springer.com/article/10.1140/epjc/s10052-020-8073-9
https://link.springer.com/article/10.1140/epjc/s10052-020-8073-9
https://eurekalert.org/pub_releases/2020-07/thni-enw071620.php
https://doi.org/10.1126/science.aan4338
https://doi.org/10.1126/science.aan4338
https://doi.org/10.3847/1538-4357/ab7236
https://doi.org/10.1126/science.aan4338
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extragalactic one some where in the range between 1 EeV

and a few EeV.

More data as well as anal y ses exploit ing the dis crim i na -

tion between the dif fer ent cos mic-ray mass com po nents

that will become fea si ble with the upgrade of the Pierre

Auger Obser va tory will be cru cial to under stand in depth

the ori gin of the cos mic rays at these ener gies, and to learn

how their anisotropies are produced.

Recently, the Pierre Auger Col lab o ra tion pre sented

the most pre cise mea sure ment of the cos mic-ray

energy spec trum at ultra-high ener gies using the

events recorded over more than 14 years by the Sur face

Detec tor. The data set con sists of 215,030 events with

zenith angles below 60° and ener gies larger than 2.5×1018

eV. The energy spec trum plays a key role in under stand ing

cos mic rays and its mea sure ment is par tic u larly chal leng ing

given the rapid fall off of the flux with energy. The energy

spec trum of ultra-high energy cos mic-rays  was deter mined

with very high sta tis tics, so a new spec tral fea ture, a break in

the power law at about 1.3×1019 eV, was iden ti fied. The

results were reported in two pub li ca tions [Phys. Rev. Lett. 125, 

121106 (2020) and Phys. Rev. D 102, 062005 (2020)] of the Pierre

Auger Col lab o ra tion and are illus trated in Fig. 1.14, which

shows a pos si ble inter pre ta tion of the observed flux and

com po si tion data of ultra-high energy cos mic-rays in a sce -

nario with sources that inject par ti cles with a mass com po si -

tion that changes with energy. The exam ple shown rep re -

sents a par tic u lar class of mod els, in which the accel er a tion

of par ti cles depends only on their rigid ity (energy divided by 

charge). The abun dance of nuclear ele ments appears to be

dom i nated by inter me di ate-mass nuclei that are released

from the sources with a very hard energy spec trum, and this

spec trum is mod i fied by extragalactic prop a ga tion effects.

In such a sce nario, the new fea ture in the spec trum would

nat u rally occur because of the change of the com po si tion in

the energy range of the new spec tral break. This mea sure -

ment sup ports also a hypoth e sis that the sup pres sion of the

cos mic ray flux seen around 4×1019 eV is a man i fes ta tion of

an upper-limit of the effi ciency of the cos mic ray accel er a -

tors, rather than the Greisen-Zatsepin-Kuzmin (GZK) cut -

off, pre dicted more than 50 years ago as a result of particle

energy losses en route to Earth due to the pion

photo-production on the cosmic microwave background.

The Pierre Auger Obser va tory is cur rently under go ing a

large-scale upgrade by add ing scin til la tion detec tors and

radio anten nas on top of the exist ing water-Cherenkov

detec tor sta tions. This will allow the sci en tists to obtain

more infor ma tion about the ultra-high energy cos mic-ray

mass com po si tion, extend ing it to the high est ener gies

where a pos si ble pres ence of light-mass nuclei could open a

new win dow to com po si tion-sen si tive searches for sources

and stud ies of cosmic magnetic fields.

The H.E.S.S. (High Energy Ste reo scopic Sys tem)

obser va tory for the first time suc ceeded in the detec -

tion of a gamma-ray burst (GRB) at very-high

pho ton ener gies of 100-400 GeV. This dis cov ery was

made in 2018 with a 28-m tele scope of the H.E.S.S. array -

the larg est Cherenkov tele scope in the world. GRBs are

flashes of gamma rays of extragalactic ori gin that result

from cos mic explo sions. They com prise sec onds-to-min -

utes-long bright prompt emis sion at MeV energy range, fol -

lowed by an after glow which lasts from days to months and

occurs mostly in the opti cal and X-ray spec tral regions. Sur -

pris ingly, the GRB 180720B was detected deep in the after -

glow phase – ten hours after the end of the prompt emis sion 

(see Fig. 1.15). This dem on strates that par ti cles can be

accel er ated to very-high ener gies in GRBs, most likely at

shock waves gen er ated when the exploded mat ter col lides

with the circumburst medium. This also shows that ener -

getic par ti cles still exist or are pro duced a long time after the

explo sion. Respon si ble for gamma radi a tion are most likely

ultrarelativistic elec trons that scat ter their own syn chro tron

pho tons, giv ing them a boost to very high ener gies. The

ground break ing detec tion of GRB 180720B offers new

insight into the nature of cos mic gamma ray bursts. It also

rev o lu tion izes the meth ods for future searches for GRBs

with Cherenkov telescopes.
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Fig.1.14: All-particle flux of the highest energy cosmic rays as measured by
the Pierre Auger Observatory, scaled by E3. The data are compared with a
representative model scenario for sources, illustrating the correlation between 
the energy of the new spectral feature and the energy-dependent mass

composition of the particles. Plot adapted from Phys. Rev. D 102, 062005
(2020).

https://doi.org/10.1103/PhysRevLett.125.121106
https://doi.org/10.1103/PhysRevLett.125.121106
https://doi.org/10.1103/PhysRevD.102.062005
https://doi.org/10.1103/PhysRevD.102.062005
https://doi.org/10.1103/PhysRevD.102.062005


Many years of obser va tions of the galac tic

microquasar SS 433, car ried out in the High-Alti -

tude Water Cherenkov Gamma-Ray Obser va tory

(HAWC), resulted in the detec tion of ultra-high energy

(UHE) gamma rays, for the first time in the his tory of

microquasar stud ies.  The mea sured pho ton ener gies are

at least 25 TeV. Microquasars are binary sys tems in which a

supergiant star accretes its mat ter onto a com pact object,

either a black hole or neu tron star. The accre tion of the mat -

ter pro duces collimated plasma out flows – jets – in both

direc tions along the axis of rota tion of the object.

Microquasars are there fore a scale ver sion of qua sars –

active galac tic nuclei host ing supermassive black holes and

pow er ful jets, which are sources of extremely intense and

highly vari able elec tro mag netic radi a tion, cov er ing almost

the entire spec trum, from radio waves to high-energy

gamma rays. They were recently iden ti fied as sources of

high-energy neu tri nos (see text below on “Multimessenger

obser va tions…”) and are also believed to pro duce the high -

est-energy cos mic rays. As qua sars are very dis tant objects,

their VHE emis sion is not spa tially resolved. The prox im ity

of SS 433 and the ori en ta tion of its jets per pen dic u lar to the

line of sight offer a unique oppor tu nity to study the sites and 

mech a nisms respon si ble for the pro duc tion of UHE

gamma radi a tion. Obser va tions reveal that TeV emis sion is

not local ized close to the com pact object but in the places

on both ends of jets, where they break off, col lid ing with the

mat ter ejected by the super nova that formed the com pact

star (Fig. 1.16). Multi-wave length mod el ing of SS 433 indi -

cates that UHE pho tons are pro duced by highly ener getic

elec trons inter act ing with pho tons from the cos mic micro -

wave back ground through inverse-Compton scat ter ing.

The max i mum elec tron energy is about 1 PeV. Such highly

ener getic elec trons are prob a bly accel er ated in the jets and

near the UHE gamma-ray emis sion regions, which pres ents 

a chal lenge to cur rent accel er a tion mod els [EurekAlert].
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the position of the optical afterglow of the GRB (a). The same region of the sky as observed 18 to 24 days after the burst shows that gamma-ray flux significantly

decreased (b) [Nature 575 (2019) 464].

Fig. 1.16: UHE gamma-ray image of SS 433 (color scale) overlaid on the
contours of X-ray emission (black lines). The location of the central binary is

marked with the red cross [Nature 562 (2018) 82].

https://press.ifj.edu.pl/en/news/2018/10/03/
https://www.nature.com/articles/s41586-019-1743-9
http://doi.org/10.1038/s41586-018-0565-5
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A joint pub li ca tion [ApJL 848 (2017) L12] authored by

more than 3000 sci en tists, includ ing the H.E.S.S.,

HAWC and Pierre Auger Col lab o ra tions, reports the 

first multi-mes sen ger obser va tion of a grav i ta tional

wave event. On August 17, 2017 the LIGO and Virgo col -

lab o ra tion recorded a grav i ta tional wave orig i nat ing from a

binary neu tron star merger. Within 1.7 sec onds, this event

was fol lowed by a gamma ray burst, recorded by the Fermi

and INTEGRAL sat el lites. Numer ous broad band obser va -

tions fol lowed, from radio to X-rays. These obser va tions

made it pos si ble for the first time to pin point the source

loca tion of a grav i ta tional wave event. The source was

found to be in the gal axy NGC 4993 (at a dis tance of about

40 Mpc). Accord ing to model pre dic tions, such a sys tem

may also accel er ate cos mic rays to extreme ener gies, and

thus emit pho tons and neu tri nos up to GeV to EeV ener -

gies. For the H.E.S.S. and HAWC instru ment, obser va tions 

of the inter est ing part of the sky became pos si ble only sev -

eral hours after the event was recorded. These obser va tions, 

which were repeated on the fol low ing nights, revealed no

sig nif i cant gamma-ray emis sions in the energy range of sev -

eral hun dred GeV and higher. The search for neu trino

emis sion from this col li sion of two neu tron stars was con -

ducted by the Pierre Auger, ANTARES, and IceCube col -

lab o ra tions. The Pierre Auger Obser va tory pro vides the

best neu trino sen si tiv ity in the EeV range: exten sive air

show ers, pro duced either by inter ac tions of down -

ward-going neu tri nos in the atmo sphere or by decays of tau

lep tons orig i nat ing from tau neu trino inter ac tions in the

Earth’s crust, can be effi ciently iden ti fied above the back -

ground of the more numer ous cos mic rays. Remark ably, at

the time of the merger the source could be seen from an

ideal view ing angle for a search for Earth-skim ming neu tri -

nos by the Pierre Auger Obser va tory (Fig. 1.17). For

IceCube and ANTARES, the direc tion to the source was in

that part of the sky where the detec tors are less sen si tive, but 

still capa ble of mak ing sig nif i cant obser va tions. The first

study con cen trated on a time win dow within ±500 sec onds, 

and yielded no asso ci ated neu trino events. Later, the search

was expanded to include a pos si ble emis sion of high-energy

neu tri nos up to 14 days after the merger, sug gested by the o -

ret i cal pre dic tions, and also to search for lower energy neu -

tri nos asso ci ated with the merger rem nant and ejected

mate rial. These fol low-up stud ies did not find any sig nif i -

cant emis sion either. The lack of the neu trino emis sion

from the event is in good agree ment with the obser va tion of 

a GRB from a high view ing angle, i.e. with the out flow jet

not point ing towards Earth. With a grow ing net work of

grav i ta tional-wave detec tors, it is expected that many more

binary neutron star mergers will be discovered in the near

future, expanding the capability to study these sources also

through high-energy neutrinos.

Multimessenger obser va tions of a flar ing blazar

coin ci dent with high energy neu tri nos  were

done by IceCube [Science 361 (2018) 146]. Neu tri nos

are trac ers of cos mic-ray accel er a tion: elec tri cally neu tral

and trav el ing at nearly the speed of light, they can escape

even the dens est envi ron ments and may be traced back to

their source. High-energy neu tri nos are expected to be pro -

duced in blazars: intense extragalactic radio, opti cal, x-ray,

and, in some cases, g-ray sources char ac ter ized by rel a tiv is -

tic jets of plasma point ing close to our line of sight. Blazars

are among the most pow er ful objects in the Uni verse and
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Fig. 1.17 : Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization (red contour), direction
of NGC4993 (black plus symbol), the lines represent horizons for Antares and IceCube, the bands are Auger’s fields of view for Earth-skimming (darker blue) and
down-going (lighter blue) directions. The zenith angle of the source at the time of the merger was 73.8° for Antares, 66.6° for IceCube, and 91.9° for Auger

[source: ApJL 850 (2017) L35].

https://doi.org/10.3847/2041-8213/aa91c9
https://science.sciencemag.org/content/361/6398/eaat1378
https://iopscience.iop.org/article/10.3847/2041-8213/aa9aed


are widely spec u lated to be sources of high-energy cosmic

rays. 

On Sep tem ber 22, 2017 the IceCube obser va tory

detected a high-energy neu trino: IceCube-170922A, see Fig. 

1.18 (left). The detec tion of a sin gle neu trino, like doz ens of

neu trino detec tions IceCube had pre vi ously observed,

made it impos si ble to iden tify its source because of insuf fi -

cient accu racy in deter min ing the par ti cle's direc tion of

arrival. There fore, soon after the neu trino was detected,

obser va tions of the selected area of the sky began with

astro nom i cal tele scopes that record dif fer ent types of elec -

tro mag netic radi a tion. Four hours after the IceCube team

sent out the infor ma tion, obser va tions in the high energy

gamma-ray range began, first by the H.E.S.S. Obser va tory

in Namibia, and after 12 hours by the VERITAS Obser va -

tory located in Ari zona (USA). The next day, the obser va -

tions were con tin ued by the MAGIC obser va tory in the

Canary Islands, Spain. The first obser va tions gave only an

upper limit on the bright ness of gamma rays from a pos si ble

neu trino source. Later, MAGIC observed this area of the

sky for a total of 13 more hours, from Sep tem ber 24 to

Octo ber 4, 2017. Dur ing these obser va tions, a shin ing

object appeared, the gal axy TXS 0506+56, which was iden -

ti fied as a pos si ble source of both gamma rays and

high-energy neu tri nos from space, see Fig. 1.18 (right).

These obser va tions, also made with a num ber of other radio 

to high-energy gamma-ray instru ments (includ ing HAWC

in Mex ico), indi cate that the source of the recorded neutrino 

could be the galaxy TXS 0506+056.

The detec tion of gamma rays in coin ci dence with neu tri -

nos fas ci nates sci en tists because the emis sion of such

gamma rays must be related to the accel er a tion of pro -

tons/nuclei to high ener gies, which are com po nents of

cos mic rays. The ori gin of cos mic rays has puz zled sci en -

tists since their dis cov ery over 100 years ago. The obser va -

tion of gamma rays and neu tri nos from blazars is the first

direct evi dence for the exis tence of pro ton gas in these

space objects. In addi tion, it is another suc cess of the newly

devel op ing multimessenger astron omy, which com bines

obser va tions not only in dif fer ent ranges of the elec tro mag -

netic spec trum, but also of incom ing par ti cles – neu tri nos

and cosmic rays – and gravitational waves.

Parti cle accel er a tion pro cesses at plan e tary and

astro phys i cal shock waves were also  stud ied the o -

ret i cally with state-of-the-art large-scale and high-res -

o lu tion 2D par ti cle-in-cell sim u la tions. Numer i cal

exper i ments were per formed on super com put ers. The

con di tions for effi cient elec tron pre-accel er a tion and heat -

ing and also mag netic field ampli fi ca tion at per pen dic u lar

high-Mach-num ber non-rel a tiv is tic shocks were ana lyzed

and the results were pub lished in 6 papers in 2017-2021.

The elec trons were ini tially ener gized by inter act ing with

elec tro static Buneman waves in the shock foot. The sub se -

quent accel er a tion occurred through mag netic re connec -

tion and sto chas tic scat ter ing in the highly tur bu lent shock

ramp and over shoot [Astrophys. J. 847 (2017) 71; 878_(2019)_5;

885 (2019) 10]. The mag netic fields were ampli fied in the

shock tran si tion owing to the ion-ion two-stream Weibel

insta bil ity, whose evo lu tion gen er ates tur bu lence and cre -

ates con di tions for mag netic reconnection (Fig. 1.19). The

tan gled mag netic field lines enabled elec tron heat ing by the
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Fig. 1.18. Fermi-LAT (left) and MAGIC observations (right) of IceCube-170922A’s  location. [Figures taken from IceCube Collaboration et al.  [Science 361
(2018) 146].

https://iopscience.iop.org/article/10.3847/1538-4357/aa872a
https://iopscience.iop.org/article/10.3847/1538-4357/ab1b6d
https://iopscience.iop.org/article/10.3847/1538-4357/ab43cf
https://science.sciencemag.org/content/361/6398/eaat1378
https://science.sciencemag.org/content/361/6398/eaat1378
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shock poten tial. The derived model of elec tron heat ing pre -

dicted a pro ton-to-elec tron tem per a ture ratio in the shock

down stream, which is con sis tent with the observed val ues

at super nova rem nant shocks and in-situ mea sure ments of

the Sat urn’s bow shock done by the Cassini space craft

[Astrophys. J. 904 (2020) 12]. The Weibel-insta bil ity-medi ated

mag netic field ampli fi ca tion is also fully consistent with

in-situ data (Fig. 1.20).

A pro to type sin gle-mir ror small-size (SST-1M) tele -

scope reg is tered its first light  on August 31, 2017,

while per form ing test obser va tions of the

extragalactic qua sar 1ES 1959+650. The recorded flashes

of the Cherenkov light were gen er ated by gamma rays (Fig.

1.21) and cos mic rays. This inter na tion ally sig nif i cant

achieve ment was pre ceded by a five-year con struc tion

phase of indi vid ual com po nents of the instru ment, includ -

ing the mechan i cal struc ture of the tele scope and its

innovative camera. 

The SST-1M pro ject is run by a con sor tium of Pol ish,

Swiss, and Czech insti tu tions. In Poland the pro ject is led by 

IFJ PAN, where the mechan i cal struc ture of the tele scope

with the drive and con trol sys tem was designed at the Divi -

sion of Sci en tific Equip ment and Infra struc ture Con struc -

tion in col lab o ra tion with the Depart ment of Gamma-ray

Astro phys ics. The SST-1M (Fig. 1.22) has a 4 m diam e ter

dish com posed of 18 mir ror fac ets and the focal length of

5.6 m. The cam era has a 9° field-of-view that enables sur -

vey ing large por tions of the sky with an angu lar res o lu tion

of 0.24°. The SST-1M was pro posed for the small-size tele -

scope array of the Cherenkov Tele scope Array (CTA)

obser va tory to cover the high end of CTA’s energy range,

between about 1 and 300 TeV. Since 2017 the SST-1M pro -

to type has been mod ern ized and the sec ond tele scope

struc ture built. Both tele scopes will soon be installed at the
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Fig. 1.19: Simulated structure of a perpendicular non-relativistic high Mach
number shock (left). Filaments in electron density created because of the
Weibel instability (top panel) trigger spontaneous turbulent magnetic
reconnection forming X-points and magnetic islands (bottom panel)

[Reproduced with permission from Bohdan et al. Astrophys. J. 893 (2020) 6
(ãAAS)]. 

Fig. 1. 20.  Magnetic field strength in function of the shock Alfvénic Mach
number, MA, measured by the Cassini spacecraft at Saturn’s bow shock
crossings (gray crosses) and PIC simulation data (blue and red dots, right).
The yellow dash-dotted line shows prediction of an earlier modeling and the
green dashed line is the dependence found in our PIC simulations.

[Reproduced with permission from Bohdan et al. Phys. Rev. Lett. 126
(2021) 095101 (ÓAPS) ].

Fig.1.21. One of the first images of air showers induced by a possible gamma
photon recorded by the SST-1M telescope . 

https://iopscience.iop.org/article/10.3847/1538-4357/abbc19
https://iopscience.iop.org/article/10.3847/1538-4357/ab7cd6
https://doi.org/10.1103/PhysRevLett.126.095101
https://doi.org/10.1103/PhysRevLett.126.095101


Ondrejov Obser va tory in the Czech Repub lic, com pleted

with the cam eras and the opti cal sys tems to enable sci en tific

observations with a mini-array of two telescopes.

Within the sci en tific task con cern ing the study of

cor re la tions of cos mic rays on a global scale,

IFJ PAN ini ti ated the estab lish ment of an inter na -

tional coop er a tion of sci en tific and edu ca tional insti tu tions

and com mer cial part ners under the name of the Cos mic Ray 

Extremely Dis trib uted Obser va tory (CREDO), cur rently

con sist ing of 42 enti ties from 19

coun tries on five con ti nents [Symmetry 

2020, 12(11), 1835]. Com ple men tary to

the intense pro gram of form ing the

broad inter na tional col lab o ra tion, the

global aspects of the CREDO mis sion 

(Fig. 1.23) require tak ing actions in the 

area of pub lic engage ment and cit i zen

sci ence, being a part of the adopted

sci en tific meth od ol ogy, as explained

in [PoS (Asterics2019) 2019, 034]. The

main com po nent of these activ i ties is

the CREDO Detec tor mobile appli -

ca tion [Symmetry 2020, 12(11), 1802],

designed and prototyped at IFJ PAN

in 2018. The appli ca tion enables a

detec tion of sec ond ary cos mic radi a -

tion using mobile devices, and it cur -

rently oper ates on more than 7,000

devices located in approx. 150 coun -

tries around the world, pro vid ing data

(approx. 10 mil lion detec tions to date) which are both the

sub ject of sci en tific anal y sis [Appl. Sci. 2021, 11(3), 1185] and

the goal of edu ca tional and social activ ity. The  lat ter

includes e.g., the inter na tional  com pe ti tion “Par ti cle Hunt -

ers”' orga nized by IFJ PAN since 2018. The com pe ti tion is

a team effort ded i cated to detec tion of sec ond ary cos mic

radi a tion par ti cles and local radio ac tiv ity using

smartphones equipped with the CREDO Detec tor appli ca -

tion. The main soci etal aim of the com pe ti tion is to awaken

in par tic i pants, mostly chil dren and ado les cents, the need to 
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Fig. 1.22. The SST-1M imaging atmospheric Cherenkov telescope equipped with mirrors and the Cherenkov 
camera. The telescope is installed at the test site in IFJ PAN.

Fig. 1.23. The geographical distribution of the CREDO Detector mobile application users at the end of 2020. [Source: the CREDO Collaboration]. 

https://doi.org/10.3390/sym12111835
https://doi.org/10.3390/sym12111835
https://pos.sissa.it/357/034/
https://doi.org/10.3390/sym12111802
https://doi.org/10.3390/app11031185
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co-cre ate sci ence, and to enable them to par tic i pate actively

and directly in top-class sci en tific research. The grow ing

data base and the enthu si asm of young par tic i pants fur ther

stim u late and empower the core sci en tific research being

under taken within CREDO, which is reflected e.g. in the

con tin u ous growth of the Col lab o ra tion, includ ing acquir -

ing valu able part ners who oper ate other detec tors of var i -

ous types and col lect data inde pend ently. [EurekAlert]

The Speakapp appli ca tion (https://speakapp.link/), a

conferencing tool based on mod ern html5 tech nol -

ogy and devel oped at IFJ PAN, was used as an emer -

gency conferencing sys tem dur ing the first phase of the

Covid-19 pan demic. The Krakow high energy phys ics sem -

i nars, some  lec tures at the Jagiellonian Uni ver sity and

online teach ing in sev eral high schools were con ducted

using Speakapp. The appli ca tion has become a pri mary

conferencing tool within the Belle II col lab o ra tion and in

sev eral smaller sci en tific collaborations.

In response to the Covid-19 pan demic, Szymon

Bacher (a PhD stu dent at IFJ PAN) started a grass roots

pro ject aimed at pro vid ing an open source, easy to rep li -

cate non-inva sive ven ti la tor, VentilAid. The pro ject was

started together with the Urbicum com pany, Szymon’s

part ner dur ing the design and pro duc tion of a mag netic

field mea sure ment robot for Belle II and the Fussed Depo -

si tion Mod el ing (FDM) 3D printer con trol ler, reported in

pre vi ous years. The cur rent design of the BiLevel Pos i tive

Air way Pres sure (Bi-PAP) ven ti la tor, based on a cen trif u gal

tur bine, was already val i dated on arti fi cial lungs and dum -

mies in col lab o ra tion with sev eral med i cal insti tu tions,

includ ing the Laerdal Med i cal com pany. The doc u men ta -

tion of the first two (bel lows-based) revi sions was pub -

lished in spring time 2020, while the third (tur bine-based)

revi sion pub li ca tion is being pre pared, to be ready in 2021.

The exten sive use of 3D print ing and multi-vari able con trol

loop resulted in a design which is very sim ple to rep li cate.

Despite the device’s sim plic ity (Fig. 1.24), dur ing its tests

con ducted at Laerdal’s facil ity on an arti fi cial lung used to

sim u late symp toms of acute respi ra tory dis tress syn drome

(ARDS), chronic obstruc tive pul mo nary dis ease (COPD),

and asthma, the air pressures provided by the ventilator

were well within normalized ranges.
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Fig. 1.24. VentilAid prototype as tested in Laerdal facility, including (inside the
sheet metal casing) several novel parts: 3d printed pneumatic exhaust chock,
3d printed turbine and very fast regulation system. Here it is shown fitted with
standard medical filters and concentric breathing system (coaxial hose
feeding breathing mixture to a patient's mask).

https://www.eurekalert.org/pub_releases/2019-09/thni-hoc091119.php
https://speakapp.link/


2. Division of Nuclear Physics and
Strong Interactions

Nuclear phys ics is one of the most fun da men tal fields

of sci ence that seeks answers to the cen tral ques -

tions about our Uni verse, i.e. its ori gin, evo lu tion,

and, espe cially, the cre ation and prop er ties of its basic con -

stit u ents – atomic nuclei of var i ous ele ments. The ulti mate

goal of nuclear phys ics is to fully under stand the basic prop -

er ties of nuclei, from pro tons and neu trons up to very com -

plex sys tems, by tak ing into account the under ly ing quark

and gluon degrees of free dom, the fea tures of strong-inter -

ac tions, and mechanisms of nuclear reactions.

Nuclei are also a unique lab o ra tory for a vari ety of inves -

ti ga tions which deal with fun da men tal prob lems in phys ics.

In many cases, these inves ti ga tions are com ple men tary to

the research in par ti cle phys ics. Cur rently, exten sive exper i -

men tal and the o ret i cal efforts are being made around the

world to solve the Big Ques tions of nuclear physics, which

are: 

· How is mass gen er ated in QCD and what are the

static and dynam i cal prop er ties of had rons? 

· How does a strong force between nucle ons emerge

from the under ly ing quark-gluon struc ture? 

· How does the com plex ity of nuclear struc ture arise

from the inter ac tion between nucle ons? 

· What are the lim its of nuclear sta bil ity? 

· How and where in the uni verse are the chem i cal ele -

ments pro duced? 

· What are the prop er ties of nuclei and strong-inter act -

ing mat ter as encoun tered shortly after the Big Bang,

in cat a strophic cos mic events, and in com pact stel lar

objects? 

At our Insti tute, research in exper i men tal and the o ret i -

cal nuclear phys ics is car ried out at the Divi sion of Nuclear 

Phys ics and Strong Inter ac tions. The Divi sion is actively 

involved in pur su ing all the curi os ity-driven quests to

answer the afore men tioned Big Ques tions. In par tic u lar, we 

con trib ute to the advanc ing of sophis ti cated the o ret i cal

mod els, to the devel op ment of the state-of-the-art

detec tors and exper i men tal tech niques, and, espe cially, to

pro pos ing and con duct ing top-level exper i ments both in

the world and in Europe, includ ing national lab o ra to ries (in

Krakow and War saw). It is worth  men tion ing that over the

last few years an ambi tious pro gram of fun da men tal

research in nuclear phys ics with the use of a med i cal pro ton

cyclo tron has been ini ti ated and imple mented at the

Cyclotron Centre Bronowice (CCB) at IFJ PAN.

All of these efforts are pur sued within the frame work of

exten sive inter na tional col lab o ra tions, many of which are

located around Large Scale Facil i ties in Europe, such as

GSI/FAIR (Darmstadt, Ger many), GANIL/SPIRAL2 (Caen,

France), LNL/SPES (Legnaro, Italy), or IPN/IJCLab (Orsay,

France). A num ber of pro jects have also been located at

other world-lead ing lab o ra to ries, such as CERN (exper i -

ments ALICE, NA61/SHINE, ISOLDE), ILL (Grenoble, France),

ANL (Argonne, USA), RNCP (Osaka, Japan) or RIKEN (Wako, 

Tokyo, Japan), IFIN-HH and ELI (Bucha rest, Roma nia). In

most of these pro jects, the research and tech ni cal staff of

our Divi sion plays a key role. 

The Divi sion's last but not least impor tant mis sion is to

train next gen er a tions of nuclear sci en tists, which is accom -

plished by offer ing intern ships as well as mas ter and Ph.D.

degree pro grams in nuclear physics.

The sci en tific inter ests of the Divi sion of Nuclear

Phys ics and Strong Inter ac tions con sist of four nuclear

phys ics pil lars, stud ied in four Depart ments:

· The o ret i cal stud ies address ing a broad vari ety of

issues in nuclear phys ics are car ried out mainly in the

Depart ment of the The ory of Strong Inter ac tions

and Many Body Sys tems; 

· Inves ti ga tions in the field of nuclear struc ture are the

main topic of the Depart ment of the Struc ture of

Atomic Nucleus;

· The stud ies con cern ing nuclear reac tions, prop er ties

of pro cesses involv ing had rons and also basic
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sym me tries are car ried out in the Depart ment of

Nuclear Reac tions and Had ron Pro cesses;

·  The inves ti ga tions of the phys ics of strongly inter act -

ing mat ter at extreme ener gies and den si ties are pur -

sued in the Depart ment of the Ultrarelativistic

Nuclear Phys ics and Had ron Inter ac tions.

A brief descrip tion of the work and main results

obtained in the four Depart ments of our Divi sion is given

in the sec tion below, while some high lights of the achieve -

ments of our Divi sions are described in more detail in the

last part of this chap ter.

The main activ i ties of the Depart ment of the The ory

of Strong Inter ac tions and Many Body Sys tems are

focused on dif fer ent the o ret i cal aspects of strong inter ac -

tions. Our activ ity can be clas si fied into a num ber of dif fer -

ent cat e go ries, such as the perturbative QCD pro cesses

with char ac ter is tic large scales, pro cesses of inclu sive pro -

duc tion of had rons, and sin gle and pair meson pro duc tion

at low and high ener gies. Another sub ject of our inter est is

ultraperipheral pro duc tion of lep tons, had rons and pho -

tons, heavy quarks and mesons, asso ci ated pro duc tion of

lep tons and neu tri nos, as well as pro duc tion of quarkonia.

In addi tion to that, we focus our stud ies on the ini tial con di -

tions for quark-gluon plasma. The evo lu tion of the

so-called spec ta tor sys tems, asso ci ated with the elec tro mag -

netic effects on charge par ti cles in heavy ion col li sions, is

one of our exper tise. Last but not least, within our main

inter ests are the o ret i cal aspects of light nuclei, concerning

both the structure and reaction mechanism.

Our activ i ties are strongly related to activ i ties of exper i -

men tal groups work ing in these areas. We explain the exist -

ing mea sure ments as well as make pre dic tions for future

exper i ments and very often sug gest new exper i ments. We

closely col lab o rate with the ATLAS, CMS, ALICE and

LHCb groups at the LHC, with the STAR and PHENIX

exper i ments at RHIC, and with exper i ments related to e+e–

col li sions such as Belle or heavy ion exper i ments at SPS and

GANIL. 

We pro posed a new sub ject to study: light-by-light scat -

ter ing, not yet pos si ble with lasers, in ultraperipheral col li -

sions. Inspired by us, the ATLAS and CMS col lab o ra tions

pre sented their first exper i men tal results. We showed that

the ALICE and LHCb exper i ments could make fur ther

prog ress in this field. We proved that the ultraperipheral

reac tions can be used to study the anom a lous mag netic

moment of t lep tons better than in other pro cesses. Also,

we devel oped a for mal ism for semi-cen tral pro duc tion of

dilepton pairs using the so-called Wigner functions.

In recent years our group has also been work ing on the

devel op ment of the so-called ten sor pomeron approach

and showed that it is con sis tent with exist ing exper i men tal

data. Sev eral exclu sive reac tions were stud ied. We pro posed 

dif fer ent tests of the ten sor pomeron model. Our approach

is valid both for pro duc tion of res o nances (qq states,

glueballs) and for di-meson con tin uum, i.e. it is much more

con sis tent than other approaches in the literature.

We devel oped the for mal ism of sin gle and dou ble

parton scat ter ing in the con text of charmed

quark-antiquark pro duc tion. Next we used the for mal ism

of frag men ta tion func tions to gen er ate charmed mesons.

We are also able to per form semileptonic decays of

charmed mesons. This makes a link to high-energy neu trino 

pro duc tion, what is rel e vant e.g. for the mea sure ments of

the IceCube appa ra tus or future exper i ments such as SHiP or

FASER. Our cal cu la tions describe well both sin gle D

meson pro duc tion and cor re la tions between pairs of

charmed mesons. We showed that the dou ble-parton scat -

ter ing may be respon si ble for the last year’s obser va tion of

the T4c(6900) tetraquark.

We dis cussed in detail ini tial con di tions for quark-gluon

plasma at SPS ener gies and ver i fied our pre dic tion in stud ies 

of elec tro mag netic effects, such as the so-called Coulombic

dip and/or directed flow. We also care fully stud ied the evo -

lu tion of the asso ci ated spec ta tor sys tems as a func tion of

impact param e ter using dif fer ent nuclear mod els for cal cu -

lat ing their excitation energy.

The activ i ties of the Depart ment of the Struc ture of

Atomic Nucleus con cern a wide range of cur rent prob -

lems in nuclear phys ics. Break through results on the struc -

ture of light neu tron-rich nuclei, for exam ple 16C and 20O,

gave us a better under stand ing of the nature of nuclear

forces, espe cially the role of the three body inter ac tions. In

the same A~20 mass region were also exam ined the prop er -

ties of highly excited res o nances emerged from exotic

nucle onic con fig u ra tions. Inves ti ga tions of nuclides in the

neigh bour hood of the dou ble magic cores of: 40Ca, 78Ni,
100Sn, 132Sn and 208Pb pro vided new infor ma tion on exci ta -

tion of nucle ons across the magic shells, espe cially in

respect of a com pe ti tion between sin gle-par ti cle and col lec -

tive degrees of free dom, such as rota tion. Spe cial atten tion

was paid to stud ies of long-lived shape iso mers in neu tron

rich Ni and Y iso topes where shape coex is tence and shape

tran si tions occur.  High spin iso meric states in heavier

A~150 nuclei were a sub ject of exten sive research as well.

The focus was also put/placed on track ing the devel op -

ment of nuclear defor ma tion in fast rotat ing nuclei, in par -

tic u lar in the tran si tional A~60 mass nuclei and in highly
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deformed A~130 mass nuclei. Very active research line was

devoted to stud ies of col lec tive exci ta tions asso ci ated with

the so-called Pygmy and Giant Res o nances in unsta ble neu -

tron- and pro ton-rich nuclei such as 64Fe and 80Zr respec -

tively, but also in sta ble 208Pb. Of par tic u lar impor tance was

the ini ti ated search for a link between col lec tive vibra tions

related to Giant Dipole Res o nances occur ring in hot com -

pound nucleus and rota tional bands built on iso mers in a

cold deformed evap o ra tion res i due, for example in the case

of 188Pt. 

Nuclides from var i ous regions of the nuclear chart men -

tioned above were exam ined by means of in-beam gamma

ray and par ti cle spec tros copy. Sev eral approaches, such as

Cou lomb exci ta tion, multinucleon trans fer, fusion-evap o -

ra tion or fis sion, were used to pro duce the nuclei of inter est

in their excited states.  These nuclear reac tions were

induced either by sta ble and radio ac tive ion beams deliv -

ered by large accel er a tor sys tems oper a tional at inter na -

tional lab o ra to ries such as GANIL, LNL, GSI, IFIN-HH

or, espe cially fis sion prod ucts, by cold neu trons from the

nuclear reac tor at ILL and fast neu trons avail able at IPN.

The exper i ments were per formed using the most advanced

detec tion sys tems com bin ing the state-of-the-art gamma

ray spec trom e ters, such as AGATA and PARIS, coop er at ing

with var i ous par ti cle and ion detec tors or mass sep a ra tors.

In addi tion, exper i ments con ducted at CCB con firmed the

com pet i tive ness of the nuclear struc ture stud ies with the

use of high-qual ity pro ton beams pro vided by the IBA

PROTEUS 235 medical cyclotron. 

At the same time, the depart ment con ducted research

and devel op ment work on detec tion sys tems. One should

men tion here a con tri bu tion to the con tin u ous pro gres sion

in build ing the afore men tioned multidetector array PARIS - 

the gamma-ray bolometer based on LaBr3 scin til la tors (this

ini tia tive is coor di nated by IFJ PAN sci en tists) and

AGATA gamma-ray track ing high res o lu tion spec trom e ter

made of HPGe semi con duc tors. These sys tems will be

accom pa nied by var i ous ancil lary detec tors; some of them,

e.g. ion and charged par ti cle detec tors, were constructed

and tested in the department. 

Par tic u lar effort was put into the setup of an exper i men -

tal facil ity at CCB. This facil ity incor po rates a set of

gamma-ray and par ti cle detec tors (respec tively PARIS,

HECTOR and KRATTA) work ing in the coin ci dence

mode. Besides being used in sci en tific exper i ments, the

CCB pro ton beam was suit able for test ing var i ous detec tors 

ded i cated to large inter na tional pro jects, for exam ple

CALIFA for the R3B@NUSTAR/FAIR exper i ment and

FAZIA for the SPIRAL2 and SPES experiments.

Research areas within the Depart ment of Nuclear

Reac tions and Had ron Pro cesses con cen trate around

four main top ics: exper i men tal study of few nucleon sys tem 

dynam ics, tests of the time rever sal sym me try with a neu -

tron as a lab o ra tory, study of strange ness pro duc tion and

trans port in hot nuclear mat ter, and inves ti ga tion of nuclear

mat ter equa tion of state with a focus on the symmetry

energy.

The main moti va tion for the stud ies of few nucleon sys -

tems is the search for three-nucleon force which appears as

the last unex plored part of nuclear dynam ics, with the

poten tial to con trib ute to many open ques tions in nuclear

phys ics and astro phys ics. The activ i ties of our group in this

field began with exper i ments per formed at KVI, Groningen

and FZ Juelich; how ever, the com mis sion ing of a new pro ton 

cyclo tron at CCB and instal la tion of the BINA detec tor in

its new exper i men tal hall allowed us to con tinue the exper i -

men tal pro gram in Krakow.  This con tin u a tion is gain ing in

impor tance as the results of suc ceed ing anal y sis of rich sets

of col lected data, when com pared with dif fer ent

state-of-the-art the o ret i cal approaches, expose sig nif i cant

diver gences, call ing for far ther exper i men tal ver i fi ca tion.

New meth ods of data anal y sis are devel oped to extend the

study to unex plored regions of breakup reac tion

phase-space and to crosscheck the obtained results. New

exper i men tal pro grams are pro posed to enlarge the set of

three nucleon force sensitive observables available for the

study.

The search for Time Rever sal Vio la tion is one of the

main moti va tions behind the nEDM exper i ment, as well as

behind count less the o ret i cal and exper i men tal efforts tack -

ling the prob lem of mat ter-anti mat ter asym me try of the

uni verse.  It also plays a key role in the BRAND exper i ment, 

which has been under devel op ment/con ducted at our

Insti tute over the last three years. An inno va tive exper i men -

tal prin ci ple assum ing simul ta neous mea sure ment of

extremely low energy pro tons and trans verse com po nent of 

elec tron polar iza tion will enable pre cise mea sure ments of

eleven cor re la tion coef fi cients in neu tron decay, out of

which five have never been attempted before.  The first

exper i men tal run per formed with a cold neu tron beam in

2020 at ILL, Grenoble, showed a very good oper a tion of

the tracker detec tor for low energy elec trons and prom is ing

results of fea si bil ity tests of the detector for very low energy

protons from neutron decay.

First results of the SPiRIT exper i ment at RIKEN per -

formed with the use of the trig ger ing detec tor, designed and 

built at our Insti tute, were obtained for cen tral Sn+Sn col li -

sions at 270 MeV/nucleon. They pro vide strong bonds on
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the pion pro duc tion mech a nism and its link to the sym me -

try energy, reveal ing dis crep an cies and short com ings of

cur rent mod els of the trans port of pions through a dense

nuclear mat ter.  Charge dis tri bu tions of large frag ments in

nuclear multifragmentation were expected to play a role of

the order param e ter indi cat ing liq uid-gas tran si tion in finite

sys tems.   The coex is tence of the sig na tures of first- and sec -

ond-order phase tran si tions was observed in the exper i -

men tal cumulant dis tri bu tions of the inter me di ate-mass

frag ments in spec ta tor frag men ta tion fol low ing
107,124Sn+Sn and 124La+Sn col li sions at 600 MeV/nucleon,

sug gest ing that this role of large frag ment charge dis tri bu -

tions is not restricted to the per co la tion tran si tion but also

applies to the liq uid-vapor transition described with

statistical multifragmentation models. 

Study of hadronic inter ac tions in a dense and hot

nuclear envi ron ment is also the sub ject of the HADES col -

lab o ra tion. Of par tic u lar inter est for phys i cists of our

Depart ment was the pro duc tion of charged-pions in heavy

ion col li sions and of the X-hyperon in ele men tary col li sions

pp, fol lowed by its decay in a cas cade pro cess at 3.5 - 4.5

GeV.  Effi cient detec tion of this res o nance will be facil i -

tated by the upgraded ver sion of the detec tor sys tem.  Better 

under stand ing of pro duc tion mech a nisms of this res o nance 

was what lay behind a ded i cated study of ele men tary scat ter -

ing of neg a tive pions on pro ton tar get at pion beam

momenta ranging from 0.656 to 0.8 GeV/c.

Research areas within the Depart ment of the

Ultrarelativistic Nuclear Phys ics and Had ron Inter ac -

tions are focused on nuclear mat ter at the extremely high

tem per a ture and pres sure.

Since 1992 we have been mem bers, and one of the

found ers, of the ALICE exper i ment at CERN LHC. We

par tic i pated in all stages of the exper i ment:  the design of the 

main ALICE tracker – the TPC, the devel op ment of the cal -

i bra tion pro ce dure of this detec tor, the devel op ment of the

sim u la tion and recon struc tion code. Since 2019 we have

been involved in the upgrade of the TPC, par tic i pat ing

mainly in tests of the mod ern ized detec tor, in which clas sic

multiwired read out cham bers were replaced by GEM

detec tors.  We also actively par tic i pate in data anal y sis. Our

main fields of inter est are: for ward-back ward cor re la tions,

elec tro mag netic probe, namely gammas and neu tral

mesons, hard probes – jets and nuclear mod i fi ca tion fac tor.

We are respon si ble for the Qual ity Assur ance algo rithms at

the level of the entire exper i ment. In 2018, we joined the

FIT Col lab o ra tion, which is involved in preparation of the

fast trigger system for the RUN3. 

In 2016 our Depart ment joined the NA61/SHINE

fixed tar get exper i ment at the CERN SPS facil ity.

NA61/SHINE is a multi-pur pose detec tor aimed at study -

ing strongly inter act ing mat ter, in par tic u lar the prop er ties

of its deconfinement into the quark-gluon plasma and the

posi tion of its crit i cal point (CP). The detec tor also pro vides 

ref er ence mea sure ments for neu trino and cos mic ray phys -

ics. To this pro gram, we added a com pletely novel con tri bu -

tion, which is the study of elec tro mag netic phe nom ena as a

new source of infor ma tion on the space-time evo lu tion of

the cre ated sys tem. A ded i cated sci en tific team was formed

spe cially for this pur pose. The team was addi tion ally

respon si ble for the coor di na tion of the Crit i cal Point Task

Force and soft ware devel op ment in the NA61/SHINE col -

lab o ra tion, as well as for the cal i bra tion of the detec tor

response and opti mi za tion of its par ti cle iden ti fi ca tion

capa bil i ties. Selected high lights on col li sions of pro tons and 

nuclei in the energy range of 9-17 GeV are presented in the

chapter below.

Selected Research Highlights of the Division of Nuclear
Physics and Strong Interactions

Near thresh old col lec tiv iza tion of shell model

states due to the cou pling to the nearby par ti cle

emis sion was inves ti gated within the Shell Model

Embed ded in the Con tin uum (SMEC) [Phys. Rev. C 97 (2018)

044303; Phys. Rev. C 97 (2018) 054318; Phys. Rev. C 100 (2019)

064305]. Con tin uum induced mix ing of SM eigenstates can

be stud ied by cal cu lat ing the con tin uum-cou pling cor re la -

tion energy: Ecorr(E) =  áYj |WQ0Q0 (E )|Yj ñ, for the SMEC

eigenstate Yj , i.e. the expec ta tion value of the con tin uum

cou pling term in the SMEC eigenstate Yj. WQ0Q0(E) =

HQ0Q1G(+)(E)HQ1Q0 is the energy-depend ent con tin uum

cou pling term between the orthogo nal subspaces Q0 and

Q1 con tain ing 0 and 1 par ti cle in the scattering continuum,

respectively. 

As an exam ple, Fig. 2.1 shows the con tin uum cou pling

cor re la tion energy for 9Li nucleus as a func tion of pro ton

energy. When coher ent cou plings to all open neu tron-decay 

chan nels are included, the opti mal energy for col lec tiv iza -

tion shifts down to Ep – 0.24 MeV, coin cid ing exactly with
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the posi tion of the phys i cal near-thresh old res o nance in 9Li

[Phys. Rev. C 97 (2018) 044303].

The mys te ri ous beta-delayed pro ton emis sion of

the neu tron halo 11Be  was explained within the

SMEC, sug gest ing the exis tence of res o nance, car ry -

ing the char ac ter is tics of a nearby pro ton-decay thresh old

[Phys. Rev. Lett. 124 (2020), 042504]. One of the most puz zling

phe nom ena in nuclear phys ics is clus ter ing. Such struc tures

include a two-neu tron halo of the 11Li ground state or the

famous Hoyle state in 12C. Near thresh old nar row res o -

nances are fun da men tal for the nuclear syn the sis in stars.

Fig. 2.2 illus trates the sit u a tion in the case of 11Be, where its

neu tron halo ground state decays into a res o nance state in
11B just above the pro ton emis sion thresh old. Anal y sis

within SMEC pre fers the total angu lar momen tum and par -

ity of this state to be 1/2 +, because of the sub stan tial col lec -

tiv iza tion of the wave func tion. This state resem bles many

fea tures of a nearby pro ton emis sion chan nel. Finally, max i -

mum cor re la tion energy for this state lies 142 keV above the 

thresh old and is in rough agree ment with exper i men tal sug -

ges tions. What is more, the prox im ity of pro ton and tri tium

emis sion thresh olds in 11B sug gests that this res o nance

could also con tain an admix ture of the con fig u ra tion of tri -

tium clus ter chan nel. Another nar row res o nance in 11B lies

just above neu tron emis sion thresh old lying a lit tle bit

higher. This 5/2+ state is respon si ble for huge neu tron cap -

ture cross-sec tion of 10B. SMEC cal cu la tions also pre dict

such a state, which strongly cou ples with l = 2 par tial wave

to the neu tron + 10B(3+) chan nel. The emer gence of col lec -

tive pro ton (neu tron) res o nance around the proton

(neutron) emission threshold comes from the l = 0 (l = 2)

coupling to the proton (neutron) scattering space.

A recent detec tion of ultra-high energy neu trino

events with depos ited ener gies up to a few PeV by

the IceCube Obser va tory sets the begin ning of neu -

trino astron omy. It is man da tory to know that the flux of

atmo spheric neu trino pro duced in cos mic-ray inter ac tions

with nuclei in Earth’s atmo sphere at dif fer ent ener gies with

high pre ci sion is an unavoid able back ground for cos mic

neutrino studies.

The avail able data indi cate that the neu trino flux

observed in the exper i ment is dom i nated at low ener gies

(En < 105 GeV) by atmo spheric neu tri nos that arise from

the decay of light mesons (pions and kaons), denoted as the

con ven tional atmo spheric neu trino flux. On the other

hand, the data for higher ener gies ( En > 107 GeV) are most

prob a bly asso ci ated with cos mic neu tri nos. In the inter me -

di ate energy range (105 GeV < En < 107 GeV) it is expected

that the prompt atmo spheric neu trino flux asso ci ated with

the decay of heavy fla vored had rons, com posed of heavy

quarks, becomes important.

A detailed map ping of the dom i nant kinematical

domains con trib ut ing to the prompt atmo spheric neu -

trino flux at high neu trino ener gies was per formed by

study ing its sen si tiv ity to the cuts on sev eral kinematical

vari ables cru cial for charm pro duc tion in cos mic ray
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Fig. 2.1. The continuum-coupling correlation energy as a function of proton
energy Ep for: (a) Jp = 1/2+; T = 3/2 SM states with an excitation energy E* < 15
MeV coupled in s-wave to the (lowest) one-proton decay channel and (b) with 
the additional coupling to all one-neutron decay channels.

Fig 2.2. The b-delayed proton emission of 11Be. The neutron halo ground
state of 11Be undergoes b decay to an excited state of 11B, which lies just
above the proton decay threshold. This state decays into 10Be nucleus

emitting proton [EurekAlert!]

https://doi.org/10.1103/physrevc.97.044303
https://doi.org/10.1103/physrevlett.124.042504
https://eurekalert.org/pub_releases/2020-05/thni-clo052820.php


scat ter ing in the atmo sphere [Phys. Rev. D96 (2017) 9, 094026].

This includes the max i mal cen ter-of-mass energy for pro -

ton-pro ton scat ter ing, the lon gi tu di nal momen tum frac -

tions of partons in the pro jec tile (cos mic ray) and tar get

(nucleus of the atmo sphere), the Feynman xF vari able and

the trans verse momen tum of charm quark/antiquark (cf.

Fig. 2.3). It was found that the pro duc tion of neu tri nos is

par tic u larly sen si tive to the cen ter-of-mass ener gies larger

than the ones at the LHC and to the lon gi tu di nal momen -

tum frac tions in the pro jec tile 10–8 < x <10–5. Clearly, these

are regions where one does not con trol the parton, in par tic -

u lar gluon, den si ties. Also, the char ac ter is tic the o ret i cal

uncer tain ties in the charm pro duc tion cross sec tion com ing

from its QCD mod el ling were ana lyzed. The pre ci sion data

on the prompt atmo spheric neu trino flux can effi ciently

con strain the mech a nism of heavy quark pro duc tion and

under ly ing QCD dynamics in kinematical ranges beyond

the reach of the current collider measurements.

Explicit cal cu la tions of the con tri bu tion of the pp ®

pp m+m– , pp ® p D m+m– and pp ® DD m+m– pro -

cesses to exact kine mat i cally 2 ® 4 cal cu la tion were

per formed. The D res o nance con tri bu tions con sti tute

about 15% of the con ven tional  pp ® pp m+m–  cross sec -

tion and lead to an enhance ment of the mea sured cross-sec -

tions for exclu sive gg ® m+m– pro duc tion in pp col li sions at

Ös = 13 TeV (left panel of Fig. 2.4). It was shown that in the

final com par i son with the ATLAS exper i men tal data one

should take into account cor rec tions for absorp tive effects

and also the con tri bu tions when one or both pro tons

dissociate into hadronic continuum.

It was also shown that for the Odderon search in the

cen tral exclu sive pro duc tion (CEP) of sin gle j mesons is a

valu able addi tion, and in fact an alter na tive, to the study of

elas tic pp scat ter ing or CEP of two j mesons. For the reac -

tion pp ® pp m+m–  (right panel of Fig. 2.4) we com pared

the purely diffractive con tri bu tion (Odderon-Pomeron

fusion), cal cu lated in the frame work of the ten sor-pomeron 

and vec tor-odderon model, to the photoproduction con tri -

bu tion (g-P fusion) and to the gg ® m+m– con tin uum term.

The devi a tions from the g-P fusion con tri bu tion at large

pT,m+m–, can be treated as a sig nal of Odderon exchange. A

com bined anal y sis of both the K+K- and the m+m– chan nels 

should be the ulti mate goal in searches for the Odderon

exchange. We are look ing for ward to first exper i men tal

results on sin gle and dou ble j(1020) CEP at the LHC.

Ultrarelativistic Heavy Ions are accom pa nied by a

large flux of Weizsäcker–Wil liams pho tons. This

offers the oppor tu nity to study a vari ety of

photo-induced nuclear pro cesses as well as pho ton-pho ton

pro cesses. So far most inves ti ga tions have been focused on

ultraperipheral col li sions. Inter pret ing Weizsäcker-Wil -

liams pho tons as partons of the nuclei, the coher ent pho ton

cloud con trib utes to periph eral and semi-cen tral col li sions,

where the impact param e ter of the col li sions sat is fies

b<2RA (with RA being the nuclear radius). It was real ized
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Fig. 2.3. Impact of different cuts on the maximal center-of-mass pp-collision
energy (top), on the longitudinal momentum fractions in the target (middle)
and on the longitudinal momentum fractions in the projectile(bottom) on the
prompt neutrino flux. Reprinted figure with permission from: Victor P.
Goncalves, Rafa³ Maciu³a, Roman Pasechnik and Antoni Szczurek, Phys.
Rev. D 96, 094026 (2017). Copyright 2017 by the American Physical Society.

https://doi.org/10.1103/PhysRevD.96.094026

https://doi.org/10.1103/PhysRevD.96.094026
https://doi.org/10.1103/PhysRevD.96.094026


recently that coher ent pho ton-pho ton pro cesses sur vive

also in semi-central collisions.

Two years ago, the STAR col lab o ra tion at RHIC [Phys.

Rev. Lett., 121(13):132301, 2018) observed a large enhance -

ment at very low trans verse momenta of the dielectron pair,

PT £ 0.15 GeV. In col lab o ra tion with Texas A&M

Uni ver sity (USA), a group at IFJ per formed a thor ough

the o ret i cal study of the cen tral ity depend ence of

dilepton pro duc tion at very low pair trans verse

momenta [Phys. Lett. B 790, 339-344 (2019)]. For the first time, 

the inter play of dilepton pro duc tion ini tial pho ton anni hi la -

tion pro cesses, gg ® l+l–, was stud ied. These pro cesses were 

trig gered by the coher ent elec tro mag netic fields of the

24  

s
n

oitcaret
nI 

g
n

ort
S 

d
na scisy

h
P raelc

u
N f

o 
n

oisivi
D .2

Fig. 2.4. Left: The differential cross section ds/dMm+m– for the exclusive gg ®  m+m–  production at Ös = 13 TeV. Our “exact 2 ® 4 kinematics” predictions including
the pp ® pp m+m– and the pp ® p D m+m–  (D p m+m–) processes are compared with the ATLAS fiducial cross sections. [P. Lebiedowicz and A. Szczurek, Exclusive 
and semiexclusive production of m+m- pairs with D isobars and other resonances in the final state and the size of absorption effects, Phys. Rev. D 98, 053007

(2018), https://doi.org/10.1103/PhysRevD.98.053007]  Right: The distributions in transverse momentum of the m+m– pair for the pp ® pp m+m– reaction
at Ös = 13 TeV in the j(1020) resonance region and with the cuts relevant for the LHCb experiment. Here the g-P and oderon-P fusion contributions and the gg ®
m+m– continuum term are shown. [P. Lebiedowicz, O. Nachtmann, and A. Szczurek, Searching for the odderon in pp ® ppK+K- and  pp ® pp m+m– reactions in

the j(1020) resonance region at the LHC, Phys. Rev. D 101, 094012 (2020), https://doi.org/10.1103/PhysRevD.101.094012].

Fig. 2.5. Theoretical predictions vs. STAR experimental data at RHIC energy (Ös=200 GeV). Dielectron invariant mass spectra (left panel) for three ranges of
centrality: 60 – 80% (upper curve), 40 – 60% (middle curve) and 10 – 40% (lower curve) and pair transverse momentum (right panel). Thermal radiation (dotted

lines) and hadronic cocktail (dashed lines) contributions are compared with the gg ®e+e– process (solid lines) [Phys. Lett. B 790, 339-344 (2019)].

https://doi.org/10.1103/PhysRevLett.121.132301
https://doi.org/10.1103/PhysRevLett.121.132301
https://doi.org/10.1016/j.physletb.2019.01.035
https://doi.org/10.1103/PhysRevD.98.053007
https://doi.org/10.1103/PhysRevD.101.094012
https://doi.org/10.1016/j.physletb.2019.01.035


incom ing nuclei with other mech a nisms, such as ther mal

radi a tion from a quark-gluon plasma (QGP).  For the  ther -

mal  radi a tion  (dot ted lines), which includes the emis sion

from the QGP and inter me di ate hadronic phases, an

approach using in-medium vec tor spec tral func tions was

employed. The approach describes the inclu sive excess

radi a tion observed over a wide range of col li sion ener gies.

For the coher ent pho ton fusion pro cesses (solid lines),

whose spec trum is much softer than for ther mal radi a tion,

the ini tial fluxes from the Fou rier trans form of charge dis -

tri bu tions of the col lid ing nuclei in the equiv a lent-pho ton

approx i ma tion were applied. It was ver i fied for the first

time that the com bi na tion of pho ton fusion, ther mal radi a -

tion and final-state had ron decays (dashed lines) gives a fair

descrip tion of the low-PT dilepton mass spec tra as recently

mea sured by the STAR col lab o ra tion for dif fer ent cen tral ity 

classes, includ ing exper i men tal accep tance cuts (see Fig. 2.5

for the invari ant mass and the pair trans verse momen tum

dis tri bu tion). The coher ent con tri bu tion dom i nates in

periph eral collisions (centrality = (60-80)%), while thermal

radiation plays an important role only in small centralities. 

Cross sec tions for the pro duc tion of the ground state

of the charmonium sys tem, the hc-meson, were cal -

cu lated in an approach includ ing gluon trans verse

momenta [JHEP 02 (2020) 037]. In recent years charmonium

phys ics has attracted a lot of atten tion owing to the spe cial

role played by heavy quarks as probes of the quark-gluon

plasma pro duced in ultrarelativistic heavy-Ion col li sions.

These exper i ments rely on com par i sons of yields of

charmonia in nucleus-nucleus col li sions to those mea sured

in pro ton-pro ton col li sions. An under stand ing of the lat ter

is there fore a press ing issue. At IFJ PAN, in col lab o ra tion

with a group from Lund Uni ver sity, an approach to

charmonium pro duc tion via gluon-gluon fusion was

worked out. In this approach, the pro duc tion mech a nism is

described with out the com monly used restric tion to

nonrelativistic internal motion of the produced cc pair.

The bound state struc ture of the charmonium is

accounted for by the light-front wave func tion and includes

rel a tiv is tic cor rec tions. The new approach was suc cess fully

applied to the pro duc tion of çc- mesons in pro ton-pro ton

col li sions. While the data taken by LHCb in pro ton-pro ton

col li sions were a puz zle for other approaches, Fig. 2.6

shows that they are well described by the new approach

using stan dard unintegrated gluon dis tri bu tions from the

lit er a ture at Ös = 8 TeV. At the higher energy

of Ös = 13 TeV, the pre lim i nary data seem to sug gest addi -

tional mech a nisms at large pT. 

The life time of the sec ond 2+ state in neu tron-rich
20O, t(22

+) = 150 30
80

-
+  fs, and an esti mate for the life -

time of the sec ond 2+ state in 16C were obtained for

the first time [Phys. Rev. C101, 021303(R) (2020), EurekAlert!].

This achieve ment pro vided valu able exper i men tal input to

ongo ing tests of the pre dic tive power of ab initio nuclear
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Fig. 2.6. Transverse momentum distribution for promt hc (1S) production compared with the LHCb data for Ös = 8 TeV (left panel) and with the preliminary

experimental LHCb data for Ös = 13 TeV (right panel) [JHEP 02 (2020) 037].

https://doi.org/10.1007/JHEP02(2020)037
https://doi.org/10.1103/PhysRevC.101.021303
https://www.eurekalert.org/pub_releases/2020-06/thni-tno062620.php
https://doi.org/10.1007/JHEP02(2020)037


struc ture mod els. The exper i ment ded i cated to mea sur ing

the life times was car ried out at the GANIL research cen ter

in Caen, France. The state-of-the-art gamma radi a tion

detec tors AGATA and PARIS com bined with the VAMOS 

mag netic spec trom e ter were used in the mea sure ments

(Fig. 2.7). 

The reac tion of the 18O beam with the 181Ta tar get gen -

er ated excited atomic nuclei of ele ments such as B, C, N, O

and F as a result of deep-inelas tic scat ter ing or nucleon

trans fer pro cesses. In the inves ti gated mov ing nuclei, the

excited quan tum states decayed by the emis sion of

high-energy pho tons, whose energy was shifted when com -

pared to the energy of tran si tions in the rest frame. By
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Fig. 2.7. Up: the experimental setup - a combination of AGATA and PARIS detectors (photo) installed at the entrance to the VAMOS mass separator

(visualisation) at GANIL [EurekAlert!]. Bottom left: contour plot showing the quality of the gamma-line shape best fit as a function of the transition energy (Eg)
and the lifetime (t) of the 22

+ state in 20O. The extracted values of Eg, t and the area of uncertainty are indicated with a cross and a bold line respectively. Bottom

right: comparison of the measured lifetime with results of ab initio shell model calculations; inclusion of 3N interactions is needed to reproduce the experimental

value of t. [Phys. Rev. C101, 021303(R) (2020)].

https://www.eurekalert.org/pub_releases/2020-06/thni-tno062620.php
https://doi.org/10.1103/PhysRevC.101.021303


ana lyz ing this Dopp ler-shifted gamma-tran si tion line

shapes via a novel Monte Carlo tech nique, nuclear state life -

times in the tens to hun dreds of femto seconds were

possible to be determined.

The exper i men tal life times agree with pre dic tions of ab

initio cal cu la tions using two- and three-nucleon inter ac tions

for 20O and 16C, which con firms the need to include the

three-nucleon inter ac tions in the descrip tion of elec tro mag -

netic tran si tions in the atomic nucleus. The pres ent mea -

sure ment shows the power of observables pro vided by elec -

tro mag netic tran si tions, deter mined with high-pre ci sion

gamma spec tros copy, for assess ing the qual ity of first-prin -

ci ples nuclear structure calculations. 

Nuclear iso mers play a key role in under stand ing

nuclear struc ture phys ics. Of spe cial inter est are

shape iso mers: they may arise when the nuclear

poten tial energy sur face (PES), in the defor ma tion space,

has min ima asso ci ated with dif fer ent shapes and when

these min ima are sep a rated by a high bar rier. The tran si tion

from such min ima toward the ground state min i mum can

be sig nif i cantly hin dered. So far, shape iso mers, dis cov ered

in the 1960s, have been known to occur only in the heavy

acti nide nuclei, although in the 1980s mean-field mod els

pre dicted their exis tence also in lighter sys tems, point ing to
66Ni and 68Ni as the light est can di dates. This con cept

encour aged stud ies of shape iso mers and shape coex is -

tence in the nickel iso topes 64,66Ni [Phys. Rev. Lett., 125

(2020) 102502]. Recently, fully micro scopic state-of-the-art

shell-model cal cu la tions based on Monte Carlo com pu ta -

tional schemes and the use of very pow er ful

supercomputing con firmed the pres ence of a deep, local

min i mum at size able prolate defor ma tion in the PES of
66Ni, but not in 68Ni. They also pointed to the exis tence of a

sim i lar min i mum (Fig. 2.8) in the PES of 64Ni, which until

now has been con sid ered purely spher i cal. Two exper i men -

tal cam paigns took place in order to search for shape iso -

mers in the 64Ni and 66Ni nuclei. 

The first one, hav ing as the objec tive 66Ni, was per -

formed at the Tan dem Lab o ra tory of IFIN-HH and

employed the two-neu tron trans fer reac tion induced by

an18O beam on a 64Ni tar get, at the sub-Cou lomb bar rier

energy of 39 MeV. All three low est-excited 0+ states in 66Ni

were pop u lated and their gamma-decay was observed using

gamma-coin ci dence tech nique. The 0+ states life times were

assessed with the plunger method. A retar da tion of

gamma-decay from the fourth excited 0+ state, supposingly

deformed, to spher i cal con fig u ra tion was observed,

B(E2)=0.2 W.u., resem bling a shape-iso mer-like behavior. 

The sec ond cam paign aimed at inves ti gat ing the 64Ni

nucleus involved four exper i ments – they were per formed

at four dif fer ent lab o ra to ries in Europe and the USA:

Institut Laue-Langevin (Grenoble, France), IFIN-HH Tan -

dem Lab o ra tory (Roma nia), Argonne National Lab o ra tory

(Chi cago, USA) and the Tri an gle Uni ver si ties Nuclear Lab -

o ra tory (TUNL, North Carolina, USA). Sev eral 0+ and 2+

excited states were iden ti fied below 4.5 MeV in 64Ni and

their prop er ties were estab lished. This includes the

deformed 0+ state at 3463 keV, the gamma decay of which is 

hin dered by more than one order of magnitude: B(E2) <

0.08 W.u.

These two cam paigns resulted in an exper i men tal iden ti -

fi ca tion of the shape-iso mer like struc tures in 64Ni and 66Ni,

achieved through high res o lu tion gamma-ray spec tros copy

and show ing that shape isomerism is pos si ble not only in

very heavy nuclei: it remark ably appears in sig nif i cantly

lighter sys tems, as cor rectly pre dicted by the ory, which

points to the monopole ten sor part of nucleus-nucleus

inter ac tion as the one governing this phenomenon. 

Shape coex is tence and the onset of quan tum

shape-phase tran si tion in the A = 100 mass region

were also the sub ject of inves ti ga tions devoted to the

struc ture of the  96Y nucleus [Phys. Rev. C, 102 (2020) 054324].

In the iso topes with the pro ton num ber around Z = 40, a
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Fig. 2.8. The potential energy surface for the lowest 0+ states of 64Ni, as a

function of prolate and oblate quadrupole moments (EurekAlert!).

https://doi.org/10.1103/PhysRevLett.125.102502
https://doi.org/10.1103/PhysRevLett.125.102502
https://doi.org/10.1103/PhysRevC.102.054324
https://www.eurekalert.org/pub_releases/2020-12/thni-tmo123020.php


sud den change of nuclear struc ture occurs when the num -

ber of neu trons reaches N = 60. While the nuclei with N <

60 exhibit a spher i cal shape, the iso topes with N ³ 60 are

sig nif i cantly deformed. This phe nom e non is con sid ered the 

most dra matic shape change in the nuclear chart. A ques -

tion was raised whether the deformed struc tures appear just 

at N = 60 or if they reside also in the lighter iso topes.

Indeed, deformed rota tional bands built on excited iso -

meric states are placed in 95Rb, 96Sr, 98Y, 98-99Zr, i.e., at N =

58 and 59; how ever, noth ing was known about the loca tion

of such col lec tive exci ta tions at N < 58. In the course of the

pre sented work, it was pos si ble to extend sig nif i cantly the

level scheme of 96Y57 via the gamma-coin ci dence spec tros -

copy tech nique. The data were col lected at the Institut

Laue-Langevin (ILL) in Grenoble dur ing an exper i men tal

cam paign where ther mal neu trons from the nuclear reac tor

induced a fis sion reac tion of 233U and 235U active tar gets.

The emit ted gamma rays were recorded by a new highly effi -

cient ger ma nium (HPGe) detec tor array named FIPPS

(FIs sion Prod uct Prompt gamma-ray Spec trom e ter). The

data anal y sis enabled the iden ti fi ca tion of a new (6+), 181(9)

ns iso meric state at 1655 keV exci ta tion energy and a rota -

tional band built on. This result points to the pres ence of

deformed struc tures com pet ing with spher i cal ones already

at N = 57. With the increas ing num ber of neu trons, these

deformed struc tures grad u ally decrease in energy (Fig. 2.9),

to become dom i nant at N ³ 60. The pres ence of the rota -

tional band in the 96Y57 iso tope can be explained by Hartree

- Fock - Bogoliubov calculations if an oblate deformation is

assumed.

Study of the struc ture of heavier nuclei resulted in the

deduc tion the most com plex iso meric decay in
147Gd [Phys. Rev. C, 101 (2020) 064320]. In an exten sive

search for yrast traps per formed in the early 1980s the

high-spin iso mer was iden ti fied in 147Gd. In sub se quent

detailed stud ies the 0.5 ms half-life and 8588 keV exci ta tion

energy were deter mined, the 49/2+ spin- par ity was

assigned and the iso mer struc ture was under stood. In spite

of the com plex ity of the iso meric decay estab lished in this

study, only 40% of the decay inten sity could be iden ti fied in

its upper part. This indi cated an unusual frag men ta tion of

the decay and led to a strik ing con clu sion that it must

involve at least 50 decay branches which could not be

observed because of their low intensity. 

To resolve this puz zling phe nom e non, the 49/2+ iso -

mer decay in 147Gd was now rein ves ti gated using much

better tools of the mod ern gamma spec tros copy. The

exper i ment was per formed at the Legnaro NL using a 76Ge

beam on the 76Ge tar get and col lect ing the reac tion prod -

ucts in the 208Pb catcher placed in the cen ter of the GASP,

an array of 40 detec tors. The detec tion sen si tiv ity down to

the level below 10-3/decay allowed one to resolve the bulk

part of the com plex iso meric decay. It con firmed the ear lier

antic i pated com plex ity involv ing 400 tran si tions iden ti fied

and clearly placed as pop u lat ing 90 lev els, all of them with
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Fig. 2.10. The level scheme of 147Gd - an example of the complex decay
pattern of the 49/2+ isomeric state. Details of the  level scheme available at

[Phys. Rev. C, 101 (2020) 064320].

Fig. 2.9. Evolution of deformation across Y isotopic chain.

https://doi.org/10.1103/PhysRevC.101.064320
https://doi.org/10.1103/PhysRevC.101.064320


firmly assigned spin-par ity. The over all view of this most

com plex iso meric decay observed in all of the chart of

nuclides is dis played in Fig. 2.10. In the lower energy part,

the observed state struc tures are rather well under stood,

but the struc ture of the most com plex set of lev els in the

upper part is not at all transparent.

Nev er the less, it is clear that the decay frag men ta tion is

ini ti ated by fast low-energy M1 tran si tions which pop u late

the group of lev els closely spaced in a nar row exci ta tion

energy range between 7.8 and 8.0 MeV. This explains the

observed com plex ity, which can be fur ther illus trated by a

few num bers char ac ter iz ing some decay cas cades selected

from the extremely large num ber of decay paths between

the 49/2+ iso mer and the 7/2- ground state. The short est

and lon gest gamma decay involves 10 and 22 tran si tions

respec tively, each of them hap pen ing with prob a bil ity close

to the 10-6/decay. The decay prob a bil ity select ing other

paths ranges from 10-2/decay for the most intense path

down to the 10-17/decay cal cu lated for sev eral cas cades with 

the weak est inten sity. Some other sta tis ti cal fea tures of the

stud ied decay invite more detailed investigations.  

Using pro ton beams pro vided by CCB at IFJ PAN

resulted in first results on the struc ture of

high-lying sin gle-par ti cle states: M4 stretched

res o nances in 13C [Acta Phys. Pol. B Proc. Suppl., 13 (2020) 389]. 

The stretched exci ta tions are dom i nated by a sin gle par ti -

cle-hole com po nent for which the excited par ti cle (pro ton

or neu tron) and the resid ual hole cou ple to the max i mal

pos si ble spin value avail able on their respec tive shells.

Because of the expected low den sity of other one-par ti -

cle-one-hole con fig u ra tions of high angu lar momenta in the 

energy region where the stretched states appear, their con -

fig u ra tions should be rel a tively sim ple. This fea ture makes

them attrac tive as their the o ret i cal anal y sis could pro vide

clear infor ma tion about the role of con tin uum cou plings in

stretched exci ta tions. The prop er ties of stretched exci ta -

tions are poorly known, even though they are of key impor -

tance to the phys ics of unbound sys tems. In light nuclei, as
13C, they appear as high-lying res o nances result ing from the

p3/2 ® d5/2 M4 mag netic tran si tions. The direct mea sure -

ment of stretched states prop er ties, such as decay pat terns,
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Fig. 2.11. Two-dimensional coincidence matrix showing the energy of the g rays detected in the scintillator detectors vs. the excitation energy calculated from the
energy of scattered protons (Ebeam=135 MeV). Particle emission thresholds for neutron and proton in 13C are given, as well as the location of the 21.47-MeV
stretched resonance and of excited states in 13C, which are followed by g decays. Projections on the x axis (gamma energy) and y axis (excitation energy) are
shown as blue spectra on the top and on the right, respectively. The excitation energy spectrum displayed after gating on the 953-keV g transition from 12B
daughter nucleus (proton decay channel) is presented on the right (marked in orange). Labels in the top g spectrum point to the decay from excited states in 12,13C
and 12B.

https://doi.org/10.5506/APhysPolBSupp.13.389


should pro vide data which can be used as a very demanding

test of state-of-the-art theory approaches. 

The exper i ment per formed at CCB aimed at the inves ti -

ga tion of a stretched sin gle-par ti cle M4 state in 13C, located

at 21.47 MeV. The data was obtained by mea sur ing

inelastically scat tered pro tons (which excite the res o nance)

in coin ci dence with charged par ti cles from the res o nance

decay, and gamma rays from daugh ter nuclei. The detec tion

setup con sisted of: i) the KRATTA tele scope array for

detec tion of scat tered pro tons, ii) two clus ters of the PARIS 

scintillator array and an array of LaBr3 detec tors for

gamma-ray mea sure ment, and iii) a thick posi tion-sen si tive

Si detec tor for light charged par ti cles detec tion. In par tic u -

lar, the emit ted gamma rays give a pre cise knowl edge of the

feed ing to spe cific states in daugh ter nuclei, even in the case

of a neu tron decay from the res o nance state. Thus, first

exper i men tal infor ma tion (Fig. 2.11) on the pro ton and

neu tron decay chan nels of the 21.47-MeV res o nance in 13C,

to 12B and 12C daugh ter nuclei, respec tively, could be

obtained. The exper i men tal results on the decay of the

21.47-MeV stretched state in 13C will be com pared with the

the o ret i cal calculations based on the Gamow Shell Model

approach. 

Excitations of 208Pb nuclei, such as pygmy states

and giant res o nances, were stud ied at CCB using a

pro ton beam deliv ered by a med i cal cyclo tron [Acta

Phys. Pol. B, 51 (2020) 677]. Giant res o nances are many

nucleon exci ta tions called “col lec tive” and described as

neu trons against pro tons vibra tions. Among them the very

impor tant and most known is the giant dipole res o nance

(GDR). Very inter est ing is the giant quadrupole res o nance

(GQR) whose gamma decay has been observed only once

so far. Pygmy states, also called pygmy dipole res o nances

(PDR), are less col lec tive and may be described by a few

nucleon exci ta tions. The nature of this exci ta tion is still

under inves ti ga tions. In the per formed exper i ments,

excited states were induced in the nuclei as a result of inelas -

tic scat ter ing of pro tons. The PDR, GDR and GQR were

stud ied by mea sur ing gamma rays emitted in their decay. 

For the needs of nuclear phys ics research at CCB an

exper i men tal setup was con structed. It con sisted of detec -

tors for gamma ray and scat tered pro tons mea sure ment. At

the first stage gamma rays were reg is tered by 8 BaF2 detec -

tors of the HECTOR array, and pro tons were detected by

the KRATTA tri ple (Si+CsI+CsI) tele scopes, both sur -

round ing a scat ter ing cham ber. The improved setup was

based on a new big scat ter ing cham ber, large enough to

mount the KRATTA inside it. In this case 4 large vol ume

LaBr3 scin til la tors and 2 PARIS clus ters, each made of 9

LaBr3+NaI or CeBr3+NaI phoswiches, placed out side the

cham ber, were used for gamma ray measurement. 

The exper i men tal method was based on a simul ta neous

mea sure ment of gamma rays and scat tered pro tons giv ing

infor ma tion on exci ta tion energy. An increase in the num -

ber of counts in the GQR energy regions of coin ci dence

gamma spec trum was observed (Fig. 2.12, right panel).

Another out come was the obser va tion (Fig. 2.12, left panel)

of pygmy states at the ener gies in agree ment with pre vi ous

results achieved using an alpha par ti cle scattering reaction.

After a three-year anal y sis of the data taken between

2015 and 2016 at the ultra-cold neu tron source in

Paul Scherrer Insti tute, Villigen, with the par tic i pa -

tion of phys i cists from our Insti tute, the final value of the
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Fig  2.12. The gamma ray spectra showing Left: discreet [Acta Phys. Pol. B, 51 (2020) 677] and Right: continuous transitions feeding the ground state in 208Pb.

https://doi.org/10.5506/APhysPolB.51.677
https://doi.org/10.5506/APhysPolB.51.677
https://doi.org/10.5506/APhysPolB.51.677


neu tron elec tric dipole moment (EDM) was obtained

and pub lished [Phys.Rev.Lett.124, 081803 (2020)]. The value is

con sis tent with zero and may be inter preted as an upper

limit of the neu tron EDM 1.8 ´ 10-26 e cm, the most strin -

gent one obtained in a sin gle mea sure ment of this observ -

able. The exper i men tal prin ci ple is based on Ramsey’s

method of sep a rated oscil lat ing mag netic fields with polar -

ized ultra-cold neu trons from a solid deu te rium source. The 

applied strat egy involved a sep a rate anal y sis of dou ble

blinded data per formed by two inde pend ent groups. The

expe ri ence gained as a result of this anal y sis is cur rently

imple mented in the con struc tion of the next ver sion of the

mea sure ment with com pletely new appa ra tus, sig nif i cantly

reduced sys tem atic uncer tain ties and pros pects for much

higher sta tis tics. Fig. 2.13 pres ents the results of a cross -

ing-point anal y sis applied to account for the dom i nant sys -

tem atic effect due to the rel a tiv is tic motional field and the

mag netic field gra di ent (see [Phys.Rev.Lett.124, 081803 (2020)]

for the exact definition of indicated variables). 

Phys i cists from our Divi sion par tic i pated in stud ies of

dielectron radi a tion from baryon res o nances in

vac uum and dense nuclear mat ter with the High

Accep tance Di-Elec tron Spec trom e ter (HADES),

installed at SIS18 in GSI, Darmstadt. It pro vided excel lent

detec tion for had rons and rare dielectron pro duc tion with

pow er ful par ti cle (p/K/p/e) iden ti fi ca tion. It was designed

to mea sure dielectron ( e+e-) radi a tion from dense and hot

baryonic mat ter. The micro scopic descrip tion of the e+e-

emissivity requires under stand ing of baryon-vir tual pho ton

cou plings which can be stud ied in NN and p– N reactions. 

The ele men tary col li sions, espe cially those with pion

beams, offer a great oppor tu nity to study the elec tro mag -

netic struc ture of baryonic res o nances via baryon res o nance 

Dalitz decays (time-like region) and their cou pling to the

light vec tor mesons r and w, which play an essen tial role in

baryon ® Ng* tran si tions. The stud ies of the vec tor

meson–baryon inter ac tion are moti vated by the so-called

vec tor-meson dom i nance model, pre dict ing the low-mass

vec tor mesons (r, w, j) as medi at ing fields in the

hadron-photon interactions. 

To under stand res o nance pro duc tion mech a nisms, a

large dataset of p-p scat ter ing was obtained at four pion

beam momenta 0.656, 0.69, 0.748 and 0.8 GeV/c [PRC 102,

024001, (2020)]. A pre cise nor mal iza tion of these mea sure -

ments was pro vided by the well known p-p elas tic scat ter ing 

dif fer en tial cross sec tion. Two pion final states, p–p®

np+p– and   p–p® pp0p–, were selected and included in a

ded i cated mul ti chan nel Par tial Wave Anal y sis (PWA). In

this way dif fer ent con tri bu tions to the total ampli tude, such

as Dp, rN, sN, were  extracted together with their cou -

plings to the main con trib ut ing baryon res o nances, e.g.

N(1520), N(1535), N(1440) (Fig. 2.14). The N(1520) res o -

nance was found to dom i nate the rN final state with the

branch ing ratio BR = 12.2% ±1.9%. This value was used as
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Fig. 2.13. The final results of the crossing-point analysis applied to account for 
the dominant systematic effect due to the relativistic motional field and the
magnetic field gradient induced by the presence of gravitational shift of the
center of mass of the UCNs in the chamber.  The crossing point of blue and red 
lines, corresponding to the opposite directions of main magnetic field B0,

indicates the neutron EDM (dn) value.  [Phys.Rev.Lett.124, 081803
(2020)].

Fig. 2.14. Total production cross sections for the two-pion production in the
p–p®pp0p– reaction. The results from this work (red points) and from former
experiments (black circles) are shown as a function of the total energy (W =
Ös) in the c.m. frame. The black curves are the results from the
Bonn-Gatchina PWA solution (solid) and from previous analyses (dashed).
The other curves display the contribution to final states isobars listed in the
legend. The bands reflect the systematic error of the PWA method. (adapted

from [PRC 102, 024001, (2020)].

https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1103/PhysRevC.102.024001
https://doi.org/10.1103/PhysRevC.102.024001
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1103/PhysRevC.102.024001


an input for the descrip tion of the di-elec tron channels

studied in this experiment. 

Collisions of pro tons and nuclei at the ener gies in

the range 9-17 GeV in the nucleon-nucleon cen -

ter of mass sys tem have been stud ied exten sively –

a few main find ings are sum ma rized below. In 2017,

phys i cists from IFJ PAN pre sented a new model of the phe -

nom ena occur ring dur ing col li sions of lead nuclei at high

ener gies (Phys. Rev. C 95, 2017, 024908). This model assumed

that the mat ter aris ing in the col li sions, the quark-gluon

plasma, moves away from the impact point in the form of

numer ous streaks stretch ing along the orig i nal direc tion of

motion of the nuclei (Fig. 2.15, bot tom left). The model

described very well the entire impact param e ter depend -

ence of rapid ity (rel a tiv is tic veloc ity) dis tri bu tions of p

mesons pro duced in lead-lead (Pb+Pb) col li sions in the

con sid ered energy range (Fig. 2.15, top right). Then the

research ers applied the same model to much sim pler pro -

ton-pro ton col li sions (Fig. 2.15, top left). After eval u at ing in 

detail the dif fer ence in the energy bal ance caused by the dif -

fer ent amount of pro duc tion of strange par ti cles in p+p and 

Pb+Pb col li sions, and by baryon stop ping phe nom ena (dis -

cussed fur ther below), all these dif fer ences appeared only to 

change the over all nor mal iza tion by a sim ple fac tor of

0.748. The pion rapid ity dis tri bu tion from a sin gle “fire

streak”1) was then com pared to exper i men tal data from the

NA49 exper i ment (con structed and car ried out at the

CERN SPS accel er a tor with the par tic i pa tion of IFJ PAN).

The com pli ance was strik ingly good (Fig. 2.15, bot tom

right). The mat ter aris ing from pro ton-pro ton (p+p) col li -

sions, cooler and qual i ta tively dif fer ent than the

quark-gluon plasma,  seems there fore to behave like a sin gle

fire streak [Phys. Rev. C 99, 2019, 024908]. Since the

quark-gluon plasma is formed at higher ener gies and in col -

li sions of objects of greater com plex ity, it is legit i mate to say
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Fig. 2.15. Visualization of the model proposed by IFJ PAN physicists (left, picture by Dual Color) and its comparison to experimental data on p+p and Pb+Pb

collisions, from Acta Phys. Polon. B 51 (2020) 1525 (right). See also [EurekAlert! 2017 and 2019].

1) The term “fire streak” is used here in or der to point out the par tial sim i lar ity of this ap proach to sev eral ear lier works (e.g. Nucl. Phys. A296,
177 (1978), Phys. Rev. C18, 844 (1978) ).
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https://doi.org/10.1016/0375-9474(78)90420-7
https://doi.org/10.1016/0375-9474(78)90420-7
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that it inherits some of the features of the matter that forms

fire streaks in proton-proton collisions. 

The suc cess of the above model, appar ently pro vid ing

a good over all descrip tion for the lon gi tu di nal evo lu -

tion of the sys tem cre ated in the col li sion, served as a

basis for the first ever quan ti ta tive descrip tion of the

elec tro mag netic dis tor tion of fast p+ and p–  meson

spec tra in periph eral col li sions of lead nuclei [Phys.Rev.

C 102, 2020, 014901]. The elec tric charge of the nuclear rem -

nants not par tic i pat ing in the col li sion (spec ta tor sys tems)

mod i fies the tra jec to ries of elec tri cally charged p mesons

and there fore dis torts the charge ratios p+/p–  in the final

state of the reac tion. This dis tor tion appeared to be a com -

plex pro cess, and the cor re spond ing the o ret i cal cal cu la tion

included a num ber of dif fer ent phe nom ena. These were (1)

the influ ence of col li sion geom e try, (2) the lon gi tu di nal evo -

lu tion of the sys tem, (3) trans verse momen tum (pT) spec tra

of p mesons, (4) the “life time” or pion cre ation time from

the lon gi tu di nal ele ments of excited mat ter, (5) isospin

effects, (6) directed and ellip tic flow, (7) the trans verse

expan sion of the sys tem, (8) vorticity effects, (9) the frag -

men ta tion of spec ta tor sys tems, and (10) rel a tiv is tic effects

on the elec tro mag netic field. The result is pre sented in Fig.

2.16. Inter est ingly, the quan ti ta tively described exper i men -

tal data indi cate that the proper life time of for ward mov ing

streaks of excited mat ter (see above) is only of 0.5-2 fm/c,

i.e. sig nif i cantly shorter than for the central slower streaks

which contribute to the bulk of particle production (see

cited above Ref. for a detailed discussion).

The exper i men tal data base on the above elec tro mag -

netic dis tor tions of charged p mesons has been

mul ti plied over the last three years. New exper i men tal data

on argon-scan dium (Ar+Sc) col li sions were col lected by

the NA61/SHINE detec tor at CERN and ana lyzed as a

func tion of beam energy and col li sion impact param e ter

(cen tral ity). Con se quently, first ever exper i men tal results 

on elec tro mag netic effects in small sys tems at the

CERN SPS were obtained at 150A GeV/c beam momen -

tum, fol lowed by the cor re spond ing first ever exper i men tal

results on these effects in periph eral small sys tems at 40A

GeV/c. A set of exam ples is pre sented in Fig. 2.17, where

the red arrow gives the xF value for the p meson at low-pT

mov ing at spec ta tor (beam) veloc ity. The basic kinematical

char ac ter is tics of the large elec tro mag netic dis tor tion of

p+/p–  ratios pres ent in Pb+Pb col li sions reap pear, even if

some what reduced, in the far smaller Ar+Sc sys tems. At

least down to inter me di ate cen tral ity col li sions, these

effects remain strong enough to break isospin symmetry,

which unambiguously confirms their electromagnetic

origin.

The impor tance of baryon stop ping as a dynam i cal

phe nom e non sig nif i cantly con trib ut ing to the dif fer -

ences between pro ton-pro ton and nuclear col li sions

addressed above had become evi dent in the course of the

pre sented works. Here a new phenomenological study

was per formed in 2020 in the frame work of the Dual Parton 

Model [Acta Phys. Polon. B51, 2020, 1207]. It was based on high

qual ity data sets from the NA49 exper i ment on pro ton-pro -

ton and pro ton-car bon col li sions [Eur. Phys. J. C65, 2010, 9,

Eur. Phys. J. C73, 2013, 2364]. Unlike the ear lier exist ing data,

these com bined the mea sure ment of both pro tons and neu -

trons in the nearly com plete pro jec tile hemi sphere in the

col li sion c.m.s. with full cov er age start ing at pT=0 (sharp).
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Fig. 2.16. First quantitative description of the electromagnetic distortion of p+/p– ratios in Pb+Pb collisions at 158 GeV/nucleon beam energy (xF=2pL/ÖsNN is the

scaled longitudinal momentum of the p meson).   [From Phys.Rev. C 102, 2020, 014901].
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This allowed IFJ PAN research ers to per form their anal y sis

on full non-strange baryon spec tra rather than using pro -

tons as an (inse cure) proxy for the lat ter, and to iso late the

lat ter dis tri bu tion in “mul ti ple” pro ton-car bon col li sions in

which the pro ton col lides with more than one nucleon, as

shown in Fig. 2.18. The anal y sis proved that baryon stop -

ping mech a nisms pre serv ing the diquark in the pro ton

(solid curve in the fig ure) can not be held as the only respon -

si ble for the mea sured baryon stop ping effect. An upper

limit of about 60% was estab lished for the lat ter con tri bu -

tion, lead ing to the con clu sion that in mul ti ple pro -

ton-nucleon col li sions the diquark must be frequently

disintegrated, at a level of 40% at least for the case of

proton-carbon reactions.
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Fig. 2.17. Selected experimental results on electromagnetic effects in Ar+Sc and Pb+Pb collisions, from CERN-SPSC-2020-023,  Acta Phys. Polon. B 50
(2019), 1127, and PoS(EPS-HEP 2009) 031.

Fig. 2.18. Comparison of non-strange baryon rapidity distribution to the

model analysis described in the text.   [From Acta Phys. Polon. B51, 2020,
1207].

https://cds.cern.ch/record/2739340/files/SPSC-SR-278.pdf
https://doi.org/10.5506/APhysPolB.50.1127
https://doi.org/10.5506/APhysPolB.50.1127
https://doi.org/10.22323/1.084.0031
https://doi.org/10.5506/APhysPolB.51.1207
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Com ple men tary to the above stud ies, new results on

pro ton intermittency in Ar+Sc col li sions became

avail able from the NA61/SHINE exper i ment [Nucl.

Phys. A 1005, 2021, 121753]. Inter mit tent behav ior of emit ted

pro ton moments, that is power-law scal ing behav ior as a

func tion of the num ber M2 of sub di vi sions in a given area of 

trans verse phase space ( Dpx, Dpy), has been pos tu lated as a

sig na ture for the cre ated sys tem to be located in the Crit i cal

Point (CP) of the phase dia gram of strongly inter act ing mat -

ter – the point in which the phase tran si tion between

quark-gluon plasma and hadronic gas changes from

first-order to “cross-over”. Fol low ing this pos tu late, the

power-law expo nent f2 should approach the “crit i cal value” 

of 5/6=0.83 for the sys tem approach ing the CP. The new

mea sure ments of 2nd order fac to rial moments DF2(M) of

pro ton mul ti plic ity (see the cited Ref. for a pre cise def i ni -

tion) are shown in Fig. 2.19 (left). They dis play only a small,

incon clu sive devi a tion from zero. On the other hand, fur -

ther anal y sis of these data was per formed in the frame work

of A Model-Inde pend ent Anal y sis Scheme (AMIAS) in

order to extract unbi ased val ues for f2 [Nucl. Phys. A 1003,

2020, 122018]. The result of this anal y sis is pre sented in Fig.

2.19 (right), where the obtained val ues of f2 are plot ted as a

func tion of the num ber Nw of nucle ons par tic i pat ing in the

col li sion. For Ar+Sc col li sions these remain below the crit i -

cal value, but seem to dis play a growth with decreas ing Nw,

match ing the crit i cal value for col li sions of sil i con nuclei

(Si+Si) obtained by the NA49 exper i ment [Eur. Phys. J. C 75,

2015, 587]. The exact inter pre ta tion of this result in the

context of a possible approach of the system to criticality is

still a matter for future studies.

The prop er ties of hot and dense deconfined QCD

mat ter, the Quark-Gluon Plasma (QGP), which is

formed in high-energy heavy-ion col li sions, can be

char ac ter ized by the mea sure ment of high trans verse

momen tum (pT) par ti cles pro duced by hadronization of

hard scat tered partons in the early stage of the col li sion. It is

expected that these partons lose energy by inter ac tions with

the QGP, which leads to the jet quench ing. The ALICE

Col lab o ra tion mea sured pT spec tra of pri mary charged par -

ti cles from pp, p-Pb and Pb-Pb col li sions at a cen -

ter-of-mass energy ÖsNN = 5.02 TeV in the kine matic range

of 0.15 < pT < 50 GeV/c and |h|<0.8, with an unprec e -

dented pre ci sion [JHEP11 (2018) 013]. Spec tra from Pb-Pb

col li sions are pre sented in nine cen tral ity inter vals and are

com pared to a ref er ence spec trum from pp in terms of the

nuclear mod i fi ca tion fac tor (RPbPb), defined as the ratio of

the yield in Pb-Pb to the cor re spond ing yield in pp col li -

sions scaled by the num ber of binary nucleon-nucleon col li -

sions. In 0-5% cen tral col li sions (Fig. 2.20), the pT spec tra

are sup pressed by more than a fac tor of 8 around 6-7

GeV/c with a sig nif i cant reduc tion in sup pres sion towards

higher momenta up to 30 GeV/c. The sup pres sion

decreases with decreas ing cen tral ity and in the 70-80% cen -

tral col li sions reaches 30% at inter me di ate momenta and

approaches unity for the high est pT bin. The nuclear mod i fi -

ca tion fac tor RpPb, con structed from the pp and p-Pb spec -

tra mea sured at the same col li sion energy, is con sis tent with
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Fig 2.19. Factorial moments DF2 in Ar+Sc collisions [Nucl. Phys. A 1005, 2021, 121753] and extracted values of f2 for Ar+Sc and Si+Si reactions.  [Reprinted

from Nuclear Physics A 1003, N.G. Antoniou et al., “Decoding the QCD critical behaviour in A + A collisions”, 122018, Copyright 2020, with permission

from Elsevier.  https://www.sciencedirect.com/journal/nuclear-physics-a].

https://doi.org/10.1016/j.nuclphysa.2020.121753
https://doi.org/10.1016/j.nuclphysa.2020.121753
https://doi.org/10.1016/j.nuclphysa.2020.122018
https://doi.org/10.1016/j.nuclphysa.2020.122018
https://doi.org/10.1140/epjc/s10052-015-3738-5
https://doi.org/10.1140/epjc/s10052-015-3738-5
https://link.springer.com/article/10.1007/JHEP11(2018)013
https://doi.org/10.1016/j.nuclphysa.2020.121753
https://doi.org/10.1016/j.nuclphysa.2020.121753
https://doi.org/10.1016/j.nuclphysa.2020.121753
https://doi.org/10.1016/j.nuclphysa.2020.122018
https://www.sciencedirect.com/journal/nuclear-physics-a


unity above 8 GeV/c. It indi cates that the strong sup pres -

sion observed in cen tral Pb-Pb col li sions is not due to ini tial

state effects but rather due to final state partonic energy loss

in the hot and dense QGP cre ated in heavy-ion col li sions.

These results should pro vide fur ther con straints on the

parton energy loss calculations to determine the transport

properties of the hot and dense QCD matter.

Analysis of event-by-event mul ti plic ity cor re la -

tions and fluc tu a tions pro vides insight into the ini -

tial stages of ultra-rel a tiv is tic heavy-ion col li sions.

The o ret i cal and exper i men tal stud ies have shown that the

anal y sis of cor re la tions and fluc tu a tions sig nif i cantly ben e -

fits from using observables inde pend ent of sys tem vol ume

(geo met ri cal) fluc tu a tions. Recently, two fam i lies of such

observables called strongly inten sive quan ti ties were intro duced

into heavy-ion phys ics. To one of those fam i lies belongs S

observ able, defined as a com bi na tion of vari ances and cor -

re la tion term of the exten sive quan ti ties (e.g., mean num ber

of par ti cles) dis tri bu tions. Strongly inten sive quan ti ties are

con structed in such a way that, under the assump tion that

par ti cles are pro duced inde pend ently from a set of sources,

they can pro vide direct infor ma tion about these sources'

prop er ties. Fig. 2.21  shows first-ever results on the
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Fig. 2.20. Nuclear modification factors for charged particles in central (0-5%)
and peripheral (70-80%) Pb-Pb and in p-Pb.  

[JHEP11 (2018) 013].

Fig. 2.21. Strongly intensive quantity S as a function of the centrality bin width. The width of centrality class changes from 1% to 10% (large volume fluctuations).
Results were obtained for charged particles multiplicity for the fixed value of pseudorapidity gap Dh = 1.2 between forward and backward h intervals. 

[MDPI-Proc. 219, EPS-HEP2019]

https://link.springer.com/article/10.1007/JHEP11(2018)013
https://inspirehep.net/files/81049632bab850d75530585b641e620c,
https://inspirehep.net/files/6acd7c1fd560de7c38366bcd3bcd80bc


for ward-back ward mul ti plic ity S obtained for Pb–Pb col li -

sions at ÖsNN = 2.76 TeV as a func tion of vol ume fluc tu a -

tions (cen tral ity bin width). The results revealed that the S

observ able is indeed inde pend ent of vari a tions in the ini tial

state geom e try. It is true for both exper i men tal data and

sim u la tions with the HIJING model. The pre sented results

also indi cate that HIJING is not able to repro duce the

observed depend ence on the cen tral ity of Pb–Pb col li sions.

Con sid er ing that S pro vides direct infor ma tion about the

sin gle source char ac ter is tics, the par ti cle pro duc tion mech -

a nism imple mented in the model dif fers from the sce nario

tak ing place in real phys i cal events. This find ing shows the

sci en tific potential of strongly intensive quantities, which

can be used to verify particle production models already at

the level of initial sources.

Inclu sive had ron mea sure ments are essen tial to con -

strain the o ret i cal mod els of par ti cle pro duc tion in both

perturbative and non-perturbative regimes. Mea sure -

ments of pro ton-nucleus col li sions have unique sen si tiv ity

to the ini tial-state nuclear wave func tion and can elu ci date

the effects of cold nuclear mat ter in a wide range of

observables of the QGP. The neu tral pion and h meson

invari ant dif fer en tial yields were pre cisely mea sured in 

non-sin gle diffractive p-Pb col li sions at ÖsNN = 5.02

TeV with the ALICE exper i ment [Eur. Phys. J. C78 (2018)

624] in a broad trans verse momen tum range of 0.3 < pT <

20 GeV/c and 0.7 < pT < 20 GeV/c, respec tively. A com -

par i son of the mea sured high pre ci sion p0 and h meson

spec tra with the o ret i cal mod els in Fig. 2.22 clearly shows

that dif fer ent under ly ing pic tures can describe the data

qual i ta tively. How ever, sys tem atic uncer tain ties of the the -

o ret i cal mod els are not pro vided, or are siz able. Hydro dy -

namic mod els (EPOS3, VISHNU) agree with the data at

low pT, while jet pro duc tion appears to be needed for a

good descrip tion at pT > 4 GeV/c. While the high pT part of

the spec tra can be described by next-to-lead ing order

(NLO) perturbative QCD cal cu la tions using dif fer ent

nuclear parton dis tri bu tion func tions, the pre cise data pre -

sented here will help to reduce model uncer tain ties sig nif i -

cantly, for instance pro vid ing addi tional con straints on

iden ti fied-par ti cle frag men ta tion functions. Improved

theoretical uncertainties are needed in order to discriminate

among the models.

Recently, the ALICE Col lab o ra tion pre sented the first 

mea sure ment of the depend ence on |t|, the

square of the momen tum trans ferred between

the incom ing and out go ing tar get nucleus, of coher ent 

J/y photoproduction [arXiv]. The data were mea sured

with the ALICE detec tor in ultra-periph eral Pb–Pb col li -

sions at a cen tre-of-mass energy per nucleon pair ÖsNN =

5.02 TeV with the J/y pro duced in the cen tral rapid ity

region |y| < 0.8, which cor re sponds to the small Bjorken-x
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Fig. 2.22. Comparison of several theoretical calculations to the p0 and h

spectra in NSD p-Pb collisions at ÖsNN = 5.02 TeV.  [Eur. Phys. J. C78
(2018) 624].

Fig. 2.23. Dependence on |t| of the photonuclear cross section for the
coherent photoproduction of J/y off Pb compared with model predictions (top
panel). Model to data ratio for each prediction in each measured point

(bottom panel).   [arXiv] 

https://link.springer.com/article/10.1140/epjc/s10052-018-6013-8
https://link.springer.com/article/10.1140/epjc/s10052-018-6013-8
https://arxiv.org/abs/2101.04623
https://link.springer.com/article/10.1140/epjc/s10052-018-6013-8
https://link.springer.com/article/10.1140/epjc/s10052-018-6013-8
https://arxiv.org/abs/2101.04623


range (0.3–1.4)×10–3. The mea sured |t|-depend ence (see

Fig. 2.23) is not described by com pu ta tions based only on

the Pb nuclear form fac tor, while the photonuclear cross

sec tion is repro duced better by mod els includ ing shad ow -

ing accord ing to the lead ing-twist approx i ma tion, or

gluon-sat u ra tion effects from the impact-param e ter

depend ent Balitsky-Kovchegov equa tion. These results

high light the impor tance of observables sen si tive to the

trans verse gluonic struc ture of par ti cles for extend ing the

understanding of the high-energy limit of QCD.

v
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3. Division of Condensed Matter
Physics

Overview 

The phys ics of sol ids has shaped mod ern civ i li za tion.

Suf fice it to men tion elec tron ics, com puter sci ence,

com mu ni ca tion,  energy and infor ma tion stor age,

med i cine, phar macy, art, cul ture, enter tain ment… The

wealth of phe nom ena encoun tered, on the one hand, and of 

appli ca tions on the other, earns it a unique posi tion by com -

bin ing pure curi os ity-driven research with meet ing prac ti cal 

needs. The grow ing inter est in novel mate ri als brings the

research ers far beyond clas si cally meant crys tal state to

more and more exotic and use ful sys tems such as glasses,

partly ordered mate ri als, i.e. orientationally dis or dered

and/or liq uid crys tals, known under the com mon name of

soft mat ter. Low-dimen sional objects, e.g. sur faces, inter -

faces, thin lay ers and nanoparticles are struc tur ally fas ci nat -

ing but also use ful in many areas of life. All the said sys tems

belong to what is called the condensed phase of matter.

The works con ducted at the Divi sion of Con densed

Mat ter Phys ics of the H. Niewodniczañski Insti tute of

Nuclear Phys ics Pol ish Acad emy of Sci ences cover quite a

num ber of the most top i cal research sub jects reflected in

the fol low ing for mal struc ture of depart ments. 

· Department of Structure Research of Condensed Matter

(NZ31)

· Department for Functional Nanomaterials (NZ32)

· Department of Materials Research by Computers (NZ33)

· Department of Magnetic Materials and Nanostructures (NZ34)

· Department of Soft Matter Research (NZ35)

· Department of Molecular Engineering and Nanoelectronics

(NZ36)

· Department of Molecular Magnetism (NZ37)

The struc ture has been evolv ing  over time as new issues

and meth ods have been appear ing, e.g. the depart ments

NZ32, NZ36 and NZ37 were estab lished in 2019 only. The

depart ments coop er ate with each other and often share

their equip ment. 

National and inter na tional col lab o ra tions are of

vital impor tance because they pro vide inspir ing con tacts

with pro duc ers of the most advanced sam ples as well as

access to large scale instru ments. To men tion is the con sor -

tium of Pol ish sci en tific and research insti tu tions “Neu -

trons for Pol ish Sci ence”  (Neutrony dla Polskiej Nauki,

NDPN)1). The Joint Research Group "X-ray Irra di ated

Mate ri als: The ory and Com pu ta tion" of Deutsches

Elektronen Syn chro tron (DESY, Ham burg, Ger many) and

IFJ PAN is ori ented towards stud ies rel e vant for mate ri als

sci ence, diffractive imag ing, plasma, and warm dense mat -

ter phys ics inves ti gated with XFEL and syn chro tron light

sources (https://xm.cfel.de/). Numer ous joint pro jects with

Swiss Uni ver si ties and Fed eral Research Insti tutes,  ded i -

cated mainly to energy-stor age mate ri als, are in prog ress. A

long-last ing coop er a tion with the Uni ver si ties of Tsukuba

and Osaka (Japan) on calo ri met ric and com ple men tary

meth ods is now being extended to an agree ment per tain ing

to cross appoint ment between IFJ PAN and Osaka Uni ver -

sity. Molec u lar mag ne tism is a sub ject of a coop er a tion with

the Slo vak Acad emy of Sci ences whereas glass-formers and

phar ma ceu ti cal mate ri als are inves ti gated in col lab o ra tion

with the Ital ian National Cen ter for Research. A COST

Action CM1402 “From mol e cules to crys tals” and a bilat -

eral agree ment with the Coimbra Uni ver sity (Por tu gal)

turned out to be rather pro duc tive. The research con cern -

ing mag ne tism in sys tems with reduced dimen sions are car -

ried out in a close and long-term coop er a tion with

Augsburg Uni ver sity and, recently in the frame of COST

Action CA19140  “Focused Ion Tech nol ogy for Nano -

materials (FIT4NANO)”. Last but not least, our Divi sion

con tin ues coop er a tion with the Joint Insti tute of Nuclear

Research (JINR, Dubna, Rus sia) in the field of neu tron

1) https://www.ill.eu/neutrons-for-society/stakeholder-relations/scientific-member-countries/poland. 1)

https://www.ifj.edu.pl/en/divisions/no3/nz31.php
https://www.ifj.edu.pl/en/divisions/no3/nz31.php
https://www.ifj.edu.pl/en/divisions/no3/nz32.php
https://www.ifj.edu.pl/en/divisions/no3/nz33.php
https://www.ifj.edu.pl/en/divisions/no3/nz34.php
https://www.ifj.edu.pl/en/divisions/no3/nz35.php
https://www.ifj.edu.pl/en/divisions/no3/nz36.php
https://www.ifj.edu.pl/en/divisions/no3/nz36.php
https://www.ifj.edu.pl/en/divisions/no3/nz37.php
https://xm.cfel.de/
https://www.ill.eu/neutrons-for-society/stakeholder-relations/scientific-member-countries/poland


scat ter ing and pos i tron anni hi la tion spectroscopy. The

number of Polish and foreign centers cooperating with our

Division in a more and more fruitful way is systematically

growing. 

Bien nial inter na tional con fer ences Multiscale Phe -

nom ena in Molec u lar Mat ter (MULTIS, 2017 and 2019) and 

Zakopane Schools of Phys ics Break ing Fron tiers:

Submicron Struc tures in Phys ics and Biol ogy (2017, 2019)

gather research ers from all over the world. In 2017 the 36th

Inter na tional Sym po sium on Dynam i cal Prop er ties of Sol -

ids (DyProSo) was orga nized by the Divi sion. Con fer ences

and work shops on ab initio meth ods as applied to the

dynam ics of crys tal line solids are organized yearly. 

Below we pres ent selected achieve ments of the Divi -

sion in the years 2017 -2020. The first group of reports are

on the soft mat ter stud ies. The recent works con cern the

effects of molec u lar struc ture onto the crys tal li za tion vs. vit -

ri fi ca tion of liq uid crys tal line mate ri als both in bulk and in

con fined geom e tries. Par tic u lar atten tion has been paid to

the kinet ics of cold crys tal li za tion of a fam ily of com pounds

exhib it ing the chiral smectic C phase. The molec u lar dis or -

der and motions are stud ied with dif frac tion, calo ri met ric

and spec tro scopic meth ods includ ing neu tron scat ter ing

(INS, SANS) in var i ous mate ri als such as med i cal-rel e vant

sub stances, whose glassy state is essen tial for their

bioavailability as drugs. A gen eral for mula uni fy ing relax -

ation pro cesses in a wide range of fre quen cies for rather

different kinds of disordered dielectric media has been

devised. 

The impact of defects on the mag netic order has been

observed exper i men tally and mod elled numer i cally in a

nanostructured multi-lay ered sys tem. First order rever sal

curve has revealed the mech a nism of the rever sal of mag ne -

ti za tion in a sys tem of antiferromagnet sandwiched by

ferromagnets. The rough ness of inter face has been found to 

affect the giant magnetoresistance with the use of con ver -

sion elec tron Mössbauer spectroscopy. 

A num ber of molec u lar mag nets, mainly CN-bridged,

have been stud ied  both exper i men tally and the o ret i cally to

elu ci date the mech a nisms of the magnetocaloric effect,

per co la tion in a solid solu tion, and the effect of light onto

the magnetic order. 

In the area of nanoparticles a new, sur pris ingly effi cient

fab ri ca tion method of nano-corun dum has been devised

and applied. An inter est ing behav ior of an array of sin -

gle-mol e cule mag nets on a curved sur face of sil ica has been

found. The use of the first in Poland holotomographic

micro scope Nanolive 3D CX-A  has made pos si ble

long-term obser va tions of liv ing can cer ous and healthy

cells. New noble metal par ti cles have been syn the sized for

can cer ther apy and catalytic applications. 

From among the results obtained with large scale instru -

ments we men tion the X-ray laser gen er ated femto second

pulses as a tool for study ing the prop a ga tion of radi a tion

dam age in bio log i cally rel e vant mol e cules and neu tron scat -

ter ing as a probe to deter mine dis tance between hydro gen

atoms  in met als. Pos i tron anni hi la tion spec tros copy,

which is extremely sen si tive to open vol ume defects in the

crys tal struc ture, has been used to study recrystallization in

met als, espe cially in nio bium, and gra di ent microstructure

induced in mag ne sium by Surface Mechanical Attrition

Treatment.

Den sity-Func tional based ab initio meth ods of stud ies of 

the lat tice dynam ics pro vided an insight into the mech a -

nism of the Verwey phase tran si tion in Mag ne tite and in

self-orga nized silicide nanostructures. We close our sur vey

with com bined the o ret i cal and exper i men tal stud ies of the

top o log i cal Majorana states in low-dimensional systems. 

We invite every inter ested reader to visit the web pages

of our Divi sion https://www.ifj.edu.pl/en/divisions/no3/. 

Selected Research Highlights of the Division of Condensed 
Matter Physics

Glass-form ing prop er ties vs. molec u lar struc ture

were in-depth stud ied in novel chiral liq uid

crys tal line com pounds exhib it ing the

antiferroelectric smectic C A
*   phase (SmC A

* , Fig.3.1). Such

com pounds are now a days inten sively looked for because of

their poten tial use in a new gen er a tion of liq uid crys tals

displays (LCDs).

 The most desired com pounds are those for which the

 SmC A
*  phase extends over a wide tem per a ture range and

which do not crys tal lize at room tem per a ture. The crys tal li -

za tion con sists of two stages: 1) nucle ation and 2) growth of 

formed nuclei. If the tem per a ture range of nucle ation is

below the tem per a ture range of crys tal growth and they

over lap very weakly, the crys tal li za tion occurs only on slow

cool ing or is not pos si ble on cool ing at all, when the men -

tioned tem per a ture ranges do not over lap. In such
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com pounds, the glass tran si tion (vit ri fi ca tion) is observed

and crys tal li za tion may occur more eas ily dur ing heat ing of

the pre vi ously vit ri fied material (the so-called cold

crystallization). 

In the vit ri fied SmC A
*   phase the move ments of mol e -

cules within smectic lay ers are frozen and the mol e cules

can not be switched by an exter nal elec tric field (the effect

used in LCDs); there fore for prac ti cal pur poses the most

inter est ing com pounds are those with a low glass tran si tion

tem per a ture. The aim of our research was to find which

details of the molec u lar struc ture pre vent the crys tal li za tion

and facil i tate the glass tran si tion from the SmC A
*  phase at

pos si bly low tem per a ture. The mate ri als cho sen for this

study were sev eral 3FmX1PhX2n1) chiral com pounds (m =

5-7; X1, X2 = H, H or H, F; n = 6, 7; (Fig. 3.2a), known to

exhibit the antiferroelectric SmC A
*  phase in a wide tem per a -

ture range. For 3FmX1PhX26 homo logues the strong influ -

ence of par ity of the CmH2m chain and flu o ri na tion of the

molec u lar core on glassforming prop er ties was observed.

Both even homo logues 3F6HPhH6, 3F6FPhH6 as well as

the odd 3F5FPhH6, undergo the melt crys tal li za tion, and

their SmC A
*  phase does not vit rify. 3F5HPhH6 and

3F7FPhH6 crys tal lize only upon slow cool ing, oth er wise

they undergo the glass tran si tion, fol lowed by the cold crys -

tal li za tion dur ing sub se quent heat ing. Finally, 3F7HPhH6

homologue under goes the vit ri fi ca tion even for the slow est

applied cool ing rate, 2 K/min. The con clu sion is that the

ten dency to the glass tran si tion increases with the increas ing 

length of the CmH2m chain in odd homo logues and that sub -

sti tu tion of the flu o rine atom at X1 position facilitates the

crystallization upon cooling.

A pretty non-triv ial kinet ics of cold crys tal li za tion

in the SmC A
*  -form ing 3FmX1PhX2n fam ily was

estab lished both in iso ther mal and non-iso ther mal

mode [J. Mol. Liq. 319 (2020) 114153]. Both iso ther mal and

non-iso ther mal crystallizations are mostly dif fu sion-con -

trolled pro cesses, as shown by in-depth anal y sis of

3F7HPhH7 (Fig. 3.2a). Besides calo ri met ric meth ods, infra -

red spec tros copy proved espe cially pow er ful in this work.

The anal y sis of exper i men tal FT-IR spec tra, based on the

per tur ba tion-cor re la tion mov ing win dow two-dimen sional

Fig. 3.1. The schematic structure of the antiferroelectric SmC A
*  phase. Each

ellipse represents a molecule. The tilting in neighbor layers is anticlinic.
Additional helicoidal order is superimposed on the presented structure but the
helix pitch exceeds significantly the layer thickness.

Fig. 3.2. Molecule of 3F7HPhH7 compound optimized with DFT method [adapted from Crystals 10 (2020) 655 under open access Creative Common CC BY
license] (a) and evolution of FT-IR bands originating from C=O stretching during cold crystallization in 261 K (b).

1) (S)-4’-(1-methyl”m+1”alkoxycarbonyl) biphenyl-4-yl 4-[“n”-(2,2,3,3,4,4,4-heptafluorobutoxy) “n”alkoxy]-ben zo ate 1)1)1)

https://www.sciencedirect.com/science/article/abs/pii/S016773222034109X
https://www.mdpi.com/2073-4352/10/8/655


anal y sis and two-dimen sional cor re la tion anal y sis, as well as

DFT cal cu la tions [Crystals 10 (2020) 655] lead to the con clu -

sion that the intra-molec u lar vibra tions that are most sen si -

tive to the glass tran si tion and cold crys tal li za tion of 7HH7

turned out to be C-H, C-O-C and C=O stretch ing (Fig.

3.2b) as well as C-H rocking vibrations.

Pressure-induced crys tal li za tion of

antiferroelectric liq uid crys tal was exam ined by

Broad band Dielec tric Spec tros copy (BDS), a method

that – if addi tion ally enhanced by the appli ca tion of vari able

exter nal pres sure – proves espe cially pow er ful when it

comes to reveal ing inter est ing aspects of crys tal li za tion of

liq uid crys tals. This issue has been recently reviewed in

Crystallization as Studied by Broadband Dielectric Spectroscopy,

Springer, 2020, in par tic u lar in Chapter 5, pp 119–148. 

The pres sure–induced crys tal li za tion is well known

among inor ganic com pounds, in min er al ogy and geo phys -

ics. Not many works, how ever, refer to the high pres sure

crys tal li za tion at vary ing tem per a ture of organic

glass-formers. In our research we focused on the impact of

hydro static pres sure on the crys tal li za tion of glass-form ing

antiferroelectric smectic liq uid crys tal 3F7HPhH71). This

flu o ri nated chiral liq uid crys tal gained atten tion of

liq uid-crys tals researches as a prom is ing com pound for use

in new-gen er a tion liq uid-crys tal dis plays. Dur ing slow

cool ing the sam ple crys tal lizes, while fast cool ing results in

its vit ri fi ca tion [J. Mol. Liq. 319 (2020) 114153]. In order to elu -

ci date the molec u lar dynam ics pro cesses in the

antiferroelectric (SmC A
* ) phase, we ana lyzed the BDS spec -

tra taken at ambi ent pres sure, with out and with a bias field,

which is an addi tional elec tric field caus ing unwind ing of

the helix in the chiral smectic phases, Fig. 3.3.  [Phys. Chem.

Chem. Phys. 23 (2021) 8673]. The spec tra reveal the pres ence

of two relax ation pro cesses related to the fluc tu a tions in the 

azi muthal angle j on the cone lat eral sur face at the SmC A
*

phase (and hence called phasons PL and PH). 

We also reg is tered the dielec tric spec tra at con stant tem -

per a ture (iso therms, Fig. 3.4a) or pres sure (iso bars, Fig.

3.4b) in the tem per a ture range of the antiferroelectric phase 

of 3F7HPhH7 and dur ing its crys tal li za tion. The move -

ments of mol e cules gen er at ing indi vid ual relax ation pro -

cesses become slower after sam ple com pres sion (the loss

spec tra are shifted toward lower fre quen cies with increas -

ing pres sure or decreas ing tem per a ture and the cool ing of

the sam ple causes the rise of the dielec tric loss e¢¢ value).

The crys tal li za tion from the antiferroelectric phase took

place at a higher pres sure with increas ing tem per a ture or at
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Fig. 3.3. The dielectric loss e¢¢ vs. frequency n spectra observed in the SmCA
* phase [adapted from Phys. Chem. Chem. Phys. 23 (2021) 8673 with permission 

from the PCCP Owner Societies]The inset shows spectra measured with an applied bias field in the SmCA
* phase at 333 K. PL and PH are the low frequency

in-phase and the high frequency anti-phase phasons, respectively. 

1) (S)-4’-(1-methyloctyloxycarbonyl) biphenyl-4-yl 4-[7-(2,2,3,3,4,4,4-heptafluorobutoxy) heptyl-1-oxy]-ben zo ate2)2)

https://www.mdpi.com/2073-4352/10/8/655
https://www.springer.com/gp/book/9783030561857
https://www.springer.com/gp/book/9783030561857
https://www.sciencedirect.com/science/article/abs/pii/S016773222034109X
https://pubs.rsc.org/en/content/articlelanding/2021/cp/d0cp06203k
https://pubs.rsc.org/en/content/articlelanding/2021/cp/d0cp06203k
https://pubs.rsc.org/en/content/articlelanding/2021/cp/d0cp06203k


43

3. D
ivisio

n
 o

f C
o

n
d

en
sed

 M
atter P

h
ysics

a higher tem per a ture with increas ing pres sure. Owing to the 

pres ence of the chiral cen ter in the mol e cule (chiral com -

pounds may form less ordered solid phases than achiral),

and the perfluorinated ter mi nal alkyl chain (flu o ri na tion of

mol e cules causes an increase of dipole groups), we

observed a weak relax ation pro cess in the crys tal phase. It

means that this phase is the conformationally disordered

(CONDIS) crystal type phase.

Amorphization optimizes drug per for mance and

bioavailability. Very often, a dose of active phar -

ma ceu ti cal ingre di ents (APIs) admin is tered to a

patient can be decreased with out com pro mis ing ther a peu -

tic effects, or the sta bil ity of APIs can be improved if

in-depth knowl edge is avail able on phys i cal and

physicochemical prop er ties thereof. In par tic u lar, APIs,

like many other organic com pounds, often exhibit at least

two poly mor phic forms, which dif fer in physicochemical

prop er ties and some times also in ther a peu tic effects. Crys -

tal li za tion of poly morphs is gov erned by a com bi na tion of

thermo dynamic and kinetic factors. 

Two antiepileptic pharmaceuticals are ‘on the car pet’

with the ulti mate aim of increas ing their sol u bil ity in water

and improv ing their bioavailability: carbamazepine CBZ1),

(Fig. 3.5)  and ethosuximide ETX2), the lat ter com mer cially

avail able as a racemic mix ture of two enan tio mers (Fig. 3.6).

Poly mor phism and molec u lar dynam ics of the men tioned

sub stances have been stud ied in detail using sev eral exper i -

men tal methods. 

Sys tem atic stud ies using sev eral meth ods (i.e.: DSC,

X-ray dif frac tion, ther mal anal y sis and FT-IR spec tros copy

fol lowed by mov ing win dow anal y sis MW, Fig. 3.7) pro vide 

Fig. 3.4. The dielectric loss e¢¢ vs. frequency n spectra measured at: a) one isotherm (333 K) under various pressure conditions; b) one isobar (110 MPa) under
various temperatures. The insets present Cole-Cole plots for relaxation process.

Fig. 3.5. Molecular structure of Carbamazepine.

Fig. 3.6. S (left) and R (right) enantiomers of Ethosuximide (ETX). Various
conformations of the side chain possible.

1) 5H-dibenzo[b,f]azepine-5-carboxamide 1)1)2)2)2)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1) 1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1)1) 1)

2) (RS)-3-ethyl-3-methyl-pyrrolidine-2,5-dione 2)2)



a new insight into CBZ sta bil ity [J Pharm Sci 108(8) (2019)

2654, Appl. Spectrosc. 74(4) (2020) 473]. Our study dem on -

strates that the decom po si tion of CBZ starts around 195°C.

Sur pris ingly, the issue of ther mal insta bil ity of CBZ has not

been com monly known and sig nal ized in lit er a ture. To

increase the ther mal sta bil ity of CBZ the fol low ing pro ce -

dures were pro posed: (i) fast heat ing, (ii) hydrate form ing

and (iii) re-crys tal liz ing CBZ from dif fer ent organic sol -

vents. Although all approaches enhance the ther mal sta bil ity 

of CBZ, none of the concepts completely prevents CBZ

decomposition. 

The ther mal anal y sis and DSC stud ies show that ETX

exhib its a ten dency to over cool ing of iso tro pic liq uid phase

[J. Therm. Anal. Cal. 133(2) (2018) 961]. Only one crys tal phase

was detected dur ing cool ing and heat ing the sam ple, char ac -

ter ized as a conformationally dis or dered crys tal (CONDIS). 

The CONDIS crys tal of ETX vit ri fies. Solid state poly mor -

phism inves ti ga tions were com ple mented by the stud ies of

its dynam ics [J. Pharm. Sci. 108(8) (2019) 102]. ETX appears

to be the first low-molec u lar-weight com pound where

a dynam i cal tran si tion was assigned to the ODIC-

 CONDIS trans for ma tion with the help of dielec tric

relaxation studies.

Liquid crys tals under spa tial con fine ment of

nanometer size become paranematic close to pore

walls, and inside small pores they remain glassy

despite exhib it ing more free vol ume, as shown recently by

neu tron scat ter ing meth ods: Small Angle Scat ter ing (SANS) 

and Inelas tic Scat ter ing (INS). Other com ple men tary meth -

ods (cf. e.g. Liq.  Cryst. 41(8) (2014) 1073) had already deliv ered

some results evi denc ing that soft mat ter com posed of

rod-like mesogenic mol e cules exhibit prop er ties dif fer ent

from those observed in bulk. The power of neu tron scat ter -

ing meth ods used in this work (neu trons inter act with

atomic nuclei) con sists in that the exper i men tal infor ma -

tion is a sum of responses from indi vid ual atoms (with pos -

si ble coher ence effects in SANS) in con trast to e.g. broad -

band dielec tric spec tros copy (BDS) which mea sures the

prop er ties of the whole sam ple. The liq uid crys tals stud ied

were: 4-cyano-3-fluorophenyl 4-butylbenzoate (4CFPB),

fluorophenyl 4-hexylbenzoate (6CFPB), and fluorophenyl

4-octylbenzoate (8CFPB), see Fig. 3.8, enclosed inside

AAO nanoporous membranes of pore widths 20nm and

200nm. 

SANS mea sure ments pro vided evi dence for the exis -

tence of a molec u lar layer adja cent to the pore walls, the

more pro nounced the nar rower the nano-chan nels were.

The thick ness of such a layer could be esti mated from

SANS results, as shown in Fig. 3.9, using a core-shell cyl in -

der scat ter ing model. 

INS spec tra of 8CFPB revealed skel e tal vibra tions char -

ac ter is tic for steric hin drance being sig nif i cantly decreased
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Fig. 3.7. Moving window analysis of spectra collected during re-heating of the
CBZ sample [adapted by merging figures from Supplementary Material of

J.Appl. Spectrosc., 74 (2020) 473-484].

Fig. 3.8  Molecular structure of 4CFPB, 6CFPB, and 8CFPB. TEM photo of a
nanopore membrane providing spatial confinement. [lower panel

https://en.wikipedia.org/wiki/Anodic_aluminium_oxide].

https://jpharmsci.org/article/S0022-3549(19)30210-2/abstract
https://journals.sagepub.com/doi/abs/10.1177/0003702819891621
https://link.springer.com/article/10.1007/s10973-018-7142-x
https://www.sciencedirect.com/science/article/abs/pii/S0022354918303976
https://www.tandfonline.com/doi/abs/10.1080/02678292.2014.900706
http://dx.doi.org/10.1177/0003702819891621
https://en.wikipedia.org/wiki/Anodic_aluminium_oxide
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under con fine ment. The lat ter pre vents close-pack ing of

the mol e cules eas ily attained in bulk. We arrived at this con -

clu sion fol low ing model DFT cal cu la tions as shown in Fig.

3.10. This fig ure pres ents the den sity of vibra tional states,

G(w), derived from the exper i men tal INS spec tra. In con -

trast to 4CFPB and 6CFPB, the vari a tion of den sity of

8CFPB in nanopores is almost unde tect able via SANS

(unde fined inner core/shell bound aries). It is, how ever,

rec og niz able in INS (through a dif fer ence in DOS of

low-fre quency skel e tal vibra tions). Inside 200nm cav i ties,

there are con di tions enabling the sam ple to crys tal lize, while 

in small space it remains glassy. Both neu tron scat ter ing

exper i ments were per formed at the Frank laboratory of

Neutron Physics, JINR, Dubna.

Inelastic Neu tron Scat ter ing unveils, oth er wise par -

tially con cealed, pro ton dynam ics in glass-form ing

phenyl alco hols: 

(2-phenylbutan-1 -ol, 2-(triflu oromethyl)phenethyl and

4-(trifluoro methyl)phen ethyl alco hols, abbre vi ated BEP,

2TFMP and 4TFMP, respec tively). They were stud ied

complementarily by opti cal (FTIR) and neu tron (INS)

spec tro scopic tech niques. In par tic u lar, an anal y sis of the

vibra tional motions reveals intermolecular cou pling

brought about by hydro gen bonds in a wide tem per a ture

range. For the inves ti gated com pounds through the inelas -

tic neu tron scat ter ing method, low-energy col lec tive exci ta -

tions in the title com pounds can be stud ied, in states lack ing

molec u lar order. Such exci ta tions man i fest them selves in

an excess den sity of states, often referred to as the boson

peak. For ‘pro ton glasses’, its size indi cates that the con sid -

ered alco hols are in ‘strong glassy’ states. Owing to the lack of

selec tion rules and the spe cific sen si tiv ity of INS to the

vibra tions of the light H atoms, INS reveals the char ac ter is -

tics of the sam ple that are hard to notice or ‘cov ered’ by other

effects in other meth ods. Neu tron inves ti ga tions of vibra -

tions of both the skel e ton (phenyl ring and alkyl chain) and

the methyl group of the mol e cule, through the move ments

of pro tons, allow the sep a ra tion of C-H, C-F and C-F•••H

move ments. Tor sional motions of CH3-CH2- and -CH2-

groups are vis i ble in the den sity of states G(w) spec tra

within the lat tice vibra tional region, see the upper fig ure,

Fig. 3.9.  SANS and SAXS results of 'n'CFPB under 20nm confinement.

Fig. 3.10. INS spectra of 8CFPB inside 20nm pores. Interpretation aided by
model calculations.

Fig. 3.11. Density of states spectra of solid phases, i.e., crystalline and glass
of isotropic liquid at 5 K for BEP, 2TFMP and 4TFMP. Black lines correspond
to results of theoretical calculation for tetramer clusters.



[Phase Transit. 91 (2018) 170-185]. The val ues of the hydro gen

bond ing strengths for flu o ri nated mate ri als are very close to

each other. Dif fer ent posi tions of the CF3 group cre ate dif -

fer ent ener getic and, above all, steric con di tions for adopt -

ing by the mol e cule pos si ble con for ma tions, and the lat ter

sig nif i cantly influ ence the vibra tional dynam ics. Such a

state ment inspired quan tum chem i cal cal cu la tions using the

DFT method, at a high level of the ory, car ried out both for

iso lated mol e cules and aggre gates of a few mol e cules, main -

tained by non-cova lent inter ac tions. An exam ple of the

tetramer clus ter for 2TFMP is shown in the bot tom fig ure.

Besides, these com pounds show a tendency to cold

crystallization, as a result of an achieved  kinetic instability

of the metastable supercooled thermodynamic state. 

A spe cial for mula for dielec tric relax ation related

to molec u lar dynam ics in liq uid-like phases (iso -

tro pic liq uid (IL), cholesteric, nematic, smectic A),

solid-like phases (smectic B, conformationally dis or der

crys tal phase (CONDIS), orientationally dis or dered plas tic

crys tal phase (ODIC)) and super cooled dis or dered phases

(sIL, sODIC) by a com mon mas ter-curve was pro posed by

us, see Fig. 3.13. The pro posed scal ing of the dielec tric

response has been suc cess fully applied to main relax ation

pro cesses. How ever, the exis tence of an excess wing (unre -

solved b-relax ation), the resolved b-relax ation, or both is

often found in glass-form ing mate ri als. As it was shown,

with the use of the scal ing pro ce dure, the behav ior of the

resolved b-relax ation and the excess wing strictly

depend on the param e ters of the main relax ation pro -

cess. More over, the behav ior of super cooled dis or dered

phases in any sub stances tends to the com mon power rela -

tion in glass tran si tion tem per a ture with the expo nent

depend ing on the long-range (1-M) and short-range (1-N)

cor re la tion coef fi cients. This indi cates that the dynam ics

and the fre quency behav ior of permittivity have the same

ori gin for all phases which can be described in terms of

long-range and short-range cor re la tion param e ters. [Phase

Transit. 91 (2018) 231].

The magnonic crys tals were fab ri cated by depos it ing

Co/Pd multilayers on poly sty rene masks. It allowed

us to obtain both arrays of sep a rated mag netic
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Fig. 3.12. Hydrogen bond structure of phenyl ring alcohols (2TFMP)

Fig. 3.13. Scaled data of imaginary part of
dielectric permittivity for 
GLY – glycerol, 
PC – propylene carbonate, 
FAN – 3-fluoroaniline, 
ETH – ethanol, 
COC – cyclooctanol, 
CCH – cyanocyclohexane, 
and several liquid-like and solid-like
phases for liquid crystals (LC). GLY, PC,
ETH show the existence of the excess wing 
phenomena; 
FAN, COC – resolved b-relaxation; and
CCH – the excess wing and additional
resolved b-relaxation.

https://www.tandfonline.com/doi/abs/10.1080/01411594.2017.1393813?tab=permissions&scroll=top&
https://www.tandfonline.com/doi/abs/10.1080/01411594.2017.1378882?journalCode=gpht20
https://www.tandfonline.com/doi/abs/10.1080/01411594.2017.1378882?journalCode=gpht20
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islands as well as arrays of antidots with adjust able sizes and

per pen dic u lar mag netic ani so tropy which exhib ited

unusual mag netic prop er ties. To explain these prop er ties,

we con structed a micromagnetic model which accounts 

for intrin sic and extrin sic defects asso ci ated with the

polycrystalline nature of the mate rial and with cor ru -

gated edges of nanostructures. We found that mag netic

prop er ties, mag netic rever sal and the evo lu tion of the

domain pat tern were strongly deter mined by den sity of

defects, het er o ge ne ity of nanostructures, and edge cor ru ga -

tions. In par tic u lar, an increase in the Néel domain walls, as

com pared to Bloch walls, was observed with an increase of

the antidot diam e ters, sug gest ing that a neck between two

antidots can behave like a nanowire with a width

deter mined by the array period and antidot size. Fur ther -

more, the pres ence of edge cor ru ga tions can lead to the for -

ma tion of a net work of mag netic bub bles, which are unsta -

ble in non-pat terned flat films. A new, exper i men tally

ver i fied model was dem on strated, which for the first time

makes it pos si ble to sim u late local changes in the mag netic

prop er ties of magnonic crys tals, with great accu racy. Some

pecu liar i ties of the mag netic order ing in the sys tem are rep -

re sented in Fig. 3.14 [Sci Rep 9, 13276 (2019)].

We inves ti gated a mag ne ti za tion rever sal mech a nism

in a [Co/Pdx]7/CoO/[Co/Pdy]7 thin-film com pos -

ite, where an antiferromagnet is sandwiched

Fig. 3.14. Simulated domain structure after ac demagnetization for the arrays of antidots with diameters (a) 200 nm, (b) 185 nm and (c) 140 nm. Pictures (d – i)

show details of the structure for the regions marked with red circles. [Reprinted from Sci Rep 9, 13276 (2019) under CC-BY license 4.0].

https://www.nature.com/articles/s41598-019-49869-5
https://www.nature.com/articles/s41598-019-49869-5


between a hard and soft 

ferromagnet with dif -

fer ent coercivities. The

antiferromagnet/ferro

magnet inter faces give

rise to the exchange

bias effect. The appli ca -

tion of soft and hard

fer ro mag netic films

causes

exchange-spring-like

behav ior, while the

choice of the Co/Pd

multilayers pro vides

large out-of-plane mag -

netic ani so tropy. We

observed that the mag -

ni tude and the sign of

the exchange bias ani -

so tropy field are related 

to the arrange ment of

the mag netic moments

in the

antiferromagnetic

layer. This order ing is

induced by the spin ori -

en ta tion pres ent in the

neigh bor ing fer ro mag -

netic films, which is, in

turn, depend ent on the

ori en ta tion and

strength of the exter nal

mag netic field. The

First-Order-Reversal- Curve (FORC)  stud ies showed

that the mag ne ti za tion rever sal in the com pos ite is

driven by the nucle ation of mag netic domains with

oppo site ori en ta tion fol lowed by the domain-wall

motion,  see Fig. 3.15 [ACS Appl. Mater. Interfaces 2020, 12, 35,

3992639934].

The Giant Magneto resis tan ce

(GMR)  effect in the Fe/Cr

mul ti lay ered sys tems is sen si -

tive to the inter face struc ture, in par tic -

u lar to the inter face rough ness. But,

despite huge prog ress in under stand ing

of the GMR phe nom ena, the influ ence

of the atomic scale inter face struc ture

on mag netic and magnetotransport

prop er ties is still an open ques tion. In

our inves ti ga tions, in which we used the

con ver sion elec tron Mössbauer
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Fig. 3.15. FORC measurements for the [Co/Pd0.6 nm]7/CoO/[Co/Pd1.2 nm]7 composite obtained at 10 K for different Hcool cooling
fields: (a) +50 kOe, and (b) -0.45 kOe. On the left side are shown M(H,HR) FORC loop families for ascending and descending
magnetization branches, plotted in canvas of the hysteresis loops. The characteristic features are marked with color arrows.

[Reprinted from ACS Appl. Mater. Interfaces 2020, 12, 35, 3992639934 under CC-BY license 4.0 ].

Fig 3.16.  The influence of the interface roughness on the magnetoresistance effect presented graphically. 

[Reprinted from J. Alloys Compd. 824 (2020) 153877 under Elsevier Author Rights].

https://doi.org/10.1021/acsami.0c14115
https://doi.org/10.1021/acsami.0c14115
https://doi.org/10.1021/acsami.0c14115
https://doi.org/10.1016/j.jallcom.2020.153877
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spec tros copy, we were able to dis tin guish two kinds of

inter face rough ness that affect the GMR in the oppo site

direc tions, thus lead ing to either an enhance ment or to a

reduc tion of the effect, see Fig. 3.16. The increase in the

inter face rough ness that was mainly caused by atom

interdiffusion resulted in a decrease in the

magnetoresistance effect, while in the Fe/Cr multilayers

that were depos ited on a Cr buffer layer an increase in the

inter face rough ness, which was mainly caused by inter face

cor ru ga tions, resulted in an enhance ment of the

magnetoresistance. [J. Alloys Compd. 824 (2020) 153877].

The magnetocaloric effect (MCE) is a mag neto-ther -

mo dy namic pro cess in which change of mag netic

field is used to alter the tem per a ture of a mag netic

mate rial. Recently, a new type of MCE has been devel oped,

the rotat ing magnetocaloric effect (RMCE), in which the

mag netic entropy change (–DSm) is achieved by rotat ing an

anisotropic mag netic mate rial in a con stant field. The main

advan tages of the RMCE over MCE are: sim ple con struc -

tion, high effi ciency as a result of oper a tion at higher fre -

quen cies than with con ven tional MCE, and lower energy

con sump tion due to oper a tion with per ma nent mag nets.

We stud ied the bulk mag netic prop er ties and the

magnetocaloric effect of two 2D cyanido-bridged

molecular ferrimagnets

· {[MnII(R-mpm)2]2[NbIV(CN)8]}·4H2O 

(mpm = a-methyl-2-pyridinemethanol) 

and 

· {(tetren)H5)0.8CuII4[WV(CN)8]4·7.2H2O}n 

(tetren = tetraethylenepentamine) 

with weak and sig nif i cant mag netic ani so tropy, respec -

tively. Both com pounds reveal an easy-plane type of ani so -

tropy with a dom i na tion of intralayer superexchange inter -

ac tion. A detailed study of MCE has showed a dif fer ence

between -DSm in easy plane and hard axis. This inequal ity

was used as a start ing point to study the RMCE. It has been

proved that the inverse part of MCE can enhance the

RMCE reach ing higher val ues of entropy change than in the 

conventional case. 

In the case of {[MnII(R-mpm)2]2[NbIV(CN)8]}C4H2O

(with weak ani so tropy) the excess of RMCE has increased

up to 51 % more than the con ven tional non rotat ing easy

plane MCE in low field limit (below 0.2 T). 

On the other hand, the

{(tetren)H5)0.8CuII4[WV(CN)8]4·7.2H2O}n com pound

Fig. 3.17 (a) Comparison of the magnetic entropy change by applying magnetic field m0DH = 0.12 T for easy plane (black squares), hard axis (red circles) and due
to RMCE in the field of 0.12 T (blue diamonds). The filled green area shows the excess part over the conventional MCE. (b) Enhancement of RMCE over
conventional MCE showed as ratio of DSRMCE and DSm-bc as a function of temperature. In both plots solid lines are guides for the eyes.

Fig. 3.18. Isothermal entropy change corresponding to the field change
 hi = 0 ® hf = h, with the field perpendicular to the bilayer as obtained within the

CVMPA approach. [Reprinted with permission from Inorg. Chem. 2017, 56,
19, 11971-11980 © 2017 American Chemical Society].

https://doi.org/10.1016/j.jallcom.2020.153877
https://doi.org/10.1021/acs.inorgchem.7b01930
https://doi.org/10.1021/acs.inorgchem.7b01930


shows a sim i lar enhance ment (up to 47%), though in fields

one order of mag ni tude higher than in the first com pound.

[Inorg. Chem. 2017, 56, 5, 27772783]. (Fig. 3.17).

Magnetocaloric effect has been explored the o ret -

i cally in the two dimen sional (2D) coor di na tion 

poly mer:

{(tetren)-H5)0.8CuII4[WV(CN)8]4q7.2H2O}n (tetren =

tetraethylene-pentamine). To get insight into the pre cise

cause of the appear ance of the inverse MCE for the stud ied

com pound, a sim pli fied model assum ing the anisotropic

exchange cou pling of the XY type (no cou pling of the z

com po nents of the spins is pres ent) was pro posed. The cou -

pling was fur ther assumed to be fer ro mag netic and con fined 

to the near est neigh bors. The spins reside on the bilayer, i.e.,

two inter act ing monoatomic planes, each one of sim ple

qua dratic struc ture, which fixes unam big u ously the coor di -

na tion num ber of that lat tice at z = 5. The sys tem is

immersed in the exter nal mag netic field ori ented per pen dic -

u lar to the bilayer. To con form to the par tic u lar com pound

under study, all spins were assumed to be of mag ni tude 1/2.

Using the molec u lar field approach and the clus ter

variational method in the pair approx i ma tion (CVMPA) it

was con firmed that the exchange cou pling ani so tropy

favor ing the in-plane align ment of the spins gives rise to the

inverse MCE for inter me di ate val ues of tem per a ture, see

Fig. 3.18. [Inorg. Chem. 56 (2017) 11971-11980]. 

The appli ca tion of molec u lar mate rial in a mag netic

cool ing device requires homog e nous depo si tion of

the sub stance on a deter mined sur face. There fore, the 

fab ri ca tion of well-defined mol e cule-based thin films and

test ing their mag neto-ther mal prop er ties are one of the

most impor tant tasks of mod ern sci ence. Recently, we have

dem on strated the first exam ple of a study of the

 magnetocaloric effect in molec u lar mag nets pre pared

in the form of a thin film. The film of

Ni3.1[Cr(CN)6]2CnH2O Prus sian blue ana logue (PBA) was

obtained using “layer by layer” depo si tion. The average

film’s thickness was 300 nm.

 Ni3.1[Cr(CN)6]2CnH2O is a ferromagnet with Tc= 66 K. To 

check the influ ence of the demag ne tiz ing field, the mag -

neto-ther mal prop er ties of the film were stud ied for the

sam ple aligned par al lel and per pen dic u lar to the direc tion

of an applied mag netic field, see Fig. 3.19. The val ues of the

mag netic entropy change obtained for both film ori en ta -

tions are sim i lar, reach ing 7.43 Jqkg-1K -1 and 7.07 JqCkg-1K
-1 at m0H=5T for par al lel and per pen dic u lar ori en ta tion

respec tively. The dif fer ences in the MCE results for par al lel 

and per pen dic u lar film ori en ta tion are essen tial only for

fields lower than 1T. The rel a tively large value of the mag -

netic entropy change observed in our film allows us to con -

sider the mol e cule-based nanoscale mate ri als as effi cient

refrig er ants for microdevices. [Eur. J. Inorg. Chem., 2017:

4817-4822].

Mag netic relax ations are widely stud ied in molec u lar

mag nets espe cially in indi vid ual mol e cules with

para mag netic cores: sin gle-mol e cule mag nets.

Under stand ing and improv ing the mag netic dynamic prop -

er ties are cru cial in meet ing the require ments of  
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Fig. 3.19. The comparison of the temperature dependence of the magnetic entropy change in the Ni3.1[Cr(CN)6]2·nH2O thin film obtained for m0DH from 0 to 0.01
(a), 0.1 (b), and  5 T (c) for in-plane (marked as blue circles) and out-of-plane (marked as grey diamonds) film orientation.

Fig. 3.20. Relaxation time t1 as a function of the angle at 2.0 K in applied field
1000 Oe. The 0°+kp (k=0,1,2) corresponds to easy axis  (H||c orientation)
and the 90°+kp (k=0,1,2) is the hard plane (H||ab geometry). The red solid
line shows the best fit to the quantum tunneling of the magnetization equation.

https://doi.org/10.1021/acs.inorgchem.6b02941
https://doi.org/10.1021/acs.inorgchem.7b01930
https://doi.org/10.1002/ejic.201700759
https://doi.org/10.1002/ejic.201700759
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mol e cule-based quan tum com put ing or data stor age appli -

ca tions. The slow relax ations of mag ne ti za tion are insep a ra -

bly related to mag netic ani so tropy. How ever, a great major -

ity of the relax ation mea sure ments for molec u lar mag nets

were done for polycrystalline sam ples or a sin gle direc tion

of the crys tal. The angle depend ence of spin-phonon

relax ation has been stud ied with a new home made

probe and the mag netic prop er ties of sin gle crys tals of

[Tb3+(ZnL)2]CF3SO3 (H3L denotes a tri po dal hexadentate

Schiff-base ligand) were mea sured at low tem per a tures

(down to 2 K). The dc mag netic mea sure ments and crys tal

field cal cu la tions con firmed a strong uni ax ial ani so tropy.

The obtained relax ation times strongly depend on the angle

between the easy axis and the direc tion of an applied mag -

netic field, as it is vis i ble in Fig. 3.20. This clear ani so tropy of 

the mag netic relax ation was ana lyzed using the quan tum

tun nel ing of the mag ne ti za tion, which was rec og nized as

the dom i nant pro cess. [J. Phys. Chem. C 2020, 124, 14,

79307937].

A series of diluted molec u lar mag nets

{[MnII(H2O)2]2[MIV(CN)8]·4H2O}n (M = Nb/Mo)

exhib it ing a fer ro mag netic phase have been inves ti -

gated the o ret i cally to dem on strate the first exam ple of

site per co la tion in mag netic coor di na tion poly mers. It

is the first case of a mag netic per co la tion study with selec -

tive site sub sti tu tion, where mag netic ions of only one type

are replaced by their dia mag netic ana logues, leav ing the

other mag netic sublattice untouched. A spe cially ded i cated

model within the molec u lar field approx i ma tion was

devised to repro duce the NbIV con cen tra tion depend ence

of the mag netic order ing tem per a ture Tc and to deter mine

the per co la tion thresh old. Fig. 3.21. [Dalton Trans., 2018, 47,

11438-1144]

Over the past few decades, molec u lar mag netic thin

films have gained sig nif i cant inter est mainly owing

to their poten tial in molec u lar spintronic devices.

The first exam ple of an octacyanometallate-based

molec u lar film was recently syn the sized and char ac -

ter ized. The crys tal line [FeII(H2O)2]2[NbIV(CN)8]C4H2O

film was pre pared using the ion-exchange method. In this

tech nique, the tran si tion metal ions coor di nate with

policyanometallate anions, lead ing to the for ma tion of

microcrystals on the sur face of the ion-siev ing mem brane.

Fig. 3.21. Concentration dependence of the critical temperature. The dashed
red line shows the molecular field (MF) prediction, while the solid/dotted blue
line represents the modified molecular field (MMF) prediction. [Reprinted from

Dalton Trans., 2018, 47, 11438-1144 with permission from The Royal
Society of Chemistry].

Fig. 3.22. The comparison of the magnetic properties measured for [Fe(H2O)2]2[Nb(CN)8]q 4H2O  obtained in a form of film and bulk: (a) hysteresis loops, (b)
thermal variation of the DC susceptibility measured under zero-field cooled (ZFC) and field cooled (FC) conditions in the applied field of 100 Oe. 

https://doi.org/10.1021/acs.jpcc.9b11057
https://doi.org/10.1021/acs.jpcc.9b11057
https://doi.org/10.1039/C8DT01893F
https://doi.org/10.1039/C8DT01893F
https://doi.org/10.1039/C8DT01893F


The pro cess of the film’s growth was mon i tored using

UV-Vis spec tros copy as well as Scan ning Elec tron Micros -

copy. Dur ing the ion-exchange reac tion, the sub strate was

cov ered with octahedron-type crys tals. With the increase of

the reac tion time, the size of the crys tals increased, and then

agglom er a tions appeared, which was accom pa nied by the

change of the film’s color from colorless to light violet.

The film’s struc tural and spec tro scopic prop er ties are

com pat i ble with its bulk coun ter part. Sig nif i cant dif fer ences 

between the film and the pow der sam ple were observed in

the mag netic prop er ties, see Fig. 3.22. Mag netic mea sure -

ments reveal the crit i cal tem per a ture low er ing (from 43 K to 

40 K ) and an increase in the coer cive field (from 0.2 kOe to

1.2 kOe) upon mate rial down siz ing. The attained results

open up a new per spec tive for the prep a ra tion of thin film

molec u lar assem blies. [Materials 2020, 13(13), 30].

A new bime tal lic cyanido-bridged trinuclear com -

plex [CuII(enpnen)]2[MoIV(CN)8]q 6.75H2O (enpnen 

= N,N -bis(2-aminoethyl)-1,3-propanediamine) that

shows a revers ible photomagnetic effect has been

reported. The photoinduced increase of mag ne ti za tion (Fig. 

3.23) was explained through two pos si ble pro cesses simul -

ta neously: the light-induced metal-to-metal charge trans fer

(MMCT) in the CuII–NC–MoIV pair and the light-induced

excited spin-state trap ping (LIESST) effect at the MoIV cen -

ter. A numer i cal model assum ing the simul ta neous exis -

tence of three pos si ble states after irradiation: 

· the MMCT CuI–NC–MoV–CN–CuII state, 

· the LIESST CuII–NC–MoIV(HS)–CN–CuII state (HS 

= high spin), 

· and the ground-state CuII–NC–MoIV(LS)–CN–CuII

(LS = low spin), 

enabled the deter mi na tion of the exchange cou pling con -

stants and the relax ation times of the light-induced

metastable states. Frac tions of the respec tive states after

irra di a tions at dif fer ent tem per a tures were also cal cu lated.

The pro posed model can pro vide an inter pre ta tive frame -

work for test ing and refine ment of the mech a nism of

photomagnetic effect in other coor di na tion net works with

cyanido-bridged link ages. [Inorg. Chem. 2018, 57, 14,

81378145].

Mutual rela tion between the effec tive spec tro -

scopic fac tors of the dou blet ground state

implied by the mag ne ti za tion at sat u ra tion and the

low-tem per a ture sus cep ti bil ity has been estab lished.

The major out come of the EPR exper i ment for the dou blet

ground state is the three some of the prin ci pal val ues of the

spec tro scopic ten sor $g  = [gxx, gyy, gzz]. At the same time, the

ampli tudes of the iso ther mal mag ne ti za tion or sus cep ti bil -

ity detected in the magnetometric exper i ments depend cru -

cially, albeit not always explic itly, on the com po nents of the

spec tro scopic ten sor. Use ful tools for the com par i son and

con sis tency check of the out come of both exper i ments

were devel oped. Numer i cal val ues of the effec tive spec tro -

scopic fac tor implied by the mag ne ti za tion at sat u ra tion

were pro vided for instant ref er ence, see Fig. 3.24. The pre -

sented find ings may be of valu able assis tance in
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Fig. 3.23.  cT  versus T plot of the sample before irradiation (BFI), upon
irradiation in subsequent runs A- E with irradiation stage at 10 K (A), 50 K (B),
100 K (C), 150 K (D), 200 K (E), and after irradiation runs on heating up to 300

K (AFI&H) for the studied compound. [Adapted with permission from Inorg.
Chem. 2018, 57, 14, 8137-8145. © 2018 American Chemical Society].

Fig. 3.24. The three measures of the effective spectroscopic factor (reff =
geff/gxx   r º gii/gzz (i = x, y)): that implied by the powder sample measurement of 
zero-field susceptibility (blue), that implied by the magnetization powder
measurement in the high field (red), and the arithmetic mean of the principal

values of the spectroscopic tensor (green). [Reprinted from Physica B 581
(2020) 411960 © 2019 under Elsevier Author Rights].

https://doi.org/10.3390/ma13133029
https://doi.org/10.1021/acs.inorgchem.8b00545
https://doi.org/10.1021/acs.inorgchem.8b00545
https://doi.org/10.1021/acs.inorgchem.8b00545
https://doi.org/10.1016/j.physb.2019.411960
https://doi.org/10.1016/j.physb.2019.411960
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ratio nal iz ing the phys i cal impli ca tions of the pow der sam -

ple EPR exper i ment. [Physica B 581 (2020)

411960_Hlk72521483].

The the o ret i cal anal y sis of the octacyanide-

 bridged enantiomeric pair of 1-D chains

[Cu((R,R)-chxn)2]2[Mo(CN)8]·H2O (1R) and

[Cu((S,S)-chxn)2]2[Mo(CN)8]·H2O (1S) (chxn = (R,R)- and

(S,S)-1,2-diaminocyclohexane for 1R and 1S, respec tively),

exhib it ing enantiopure struc tural helicity, has been

reported.  The photomagnetic effects of 1R, 1S, and the

racemic com pound result from the blue light exci ta tion

(436 nm) of the photomagnetically active octacyanido -

molybdate(IV) ions. As the effi ciency of the irra di a tion pro -

cess, i.e. the molar frac tion of the Mo(IV)HS ions (HS = high 

spin), was unknown in advance, two inde pend ent ther mo -

dy namic mod els for the excited sam ple cor re spond ing to

two extremes of the excited state were con sid ered. Model

1.0 cor re sponds to the sit u a tion where a rel a tively small

frac tion of the Mo(IV) becomes excited, while in model 1.1

a 100% effi ciency of light irra di a tion was assumed. Using

the mod els reflect ing the struc tural details of the stud ied

com pounds their sus cep ti bil i ties and magnetizations were

repro duced, see Fig. 3.25. Model 1.1 turned out to be incon -

sis tent with the revealed val ues of the Mo(IV)HS molar frac -

tions. The cal cu la tions showed that in the excited state the

Mo(IV)HS cen ters with S = 1 cou ple antiferromagnetically

with the neigh bor ing CuII cen ters with S = 1/2. Besides, the

ther mal relax ation energy bar ri ers were esti mated and

gMo(HS) was dem on strated to assume unusu ally high val ues.

[Inorg. Chem. 2020, 59, 9, 5872-5882].

From the prac ti cal and soci etal per spec tive alu mina is

one of the most impor tant oxides. Corun dum, the

most sta ble form of alu mina, alpha – Al2O3 is a com -

mon min eral used as an abra sive owing to its hard ness. Car

cat a lytic con vert ers are a pop u lar appli ca tion for alu mina.

Here, it serves as a porous under coat for active tran si tion

metal par ti cles (e.g. pal la dium), which are respon si ble for

remov ing car bon mon ox ide and nitro gen oxides from

exhaust fumes. The poros ity of tran si tion aluminas is

related to ther mo dy namic sta bi li za tion of nanoparticles by

very low sur face energy. Under unfa vor able ther mo dy -

namic con di tions tran si tion aluminas con vert to corun dum

phase and abruptly lose poros ity. A prac ti cal method of

corun dum nanoparticles for ma tion was sought for decades. 

The new method of nanocorundum pro duc tion was

devel oped as part of a Ger man-Pol ish coop er a tion of sci -

en tists from Mülheim an der Ruhr and Kraków. We noticed 

Fig. 3.25. Panels (a) and (b): cT versus T plot for sample 1R before irradiation
(black symbols), upon irradiation (blue symbols), upon reheating (red
symbols), as obtained within model 1.0 (green solid line), and as obtained
within model 1.1 (magenta solid line). Panels (c) and (d): Isothermal
magnetization of sample 1R before irradiation (black symbols), upon
irradiation (blue symbols), upon reheating (red symbols), as obtained within
model 1.0 (green solid line), and as obtained within model 1.1 (magenta solid

line). [Reprinted with permission from Inorg. Chem. 2020, 59, 9,
5872-5882 © 2020 American Chemical Society].

Fig. 3.26 Three-dimensional visualization of corundum nanoparticles. A real

microscopic image in the background.  [EurekAlert!].

https://doi.org/10.1016/j.physb.2019.411960
https://doi.org/10.1016/j.physb.2019.411960
https://doi.org/10.1021/acs.inorgchem.9b03511
https://doi.org/10.1021/acs.inorgchem.9b03511
https://doi.org/10.1021/acs.inorgchem.9b03511
https://www.eurekalert.org/pub_releases/2019-10/thni-aas102819.php


that a sim ple and effi cient pro duc tion of nanometer-sized

a- alu mina (Fig. 3.26) really boils down to remov ing the

water mol e cules cov er ing the bulk of alu mi num hydrox ide

done with heat and/or high pres sure to date. It was dem on -

strated, both prac ti cally and the o ret i cally, that it was pos si -

ble to obtain nanometer-sized corun dum while main tain ing

its sta bil ity and sig nif i cant poros ity by using mechan i cal

meth ods of water removal. This is done via deliv er ing

locally the amount of energy to the sys tem exceed ing the

energy of bond ing of water mol e cules by boehmite [Science

366, 485 (2019)].

A novel fab ri ca tion pro ce dure has allowed us to obtain

a mate rial in which Mn12-based sin gle-mol e cule

mag nets (SMMs) are reg u larly attached to a

spher i cal sil ica's sur face with a pos si bil ity of tun ing

their dis tri bu tion (Fig. 3.27). The syn the sis pro ce dure was

based on the con cept of the solid sol vent [Int. J. Mol. Sci. 2020,

21(21), 8137]. The full functionalization [Nanomaterials 2019,

9(5), 764] and the pos si bil ity of tun ing the dis tri bu tion of

SMMs [Nanomaterials 2019, 9(12), 1730] were achieved. Thor -

ough inves ti ga tions revealed that by mod i fy ing the num ber

of anchor ing units we could tune the mag netic mol e cules'

num ber at the sil ica's sur face and mod ify their mobil ity, as

can be seen in Fig. 3.27b. 

More over, the mag netic mea sure ments showed that in

spite of a dif fer ent mobil ity of SMMs and dif fer ent con cen -

tra tion of the spacer units, all the sam ples pre served their

hysteretic mag netic behav ior and slow relax ation, char ac -

ter is tic of Mn12 com plex [Materials 2020, 13(11), 2624]. We

have proven that a sin gle-mol e cule mag net pre serves its

mag netic prop er ties even when attached to the sil ica sur -

face. To the best of our knowl edge, it was done for the first

time by our team. 

The age ing effects of the Mn12-sil ica nanocomposite

were also inves ti gated [Mater. Sci. Eng. B 261 (2020) 114670]. It

was pointed out that the mol e cules attached on the sur face

pre serve its mag netic char ac ter is tics (hys ter esis in M(H)

loops and slow mag netic relax ation). How ever, the

observed mag netic prop er ties evolve over time, reveal ing

significant changes.

The shape size and chem i cal com po si tion of

nanoparticles (NPs) have a sig nif i cant influ ence on

their tox ic ity for liv ing cells. We have under taken a

study of the long-term influ ence of Au nanoparticles of 

dif fer ent sizes and shapes on liv ing organ isms by

holotomographic opti cal micros copy (Fig 3.28). The

first mor pho log i cal changes in the glioblastoma can cer cells 
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a) b)

Fig. 3.27. A schematic illustration of the Mn12-silica nanocomposite (a) and visualization of the way of SMMs immobilization onto a silica surface (b), depending

on the density of anchoring units (upper side), along with TEM images of samples (bottom part). [Reprinted from Materials 2020, 13(11), 2624 under CC-BY
license 4.0].

Fig 3.28. STEM HAADF overview images of the Au NPs: (a) spheres [Photodiagnosis Photodyn Ther  30 (2020) 101670]; (b) rod; (c) dahlia [adapted from

J.Mater Sci 55, 25302543 (2020) with permission of Springer Nature]; (d) star [Reprinted from Int. J. Mol. Sci. 2019, 20(20), 5011 under CC-BY license
4.0].

https://doi.org/10.1126/science.aaw9377
https://doi.org/10.1126/science.aaw9377
https://doi.org/10.3390/ijms21218137
https://doi.org/10.3390/ijms21218137
https://doi.org/10.3390/nano9050764
https://doi.org/10.3390/nano9050764
https://doi.org/10.3390/nano9121730
https://doi.org/10.3390/ma13112624
https://doi.org/10.1016/j.mseb.2020.114670
https://doi.org/10.3390/ma13112624
https://doi.org/10.1016/j.pdpdt.2020.101670
https://doi.org/10.1007/s10853-019-04187-z
https://doi.org/10.3390/ijms20205011
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cul tured with spher i cal Au NPs

occurred after 3h, Fig 3.29a,

while star-shaped Au NPs caused 

changes already after 25 min utes,

Fig 3.29b. More over, mor pho -

log i cal changes in the cells caused 

by star-shaped Au NPs were

progressing very fast.

Metallic nanoparticles

com posed of gold (Au

NPs), plat i num (Pt NPs)

and pal la dium (Pd NPs), are

poten tial radiosensitizers in

radi a tion-based anticancer

ther a pies (X-ray and pro ton

radio ther apy). For this pur pose, monometallic NPs as well

as bi- and trimetallic nanocomplexes were syn the sized. The

addi tion of a non-cytotoxic con cen tra tion of NPs to colon

cells cul ture (nor mal and can cer), fol lowed by irra di a tion

with a pro ton beam, results in a sat is fac tory ther a peu tic

effect. Inter est ingly, the radiosensitizing prop er ties of NPs

depend not only on the type of metal, but also on the size of

the NPs. Smaller NPs are more active because of the larger

sur face-to -vol ume ratio. In addi tion, the highly devel oped

sur face of bime tal lic AuPt NPs (the so called AuPt

nanocauliflowers) [Int. J. Mol. Sci. 2020, 21(24), 9610] results in

the high radiosensitizing prop er ties of such NPs. Also, the

struc ture of the pal la dium shell in the case of bime tal lic

AuPd NPs plays an impor tant role. The pres ence of a

porous shell around a gold core (AuPd nanoraspberries)

increases con tact area of the NPs with the cell. Thus, such

NPs show better radiosensizing prop er ties com pared to

AuPd core-shell, with a con tin u ous pal la dium shell. From

the ther a peu tic point of view, it is impor tant that this type of 

com bined ther apy causes more seri ous dam age to can cer

cells (SW480, SW620 and HCT116) than to nor mal colon

cells (FHC). Exem plary results of the MTS assay for both

types of bime tal lic AuPd NPs and scan ning trans mis sion

elec tron micros copy using high-angle annu lar dark field

detec tor (STEM HAADF) images are presented in Fig.

3.30.

We devel oped a meth od ol ogy to suc cess fully syn the -

size in a repet i tive way an inno va tive cat a lyst

made of plat i num, rhe nium and tin oxide

Fig. 3.30. Viability of SW480 colon cancer cells compared to FHC normal cells after the addition of AuPd core-shell/AuPd nanoraspberries and proton irradiation
of a total dose of 15 Gy.

Fig. 3.29. Nanolive 3D CX-A photographs of morphological changes in glioblastoma cancer cells caused by Au
NPs after: (a) 3h for spherical Au NPs; (b) 25 min. for star-shaped Au NPs.

https://doi.org/10.3390/ijms21249610


nanoparticles [J Nanopart Res (2018) 20: 144, Appl. Catal. A Gen. 

570 (2019) 319] for Direct Eth a nol Fuel Cells (DEFCs).

Based on the elec tro static inter ac tions, phys i cal con tact

between the indi vid ual three types of NPs was ensured,

which was con firmed by the high res o lu tion

HAADF-STEM image (Fig 3.31a). This is cru cial in the eth -

a nol oxi da tion reac tion (EOR), because inter faces between

the metal and oxide NPs are the active sites. Next, using the

elec tro chem i cal meth ods, the electrocatalytic dura bil ity

and activ ity towards EOR were inves ti gated. The con -

ducted exper i ments showed that the obtained ter nary

Pt/Re/SnO2/C cat a lyst exhib ited a cat a lytic activ ity

towards EOR ten times higher than a com mer cial Pt cat a -

lyst (Fig 3.31b). More over, the onset poten tial of the syn -

the sized ter nary cat a lyst is shifted to more neg a tive poten -

tials, and after 10 000 poten tial cycles the elec tro chem i cal

sur face area of the cat a lyst decreased only slightly,
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Fig. 3.32 (a) STEM HAADF image of the porous CeO2 nanoparticles; (b) metallic palladium nanocubes; (c) CeO2 NPs decorated by Pd NCs with (d) EDS
map showing the distribution of Ce and Pd; (e) cyclic voltammetry of Pd NCs and Pd@CeO2 nanocatalysts in 0.1 M NaOH and (f) first EOR
forward scan of the Pd NCs and Pd@CeO2 in 0.1 M NaOH with 0.5 M EtOH, sweep rate (20 mV/s).

Fig. 3.31  a) High resolution HAADF-STEM image of the ternary Pt/Re/SnO2/C catalyst with measured lattice distances corresponding to Pt (red), Re (yellow) and
SnO2 (blue); b) first EOR forward scan of the commercial Pt TANAKA and synthesized ternary Pt/Re/SnO2/C catalyst with Schematic representation of 5 nm SnO2

NPs (blue) surrounded by metallic Pt (red) and Re (yellow) nanoparticles (black dashed arrows indicate places of physical contact between individual NPs); c)
cyclic voltammogram curves of the Pt/Re/SnO2/C catalyst before and after 10 000 potential cycles with d) graphs showing the decrease in ECSA (%) [Figures

reprinted from Nano Res. 13, 832842 (2020) under CC-BY license 4.0].

https://doi.org/10.1007/s11051-018-4244-0
https://doi.org/10.1016/j.apcata.2018.11.030
https://doi.org/10.1016/j.apcata.2018.11.030
https://doi.org/10.1007/s12274-020-2704-1


57

3. D
ivisio

n
 o

f C
o

n
d

en
sed

 M
atter P

h
ysics

dem on strat ing the high dura bil ity of the ter nary

Pt/Re/SnO2/C catalysts (Fig 3.31  c,d).

Recently, a plat i num-free cat a lyst based on large,

porous ~90 nm cerium oxide nanoparticles and

pal la dium nanocubes (NCs)  has been syn the -

sized, as con firmed by STEM HAADF images (Fig.

3.32a-c). Energy-dispersive X-ray spec tros copy (EDS)

mappings showed the dis tri bu tion of the Pd NCs on CeO2

sup ports (Fig. 3.32d). The nanosystem was depos ited on

car bon Vul can XC-72R and the elec tro chem i cal activ ity

towards the eth a nol oxi da tion reac tion (EOR) was ver i fied

(Fig. 3.32 e,f). The obtained results indi cate that the

Pd@CeO2/C cat a lysts show sig nif i cantly higher activ ity for 

EOR than the catalyst composed only of Pd NCs.

Other nanoparticles for cat a lytic appli ca tions were stud -

ied by HAADF STEM and EDS in col lab o ra tion with Ulm

Uni ver sity, result ing in sev eral joint papers [Appl. Catal. B 282

(2021) 119483,  Angew. Chem. Int. Ed. 2020, 59, 2276322770, Appl.

Catal. B 270 (2020) 118846, ACS Catal. 2020, 10, 6,

35803594, J.Am. Chem. Soc. 2019, 141, 52015210]. 

We also study non lin ear opti cal

(NLO) prop er ties of novel

nanocomposite mate ri als

designed and syn the sized for pho ton ics

appli ca tions. The pro posed mate rial con sists

of opti cally active polar units, reg u larly dis -

trib uted inside a trans par ent matrix. Thin

films of mesoporous sil ica with 2D hex ag on -

ally dis trib uted pores hav ing a diam e ter of ~2

nm, aligned per pen dic u lar to the sub strate,

were used as the matrix (Fig. 3.33a). The

matrix serves as a tem plate which keeps the

iso lated func tional units in an ordered

arrange ment and at spe cific dis tances.

Propyl-copperphosphonate groups were

used as active units. In order tos dem on strate the pos si bil ity

of tun ing the NLO response, sam ples with var i ous con cen -

tra tions of func tional cop per-con tain ing groups were pre -

pared. The non lin ear optics inves ti ga tion, which included

the sec ond har monic gen er a tion (SHG) and third har monic 

gen er a tion (THG), con firmed that the geom e try of the sys -

tem strongly affects its NLO prop er ties. The SHG and

THG sig nals strongly depend on the degree of con cen tra -

tion of active units and can be tuned at the stage of sam ple

syn the sis in a very pre cise way (Fig. 3.33b). The inves ti ga -

tion results con firm that the archi tec ture of the com pound

can be effec tively manip u lated by chang ing the

functionalization rate to enhance the val ues of the non lin ear 

opti cal sus cep ti bil i ties. The pro posed mate rial can be used

as an effi cient tool for inves ti gat ing struc ture-prop erty rela -

tion ships [Nanoscale 9, 2017, 12110].

A study on the non lin ear opti cal prop er ties of

nanocoposites based on sil ica matrix was car ried

out for a mate rial con sist ing of nickel pyro phos -

phate nanocrystals and SBA-15 sil ica [Microporous

Mesoporous Mater. 306 (2020) 110435]. By apply ing a pro ce dure 

of crys tal li za tion inside sil ica nanoreactors, we obtained

nickel pyrophosphate nanocrystals with a diam e ter below 5

nm, which are clearly vis i ble in TEM images (Fig. 3.34).

Using thermogravimetry, trans mis sion elec tron micros -

copy (TEM), Raman vibra tional anal y sis, and N2 sorp tion

anal y sis, we ana lyzed the ther mal behav ior of the ini tial and

Fig. 3.33a. Schematic representation of a material with tuneable NLO
properties: ordered porous silica thin layer. [Adapted from Andrii Fedorchuk,
Magdalena Laskowska, The concept of 2D solid solvents: a new view on

functionalized silica-based materials, doi:10.3390/IOCN2020-07945 
under CC BY 4.0 license].

Fig. 3.33 b. The obtained dependence of the maximum fundamental intensity of SHG and THG

signals versus the functional group content. [Adapted from Nanoscale, 2017, 9, 12110 by
permission of The Royal Society of Chemistry (RSC)].

https://doi.org/10.1016/j.apcatb.2020.119483
https://doi.org/10.1016/j.apcatb.2020.119483
doi.org/10.1002/anie.202007228
http://dx.doi.org/10.1016/j.apcatb.2020.118846
http://dx.doi.org/10.1016/j.apcatb.2020.118846
https://doi.org/10.1021/acscatal.9b04655
https://doi.org/10.1021/acscatal.9b04655
https://doi.org/10.1021/jacs.8b11386
https://doi.org/10.1039/c7nr02786a
https://doi.org/10.1016/j.micromeso.2020.110435
https://doi.org/10.1016/j.micromeso.2020.110435
https://dx.doi.org/10.3390/IOCN2020-07945
https://doi.org/10.1039/c7nr02786a


final mate rial. The non lin ear optics inves ti ga tion revealed

that by the syn the sis in sil ica nanoreactors, we can obtain a

sil ica-based nanocomposite with enhanced and pre cisely

tai lored NLO prop er ties. Cru cial for sec ond-har monic gen -

er a tion is a strong spa tial con fine ment dur ing the cre ation of 

the nanocrystals that induce the acentricity of a charge. 

X-ray lasers can reveal the spa tial struc tures of

biomolecules that are hard to obtain with other

meth ods. The spa tial struc ture of pro teins tells us

how these biomolecules work and how they might be tar -

geted by drugs. An inter na tional team of sci en tists has

recently found the mech a nism of spread ing the X-ray

trig gered radi a tion dam age in biomolecules to unprec -

e dented detail. The results are impor tant for the design

and inter pre ta tion of X-ray laser mea sure ments. The sci en -

tists hit two types of crys tal lized bio log i cal mol e cules, the

sweet ener thaumatin and a com plex of lysozyme (egg white) 

with the rare earth ele men t, gad o lin ium, with pairs of X-ray

laser pulses that had slightly dif fer ent wave lengths and were

up to 100 femto seconds apart. A femto second is a mil lionth

of a bil lionth of a sec ond. The first pulse passed through the

sam ple and was absorbed by an iron foil. The sec ond one

had a slightly dif fer ent color that was not absorbed by the

foil. It scat tered off the sam ple and entered a detec tor, form -

ing a dif frac tion pat tern. The pat tern could be ana lyzed to

recover the struc ture of the sam ple and to detect any

changes caused therein by the first pulse.

The sci en tists used two inde pend ent the o ret i cal sim u la -

tions: one from the DESY team com prised of Beata Ziaja

(DESY & INP Krakow), Malik Abdullah, Zoltan Jurek and

Robin Santra, and the other from the RMIT Uni ver sity in

Mel bourne and the Uni ver sity of Mel bourne, to ensure that

the con clu sions were not biased. Their results show that in

order to make reli able mea sure ments, research ers need to

model the spe cific parts of a sam ple rather than assum ing

that all parts of the mol e cule are equally dam aged. The

study enables a better under stand ing of how very short

X-ray pulses pro duced by X-ray lasers mod ify the struc ture

of bio log i cal mol e cules (see Fig. 3.35). [Nature Communica-

tions 11 (2020) 1814].

Hydro gen in met als alters the elec tronic struc ture of

such mate ri als and hence mod i fies their phys i cal

and chem i cal prop er ties. In con ven tional tran si tion

metal hydrides con tain ing atomic hydro gen the min i mum

hydro gen -hydro gen dis tances are around 2.1 C under

ambi ent con di tions (Switendick cri te rion). Although hints

of H-H dis tances below 2.1 C in AB2 alloys have been
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Fig.3.35. Difference density map of a thaumatin region with a bond between
two sulphur atoms (dilsulfide bond). Negative (pink) and positive (green)
structural differences, caused by stretching of the disulfide bond, increase
with the delay between the two X-ray flashes. The other disulfide bonds in

thaumatin show a similar effect. [Reprinted from Nat Commun 11, 1814
(2020) under CC-BY license 4.0].

Fig. 3.36. Illustration of a zirconium vanadium hydride atomic structure at near 
ambient conditions as determined using neutron vibrational spectroscopy.
The lattice is composed of vanadium atoms (in gold) and zirconium atoms (in
white) enclosing hydrogen atoms (in red). Three hydrogen atoms are shown
interacting at surprisingly small hydrogen-hydrogen atomic distances, as
short as 1.6 angstroms. [Figure by Jill Hemman, Oak Ridge National
Laboratory].

Fig. 3.34 (a) TEM image of the investigated material calcined in the air for 7 h at 
350°C and (b) selected area electron diffraction (SAED) pattern showing the
crystalline structure of the internal nanoobjects (c) SAED pattern with fitted
theoretical diffraction rings for the nickel pyrophosphate structure.[Adapted

from Microporous Mesoporous Mater. 306 (2020) 110435].

https://doi.org/10.1038/s41467-020-15610-4
https://doi.org/10.1038/s41467-020-15610-4
https://doi.org/10.1038/s41467-020-15610-4
https://doi.org/10.1038/s41467-020-15610-4
https://doi.org/10.1016/j.micromeso.2020.110435
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are dif fi cult to locate by dif frac tion tech niques. We have

used an inelas tic neu tron scat ter ing as a local probe of

the hydro gen inter ac tions in met als. These mea sure -

ments com bined together with elec tronic struc ture mod el -

ing of a well-stud ied and prototypical metal hydride ZrV2Hx

pro vide evi dence for anom a lous hydro gen–hydro gen dis -

tances as short as 1.6 C (Fig. 3.36). The find ings pro vide

insights lead ing to the cre ation of mate ri als with prop er ties

such as very high Tc super con duc tiv ity and other quan tum

behav iors [PNAS February 25, 2020 117 (8) 4021-4026].

Recrystallization is a fun da men tal pro cess in met al -

lurgy. It occurs by nucle ation and growth of grains

with new crys tal lo graphic ori en ta tions which fill the

deformed regions. Fig ure 3.37 shows the mean pos i tron

life time as a func tion of the anneal ing tem per a ture and pole

fig ures, which are sen si tive to the crys tal lo graphic tex ture

con tained for pure nio bium deformed by cold roll ing. The

char ac ter is tic decrease in the pos i tron life time in the tem -

per a ture range 600-800oC is accom pa nied by sig nif i cant

changes in pole fig ures as a result of recrystallization. Pos i -

tron data allows one to deter mine the acti va tion energy of

grain boundary migration for Nb equals to 2.26±0.4 eV.

Gradient microstructure induced in mag ne sium

by Sur face Mechan i cal Attri tion Treat ment

(SMAT) was stud ied by com bi na tion of Pos i tron 

Anni hi la tion Spec tros copy (PAS)

and com ple men tary meth ods. The

pres ence of the plas tic ally deformed

region rich in crys tal lat tice defects near 

the treated sur face was indi cated by the

high val ues of the mean pos i tron life -

time vis i ble in Fig. 3.38. The defects

pres ent are vacan cies asso ci ated with

dis lo ca tions. The decrease of the mean

pos i tron life time with the depth from

the sur face indi cates a reduc tion of the

defect con cen tra tion. It cor re sponds

with the vis i ble decreas ing den sity of

defor ma tion twins. Addi tion ally,

SMAT strongly influ ences the behav -

ior of mag ne sium dur ing elec tro chem i -

cal cor ro sion tests. Better cor ro sion

resis tance of the sam ple SMATed for

120 s was con nected to a thicker oxide

layer on its surface indicated by

Variable Energy Positron (VEP) beam

measurements.

 Fig. 3.37. The values of the mean positron lifetime as function of annealing temperature measured for the
deformed Nb samples (left). Top and right: the {110} pole figures obtained for samples annealed at different 

temperatures, as indicated by the arrows. [Adapted from Phys. Status Solidi B 2018, 255, 1800051].

Fig.3.38. Depth profiles of the mean positron lifetime for the magnesium
samples SMATed for 120 and 60 s (a) and optical microscopy image
(polarized light) of the microstructure for the sample SMATed for 120 s.

[Adapted from Materials 2020, 13(18), 4002 under CC-BY license 4.0].

https://doi.org/10.1073/pnas.1912900117
https://doi.org/10.1002/pssb.201800051
https://doi.org/10.3390/ma13184002


New type of soft polaronic waves was dis cov ered

in mag ne tite. The Verwey tran si tion in mag ne tite

was the first metal-to-insu la tor trans for ma tion

observed his tor i cally. Dur ing this extremely com plex pro -

cess, the elec tri cal con duc tiv ity changes by as much as two

orders of mag ni tude and a trans for ma tion of the crys tal

struc ture takes place. Below the Verwey tran si tion, the

charge-orbital order con sist ing of three-site polarons

(trimerons) was found. Opti cal mea sure ments per formed at 

MIT revealed the exis tence of low-energy exci ta tions of the

trimeron order, which cor re spond to charge oscil la tions

cou pled to lat tice vibra tions (Fig. 3.39). The energy of two

coher ent modes decreases to zero when approach ing the

Verwey tran si tion, indi cat ing their crit i cal behav ior near this 

trans for ma tion. The the o ret i cal model allowed us to

describe the newly-dis cov ered exci ta tions as a coher ent tun -

nel ing of polarons. The energy bar rier for the tun nel ing pro -

cess and other model param e ters were cal cu lated using the

den sity func tional the ory (DFT). The involve ment of these

waves in the Verwey tran si tion was con firmed within the

Ginzburg-Lan dau model. Finally, the cal cu la tions also ruled 

out other pos si ble expla na tions for the observed phe nom e -

non, includ ing con ven tional phon ons and orbital exci ta -

tions. The obtained results indi cate that the trimeron order

in mag ne tite has ele men tary exci ta tions with a very low

energy, absorb ing radi a tion in the far-infra red region of the

elec tro mag netic spec trum. These exci ta tions are col lec tive

fluc tu a tions of charge and lat tice defor ma tions that exhibit

crit i cal behav ior and are thus involved in the Verwey tran si -

tion [Nature Physics 16, 541545 (2020)]. 

Self-orga nized silicide nanostructures are con sid -

ered as build ing blocks of future nanoelectronics

or spintronics. In nanostructures, the lat tice vibra -

tional waves (phon ons) devi ate dras ti cally from those in

bulk crys tals, which gives rise to anom a lies in ther mo dy -

namic, elas tic, elec tronic, and mag netic prop er ties. Com -

bined exper i men tal (nuclear inelas tic scat ter ing) and the o -

ret i cal (den sity func tional the ory) stud ies allowed us to

deter mine the lat tice dynam ics of metastable, sur face-sta bi -

lized a-phase FeSi2 nanoislands epitaxially grown on the

Si(111) sur face and endotaxial a-FeSi2 nanowires embed -

ded into the Si(110) sur face.  The exper i men tal phonon
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Fig. 3.39 (a) The real part of the equilibrium optical conductivity of magnetite. (b) The pump-induced change in the terahertz electric field transmitted through the
sample at 7 K following photoexcitation with a near-infrared (1.55 eV) pump pulse at various absorbed fluences. (c) The energy of each oscillation extracted from

the fits as a function of fluence. [Reproduced from Nature Physics 16, 541-545 (2020) with permission of Springer Nature].

Fig. 3.40. Ab initio-calculated polarization-resolved phonon dispersion
relations of the bulk a-FeSi2 projected on (a) Fe atom and (b) one of the Si

atoms in the unit cell. [Reprinted from Phys. Rev. B 101, 165406 with
permission of the American Physical Society].

https://doi.org/10.1038/s41567-020-0823-y
https://doi.org/10.1038/s41567-020-0823-y
https://doi.org/10.1103/PhysRevB.101.165406
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den sity of states obtained with the wave vec tor of the x-ray

beam being par al lel to a cer tain crys tal lo graphic direc tion of 

the sub strate is com posed of a spe cific com bi na tion of  x-,

y- and z -polar ized phon ons of the tetragonal a-FeSi2 unit

cell (Fig. 3.40). A pro nounced vibra tional ani so tropy of

exper i men tal spec tra, taken along dis tinct direc tions, orig i -

nated from the spe cific ori en ta tion of the a-FeSi2 unit cell

on the Si sur face, is fully con sis tent with the results of the

first-prin ci ples cal cu la tions [Phys. Rev. B 101 (2020) 165406,

Phys. Rev. B 102 (2020) 195414].

Realization of the nontrivial top o log i cal phase in

low dimen sional struc tures is a con se quence of the 

inter play between super con duc tiv ity, spin-orbit cou -

pling, and mag netic field. The exis tence of this non-triv ial

top o log i cal phase is found to be at the ori gin of the emer -

gence of the bound states - the most famous exam ple is the

Majorana state. The sig na tures of Majorana bound states at

the ends of mag netic chains depos ited on a super con duct -

ing sub strate were reported exper i men tally, and recent

stud ies sug gest a pos si bil ity of real iza tion of the top o log i cal

super con duct ing domain in a mag netic nanostructure cou -

pled with a bulk super con duc tor. In the case of mag netic

monoatomic chains (see Fig. 3.41a), we employed the first

Fig. 3.41 (a) Schematic representation of the monoatomic chain (brown atoms) at the surface of superconductor (gray atoms). (b) Comparison of the iron band
structures obtained from the DFT and tight-binding model calculations (solid red line and blue dots, respectively).    (c) Local density of states along the nanoflake.
(d) Vector map of the bond current showing the boundary between trivial and non-trivial topological phases. (e) Setup of a double-tip experiment probing the

chirality of the edge states [Adapted by combining five figures reproduced from Phys. Rev. B 101, 205143 (2020) and Phys. Rev. B 102, 245405 (2020) with 
permission of the American Physical Society].

https://doi.org/10.1103/PhysRevB.101.165406
https://doi.org/10.1103/PhysRevB.102.195414
https://doi.org/10.1103/PhysRevB.101.205143
https://doi.org/10.1103/PhysRevB.102.245405


prin ci ples (DFT) cal cu la tions to directly inves ti gate the top -

o log i cal prop er ties of tran si tion metal nanochains (i.e., Mn,

Cr, Fe and Co) [Phys. Rev. B 101 205143 (2020) ], see Fig. 3.41b.

In con trast to the pre vi ous stud ies, we found the exact

tight-bind ing mod els in the Wannier orbital basis for the

iso lated chains as well as for the sur face-depos ited wires.

Based on these mod els, we cal cu lated the top o log i cal

invariants for all the sys tems. Firstly, for the iso lated chains

we dem on strated the exis tence of the top o log i cal phase only 

in the Mn and Co sys tems. Sec ondly, we showed that a cou -

pling between the chain and sub strate leads to strong mod i -

fi ca tion of the band struc ture. More over, the anal y sis of the

top o log i cal invari ant indi cates the pos si bil ity of the top o log -

i cal phase in all the stud ied nanochains depos ited on the Pb

sur face. There fore, our results dem on strate an impor tant

role of the cou pling between depos ited atoms and a sub -

strate for top o log i cal prop er ties of nanosystems, that

should be imple mented in future stud ies. In the sec ond

case, we stud ied the nontrivial top o log i cal phase in a

nanoflake [Phys. Rev. B 102 245405 (2020)]. The bound ary

between triv ial and top o log i cal phases is "marked" by a

nearly-zero in-gap bound state (Fig. 3.41d). The anal y sis of

the top o log i cal phase dia gram of such a sys tem shows that a 

sim i lar phase sep a ra tion can be induced by tun ing the

chem i cal poten tial of the nanoflake (Fig. 3.41c). We study

such a pos si bil ity in detail, ana lyz ing the spa tial extent of the 

edge modes cir cu lat ing around the nanoflake and dis cuss -

ing some prac ti cal imple men ta tions. More over, the

chirality of Majorana edge states can be probed by

non-local differential conductance using scanning

tunneling spectroscopy with a double tip setup (Fig. 3.41e).

v
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4. Division of Theoretical Physics

 

In the years 2017-2020 the Divi sion of The o ret i cal Phys -

ics con sisted of four depart ments: of Struc ture-of-Mat -

ter The ory, of Par ti cle The ory, of Com plex Sys tems

The ory and of Math e mat i cal Phys ics. The research con -

ducted at the Divi sion can be there fore accord ingly

grouped in four areas:

· Depart ment of Struc ture of Mat ter The ory car ries

out research on the prop er ties and exper i men tal sig -

na tures of quark-gluon plasma cre ated in heavy ion

col li sions at the LHC and RHIC colliders as well as in

low energy exper i ments with a high den sity of baryon

num ber, such as HADES, NA61/SHINE,

BES@RHIC (pres ent) and FAIR, NICA (future).

The Depart ment is also involved in stud ies on den sity 

dis tri bu tions of quarks and gluons in nucle ons and

mesons, in par tic u lar their sat u ra tion, and in anal y sis

of final states in scat ter ing pro cesses at colliders in

KEK, CERN and Jef fer son Lab. The anal y ses are

car ried out with a vari ety of meth ods: quan tum field

the ory, effec tive quark models, and relativistic

hydrodynamics.

·  Depart ment of Par ti cle The ory focuses on cal cu la -

tions: ana lyt i cal, numer i cal and sto chas tic in order to

explain and pro vide pre cise pre dic tions for exper i -

ments car ried out at exist ing and planned par ti cle

colliders, such as the LHC, meson fac to ries, ILC,

CLIC, FCC-ee, FCC-hh, CEPC, EIC. The cal cu la -

tions, which involve elec tro mag netic, weak and

strong inter ac tions, are con ducted within the frame -

work of quan tum field the ory and their pre ci sion is a

cru cial param e ter which should be better than the

experimental one. 

· Research in Depart ment of Math e mat i cal Phys ics

cov ers var i ous top ics: proba bil is tic mod els and cor re -

la tions in the the ory of quanta; anal y sis of par a digms

of inter pre ta tion and par a doxes in the the ory of

quanta; con struc tion of gen er al ized coher ent states

and gen er al iza tion of the Bargmann scheme; anal y sis

of quantization meth ods based on gen er al ized coher -

ent states;  solv ing evo lu tion equa tions, also with frac -

tional deriv a tives, with the appli ca tion of operatorial

meth ods; appli ca tion of  anom a lous trans port mod els 

to the descrip tion of anom a lous dif fu sion and

relaxation processes, in particular in dielectrics. 

·  Depart ment of Com plex Sys tems The ory focuses

its activ i ties on inter dis ci plin ary research in the fol -

low ing areas: the ory of com plex sys tems, non lin ear

dynam ics, anal y sis of empir i cal data, and mod el ling of 

bio log i cal and socio eco nomic sys tems. In par tic u lar,

cur rent research is devoted to the fol low ing fields:

Econophysics, Quan ti ta tive lin guis tics, Neuro -

science,  Fractal analysis, Complex networks.

 In the next para graphs we pres ent the results of our

research, fol lowed by the selected research high lights.

v

Monte Carlo account ing for trans verse momen -

tum depend ence of ini tial state partons. The

Divi sion of The o ret i cal Phys ics pos sesses valu able

exper tise in the cal cu la tion of high energy pro cesses at had -

ron colliders, for which the frac tion x of the energy of the

col lid ing had rons trans mit ted to the hard scat ter ing pro cess 

is rel a tively small. In this sit u a tion, the momen tum com po -

nents of the had ron's con stit u ents trans verse to the over all

momen tum of the had ron become non-neg li gi ble, and need 

to be con sis tently accounted for in the descrip tion. This

activ ity is in accord with the recent grow ing inter est in the

so-called Trans verse Momen tum Depend ent factorization

and TMD parton den si ties. In par tic u lar the tomog ra phy of

TMD parton den si ties will be a topic of research at a future

collider facility called the Electron Ion Collider.

Essen tial aspects of the find ings reported in the Divi -

sion have been made pub licly avail able in the form of the

parton level Monte Carlo pro gram KaTie. It can gen er ate

event files for pro cesses with essen tially arbi trary final-state



par ti cles, and dif fers from other parton-level gen er a tors in

that it can pro vide space-like ini tial-state momenta accom -

pa nied with con sis tent matrix ele ments. It has sub se quently

been used in var i ous stud ies, rang ing from the inclu sive

Drell-Yan pro cess to multi-jet pro duc tion, both stand-alone 

and inter faced with parton shower pro grams, and even

includ ing medium effects in ultra-rel a tiv is tic nuclear col li -

sions. In all cases the descrip tion of the data worked very

well, thus dem on strat ing the crucial role of kinematic

effects.

Physics at the future elec tron-pos i tron colliders.

Research on var i ous aspects of phys ics at elec -

tron-pos i tron colliders has inten si fied in the last few

years. In par tic u lar, the Bhabha cross sec tion at LEP was

reanalyzed with the help of the Bhlumi Monte Carlo pro -

gram. The pre ci sion of two key com po nents – vac uum

polar iza tion and pair pro duc tion – was improved. The anal -

y sis reduced the cross sec tion and its uncer tainty by 0.048%

and from 0.061% to 0.037%, respec tively. Bhabha cross

sec tion was used at LEP to mea sure the lumi nos ity. As a

con se quence, the num ber of neu trino spe cies has been

changed in the pre sented work to 2.9963±0.0074 and the

20-year-old 2sigma ten sion with the Stan dard Model is

gone. Research ers from IFJ PAN par tic i pated in numer ous

stud ies related to an elec tron-pos i tron accel er a tor pro posed

as the next big pro ject at CERN – the FCC-ee. In one of the

stud ies the pre cise path of fur ther reduc tion of the Bhabha

cross sec tion pre ci sion down to 0.01% was pro posed. The

study based on Bhlumi Monte Carlo pro gram iden ti fied two 

key ingre di ents to be improved: vac uum polar iza tion and

improve ments of the pho ton and fermion pair pro duc tion

matrix ele men t beyond sec ond order. Both tasks were

judged fea si ble but they will require tech ni cal inno va tions.

Some improve ments needed in Bhlumi are already avail able

in other pro grams (Bhwide) or are avail able ana lyt i cally.

Another study was devoted to the com pre hen sive anal y sis

of the o ret i cal pre ci sion of sev eral key electroweak

observables at the Z-peak and at the WW thresh old. The

giant increase of sta tis tics from LEP to FCC-ee (105 times at

Z-peak) calls for the ory improve ments of 5-200 times. The

intro duc tory study showed that it is fea si ble, but would

require new cal cu la tions and tools beyond what is avail able

today. The two really dif fi cult observables turned out to be:

total cross sec tion at WW thresh old and for ward-back ward

asym me try at Z-peak. Stud ies ded i cated to these two cases

were done at IFJ. In the first case the new sem i nal method of 

the exponentiation of mul ti ple real and vir tual pho tons

from charged W bos ons was out lined. All real and vir tual

infra red sin gu lar i ties in the stan dard anal y sis of the

perturbative QED (like in clas sic Yennie-Frautschi-Suura

work) are asso ci ated with pho ton emis sions from the exter -

nal legs in the scat ter ing pro cess. A solu tion was pro posed

to the long-stand ing prob lem of the sys tem atic treat ment

of the soft and hard pho ton emis sion from the unsta ble

charged par ti cles, like W boson, and the inter fer ences

between the pro duc tion and decay parts of the pro cess, at

any perturbative order. In the sec ond anal y sis the impor -

tant ques tion was dis cussed whether the effect of inter fer -

ence between pho ton emis sion in the ini tial and final state

of the Z boson pro duc tion and decay pro cess could be

removed from the exper i men tal data for the angu lar charge

asym me try AFB at the pre ci sion 100 times higher within

resumed perturbative QED cal cu la tions. The first quan ti -

ta tive study was done with the help of the KKMC pro gram

and a newly devel oped cal cu la tion based on soft pho ton

resummation, matched with NLO and NNLO fixed-order

cal cu la tions. It was con cluded that a fac tor of 10 improve -

ment with respect to the past state of art (LEP) is obtained

and another fac tor of 10 is fea si ble. Exploit ing the KKMC

pro gram, two other stud ies were also com pleted. The aim

of the first one was to archive four ver sions of the

electroweak librar ies, alter na tive to the one pub lished 20

years ago, which were instru men tal for the pre ci sion Stan -

dard Model cal cu la tion from the end of the LEP era till

now. They will be used as a ref er ence in the appli ca -

tions/com par i sons for the future elec tron-pos i tron

colliders, in par tic u lar for the FCC-ee related stud ies. The

main result of the sec ond study was that by means of

exploit ing the inter fer ence between s-chan nel Z exchange

and t-chan nel W exchange in the e+e–  ®X+g pro cess the

cou pling con stant of Z boson to elec tron neu trino can be

mea sured at the FCC-ee high lumi nos ity with the statistical

error of ~1%, that is a factor ~20 better than the present

error. The researchers from IFJ PAN contributed actively

to the two-year process of preparation of the Conceptual

Design Report of FCC-ee, finally published in 2020.

Monte Carlo and phe nom en ol ogy of Tau lep ton

and pre ci sion electroweak phys ics. The work

on new mod el ling of tau decays prof ited in par tic u -

lar from stud ies on final states with an addi tional light

fermion pair. The new ver sion of tau decay library has

recently been installed as part of the Belle2 col lab o ra tion

soft ware. It was done in mixed For tran and C++ lan guages. 

Electroweak librar ies for pre ci sion pre dic tions of exper i -

ments at LHC, FCC and of the past LEP were revis ited, and 

phenomenological stud ies were com pleted to assure the

cut ting-edge pre ci sion for the devel oped soft ware: KKMC

Monte Carlo for FCC and Tauspinner re-weight ing tool for 
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LHC. Stud ies on machine learn ing appli ca tions were con -

tin ued, this time in the domain of fitting Higgs CP parity

mixing angle. 

General Pur pose Monte Carlo event gen er a tors

and LHC phe nom en ol ogy. One of the great est

chal lenges for obtain ing accu rate the o ret i cal pre dic -

tions to make dis cov er ies in mod ern HEP comes from the

fact that there is a huge gap between the one-line for mula of

a fun da men tal the ory, like the Lagrangian of Stan dard

Model (SM), and the exper i men tal real ity that it implies.

Gen eral Pur pose Monte Carlo (GPMC) event gen er a tors

have been con structed to bridge that gap. One can think of

a GPMC as a "Vir tual Collider" that pro duces sim u lated

col li sions sim i lar to those that are pro duced in the actual

LHC exper i ments, and there fore its results can be directly

com pared to the exper i men tal data. It is for this rea son why

not only the Higgs boson dis cov ery but almost all mea sure -

ments and dis cov er ies in mod ern HEP exper i ments have

relied on these "vir tual" machines1). It is clear that these

tools are highly val ued within the HEP com mu nity and will

become more important in the future as we explore

uncharted territories. 

In the past four years sig nif i cant improve ments of

Herwig gen er a tor were made, lead ing to the new pub lic

release of a pro gram2) described in details in the pub li ca tion

from 2020. Research ers from the The ory Divi sion have

worked on var i ous aspects of the Herwig devel op ments,

start ing with match ing perturbative parton cas cades with

higher-order matrix ele ments, and end ing with improve -

ments of non-perturbative color struc ture of an event in

had ron-had ron col li sions. The lat ter aspect is one of the

least-under stood ele ments needed to describe had ron-had -

ron events, thus it is respon si ble for a large uncertainty of

the predictions. 

Finally, the gen er a tor was also used to pro pose new

mea sure ments and to study quark-gluon jet dis crim i na tion

doc u mented in the pub li ca tions.

Jet quench ing and trans verse momen tum branch -

ing rate. Quan tum chromodynamics (QCD) is

well-estab lished as the the ory of strong inter ac tions.

How ever, there are QCD phe nom ena that still require

better under stand ing. One of such phe nom ena is jet

quench ing observed in the con text of RHIC phys ics, i.e.

stop ping of a hadronic jet pro duced in an early stage of

heavy ion col li sions and prop a gat ing through quark-gluon

plasma (QGP) which is formed in a later stage of the col li -

sions. With the LHC being in oper a tion, the jet quench ing

can be observed at much higher avail able ener gies in col li -

sions of lead nuclei. Still one of the open prob lems is to

under stand the details of the jet–QGP inter ac tion mech a -

nism and the pat tern of energy loss. Var i ous approaches

have been pro posed which dif fer in assump tions about the

prop er ties of plasma and jet–plasma inter ac tions. So far

trans verse momen tum depend ence in quench ing of jets

was largely neglected. The research ers from IFJ PAN, IF UJ

and AGH-UST  focused on this prob lem and inves ti gated the

gen er a tion of trans verse momenta via cas cades of sub se -

quently emit ted jets from an ener getic jet tra vers ing QGP.

In par tic u lar they stud ied an equa tion which describes time

evo lu tion of lon gi tu di nal as well as trans verse momenta dis -

tri bu tions of gluons emit ted from the ener getic jet. While

the equa tion was for mu lated around the year 2010, only its

refor mu la tion as a parton shower equa tion allowed for a

solu tion.  The solu tion was obtained by the newly con -

structed Monte Carlo program MINCAS. It had interesting

physical properties as it turned out not to be Gaussian.

In the fol low up study the research ers pro posed a

factorization for mula com bin ing kT-factorization and

medium–jet inter ac tions. Using this for mula and its imple -

men ta tion in Monte Carlo gen er a tors, a study of com bined

effects of trans verse moment a of ini tial-state partons with

trans verse moment a of partons in the final state gen er ated

because of medium–jet inter ac tions was per formed. This

approach allowed the sci en tists at IFJ PAN to address di-jet

observables account ing for exact kine mat ics of the ini tial

state. Using this frame work, the research ers pro vided a

descrip tion of RAA data and stud ied azi muthal

decorrelations of the pro duced di-jets. In par tic u lar, a novel

phe nom e non was found, namely that the result ing di-jet

observables dem on strate behav ior devi at ing from that of

jet-pairs which undergo trans verse-momen tum broad en ing 

fol low ing the Gaussian dis tri bu tion. In the future the

frame work is going to be gen er al ized to account for quarks

and vac uum-like show ers that also contribute to the

description of the complete final state. 

1) The in dis pens abil ity of GPMCs is dem on strated in the num ber of ci ta tions that they re ceive from the three main LHC ex per i ments: AT -
LAS, CMS, and LHCb. As of 28 Jan u ary 2019, ac cord ing to the in SPIRE-HEP da ta base, these col lab o ra tions pub lished 2252 pa pers, of
which 1888 pub li ca tions (84%) di rectly cited one of the main GPMCs: Herwig, Pythia or Sherpa. 1)1)1)1)1)

2) It is worth men tion ing that the doc u ment de scrib ing the pre vi ous re lease of Herwig [Eur.Phys.J.C 76 (2016)] re ceived suf fi cient ci ta tions to 
place it in the top 1% within the ac a demic field of Phys ics, ac cord ing to Web of Sci ence (WoS). It is the most cited non-ex per i men tal pub li -
ca tion of the last de cade (since 2010) from the IFJ PAN ac cord ing to Web HEP IN SPIRE 1)2)2)2). 2)

https://www.uj.edu.pl/
https://www.agh.edu.pl/en


Higher order pre dic tions in Quan tum

Chromodynamics. A robust frame work for cal cu -

la tions of higher order cor rec tions in Quan tum

Chromodynamics (QCD) for a range of quan ti ties has been

cre ated. The approach was devel oped within the Soft Col -

lin ear Effec tive The ory (SCET), which allows for sys tem -

atic study of a limit of QCD in which emis sions of partons

are soft or col lin ear. It turns out that, in this limit, the cross

sec tion factorizes into sim pler objects called beam, soft and

hard func tions. Activ i ties in the The ory Divi sion focused on 

com put ing those quan ti ties at higher orders in the

perturbative expan sion. To eval u ate diver gent integrals

appear ing in the cal cu la tion, a method based on sec tor

decom po si tion and dif fer en tial equa tions was devel oped. It

required mappings of kine matic vari ables to be found which 

would then allow for dis en tan gling the over lap ping sin gu -

lar i ties. The frame work was exten sively val i dated. In par tic -

u lar, the results pre dicted by the renormalization group,

which con sti tutes a direct dem on stra tion of valid ity of the

small-qT factorization at NNLO, were recov ered.  There -

fore, the first com plete result for the real and imag i nary part

of the small-qT soft func tion at NNLO, which was the last

miss ing ele men t needed to cal cu late the NNLO cross sec -

tion for top quark pair pro duc tion by means of the qT slic -

ing method, was obtained. The research ers fur ther devel -

oped the frame work to use it for the cal cu la tion of the

N3LO beam func tion. This object is even more chal leng ing, 

hence the need to design a spe cific sec tor-decom po si tion

algo rithm in order to han dle all the divergent integrals. The

algorithm was completed, allowing preliminary results to be

produced.

Double parton dis tri bu tions and their evo lu tion.

The Large Had ron Collider opened a new kine matic

domain for explor ing the dynam ics of the strong

inter ac tions, char ac ter ized by large parton den si ties. In this

domain, multi-parton pro cesses with more than one hard

parton-parton inter ac tion per one col li sion of incom ing

pro tons are becom ing impor tant. The sim plest

multi-parton pro cess is the dou ble parton scat ter ing. In the

QCD descrip tion of such a scat ter ing, the dou ble parton

dis tri bu tions (DPDs) play a basic role. They are gen er al iza -

tions of the stan dard sin gle parton dis tri bu tions, describ ing

cor re la tions between two partons in the pro ton. Their QCD 

evo lu tion in the col lin ear limit was inten sively stud ied in the

years prior to 2017. The nat u ral devel op ment of these stud -

ies was to go beyond the col lin ear limit by tak ing into

account the trans verse momen tum depend ence of the dou -

ble parton dis tri bu tions. Fol low ing the method of Kimber,

Mar tin and Ryskin, the trans verse momen tum depend ent

unintegrated dou ble parton dis tri bu tions (UDPDs) were

the o ret i cally con structed from the DPDFs by the group.

Then, their QCD evo lu tion, i.e. the depend ence on

factorization scales, was ana lyzed using a numer i cal pro -

gram which was con structed for this pur pose. In par tic u lar,

the issue of factorization of the UDPDFs into a prod uct of

two sin gle unintegrated parton dis tri bu tions was addressed. 

Sur pris ingly, the so-called split ting term in the evo lu tion

equations appeared to be crucial for such a factorization at

small values of the parton momentum fractions.

The Drell-Yan pro cess as a probe of QCD dynam -

ics. The Drell-Yan (DY) lep ton pair pro duc tion is

one of the most impor tant pro cesses to study the

QCD dynam ics of the col lid ing had rons. One of the most

inter est ing aspects of this dynam ics is the so-called BFKL

evo lu tion which results from the high energy limit of QCD. 

The BFKL evo lu tion was inten sively stud ied at the ep

collider HERA and is also impor tant at the pp collider LHC 

for care fully selected pro cesses. One of such pro cesses is

the DY pair pro duc tion accom pa nied by a jet sep a rated by a 

large rapid ity inter val, pro posed by research ers from IFJ

PAN and IF UJ. It was shown that the depend ence of the

cross sec tion on the azi muthal angle between the trans verse 

momen tum of the DY pair and the jet is a good indi ca tor of

the BFKL dynam ics as well as the angu lar depend ence of

the DY structure functions. 

In the fol low-up stud ies, the low mass lep ton pair DY

pro duc tion was inves ti gated, using the CCFM-K evo lu tion

equa tions with coher ence encoded in angu lar order ing of

parton emis sions. It was shown that the result ing trans -

verse momen tum depend ent parton dis tri bu tions (TMDs)

allow for a suc cess ful descrip tion of lep ton pair spec tra in

trans verse momen tum up to the val ues equal to the lep ton

pair mass, which is not the case for the TMDs without

coherence.

Partonic struc ture of the pion.  In the on-going stud -

ies of partonic struc ture of had rons under taken by

research ers from IFJ PAN and the Uni ver sity of

Granada, the dou ble parton dis tri bu tions (DPDFs) of the

pion in effec tive chiral quark mod els were inves ti gated,

result ing in a deeper under stand ing of the prop er ties of

DPDFs, such as the per ti nent Gaunt-Stirling sum rules.

The so-called good lat tice cross sec tions of the pion, which

are spe cific correlators yield ing infor ma tion on the partonic 

Ioffe-time dis tri bu tions, were also exam ined. The results

com pare very favor ably to recent lattice QCD data. 
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Low energy mul ti chan nel inter ac tions.  Stud ies of

CP vio la tion and of final state inter ac tions in

D0-meson decays into a kaon and two charged pions

mea sured at BaBar were under taken by research ers from

IFJ PAN in col lab o ra tion with the LPNHE Lab o ra tory in

Paris. The heavy-meson decay ampli tudes were con structed 

in the QCD factorization frame work. Unitarity plays an

impor tant role in con strain ing the num ber of free param e -

ters required in the descrip tion of exper i men tal data

obtained in D-meson factories.

Mul ti chan nel two-meson inter ac tions below 2 GeV

were stud ied. A full set of pp par tial wave ampli tudes was

con structed and tested by com par i son with exper i men tal

data and the cross ing sym me try con straint. A sca -

lar-isoscalar p-p form fac tor was cal cu lated and com pared

to exper i men tal data and with the o ret i cal con straints. The

spec trum of light mesons decay ing into var i ous two meson

chan nels was inves ti gated using newly derived the o ret i cal

ampli tudes. The con tri bu tion of multi-chan nel two-meson

scat ter ing to the final Y-meson fam ily decays was cal cu lated 

and com pared with the avail able data and with various

theoretical predictions. 

The photoproduction of res o nances and two-meson

inter ac tions below 2 GeV was inves ti gated for the S, P and

D waves. The results of the Born approx i ma tion and of

anal y sis with the final state inter ac tions were com pared. For 

this pur pose, pre vi ously obtained uni tary mul ti chan nel

ampli tudes and the p-p ampli tudes with cross ing sym me -

tries were used. These pre dic tions were com pared with

exper i men tal data from CLAS12 and GlueX. Ampli tudes

for ph photoproduction on the nucleon pro cesses were cal -

cu lated for appli ca tion in the Jef fer son Laboratory and

compared with the data.

Physics of heavy-ion col li sions and quark-gluon

plasma. The phys ics of rel a tiv is tic heavy-ion col li -

sions aims at answer ing one of the most fun da men tal

prob lems in mod ern phys ics, namely under stand ing the

struc ture and prop er ties of nuclear mat ter in extreme con di -

tions. Quan tum chromodynamics (QCD) states that

partons form ing nucle ons at high tem per a tures or den si ties

undergo the so-called asymp totic free dom phe nom e non,

accord ing to which they are lib er ated cre at ing a new state of

hot and dense strongly-inter act ing mat ter dubbed the

quark-gluon plasma (QGP). The prop er ties of this exotic

state of mat ter are of great inter est to the phys ics com mu -

nity as it is com monly believed that it existed in the early

Uni verse and forms the cores of com pact stel lar objects.

Sim i lar phys i cal con di tions may be repro duced in

lab o ra tory con di tions by col lid ing head-on bare heavy

nuclei at rel a tiv is tic speeds in the collider facil i ties, such as

Rel a tiv is tic Heavy- Ion Collider (RHIC) at BNL and the

Large Had ron Collider (LHC) at CERN, as well as at some -

what lower ener gies at fixed-tar get exper i ments, such as

HADES at GSI and NA61/SHINE at CERN. The stud ies

per formed by the research ers at the Depart ment of Struc -

ture of Mat ter The ory in col lab o ra tion with the o rists from

other lead ing insti tu tions (GSI, FIAS, INFN, NISER, Illi -

nois Univ., CERN, Tech. Univ. Darmstadt) are pri mar ily

focused on con struct ing the the o ret i cal and

phenomenological mod els which may be used for the

descrip tion of the sys tems pro duced in exper i ments as well

as for the inter pre ta tion of the extracted data. One of the

most suc cess ful the o ret i cal descrip tions of the col lec tive

behav ior observed in these pro cesses is pro vided by rel a tiv -

is tic hydro dy nam ics. The cur rent focus of the com mu nity is 

on fur ther improve ments of the mod els to cor rectly include 

bulk vis cous effects and higher-order trans port coef fi -

cients. The main goal is to con strain key prop er ties of the

QGP and to provide a reliable soft-background model of

evolution required to compute QGP modification of hard

probes, such as jets or heavy quark bound states.

Matter and space. Con cep tual, philo soph i cal, and

phenomenological issues con cern ing the expected

con nec tion between the prop er ties of mat ter and

the nature of mac ro scopic space have been dis cussed at

some length and from a cou ple of standpoints. 

Assum ing the Aris to te lian view of space as an attrib ute

of mat ter, it was argued that the research on the pos si ble

quan tum ori gin of space should not be restricted to the

exper i men tally inac ces si ble miniscule Planck length scale of 

10-33 cm.  It was fur ther more pointed out that impor tant rel -

e vant infor ma tion on the issues of the nature and pos si ble

emer gence of space is most likely hid den in the spec trum

and at the dis tance and mass scales of ele men tary par ti cles

(lep tons, quarks, and had rons) [Foundations of Science 24

(2019) 287–305]. The sup port ing argu ments included: a novel 

gen er al iza tion of the con cept of mass, phenomenological

hints on the spa tial struc ture of excited baryons, and the dis -

cus sion of what are the pos si bly most nat u ral val ues of the

fun da men tal mass and dis tance scales. The argu ments

involved in par tic u lar a dis cus sion of the phase-space-based 

expla na tion of the Harari-Shupe rishon model of fun da -

men tal fer mions, the sur pris ing reg u lar i ties observed in the

mass spec tra of lep tons and quarks [Open Phys. 16 (2018)

427-429], and the ques tion of the rel e vance of dif fer ent fun -

da men tal phys i cal con stants, such as: h - the quan tum con -

stant and a vari ety of space-related con stants (i.e. c – the

https://link.springer.com/article/10.1007/s10699-018-9562-2
https://link.springer.com/article/10.1007/s10699-018-9562-2
https://doi.org/10.1515/phys-2018-0058
https://doi.org/10.1515/phys-2018-0058


speed of light, G – New ton’s grav i ta tional con stant, D – the

cos mo log i cal con stant, or aM - the MOND lim it ing accel er a -

tion scale) [Mod. Phys. Lett. A 34 (2019) 37, 1950306].  

Weak radi a tive hyperon decays.  Trig gered by a

recent paper, the issue of weak radi a tive hyperon

decays was dis cussed anew. The con tri bu tion from the

inter me di ate D(1405) state was ana lyzed in some detail. It

was pointed out that the mea sure ment of the D®ng decay

asym me try could resolve the encoun tered ambi gu ities and

def i nitely answer the ques tion of whether Hara's the o rem is 

vio lated or not [ActaPhys. Pol. B51(2020)2111].

Selected Research Highlights of the Division of Theoretical
Physics

One ques tion regard ing the inter nal struc ture of had rons 

is what hap pens with the den sity of its con stit u ents, gluons

in par tic u lar, for small val ues of the energy frac tion x. The

den sity is expected to stop ris ing for decreas ing val ues of x,

referred to as sat u ra tion. On the the o ret i cal side, sat u ra tion

is incor po rated via non-lin ear evo lu tion of the den sity, or

more pre cise - the parton den sity func tion (PDF), with the

energy scale. On the exper i men tal side, it is for exam ple

expected to be observed in the for ward pro duc tion of jets.

Such final-state con fig u ra tions imply that one of the col lid -

ing had rons was act ing as a dilute probe, with only a few but

highly ener getic con stit u ents, while the other was act ing as a

tar get densely pop u lated with low-energy gluons. In par tic u -

lar those observables which are sen si tive to the trans verse

momen tum of the low-x gluons are expected to be indi ca -

tors of sat u ra tion. One of those indi ca tors is the angle

between the two jets in the plane trans verse to the momenta

of the col lid ing had rons. Using the pre vi ously for mu -

lated ITMD factorization and account ing for

resummation of soft gluons in terms of the Sudakov

form fac tors, research ers from IFJ PAN suc cess fully

described in [Phys.Lett.B795(2019)511-515] spec tra of

angu lar decorrelations of for ward-for ward di-jets in

p-p and p-Pb col li sions. The descrip tion pro vided

strong fur ther evi dence for the onset of non lin ear

effects once the gluonic fields become large. (Fig. 4.1).

This result was also reported by the EurekAlert.

In anal ogy to the nucleon struc ture, which can be

described by parton dis tri bu tion func tions (PDFs), the

quark and gluon con tent of atomic nuclei can be

described in terms of nuclear PDFs (nPDFs). We know

that such nPDFs are mod i fied com pared to the PDFs of

free pro tons. The form of such mod i fi ca tions is quite well

mea sured in the case of quarks, where we dis tin guish four

dif fer ent regions: shad ow ing region, anti-shad ow ing

region, EMC region,  Fermi-motion region. Ana log i cal

behav ior is expected to be pres ent for gluon nPDFs; how -

ever, this is much less con firmed in par tic u lar for the shad -

ow ing and anti-shad ow ing regions. In a recent work [Phys.

Rev. Lett. 121 (2018) 5, 052004] it was shown with min i mal

sta tis ti cal sig nif i cance of 7-sigma that the nuclear

gluon parton dis tri bu tion is indeed shad owed. (Fig.

4.2). The novel use of the LHC heavy-fla vor (D, J/Psi,

B->J/Psi, Upsi lon(1S)) data from pro ton-lead col li sions

allowed us also to cor rob o rate the exis tence of gluon
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Fig. 4.1 Broadening of distributions in p-Pb collisions vs p-p collisions for different sets of cuts imposed on the jets’ transverse momenta. The plots show

normalized cross sections as functions of the azimuthal distance between the two leading jets, Dj [from Phys. Lett. B 795 (2019) 511-515, under CC-BY 4.0].

https://doi.org/10.1142/S0217732319503061
https://www.actaphys.uj.edu.pl/index_n.php?I=R&V=51&N=12
https://doi.org/10.1016/j.physletb.2019.06.055
https://eurekalert.org/pub_releases/2019-10/thni-mem100419.php
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.052004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.052004
https://doi.org/10.1016/j.physletb.2019.06.055
https://creativecommons.org/licenses/by/4.0/
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anti-shad ow ing and showed that such data have great

poten tial to dra mat i cally improve our knowledge of the

nuclear gluon distribution.  

Unex pect edly, low vis cos ity of the quark-gluon

plasma has been revealed. One of the issues faced by

prac ti tio ners of tra di tional sec ond-order vis cous

hydro dy nam ics is that the quark-gluon plasma (QGP) pos -

sesses a high degree of momen tum-space ani so tropy aris ing 

because of its ini tial rapid expan sion in the beam-direc tion.

In this case vis cous hydro dy nam ics is being pushed to its

lim its, result ing in rap idly grow ing uncer tain ties of its pre -

dic tions. As a way to address these prob lems, it was pro -

posed to reor ga nize the hydro dy namic expan sion in a way

that the intrin sic anisotropies are treated non-perturbatively 

– this method was devel oped at IFJ PAN in a sem i nal work

[Phys. Rev. C 83 (2011) 034907] and became known as

anisotropic hydro dy nam ics. A recent joint work of Pol ish

and Amer i can groups [Phys. Rev. Lett. 119, 042301 (2017)]

based on anisotropic hydro dy nam ics frame work, for the

first time con front ing real is tic the o ret i cal pre dic tions

(aHydroQP) with actual mea sure ments, shows that the

anisotropic hydro dy nam ics is able to pro vide the most

accu rate descrip tion of the phe nom ena occur ring in

QGP. In par tic u lar, it was pos si ble to obtain an excel lent

descrip tion of the soft-hadronic observables (see Fig. 4.3)

with a much smaller value of the bulk vis cos ity than in pre -

vi ous stud ies. These phenomenological results sug gest that, 

if non-conformal aspects are care fully taken into account,

one can obtain a very good descrip tion of many key

heavy-ion observables with the val ues of the phys i cal

parameters characterizing QGP, which are quite different

from the previously extracted ones.

Fig 4.2. The figure shows nuclear modification factor for lead nucleus which is
a ratio of lead nPDF to a PDF of a free-proton. The large grey band quantifies
the initial uncertainty of such a modification as described by the EPPS16
nPDFs. The red, blue, and green bands show the corresponding nuclear
modifications after including the (a) D-meson, (b) J/psi-meson heavy-flavor
LHC data into the analysis. The colored bands quantify the additional
uncertainty due to the factorization scale which in the case of heavy-flavor
data is of big importance. It is clear that after including the new data the
uncertainty of the gluon distribution is very much reduced and the obtained
gluon nPDF is shadowed (at small x values nuclear modification is smaller

than one) [Phys. Rev. Lett. 121, 052004  (Creative Commons
Attribution 4.0 International license)].

Fig. 4.3 Three panels showing (a) the charged-hadron multiplicity in different centrality classes as a function of pseudorapidity, (b) the average transverse
momentum of pions, kaons, and protons as a function of centrality, and (c) the integrated v2 for charged hadrons as a function of centrality. All results are obtained

with anisotropic hydrodynamics aHydroQP for 2.76 TeV Pb-Pb collisions. Data in panels are from the ALICE Collaboration [from Phys. Rev. Lett. 119, 042301
(2017), APS Reuse and Permissions Licence].

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.83.034907
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.042301
https://doi.org/10.1103/PhysRevLett.121.052004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.042301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.042301


It is known that fire balls cre ated in non-cen tral heavy-ion 

col li sions pos sess large global angu lar momenta which

may gen er ate a spin polar iza tion of the quark-gluon

plasma (QGP) in a way resem bling the magnetomechanical

effects of Ein stein-de Haas and Barnett. It has been sug -

gested that the lat ter should be reflected in the finite global

polar iza tion of the had rons emit ted from the sys tem, such

as lambda hyper ons and vec tor mesons, thus pro vid ing

unique access to the purely quan tum phe nom ena in rel a tiv -

is tic sys tems. Much effort has recently been invested in

stud ies of such sys tems, both from the exper i men tal and

the o ret i cal points of view. While recent works have con trib -

uted sig nif i cantly to our under stand ing of global equi lib -

rium and sta tion ary states, no hydrodynamical frame work

has been devel oped so far which would allow for space-time 

evo lu tion of polar iza tion effects. The first rel a tiv is tic hydro -

dy namic model for the evo lu tion of the polar ized sys tem of

charged par ti cles with spin 1/2 was first dis cussed in 2018

by the group in col lab o ra tion with research ers from IFJ

PAN. How ever, only now, it has been shown

[Prog.Part.Nucl.Phys. 108 (2019) 103709] how the con ser va -

tion laws can be used to con struct for mal ism for the

spin-polar ized flu ids in a fully con sis tent form (see Fig.

4.4.). More over, it was found that the descrip tion of spin in

the hydro dy namic mod els is tightly con nected with other

intrigu ing prob lems related to the so-called pseudogauge

trans for ma tions and local iza tion of energy in quan tum sys -

tems. The newly pro posed hydro dy nam ics with spin sheds

more light on the rela tions between these con cepts as well as 

pro vides a new practical tool to study the properties of the

strongly-interacting matter under extreme conditions, 

Ini tial defor ma tion of a quark-gluon plasma drop let can

be tuned with polar ized deu ter ons. Under stand ing of

the ori gin of col lec tive cor re la tions in col li sions involv -

ing small nuclei is one of the most impor tant and actively

pur sued top ics in the field of ultra-rel a tiv is tic nuclear col li -

sions. It is widely believed that stud ies of such sys tems can

pro vide the lim its of appli ca bil ity of rel a tiv is tic hydro dy -

nam ics, as well as scru ti nize more fun da men tal

QCD-based approaches, such as the color glass con den -

sate. In an arti cle [Phy. Rev. Lett. 121(2018)20,202301] it was

pro posed to study col li sions of polar ized deu ter ons with

heavy nuclei. Owing to the D-wave admix ture in the wave

func tion, the polar ized deu teron is a spa tially-deformed

object (see Fig. 4.5). A col li sion of the polar ized deu -

teron with a „wall” of a heavy nucleus forms a cor re -

spond ingly deformed ini tial fire ball, which then via

hydro dy namic expan sion yields azi muthal asym me -

try in the spec tra of emit ted had rons. The fixed tar get

AFTER@LHC exper i ments, planned after the LHC Long

Shut down 3, in par tic u lar SMOG2@LHCb, will be able to

study col li sions of the 2.76 TeV Pb beam on polar ized deu -

te rium tar gets, giv ing an oppor tu nity to observe our effect.

The straight for ward mea sure ment of the angu lar dis tri bu -

tions with respect to the polar iza tion axis would pro vide an

unequivocal way to probe the mechanism responsible for

the observed collectivity in small systems.

Punc tu a tion plays a key role in the lin guis tic net works.

Nat u ral lan guage is com monly con sid ered the prin ci -

pal trait of human ity. At the same time, it con sti tutes

one of the most vivid exam ples of com plex sys tems where
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Fig. 4.4 Ultrarelativistic flow of quark-gluon plasma with spin. On the left, the initial state of the system, on the right -- the result of hydrodynamic evolution. The
arrows on the bottom view show the plasma flow lines. The red area is the region of polarized particles that evolves according to the flow of matter. The top graphs
show plasma temperature profiles.

https://doi.org/10.1016/j.ppnp.2019.07.001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.202301
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the term more is dif fer ent, like no other, suc cinctly reflects its

essence. Indeed, the rel a tively small num ber of ele men tary

items, the pho nemes and let ters, allows one to express vir -

tu ally an infi nite amount of infor ma tion. Map ping the lin -

guis tic expres sions into writ ing requires the use of punc tu a -

tion; oth er wise some expres sions might be ambig u ous and

decep tive. Punc tu a tion also allows one to denote sep a rate

log i cal units into which any com pound mes sage can be

divided. From this per spec tive, the punc tu a tion marks are

some thing more than merely tech ni cal signs serv ing to

allow a reader to com pre hend the con sec u tive pieces of

texts more eas ily. It appears [Information Sciences 375 (2017)

98–113] that, from a sta tis ti cal view point, the

punc tu a tion marks reveal prop er ties that are qual i ta -

tively sim i lar to the prop er ties of the most fre quent

words like arti cles, con junc tions, pro nouns, and prep -

o si tions. This refers to both the Zipfian anal y sis and the

net work anal y sis. By add ing the punc tu a tion marks to the

Zipf plots, it is shown (Fig. 4.6) that these plots that are nor -

mally described by the Zipf–Mandelbrot dis tri bu tion

largely restore the power-law Zipfian behav ior for the most

fre quent items. These results indi cate that the punc tu a tion

marks can fruit fully be con sid ered in the lin guis tic stud ies as 

their inclu sion effec tively extends dimensionality of an

analysis and, therefore, it opens more space for a possible

manifestation of some previously unobserved effects. 

Essen tial fea tures of many real-world sys tems can be

expressed by net works. A writ ten text can be rep re -

sented by a net work whose nodes cor re spond to the

words and links among them are deter mined by their

co-occur rence, as an exam ple shown in Fig. 4.7 and 4.8 indi -

cates. Though sim ple in con struc tion and intu itive, they

carry within their struc ture exploit able infor ma tion on the

under ly ing lan guage sam ple. Con struct ing such net -

works from Eng lish and Pol ish lit er ary texts and

study ing their prop er ties [Information Sciences 482 (2019)

301-320], and then deter min ing the result ing rela tions

through dendrograms have led to the pos si bil ity of

iden ti fy ing group ings of the texts and thus dis tin -

guish ing indi vid ual writ ing styles. The fact that the

pre sented approach works well for both Pol ish and

Eng lish texts sug gests that it can prob a bly be treated

as appli ca ble to a vast group of lan guages – as Pol ish

and Eng lish are exam ples of the lan guages

Fig. 4.5 Schematic view of the ultra-relativistic collision of a heavy nucleus on the deuteron target polarized along (j3 = ±1, left) and perpendicular (j3 = 0, right) to
the fixed polarization axis FP. The deformation of the created fireball in the transverse plane reflects the intrinsic deformation of the polarized deuteron. The
collective shape-flow transmutation mechanism results in the one body elliptic flow coefficient with respect to the polarization axis, v2{FP}, with the signs as

indicated in the figure [adapted from Phy. Rev. Lett. 121(2018)20,202301 under APS Reuse and Permissions License].

Fig.4.6 Probability of occurrence of words (vertical axis) versus their rank
(horizontal axis) for corpora representing different European languages. The
original puzzling downward departure from the straight line for ranks close to
unity, observed for the ordinary words (brighter colors), disappears
(corresponding darker colors) when the punctuation marks are also taken into
account.

https://doi.org/10.1016/j.ins.2016.09.051
https://doi.org/10.1016/j.ins.2016.09.051
https://doi.org/10.1016/j.ins.2019.01.040
https://doi.org/10.1016/j.ins.2019.01.040
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.202301


sub stan tially dif fer ent from each other, in terms of the

origin, morphology, and grammar features.

Entan gle ment is hid ing in par ti cle indistinguishability.

Intu ition sug gests that a nec es sary con di tion for the

emer gence of entan gle ment is the require ment that

at some point in their evo lu tion the par ti cles touch one

another or, at least, indi rect con tact should take place

through another par ti cle or phys i cal field to con vey the

inter ac tion. How else can they estab lish this mys te ri ous

bond, which is quan tum entan gle ment? Par a dox i cally,

how ever, it turns out that this is pos si ble. Quan tum

mechan ics allows entan gle ment to occur with out the

need for any, even indi rect, con tact. The research shows 

that acti va tion of par ti cle entan gle ment from their fun da -

men tal indistinguishability is possible and can be directly

observed.

To jus tify such a sur pris ing con clu sion, a scheme should 

be pre sented in which the par ti cles will show non-local
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Fig.4.7 The author of an unsigned text can be identified by analyzing the
network relationship between just a few most frequent words of the text,
provided the punctuation marks are also included. (Elsevier license terms and
conditions).

(a) (b)

Fig. 4.8 The dendrograms of the hierarchical clustering of (a) English and (b) Polish different books in the space of the weighted clustering coefficients of networks’

nodes corresponding to 12 most frequent words and punctuations marks. Each text is labelled by the surname of its author. (from [Information Sciences 482
(2019) 301-320] under Elsevier license terms and conditions).

https://doi.org/10.1016/j.ins.2019.01.040
https://doi.org/10.1016/j.ins.2019.01.040
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cor re la tions at a dis tance (in a Bell-type exper i ment). The

sub tlety of this approach is to exclude the pos si bil ity of an

inter ac tion under stood as some form of con tact along the

way. Such a scheme should also be very eco nom i cal, so it

must exclude the pres ence of force car ri ers which could

medi ate this inter ac tion (phys i cal field or inter me di ate par ti -

cles). In an arti cle Scientific Reports 9, 20131 (2019) it is shown

how this can be done. The authors’ approach con sists of a

clever per mu ta tion of paths tra versed by the par ti cles which 

start from inde pend ent sources and undergo post-selec tion

at the end of the pro ce dure (see Fig.4.9) . This new par a -

digm allows gen er at ing any entan gled states of two and

three par ti cles avoid ing any con tact. The proposed

approach can be easily extended to more particles.

Within this frame work indistinguishability of par ti cles

pres ents itself as a use ful resource of entan gle ment acces si -

ble for prac ti cal appli ca tions. On the foun da tional side, it is

inter est ing to see how an innoc u ous symmetrisation pos tu -

late for iden ti cal par ti cles takes flesh and in its pure form

leads to the con se quences observed in laboratories. 

v

Fig 4.9 Three independent particles injected on the left follow the path in a simple optical circuit. Post-selection at the end guarantees that the particles never

touched each other along the way. The scheme generates a nontrivial entangled state of three particles on the right, the so-called W state [from Scientific
Reports 9, 20131 (2019) (Under CC-BY licence 4.0)].

https://www.nature.com/articles/s41598-019-55137-3
https://www.nature.com/articles/s41598-019-55137-3
https://www.nature.com/articles/s41598-019-55137-3
https://creativecommons.org/licenses/by/4.0/


5. Division of Interdisciplinary
Research 

The research per formed at the Divi sion of Inter dis ci -

plin ary Research is focused on three main areas: life

and health sci ence, cul ture her i tage, and mate rial sci -

ence. The Divi sion con sists of four Depart ments which

carry out their research using mainly vibra tional spec tros -

copy, mag netic res o nance imag ing, ion, X-ray, and syn chro -

tron radi a tion microprobes, sophis ti cated X-ray

spectroscopies at Free Elec tron Laser facil i ties, and atomic

force micros copy (AFM). In addi tion, the clas sic

cytogenetic and molec u lar cytogenetic tech niques are

applied to stud ies in the health sci ence area. The Depart -

ments are equipped with mod ern world-class apparatus

which include:

· NanoIR2 sys tem which in this con fig u ra tion is the

only one in Poland and the sec ond one in the world. It

com bines Fou rier Trans form – Infra Red spec trom e -

ter pro vid ing chem i cal sen si bil ity with AFM pre ci -

sion. The sys tem con fig u ra tion with two lasers (OPO

and QCL) enables per form ing anal y sis in the broad

spec tral range for var i ous types of sam ples even of the 

size and thickness of a nanometer.

· The inte grated RAMAN-AFM sys tem for per form -

ing Raman microspectroscopy and Raman

nanospectroscopy. It has equip ment for in vivo cell

mea sure ments. 

· Vac uum FTIR spec trom e ter equipped with vac uum

IR micro scope, bolometer, MCT and FPA detec tors

that allow us to per form both spec tra acqui si tion and

map ping in trans mis sion, reflec tion as well as ATR

modes. 

· FTIR fast imag ing micro scope equipped with MCT,

MCT lin ear array and DLATGS detec tors.

· Atomic force micro scope (AFM) com bined with the

flu o res cence micro scope capa ble of mea sur ing live

cells prop er ties in aque ous media, suit able for all

AFM-based exper i ments, includ ing those on living

cells.

· UV-VIS spec trom e ter with plate reader - for the use

of mul ti ple absorp tion, flu o res cence and lumi nes -

cence markers.

· RT-PCR sys tem Real Time (Reverse Tran scrip tion)

Poly mer ase Chain Reac tion for the real-time RNA

sequence expres sion mea sure ments. Used in

dosimetric, and spec tro scopic studies.

· Sys tem for auto matic anal y sis of chro mo some aber -

ra tions – AxioImager.Z2 micro scope that serves to

auto mat i cally detect chro mo somal aber ra tions and

iden tify chromosomes.

· 2.5 MV van de Graaff accel er a tor pro vid ing a pro ton

microbeam for spa tial imag ing of bio log i cal and envi -

ron men tal materials.

· Hamamatsu X-ray tube pro vid ing a 2 mm X-ray

beam for com puter microtomography imag ing and

inves ti ga tion of micro struc tures in com plex systems.

· Two X-ray tubes in Von Hamos geom e try mak ing it

pos si ble to per form XAS and XES mea sure ments

simul ta neously.

· Bruker Biospec Mag netic Res o nance Imag ing

scan ner.

The research per formed at the Divi sion would not be so 

suc cess ful with out broad inter na tional col lab o ra tions that

include: Paul Scherrer Insti tute, Villigen, Swit zer land;

Uppsala Uni ver sity, Swe den; Wigner Research Insti tute,

Buda pest, Hun gary; PTB Berlin Ger many; Uni ver sity of

Vienna, Aus tria; Extreme Light Infra struc ture, Prague,

Czech Repub lic; SACLA Facil ity, Japan; Euro pean XFEL

and DESY, Ham burg, Ger many; SwissFEL, Villigen, Swit -

zer land; Linac Coher ent Light Source, USA; Université

Paris-Saclay, and Newcastle University, UK.

v

The Depart ment of Exper i men tal Phys ics of

Com plex Sys tems deals with inter dis ci plin ary stud -

ies in the fields of biol ogy, med i cine, cul ture her i tage,

and envi ron ment pro tec tion using mainly vibra tional
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microspectroscopy. The clas sic cytogenetic method is also

applied to study bio med i cal sub jects.                            

The research car ried out with the use of new devices

pur chased within the frame of the pro ject co-funded by the

Ma³opolska Regional Oper a tional Programme Mea sure 5.1

Krakow Met ro pol i tan Area, as an impor tant hub of the

Euro pean Research Area for 2007-2013, No.

MRPO.05.01.00-12-013/15, sheds new light on the pos si -

bil ity of imag ing var i ous types of com plex sys tems with

micro- and nano-scale spa tial resolution. 

Atomic Force Micros copy (AFM), in com bi na tion with

an infra red spec trom e ter (NanoIR-2), plays a cru cial role in

our stud ies and fur ther extends the exper i men tal capa bil i -

ties of the Depart ment. It has to be empha sized that this is

the only one such a spec trom e ter in Poland.

The wide spec trum of research activ i ties is undoubt edly

of great social impor tance in the field of health and envi ron -

men tal pro tec tion. The research is also car ried out in the

inter-domain col lab o ra tion with spe cial ists from dif fer ent

Pol ish and inter na tional institutions. 

One of the research paths in the field of biomedicine

relates to the anal y sis and mod el ing of drugs/metal

nanoparticle sys tems using advanced vibra tional spec tro -

scopic meth ods. This line of research aims to ana lyze and

develop inno va tions in the cel lu lar response to drug treat -

ment and to study the cell sen si tiv ity to anticancer agents.

Another topic of research car ried out by our Research

Team involves the use of drug nanocarriers to increase the

effec tive ness of their deliv ery to the tar get sites. Simul ta -

neously, we per form the anal y sis of ion iz ing radi a tion influ -

ence on liv ing organ isms by deter min ing the bio chem i cal

alter ations in cells sub jected to irra di a tion. Spe cial empha sis 

has to be placed on study ing the effects of changes in lym -

pho cytes as a result of ionizing irradiation. 

Mov ing from the cel lu lar level to higher-order struc -

tures, we explore changes in tis sues and body flu ids that

have been dam aged by dis ease pro cesses. There fore, it is

extremely impor tant to search for spec tro scopic mark ers of

patho log i cal changes, which play a key role not only in the

diag no sis of a dis ease but also pro vides a better under stand -

ing of the dis ease development basis. 

Another branch of research is devoted to inves ti ga tion

of the mod i fied biomaterials. In this case we focus on the

study of var i ous sur face mod i fi ca tion fac tors that affect the

cor ro sion pro cesses of materials. 

The Depart ment also con ducts research in the field of

broadly under stood pro tec tion of cul tural her i tage through

inter dis ci plin ary coop er a tion on the bor der of phys ics,

chem is try, and art his tory. The use of advanced meth ods of

vibra tional spec tros copy turns out to be extremely effec tive 

not only in deter min ing the com po si tion of the tested mate -

rial, but also in the assess ment of the pro gres sive deg ra da -

tion pro cess of the work. It helps con ser va tion and ren o va -

tion treat ments to be planned better, and gives an

oppor tu nity to obtain valu able infor ma tion about the origin 

and history of the tested object. 

In 2019 a part of the Depart ment of Exper i men tal Phys -

ics of Com plex Sys tems was con verted into the

Depart ment of Applied Spec tros copy, which

explores the prop er ties of X-rays in applied and fun da men -

tal research. Par tic u larly, the research focuses on study ing

pro cesses occur ring in bio log i cal sys tems at the cel lu lar and

molec u lar level using syn chro tron facil i ties, free elec tron

lasers, and clas si cal X-ray sources. Fur ther more, X-ray

research is explored for real-time deter mi na tion of elec tron

dynam ics and elec tronic struc ture of atoms and mol e cules

in energy related mate ri als. Fun da men tal stud ies are ori -

ented towards inves ti gat ing X-ray inter ac tions with mat ter

and study ing mul ti ple ion iza tion pro cesses with the use of

X-ray laser pulses. A large part of X-ray research is devoted

to the devel op ment of the lab o ra tory set ups that would

allow XAS (X-ray Absorp tion Spec tros copy) and XES

(X-ray Emis sion Spec tros copy) tech niques to be applied

simul ta neously to elec tronic struc ture deter mi na tion of the

stud ied mate rial. The setup is designed in Von Hamos

geom e try. It is worth men tion ing that our lab o ra tory setup

offers XAS/XES measurements on liquid-jet samples as

the only one in Poland. 

Research in the Depart ment of Applied Spec tros copy is

fur ther focused on explo ra tion and appli ca tion of X-ray

Free Elec tron Lasers (XFEL) to study time-resolved phe -

nom ena in bio log i cal and chem i cal sys tems as well as to

inves ti gate fun da men tal mech a nisms driv ing X-ray inter ac -

tion with mat ter. The Depart ment con trib utes to the global

effort to develop the diag nos tics meth ods ded i cated to

femto second X-ray pulse mea sure ments and takes part in

devel op ing tech niques for per form ing sin gle- and

shot-to-shot X-ray spec tro scopic mea sure ments. The

Depart ment of Applied Spec tros copy exploited the first

avail able X-ray Free Elec tron Lasers world-wide: Linac

Coher ent Light Source in US and SACLA facil ity in Japan.

Since 2018, the Depart ment staff have been explor ing

newly opened Euro pean XFEL laser facil i ties and have

con trib uted to the suc cess of the first exper i ment exe cuted

at the SwissFEL X-ray Laser at Paul Scherrer Insti tute in

Swit zer land. The Depart ment also takes part in research

and tech nique devel op ments at the FXE sta tion of the

Euro pean XFEL in Ham burg, Ger many, for exam ple in



a joint effort to develop an X-ray diag nos tic instrument

dedicated to single-shot X-ray energy distribution

measurements.

 In gen eral, our basic research is com ple mented with

X-ray micros copy stud ies and meth ods using ion beams

from a 2.5 MeV Van de Graaff accel er a tor for spa tial imag -

ing of bio log i cal and envi ron men tal mate ri als, deter min ing

their ele men tal and chem i cal com po si tions. In addi tion, we

per form exper i ments with the use of com puted

microtomography, includ ing phase con trast tomog ra phy

allow ing 3D imaging of low contrast objects. 

The research con ducted at the Depart ment of the

Bio phys i cal Micro struc tures mainly focuses on

mechan i cal, micro-, and macro-rhe o log i cal, and

adhe sive prop er ties of sin gle mol e cules, indi vid ual liv ing

cells and tis sues, includ ing can cer cell lines, neo plas tic, and

tumor tis sues. The basic meth ods used are atomic force

micros copy (AFM) to assess prop er ties at the nanoscale and 

a rhe om e ter work ing at the macroscale. A wide range of

other flu o res cent micros copy meth ods, such as live-cell

imag ing sys tem, cell via bil ity assess ments (ELISA reader)

and West ern blots, is also applied to com ple ment the stud -

ies. Within the sci en tific inter est of the Depart ment are such 

issues as bio phys i cal and bio chem i cal cues in can cer

pro gres sion, drug effec tive ness mea sured through

biomechanical param e ters, alter ations of mechan i cal and

rhe o log i cal prop er ties in non-can cer related dis eases

(muscular dystrophy, multiple sclerosis) and lung diseases

(asthma or COPD).

In the Depart ment of Mag netic Res o nance Imag -

ing, inter dis ci plin ary bio med i cal and mate rial prob -

lems are inves ti gated as well as new MRI tech niques are

devel oped. The main MRI research sys tem is the Bruker

Biospec MRI scan ner, based on a 9.4 T hor i zon tal mag net,

equipped with gra di ent coils capa ble of gen er at ing mag -

netic field gra di ents up to 1.5 T/m, and with a num ber of

ded i cated 1H, 31P, 19F, 13C and 129Xe RF probe heads,

includ ing the  CryoProbe™. This sys tem is also equipped

with an advanced ani mal mon i tor ing and con trol sys tem

and is used pre dom i nantly for inter dis ci plin ary bio med i cal

stud ies in vitro or in vivo based on ani mal mod els of civ i li za -

tion dis eases. Another area of research is focused on the

prop er ties of novel theranostic drug nanocarriers, MRI

con trast agents, and phar ma ceu ti cal dos age forms. Apart

from bio med i cal and mate rial stud ies, the Depart ment staff 

also con cen trate their efforts on the design and

development of dedicated actively shielded gradient coils

and RF coils.

Selected Research Highlights of the Division of
Interdisciplinary Research

One of the direc tions towards the enhance ment of can -

cer ther apy is to develop a more pre cise sup ply of the ther a -

peu tic agents to the tar get cells. The main goal of this

research was to improve can cer ther apy through the use

of well-defined drug/car rier con ju gates as an effec tive

drug deliv ery sys tem.1)

This approach entails two impor tant ben e fits. First, the

more effec tive accu mu la tion of the ther a peu tic agent inside

the tumor cells, the greater antitumor effi ciency. Sec ond,

the more con trolled dis tri bu tion of the drug, the lower its

con cen tra tion nec es sary to achieve the cytotoxic effect.

This should pre vent the patient from both er some side

effects. The cru cial fac tor deter min ing the design of the sta -

ble drug/car rier con ju gates is the pre cise char ac ter iza tion of 

how the drug adsorbs on the poten tial car rier sur face. Even

the small est per tur ba tion in the struc ture of the drug mol e -

cule can affect its bio log i cal activ ity. The con ducted

research is focused on the drugs used in non-small cell lung

can cer ther apy and on the appli ca tion of metal

nanoparticles as their effec tive vehi cles. Owing to the sur -

face plasmon res o nance effect of metal nanoparticles, the

per formed sur face-enhanced vibra tional spec tros copy

inves ti ga tions enable com pre hen sive anal y sis of how the

drug anchors to these poten tial car ri ers and how this con -

nec tion is affected by such fac tors as pH con di tions, tem -

per a ture, time of incu ba tion, drug concentration, presence

of the nanoparticles stabilizers on the metal surface. 

In our efforts to char ac ter ize the molec u lar struc ture of

the erlotinib drug and its adsorp tion behav ior changes on

the sil ver and gold nanoparticles (sta bi lized using dif fer ent
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1) This re search was sup ported by the Na tional Sci ence Cen tre, Po land (Grant no. 2016/21/D/ST4/02178). The mea sure ments were per -
formed us ing the equip ment pur chased in the frame of the pro ject co-funded by the Ma³opolska Re gional Op er a tional Pro gram Mea sure
5.1 Krakow Met ro pol i tan Area as an im por tant hub of the Eu ro pean Re search Area for 2007-2013, pro ject no.
MRPO.05.01.00-12-013/15.
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reagents) under the con di tions men tioned above, we used

the fol low ing advanced tech niques/meth ods: Raman spec -

tros copy, Fou rier trans formed infra red spec tros copy, sur -

face-enhanced infra red absorp tion (SEIRA) and sur -

face-enhanced Raman (SERS)  spectroscopies, and atomic

force micros copy in com bi na tion with IR (AFM-IR) (see an 

exper i men tal scheme in Fig. 5.1).

The per formed anal y sis indi cated that in the acidic envi -

ron ment the protonation of the –NH+ and –C=N+ groups 

of erlotinib takes place [J. Spectrosc. 2019 (2019) 9191328].

This had an influ ence on the adsorp tion of erlotinib on the

inves ti gated nanoparticles. Briefly, the strong inter ac tion of

erlotinib via the N-C bond with sil ver nanoparticles

(AgNPs) was char ac ter ized in the acidic medium, while for

neu tral and alka line envi ron ments this inter ac tion occured

mainly through the CºC bond [J. Raman Spectrosc. 49 (2018)

1265; Spectrochim. Acta A 228 (2020) 117737]. Addi tion ally,

extend ing the drug/metal nanocarrier incu ba tion time

weak ens the drug-nanocarrier link age. This is espe cially

notice able at 37° C.  

Addi tion ally, the inves ti ga tions (spec tra col lec tion and

chem i cal maps acqui si tion) at the nanoscale con ducted with 

the use of the AFM-IR tech nique pro vided pos si bil i ties to

describe the adsorp tion pro cess of erlotinib on the metal

monolayers con sist ing of 15 nm sil ver and gold

nanoparticles, respec tively, with the res o lu tion of a sin gle

metal nanoparticle (see Fig. 5.2). More over, this pio neer ing

study proves that AFM-IR is a use ful tech nique for the

inves ti ga tion of the drug/metal monolayer inter ac tion and

also pro vides an image of the drug dis tri bu tion on the

applied metal monolayers [Nano Res. 13 (2020) 1020]. This

may be cru cial for under stand ing the drug/nanocarrier

connection stability.

Finally, the results obtained using the SERS and

AFM-IR (with the polar ized IR radi a tion) tech niques for

erlotinib immo bi lized on the metal nanoparticles sta bi lized

using dif fer ent reagents imply that the pres ence of a sta bi liz -

ing layer on the metal sur face has a strong influ ence on the

drug/metal nanocarrier con ju gates sta bil ity [Appl. Surf. Sci.

537 (2021) 147897].

Fig. 5.1. Experimental scheme of SERS (A) and AFM-IR (B)

Fig. 5.2. The AFM-IR chemical signal distribution (A) of erlotinib on the silver (AgNPs) and gold nanoparticles (AuNPs)  monolayers together with the suggested

drug adsorption geometries on these metals (B) [adapted from Nano Res. 13 (2020) 1020].

https://doi.org/10.1155/2019/9191328
https://doi.org/10.1002/jrs.5384
https://doi.org/10.1002/jrs.5384
https://doi.org/10.1016/j.saa.2019.117737
https://doi.org/10.1007/s12274-020-2738-4
https://doi.org/10.1016/j.apsusc.2020.147897
https://doi.org/10.1016/j.apsusc.2020.147897
https://doi.org/10.1007/s12274-020-2738-4


In our next study we strived to develop an inno va tive

approach to define the sen si tiv ity of breast cells to

drug/nanosensor con ju gates using high-def i ni tion

micro-and nanospectroscopy imag ing at the sin gle-cell

level.1) Thanks to the use of high-res o lu tion imag ing meth -

ods in Fou rier-trans form infra red spec tros copy (FTIR),

Raman spec tros copy (RS), and a new tech nique com bin ing

the advan tages of IR spec tros copy with atomic force

micros copy (AFM), it was pos si ble to obtain in-depth infor -

ma tion at the single-cell level.

In the first stage of our inves ti ga tions, par tic u lar empha -

sis was put on the study of the molec u lar struc ture using the -

o ret i cal pre dic tions based on den sity func tional the ory cal -

cu la tions (DFT) and exper i men tal results (RS, FTIR). There 

is no doubt that the FTIR and RS meth ods are unique tools

to deter mine the molec u lar struc ture of var i ous com -

pounds. Nev er the less, the adsorp tion of mol e cules on the

rough ened metal sub strate may cause notice able changes in

its opti cal prop er ties. The most com monly known tech -

niques to inves ti gate this inter fa cial behav ior are sur -

face-enhanced Raman (SERS), sur face-enhanced infra red

absorp tion (SEIRA) spec tros copy, and polar iza tion-mod u -

lated SEIRA at the nanoscale (PM-SEIRA). 

Then, the inves ti ga tion focused on the drug behav ior on

the metal nanostructure and on test ing the strength of inter -

ac tion of the mol e cule with the metal sen sor  using  spe cific

sur face-enhanced vibra tional spec tro scopic tech niques

(SERS, SEIRA, PM-SEIRA) [Appl. Surf. Sci. 499 (2020)

143975]. The sub ject of the anal y sis were com pounds with

antitumor activ ity and poten tial drugs not yet used in ther -

apy adsorbed on the gold nanoparticles sur face [Appl. Surf.

Sci. 404 (2017) 168]. Fig. 5.3 shows a sche matic rep re sen ta -

tion of the performed study.

The use ful ness of the FTIR method for assess ing var i -

ous alter ations in tumorigenic and non-tumorigenic cells

[Sensors and Actuators B: Chemical, 313 (2020) 128039] was

deter mined in our next study. FTIR is a very sen si tive and

fast tool that gives infor ma tion about the chem i cal com po -

nent and mor phol ogy of cells and ensures the eval u a tion

and track ing of the effects caused by drugs. None the less,

only the devel op ment of imag ing meth ods has opened new

pos si bil i ties in can cer diag no sis and ther apy. The main con -

cept of this work was to develop a more accu rate way to

define the sen si tiv ity of can cer cells to drugs. It offered the

pos si bil ity of a pre cise search for spec tro scopic cor re la tion

and vari a tions between the spec tro scopic results obtained

for con trol cells and cells treated only with Au

nanoparticles (AuNPs) and cells treated with drug/AuNPs

con ju gates. a-Methyl-DL-tryptophan was used as a

chemotherapeutic agent. Three human breast cell lines, i.e.

MCF10A (non-tumorigenic), MCF7 (met a static, pleu ral

effu sion, mildly malig nant) and MDA-MB-231 (met a static, 

pleu ral effu sion, malig nant) were treated with different

concentrations of AuNPs and drug/AuNPs. 

This type of research is cur rently of great impor tance as

it may prove to be a key to a better under stand ing of bio -

chem i cal changes result ing from cell expo sure to

drug-nanosensor con ju gates. In a broader sense, this inves -

ti ga tion pro vides not only the effec tive dis tinc tion between

non-tumorigenic, mildly malig nant, and malig nant cells,

but above all it offers a novel approach to define the sen si -

tiv ity of can cer cells to drugs. It has been found that spec tral 
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Fig. 5.3. The main research paths including SERS, SEIRA, PM-SEIRA and cellular studies

1) This re search was sup ported by the Na tional Sci ence Cen tre, Po land (Grant no. 2017/01/X/ST4/00428). The mea sure ments were per -
formed us ing the equip ment pur chased in the frame of the pro ject co-funded by the Ma³opolska Re gional Op er a tional Pro gram Mea sure
5.1 Krakow Met ro pol i tan Area as an im por tant hub of the Eu ro pean Re search Area for 2007-2013, pro ject no.
MRPO.05.01.00-12-013/15.

https://doi.org/10.1016/j.apsusc.2019.143975
https://doi.org/10.1016/j.apsusc.2017.01.270
https://doi.org/10.1016/j.snb.2020.128039
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sig nals respon si ble for the data sep a ra tion between con trol

cells and cells exposed to drug/AuNPs con tain ing medium

are con nected with changes in nucleic acids, lipids, and

amide I and II oscillations. 

Type 2 dia be tes mellitus (T2DM) is a form of dia be tes

that is char ac ter ized by high blood sugar, insu lin

resis tance, and a rel a tive lack of insu lin. T2DM diag -

no sis is based on the con trol of blood param e ters (serum

glu cose and glycated hemo glo bin), usu ally after the onset of 

symp toms in the form of fre quent uri na tion (polyuria),

increased thirst (polydipsia), increased hun ger (polyphagia), 

and weight loss. Thus, the detec tion of early-stage T2DM

(with no clas si cal symp toms) is very chal leng ing. In the last

decade there has been a grow ing inter est in new meth ods

for the early diag no sis of this type of dis ease. Recently,

much atten tion has been focused on the use of

cell-derived extracellular ves i cles (EVs) for the early

detec tion of type 2 dia be tes mellitus. These nano-sized

mem bra nous ves i cles play a cru cial role in many bio log i cal

pro cesses, such as coag u la tion and fibrinolysis, intercellular

com mu ni ca tion, inflam ma tion, and angiogenesis. Owing to 

their pres ence in almost all body flu ids, EVs appear as

poten tial biomarkers of dis eases. Urine has shown to be a

par tic u larly rich res er voir of EVs released by glo mer u lar

epi the lial cells that line the uri nary tract. It has been sug -

gested that the num ber and con tent of uri nary EVs (UEVs)

can reflect the stage of renal dam age in dia be tes. This makes 

urine of great inter est for the diag no sis of this dis ease. Many 

opti cal and non-opti cal tech niques have been used for sev -

eral decades to char ac ter ize EVs, includ ing high-res o lu tion

imag ing with elec tron micros copy, nanoparticle track ing

anal y sis (NTA), dynamic light scat ter ing (DLS), tun able

resis tive pulse sens ing (tRPS), flow cytometry, atomic force

micros copy, and many oth ers. How ever, none of these

tech niques have proven to be with out lim i ta tions and the

EV com mu nity has not adapted a “gold stan dard” pro to col

for anal y sis. Raman spec tros copy is a non-destruc tive,

label-free method, based on inelas tic scat ter ing of mono -

chro matic light which pro vides infor ma tion about the

chem i cal con tent of EVs. Fur ther more, Raman spec tros -

copy is a prom is ing tool for clin i cal appli ca tions because it

enables spe cific detec tion of hemo glo bin and albu min

glycation which can be use ful for dia be tes mon i tor ing. Tak -

ing into account the poten tial use ful ness of UEVs as

biomarkers of dis eases, together with the Insti tute of Phys -

ics, Jagiellonian Uni ver sity, we explored the appli ca tion of

Raman spec tros copy in lab o ra tory med i cine to dis tin guish

UEVs col lected from dia betic patients and healthy con trols

(denoted by ‘C’) (Fig. 5.4). Additionally, we used the

spectral signature to compare diabetic patients having

glycemic control on different levels (controlled (‘CD’) and

uncontrolled (‘UD’) diabetes).

Aver age Raman spec tra of sam ples from the study

groups show dis tinct dif fer ences in the fin ger print region

(Fig. 5.5A). A clear sep a ra tion between the groups was also

con firmed by chemometric anal y sis. More over, the spec -

tro scopic anal y sis was sup ported with Par tial Least Squares

Regres sion (PLSR) anal y sis to find bio chem i cal dif fer ences

between sam ples from all the stud ied groups. PLSR mod els

revealed sig nif i cant dif fer ences in the con tent of lipids, pro -

teins, and nucleic acids. Based on the per formed study, one

may assume that Raman spec tros copy dis tin guishes

between CD and UD dia betic patients as well as between

dia bet ics and healthy sub jects. Finally, it is of great inter est

to com pare spec tral data with clin i cal char ac ter is tics. Thus,

Fig. 5.4. Schematic layout of the performed experiments [adapted from Nanomedicine Nanotechnology, Biol. Med. 17 (2019) 137].

https://doi.org/10.1016/j.nano.2019.01.011


the PLSR method was applied to cor re late Raman sig na -

tures with selected clin i cal param e ters. As can be seen in Fig. 

5.5B, the cor re la tion between the mea sured Raman spec tra

and serum glu cose con cen tra tion is good. It sug gests that

the PLSR method is a use ful tool to char ac ter ize spec tral

changes in Raman spectra, which correlate with clinical

parameters related to T2DM. 

The inves ti ga tion con firmed that Raman spec tros copy is 

a pow er ful tool for search ing for abnor mal i ties in UEVs

derived from patho log i cally altered tis sues, which can be

very use ful for the diag no sis of dia betic com pli ca tions at an

early stage. The results of this research were pub lished in a

pres ti gious jour nal Nanomedicine: Nanotechnology, Biol ogy and

Med i cine [Nanomedicine Nanotechnology, Biol. Med. 17 (2019) 137].

Fur ther more, an inven tion based on the obtained results

was applied for pat ent pro tec tion in Poland.1) In the next

step, the pat ent was expanded to inter na tional pro tec tion.2)

Now a days, non-com mu ni ca ble (chronic) dis eases are

con sid ered as respon si ble for the major ity of global

deaths. More over, can cer is pre dicted to be the lead -

ing cause of human death in the 21st cen tury. One of the

most impor tant ele ments of can cer treat ment is radio ther -

apy, which applies ion iz ing radi a tion (e.g. X-rays or pro tons) 

to dam age vital biomolecules (mainly DNA) and induce cell

death. Recently, much atten tion has been focused on the

appli ca tion of vibra tional spec tros copy meth ods for

the detec tion and anal y sis of radi a tion-induced dam -

age and response of can cer cells. 3)

Spec tro scopic meth ods are highly suit able for the detec -

tion and char ac ter iza tion of com plex bio log i cal sys tems. In

par tic u lar, Raman spec tros copy has shown prom ise as it

pro vides detailed molec u lar infor ma tion about the sam ple

and can eas ily detect struc tural changes. How ever, the

recent devel op ment of the AFM-IR tech nique, which com -

bines nanoscale imag ing with chem i cal con trast through

infra red spec tros copy, has opened up new fields for the

explo ra tion of subcellular bio chem is try. Fur ther more, as

opti cal tech niques, both meth ods are label-free, non-inva -

sive, and non-destruc tive, allow ing the simul ta neous detec -

tion of a vari ety of biomolecules (nucleic acids (DNA,

RNA), pro teins, lipids, etc.) in a sin gle acqui si tion. Thus,

vibra tional spec tros copy meth ods appear to be prom is ing

for study ing bio chem i cal changes induced by ion iz ing radi -

a tion. Since spec tro scopic mea sure ments based on sin gle

acqui si tion per cell take an inher ent risk of omit ting impor -

tant infor ma tion when only a small and ran dom sub set of a

cell area is probed, spec tro scopic imag ing shows the poten -

tial to provide more insight into chemical changes that

occur in the whole cell body. 

In the con ducted research, Raman and AFM-IR imag -

ing tech niques were applied to mon i tor subcellular changes

induced by ion iz ing radi a tion (X-ray) in PC-3 pros tate can -

cer cells. Spec tro scopic anal y sis was sup ported with Par tial
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Fig. 5.5. Average Raman spectra of UEVs isolated from C, CD and UD groups (A) with TEM image of the representative UEVs (insert), predicted and measured

serum glucose calculated from PLSR models  (B) [adapted from Nanomedicine Nanotechnology, Biol. Med. 17 (2019) 137].

1) Pat ent no. PAT.235682, ti tle: “Sposób wykrywania i diagnozowania przebiegu cukrzycy”
2) In ter na tional PCT ap pli ca tion no. PCT/PL2018/050059, ti tle: “A method of de tect ing and di ag nos ing the pro gres sion of diabetes”
3) This re search was sup ported by the Na tional Sci ence Cen tre, Po land (Grant no. 2015/19/D/ST4/01943). 

The mea sure ments were per formed us ing the equip ment pur chased in the frame of the pro ject co-funded by the Ma³opolska Re gional Op -
er a tional Pro gram Mea sure 5.1 Krakow Met ro pol i tan Area as an im por tant hub of the Eu ro pean Re search Area for 2007-2013, pro ject no.
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Least Squares Regres sion (PLSR) anal y sis to elu ci date the

time-depend ent evo lu tion of chem i cal changes induced in

cells by irra di a tion (Fig. 5.6A) [Sci. Rep. 9 (2019) 8715]. The

obtained regres sion mod els show good cor re la tions

between the applied and pre dicted X-ray dose (clear bio -

chem i cal changes with a dose iden ti fied by spec tro scopic

meth ods, Fig. 5.6B), even for early-stage cell response (cells

fixed just after the irra di a tion). It con firms the high util ity of 

spec tro scopic meth ods in explor ing bio chem i cal changes

induced by increas ing the dose of radi a tion in can cer cells.

More over, such changes seem to be sim i lar for two main

cell com po nents, i.e. cyto plasm and the nuclear region.

How ever, response strength depends strongly on time and

X-ray dose. On the other hand, the appli ca tion of the

Raman map ping tech nique enables com po nent-spe cific

pre dic tion of the deliv ered X-ray dose (Fig. 5.6C). This

novel approach shows that the cal cu lated radi a tion dose

depos ited in cyto plasm and nucleus is dif fer ent within the

cells and is depend ent on the time of cell response (fix a tion

time after irra di a tion) and X-ray dose. It sug gests that the

cyto plasm and nuclear region should be ana lyzed inde pend -

ently. Addi tion ally, a clear advan tage of Raman map ping

over sin gle-point mea sure ments can be con firmed by

comparison of PLSR models for average spectra of the

whole cell and randomly selected single pixels. 

Spec tro scopic anal y sis of the inves ti gated cells reveals

sig nif i cant het er o ge ne ity of the lipid con tent. Pros tate

can cer cells show a unique lipid metab o lism man i fested by

an increased require ment for lipid accu mu la tion in cytosolic 

lipid drop lets (LDs). Thus, these cell organelles were tested

for their com po si tion and the effect of X-ray irra di a tion

[BBA - Mol. Cell Biol. Lipids. 1865 (2020) 158753]. The anal y sis of

Raman spec tra shows that LDs in PC-3 cells are com posed

of either triacylglycerols (TAGs) or cho les terol esters

(CEs). More over, LDs exhibit sig nif i cant het er o ge ne ity of

chem i cal com po si tion. Fur ther inves ti ga tion shows that

X-ray irra di a tion has a smaller impact on LDs com po si tion

and to a greater extent affects lipid con cen tra tion. Since

LDs are usu ally less than 1 mm in size, AFM-IR imag ing was 

applied for detailed anal y sis of LDs dis tri bu tion in

untreated and irra di ated cells [Nanotechnology. 30 (2019)

425502]. Apart from large LDs aggre gates rich in CEs, small

spots of high lipid sig nal can be found across the cell body.

LDs as small as 150 nm in size can be suc cess fully revealed

in the cyto plasm using the AFM-IR tech nique (Fig. 5.7),

which is def i nitely below the dif frac tion limit of stan dard

FT-IR and Raman mea sure ments. The anal y sis of AFM-IR

spec tra indi cates the homo ge neous com po si tion of LDs in

sin gle cells and their het er o ge neous com po si tion within the

cell pop u la tion. As can be seen, both Raman and AFM-IR

tech niques show high use ful ness in ana lyz ing LDs accu mu -

lated in the cytoplasm of cancer cells in terms of spatial

distribution, composition, and the effect of irradiation. 

Fig. 5.6. Schematic layout of the performed experiments (A), PLSR model for cells fixed 48 h after irradiation (B), Raman map of the predicted X-ray dose for the

48 h timepoint and X-ray dose of 10 Gy (C) [adapted from Sci. Rep. 9 (2019) 8715].

https://doi.org/10.1038/s41598-019-45179-y
https://doi.org/10.1016/j.bbalip.2020.158753
https://doi.org/10.1088/1361-6528/ab31dd
https://doi.org/10.1088/1361-6528/ab31dd
https://doi.org/10.1038/s41598-019-45179-y


Finally, the effect of irra di a tion should be con sid ered at

two stages, i.e. the physicochemical stage and the bio log i cal

response. Both effects induce dif fer ent bio chem i cal

changes in the cells and should be ana lyzed as two sep a rate

phe nom ena. The obtained regres sion mod els, per formed

sep a rately for cyto plas mic and nuclear regions, show good

cor re la tions for both effects [J. Biophotonics. 13 (2020)

e202000252]. How ever, the physicochemical dam age mod els 

show weaker dose-depend ence than the bio log i cal response 

mod els. This sug gests that the effect of the physicochemical 

dam age to cell com po nents is more sub tle than the

early-stage bio log i cal response of the cells to irra di a tion.

Fur ther more, a com par i son of Raman sig na tures related to

regres sion mod els proves that both effects are asso ci ated

with dif fer ent bio chem i cal changes and the early-stage bio -

log i cal response of the cells can not be con fused with the

physicochemical dam age caused by X-ray irra di a tion. The

research shows that spec tro scopic stud ies of radi a tion

effects are sen si tive enough to dis crim i nate between the ini -

tial dam age and the response of the cell. This fact/find ing

seems to be par tic u larly impor tant as iden ti fy ing the mech -

a nisms of radi a tion-induced cell responses, both in terms

of dam age and repair, has potential clinical implications for

improving outcomes with radiation therapy. 

The activ ity of metal com plexes in bio log i cal sys tems

is com monly stud ied with the use of X-rays. In addi -

tion to the com pounds occur ring nat u rally in the

human body, metal ions are also required the role they play

as pharmaceuticals as well as diag nos tic agents. Due to the

increas ing num ber of can cer cases in the world, inves ti ga -

tions into new anti-tumor drugs con tain ing metal ions are

par tic u larly impor tant. The lack of molec u lar mech a nis tic

under stand ing of the inter ac tion between metal com -

plexes and biomolecules ham pers their poten tial med i cal 

use. Until now, the for ma tion of metal–  biomolecule
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Fig. 5.7. AFM (deflection) image of a PC-3 cell (A). AFM-IR signal image (1730 cm–1 band) of the cell with marked area (red square) of the selected LDs (B).
Magnified area of the LDs selected at (B) with a profile line (C). AFM-IR signal profile (indicated in (C) with a black line) (D).

https://doi.org/10.1002/jbio.202000252
https://doi.org/10.1002/jbio.202000252
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adducts could be mon i tored only by indi rect meth ods that

evi dence the exis tence of inter ac tions. In this pro ject we

pre sented an orig i nal method to reveal the inter ac tions of

metal com plexes with biocompounds based on res o nant

X-ray emis sion spec tros copy (RXES) and the o ret i cal sim u -

la tions [J. Phys. Chem. Lett. 8 (2017) 805]. The pro posed meth -

od ol ogy, called atomic telem e try, is label free and can be

employed for in situ and in vivo mea sure ments, enabling

the direct study of the inter ac tion between the com plex and

biomolecules within times that are shorter than those in

cur rent prac tices. One impor tant advan tage of atomic

telem e try with respect to other com ple men tary meth ods

cur rently in use is that low drug dosages commonly used in

the treatment of cancer can be detected and analysed. 

The report unveils a hydro ly sis pro cess and DNA bind -

ing of [Pt{N(p-HC6F4)CH2}2py2], known as Pt103 (Fig.

5.8.), which showed poten tial cytotoxic activ ity against can -

cer cells. The results of RXES exper i men tal data anal y sis

and molec u lar dynam ics sim u la tions con firmed that Pt103

pref er en tially coor di nates to adja cent ade nine sites, instead

of gua nine sites as in cisplatin, because of its hydro gen bond 

abil ity. That may explain large bio log i cal activ ity of Pt103

and can be use ful in fur ther design ing of new anticancer

drugs.

The pro posed approach was also suc cess fully imple -

mented to the stud ies of hydro ly sis mech a nism of Pt103

oxi da tion prod uct, namely Pt103(OH)2 [J. Inorg. Biochem.

187 (2018) 56]. As a result, it was revealed that hydro ly sis

pre ceded any reduc tion of the metal cen ter, which may play

an impor tant role in explain ing its antitumor activity.

Tran si tion metal com pounds con sti tute one of the

most inter est ing classes of mate ri als with unique

prop er ties, such as super con duc tiv ity,

magnetoresistance, ferroelectricity, thermoelectricity, and

opti cal and cat a lytic activ ity. This makes them attrac tive in

areas such as optics, elec tron ics, catal y sis, sen sors, and

energy con ver sion and stor age. The func tional prop er ties

of these mate ri als are very sen si tive to the elec tronic band

struc ture of the cen tral tran si tion metal, in par tic u lar the

com po si tion of occu pied and unoc cu pied elec tronic states

in the vicin ity of Fermi ener gies. Thus, the knowl edge about 

the elec tronic struc ture of tran si tion metal ele ments, espe -

cially orbital con tri bu tion and the rel a tive energy posi tion of 

the high est occu pied (valence band) and the low est unoc cu -

pied states (con duc tion band), is crucial for the design of

innovative and efficient materials.

In this pro ject, the com bi na tion of res o nant and

non-res o nant X-ray emis sion spectroscopies and the o ret i -

cal mod el ling was used to pro vide a quan ti ta tive anal y sis of

5d metal-oxide total elec tronic struc tures (occu pied and

unoc cu pied states) [J. Synchrotron Rad. 27 (2020) 689]. Metal

and metal-oxide mate rial cases stud ies (W and WO3,

respec tively) were eval u ated to show the abil ity of the

approach to assess simul ta neously the com po si tion of the

elec tronic states around-Fermi, band gap ener gies, and the

strength of crys tal field split ting. The exper i men tal RXES

plane for tung sten (VI) oxide mate rial is pre sented in Fig.

5.9. The dom i nant fea ture in the WO3 RXES plane is strong 

2p3/2 ® 5d sig nal, with two intense res o nances whose

Fig. 5. 8. Representation of hydrolysis and DNA binding of Pt103 [Reproduced 

with permission from: J. Phys. Chem. Lett. 8 (2017) 805, Copyright

2021American Chemical Society].

Fig. 5.9. RXES plane measured around the W L3 absorption edge for WO3

material. The extracted HR-XAS spectrum is plotted as the red line on the

plane. [Reproduced from J. Synchrotron Rad. 27 (2020) 689 by
permission].

https://pubs.acs.org/doi/10.1021/acs.jpclett.7b00070
https://www.sciencedirect.com/science/article/pii/S0162013418302903
https://journals.iucr.org/s/issues/2020/03/00/ok5016/
https://pubs.acs.org/doi/10.1021/acs.jpclett.7b00070
https://journals.iucr.org/s/issues/2020/03/00/ok5016/


appear ance is due to split ting of the W 5d states into the

W t2g and eg orbitals by the crys tal field of the sur round ing

oxy gen atoms. The com po si tion of occu pied and unoc cu -

pied elec tronic states of a mate rial in the vicin ity of Fermi

ener gies is vital because it under pins its phys i cal, chem i cal

and mechan i cal prop er ties. The results obtained in the pro -

ject study are impor tant for the ratio nal design of

metal-oxide mate ri als and may be adapted to study other

transition metal compounds with different composition,

morphology and structures.

For many years X-ray stud ies on com plex sys tems have

been accom pa nied by a con cern about the dam age

inflicted onto the stud ied mate rial by an inci dent X-ray 

beam, espe cially when using the bright 3rd and 4th gen er a tion 

radi a tion sources such as X-ray free-elec tron lasers

(XFELs). The radi a tion dam age is the unwanted con se -

quence of the high ion iza tion of the stud ied mate rial by an

intense probe beam: elec tronic struc ture change, bond

break ing, Cou lomb explo sion, struc tural change.  Prog ress

in over com ing the X-ray dam age influ ence on the exper i -

men tal data has been made pos si ble on the part of the exci -

ta tion beam itself with the advent of the 4th gen er a tion X-ray 

sources. The new X-ray source   short ens the X-ray pulse

dura tion to femto seconds while main tain ing a high num ber

of pho tons. This improve ment opened the way to develop

the so-called probe-before-destroy approach allow ing molec u lar

sys tems to be probed before the radi a tion dam age causes

observ able changes in them. The radi a tion dam age is typ i -

cally con sid ered in terms of the Cou lomb explo sion lead ing

to a struc tural change, while it has been shown that the

much faster elec tronic struc ture change may also have a

significant influence on the X-ray diffraction (XRD) results.

We irra di ated 0.1 M sol vent of potas sium hexa -

cyanoferrate(II) trihydrate (K4[Fe(CN)6 . 3H2O]) in dis tilled

water with XFEL pulses of dif fer ent pho ton fluxes and

observed a monotonic change in the Fe Kb emis sion spec -

trum with increas ing pho ton flux [Structural Dynamics 6 (2019)

024901]. This find ing can not be related to the metal-site

direct absorp tion, which may be con sid ered only as a higher

order con tri bu tion. A detailed anal y sis revealed an addi -

tional strong con tri bu tion to the probed atoms’ elec tronic

struc ture mod i fi ca tion much faster than direct photo -

absorption. This con tri bu tion orig i nated from the ion iza -

tion of the probed Fe atoms’ envi ron ment and led to the

cre ation of short-lived high valence states which is an unex -

pected phe nom e non because the probe- before- destruction

meth od ol ogy, a strat egy pio neered for struc ture-related

mea sure ments free of beam dam age, does not pre dict it.

There fore such a study should be con tin ued since this work

calls for con sid er ation of the elec tronic struc ture change in

exper i ments with XFEL sources focused on sam ples

embed ded in e.g., solu tions or in matrices, which in fact

concerns most of the experimental studies.

Par ti cle Induced X-ray Spec tros copy in Cul tural Her i -

tage has come into com mon use by his to ri ans. The

larg est numis matic col lec tion of sil ver denarii dat ing

back to the ear li est devel op ment of the Pol ish medi eval

state was stud ied using  pro ton microprobe induced X-ray

emis sion spec tros copy (mPIXE).

The whole col lec tion, housed in the National Museum

in Krakow, encom passes over 70 objects, attrib uted to

Mieszko (Misico) and Boleslaus the Brave. The basic aim of 

the study was to deter mine the denarii ele men tal com po si -

tion in order to cross-com pare the results with  pre vi ous

micro-X-ray flu o res cence data and to per form a better

quan ti fi ca tion of the denarii ele men tal com po si tion,
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Fig. 5.10. Simulated energy and time distributions of incident photons as well
as energetic photo- and Auger electrons under ultrashort intense X-ray pulse

irradiation [Figure reproduced from: Structural Dynamics 6 (2019) 024901
published under CC BY 4.0 license].

Fig. 5.11. Silver denar of the Boleslaus the Brave [Reprinted from

J.Radioanal Nucl Chem, 314 (2017) 2309 under CC BY 4.0 license].

https://aca.scitation.org/doi/full/10.1063/1.5090332
https://aca.scitation.org/doi/full/10.1063/1.5090332
https://aca.scitation.org/doi/full/10.1063/1.5090332
https://pubmed.ncbi.nlm.nih.gov/29213161/
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espe cially with regard to trace ele ments [J. Radioanal Nucl

Chem, 314 (2017) 2309, Surf. and Int. Anal., 50 (2018) 78]. The

major ele ments detected were Ag, Cu, and Pb, but minor

ele ments, such as Fe, Au, Bi, Hg, and Zn, were also pres ent,

indi cat ing the prov e nance of the alloy com pounds. Among

the oth ers sig nif i cantly ele vated level of Mer cury con tent

deter mined in 11 denarii sug gests the Cen tral Asian ori gin

of the alloy mate rial, obtained prob a bly by way of re–melt -

ing  Islamic coins. The more strict ele men tal com po si tion of 

the denarii attrib uted to Mieszko is most prob a bly a result

of a more devel oped tech nol ogy, which sup ports the

hypoth e sis that they were minted later – not dur ing the rule

of Mieszko I, but of Mieszko II Lambert, the son of

Boleslaus.

Rheology of mus cles has become a mechan i cal

fin ger print of mus cu lar dys tro phy. Duchenne

mus cu lar dys tro phy (DMD) is still an incur able dis -

ease; there fore, there is much ongo ing research on poten tial 

treat ment strat e gies, such as gene or stem cell-based ther a -

peu tic approaches applied to DMD ani mal mod els (mdx

mice). We eval u ated bio chem i cal and biomechanical

changes in mdx skel e tal mus cles sub jected to an autologous

cell trans plan ta tion approach, whereby the trans planted

mesoangioblast cells (MABs) were treated to express

full-length dystrophin (Fig. 5.12). As expected, a bio chem i -

cal anal y sis of the dystrophin level showed a sub stan tial

decrease of the dystrophin amount in mdx/SCID mus cles

with respect to wild-type (B6/SCID) mus cles asso ci ated

with the decrease of Young's and shear modulus, indi cat ing

the mus cle weak en ing. The biomechanical char ac ter is tics

of MABs trans planted mus cles depend on the scale, i.e.

nano- or macro-inden ta tion. The nanomechanical prop er -

ties of mdx/SCID 1T mus cles showed no ame lio ra tion of

the mus cles mechan i cal prop er ties. In mdx/SCID 3T sam -

ples, a bimodal modulus dis tri bu tion was observed, show -

ing mus cle fibers func tion res to ra tion [Mol. Ther. 26 (2018)

1093]. Macro-rhe o log i cal stud ies showed that autologous

cell ther apy results in mus cle func tion res to ra tion as stor age 

modulus val ues of trans planted sam ples are close to the

shear modulus of wild-type mus cles, regard less of the num -

ber of trans plan ta tions. Shear rhe ol ogy mea sure ments also

Fig. 5.12. (a) Dystrophin expression in wild-type (B6/SCID), dystrophic (mdx/SCID) and mesoangioblasts (MABs, GFP+Dys+) transplanted mdx/SCID muscles,
and (b) elasticity (E) of muscle fibers obtained with AFM. (c&d) Macrorheological properties of normal, diseased, and MABs transplanted tibialis anterior muscles.

[Mol. Ther. 26 (2018) 1093].

https://link.springer.com/article/10.1007/s10967-017-5556-8
https://link.springer.com/article/10.1007/s10967-017-5556-8
https://onlinelibrary.wiley.com/doi/10.1002/sia.6338
https://pubmed.ncbi.nlm.nih.gov/29503200/
https://pubmed.ncbi.nlm.nih.gov/29503200/
https://pubmed.ncbi.nlm.nih.gov/29503200/


revealed that vis cous prop er ties, described by loss modulus

or loss fac tor, can not be neglected. The obtained results

confirm that biomechanical measurements are a useful tool

supporting the disease diagnosis and detection. 

Rigidity increase in the spi nal cord tis sue dur ing

the MD onset phase occurs before sig nif i cant

alter ations in histopathological and clin i cal

symp toms. The increase in white mat ter rigid ity can be

regarded as an early sig na ture of exper i men tal auto im mune

encephalomyelitis (EAE) being a mouse model of mul ti ple

scle ro sis (MS), a chronic inflam ma tory dis ease of the cen tral 

ner vous sys tem. We pos tu late that bio log i cal and

biomechanical prop er ties play an impor tant role in spi nal

cord func tion impair ments. Atomic force micros copy

(AFM) was applied to inves ti gate spi nal cords' mechan i cal

prop er ties col lected from EAE mice in preonset, onset,

peak, and chronic dis ease phases (Fig. 5.13). Biomechanical

changes were com pared with histopathological alter ations

observed in the suc ces sive phases. Tis sue rigid ity increased

in the onset phase before histopathological and clin i cal

symp toms altered sig nif i cantly — these find ings point to

elastography as meth ods for early MS detec tion and the use

of drugs releas ing tis sue ten sion [Arch. Biochem. Biophys. 680

(2020) 108221].

Syndecans are recep tors that, together with integrins,

con trol cell inter ac tions with extracellular matrix

com po nents such as vitronectin (VN). Despite

struc tural sim i lar i ties between all syndecan fam i lies, their

spe cific attach ment to extracellular matrix pro teins is

defined by heparan and chondroitin chains. Force spec -

tros copy data, recorded by an atomic force micro scope

(AFM, Fig. 14a), were ana lyzed using two the o ret i cal

approaches describ ing force-induced unbind ing, authored

by Bell-Evans Dudko-Hum mer-Szabo. The results reveal

var i ous unbind ing kinet ics for each type of sin gle syndecan

com plex [J. Phys. Chem. Let. 9 (2018) 1509]. One of the

syndecan fam ily mem bers, syndecan-4, unbinds by cross -

ing over only one energy bar rier. Syndecan-4 located at the

cell mem brane inter acts with vitronectin; there fore, its

unbind ing prop er ties were com pared to the inter ac tion of

aVb1 integrin to VN, too (Fig. 5.14b). As each ECM pro -

tein, vitronectin pos sesses two bind ing sites spe cific to

integrins and syndecans. The obtained data enabled us to

recon struct the unbind ing path ways and pro pose the

model show ing that the unbind ing of aVb1 from VN pro -

ceeds before the unbind ing of SDC-4, sug gest ing the reg u -

la tory role of syndecan-4 in cell adhe sion (Fig. 5.14c).

Diag nos tic tech niques such as Mag netic Res o -

nance Imag ing (MRI) and Spec tros copy

(MRS) are sen si tive to the tis sue struc ture as

well as bio chem i cal com po si tion. Local ized MRS was

used for the non-inva sive eval u a tion of brain metab o lism in 

the model of anorexia nervosa (AN). Anorectic patients

pres ent aber rant eat ing behav iors lead ing to the reduc tion

of energy intake, caused by an intense fear of gain ing weight 

86  

 
hcraese

R yra
nil

picsi
dret

nI f
o 

n
oisivi

D .5

Fig. 5.13. In the mice model of multiple sclerosis, spinal cord tissues stiffen in the disease course. The increased rigidity appears before histopathological

alterations and clinical symptoms. From [Arch Biochem. Biophys. 680 (2020) 108221] under license No. 5032110528243.

https://pesquisa.bvsalud.org/portal/resource/pt/mdl-31816310
https://pesquisa.bvsalud.org/portal/resource/pt/mdl-31816310
https://pubs.acs.org/doi/10.1021/acs.jpclett.7b03420
https://pesquisa.bvsalud.org/portal/resource/pt/mdl-31816310
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and dis tor tion of the body image. For this study, a rat model

of activ ity-based anorexia (ABA) was used. The hypo thal a -

mus and the brain stem were cho sen as regions of inter est

for the in vivo spec tro scopic stud ies since those struc tures

play an impor tant role in the reg u la tion of metab o lism in

humans. Sin gle voxel 1H MRS, using the point-resolved

spec tros copy (PRESS) sequence, was used to assess the

neurochemical com po si tion of those regions (Fig. 5. 15).

Espe cially the lev els of glu ta mate (Glu) and g-aminobutyric

acid (GABA) were assessed. The spec tra were ana lyzed

with the LCModel soft ware to obtain quan ti ta tive

Fig. 5.14. Unbinding of individual complexes by AFM (a) delivers the so-called dynamic force spectra (b) that can be applied to reconstruct the energy landscape

during the unbinding (c). Obtained parameters served to model the unbinding pathway in the co-operative interactions between syndecans and integrins. [J.
Phys. Chem. Let. 9 (2018) 1509 and from Micron 137 (2020) 102888] under license No. 5032110280467.

Fig. 5. 15.  Schematic view of the
position of MRS voxels in the
hypothalamus (yellow) and in the
brain stem (red) overlaid over the
three orthogonal cross-sections
through T2 weighted image of the rat
brain. Below examples of proton
spectra from the hypothalamus (left
drawing, the yellow region) and the
brain stem (right drawing, the red
region). The black line is the
measured data and the red line is the
LCModel fit. The following peaks can
be assigned to the metabolites as
follows: a - Ins; b - Cr, PCr; c - Glu,
Gln, GSH; d - Ins, PCh; e - Ins; f -
Tau; g -GPC, PCh; h - Cr, PCr; i -
Asp; j - NAA; k - Glu; l - NAA; m –

GABA. From [NMR
Biomed.,33(2020)e4306002/nbm
.4306] by permission.

https://pubs.acs.org/doi/10.1021/acs.jpclett.7b03420
https://pubs.acs.org/doi/10.1021/acs.jpclett.7b03420
https://pubmed.ncbi.nlm.nih.gov/32554186/
https://doi.org/10.1002/nbm.4306
https://doi.org/10.1002/nbm.4306
https://doi.org/10.1002/nbm.4306


infor ma tion on the con tent of 17 metab o lites. More over,

the effect of sub cu ta ne ously admin is tered kisspeptin-10 on

the measured brain metabolites level was quantified.

The obtained results showed that kisspeptin rein forced

food con sump tion in this model of anorexia is chang ing a

pat tern of weight loss. A sta tis ti cally sig nif i cant change in

the con cen tra tion of creatine (Cr), phosphocreatine,

GABA, glutathione and inositol com pared to the con trol

group was detected. Sub cu ta ne ous admin is tra tion of

kisspeptin reversed the decrease in GABA and Cr lev els in

the hypo thal a mus as well as restored Glu level in the brain

stem.

This exper i ment con firms that exces sive exer cise and

food restric tion alter the bal ance of main neurotransmitters

while periph er ally admin is tered kisspeptin appears to par -

tially restore Glu and GABA sig nal ling, as well as alle vi ate

the fluc tu a tions in other brain metab o lites [NMR

Biomed.,33(2020)e4306002/nbm.4306].

The theranostic poten tial of var i ous nanocomposites

was inves ti gated using Mag netic Res o nance

Relaxometry and Imag ing. The term ‘theranostic’

relates to an object that com bines two modal i ties: ther apy

and diag nos tic imag ing. The uti li za tion of such mate ri als

instead of two sep a rate sub stances for each appli ca tion

intro duces a pos si bil ity of over com ing dif fer ences in

biodistribution and selec tiv ity of admin is tered ther a peu tic

and imag ing agents. Mag netic res o nance imag ing can be

used to obtain a spa tial dis tri bu tion of nanoparticles owing
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Fig. 5.16. Qualitative and quantitative
analysis of MRI volume images of lungs.

1: Single slice from the MRI image
volume (left) and 3D projection of
segmented lung image volume (right);

2: histograms of volume lung images
obtained for three different MOF
concentrations (the grey arrows show
the influence of MOF concentration on
the image intensity histogram; i.e.,
decrease in maximum histogram value
and expansion in the image intensity
range towards higher intensities); 

3: views of rendered left lobe fine
structure (the yellow circle shows details
of deeper lung areas contrasted with
MOF). 

From Pharmaceutics2019,11(12)
687],  under CC BY4.0 license.

https://doi.org/10.1002/nbm.4306
https://doi.org/10.1002/nbm.4306
https://doi.org/10.3390/pharmaceutics11120687
https://doi.org/10.3390/pharmaceutics11120687


89

5. D
ivisio

n
 o

f In
terd

iscip
lin

ary R
esearch

 

to con trast changes in 1H image caused by an inter ac tion

between water and para mag netic ions, superparamagnetic

iron oxides or by uti lis ing an addi tional sig nal of x-nucleus

(e.g 19F). The theranostic approach to local tuber cu lo -

sis treat ment enables drug deliv ery and imag ing of the

lungs for a better con trol and per son al iza tion of anti bi -

otic ther apy. Metal-organic frame work (MOF)

Fe-MIL-101-NH2 nanoparticles were loaded with

isoniazid. Mag netic res o nance imag ing (MRI) con trast

capa bil i ties were tested on porous lung tis sue phan tom and

ex vivo rat lungs. The final prod uct showed good aero dy -

namic prop er ties, mod i fied drug release, eas ier uptake by

macrophages in rela tion to raw isoniazid-MOF, and MRI

con trast capa bil i ties. Start ing from raw MOF, a fully func -

tional inhalable theranostic sys tem with a poten tial appli ca -

tion in per son al ized tuber cu lo sis pul mo nary ther apy was

developedain  [Pharm Res. 35, (2018)144, Pharm. 2019, 11(12)].

Other inves ti gated mate ri als were nanocapsules for

anti-can cer ous drugs deliv ery, con tain ing sub stances com -

monly used as MRI con trast agents: mag ne tite (Fe3O4) or

gad o lin ium (Gd) nanoparticles [Col. Surf. B 183 (219) 110396,

RSC Adv. 2020, 43607]. An anti-can cer ous drug (Paclitaxel,

PTX) was encap su lated in multifunctional hybrid

nanocarriers formed via the layer-by-layer tech nique with

bio de grad able polyelectrolytes labelled with gad o lin ium or

with iron oxide nanoparticles (SPIONs). In both cases, we

con firmed that the obtained NCs could be suc cess fully

used as  MRI-detect able drug deliv ery sys tems.  We dem on -

strated that nanocarriers with Gd dis play pos i tive con trast -

ing prop er ties while nanocapsules with Fe3O4 can serve as

neg a tive MRI con trast agents. We car ried out sim i lar exper -

i ments for Fe3O4@SiOang2057 2@Au nanoparticles for

MRI-guided chemo/NIR photothermal ther apy of can cer

cells [RSC Adv. 2020,10,26508]. In order to eval u ate their

theranostic poten tial, we inves ti gated the MRI con trast ing

prop er ties of the active ele men t of the nanoparticle (i.e.

Fe3O4@SiO2). Very high R2 relaxivity rate value results in

strong MR contrast.

Para mag netic lanthanide-based NPs are cur rently

designed MRI con trast agents to obtain opti mal relaxivities

at high mag netic fields of 7, 9.4, and 11.7 T where human

imag ing has been pos si ble yield ing high con trast to noise

ratio com pared to the clin i cal field of 3 T. How ever, the

under ly ing lon gi tu di nal (T1) and trans verse (T2) relax ation

mech a nisms of the NP-based con trast agents based on the

spa tial motion and prox im ity of water pro tons with respect

to the para mag netic ions on the sur face of NPs are still not

well under stood, spe cif i cally in terms of con tri bu tions from 

inner, sec ond, and outer spheres of coor di na tion of water

mol e cules to the NPs. We showed that the Gd3+-based

NPs, e.g., NaGdF4, are prom is ing T1 con trast agents owing 

to the para mag netic Gd3+ pos sess ing a sym met ric

8S7/2-state and slow elec tronic relax ation rel e vant to its

eficiency to pro duce a pos i tive (T1) con trast. Water -

dispersed NaGdF4:Eu3+ and NaY–NaGdF4:Eu3+

core–shell NPs were stud ied at 9.4 T. Excited state life time

decays of Eu3+ dop ants, which are highly sen si tive to prox -

i mate water mol e cules, were ana lyzed, dem on strat ing a

dom i nance of inner and sec ond sphere con tri bu tion over

outer sphere to the T1 and T2 relax ations in smaller

NaGdF4:Eu3+ NPs while exclu sively outer sphere in

NaYF4–NaGdF4:Eu3+ core–shell NPs [Chem. C 2018, 122,

21, 11557]. (Fig 5.17). 

Nanocarriers con tain ing flu o rine were another group of

inves ti gated mate ri als. In our study we inves ti gated

nanocarriers formed via the layer-by-layer tech nique with

bio de grad able polyelectrolytes and with Nafion®: poly mer

with high 19F con tent [Langmuir 2020, 36, 32, 9543,

Fig.5.17. Scheme of the experimental verification of the contrasting mechanism of waterdispersed, Eu3+ based NPs. From [J. Phys. Chem. C2018, 122, 21,
11557 by permission.

http://dx.doi.org/10.1007/s11095-018-2425-2
http://dx.doi.org/10.3390/pharmaceutics11120687
http://dx.doi.org/10.1016/j.colsurfb.2019.110396
http://dx.doi.org/10.1039/D0RA07507H
http://dx.doi.org/10.1039/D0RA03699D
http://dx.doi.org/10.1021/acs.jpcc.8b02807
http://dx.doi.org/10.1021/acs.jpcc.8b02807
http://dx.doi.org/10.1021/acs.langmuir.0c01512
http://dx.doi.org/10.1021/acs.jpcc.8b02807
http://dx.doi.org/10.1021/acs.jpcc.8b02807


Nanomaterials 2020, 10(11), 2127]. The close to zero nat u ral

con cen tra tion of 19F nuclei in the human body makes flu o -

rine atoms a per fect MRI marker with out any nat u ral back -

ground sig nal. This cre ates the oppor tu nity of local iz ing and 

iden ti fy ing only exog e nous flu o ri nated com pounds with

100% spec i fic ity of the sig nal. The appli ca tion of

heteronuclear mag netic res o nance imag ing results in

obtain ing a spa tial dis tri bu tion of X-nucleus imposed on a

con ven tional 1H image. Such a con trast is so called hot-spot 

con trast. To over come lim i ta tions due to such short T2, the

3D UTE pulse sequence was applied to 19F MR imag ing.

Images of Nafion®- con tain ing sam ples with SNR ³ 5 with

acqui si tion time below 30 min for 19F con cen tra tion as low

as 1.53 × 10–2 mmol 19F/g of sam ple were obtained. This is

com pa ra ble with the results obtained for the molecules

which exhibit more preferable MR characteristics. 

Multimodal probes are an asset to sim pli fied and

improved med i cal imag ing. In par tic u lar, the

com bi na tion of flu o res cence imag ing and mag netic

res o nance imag ing (MRI) offers sought-after capa bil i ties.

We showed that pyrrolidin-2-one-capped man ga nese oxide 

nanoparticles (MnOpyrr NPs) com bine MRI with flu o res -

cence micros copy to func tion as effi cient bifunctional

bio-nanoprobes [ASC Appl. Mater. Interfaces 2019, 11,14 13069]. 

The MnOpyrr NPs are sol u ble in water with out any fur ther

postsynthetic mod i fi ca tions. The r1 relaxivity and r2/r1 ratio 

indi cated that these NPs are poten tial T1 MRI con trast

agents at clin i cal (3 T) and ultrahigh (9.4 T) mag netic fields.

Serendipitously, the as-pre pared NPs were

photoluminescent. The unex pected lumi nes cence can be

ascribed to the mod i fi ca tion of the pyrrolidin-2-one dur ing

the ther mal treat ment. MnOpyrr NPs were suc cess fully

used to enable flu o res cence micros copy of HeLa cells,

dem on strat ing bifunctional imag ing capa bil i ties. A low

cytotoxic response in two dis tinct cell types (HeLa,

HepG2) sup ports the suit abil ity of MnOpyrr NPs for

biological imaging applications.
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6. Division of Applications of
Physics

Energy pro duc tion, human health and cli mate changes 

are major and closely inter re lated chal lenges for the

future of man kind. The rapid increase in world’s

pop u la tion over the 20th cen tury, together with its increas -

ing energy con sump tion will soon exhaust the poten tially

lim ited nat u ral resources of oil and gas, and of envi ron men -

tally unac cept able coal. This stim u lates and extends the

search for envi ron men tally friendly and renew able energy

sources. Nuclear and ther mo nu clear sources of energy,

such as that pro duced by the cur rent nuclear fis sion reac tors 

and the future nuclear fusion reac tors, are envi ron men tally

clean and able to oper ate under any cli ma tic con di tions.

Envi ron men tally clean and renew able energy pro duc tion

should then relieve the symp toms of cli mate warm ing,

observed, e.g., by gla cier retreatment in the polar or high

moun tain regions of the world. Abun dance of energy sup -

ply, while improv ing the qual ity of life and fur ther extend -

ing the aver age life expec tancy, will result not only in major

soci etal changes but will also lead to a more fre quent occur -

rence of can cer dis eases - which must be off set by the devel -

op ment of means to fight and cure cancer more efficiently

than today.

The activ i ties of our Divi sion of Appli ca tions of Phys ics

are focused on three main research areas:  future sources of

energy, mon i tor ing of the envi ron ment, and fur ther

advanc ing the fight against can cer. We are involved in the

ITER (Inter na tional Ther mo nu clear Exper i men tal Reac -

tor) pro ject – a major world-wide effort to develop the

future ther mo nu clear energy source. By oper at ing and

devel op ing extremely sen si tive instru ments we are able to

mon i tor and pro vide expert anal y sis of radi a tion in the envi -

ron ment, includ ing the Arc tic and moun tain gla ciers. Since

Feb ru ary 2011, can cer patients are rou tinely treated with

lat est state-of-art pro ton radio ther apy at our Insti tute.

Along with clin i cal work involv ing patient treat ment, we

con duct a broad programme of research in dosim e try and

med i cal phys ics to improve the clin i cal out come of such

radio ther apy. We also con tinue our long tra di tion of

devel op ing inno va tive radi a tion detec tors, mainly exploit -

ing ther mally or opti cally stim u lated lumi nes cence (TL,

OSL), which are broadly applied in clinical dosimetry,

environmental dosimetry and individual monitoring. 

The Depart ment of Radi a tion Trans port Phys ics is

actively engaged in a world-wide programme to develop

future sources of energy - ther mo nu clear reac tors, based on

toka mak or stellarator prin ci ples. Work ing as part ners of

the Euro pean con sor tia - EUROfusion and Fusion for

Energy, this Depart ment devel ops high-res o lu tion neu tron

diag nos tics to study and con trol the plasma at the ITER

toka mak. We are also heavily involved in the DONES pro -

ject to pre pare the design of the Inter na tional Fusion Mate -

ri als Irra di a tion Facil ity, DEMO-Ori ented Neu tron Source

(IFMIF-DONES). The mis sion of IFMIF-DONES will be

to test and val i date the prop er ties of mate ri als irra di ated by a 

fusion-type spec trum of fast neu trons at rel e vant doses and

tem per a tures. Our activ ity in this pro ject con cen trates on

mod el ling the neu tron radi a tion doses, on the design of the

Start-up Mon i tor ing Mod ule and on the design of facil i ties

for com ple men tary phys ics exper i ments.  At our home lab -

o ra tory we oper ate a 14 MeV neu tron gen er a tor and our

Plasma Focus Z-pinch device, mainly for pur poses of basic

research. This includes stud ies of plasma com pres sion

dynam ics, of plasma pinch evo lu tion, and of sym me try and

sta bil ity of hot and dense high cur rent-con duct ing elec -

tron-ion plasma with var i ous plasma admix tures. Within

another area of this activ ity, an expert Monte-Carlo mod el -

ling group devel ops exten sive cal cu la tions of radi a tion

trans port in com plex sys tems, applied in the design of neu -

tron and gamma diag nos tics, and in the eval u a tion and

inter pre ta tion of results of experiments in various

disciplines, including medical physics, plasma physics and

nuclear borehole geophysics.

The Depart ment of Radi a tion Research and Pro ton

Radio ther apy is involved mainly in research on dosim e try

for pro ton ther apy, but also in dosim e try for GRID - spa -

tially frac tion ated ther apy and FLASH - high dose-rate



ther apy. Anal y sis and mea sure ments of out-of-field doses

of scat tered radi a tion in can cer radio ther apy have been per -

formed in col lab o ra tion with the Euro pean Radi a tion

Dosim e try Group EURADOS. The FRED Monte Carlo

trans port code was adapted to fast graphics card com put ing

and applied in ver i fy ing treat ment plans of pro ton ther apy

patients at the Cyclo tron Cen tre Bronowice. A major facil ity 

used by this Depart ment is the AIC-144 60 MeV pro ton

cyclo tron with two beam lines: a hor i zon tal line to the eye

ther apy hall and a high inten sity pro ton line to the AIC-144

exper i men tal hall. These irra di a tion facil i ties enable pro ton

irra di a tion to be per formed very accu rately over a wide

range of doses (pro ton fluences) and dose rates. The adjust -

able range of the pro ton beam cur rent is 2- 60 nA, its energy

range is 10-60 MeV, with pro ton flux val ues rang ing

between 5 105 p cm- 2 s-1 and 109 p cm-2 s-1. The total

absorbed doses deliv ered to fields of about 10 cm in diam e -

ter may range between 5 mGy and 120 kGy. This very pre -

cisely con trolled and repro duc ible set of beam param e ters

allows pro ton beams to be applied in test ing and qual ity

con trol of clin i cal radi a tion detec tors designed for radio -

ther apy pur poses, in irra di at ing bio log i cal sam ples, includ -

ing radiobiological exper i ments with ani mals, and in design -

ing and per form ing tests of radi a tion hard ness of elec tron ics 

and mate ri als applied in the space indus try or around

research accel er a tors (such as equip ment for the LHCb

exper i ment at CERN, or for the FAIR facil ity at GSI,

Darmstadt). Irra di a tion of bio log i cal cells and small ani mals

is also pos si ble and has been per formed. Ade quate

beam-time at this stand-alone 60 MeV pro ton facil ity is

readily avail able to exter nal users, unlike in other such

facilities which typically share their beams on “parasitic”

principles, competing with principal research or patient

irradiation. 

The Depart ment of Radi a tion Phys ics and Dosim e -

try is involved mainly in solid state dosim e try research. This

Depart ment heavily engages in devel op ing new meth ods of

dose mea sure ment and new types of lumi nes cence detec -

tors of ion iz ing radi a tion for appli ca tions in med i cal phys ics

and radi a tion pro tec tion. The lead ing exper tise and world

rec og ni tion of this Depart ment is in thermoluminescence

(TL) dosim e try, stem ming from its exten sive over 30-year

expe ri ence in the devel op ment, man u fac ture and appli ca -

tion of TL detec tors for radi a tion pro tec tion, envi ron men -

tal mon i tor ing and clin i cal dosim e try. TL detec tors pro -

duced in the Depart ment’s lab o ra tory have been applied in

the dosim e try of cos mic radi a tion on board of the Inter na -

tional Space Sta tion. In this Depart ment, unique

two-dimen sional (2D) TL dosim e try sys tems have been

devel oped and con structed for clin i cal appli ca tions in

med i cal phys ics. Over the recent years increas ing atten tion

has been paid to opti cally stim u lated lumi nes cence (OSL)

and radiophoto-lumi nes cence (RPL) – based radi a tion

detec tion and dosim e try. The Depart ment cur rently

engages in stud ies and devel op ment of novel lumi nes cent

mate ri als, such as crys tals grown in situ by micro-pull -

ing-down and Czochralski meth ods at tem per a tures

exceed ing 2000°C. The Depart ment of Radi a tion Phys ics

and Dosim e try is well-equipped with a vari ety of research

instru ments which include research equip ment for lumi -

nes cence mea sure ments, a Risø DA-20 TL/OSL reader, a

fluorescence microscope, and several optical

spectrometers.

Civ i li za tion haz ards and issues related to envi ron men tal 

changes are the main top ics stud ied at the Depart ment of

Nuclear Phys i cal Chem is try. Here, radiochemical meth -

ods are applied to ana lyse radio ac tiv ity in the envi ron ment

and to sep a rate radionuclides pro duced by irra di at ing suit -

able ele ments by cyclo tron beams. Within stud ies of envi -

ron men tal radio ac tiv ity, detec tion and mea sure ments of

activ ity of plu to nium, amer i cium, ura nium, tho rium, polo -

nium, 90Sr, 63Ni, 7Be, 99Tc and 137Cs in var i ous envi ron men -

tal sam ples are per formed. The Depart ment’s equip ment

con sists mainly of low back ground, high res o lu tion (ger ma -

nium) gamma-ray spec trom e ters, semi con duc tor alpha-ray

spec trom e ters and a liq uid scintillator spec trom e ter. From

1990 onwards, the Lab o ra tory is part of the national net -

work to mon i tor radio ac tive con tam i na tion, orga nized by

the Pol ish National Atomic Energy Agency (PAA) and the

Cen tral Lab o ra tory for Radi a tion Pro tec tion (CLOR). In a

ded i cated con trol sta tion, ambi ent air is con tin u ously

pumped through spe cial fil ters and the radio ac tive aero sol

con tent depos ited on such fil ters ana lysed every week to

assess the pres ence and activ ity of gamma-emit ting ele -

ments in these aero sols. The sys tem is extremely sen si tive,

with a detec tion limit below 1 mBq/m3. Apart from

alpha-spec trom e try, beta and gamma-spec trom e try rou -

tinely applied in ana lys ing aero sols, mass spec trom e try has

also been intro duced as a mea sure ment tech nique, in col -

lab o ra tion with the Insti tute of Geo log i cal Sci ences of the

Pol ish Acad emy of Sci ences. Over the recent years, inves ti -

ga tions of radio ac tive con tam i na tion in the envi ron ment

over polar areas of both the Arc tic and the Ant arc tic

became a very impor tant part of envi ron men tal stud ies

con ducted in this Depart ment. Radionuclides to be applied

in nuclear med i cine or trac ers to be used in environmental

radioactivity studies are also produced in this Department

by irradiating suitable target materials with proton beams

accelerated in the AIC-144 cyclotron. 
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The Depart ment of Mass Spec trom e try has recently

been estab lished in order to fur ther extend our capa bil i ties

in per form ing envi ron men tal stud ies of nat u ral and

man-made radio ac tiv ity and of the con tri bu tion of poten -

tially harm ful chem i cal ele ments in the envi ron ment. Appli -

ca tion of mass spec trom e try is par tic u larly use ful in sev eral

of our pro jects con cern ing radio ac tiv ity in the envi ron ment

over polar regions of Spitsbergen and the Ant arc tic. The

pres ence of air borne arti fi cial radionuclides (137Cs,
238,239,240Pu, 241Am) and 240Pu/239Pu mass ratios is now

being sys tem at i cally stud ied over gla cial areas through out

the world. The Depart ment of Mass Spec trom e try is also

cur rently inves ti gat ing poten tial appli ca tions of mass spec -

trom e try in var i ous branches of med i cine. For nuclear med -

i cine appli ca tions, new meth ods of mea sur ing the inter nal

radio ac tive con tam i na tion of med i cal per son nel are being

devel oped. Inves ti ga tions of the metab o lism of citrates and

gluconates by iso tope label ling tech niques may also be

applied in oncology. Installation of a new ICPMS mass

spectrometer is planned in 2021.

Selected Research Highlights of the Division of
Applications of Physics 

In the quest for fusion energy, sci en tists have spent

decades in find ing ways of increas ing the tem per a ture of the 

plasma fuel. Very hot plasma is required to gen er ate sig nif i -

cant fusion power. The stan dard tech nique to heat plasma is 

to apply radio-fre quency waves. In most reac tors, plasma is

made up of only two ion spe cies. Within a new approach,

devel oped by an inter na tional team where IFJ PAN

research ers con trib uted [Nat. Phys. 13 (2017) 10] fuel is made

up of three ion spe cies: e.g., hydro gen, deu te rium, and

trace amounts of helium-3. Focus ing the radio-fre quency 

wave energy on 3He ions heats these ions to much higher

ener gies, due to 3He ions being a much smaller frac tion of

the total den sity. This allows the plasma to reach tem -

per a tures much higher than those pre vi ously

observed. This approach was tested at the Joint Euro pean

Torus (JET) - Europe's larg est fusion device and at the

Alcator C-Mod reac tor at MIT. Effi cient accel er a tion of
3He ions to high ener gies in ded i cated plasma mix tures was

dem on strated. Addi tion ally, effec tive plasma heat ing was

observed, as a result of the slow ing-down of the fast 3He

ions. The devel oped approach is not only lim ited to lab o ra -

tory plas mas, but may also explain obser va tions of ener getic 

ions in space-plasma envi ron ment, e.g., in 3He-rich solar

flares. (Fig. 6.1)

In the era of big data and machine learn ing we ben e fit

from such dig i tal tools to retrieve infor ma tion on heavy

impu rity radi a tion and trans port in ther mo nu clear

plasma con fined in toka maks. This knowl edge of impu rity

trans port is crit i cal for the per for mance of the toka mak

device. Recent exper i ments and anal y sis have been con -

ducted as part of the EUROfusion Medium-Size Toka mak

work pack age on sev eral machines: ASDEX Upgrade toka -

mak [Nucl. Fusion 59 (2019) 112014], the TCV toka mak [Nucl.

Fusion 59 (2019) 112023] and on the Tore Supra & WEST

toka maks using var i ous plasma heat ing schemes. A series of 

plasma dis charges were per formed at the ASDEX Upgrade

to study the trans port of tung sten (W) impu ri ties, fol low ing

con trolled injec tions of their small amount by laser

blow-off of a solid-state sam ple. This allowed inves ti ga tion

to be per formed of the rel a tive impact of radio-fre quency

(RF) heat ing at the ion cyclo tron fre quency and neu tral

beam injec tion on the in-out W asym me tries vis i ble in the

soft X-ray (SXR) dis tri bu tion. A tran sient up-down SXR

asym me try poten tially affect ing cen tral impu rity accu mu la -

tion was also reported at TCV dur ing RF heat ing at elec tron

cyclo tron fre quency, fol low ing con trolled gas injec tions of

neon and kryp ton. The SXR emissivity dis tri bu tion is

Fig. 6.1 The JET tokamak vacuum vessel [adapted from

https://euro-fusion.org/devices/jet] and a cartoon model of a
three-component plasma. In most reactors, the plasma is made up of two ion
species. Here, a small amount of the third type of ions (Helium-3) is added to
the plasma to capture the energy of radio-frequency waves.

https://doi.org/10.1038/nphys4167
https://doi.org/10.1088/1741-4326/ab18b8
https://doi.org/10.1088/1741-4326/ab18b8
https://euro-fusion.org/devices/jet


recov ered by plasma 2D tomog ra phy, either using

Tikhonov reg u lar iza tion or, more recently, using neu ral net -

works [Laser Part. Beams 37 (2019) 171]. An exam ple of SXR

tomographic recon struc tion per formed before and after W

injec tion on Tore Supra is shown in Fig. 6.2. The obtained

data make it pos si ble to recover the impu rity dis tri bu -

tion and to esti mate dif fu sive and con vec tive trans port

coef fi cients of impu ri ties using the gra di ent-flux tech -

nique [J. Fusion Energy 39 (2020) 240].

We reported novel research focused on plasma gen er -

ated in our Z-pinch device called Plasma Focus. In

a recent study the param e ters of plasma pinch (i.e.,

a small plasma col umn) com pres sion were stud ied and

mod elled using the 5-phase Lee model code to val i date a

sim ple descrip tion of Plasma Focus dis charge. A new set of

param e ters and indi ca tors was pro posed to assess the occur -

rence of radi a tive com pres sion and its strength in pure gases 

and gas mix tures. We found no, or rel a tively weak, radi a tive

com pres sion dur ing all dis charges in D2 and D2+Ar mix -

tures, under a con stant total pres sure of about 2.9 mbar

[IEEE Trans. Plasma Sci. 47 (2019) 4301]. Rel a tively strong radi a -

tive com pres sion was achieved only for some dis charges in

pure Ar. In the next step, dis charges in D2+Ne mix tures and 

pure Ne are cur rently being per formed and ana lysed, using

new diag nos tic sys tems which include an ultra-fast 4-frame

pin hole cam era for vac uum ultra vio let (VUV) and soft

X-ray (SXR) imag ing of the plasma col umn. An exam ple of

a 4-frame image cap tured using this cam era is shown in Fig.

6.3. The mea sured and com puted total neu tron yield from

D-D fusion was equal to 2.53×108 n/dis charge and 2.96×108

n/dis charge, respec tively. This dem on strates that a good

approx i ma tion of plasma dis charge parameters can

be achieved using the Lee model code.

The plasma-fac ing com po nents of future ther mo nu -

clear reac tors, such as DEMO, will be con stantly

exposed to a high flux of neu tron radi a tion. To

ensure their safe oper a tion it is nec es sary to develop and

val i date its con struc tion mate ri als. None of the pres ently

avail able neu tron sources can ade quately repro duce the
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Fig 6.2. Tomographic reconstruction of soft X-ray emitted from plasma. For the reconstruction, a method based on neural networks was applied to the data from
Tore Supra plasma discharge. Left: Distribution of soft X-ray plasma emissivity before injection of small amounts of tungsten using laser-blow off of a solid-state
sample. Left: The same type of plot but after the injection of tungsten.

Fig. 6.3. Imaging of a plasma pinch in the Plasma Focus device using a
four-frame camera with two SXR filters and two SXR+VUV filters.  Due to the
time delay of only 14 ns between consecutive frames, the plasma pinch
compression dynamics and evolution may be  studied. The colour scale in the 
image indicates the intensity of the registered radiation, in arbitrary units.

https://doi.org/10.1017/S0263034619000296
https://doi.org/10.1007/s10894-020-00250-9
https://ieeexplore.ieee.org/document/8796445
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neu tron fluxes pre dicted for DEMO. This mis sion is

fore seen for the IFMIF-DONES (Inter na tional Fusion

Mate ri als Irra di a tion Facil ity, DEMO-Ori ented Neu tron

Source) lab o ra tory which is planned as a neu tron irra di a tion 

facil ity for test ing and val i da tion of mate ri als to be used in

the future fusion reac tors [Nucl. Fusion 58 (2018) 105002]. A

high inten sity neu tron flux with a spec trum sim i lar to that

observed in the D+T fusion reac tion will be pro duced in

strip ping reac tions of a 40 MeV D beam imping ing on a liq -

uid Li tar get. The gen eral lay out of the facil ity is shown in

Fig. 6.4.

How ever, before the exper i ments at IFMIF-DONES

can be per formed, a detailed study of the pro duced

neu tron flux must be car ried out. For this pur pose, a 

Start-Up Mon i tor ing Mod ule (STUMM) for

IFMIF-DONES is being designed at the Insti tute of

Nuclear Phys ics PAN. The STUMM mod ule will be used

dur ing the com mis sion ing phase and before each series of

irra di a tions, in order to val i date radi a tion trans port mod el -

ling and to ensure that mate rial sam ples are exposed to the

required dose and to the required neu tron spec tra in

well-con trolled con di tions [Acta Phys. Pol. B 48 (2017) 687].

The gen eral view of the mod ule is shown in Fig. 6.5. The

cen tral part located ahead of the neu tron beam is a

Fig. 6.4. Layout of the new IFMIF-DONES facility for neutron irradiation, to be constructed as part of the European programme for achieving electricity from fusion.
The laboratory is essential for testing and validation of plasma-facing components able to withstand harsh radiation and temperature condition in the
thermonuclear reactors, such as DEMO.

Fig. 6.5. Start-Up Monitoring Module for the IFMIF-DONES designed at IFJ PAN. Left: general view, centre: container, right: active part of the rig. The module will
be filled with an array or radiation sensors and neutron and gamma detectors to evaluate the conditions under which samples will be irradiated and to validate the
modelling of radiation transport.

https://doi.org/10.1088/1741-4326/aad91f
https://inspirehep.net/files/4125bd5893e0bd8807d5d056ac4d046a


con tainer which is the active area of the STUMM setup. An

array of care fully selected radi a tion detec tors is installed in

eight rigs, of five lev els each. Dur ing its oper a tion the mod -

ule will absorb con sid er able energy of radi a tion and will be

cooled by liq uid helium in order to remain in a sta ble ther -

mal con di tion. The sen sors selected for the STUMM must

be com pat i ble with the oper at ing con di tions of the mod ule

– they must be radi a tion-resis tant and of rel a tively low radi a -

tion sen si tiv ity to avoid detec tor sat u ra tion, yet must pro -

vide reli able dosim e try over a wide range of con di tions

(espe cially over the devel op ment phase of the facil ity). The

neu tron flux at the mod ule posi tion dur ing full power

oper a tion of IFMIF-DONES will be extremely high -

expected to reach 5×1018 n m-2 s-1. Mod ule prototyping

and validation of components and sensors for the STUMM

unit will continue over the next few years. 

Large scale par ti cle trans port cal cu la tions using the

MCNP (Monte Carlo N-par ti cle) code cou pled to the

McDeLicious pack age were per formed to sim u late

D-Li reac tion in the neu tron tar get of the IFMIF-DONES

facil ity. The aim of this work was to pro vide input for the

design and opti mi za tion of selected IFMIF-DONES sys -

tems [Fusion Eng. Des. 146 (2019) 1276]. Three-dimen sional

spa tial dis tri bu tions of dose rates and fluxes were com puted

for the irra di a tion Test Cell (TC), sur round ing shield ing

walls, and in adja cent rooms, to ver ify the shield ing effi -

ciency and con firm the radi a tion clas si fi ca tion of these

areas. Com pu ta tion of dose maps inside and out side the TC

walls required that vari ance reduc tion tech niques, such as

the ADVANTG 3.0.3 (Auto mateD VAri aNce reduc Tion

Gen er a tor) code, be used. Accord ing to these cal cu la -

tions, the neu tron dose rate in the Test Cell dur ing its

oper a tion will sig nif i cantly exceed 105 mSv/hour (Fig.

6..6). Ade quacy of the con crete bio log i cal shield ing

was ver i fied to ensure safe work ing con di tions in

neigh bour ing rooms. These anal y ses are essen tial for

plan ning oper a tions and main te nance activ i ties

within var i ous areas of the IFMIF-DONES facil ity [J.

Fusion Energy. 37 (2018) 168].

Mea sure ments of neu tron stream ing through pen e -

tra tions in the bio log i cal shield are being car ried

out at the JET toka mak using thermoluminescence 

detec tors (TLD) in order to val i date the neutronics codes

and nuclear data applied to ITER anal y ses in a real fusion

envi ron ment. This work is car ried out within the frame -

work of the EUROfusion Con sor tium. The response of

TLDs to the neu tron com po nent of the radi a tion field is

related to neu tron fluence in a well-defined neu tron energy

spec trum. Cal i bra tion of TLDs in real fusion radi a tion con -

di tions was essen tial to ensure cor rect eval u a tion of the

neu tron fluence at JET at var i ous loca tions. Irra di a tion of

TLD sam ples was per formed in a bare con fig u ra tion and

inside mod er a tors with 2.5° MeV (DD reac tion) and

14° MeV (DT reac tion) neu trons at the Frascati Neu tron

Gen er a tor (FNG). The new fac tors (Fig. 6.7) which

resulted from these cal i bra tions will be applied in past and

future JET mea sure ments and will reduce the observed dis -

crep ancy between cal cu la tions and mea sure ments noted in
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Fig. 6.6. Horizontal (left) and vertical (right) maps of neutron-induced dose rates calculated in the IFMIF-DONES Test Cell during operation of the facility.
According to these maps, the neutron dose rate in the TC during its operation exceeds 105 mSv/hour (red colour). With such calculations the adequacy of the
concrete biological shielding in ensuring safe working conditions in the adjacent rooms may be confirmed and verified [adapted from the "Radiation field during
operation in the TC and surrounding rooms for the maintainable TC concept", Eurofusion Report EFDA_D_2M6SB6]

https://doi.org/10.1016/j.fusengdes.2019.02.057
https://doi.org/10.1007/s10894-018-0163-4
https://doi.org/10.1007/s10894-018-0163-4
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a past neu tron stream ing exper i ment at JET. The detec -

tion sys tem based on TLDs devel oped and cal i brated

for JET exper i ments can be applied more gen er ally in

fusion neu tron fields - for example at ITER, to monitor 

neutron fluence outside the biological shield.

Selec tion of mate ri als for ITER com po nents was a most 

chal leng ing task due to the unique oper a tional con di -

tions. Despite the expe ri ence from other toka maks,

and knowl edge gained at fis sion neu tron irra di a tion pro -

grams and also from the o ret i cal cal cu la tions, the choice of

mate ri als was not sim ple, since for a num ber of mate ri als

the exist ing data bases were nei ther com plete nor suf fi cient.

The scope of the Eurofusion WPJET3 ACT subproject was 

to per form bench mark irra di a tion exper i ments at the JET

toka mak, to irra di ate sam ples of actual ITER mate ri als.

Within the JET C38 D-D cam paign a total of 27 ITER

mate rial sam ples (foils) were irra di ated. The foils were then

dis trib uted between four Euro pean lab o ra to ries for sub se -

quent anal y sis.  The study car ried out at IFJ PAN and based

on low back ground gamma spec trom e try iden ti fied 57Co,
58Co, 60Co, 59Fe, 51Cr, 54Mn for a sam ple of radial clo sure

plates of toroidal field coils, 57Co, 58Co, 60Co, 59Fe, 51Cr,
54Mn, 65Zn for a shield as well as 60Co, 51Cr, 65Zn for

CuCrZn pipes for divertor tung sten monoblocks. The

results are rel e vant for the pre dic tion of future ITER

shut down dose rates and decommissioning strategies.

One of the main research direc tions is devel op ment

and inves ti ga tion of new lumi nes cent mate ri als for

appli ca tions in dosim e try of ion iz ing radi a tion. Sev -

eral new dosim e try mate ri als in the form of crys tals grown

by micro-pull ing-down (m-PD) and Czochralski meth ods

were sys tem at i cally stud ied. Recently, lith ium mag ne sium

phos phate (LiMgPO4, LMP) (Fig.6.8) has gained wide rec -

og ni tion because it offers sub stan tial advan tages against the

well-known LiF-based dosim e ters. Among these advan -

tages are, in par tic u lar, lin ear dose-response [Radiat. Meas 85

(2016), 88] extend ing beyond 1 kGy (no sat u ra tion effects

were observed within this dose range) as well as high

radio-sen si tiv ity, if doped with appro pri ate rare-earth (RE)

ele ments. These fea tures are directly related to the increased 

effi ciency of this mate rial to alpha par ti cles [Radiat. Meas. 113

(2018), 14]. More over, radioluminescence was recently

reported in this mate rial [Radiat. Meas. 136 (2020), 106408],

also sug gest ing its poten tial appli ca tion as a scin til la tion

detec tor. Prom is ing results recently obtained for dif fer -

ently doped LMP crys tals [Materials 12 (2019), 2861;

Materials 13 (2020), 2032] also sug gest that, in the near est

future, LMP may well become the standard material in 

modern radiation dosimetry.

Another group of mate ri als that are cur rently con sid -

ered for lumi nes cent appli ca tions are perovskite

struc ture mate ri als. These are now a days of par tic u lar 

Fig. 6.7. Calibration factor (aN-a7)
-1 versus the percentage of the thermal neutron component in the calibration campaigns at the ENEA facilities. [ adapted from

Nucl. Instrum. Methods Phys. Res., Sect. A 904 (2018) 202 ]

https://doi.org/10.1016/j.radmeas.2015.12.024
https://doi.org/10.1016/j.radmeas.2015.12.024
https://doi.org/10.1016/j.radmeas.2018.03.007
https://doi.org/10.1016/j.radmeas.2018.03.007
https://doi.org/10.1016/j.radmeas.2020.106408
https://doi.org/10.3390/ma12182861
https://doi.org/10.3390/ma13092032
https://doi.org/10.1016/j.nima.2018.07.050


sig nif i cance due to the wide range of their poten tial appli ca -

tions (e.g., in optoelectronics, solid-state lasers, radi a tion

detec tors, and solar cells). Dif fer ently-doped perovskite

crys tals were suc ces sively grown at the IFJ PAN crys tal

growth facil ity and their lumi nes cent prop er ties were inves -

ti gated in detail. It was shown that the Ce3+ dop ant incor po -

rated in Y2O3-Lu2O3-Al2O3 tri ple oxide sys tem may be uti -

lized as an effec tive indi ca tor of perovskite and gar net

crys tal lo graphic phases, as the Ce3+ emis sion in these phases 

is spec trally well sep a rated [Opt. Mater. 89 (2019) 408]. Par tial

sub sti tu tion of Y with Lu and fur ther, of Lu with Gd

(LuxY1-xAlO3 and GdxLun 1-xAlO3, respec tively) as well as

com plete sub sti tu tion of Y with Lu and Gd (LuAlO3 and

GdAlO3) increased the Z num ber of the host mate rial and

made it pos si ble to improve the energy trans fer from

RE-based host cat ions to Eu3+ and Tb3+ ions [Radiat. Meas.

126 (2019) 106140; Crystals 10 (20200 385)]. (Fig.6.9). These

obser va tions sug gest that the stud ied perovskites,

besides being fast and effi cient scin til la tors, may also

become very promising energy-storage phosphors for

dosimetry applications.

A novel method of radi a tion detec tion has been devel -

oped, bas ing on the flu o res cence of lith ium flu o ride

crys tals [J. Lumin. 213 (2019) 82, Opt Mater. 90 (2019) 1,
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Fig. 6.8. Example of an LMP crystal grown from the melt by the micro-pulling-down method (left), and linear dose-response measured for the LiMgPO4 crystal

over the dose range up to 1 kGy (right)) [adapted from Radiat.Meas. 85 92016), 88].

Fig. 6.9. Crystals of Ce-doped Y2O3-Lu2O3-Al2O3 triple oxide system grown from the melt by micro-pulling-down method (left). Defects engineering realized

by RE-based host cation substitution and related changes of the measured glow-curves (right) [adapted from Opt. Mat. 89 (2019), 408] .

https://doi.org/10.1016/j.optmat.2019.01.023
https://doi.org/10.1016/j.radmeas.2019.106140
https://doi.org/10.1016/j.radmeas.2019.106140
https://doi.org/10.3390/cryst10050385
https://doi.org/10.1016/j.jlumin.2019.05.007
https://doi.org/10.1016/j.optmat.2019.02.014
https://doi.org/10.1016/j.radmeas.2015.12.024
https://doi.org/10.1016/j.optmat.2019.01.023
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Radiat. Meas. 116 (2018) 35].  Charged par ti cles tra vers ing the

crys tal pro duce anion vacan cies, mainly F2 cen tres, com -

posed of two anion vacan cies with two bounded elec trons

and F3+ of three vacan cies with two elec trons. If an irra di -

ated LiF crys tal is illu mi nated by blue light,

photoluminescence emis sion is observed at about 670 nm,

related to F2 and at about 530 nm - related to F3+cen tres.

Using a wide-field flu o res cent micro scope with a highly

sen si tive dig i tal cam era, we suc ceeded in imag ing tracks

pro duced by just sin gle nuclear par ti cles.  It was pos si ble to

obtain images of high-energy ions, alpha-par ti cles, as well as 

the prod ucts of 6Li(n,a) reac tion (Figs. 6.10). These inves ti -

ga tions were per formed using LiF crys tals grown in our lab -

o ra tory with the Czochralski method. Anal y sis of flu o res -

cent track images in 3D enabled us to develop a method of

alpha par ti cle spec trom e try based on track-length mea sure -

ments [Measurement 160 (2020) 107837]. LiF flu o res cent

track detec tors were used within the DOSIS-3D exper -

i ment at the Inter na tional Space Sta tion on the Earth

orbit to reg is ter tracks of cos mic radi a tion par ti cles

(Fig. 6.10c).

A new ultra-low-level gamma spec trom e ter with an

active shield was con structed [J. Radioanal. Nucl. Chem. 

322 (2019) 1311]. The achieved level of back ground

reduc tion is equiv a lent to plac ing this spec trom e ter some

20-30 m (of water) below ground level. The mod u lar con -

struc tion of the spec trom e ter and the applied dig i tal data

acqui si tion for mat, includ ing off-line data anal y sis, made it

pos si ble to fur ther extend the range of this research device.

This spec trom e ter is cur rently used in stud ies of radio ac tiv -

ity of air fil ters from the Ant arc tic (in col lab o ra tion with the

Finn ish Mete o ro log i cal Insti tute) or in eval u at ing

radionuclides pres ent in mete or ites. Owing to its dig i tal

data acqui si tion sys tem, it became pos si ble to sig nif i cantly

expand the research poten tial of this gamma-ray spec trom -

e ter. Indeed, as ini ti ated in Sep tem ber 2019, the flux of cos -

mic-ray muons, reg is tered by the active shield detec tors,

could be mon i tored con cur rently with spec trom e try mea -

sure ments (Fig. 6.11). Thus, within a sin gle instru ment -

a low-back ground dig i tal gamma gamma-ray spec -

trom e ter - two dif fer ent branches of phys ics may be

con cur rently addressed: low-background gamma-ray

spectrometry and astrophysics (e.g., the CREDO

project).

At the IFJ PAN, reg u lar pro ton ther apy of can cer

patients began in Feb ru ary 2011. This activ ity is

accom pa nied by a broad range of applied research

a) b) c)

Fig. 6.10. Examples of fluorescent tracks in LiF crystals: a) iron ions with energy 145 MeV/amu,  b) alpha-particle and tritium nuclei – products of 6Li(n,a) reaction,
c) cosmic radiation at the Earth orbit.

Fig. 6.11. Frequency distribution of the secondary muon flux (normalized at
standard air pressure) registered in the largest scintillator of the active shield of 
the ultra-low-level gamma spectrometer. The Earth’s rotation cycle (24h) and
Sun’s rotation (27 days) as well as harmonic day cycles of 12 h and 8 h may be
distinguished. The nature of the 68-day cycle remains unclear.

https://doi.org/10.1016/j.radmeas.2018.06.022
https://doi.org/10.1016/j.measurement.2020.107837
http://dx.doi.org/10.1007/s10967-019-06853-7
http://dx.doi.org/10.1007/s10967-019-06853-7


includ ing clin i cal radi a tion dosim e try, med i cal phys ics and

radiobiology.  In mod ern radi a tion ther apy two-dimen -

sional (2D) dosim e try is required to val i date com plex treat -

ment plans and in Qual ity Assur ance pro ce dures. A novel

and prom is ing approach in 2D dosim e try devel oped at the

Depart ment of Radi a tion Phys ics and Dosim e try is based

on the opti cally-stim u lated lumi nes cence (OSL) phe nom e -

non. By inves ti gat ing pro to type 2D OSL dosim e ters in the

form of flat and flex i ble sheets made of a poly mer con tain -

ing the embed ded OSL mate rial in the form of pow der

(LiMgPO4, LMP), accom pa nied by an in-house-devel oped

opti cal imag ing setup con sist ing of an illu mi nat ing light

source and a high-sen si tive CCD cam era, the pos si bil ity was

ver i fied of obtain ing 2D dose dis tri bu tions for clin i cal appli -

ca tions. The newly devel oped 2D dosim e try foils based on

OSL read out are flex i ble and water-resis tant, and appli ca ble

even in strong mag netic fields where elec tronic devices fail.

The newly devel oped 2D OSL sys tem has been tested

by ver i fy ing pro ton depth dose dis tri bu tions in the

treat ment of eye ball mel a noma at the Pro ton Eye

Radio ther apy Facil ity at IFJ PAN, using a ded i cated

patient collimator and a 60°MeV unmodulated proton

beam (Fig. 6.12).

The range of a pro ton beam can be mon i tored by detec -

tion of sec ond ary radi a tion pro duced by the inter ac -

tion of pro tons in the ther a peu tic beam with patient

tis sues and emit ted by the patient. Within the pro ject J-PET

tech nol ogy for pro ton beam ther apy range mon i tor ing

(LIDER/26/0157/ L-8/16/NCBR/2017) a novel plas -

tic-scintillator setup, designed for diag nos tic PET imag ing

(J-PET) and devel oped at the Jagiellonian Uni ver sity, was

applied in a fea si bil ity study of pro ton beam range mon i tor -

ing at the CCB patient irra di a tion facil ity of IFJ PAN. The

sen si tiv ity of dif fer ent geom e try con fig u ra tions of the

J-PET detec tor was assessed by Monte Carlo sim u la tions

and tested in pilot exper i ments at CCB. The

GATE/Geant4 Monte Carlo toolkit was used for cal cu lat -

ing the b+ activ ity induced by pro ton beams in phan toms

and in patients, and the expected J-PET detec tor response.

CASTOR soft ware was used to recon struct in

three-dimen sions the b+ activ ity dis tri bu tions. The stud -

ies sug gest that J-PET tech nol ogy might be con sid -

ered as a novel approach for beam range mon i tor ing in 

pro ton ther apy.  (Fig.6.13). [Acta Phys. Pol., B 51 (2020) 409] 

A dose mea sure ment method cur rently being under

devel op ment is real-time dosim e try based on mea -

sure ment of radioluminescence (RL) emit ted by a

detec tor in the form of a small luminophore crys tal [Radiat.

Meas. 136 (2020) 106408]. RL relies on an emis sion of light

under irra di a tion which accom pa nies tran si tions between

energy lev els in a luminophore crys tal. This light occurs

spon ta ne ously dur ing expo sure of the RL detec tor to ion iz -

ing radi a tion, and is depend ent on the dose rate. A novel

PORTOS (por ta ble OSL/RL) opti cal sys tem was con -

structed at IFJ PAN as a small, por ta ble and remotely act ing 

device con sist ing of a Hamamatsu H10682-210

photomultiplier located at one end of a 15 m quartz opti cal

fibre, at the other end of which a detec tor, in the form of a

slice of a crys tal, is placed. A piece of a LiMgPO4

luminophore crys tal rod (of 3 mm diam e ter and 1 mm

thick ness) grown at IFJ PAN by the micro-pull ing-down

method is sen si tive to ion iz ing radi a tion and can be applied

as a radi a tion detec tor. The PORTOS sys tem is con trolled

by soft ware enabling the sig nal to be recorded with sam -

pling times of 1ms up to a few sec onds and over mea sure -

ment dura tion times rang ing between mil li sec onds and a
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Fig. 6.12. Relative dose-response obtained from 2DOSL foils placed at different depths in the Bragg Peak (right), together with a reconstructed image of the actual 

2D proton depth dose distribution, obtained from captured 2D OSL images. [Radiat. Meas. 133 (2020) 106255]

https://www.actaphys.uj.edu.pl/R/51/1/409/pdf
https://doi.org/10.1016/j.radmeas.2020.106408
https://doi.org/10.1016/j.radmeas.2020.106408
https://doi.org/10.1016/j.radmeas.2020.106255
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few hours (Fig. 6.14) The devel oped sys tem with a milli -

metre-sized detec tor could be applied, e.g., as a

point-like dosimeter in proton radiotherapy.

Unde sir able doses to healthy tis sues dis tant from the

tar get vol ume largely depend on the beam deliv ery

tech nique. In pro ton ther apy of chil dren, spe cial

atten tion should be given to the treat ment of shal -

lowly-located tumours because lesions might be located

closer than a few centi metres beneath the patient's skin. In

facil i ties with PBS tech nol ogy, the low est energy of the pro -

ton beam typ i cally ranges between 60 MeV and 100 MeV,

which cor re sponds to a range of about 3.1-7.5 cm of

water-equiv a lent thick ness.  In our work radi a tion doses in

5-year and 10-year anthro po mor phic phan toms and in the

treat ment room were exper i men tally deter mined for two

types of pre-absorb ers – a range shifter (RS) and a per son al -

ized 3D-printed pro ton beam com pen sa tor (PC).   The

results of the mea sure ments per formed with Euro pean

Radi a tion Dosim e try Group EURADOS and within the

Horizon 2020 INSPIRE project  con firmed that the use of beam

com pen sa tor as a pre-absorber does not sig nif i cantly

increase, and in many cases slightly decreases,

out-of-field-doses (Fig. 6.15). Per son al ized 3D-printed

pro ton com pen sa tors can be safely used to treat

paediatric patients.

In pro to cols of clin i cal pro ton ther apy, it is assumed that

the effect of nuclear frag men ta tion on the bio log i cal

effec tive ness of the pro ton beam may be neglected. It

was sug gested [Radiat. Prot. Dosim. 180 (2018) 296] that inclu -

sion of sec ond ary frag ments leads to a sig nif i cant increase

in val ues of cal cu lated aver age LET in pro ton beams which

may also indi cate a pos si ble enhance ment of their

radiobiological effec tive ness. Within an inter na tional ini tia -

tive – MoVe-IT, an in-silico Monte-Carlo exper i ment to sim -

u late the inter ac tion of a monoenergetic beam with liq uid

water was per formed using the Pro me theus super com puter 

[Physica Med. 80 (2020) 342]. It was shown that the high est

con tri bu tion to cell kill ing may appear over the

entrance chan nel of the pro ton beam. Enhanced cell

kill ing is caused by excess pro duc tion of helium ions

and of sec ond ary pro tons, mostly in the cen tral region

Fig. 6.13. Monte Carlo simulations of dose (top-left) and reconstructed b+ activity (bottom-left) produced in a homogenous phantom by a 150 MeV proton beam.
Profiles of dose, b+ production and reconstructed b+ activity detected with J-PET (right) suggest a correlation between dose activity – which may then be used for

monitoring the proton beam range during therapy [adapted from [Acta Phys. Pol., B 51 (2020) 9]

Fig. 6.14 Proton beam structure of the AIC-144 cyclotron, measured with the

PORTOS device.[adapted from Radiat. Meas. 136 (2020) 106408]

https://eurados.sckcen.be/
https://protonsinspire.eu/
https://doi.org/10.1093/rpd/ncx272
https://doi.org/10.1016/j.ejmp.2020.09.018
https://www.actaphys.uj.edu.pl/R/51/1/9/pdf
https://doi.org/10.1016/j.radmeas.2020.106408


around one-half of the beam range (Fig. 6.16). The out -

come of such stud ies may lead to improve ments in treat -

ment plan ning and to a better under stand ing of radi a tion

action. Soft ware tools devel oped dur ing that pro ject were

made freely avail able in the pub lic domain and have been

fre quently applied by our research partners.

Phys i cal and bio log i cal range uncer tain ties, i.e., uncer -

tainty of the dis tance that pro tons travel inside a

patient body, limit the clin i cal poten tial of pro ton beam

ther apy. Fast Monte Carlo sim u la tions to ver ify the patient

treat ment plan are essen tial in reduc ing phys i cal and bio log -

i cal range uncer tain ties in the patient  body and in achiev ing

more accu rate treat ment with pro ton beams. Within the

pro ject Quan ti fi ca tion of bio log i cal range uncer tain ties towards an

improved patient treat ment in CCB Cra cow pro ton beam ther apy cen -

tre (POIR.04.04.00-00-2475/16-00) per formed within a

broad inter na tional col lab o ra tion includ ing the Sapienza

Uni ver sity of Rome and INFN at Frascati, the FRED

GPU-accel er ated Monte Carlo (MC) sim u la tion toolkit was 

adopted for cal cu la tions of phys i cal (depth) and bio log i cal

dose dis tri bu tions in scanned pro ton beams (Fig.6.17). MC

sim u la tion results were found to be in excel lent agree ment

with a large num ber of dose dis tri bu tions mea sured in

water and in het er o ge neous phan toms. Sys tem atic stud ies

were per formed to quan tify the bio log i cal range uncer tain -

ties of pro ton beams explor ing var i ous mod els for the eval -

u a tion of bio log i cal dose in about 100 patients treated at

CCB. The com pu ta tional meth ods devel oped within

this pro ject are now applied in sev eral pro ton ther apy

cen tres, as clin i cal rou tines for qual ity assur ance of

patient treat ment, and for pre-clin i cal research Front.

Phys. (2020) 8:578605

Over the past few years, devel op ment of per son al ized 

med i cine has attracted con sid er able atten tion.

Within this approach in nuclear med i cine, diag nos -

tic tech niques, such as non-inva sive imag ing by means of
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Fig. 6.15 Visualization of neutron paths produced by a therapeutic proton beam in two pre-absorbers (left – Range Shifter, right – Beam Compensator ), for a
nozzle angle of 0°.

Fig 6.16 The energy-fluence spectrum of fragments generated by 150 MeV
protons in liquid water, calculated at the depth of 12.5 cm. The highest
contribution of secondary radiation arises from secondary protons and 4He

ions [adapted from Physica Med. 80 (2020) 342].

https://doi.org/10.3389/fphy.2020.578605
https://doi.org/10.3389/fphy.2020.578605
https://doi.org/10.1016/j.ejmp.2020.09.018
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Pos i tron Emis sion Tomog ra phy (PET) or Sin gle Pho ton

Emis sion Com puted Tomog ra phy (SPECT), may be com -

bined with indi vid u al ized radio ther apy treat ment. This

com bi na tion, termed teranostics, exploits the same molec u -

lar tar get ing vec tors labelled either with a diag nos tic or with

a ther a peu tic radionuclide. Only a lim ited num ber of

match ing radionuclides exhibit suit able decay char ac ter is -

tics for such an appli ca tion. The radionuclides of scan dium,
44Sc/43Sc and 47Sc, are inter est ing teranostics can di dates.

Based on its phys i cal and chem i cal char ac ter is tics, the b–

emit ting 47Sc is par tic u larly inter est ing as a radionuclide

ther apy agent, while the decay char ac ter is tics of 44Sc and
43Sc are well-suited for diag nos tic PET imag ing. Due to its

low-energy beta emis sions, the 47Sc iso tope may be applied

to pref er en tially treat small cell clus ters, sin gle tumour cells

or micrometastases. At the same time,  47Sc emits a 159 keV

gamma line, enabling SPECT imag ing to be per formed

con cur rently with such radio ther apy. Pro ton bom bard -

ment of an enriched cal cium tar get may pro duce 47Sc [J.

Radioanal. Nucl. Ch.,313(2017) 429] Together with IChTJ

(Insti tute of Nuclear Chem is try and Tech nol ogy, War saw),

sys tem atic stud ies of 47Sc pro duc tion in natCaCO3(p,2n)47Sc

and natCaCO3(p,pn),47Ca reac tion by pro tons over an energy 

range 60–0 MeV were per formed using the AIC-144 cyclo -

tron at IFJ PAN. A max i mum in the 47Sc yield, of 143.95

± 9.36 kBq/mAh, at pro ton ener gies between 24 - 17

Fig. 6.17. Dose and DVH distributions obtained for a treatment plan of a patient treated at CCB calculated using a clinical treatment planning system (top-left
panel) and the FRED Monte Carlo code (bottom-left panel). The respective dose and DVH distributions are shown in upper and lower right panels. Monte Carlo

verification of the treatment plan may become a Quality Assurance procedure in patient treatment [adapted Front. Phys. (2020) 8:578605].

http://dx.doi.org/10.1007/s10967-017-5321-z
http://dx.doi.org/10.1007/s10967-017-5321-z
https://doi.org/10.3389/fphy.2020.578605


MeV was stated, where the con tri bu tion of 48Sc and 46Sc

impu ri ties remained below 13% and 0.2%, respec tively.

Appli ca tion of a con sec u tive indi rect method (47Ca/47Sc

gen er a tor) removes 47Sc the 48Sc or 46Sc impu ri ties. This

sep a ra tion pro cess, based on the pre cip i ta tion of Sc(OH)3

and its sep a ra tion on a 0.2 mm fil ter is sim ple, rapid and effi -

cient, so may be readily adopted in remote delivery of the
47Sc radioisotope for teranostic applications. 

IFJ PAN is among the few lab o ra to ries in Europe where

in mon i tor ing air radio ac tiv ity, apart from gamma emit -

ters, the plu to nium con tent in aero sols is also mea sured. 

Our data set for aero sol mea sure ments com mences in 1990,

while the sum of wet and dry air pre cip i ta tion has been mea -

sured reg u larly since mid-2005 [J.Environ. Radioact. 166 (217)

10]. If required, gas eous 131I can be also eval u ated using

a char coal trap sit u ated inside the mod i fied noz zle of the

aero sol sam pler below the stan dard fil ter. These mea sure -

ments are sen si tive enough to have enabled obser va -

tion of a five-fold increase in typ i cal 137Cs traces over

the spring of 2020, due to spring fires at the Chernobyl

zone. Among nuclides of arti fi cial ori gin, of par tic u lar inter -

est is the appear ance of 131I, which occurs more fre quently

over colder peri ods than at sum mer time [Environ. Sci.

Technol. 52 (2018) 8488]. 

Dur ing the first days of Octo ber of 2017 a mys te ri ous
106Ru air con tam i na tion was noted over large areas

in Europe. A peak in the mea sured con cen tra tion

exceed ing 16 mBq/m3 was observed in Kraków on Octo -

ber 2, 2017 - about three times higher than that of the 131I

max i mum value we had observed as traces of the

Fukushima cloud passed over Kraków in 2011. Our Octo -

ber 2017 inves ti ga tion of traces of any other radionuclide

revealed the pres ence of 103Ru at a level of 1/3500 of that

for 106Ru. The pres ence of iso topes of only one ele men t

sug gested that its release occurred as puri fied mate rial was

han dled. Within an infor mal inter na tional col lab o ra tion

lead by IRSN (Institut de Radioprotection et due  Sûreté

Nucléaire) and BSF (Bundesamt für Strahlenschutz), the

release was found to be located in Rus sia [Proc. Natl. Acad.

Sci. U. S. A. 116 (2019) 16750], [J. Environ. Radioact. 205-206

(2019) 79]. Among the work ing hypoth e ses of this event

are release from the Mayak nuclear repro cess ing fac -

tory near Chelyabinsk, or release from a test related to

the Rus sian nuclear jet engine pro ject [J. Environ.

Radioact. 2014-215 (2020) 106151]. 

The Fukushima Dai-ichi Nuclear Power Plant

(FDNPP) acci dent (2011) has caused a mea sur able

radionuclide con tam i na tion of the envi ron ment

world wide. Despite the decade past this event, detailed

knowl edge of the pat tern of fall out orig i nat ing from
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Fig. 6.18. Markers of specific Fukushima reactors and spatial occurrence of isotopic signatures for each reactor. By comparison, B1, B2, and B3 express the

contributions arising from reactor units no.1, 2 and 3 of the FDNPP. GF represents global fallout [adopted from J. Environ. Radioact. 196 (2020) 133].

http://dx.doi.org/10.1016/j.jenvrad.2016.02.010
http://dx.doi.org/10.1016/j.jenvrad.2016.02.010
http://dx.doi.org/10.1021/acs.est.8b01810
http://dx.doi.org/10.1021/acs.est.8b01810
http://dx.doi.org/10.1073/pnas.1907571116
http://dx.doi.org/10.1073/pnas.1907571116
http://dx.doi.org/10.1016/j.jenvrad.2019.05.004
http://dx.doi.org/10.1016/j.jenvrad.2019.05.004
http://dx.doi.org/10.1016/j.jenvrad.2019.106151
http://dx.doi.org/10.1016/j.jenvrad.2019.106151
https://doi.org/10.1016/j.jenvrad.2018.11.006
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releases of each of the three dam aged reac tors still remained 

unknown. Anal y sis of archive envi ron men tal sam ples col -

lected between 2011 and 2015 over the ter ri tory of the

Fukushima Pre fec ture allowed us to eval u ate the tem po ral

dependences of activ ity con cen tra tions of radio ac tive iso -

topes from mas sive releases (134Cs, 137Cs) and from trace

releases (238Pu, (239+240)Pu, 241Am, 244Cm). It was then pos si -

ble to iden tify, char ac ter ize and show the time evo lu tion of

the iso to pic sig na tures (activ ity ratios of selected iso topes)

in the FDNPP acci dent [J.Environ. Radaioact. 196 (2020) 133]

using the acti nide iso to pic ratios as fin ger prints of fall -

out from a given reac tor. The results com bined with pre -

vi ously pub lished data allowed us to pre pare the first map of 

the spa tial dis tri bu tion of Pu iso tope fin ger prints

(238Pu/(239+240)Pu) over the Fukushima Pre fec ture. It was

pos si ble to jus tify the coex is tence of mark ers of spe cific

FDNPP reac tors and to deter mine the range of spa tial

occur rence of iso to pic sig na tures indi vid u ally for each

reactor. (Fig. 6.18) 

Accord ing to var i ous prog no ses, world gla ciers are

expected to lose some 80% of their vol ume by the

end of 2100, while some are expected to com pletely

dis ap pear within decades if the cur rent cli ma tic con di tions

pre vail. A key fac tor in the behav iour of con tam i nants on

the sur face of gla ciers is cryoconite (Fig. 6.19) – an accu mu -

la tion of dark-col oured mate rial com posed of min eral dust,

organ isms and organic matter.

A crit i cal fea ture of cryoconite is its abil ity to accu mu late 

con tam i nants. Given these prop er ties, cryoconite is among

the best can di dates for mon i tor ing the dis tri bu tion of arti fi -

cial radionuclides and of heavy met als in the envi ron ment.

We sys tem at i cally stud ied the pres ence of arti fi cial air borne

radionuclides (137Cs, 238,239,240Pu, 241Am and 90Sr) in the gla -

cial envi ron ment all over the world [The Cryosphere 14 (2020)

657  The Cryosphere 13 (2019) 2075 Sci. Rep. 8 (2018) 10802].

Activ ity con cen tra tions of 137Cs, 241Am and Pu iso topes

in cryoconite sam ples from all over the world exceed

activ ity con cen tra tions in other com po nents of the ter -

res trial envi ron ment and can reach high lev els (Fig.

6.20). The con cen tra tions of arti fi cial radionuclides found

in cryoconite from dif fer ent regions of the global

cryosphere are among the high est ever observed on the

Earth’s sur face out side of nuclear exclu sion zones. All

cryoconite sam ples pre sented in fig ure 6.20 were sig nif i -

cantly enriched in fall out radionuclides, with activ ity con -

cen tra tions com pa ra ble to those found in other cryoconite

sam ples gath ered in the north ern hemi sphere. Nor way and

Fig. 6.19 A cryoconite from the Werenskiold glacier (Svalbard).

Fig. 6.20. Activity concentration of 137Cs and 239+240Pu in cryoconite samples from the northern hemisphere.

https://doi.org/10.1016/j.jenvrad.2018.11.006
https://doi.org/10.5194/tc-14-657-2020
https://doi.org/10.5194/tc-14-657-2020
http://doi.org/10.5194/tc-13-2075-2019
https://doi.org/10.1038/s41598-018-29076-4


the east ern Alps, were among the areas most affected by the

Chernobyl fall out where 137Cs was the dom i nant com po -

nent. Activ ity con cen tra tions of all anthropogenic

radionuclides (137Cs and Pu iso topes) obtained from moss

sam ples gath ered over the coastal zones of the Cana dian

Artic, Alaska, south-west ern Green land and tun dra soils

from Svalbard, were all rel a tively low. Among the

radionuclides detected in cryoconite sam ples, we have

iden ti fied 108mAg (t1/2 418 yr) in one of the Alpine gla -

ciers (Morterasth-Ch). This arti fi cial iso tope has never

before been observed in the ter res trial envi ron ment

[Catena 191 (2020) 104577]. It was produced in nuclear

reactions involving silver components during test

explosions in the 1960s. 

Cryoconite holes con nected with supraglacial chan nels

are rich in cosmogenic 7Be; in con trast, poorly

hydrau li cally con nected depos its are rich in arti fi cial

fall out radionuclides and ele men tal car bon. The 7Be iso tope

is a cosmogenic nuclide pro duced in the high tro po sphere

and in the low strato sphere. The very dif fer ent half-lives

of 7Be (t1/2 53.1 d) and those of arti fi cial radionuclides

allowed us to ana lyse our find ings in rela tion to the age

and matu rity of cryoconite depos its, high light ing the

poten tial use of radionuclides to inves ti gate

supraglacial hydro log i cal and mate rial cycling pro -

cesses on the sur face of gla ciers. These find ings indi cate

the need to better under stand the fate and impact of leg acy

con tam i nants within the cryosphere, par tic u larly with

respect to the poten tial for down stream impact on the qual -

ity of water and of the envi ron ment. In addi tion, cryoconite

can be used to track envi ron men tal radio ac tiv ity sources.

We have exploited atomic and activ ity ratios of arti fi cial

radionuclides to iden tify the sources of anthropogenic

radio ac tiv ity accu mu lated in cryoconite sam ples (Fig. 6.21). 

The Pu sig na ture of cryoconite from dif fer ent Alpine gla -

ciers is com pat i ble with the strato spheric global fall out and

with minor prod ucts of the Chernobyl acci dent. Dif fer -

ences are found when con sid er ing other geo graphic con -

texts. In the south ern hemi sphere, the inten sity of global

fall out was lower than that in the north ern hemi sphere,

which is reflected by lower activ i ties of 239+240Pu and higher

activ i ties of 238Pu in the Ant arc tic cryoconite [Sci. Total

Environ. 724 (2020)  138112]. The enrich ment in 238Pu is due to

the high in total activ ity, but local ized input of 238Pu from

the accidental re-entry of the SNAP 9A satellite over

Madagascar in 1964.

Arti fi cial radionuclides, such as 137Cs, 90Sr, 241Am, 238,

239,240Pu as well as nat u ral ones were the sub ject of

study in biota of the Ant arc tic envi ron ment within a

long-last ing col lab o ra tion between IFJ PAN and the Insti -

tute of Bot any of the Jagiellonian Uni ver sity The activ ity

con cen tra tion of those iso topes was deter mined in over a

hun dred sam ples col lected in marine and ter res trial envi -

ron ments. Dif fer ences were dis cov ered in the accu mu la -

tion of 137Cs between marine and ter res trial eco sys tems.

Fur ther more, dif fer ence between mosses and lichens in

their radio-cae sium con tent was sta tis ti cally con firmed.

The inter nal dose rates assess ment was pre pared using the

ERICA Tool. The dose rates were rel a tively low, never

exceed ing sev eral dozen nGy/h, with the high est rate
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Fig. 6.21. Pu isotopic composition of cryoconite samples from the Alps (Morteratsh and Forni glaciers), Georgia (Adishi glacier) and Svalbard (Kaffioyra and
Werenskiold glaciers) (panel B is an enlargement of panel A). 238Pu/239+240Pu is expressed as an activity ratio, 240Pu to 239Pu as an atomic ratio.

https://doi.org/10.1016/j.catena.2020.104577
https://doi.org/10.1016/j.scitotenv.2020.138112
https://doi.org/10.1016/j.scitotenv.2020.138112
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found for the petrel (Pagodroma nivea). [J. Environ. Radioact.

213 (2020) 106140, [Environ. Sci. Pollut. Res. 25 (12018) 436] The

main find ing was the diver si fi ca tion of plu to nium sources

in the nat u ral envi ron ment of Antarctica.  Plu to nium

activ ity ratios and mass ratios were found to be dif fer -

ent (in terms of sta tis ti cal sig nif i cance) between two

groups of bio log i cal sam ples - ter res trial and marine.

[J. Radioanal. Nucl. Chem. 318 (2018) 1511]. Iso to pic ratios for

ter res trial sam ples were con sis tent with global fall out val -

ues, whereas those in marine samples were more diverse

suggesting a varied content of Pu origin within these

samples. 

Earth’s polar regions are con sid ered to be most

affected by cli mate change. In par tic u lar, such an

impact may be reflected in trig ger ing or enhanc ing

the resuspension and sub se quent redis tri bu tion of pol lut -

ants pre vi ously accu mu lated in var i ous eco sys tems of

north ern areas. The con ducted polar research is aimed

mostly at inves ti gat ing the level, behav iour and trans fer

path ways of nat u ral radionuclides (e.g., 40K, 210Pb, 226Ra, 228,

232Th, 234, 238U) and of anthropogenic radionuclides (e.g.,
90Sr, 134, 137Cs, 238,239+240Pu, 241Am), but mainly of the lat ter.

The case study on the West ern Arc tic ter res trial envi ron -

ment (the Cana dian Arc tic, Alaska, SW Green land) pro -

duced a rich and unique data base on radio ac tive con tam i na -

tion. Over all, we noted a large diver sity of radionuclide

depo si tion, fate and prov e nance-cou pled with the

radio ac tive fall out pat tern, local cli ma tic con di tions,

organic mat ter con tent, radionuclide spe cies and other fac -

tors. Inves ti ga tion of the fresh wa ter sys tem of Can ada’s

Arc tic revealed the phe nom ena of sed i ment focus ing and

redeposition of con tam i nants for sed i ment records; the lat -

ter being per haps ini ti ated by global warm ing. Fur ther more, 

the tun dra veg e ta tion in Alaska was found to con tain

traces of 134, 137Cs from the Fukushima NPP acci dent

[Chemosphere 239 (2020) 124783]], and also post-Chernobyl
137Cs, over the Cana dian Arc tic and Green land shore lines

[J. Environ. Radioact. 212 (2020) 106125]. These findings help to

better understand and estimate the movement of

radioactive clouds across the globe.

We exper i men tally con firmed the cases of inter nal

radio ac tive con tam i na tion among med i cal per son -

nel of nuclear med i cine facil i ties  [Radiat. Environ.

Biophys. 56 (2017) 19  Radiat. Environ. Biophys. 57 2018) 77, Radiat.

Environ. Biophys. 58 (2019) 469,  Radiat. Prot. Dosim. 179 (2018)

275]   Mea sure ments of inter nal radio ac tive con tam i na tion

by whole-body coun ters or bio log i cal sam ples require

highly spe cial ised equip ment, are costly and time-con sum -

ing. Tak ing the above into con sid er ation, a method of pas -

sive in situ mon i tor ing of radio ac tive air con tam i na -

tion based on active car bon was devel oped and tested [J.

Radioanal. Nucl. Chem. 318 (2018) 723]. This method is prom is -

ing and after appro pri ate opti mi za tion could be broadly

applied in nuclear medicine facilities. 

v

http://dx.doi.org/10.1016/j.jenvrad.2019.106140
http://dx.doi.org/10.1016/j.jenvrad.2019.106140
http://dx.doi.org/10.1007/s11356-017-0431-2
http://dx.doi.org/10.1007/s10967-018-6274-6
https://doi.org/10.1016/j.chemosphere.2019.124783
https://doi.org/10.1016/j.jenvrad.2019.106125
https://doi.org/10.1007/s00411-016-0674-1
https://doi.org/10.1007/s00411-016-0674-1
https://doi.org/10.1007/s00411-017-0724-3
https://doi.org/10.1007/s00411-019-00793-2
https://doi.org/10.1007/s00411-019-00793-2
https://doi.org/10.1093/rpd/ncx274
https://doi.org/10.1007/s10967-018-6107-7
https://doi.org/10.1007/s10967-018-6107-7


7. Division of the Cyclotron Centre
Bronowice 

The Cyclo tron Cen tre Bronowice (in Pol ish – Centrum

Cyklotronowe Bronowice, CCB) is a part of the Insti -

tute of Nuclear Phys ics Pol ish Acad emy of Sci ences

(IFJ PAN). CCB is a world-class pro ton radio ther apy cen ter

and a mod ern nuclear phys ics research lab o ra tory. The

activ i ties of CCB are focused around two cyclo trons which

now oper ate at IFJ PAN – the “old” in-house devel oped

AIC-144 isochronous cyclo tron (accel er at ing pro tons to the 

energy of 60 MeV), and the C 230 cyclo tron with a pro ton

beam of the energy of 230 MeV, installed in 2012 (Fig. 7.1). 

Pro ton beams from the Pro teus C-235 cyclo tron with an

energy up to 230 MeV are directed to the: 

· nuclear research room

· pro ton radio ther apy sta tion for ocu lar can cer 

· two gan try rooms - ther a peu tic lines with a rotat ing

arm.

CCB is the first pro ton ther apy cen ter in Poland. The

treat ment is car ried out in close coop er a tion with med i cal

part ners of CCB. As part of the coop er a tion, CCB is

respon si ble for the pro duc tion of the beam, con trol of its

param e ters, and other activ i ties related to the prep a ra tion

and imple men ta tion of irra di a tion. In a con stant pro cess of

increas ing the staff’s com pe tences, in 2017 the first group

of CCB phys i cists grad u ated from a 4-year long national

train ing pro gram in med i cal phys ics, receiv ing the title of

Expert in Medical Physics.

Pro ton radio ther apy is one of the fast est grow ing forms

of radio ther apy in the world. The intro duc tion of scan ning

beam tech nol ogy in the last decade and the grow ing num -

ber of pro ton ther apy cen ters at uni ver si ties and research
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Fig. 7.1. The C 230 cyclotron - the main magnet and the beam line (quadrupoles and steering x y magnets). [Copyright K. Daniel]



109

7. D
ivisio

n
 o

f th
e C

yclo
tro

n
 C

en
tre B

ro
n

o
w

ice 

insti tutes have resulted in a rapid increase in both clin i cal tri -

als and research in med i cal phys ics and accelerator

technology. 

Our pri or ity is to treat patients. Out side the clin i cal time, 

i.e. mainly in the eve ning, dur ing nights and week ends, the

beam is used for research pur poses, mainly in the field of

pro ton radio ther apy, nuclear phys ics, med i cal phys ics,

dosim e try, microdosimetry, radiobiology, radiochemistry,

and mate ri als engi neer ing. In addi tion, CCB con ducts com -

mer cial activ i ties by pro vid ing pro ton beams. CCB also

offers pro ton beam oper a tional tests to external clients.

In the field of med i cal phys ics, our work is focused on

increas ing the pre ci sion and safety of the ther apy by

improv ing the fol low ing meth ods: (i) ver i fi ca tion of the

pro ton beam range, (ii) patient posi tion ing, (iii) radio ther -

apy of mov ing organs, and (iv) sec ond ary and scat tered

radi a tion dosim e try. One of the main top ics of our research

is also the bio log i cal effec tive ness of pro ton beams and its

inclu sion in treat ment plans. The Insti tute of Nuclear Phys -

ics Pol ish Acad emy of Sci ences takes part in all these

research directions.

In addi tion, IFJ PAN con ducts research in the field of

bio log i cal effec tive ness of pro tons in con nec tion with the

activ ity of chemotherapeutic agents, devel op ment of pro -

ton beam dosim e try meth ods, tak ing into account the mea -

sure ments of ion iza tion den sity (LET) of the beam, treat -

ment plan ning pro ce dures tak ing into account the

bio log i cal effec tive ness of pro tons, and meth ods of irra di -

at ing mov ing organs. The need to stan dard ize treat ment

plan ning when intro duc ing new scan ning beam tech nol ogy

led to the for ma tion of the IPACS group

(Italy-Poland-Aus tria- Czech-Swe den) in 2014, which

resulted in the stan dard iza tion of plan ning pro to cols in

these coun tries. This is cru cial for com pil ing and comparing 

clinical results obtained in different centers. 

March 2020 marked the out break of the SARS-COV-2

virus pan demic. Dur ing this uneasy time, the facil ity

remained oper a tional and ready to receive patients. We

needed to change the orga ni za tion of work in order to

main tain the con ti nu ity of patient treat ment. Despite the

dif fi cult sit u a tion related to the pan demic and thanks to the

very pos i tive and effec tive coop er a tion with our main clin i -

cal part ner - the National Insti tute of Oncol ogy (part in

Krakow) - we con tin u ously pro vided our ser vices and even

noted a sig nif i cant increase in the number of patients.

The year 2021 is bring ing the cel e bra tion of the 10th

anni ver sary of the first pro ton ther apy at IFJ PAN in

Poland.

General Patient Sta tis tics. By Decem ber 2020 over

400 patients had been suc cess fully irra di ated using

pro ton scan ning gan tries, out of whom only 13

pedi at ric cases had been reg is tered. The indi ca tions

included, but were not lim ited to, chordomas, gliomas,

astrocytomas, chondrosarcomas, oligodendrioglomas,

esthesio neuro blasto mas, sar co mas, and meduloblastomas.

Adult patients were referred mainly from the National

Insti tute of Oncol ogy (NIO), Kraków Divi sion (for merly

known as the Cen ter of Oncol ogy – Insti tute, Kraków Divi -

sion) but also from Radom Oncol ogy Cen ter (RCO) and

Katowice Oncol ogy Cen ter (KCO). Pedi at ric patients were

referred from the Uni ver sity Chil dren’s Hos pi tal in Kraków 

Fig. 7.2. Daily occupation of both PBS gantries between November 2016 and February 2021. Linear trend line shown in red.



(USDK) between Jan u ary 2017 and April 2019. No pedi at -

ric patient has been treated since then.

The total num ber of patients treated daily on both PBS

gan tries had increased sig nif i cantly from Novem ber 2016

by the time this report was cre ated (Feb ru ary 2021), reach -

ing recently over 50% per cent of capac ity (see Fig. 7.2).

A part of CCB is the Cyclo tron Pro teus C-235

Group which is respon si ble for ser vice and main te -

nance of the Pro teus 235 ther apy sys tem. The Cyclo -

tron divi sion con sists of a team of engi neers, trained by the

sys tem man u fac turer IBA (Ion Beam Appli ca tions). CCB is

one of a few cen ters in the world whose engi neers are cer ti -

fied to inspect, main tain and super vise the pro ton ther apy

sys tem dur ing clin i cal and non-clin i cal workflow. More -

over, CCB has signed a ser vice con tract with IBA, which

ensures undis turbed com mu ni ca tion in order to reduce sys -

tem downtimes. The agree ment pro vides sev eral ben e fits,

such as access to IBA's pro fes sional exper tise, exten sive

knowl edge data base, on-site trou ble shoot ing and help with

two cyclotron maintenances in year.

The Cyclo tron Pro teus C-235 Group main fields of

activ i ties:

· Employee train ing in accel er a tion tech niques and

accel er a tors tech nol ogy.

· Super vi sion over the safety of employ ees and safe

work with the accel er a tor.

· Main tain ing Pro teus 235 Ther apy Sys tem ready for

clin i cal and non-clin i cal uses.

· Cyclo tron param e ters super vi sion dur ing patient irra -

di a tion and ion beam exper i ments.

· Per form ing sched uled pre ven tive main te nance pro -

ce dures and unplanned cor rec tive activ i ties.

· Devel op ment work on new pro ton beam param e ters

for clin i cal and non-clin i cal irra di a tions. 

· Research and devel op ment on high inten sity pro ton

beam cur rent for exper i men tal uses. 

The Cyclo tron AIC-144 Group is respon si ble for ser -

vice and main te nance of the Cyclo tron AIC-144. The

isochronal cyclo tron AIC-144 shall be used to accel -

er ate light ions (pro tons, deu ter ons, alpha particles).

The accel er ated pro tons in the form of a focused beam

have opti mum param e ters for this type of cyclo tron:

· energy 60MeV;

· beam cur rent 80nA;

· sta bil ity of the beam cur rent 5%.

In the years 2011-2016 the AIC-144 cyclo tron was used

to irra di ate patients with a can cer of the eye ball. Since 2016

the 60 MeV the fixed pro ton beam of the AIC-144 cyclo -

tron has been used in ded i cated research in dosim e try and

med i cal physics.

Treatment Plan ning Group (Pracownia

Planowania Leczenia). The basic aim of the Treat -

ment Plan ning Group (PPL) is to coor di nate

patients’ workflow pro cesses with respect to pro ton radio -

ther apy per formed at Cyclo tron Cen tre Bronowice. The

tasks of the Group are divided into three main cat e go ries:

patient han dling, com put er ized treat ment plan ning, and IT

sys tem man age ment which cor re sponds to three sec tions:

radi a tion ther a pists (RTTs), phys i cists and IT specialists.

RTTs take respon si bil ity for prep a ra tion of patient spe -

cific immo bi li za tion devices, CT scan ning for treat ment

plan ning, patient posi tion ing and posi tion ver i fi ca tion at

gan try treat ment rooms and frac tional dose deliv ery. In

addi tion, they con duct daily qual ity assur ance pro ce dures

of the CT scan ner, patient posi tion ver i fi ca tion devices and

other med i cal appli ca tions. The coor di na tion of patient

sched ul ing and patient related infor ma tion interchange is

part of their daily routine.

Phys i cists pre pare treat ment plans based on clin i cal pre -

scrip tions for both gan try and eye treat ment rooms, per -

form mul ti stage plan ver i fi ca tion before the deploy ment,

and accom plish eye patient posi tion ing ver i fi ca tion. Qual -

ity assur ance of treat ment plan ning and patient posi tion ing

equip ment and soft ware, such as the CT scan ner, sur face

imag ing cam eras and Treat ment Plan ning Sys tem, is part of

their duties. More over, they imple ment improve ments and

new tech nol o gies into treat ment pro cesses as well as pre -

pare pro ce dures for new clin i cal indi ca tions. They also par -

tic i pate in var i ous local and inter na tional col lab o ra tions

aim ing at research and devel op ment in the areas of treat -

ment plan ning, treat ment deliv ery and quality assurance

(such as the IPACS and EPTN working groups).

IT spe cial ists are respon si ble for the man age ment of

treat ment con trol sys tems, treat ment plan ning sys tems,

var i ous patient posi tion ing and posi tion ver i fi ca tion sys -

tems, and many gen eral pur pose IT sys tems, includ ing doc -

u ment man age ment sys tem, bug and fail ure track ing sys -

tem etc. Fur ther more, they take care of video sur veil lance,

access con trol, data archiv ing, net work infra struc ture,

print ers, per sonal com puter devices, and many more. The

devel op ment of new treat ment related soft ware is also

within their scope of interest.
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Proton Ocu lar Radio ther apy Group (Pracownia

Terapii Oka). The activ ity of the group is pri mar ily

related to radio ther apy of ocu lar tumors. It cov ers

oper a tion, test and tech ni cal main te nance of ded i cated

treat ment rooms at the C-235 Pro teus and AIC-144 cyclo -

trons and devel op ment of related tech ni cal and qual ity

assur ance pro ce dures. The staff con ducts dosimetric ver i fi -

ca tion of clin i cal treat ment plans, designs and tests

patient–spe cific acces so ries and oper ates the treat ment

room dur ing patient irra di a tions. Non-clin i cal activ i ties

include appli ca tion of proton beams for research purposes.

While clin i cal work is mostly done with the C-235 cyclo -

tron, the AIC-144 cyclo tron based unit hosts most of exper -

i men tal activ i ties, con ducted in coop er a tion with the Divi -

sion of Appli ca tion of Phys ics IFJ PAN. These involve

expo sures of in-vitro can cer cells cul tures, test ing novel

radi a tion detec tors and inves ti gat ing the effects of pro ton

radi a tion on electronic devices.

Dosimetry and Qual ity Assur ance Group

(Pracownia Dozymetrii Kontroli Jakoœci). The

mis sion of the group is to super vise the appli ca tions

of ion iz ing radi a tion (espe cially the pro ton beam) in ther apy 

and research. The aim of the qual ity con trol in radio ther apy

is to ensure excel lent patient care using advanced

radiotherapeutic equip ment. Qual ity assur ance pro ce dures

and tests involve accep tance test ing, char ac ter iza tion and

com mis sion ing and rou tine qual ity assur ance of clin i cal

radio ther apy sys tems’ use. Novel test ing and ver i fi ca tion

pro ce dures are being devel oped to ensure reli able

performance as well as accurate dose delivery. 

A more detailed descrip tion of the respon si bil i ties of the 

med i cal phys i cists group at CCB can be found below:

· Qual ity Assur ance of the ther apy sys tem – in

accor dance with appli ca ble law, peri odic tests have to

be done in order to ensure the proper oper a tion of

ther a peu tic accel er a tors. In pro ton ther apy the pre ci -

sion of beam deliv ery is cru cial, there fore a lot of tests

are per formed using spe cial ized mea sure ment

devices, such as ion iza tion cham bers, scin til la tion

detec tors, film detec tors, etc. 

CCB was selected as the lead ing facil ity for the

dosimetric audit of Pen cil Beam Scan ning sys tems

orga nized by Euro pean Radiation Dosimetry Group

(EURADOS). 

· Dosimetric ver i fi ca tion of Patient Plans – all

patient irra di a tion plans need to be ver i fied before the 

first ther a peu tic ses sion. Using an array of ion iza tion

cham bers, mea sure ments in water tank are

per formed. The results of the mea sure ments are

com pared with the cal cu la tions of the Treat ment

Plan ning Sys tem. Also new meth ods of ver i fi ca tion

are devel oped in coop er a tion with other research ers,

such as the one described in paper: Mon i tor ing Pro -

ton Ther apy Through In-Beam PET: An Exper i men -

tal Phan tom Study [IEEE Transactions on Radiation and

Plasma Medical Sciences Volume: 4, Issue: 2, March 2020]

· Beam model con fig u ra tion – the Treat ment Plan -

ning Sys tem is a soft ware appli ca tion which allows

one to cal cu late dose dis tri bu tions for patients. How -

ever – the beam model needs to be con fig ured prop -

erly. The con fig u ra tion of mea sure ments and their

anal y sis are per formed by spe cial ists from the Dosim -

e try and QA Group. The staff also takes part in devel -

op ing new meth ods of beam cal cu la tions (Com mis -

sion ing of GPU–Accel er ated Monte Carlo Code

Fred for Clin i cal Appli ca tions in Pro ton Ther apy

[Front. Phys., 21 January 2021].

· Cal i bra tion and test of mea sure ment devices –

pre ci sion is the most impor tant fac tor in pro ton beam 

mea sure ments, there fore peri odic tests and cal i bra -

tions of mea sure ment devices need to be performed.

· Exper i men tal irra di a tions – pre par ing and per -

form ing. A lot of research requires irra di a tion using a

pro ton beam. The spe cial ists from the Dosim e try and 

QA Group coop er ate with research ers in order to

find the opti mal way to irra di ate sam ples (such as bio -

log i cal sam ples) and per form exper i ments accord ing

to research ers’ needs. This coop er a tion may result in

publications, such as:

­ Influ ence of Ther a peu tic Pro ton Beam on

Glioblastoma Multiforme Pro lif er a tion Index —

A Pre lim i nary Study [ACTA PHYSICA POLONICA A ,

Vol.137(2020), No.1]

­ Fancy-Shaped Gold–Plat i num Nanocauliflowers

for Improved Pro ton Irra di a tion Effect on Colon

Can cer Cells [Int. J. Mol. Sci.2020,21, 9610]

· Tests with the beam for exter nal cus tom ers – as

tests with pro ton beams are highly needed also in

indus try, a lot of tests for exter nal cus tom ers are per -

formed at CCB. The irra di a tion of a wide range of

sam ples is per formed – start ing with pol len and end -

ing with elec tronic devices used in space industry.

As mea sure ment devices and cal cu la tion algo rithms in

pro ton ther apy need to be suc ces sively improved, it still

attracts the atten tion of research ers. There fore, the Dosim -

e try and QA Group mem bers par tic i pate in a lot of research

activ i ties. Some of them are described in section Highlights.

https://ieeexplore.ieee.org/abstract/document/8742630/authors
https://ieeexplore.ieee.org/abstract/document/8742630/authors
https://doi.org/10.3389/fphy.2020.567300
http://przyrbwn.icm.edu.pl/APP/PDF/137/app137z1p15.pdf
http://przyrbwn.icm.edu.pl/APP/PDF/137/app137z1p15.pdf
https://www.mdpi.com/1422-0067/21/24/9610


The Qual ity Con trol Sec tion (in Pol ish – Sekcja

Kontroli Jakoœci, SKJ) is respon si ble for the imple -

men ta tion, man age ment and improve ment of the

Qual ity Sys tem (QMS) based on PN/EN ISO 17025:2018.

The mis sion of SKJ is to ensure the cor rect, effi cient and

effec tive pro cess and pro ce dure flow at CCB (See Fig. 7.3).

SKJ super vises CCB doc u men ta tion and equip ment,

ensures the com pli ance of CCB activ i ties with legal

reg u la tions in the field of radio ther apy and per forms peri -

odic qual ity assess ments (audits and eval u a tions). More -

over, SKJ coop er ates with CCB units and exter nal orga ni -

za tions in the field of Qual ity Pol icy and pre pares reports

on the func tion ing of the QMS and the need for its

improve ment for CCB Management Board.

Selected Highlights of the Division of Cyclotron Centre
Bronowice

 Pro ton radio ther apy has been con ducted in Poland

since 2011. In 2011-2015, 128 patients of the Uni ver sity

Hos pi tal in Krakow with mel a noma of the eye ball were irra -

di ated at the sta tion built at IFJ PAN at the AIC-144 cyclo -

tron. Since 2013, the pro ce dure has been financed by the

Pol ish National Health Fund. CCB IFJ PAN fully cov ers

the cur rent demand for this type of ther apy in Poland

and offers irra di a tion to all patients referred for treat -

ment.

In Feb ru ary 2016, the clin i cal work was trans ferred to a

new, ded i cated ther a peu tic sta tion at the Pro teus C-235

cyclo tron, using a pro ton beam with an ini tial energy of 70

MeV. Patients are posi tioned using a robotic ther a peu tic

chair and a pair of X-ray tubes in an orthogo nal sys tem. The 

posi tion meets the require ments and reg u la tions of law and

qual ity and safety stan dards for med i cal devices, which is

con firmed by the CE Med i cal mark. The dura tion of a

radio ther apy cycle is approx i mately 4-5 weeks. It begins
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with the prep a ra tion of a patient at the Clin i cal Depart ment

of Oph thal mol ogy and Oph thal mic Oncol ogy of the Uni -

ver sity Hos pi tal in Krakow. From 4 to 5 tan ta lum mark ers

are sewn onto the eye ball around the base of the tumor.

Their task is to sup port the loca tion of the tumor, which is

invis i ble in X-ray imag ing, and they also allow the patient to

be posi tioned later at the radio ther apy sta tion. The patient is 

then trans ferred to CCB IFJ PAN and dur ing the next few

vis its med i cal phys i cists pre pare a treat ment plan, which is

then approved by a radio ther a pist. After its ver i fi ca tion and

prep a ra tion of indi vid ual beam-form ing ele ments, a week

of ther apy fol lows, dur ing which on four con sec u tive days a

total of four frac tional doses of 13.64 Gy each is deliv ered

to the treat ment vol ume. Over the years 2016-2020, 154

patients under a con tract with the Pol ish National

Health Fund with eye tumors were irra di ated at the

C-235 cyclo tron (see Fig. 7.4).

Proton radio ther apy with the use of Pen cil Beam

Scan ning (PBS) has been car ried out at IFJ PAN

since Novem ber 2016 at two gan try-type ther a -

peu tic sta tions that allow irra di a tion from any direc -

tion (00-3600). 

Both gan tries are equipped with a ded i cated snout that

enables irra di a tion of fields up to 30 cm x 40 cm. Patient

posi tion ing is car ried out by means of a robotic table, an

orthogo nal set of X-ray lamps and an opti cal sys tem. At

each sta tion, it is pos si ble to treat pedi at ric patients using

anes the sia col umns and kits installed there, designed in con -

sul ta tion with anes the si ol o gists from the Uni ver sity Chil -

dren's Hos pi tal in Krakow. Treat ment plan ning is car ried

out with the use of Com puted Tomog ra phy scans obtained

from a CT. The cen ter is equipped with ded i cated equip -

ment for dosim e try and qual ity con trol of ther a peu tic

beams. The use of irra di a tion with a scan ning beam allows

ther a pists to obtain a fully three-dimen sional inten sity

mod u la tion. This trans lates into a very high con for mity of

the treat ment plan, i.e. no dose in the dis tal areas and a lower 

dose in the prox i mal areas (in front of the tar get area) com -

pared to anal o gous pho ton plans. CCB IFJ PAN is one of

the first cen ters in Europe to have mas tered this irra di a tion

tech nique. Before the cen ter was launched, the med i cal

phys i cists of the Oncol ogy Cen ter in War saw had per -

formed com par a tive mea sure ments. Cur rently, the

dosimetric con sis tency of the center is carried out by the

Warsaw Oncology Center with the use of mailed dosimetry. 

Radio ther apy in gan tries started in Novem ber 2016, but

only one patient was irra di ated in that year. Over the years

2017-2020 404 patients (mostly from our main clin i cal

part ner - the National Insti tute of Oncol ogy, Krakow)

were irra di ated, includ ing 13 chil dren (Fig. 7.5). The

num ber of patients is sys tem at i cally grow ing. In 2019 it 

amounted to 107 adults and 5 chil dren. In 2020 133 adult

patients were irra di ated in gan tries. All patients referred for

irra di a tion were admit ted. The exten sion of the list of indi -

ca tions for reim burse ment by the National Health Fund in

2019 only mar gin ally con trib uted to the increase in the

num ber of patients. Pedi at ric patients have not been

referred for treat ment at the cen ter since April 2019. Hav -

ing 10 years of expe ri ence in con duct ing pro ton radio ther -

apy, CCB IFJ PAN can irra di ate annu ally about 400–500

patients (depend ing on indications and the number of

fractions).

There is still lit tle clin i cal evi dence of pro ton ther apy

with respect to pho tons. To dem on strate the poten tial ben -

e fits of this emerg ing treat ment modal ity, col lab o ra tive clin -

i cal tri als need to be per formed. In response to this prob -

lem, a PACS group was formed in late 2014. Ini tially it

con sisted of phy si cians and med i cal phys i cists from the

Treat ment Plan ning Group (PPL) of CCB IFJ PAN, the

Can cer Cen ter and Insti tute of Oncol ogy in Kraków (cur -

rently the National Research Insti tute of Oncol ogy in

Fig. 7.4 Total number of patients with uveal melanoma treated yearly between
2016 and 2020.

Fig. 7.5. Total number of adults and pediatric patients treated yearly between
2016 to 2020.



Kraków), and from three other cen ters in Aus tria, Czech

Repub lic and Swe den. Later on a pro ton cen ter from Italy

joined the ini tia tive. The main goal of the IPACS (Italy,

Poland, Aus tria, Czech, Swe den) group is to har mo -

nize of treat ment pro to cols in pro ton radio ther apy and

to syn chro nize efforts in order to per form multicenter

clin i cal tri als. The first step of the col lab o ra tion was to

har mo nize pro ton treat ment plan ning for selected

indi ca tions and test patient cases. As a result, com mon

treat ment plan ning guide lines for head and neck tumors

were estab lished to pri or i tize aims and objec tives and to

eval u ate the plan ning results (see Table 1) [ACTA

ONCOLOGICA 2019, VOL. 58, NO. 12, 1720–1730].

Table 1. Pri or ity list for OAR and tar get struc tures dose

objec tives used for treat ment plan ning of sinonasal can cer

cases. The first four pri or ity struc tures and the CTV need to

meet also the con straints after robust ness evaluation.

Pri or ity Struc ture Ob jec tives

1 Spi nal cord D 2% £ 50 Gy(RBE)

2 Brainstem D 2% £ 54 Gy(RBE)

3 Chiasm D 2% £ 54 Gy(RBE)

4 Op tic nerve L/R D 2% £ 54 Gy(RBE)

5 GTV, CTV, PTV (de scribed in the text)

6 Parotid gland L/R D mean £ 28 Gy(RBE)

7 Lar ynx
D mean £ 40 Gy(RBE)
D 2% £ 63 Gy(RBE)

8 Oral cav ity D mean < 30 Gy(RBE)

9 Ret ina L/R D 2%  £ 54 Gy(RBE)

10 Co chlea L/R D mean £ 30 Gy(RBE)

11 Esoph a gus V 50Gy(RBE)  £ 30%

12
Pha ryn geal con stric tor mus -
cle

D mean £ 41 Gy(RBE)

13 Temporomandibular joint L/R D mean  £ 30 Gy(RBE)

14 Submandibular gland L/R D mean £ 28 Gy(RBE)

15 Thy roid V 50Gy(RBE) £ 30%

16 Lens L/R D 2% £ 7 Gy(RBE)

17 Other As low as pos si ble

18 BODY-CTV D 2% £ 107%

The clin i cal equip ment and treat ment plan ning sys tems

vary at each of the par tic i pat ing cen ters, result ing in cer tain

dis crep an cies of the out comes (Fig. 7.6). Inves ti ga tions

have showed poten tial advan tages of pro ton radio ther apy

for treat ment of H&N tumors by spar ing crit i cal organs at

risk, such as spinal cord or brainstem.

Guide lines for fur ther indi ca tions will be devel oped in

the next years, start ing from skull base tumors and fol low -

ing with breast can cer. The next mile stones will be to har -

mo nize plan qual ity assur ance pro ce dures and finally to

cre ate com mon treat ment pro to cols in order to pre pare for

multicenter clinical trials.

The ESTRO soci ety cre ated a set of work ing pack age

groups within EPTN. The Treat ment Plan ning Group

(PPL) par tic i pates in the work of WP5 group, which

con cen trates its cur rent activ i ties on treat ment plan -

ning related top ics, such as col lec tive TPS spec i fi ca -

tions, plan ning stan dards and case solu tions, TPS

com mis sion ing and val i da tion, alter na tives to patient

spe cific ver i fi ca tions, CT/HU cal i bra tion, robust ness 

anal y sis, LET based planning and 4D planning.

An exam ple of the WP5 efforts is a com par a tive study

of com puted tomog ra phy scan ners enti tled  Inter-cen tre vari -

abil ity of CT-based stop ping-power pre dic tion in par ti cle ther apy: Sur -

vey-based eval u a tion [ Physics and Imaging in Radiation Oncology 6

(2018) 25–30 ]. The study shows large inter-cen ter vari abil ity

in the imple men ta tion of CT scans, image recon struc tion

and espe cially in spec i fi ca tion of the CT to stop ping power

ratio (SPR) con ver sion, which implies the need for future

standardization.

 The Treat ment Plan ning Group (PPL) invented

and devel oped meth ods for achiev ing much higher

plan con for mity of pro ton pen cil beam scan ning treat -

ments by apply ing patient spe cific 3D-printed or field

spe cific com pen sa tors.
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Fig. 7.6. D2% for spinal cord for the first treatment phase for the nominal plans
for all 5 head and neck cases from each center and the VMAT plan is shown.
The dashed line shows the objective for the total treatment, i.e., for the sum of
both treatment phases, which was D2% 50 Gy(RBE) for the spinal cord.

https://doi.org/10.1080/0284186X.2019.1648858
https://doi.org/10.1080/0284186X.2019.1648858
https://doi.org/10.1016/j.phro.2018.04.006
https://doi.org/10.1016/j.phro.2018.04.006
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Pedi at ric patients are very demand ing, not only because

they usu ally require inten sive immo bi li za tion includ ing

anes the sia, but also in terms of clin i cal pre scrip tions and

crit i cal organ spar ing. The min i mum pro ton energy

obtained from mod ern cyclo trons using energy selec tion

sys tems is usu ally higher than 70 MeV. In order to irra di ate

shal low tumors, one needs to apply a range shifter, which

causes a huge deg ra da tion in spot lat eral pen um bra. To

min i mize this side effect, patient spe cific 3D-printed com -

pen sa tors (an exam ple is shown in Fig. 7.7 ) were devel oped

in April 2017 and applied clin i cally to sev eral pedi at ric

H&N patients. As a con se quence, we observed a sig nif i cant 

reduc tion of unwanted doses dis trib uted to the nor mal tis -

sue sur round ing the tar get (Fig. 7.8). 

Another group of pedi at ric patient spe cific indi ca tions is 

cranio-spi nal irra di a tion (CSI) in the case of

medulloblastoma (shown in Fig. 7.9). Again, in order to pre -

serve best lat eral prop er ties of the pro ton scan ning beam, a

ded i cated field spe cific com pen sa tor was designed and

devel oped by the Treat ment Plan ning Group (PPL), man u -

fac tured by the Divi sion of Sci en tific Equip ment and Infra -

struc ture Con struc tion (DAI), and applied clinically.

A sec ond type of field spe cific com pen sa tors for treat -

ment of sacrum and pel vic tumors is under con struc tion

and will be intro duced clin i cally in 2021.

Fig. 7.7. Sample 3D printed compensators.

Fig. 7.8. Sample plan comparison. Standard plan (left) and plan with 3D printed compensator (right).



Dosimetric ver i fi ca tion of PBS treat ment plans requires

2D dosim e ters because of the pos si ble pres ence of hot and

cold spots. Cur rently, the MatriXXPT (IBA Dosim e try)

array of ion iza tion cham bers is applied at CCB to simul ta -

neously mea sure the dose and eval u ate the spa tial dose dis -

tri bu tion in PBS radio ther apy. How ever, the MatriXX spa -

tial res o lu tion is lim ited, which is due to the size of the

cham bers and the dis tance between them (4.5 and 7.6 mm,

respec tively). As an alter na tive, Gafchromic EBT3 films

with spa tial res o lu tion below 1 mm can be applied for QA.

The setup of the dose spa tial dis tri bu tion mea sure -

ments using Gafchromic films is pre sented in Fig. 7.10.

Many stud ies have shown the crit i cal impact of beam

energy dis tri bu tion (sim pli fied as the depend ence on lin ear

energy trans fer (LET)) on detec tor effi ciency of the

Gafchromic films. The film can be dig i tized by scan -

ning it with a flat bed color scan ner. There fore, in addi -

tion to EBT3 film cal i bra tion, the scan ner uni for mity

and sta bil ity cor rec tions have to be applied to increase

the accu racy of the sys tem (Fig. 7.11). 

The aim of the work was to develop a dosimetric sys tem,

com posed of the EBT3 film, a scan ner and a set of cor rec -

tion algo rithms to recal cu late the mea sured response into

absorbed dose in water for clin i cal pro ton beams. Finally,

an advanced home-devel oped soft ware tool,

AnalyseGafchromic, was devel oped to facil i tate the

use of the films in clin i cal con di tions. [ Radiation

Protection Dosimetry (2018), Vol. 180, No. 1–4, pp. 324–328] . 

For com mis sion ing of a pro ton ther apy unit, depth dose 

dis tri bu tions must be deter mined and intro duced into the

Treat ment Plan ning Sys tem. In the pen cil beam scan ning

(PBS) tech nique, inte gral depth dose (IDD) acqui si tion

should be per formed. A detec tor should be large enough to

detect the entire beam lat er ally broad ened by scat tered and

sec ond ary con tri bu tions. A stan dard plane-par al lel ion -

iza tion cham ber (IC) 4.08 cm in radius proved not to

be large enough to reg is ter all pro tons and nuclear

recoils from the pro ton pen cil beam. The mea sured and

FLUKA cal cu lated rel a tive dose dif fer ence RDD(z) for the

high est energy of 226.08 MeV is pre sented in Fig. 7.12 .
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Fig. 7.9. CSI field specific compensator attached to the treatment table.

ig. 7.10. On the left: The construction of CIRS 731-HN phantom. At the center: Set-up for the CIRS phantom irradiation with scanning proton pencil beam
treatment plan. On the right: Gafchromic film in the anthropomorphic phantom after irradiation.

Fig. 7.11. The relative effectiveness of EBT3 films as a function of the proton
beam LET. In order to determine the dependence, plans with different ranges
and modulations have been measured with Gafchromic film and Markus type
ionization chamber simultaneously. Track-averaged LET values have been
simulated using the particle transport code SHIELD-HIT12A (v.0.6.0). The
total uncertainty of film effectiveness consists of the uncertainty of absolute
dose determination with Markus chamber and the film readouts reproducibility

https://doi.org/10.1093/rpd/ncx304
https://doi.org/10.1093/rpd/ncx304
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In recent years a huge effort has been made to quan tify

the miss ing dose frac tion, cal cu late energy and

depth-depend ent cor rec tion fac tors for the IC data, or

mod ify ana lyt i cal for mu lae of IDD(z). The pur pose of the

work was to quan tify, using mea sure ments and Monte

Carlo trans port cal cu la tions, the ion iza tion cham ber’s

(IC) geo met ri cal effi ciency ver sus the cham ber radius

and pro ton beam energy. The focus was put on the anal y -

sis of com mer cially avail able ICs of 4.08 and 6 cm radius in a 

clin i cally avail able pro ton energy range 70–226.08 MeV.

The cal cu lated geo met ri cal effi ciency for the pro ton energy

range between 70 and 226.08 MeV at the mid-range depth

for IC-4cm and IC-6cm is shown in Fig. 7.13. 

The IDD(z) cal cu la tions were cross-checked with

exper i men tal data which allowed us to ver ify to what extent

the con struc tion of the cham bers (the dis tance between the

elec trodes) affects their response [Radiation Protection

Dosimetry (2018), Vol. 180, No. 1–4, pp. 334–337] .

Accu rate deter mi na tion of an absorbed dose is

essen tial in radi a tion ther apy. In the pro cess of cal i -

brat ing the beam out put or when ver i fy ing the dose

deliv ered to the patient, var i ous cor rec tion fac tors

need to be applied to the read out of an ion iza tion

cham ber (IC) in order to achieve clin i cally rel e vant

accu racy of mea sur ing and deter min ing the absorbed

dose.  The degree of sat u ra tion of the ion iza tion cur rent in

ion iza tion cham bers exposed to radi a tion of dif fer ent qual -

ity is related to sev eral phys i cal pro cesses of which ini tial

and vol ume recombinations are con sid ered to be the most

impor tant. To cor rectly con fig ure the beam model in TPS,

Fig. 7.12. Relative dose difference of measured and FLUKA calculated data
for 226.08 MeV proton pencil beam (s = 2.4 mm). RD(z) data was derived
from MC calculations for IC-6cm.

Fig. 7.13. MC calculated geometrical efficiencies for IC-4cm and IC-6cm as a
function of energy obtained in the middle of R80

Fig. 7.14. Left: experimental data for the Markus TM23343 IC: inverse of the chamber readings (corrected charge) obtained for PBS of different energies at
chamber voltages ranging between 50 and 400 V, normalized to the point at 50 V plotted against the 1/U2 with a linear fits over the full voltages range. Right: ks
values as a function of 1/U, obtained using a Markus TM23343 IC exposed to scanning proton beam of energy 225 MeV.

https://doi.org/10.1093/rpd/ncx206
https://doi.org/10.1093/rpd/ncx206


the ks cor rec tion fac tor should be exper i men tally ver i fied

over the whole range of clin i cally used ener gies of the PBS

applied in the TPS. Mea sure ments of the val ues of the ion

recom bi na tion (ks) and polar ity (kpol) cor rec tion fac tors in

water, for a plane–par al lel Markus TM23343 IC, using the

cyclo tron-based Pro teus-235 ther apy system with an active

proton PBS of energies 30–230 MeV have been performed. 

The PBS dose rates were esti mated by com bin ing direct

IC mea sure ments with the results of sim u la tions per formed

using the FLUKA MC code. The val ues of ks were also

deter mined by the TVM (“two-volt age” method) for uni -

formly irra di ated vol umes over dif fer ent ranges and mod u -

la tion depths of the pro ton PBS, with or with out a range

shifter. The com par i son of the exper i men tal results

with those obtained from the o ret i cal cal cu la tions was

made and applied to QA pro to cols [Med. Phys. 45 (1),

January 2018 0094-2405/2018/45(1)/391/11].

 A pre cise char ac ter iza tion of ther a peu tic pro ton

pen cil beams is essen tial for the com mis sion ing of any

treat ment plan ning sys tem (TPS). The pro ce dure of

dosimetric com mis sion ing and val i da tion is usu ally per -

formed within com mer cially avail able active and/or pas sive

dosim e try sys tems. How ever, the exist ing solu tions do not

offer a dynamic range, and the pos si bil ity to per form mea -

sure ments in water with sin gle quan tum sen si tiv ity using

only one device has not been reported yet. The use ful ness of 

dia mond detec tors, pro duced using Chem i cal Vapor Depo -

si tion method (CVD), for ther a peu tic pro ton beam

profilometry and diag nos tics was ver i fied. Mea sure ments

of a sin gle pro ton beam spot were per formed in a gan try

room using scan ning tech nique (Fig. 7.15). To ensure a

suf fi cient spa tial res o lu tion and dynamic range for

pro file mea sure ments, sin gle-crys tal CVD dia mond

(scCVDD) detectors with high charge collection

efficiency were used. 

The scCVDD detec tor was placed in front of the gan try

noz zle where the beam passes through per pen dic u larly to

the detec tor sur face. The pro posed method, based on a dia -

mond detec tor, gives results in a very wide dynamic range,
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Fig. 7.15. Exemplary signals by 70 MeV protons at 100 um scCVD diamond,
registered by the oscilloscope during measurements.

Fig. 7.16. Comparison of 70 MeV proton beam profiles obtained with different methods: GTR3_TPSinput profile (grey) was obtained with a commercially available
2D scintillation detector by IBA-Dosimetry (for core region of the beam 1-100%) and TLD pellet detectors placed in distance approx. 10mm (for low-intensity
regions <1%); GTR4_TPSinput profile (green) was obtained with a commercially available 2D scintillation detector by IBA-Dosimetry; Red triangles represent
relative proton flux measured with diamond detectors at GTR4. It is quite clear that the core region of the profile at GTR4 agrees well with the Lynx detector, but in
the region <1% differences seem to be not negligible.

https://aapm.onlinelibrary.wiley.com/doi/epdf/10.1002/mp.12668
https://aapm.onlinelibrary.wiley.com/doi/epdf/10.1002/mp.12668
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enables per form ing mea sure ments in a sin gle par ti cle

mode, and has better back ground con trol than com mer -

cially avail able detec tors. The PBS beam pro file com par i -

son obtained with dif fer ent meth ods is shown in Fig. 7.16.

It is also evi dent that low dose regions have to be taken into

account dur ing TPS com mis sion ing. The use of dia mond

detec tors oper at ing in a sin gle par ti cle mode results in

reach ing 5 orders of mag ni tude of the dynamic range, which 

can be poten tially wider at higher beam currents (more

protons in the beam core).

More over, the ampli tude (inte gral) of the pulse

may be used to deter mine the energy depos ited by

indi vid ual pro tons and pos si bly related to LET.

Future work will focus on an exper i men tal char ac ter -

iza tion of the beam profilometry, energy depo si tion

and the LET spec tra in mixed radi a tion fields pro -

duced by ther a peu tic pro ton beams in water. [Radiation

Protection Dosimetry (2018), Vol. 180, No. 1–4, pp. 282–285] 

This type of research is cur rently of great impor tance as

it may prove to be the key to ensure the best patient care and 

reli able and accu rate dose deliv ery.

The devel op ment of a spe cial in-vivo dosim e try sys tem for pro -

ton ocu lar radio ther apy based on EPR/alanine detec tors in the

years 2012-2016 proved the use ful ness of this type of detec -

tors in pro ton beams. In alanine exposed to ion iz ing radia -

tion some sta ble free rad i cals are gen er ated, the con cen tra -

tion of which can be eval u ated by Elec tron Para mag netic

Res o nance (EPR) spec trom e try. This con cen tra tion of free

rad i cals is pro por tional to the absorbed dose (see Fig. 7.17).

The main advan tages of alanine as a dosim e ter are tis -

sue-equiv a lence, lin ear response over a large dose range

(0.5-500 Gy), sig nal sta bil ity and its non-destruc tive EPR

read out. These fea tures make alanine also a prom is ing

detec tor for a dosim e try com parison of pro ton beams, both 

scan ning and pas sively scat tered. In 2017 EPR/alanine

dosim e try sys tem was suc cess fully used in the first

inter na tional pas sive dosim e try intercom parison of

ocu lar radio ther apy facil i ties (pas sive beams) car ried

out at IFJ PAN (Fig. 7.18).

Fig. 7.17. EPR spectra of alanine irradiated with doses up to 50 Gy.

Fig. 7.18. Alanine pellets and fantoms dedicated to dosimetry intercomparison 
of ocular radiotherapy facilities.

https://academic.oup.com/rpd/article/180/1-4/282/4812517?guestAccessKey=c376f151-6a70-4799-a012-35fa8d65f0a1
https://academic.oup.com/rpd/article/180/1-4/282/4812517?guestAccessKey=c376f151-6a70-4799-a012-35fa8d65f0a1


Fur ther inves ti ga tion of alanine as a poten tial tool for

mailed audits in pro ton pen cil scan ning beams, per formed

in col lab o ra tion with the Euro pean Radi a tion Dosim e try

Group EURADOS, dem on strated low lin ear energy trans -

fer (LET) depend ence and an agree ment between the mea -

sured and treat ment plan ning sys tem (TPS) dose below 1%

[ Physica Medica 82 (2021) 134–143]. Based on these stud ies,

alanine was used for the eval u a tion of medulloblastoma

plan ning and irra di a tion meth ods devel oped at CCB (Fig.

7.19). Craniospinal irra di a tion is chal leng ing because of the

involve ment of large treat ment vol ume, which is real ized by

junc tion of sev eral radi a tion fields. In such a field con fig u ra -

tion a poten tial unde sired dose inhomogeneity at the junc tions

can appear . The exper i ment showed the com pat i bil ity of

alanine doses (mea sured) and TPS doses (planned) in junc -

tion areas at the accept able level of 1% [ Abstracts / Physica

Medica 52 (2018) 99–187].

 

Cur rently, the EPR/alanine dosim e try is inves ti gated as

a rou tine tool for pen cil scan ning beam intercomparison.

The aim of this work is to develop a reli able method for

dosimetric audits in pro ton radio ther apy cen ters. The

inves ti ga tions are done in coop er a tion with the

EURADOS Work ing Group 9 – Radi a tion dosim e try in

radiother apy.

v
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Fig. 7.19. Alanine detectors and gafchromic films in an anthropomorphic
phantom of a 5-year-old child used for the examination of dose homogeneity
in the junction area in medulloblastoma proton irradiation.

../../../Users/User/Desktop/10.1016/j.ejmp.2021.01.073
Learn more about Inhomogeneity from ScienceDirect's AI-generated Topic Pages
https://www.physicamedica.com/article/S1120-1797(18)30982-7/fulltext
https://www.physicamedica.com/article/S1120-1797(18)30982-7/fulltext
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8. Division of Scientific Equipment
and Infrastructure Construction

In between 2017-2020 the engi neers and tech ni cians

from the Divi sion of Sci en tific Equip ment and Infra -

struc ture Constraction (DAI) (about 60 staff mem bers)

con tin ued their involve ment in the real iza tion of the Pol ish

in-kind con tri bu tion to the Euro pean Spallation Source

(ESS). IFJ PAN is respon si ble for the accep tance test of the

RF cryomodules (together with ESS) and instal la tion of the

RFDS (Radio Fre quency Dis tri bu tion Sys tem) and power

con vert ers [Proc. SPIE, 11054 (2019) 110540A]. The team

work ing at ESS in Lund con sists of almost 20 peo ple, who

draw on their expe ri ence from sim i lar activ i ties car ried out

at the Euro pean XFEL con struc tion [Proceedings of

LINAC2014, Proceedings of IPAC2014]. In 2018 the DAI engi -

neers started activ i ties regard ing Long Shut down 2 of the

Large Had ron Collider (LHC) and con tin ued their involve -

ment in the pro jects com menc ing before 2017, such as the

Inter na tional Ther mo nu clear Exper i men tal Reac tor

(ITER). In 2018 and 2020 the inter na tional con fer ences

devoted to super con duc tiv ity and par ti cle accel er a tors

(SPAS) were orga nized by IFJ PAN, at which DAI

employees gave presentations and participated in

discussions.

A team of engi neers from IFJ PAN has been par -

tic i pat ing in test ing the com po nents of the lin -

ear pro ton accel er a tor, as a part of the ESS

(Euro pean Spallation Source) facil ity, cur rently under

con struc tion in Lund, Swe den. The super con duct ing part

of the accel er a tor con sists of 30 RF cryomodules (9

medium beta + 21 high beta) com posed of  ellip ti cal type

cav i ties and 13 RF cryomodules with spoke type cav i ties.

The DAI engi neers have been involved in the site accep -

tance tests of the cryomodules equipped with ellip ti cal type

cav i ties which were per formed in a ded i cated facil ity called

Test Stand 2 (TS2). The test starts in the prep a ra tion area

where a cryomodule is checked at room tem per a ture and

the ini tial mea sure ments are per formed. Next, the

cryomodule is moved to the radi a tion pro tec tion bunker

where the SRF tests at 2K temperature are executed. 

Com mis sion ing of the test stand was the first impor tant

achieve ment and proof of good coop er a tion between the

ESS and DAI groups. The instal la tion work in the bunker

and in the prep a ra tion area was per formed. The com po -

nents such as waveguides, cryo genic aux il iary lines ele -

ments, ded i cated plat forms were assem bled and checked,

fol lowed by the instal la tion of the pro to type cryomodule

Fig. 8.1. First series cryomodule in TS2 preparation area (left). Prototype cryomodule installed in the test stand(right).

https://www.spiedigitallibrary.org/conference-proceedings-of-spie/11054/110540A/IFJ-PAN-contribution-to-the-ESS--radio-frequency-distribution/10.1117/12.2525221.short?SSO=1
https://accelconf.web.cern.ch/LINAC2014/papers/tuioc01.pdf
https://accelconf.web.cern.ch/LINAC2014/papers/tuioc01.pdf
https://accelconf.web.cern.ch/ipac2014/papers/wepri032.pdf


(CM0). This impor tant accom plish ment took place in 2019

and paved the way for the next mile stone, namely cool ing

down of the first cryomodule in the bunker. The oper a tion

and mal func tions of the test stand infra struc ture and CM0

required con tin u ous fix ing work, thus the engage ment of

the DAI engi neers and their exper tise were essen tial. The

instal la tion and cal i bra tion of the test stand ele ments such as 

the helium level meters, tem per a ture sen sors, and helium

flow meters were car ried out and the first run of the test

stand infrastructure was performed.

In 2020 two cool down “cam paigns” were car ried out

for the cryomodule CM0. Dur ing the first run (Feb ru -

ary-March) the cryo genic oper a tion and other infra struc ture 

ele ments were checked. 

It was very impor tant for the peo ple involved in this

oper a tion to learn how the whole sys tem behaves. The les -

son learned dur ing the first run pro vided infor ma tion on

mal func tions and issues which were not pos si ble to detect at 

room tem per a ture and which had to be fixed before the sec -

ond attempt could be made. A very impor tant task was to

mea sure the heat loads gen er ated by the cryomodule and

cryo genic sys tem (e.g. trans fer lines, valve box …) dur ing

cryo-oper a tions. The sec ond run (July-Sep tem ber 2020)

allowed the engi neers to check the results of the repairs and

improve ments applied between the cam paigns. Based on

the les sons learned dur ing these runs, the opti mi za tion of

pro cesses was per formed. Finally, cru cial sim u la tions

focused on dif fer ent mal func tions/acci dents were per -

formed and their influence on the system was examined.

The instal la tion of the RFDS (Radio Fre quency

Dis tri bu tion Sys tem) and Power con vert ers for

the ESS accel er a tor was another task in which

IFJ PAN engi neers and tech ni cians were involved.

These tasks took place in all three areas of the accel er a tor: in 

the gal lery, in the stubs, and in the tun nel. So far, the IFJ

PAN team has per formed the instal la tion of almost an

entire wave guide sys tem, includ ing tun ing of the

waveguides, around 114 (162 in total) full lines, plus 48

reduced dur ing value engi neer ing in total. The waveguides

con sist of dif fer ent ele ments: straight sec tions with dif fer -

ent lengths, E-bends, H-bends, direc tional cou plers, bel -

lows, shut ter switches, air cool ing waveguides, coax bends,

remov able waveguides, coax straight sec tions (more than

5500 RF com po nents plus related infra struc ture). In total,

around 4 km of RF dis tri bu tion sys tem com po nents were

inspected, installed, mea sured and tuned. The instal la tion

work was a very com plex pro cess that required a num ber of 

addi tional tasks to do, among oth ers prep a ra tion of ded i -

cated pro ce dures and reports as well as ini tial trainings with

mock-ups. Of great impor tance for the suc cess ful con -

struc tion of the accel er a tor was also to inspect the site and

per form accep tance tests as well as to imple ment RAMS
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Fig. 8.2. DAI engineers working in ESS cryo control room.

Fig. 8.3. Installed wave giudes (top). Installation and testing of the
circulators (bottom).
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(Risk Assess ment Method State ment) and other safety doc -

u men ta tion, espe cially with respect to the qual ity con trol

pro cesses. In order to be able to keep these con trols at

a high level, the DAI engi neers pre pared and are cur rently

devel op ing a ded i cated software to control all of the

activities under the IFJ PAN team’s responsibility at ESS.

Custom data base appli ca tion, prog ress mon i tor -

ing and log book func tion al ity were devel oped

for the qual ity con trol pro cess and as first aid

tools. Rel e vant data con cern ing instal la tion works is stored

in a ded i cated data base, enabling qual ity con trol and giv ing

an over view of the work prog ress.  (Fig. 8.4). The data is

stored in the hier ar chi cal struc ture of groups, forms and

steps. A group can con tain other groups or forms. A form is

com posed of steps. A log book makes it pos si ble to take

note of some impor tant infor ma tion quickly and gives a

pos si bil ity of tag ging entries and attach ing files. The appli -

ca tion stores the full his tory of edits. The log book entries

are dis played in an inverse-chro no log i cal order and can be

filtered by each of their parameters.

DAI engi neers and tech ni cians final ized pro jects

related to the upgrade of test and mea sure ment

equip ment as well as soft ware upgrades needed

for elec tri cal qual ity assur ance (ELQA) of super con duct ing

cir cuits of the Large Had ron Collider (LHC) dur ing the sec -

ond break in oper a tion called long shut down (LS2). The

work included the pro duc tion of eleven mul ti chan nel high

volt age insu la tion test ers and four sets of remotely con -

trolled multiplexers needed for the elec tri cal ver i fi ca tion of

the LHC arc interconnections.

 DAI also pro vided sup port to the ELQA team at

CERN dur ing the tech ni cal stops of the LHC run. This

included inves ti ga tions of the nonconformities in the

super con duct ing cir cuits of the LHC and elec tri cal tests

related to the replace ment of one of the main super con -

duct ing dipoles. (Fig. 8.6). 

Fig. 8.4. Custom database application. A way from the main panel to the details window. 

Fig. 8.5a. Complete multichannel high voltage testers ready to be used in the
LHC tunnel.  (Image copyright DAI).



In 2018 the LS2-related activ i ties started at CERN,

which required the pres ence of up to 25 engi neers and tech -

ni cians from IFJ PAN on site in order to exe cute a series of

exten sive tasks:

· Stan dard mea sure ments on more than 1600 LHC

super con duct ing cir cuits and their instru men ta tion

before and after the warm-up of the LHC.

· Soft ware devel op ment, design and fab ri ca tion of four 

ded i cated diode lead mea sure ment systems.

· Four pre cise resis tance mea sure ments of all main

dipole bypass pro tec tion diode leads located in 1232

cryo-assem blies, at dif fer ent stages of the insu la tion

con sol i da tion.

· Mea sure ments related to the replace ments of twenty

super con duct ing mag net cryo-assem blies.

· Stan dard mea sure ments on all super con duct ing cir -

cuits and their instru men ta tion before and after the

cool-down of the LHC.

· Instal la tion and super vi sion of elec tri cal insu la tion

mon i tor ing sys tems dur ing the warm-ups and

cool-downs of all LHC sectors.

· Main te nance of the ELQA equip ment and soft ware.

The last mea sure ment cam paign is sched uled to be fin -

ished in April 2021. Dur ing each cam paign the IFJ PAN

per son nel was respon si ble for the inves ti ga tion of the

revealed nonconformities and proper report ing of the

results. 

DAI engi neers have also started col lab o rat ing with

IPP CAS. The major ity of their efforts were

devoted to two top ics: mod el ing of the Cen tral

Sole noid (CS) and dynamic anal y sis and design of the

foun da tions for the toka mak. At the end of 2020 a new

line of work on the 3rd topic started – elec tro mag netic mod -

el ing of the forces on the vac uum ves sel (VV) dur ing Ver ti -

cal Dis place ment Events (VDE). The ini tial work on the

design of the Cen tral Sole noid (Fig. 8.7a) started with 2D

axisymmetric mod el ing (Fig. 8.7b) in order to deter mine

the opti mal size and shape of the con duc tor. Cir cu lar and

ellip ti cal geom e tries were con sid ered, with the ellip ti cal one 

found to be better due to smaller stress con cen tra tions (Fig. 

8.7c). A num ber of para met ric stud ies were car ried out for

the insu la tion around the con duc tor and between the lay ers

and the coils. The first results were pre sented at the

WILGA 2019 Sym po sium [High-Energy Physics Experiments

2019]. The 2nd topic was related to the appli ca tion of

pre-stress, being of the order of sev eral MN, because of a

ther mal con trac tion occur ring when the Cen tral Sole noid is 

cooled to 80 K. The preload was imple mented via force

applied on the top sur face of the CS. This work was pre -

sented dur ing the PCM-CMM 2019 con fer ence in Krakow

[AIP Conference Proceedings 2239, 020047 (2020)]. 
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Fig. 8.5b. Standard ELQA measurements in the LHC during Long
Shutdown 2. (Image copyright DAI).

Fig. 8.6. Four sets of new AIV multiplexers. (Image copyright DAI)

https://doi.org/10.1117/12.2536881
https://doi.org/10.1117/12.2536881
https://doi.org/10.1063/5.0008077
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In the sec ond half of 2020 the work on a peri odic 3D

slice started with the goal of study ing the details of the

pre-load sys tem and the tie-tubes which were included

in a sim pli fied way in the 2D model. The first anal y sis on

the sub ject of the design of the foun da tions was related 

to find ing the time pro files of the ver ti cal reac tions

under the toka mak. The first con sid ered plasma dis rup -

tion sce nario was the Cur rent Quench (CQ) – Fig. 8.8a. A

3D model of the toka mak struc ture was built in Ansys

Work bench soft ware and, based on the elec tro mag netic

forces com puted by IPP, the tran sient anal y sis was per -

formed. The reac tions from the sup ports were obtained as

the forces act ing on the foun da tions [High-Energy Physics

Experiments 2019]. Later on, more severe plasma dis rup tion

sce nar ios than CQ were found – the Ver ti cal Dis place ment

Events (VDE) giv ing much larger elec tro mag netic forces

[AIP Conference Proceedings 2239, 020036 (2020)]. In the final

stage of the study, the geom e try of the con crete foun da tions 

as well as the steel rein force ments, the sup port ing piles and

a por tion of the sur round ing soil were added to the full 3D

model of the toka mak (Fig. 8.8b) and the stresses and defor -

ma tions (Fig. 8.8c) of the con crete slab were found. A num -

ber of para met ric stud ies, includ ing the thick ness of the

foun da tions, the posi tion of the anchors, and the dimen -

sions of the sup port ing col umns, were car ried out. Based on 

this study the final geometry of the foundations was chosen

for the project.

A mechan i cal anal y sis of a 4-layer 2.5 Tm

Canted-Cosine-Theta (CCT) dipole was car ried 

out in order to ver ify the valid ity of the geo met ric 

design made in CERN. A num ber of FEM mod els were

Fig. 8.7. a) Geometry of the CS; b) Mesh of one coil of the 2D model; c) Von Mises stress in [Pa] in the two middle coils of the CS for the case with 8x6.125mm
elliptical holes and 4mm insulation thick in radial direction.

Fig. 8.8. a) Mesh of the 3D model for QC; b) Geometry of the model with foundations; c) Deformation of the foundations in [m] under self-weight

https://doi.org/10.1117/12.2536740
https://doi.org/10.1117/12.2536740
https://doi.org/10.1063/5.0007822


devel oped, includ ing 3 types of 2D mod els: a sim pli fied 2D

model with smeared anisotropic prop er ties of the coils in

the per pen dic u lar plane, a sim pli fied 2D model in the lon gi -

tu di nal plane, and a detailed 2D model includ ing the exact

geo met ri cal fea tures of the sliced coil. In order to develop

the para met ric 3D model, the math e mat i cal descrip tion of

the geom e try of a multilayer CCT mag net was derived, as it

was not avail able in lit er a ture [Cryogenics, Volume 107, April

2020]. This allowed us to develop a peri odic 3D model

which was imple mented in the APDL lan guage in the Ansys

soft ware. A new 16 CPU Dell work sta tion enabled full 3D

mod el ing of the nested dipole opened, which was pos si ble

espe cially owing to the increased RAM capac ity and

RAID-0 array of fast SSD NVMe discs. A full 3D model

was built and solved, fol lowed by the con clu sion that the

bond ing between the lay ers can break because of large

torque result ing from Lorentz forces. These find ings were

pre sented at the Eucas 2019 con fer ence [J. Phys.: Conf. Ser.

1559 012073]. In order to solve the prob lem of the large

torque, cas tel lated lay ers were pro posed. A new full 3D

model was built – this time it included the castellation as well 

as the plas tic filler and a thin layer of solid i fied resin. The

cas tel lated design was shown to per form well by sat is fy ing

the stress lim its in the formers and the coils. (Fig. 8.9). 

Within its con tri bu tion to the T2K pro ject, DAI is

in charge of the design and pro duc tion of two

ele ments of the HA-TPC detec tor. In 2020 in

DAI major prog ress was achieved in rela tion to the pro ject.

Both the Mod ule frame and the micromegas stiff ener

under went pos i tive reviews and were autho rized for pro -

duc tion. (Fig. 8.10). 

The Mod ule frame is the com po nent that con nects the

TPC cham ber and the micromegas detec tors. Four Mod ule

frames and 32 micromegas stiff en ers are needed for the

exper i ment. What is more, one Mod ule frame is made for

the cable root ing and assem bly tests. Four addi tional stiff -

en ers will be pro duced as spare parts. In total, five Mod ule

frames and 36 micromegas stiff en ers will be man u fac tured.

Owing to the large dimen sions of the Mod ule frame, the

draw ing “good for real iza tion” was made in DAI and the

machin ing was per formed in an exter nal com pany in

Krakow. (Fig 8.11). On the other hand, the micromegas

stiff ener pro duc tion is a full respon si bil ity of DAI. Con sid -

er ing the mechan i cal com plex ity of the micromegas stiff -

ener, the machin ing pro cess was opti mized with respect to

the tol er ances, machin ing time and tool ing. To con clude, at

the end of 2020 both the pro duc tion rate of the stiff en ers

and the man u fac tur ing of the five Module frames were

going according to the project schedule. 

DAI was also involved in the Inter na tional Ther mo -

nu clear Exper i men tal Reac tor (ITER). The objec -

tive of this activ ity was the diag nos tics of
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Fig. 8.9. Periodic 3D model (left); mesh of the coils in the full 3D model (middle); deformation of magnet in [m] due to Lorentz forces only (right)

Fig. 8.10. Module frame for TPC chamber

https://doi.org/10.1016/j.cryogenics.2020.103041
https://doi.org/10.1016/j.cryogenics.2020.103041
https://doi.org/10.1088/1742-6596/1559/1/012073
https://doi.org/10.1088/1742-6596/1559/1/012073
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subcomponents of the Radial Neu tron Detec tor (RNC).

The RNC is one of the plasma diag nos tic sys tems ded i cated

to ITER. It is planned to use dia mond detec tors as part of

the RNC. The sin gle-crys tal Chem i cal Vapor-Depos ited

(sCVD) dia mond detec tors were val i dated at DAI for

future ITER oper a tions [Nucl. Instr. Meth. A, 936 (2019) 62-64].

The ther mal fatigue tests were car ried out in order to

ver ify the detec tor’s per for mance in high tem per a ture

and dur ing ther mal cycling con di tions. The detec tors

were heated in two dif fer ent schemes: Steady Tem per a ture

Test (STT) and Tem per a ture Cycling Test (TCT). The

sCVD detec tors were heated to the bak ing tem per a ture

240°C and then cooled to 100°C. At 100°C the detec tors

were irra di ated by a-sources, while spec tro met ric and dark

cur rent mea sure ments were per formed. Four dia mond

detec tors of two dif fer ent brands were sub jected to STT

and TCT simultaneously in the dedicated vacuum

chambers. 

Two iden ti cal cham bers were designed at DAI to

 maintain 1 mbar inside. Both cham bers were con nected to

the indus trial PLC sys tems in order to con trol the ther mal

cycle con di tions. In 2020, prep a ra tions for the con tin u a tion 

of ther mal fatigue tests of a new type of detec tors were

started. These detec tors are built of matri ces of sin gle crys -

tal dia mond. More over, the vac uum cham bers were

adopted for the other com po nents to be tested for the

ITER pro ject. In this task the Elec tri cal Feedthrough (EF)

will be exam ined to with stand ded i cated tem per a ture

cycling schemes in vac uum. In Fig. 8.12 the visu al iza tion of

the vacuum chambers is shown. 

At the begin ning of 2017, our Depart ment estab -

lished coop er a tion with the Super con duc tors

and Super con duct ing Devices sec tion (SCD) of

the Mag nets, Super con duc tors and Cryostat group

(MSC) at the Tech nol ogy Depart ment (TE) of CERN

to deepen our knowl edge nec es sary for the imple men ta tion

of the test stand pro ject. DAI employ ees worked with

well-known spe cial ists in the domain of applied super con -

duc tiv ity. For three years they gath ered expe ri ence related

to the elec tri cal char ac ter iza tion of super con duc tors in the

world-class lab o ra tory. Three thou sand sam ples were

tested and all results ana lyzed. That trans lated into unique

and broad exper tise on sam ples test and its pos si ble results

and com mon prob lems. Nb3Sn wires sam ples are about 1.5

m long. It the begin ning they are wound on a tita nium-alloy

cylin dri cal sam ple holder. In the sec ond step they are

reacted in a fur nace at a tem per a ture above 600°C for one to 

two weeks. After the reac tion, they are gently rewound for

sta bi li za tion and sol dered to cop per ter mi nals of the sam ple 

holder. Two sam ples are mounted on a cryostat insert and

con nected to volt age taps. The insert in the cryostat is

cooled down to 4.2 or 1.9 K in about 6h.

Then four mea sure ments at back ground field from 9 to

15 tesla are per formed. Finally the sam ples are warmed up,

inspected, and archived. Dur ing data anal y sis the crit i cal

cur rent is found and its rela tion to mag netic field is deter -

mined. More over, sam ples are ana lyzed in rela tion to a

tested pair, reac tion batch, wire tech nol ogy, diam e ter, reac -

tion type, and designed mag net. After a year of work, the

DAI engi neers fin ished the third ver sion of the spec i fi ca -

tion. They defined the per spec tives for the elec tri cal char ac -

ter iza tion of super con duc tors, stan dards for tests of NbTi,

Nb3Sn, MgB2 and 2G HTS sam ples at CERN and detailed

spec i fi ca tion of each sub sys tem of the com plete sys tem. At

the end of 2019 the spec i fi ca tion took its final form. The

sys tem was expected to pro vide at least 16 T back ground

mag netic field at mag net tem per a ture 4.2 K, sam ple cur rent

Fig 8.11.  Micromegas stiffener

Fig. 8.12. Both vacuum chambers used for the ITER projects

https://www.sciencedirect.com/science/article/pii/S0168900218314256?via%3Dihub


of at least 1 kA, and sam ple tem per a ture from 1.9 K to

150 K. In March 2020 the next mile stone in the devel op -

ment of the sys tem was achieved: the doc u men ta tion for a

pub lic pro cure ment con tract for the sup ply of a sys tem for

the volt age-cur rent char ac ter iza tion of super con duc tors at

IFJ PAN was com pleted. The sys tem to be pur chased will

enable elec tri cal char ac ter iza tion of a vari ety of super con -

duct ing wires in high field, in a wide range of tem per a tures

and with very high currents. It will be placed in the

experimental hall in building 26. The system will contain:

· a liq uid helium cryostat with instru men ta tion and

safety equip ment,

· a super con duct ing sole noid mag net oper at ing at 16 T

at 4.2 K,

· a mag net power sup ply with a mag net pro tec tion

sys tem,

· a vari able tem per a ture insert oper at ing at a tem per a -

ture of 1.9 K – 150 K,

· an insert with 1 kA cur rent leads,

· a flex i ble vac uum insu lated liq uid helium trans fer line,

· an aux il iary equip ment nec es sary for safe oper a tion.

DAI Engi neers devel oped spe cial tools which were

then used to assem ble the Sur face Scintillator Detec -

tors (SSD) for the Pierre Auger Obser va tory. In

2018 DAI engi neers and tech ni cians started mount ing

the detec tors and by 2019 they mounted 228 pieces of

SSD. (Fig. 8.14).

Fol low ing the assem bling pro cess, the detec tors were

tested in order to make sure that they were fully oper a tional

and could be shipped to their des ti na tion. The tests were

per formed on a ded i cated test stand, designed and con -

structed by DAI employees. 

The qual ity con trol was adapted to all the pro cesses as

well as spe cial reports and data bases were pre pared to col -

lect all the impor tant infor ma tion.

New cryo gen ics and recov er ing infra struc tures

were installed. The gen eral idea of the installed

equip ment and depend ence is shown in Fig. 8.15.

Warm gas com ing from the labs is directed to two 15 m3

helium bal loons, then it gets to the suc tion part of a recov -

ery com pres sor. The com pres sor is able to han dle up to 70

m3/h of warm gas and it com presses it up to 200 bar. From
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Fig. 8.13. Graph representing the main components of the test station.

Fig. 8.14. SSD detectors on the wooden pallet ready for shipment.
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it the gas is fur ther trans ferred through a high pres sure man -

age ment panel to a high pres sure stor age (con tain ing 108

90l gas bot tles oper at ing at 200 bar) or to a cold box through 

an impure gas absorber. The cold box can han dle helium

con tam i nated by air up to 5% using a cold inter nal puri fier.

The nom i nal liq ue fac tion rate is up to 35l/h with LN2

precooling, or is reduced dur ing oper a tion with out LN2

precooling. The liquefier is a fully auto mated unit, work ing

in the Claude refrig er a tion cycle. The liq ue fied helium gets

to a 1000 litre stor age tank and from this point can be

delivered to labs and other experiments.

v

Fig. 8.15. Cryogenics and recovering installation at IFJ PAN DAI.



9. Accredited Laboratories

 

Laboratory for Calibration of Dosimetry Instruments – NLW
www.wzorcowanie.ifj.edu.pl

This lab o ra tory per forms cal i bra tion of radi a tion sur -

vey meters in terms of air kerma rate and in terms of

radi a tion pro tec tion units, using 137Cs g-rays. Cal i bra -

tion is also per formed in terms of sur face emis sion of par ti -

cles (239Pu and 241Am a-par ti cles and 90Sr/90Y, 36Cl and 14C

b-par ti cles). The lab o ra tory is equipped with a gamma-ray

irradiator con tain ing three, remotely inter change able 137Cs

sources, of activ i ties 1.96 TBq, 25 GBq and 250 MBq. Using 

this irradiator and a 7 m-long cal i bra tion bench, it is pos si ble 

to obtain cal i brated dose rates rang ing between 1 mGy/h

and 1 Gy/h. In recent years the lab o ra tory cal i brated more

than 1000 active dosim e ters and dose-rate coun ters per year

for cus tom ers from all regions of Poland.  Besides active

instru ments, the lab o ra tory cal i brates also indi vid ual and

envi ron men tal pas sive dosim e ters in terms of kerma in air,

H*(10), Hp(10), Hp(3) and Hp(0.07) for cus tom ers from

Poland and other coun tries. The lab o ra tory per forms also

cal i bra tions for various research conducted at the IFJ PAN.

Laboratory of Radioactivity Analyses – NLP 
lap.ifj.edu.pl 

The exper tise within the Lab o ra tory of Radio ac tiv ity

Anal y ses stems from sev eral years of research on

envi ron men tal radio ac tiv ity fol low ing the Chernobyl

acci dent in 1986. In 2008 the Lab o ra tory was accred ited by

PCA (No. AB 979) to con form with the ISO 17025 lab o ra -

tory stan dard for mea sure ments of gamma-ray emit ters,

among them 137Cs, in dif fer ent mate ri als. In 2013 the PCA

accred i ta tion was extended to mea sure ments of plu to nium

by means of alpha-ray spec trom e try in radio-chem i cally

pre pared sam ples. The Lab o ra tory is equipped with

low-back ground HP ger ma nium detec tor gamma-ray spec -

trom e ters and with alpha-ray spec trom e ters with semi con -

duc tor detec tors. This accred i ta tion assures the com pat i bil -

ity and high cred i bil ity of mea sure ments within the Pol ish

national mon i tor ing sys tem. Mea sure ments of many

different types of samples can also be performed for

external customers.
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Fig. 9.1. Various radiation survey meters on Cs-137 calibration bench.

http://www.wzorcowanie.ifj.edu.pl
https://lap.ifj.edu.pl/
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Laboratory of Individual and Environmental Dosimetry –
NLD

ladis.ifj.edu.pl 

The Lab o ra tory of Indi vid ual and Envi ron men tal

Dosim e try (LADIS) is accred ited by the Pol ish Cen -

tre for Accred i ta tion in accor dance with PN-EN

ISO/IEC 17025:2018-02 and con sists of two sec tions. The

Sec tion of Dose Con trol started its activ i ties in 2002 using,

as the first dosim e try ser vice in Poland, LiF

thermoluminescence dosemeters, devel oped at IFJ in the

60’s of the past cen tury and per forms mea sure ments of

indi vid ual and envi ron men tal doses. Most of the

2017–2020 mea sure ment ser vices con cern indi vid ual

dosim e try of work ers exposed to ion iz ing radi a tion (mea -

sure ments of Hp(10), Hp(0.07), Hp(3)) and mea sure ments

of Kair in envi ron men tal mon i tor ing. Cur rently, LADIS per -

forms over 50.000 mea sure ments yearly for more than

10.500 insti tu tions in Poland. The other sec tion of the

LADIS lab o ra tory offers Qual ity Assur ance ser vices by

per form ing qual ity con trol tests of med i cal X-ray

equip ment for radi og ra phy, flu o ros copy, mam mog ra phy,

com puted tomog ra phy, for intraoral and pan oramic den tal

sys tems, digital mammography, digital radiography and

dental CBCT systems. 

Laboratory of Radiometric Expertise IFJ PAN - NLR
radon.ifj.edu.pl

The Lab o ra tory of Radio met ric Exper tise con tin ues its 

research activ i ties in the fol low ing gen eral fields:

phys ics of nat u ral radio iso topes, high-sen si tive,

low-back ground mea sure ments of gamma iso topes, inves -

ti ga tion of indoor radon and of fac tors affect ing the qual ity

of indoor air (IAQ). Dur ing the years 2017-2020 three PhD

the ses have been defended that cov ered the following

subjects:

· depend ence of the effec tive dose due to radon and its

short-lived prog eny inha la tion on indoor air param e -

ters (2018);

· deter mi na tion and inves ti ga tion of thoron ema na tion 

coef fi cient; 

· gamma radio ac tiv ity induced in the Pro teus C-235

cyclo tron envi ron ment.

The Lab o ra tory offers a broad range of accred ited meth -

ods of mea sur ing radio ac tiv ity in the envi ron ment: 

· mea sure ments of con cen tra tion of nat u ral

gamma-ray iso topes (radium, tho rium, potas sium) in

solid sam ples using low-back ground gamma

spec tros copy,

· mea sure ments of radon Rn-222 con cen tra tion in liq -

uid sam ples using alpha-ray spec tros copy,

· mea sure ments of radon Rn-222 con cen tra tion

(indoor, out door and in soil gas) using alpha-ray spec -

tros copy and CR-39 track detec tors.

Accred ited activ ity is defined in the scope of Accred i ta -

tion No AB 788 (Pol ish Cen tre for Accred i ta tion) and

meets require ments of the PN-EN ISO/IEC

17025:2018-02 standard.

The Lab o ra tory has extended recently the accred i ta tion

to deter mine the annual aver age indoor radon con cen tra -

tion bas ing on the mea sure ment with the use of SSNTD

method. The value of annual aver age radon con cen tra tion

is com pli ant with the require ments of radon legislation in

EU. 

A unique mobile lab o ra tory (the CHIMERA Lab o ra -

tory, spon sored by Euro pean Union funds), is able to mea -

sure envi ron men tal gamma-ray dose rates and to per form

gamma-ray spec trom e try in-situ, as well as to mea sure

locally radon con cen tra tion in air and in water, which is of

Fig. 9.2. Physicist preparing extremity dosemeters for the client.

https://ladis.ifj.edu.pl/
https://radon.ifj.edu.pl/


poten tial appli ca tion to the Pol ish nuclear power

programme.

In May 2019 the Lab o ra tory of Radio met ric Exper tise

orga nized the III Inter na tional Con fer ence “Radon in the

Envi ron ment 2019”, in Kraków, Poland. This meet ing

gath ered over 120 par tic i pants from 28 coun tries (includ ing

Aus tra lia, Equador, USA, Peru, China, India, Japan, Russia).

On 7th Novem ber (Maria Sk³odowska-Curie birth day

anni ver sary) each year the Lab o ra tory of Radio met ric

Exper tise con tin ued the orga ni za tion of the “Euro pean

Radon Day” in Kraków, in the form of a research and train -

ing ses sion to edu cate the pub lic and local author i ties on the

issues of radon. 

Over the years 2017-2020 the staff of the Lab o ra tory

pub lished 15 research arti cles in inter na tional peer-reviewed 

sci en tific jour nals, pub lished 3 other reports, and deliv ered

19 con fer ence pre sen ta tions. Two staff mem bers of the

Lab o ra tory are co-authors of the first “Euro pean Atlas of

Nat u ral Radi a tion” that aims to pro vide ref er ence val ues

and har mo nized data for sci en tific com mu nity and national

com pe tent author i ties. The Atlas is free for down load in

pdf for mat:

(https://remon.jrc.ec.europa.eu/About/Atlas-of-Natural-Radiation/D

ownload-page)

Also, over 380 reports of mea sure ments and radio met -

ric expertises for ca. 80 cus tom ers were issued over that

period.

Staff mem bers of the Lab o ra tory were invited to the

expert group at the Main San i tary Inspec tor ate which

devel oped „National Radon Action Plan” accord ing to the

Pol ish Atomic Law require ments. They have also devel -

oped (in coop er a tion with other insti tu tions) the pro ce dure

of intercomparison radon mea sure ments that will be used

by the Min is try of Health to imple ment „National Radon

Action Plan”.

The head of the Lab o ra tory was appointed a National

Con tact Per son for Poland to coor di nate national data col -

lec tion for the UNSCEAR Ques tion naire on Pub lic Expo -

sure. He was also invited as an expert to Sungroup Radon

for the UNSCEAR Pub lic Expo sure Project.

v
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10. Postgraduate Studies

The International PhD Studies and the Krakow School of
Interdisciplinary PhD Studies

The doc toral stud ies at the Insti tute of Nuclear Phys ics

(IFJ) were launched in 1984 and since that time PhD

degree in phys ics was granted by the Sci en tific Coun -

cil of IFJ to more than 250 of its alumni (>40 in the years

2017-2020). Many of our grad u ates are employed by sci en -

tific and com mer cial insti tu tions all over the world. Up to

date, 5 of them have been dis tin guished by earn ing the title

of a full pro fes sor, and more than 45 have been awarded the

post-doc toral degree of doc tor habilitated (dr hab.) in phys -

ics (17 of our for mer PhD stu dents obtained this degree in

the years 2017-2020). 

Within the imple men ta tion of the PhD pro gram we

coop er ate closely with sci en tific insti tu tions in

Krakow and Lesser Poland Voivodeship. The

insti tu tional and for mal ized col lab o ra tion with the AGH

Uni ver sity of Sci ence and Tech nol ogy and the Jerzy Haber

Insti tute of Catal y sis and Sur face Chem is try of the Pol ish

Acad emy of Sci ences dates back to 2009 when, together

with these two insti tu tions, we launched a com mon inter -

dis ci plin ary PhD pro ject "Inter dis ci plin ary PhD Stud ies:

Advanced Mate ri als for Mod ern Tech nol ogy and Future

Energy Pro duc tion <ISD>" and won a national com pe ti -

tion, thanks to which the pro ject could be financed from the 

EU Oper a tional Pro gram Human's Cap i tal. The pro ject

was suc cess fully com pleted in the years 2009-2015 and

within it 58 young sci en tists were awarded the degree in

phys ics and chemistry, among them 15 students from our

Institute. 

The ISD pro ject was the cor ner stone of our fur ther

col lab o ra tion. In 2017 the ISD part ners, act ing as a

con sor tium joined by the Jerzy Maj Insti tute of Phar -

ma col ogy of the Pol ish Acad emy of Sci ences, Collegium

Medicum of the Jagiellonian Uni ver sity, Fac ulty of Chem is -

try of the Jagiellonian Uni ver sity and the Fac ulty of Mate rial 

Engi neer ing and Ceram ics of AGH, suc cess fully applied

for two new inter dis ci plin ary PhD pro grams named "Phys -

ics, Chem is try and Bio phys ics for New Mate ri als and Tech -

nol o gies <FCB>" and "Inter dis ci plin ary Research for

Inno va tive Med i cine <InterDokMed>". Our pro jects won

a national com pe ti tion and were qual i fied to be finan cially

sup ported by the EU Oper a tional Pro gram "Knowledge-

 Education- Development" <PO WER>. Dur ing the aca -

demic year 2017/2018 125 PhD stu dents (among them 17

were pur su ing research at our Insti tute) were recruited to

both pro jects that started in the autumn of 2017. The time

sched uled for pre par ing the ses is four years. Cur rently the

PhD stu dents enrolled in the pro jects are com plet ing their

the ses and pre par ing for defenses. The first defenses of the

PhD the ses pre pared under the FCB and InterDokMed

projects are expected during the fourth quarter of this year. 

On July 20, 2018 a new law on higher edu ca tion and

sci ence, called the Con sti tu tion for Sci ence, was

intro duced in Poland. The law sig nif i cantly changed 

the rules of award ing a PhD degree. In par tic u lar, doc toral

stud ies were replaced by doc toral schools which are obliged 

to pro vide inter dis ci plin ary edu ca tion in at least two dis ci -

plines of sci ence and/or arts. The research insti tutes of the

Pol ish Acad emy of Sci ences located in Krakow: the Henryk

Niewodniczañski Insti tute of Nuclear Phys ics (IFJ PAN),

the Jerzy Haber Insti tute of Catal y sis and Sur face Chem is -

try (IKiFP PAN), the Jerzy Maj Insti tute of Phar ma col ogy

(IF PAN), the Aleksander Krupkowski Insti tute of Met al -

lurgy and Mate ri als Engi neer ing (IMIM PAN), act ing

jointly with the two fac ul ties of the AGH Uni ver sity of Sci -

ence and Tech nol ogy: Fac ulty of Phys ics and Applied



Com puter Sci ence (WFiIS) and Fac ulty of Mate ri als Engi -

neer ing and Ceramic (WIMiC), decided in the late win ter of

2019 to take advan tage of their pre vi ous expe ri ence and to

orga nize and run a new interinstitutional inter dis ci plin ary

doc toral school  to train PhD stu dents in the domain of

basic sci ence: phys ics and chem is try, in the domain of med i -

cal sci ences with empha sis put on phar ma col ogy and phar -

ma ceu ti cal sci ences, as well as in tech ni cal sci ences, namely

mate ri als engi neer ing. A mul ti lat eral agree ment to estab lish

the doc toral school, act ing under the name of Krakow

School of Inter dis ci plin ary PhD Stud ies, abbre vi ated as

KISD, was signed on May 6, 2019 and this day is the offi cial

date of launch ing the school. The Insti tute of Nuclear Phys -

ics was appointed as the leader of KISD and coor di na tor of

all its activ i ties. Fol low ing the prep a ra tion and approval of

the required doc u ments by all part ner institutions, the first

enrollment at the School was carried out in September 2019

and 29 PhD students began their education. 

At pres ent, after two reg u lar recruitments sup ple -

mented by spe cial recruitments addressed to can di -

dates whose stud ies and research are financed from

exter nal sources, we have in total 62 PhD stu dents, includ -

ing 9 peo ple from abroad: 3 from Ukraine, 2 from India, and 

one per son from each of the fol low ing coun tries: Can ada,

Iran, Leb a non and Czech Repub lic. The KISD part ners are

actively search ing for exter nal sources of financ ing, espe -

cially within the inter na tional sci en tific coop er a tion involv -

ing the PhD stu dents, and their efforts have brought fruit in

the forms of grants financed by the National Agency of Aca -

demic Exchange, such as the PROM pro grams awarded to

IFJ, IKiFP and IF, and the STER pro gram awarded to IFJ

act ing on behalf of KISD, as well as a spe cial pro ject focused 

on close coop er a tion between sci en tific insti tu tions and

indus try called "Doktorat wdro¿eniowy" (Indus trial Doc -

toral Pro gram), launched and financed by the Ministry of

Science and Higher Education. 

Pro spec tive can di dates to KISD are required to be uni -

ver sity grad u ates with a MSc degree. To be enrolled in

the PhD stud ies the can di dates have to pass entrance

exams, the scope of which depends on the pro file of the unit 

in which the stu dent will do research and pre pare the the sis.

Addi tion ally, each can di date has to be accepted by a senior

aca demic staff mem ber (full or asso ci ate pro fes sor) who in

the future will become the super vi sor of the can di date's

the sis. KISD is open to for eign stu dents and is well pre -

pared for their recruit ment - as men tioned, cur rently we

have 9 for eign ers, in their vast major ity eager to obtain the

degree in phys ics, but also in chem is try. The edu ca tional

offer of KISD, which includes pro posed sub jects of the ses

related to the research done in part ner insti tu tions as well as 

sub jects of future lec tures and classes, is pub lished yearly.

In the first year of train ing our syl la buses cover three

moduli: the gen eral one devoted to com pe tences needed

for any sci en tist and future uni ver sity teacher, such as

didactics, ele ments of sta tis tics, data pro cess ing and mod -

ern pro gram ming lan guages; the so-called inter dis ci plin ary

modulus within which prob lems of var i ous branches of

mod ern sci ence are pre sented to non-spe cial ists; and the

modulus of soft skills - meth od ol ogy of sci en tific research,

intel lec tual prop er ties, prep a ra tion of sci en tific pub li ca -

tions and grant appli ca tions. The sec ond year is devoted to

much more spe cial ized edu ca tion, con ducted in small

groups and related to the the ses' sub jects. The remain ing

two years of PhD stud ies are focused on individual work

with supervisors, collecting and processing results and,

finally, preparing the thesis.

Like it was in the past, we put empha sis on research

con ducted by our stu dents within inter na tional coop -

er a tion or, more gen er ally, on facil i tat ing their access

to the inter na tional sci en tific com mu nity. We pro mote

intern ships in for eign research cen ters, par tic i pa tion in

con fer ences and prep a ra tion of the ses in inter na tional

coop er a tion. An illus tra tive exam ple of the lat ter is the PhD 

pro gram enti tled "Coper ni cus Doc tor ate in Phys ics",

approved and signed in 2014 by our Insti tute and the Uni -

ver sity of Ferrara in Italy. Its aim is to pur sue research

super vised by two tutors and lead ing to the PhD degree

awarded by both insti tu tions. In the years 2017 and 2018

three of our PhD stu dents com pleted this program and

were awarded the double degree. 

Dur ing 2017-2020 48 PhD stu dents com pleted and

defended their the ses being awarded the degree in

phys ics, one of them was spe cially rec og nized by

the very pres ti gious Prime Min is ter Award. Our PhD stu -

dents were also awarded grants addressed solely to young

research ers pre par ing their the ses like the PRELUDIUM

and ETIUDA grants.

v
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11. Outreach Activities – Promotion 
and Education in Science

Over the past years 2017-2020, the Insti tute of

Nuclear Phys ics Pol ish Acad emy of Sci ences (IFJ

PAN) con tin ued its efforts to pro mote sci ence and

edu ca tion among the gen eral pub lic as well as pri mary and

sec ond ary school students.

The main objec tives of these activ i ties were:

· to famil iar ize the pub lic with sci ence, not only in the

field of phys ics, but also related dis ci plines, includ ing

radiobiology, radio ther apy, dosim e try,

radiochemistry, med i cal phys ics, bio phys ics, engi -

neer ing, and inter dis ci plin ary research,

· to pro mote research car ried out at our Insti tute in col -

lab o ra tion with top-class for eign and domes tic

research insti tu tions,

· to stim u late and develop young peo ple’s inter est in

phys ics.

IFJ PAN is actively involved in pop u lar iz ing sci ence

through par tic i pa tion in pub lic out reach events, which

are reg u larly orga nized on a large scale in our coun try.

Some of these events are held annu ally in col lab o ra tion with 

other research cen ters from Ma³opolska and other regions

of Poland. Within the dis cussed period of time, our Insti -

tute took part in quite a few impor tant annual outreach

projects:

The Ma³opolska Research ers’ Night  is the larg est

annual event ded i cated to the pro mo tion of sci ence in

which our Insti tute par tic i pates. On that par tic u lar night

sev eral tents are put up on the green pre mises of our Insti -

tute. Inside them, our staff pres ent achieve ments and activ i -

ties of all six sci en tific divi sions of IFJ PAN, includ ing

exper i ments and shows per formed in front of a live audi -

ence. All our guests are also invited to take a tour around the 

Insti tute, dur ing which they can visit our most inter est ing

lab o ra to ries along the trail In the Lab y rinth of Sci ence. Within

the frame work of the “Sci ence Cin ema” we pres ent a series

of pop u lar-sci ence mov ies, such as: The Mys te ri ous World of

Atomic Nuclei , Unrav el ing the Secrets of DNA  (Golden

Coper ni cus award at the Fes ti val of Films for Edu ca tion

2010, War saw), and Bronowice Chron i cle, pro duced at the

Insti tute by dr hab. Jerzy Grêbosz, as well as the film Mov ing

the Hori zon, directed by Wiktor Niedzicki. Each year the

Night is accom pa nied by other inter est ing events: The Tricks 

of Phys ics – a show of exper i ments which reveal some secrets

of Nature, Phys ics for Adults – a show of R-rated exper i -

ments, Phycisist’s sofa: ask a phys i cist – a place where any one

Fig. 11.1. Ma³opolska Researcher’s Night, 2019 (photo: L. Grin).

Fig. 11.2. Ma³opolska Researcher’s Night 2020, conducted on-line (photo:
A. Czarny).



can ask a phys i cist a ques tion about phys ics, or the so-called

Lamusownia (The Junk Room) – a trip into the past of IFJ PAN

in the form of an exhi bi tion of old exper i men tal instru ments 

show ing how phys ics was once prac ticed. Each year on this

par tic u lar day the Institute is visited by over a thousand

science enthusiasts of all ages. 

In 2020, because of the COVID-19 pan demic, the 14th

edi tion of the Ma³opolska Research ers’ Night was of a spe -

cial nature. The entire pro gram of the Night orga nized at IFJ 

PAN was car ried out on-line. It included live broad casts on

phys i cal shows, inter ac tive lec tures or meet ings with sci en -

tists, as well as video pro jec tions pre pared espe cially for this

occasion.

The Cra cow Sci ence and Art Fes ti val is just another

event at which we can pres ent our sci en tific achieve ments to 

the broad pub lic. It is orga nized annu ally by Krakow's uni -

ver si ties and research insti tutes. Our pro gram is wide and

attrac tive: we invite the par tic i pants of the Fes ti val to a

“jour ney to the begin nings of the Uni verse", reveal the

secrets of grav i ta tional waves, dark mat ter and black holes,

dem on strate the advan tages of pro ton radio ther apy, explain 

how the cyclo tron works and how can cer treat ment is car -

ried out using the pro ton beam at Cyclo tron Cen tre

Bronowice (CCB) IFJ PAN. The pro gram also fea tures the

CREDO pro ject, an idea born at IFJ PAN devoted to the

detec tion of cosmic rays with the use of smartphones.

The Sci ence Pic nic of Pol ish Radio and the Coper -

ni cus Sci ence Cen ter is yet another annual event ded i cated 

to pop u lar iz ing sci ence – it is held annu ally at the National

Sta dium in War saw. Sci ence popularizers rep re sent ing our

Insti tute hosted such shows as: Ion iz ing radi a tion and its prop a -

ga tion in the envi ron ment, Trans port of con tam i nants in the envi ron -

ment, Accel er ate a par ti cle in a par ti cle accel er a tor, A sci en tific break -

through? Now it’s your turn – use your smartphone to probe the

Uni verse! The pic nic atten dees could also take part in a quiz

about search ing for invis i ble radi a tion, exam ine masks used 

in pro ton radio ther apy at the Cyclo tron Cen tre Bronowice,

learn about the ther a peu tic appli ca tion of mag nets, or

expand their knowledge on radiation and its impact on our

health.

Also worth men tion ing are sev eral very impor tant

events aim ing to pop u lar ize research and  orga nized

exclu sively by our Insti tute:

The musi cal spec ta cle At the inter sec tion of two infin i ties,

the con cept of which came from prof. Adam Maj, with

music by Józef Skrzek, film nar ra tion by dr hab. Jerzy

Grêbosz and directed by prof. Adam Maj, was one of such

events. The spectacle was pre pared spe cially to cel e brate the

45th Congress of Polish Physicists and was a spe cial item on the

Open Day Pro gram of the Con gress. Musi cal com po si tions 

devel oped spe cially for the show had their premieres there.

The show, painted with music and film, is an artis tic

vision of the his tory of our Uni verse. It leads the spec ta tor

from sin gu lar ity just before the Big Bang (Bub ble Uni -

verse), through the Big Bang, the pro duc tion of the hydro -

gen ele men t, the for ma tion of stars and light ele ments

(from helium to iron) dur ing  stel lar nucleosynthesis, and

finally to Super nova explo sions, allow ing ele ments heavier

than iron to form and to scat ter all these ele ments into the

vast ness of the Uni verse, thus cre at ing life. The cli mac tic

piece of music refers to the fact that we are children of the

Universe. 

The show ends with a vision of a pos si ble sce nario for

the end of our Uni verse, e.g. as a result of the Big Rip, and

finally a vision of the pos si bil ity of cre at ing a new sin gu lar -

ity (and per haps a New Universe). 
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S Fig. 11.3. The Cracow Science and Art Festival, 2017 (photo: M. Perzanowski)

Fig. 11.4. M. Ga³¹zka is presenting the visual model of an interrogation room
and the functioning of a one-way mirror during the Science Picnic of Polish
Radio and the Copernicus Science Center, 2019 (photo: W. Zaj¹c)

https://www.ifj.edu.pl/popularyzacja/widowisko-mgs/Two-infinities-full-hd.mp4
http://www.45zfp.uj.edu.pl/
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The Insti tute also hosted pop u lar sci ence shows,

which were greatly appre ci ated by pri mary and sec -

ond ary school stu dents. They were con ducted by Wiktor

Niedzicki – a well-known phys ics pro moter, and dr

Dominika KuŸma from IFJ PAN. These events were

attended with great applause by nearly a thou sand pri mary

and sec ond ary school stu dents from Krakow and its vicin -

ity. The lec tur ers proved that sci ence is not con fined to a

lab o ra tory – we encoun ter its phe nom ena and use it in

everyday life.

On the occa sion of the series of pop u lar sci ence shows,

in 2018 the Insti tute pub lished a book let describ ing and

illus trat ing selected sim ple phys i cal expe ri ences for chil -

dren, enti tled The Fourth Wiktor's Lab o ra tory.

Fig. 11.5. Musical spectacle "At the intersection of two infinities", 2019 (photo: £. Pawlikowski).

Fig. 11.6. D. KuŸma, M. Kie³bowicz, and S. Bysiak are attracting the attention of their audience during Physics Tricks (photo: A. Bystrzycka – left, L. Grin – right).



The Sen ate of the Repub lic of Poland pro claimed 2020

the Year of Phys ics to honor Pol ish phys i cists and their

achieve ments and to appre ci ate the impor tance of this field

of sci ence for civ i li za tion. To draw atten tion to the

up-to-date achieve ments of sci en tists from IFJ PAN, on

the ini tia tive of prof. Tadeusz Lesiak, a bro chure enti tled

Phys ics in hot pur suit was pub lished. The mate ri als included

in the publication were selected on the basis of sci en tific

achieve ments dis sem i nated in the form of press releases to

the media, which were pre sented on the Eurek Alert! in pre -

vi ous years. The con tent of the book is divided into six

main chap ters, arranged the mat i cally in such a way as to

increase its read abil ity. The high lights of our research

achieve ments are pre sented in an acces si ble and con cise

form. The book was published by IFJ PAN in Polish and

English. 

In coop er a tion with the Inter na tional Par ti cle Phys ics

Out reach Group (IPPOG) and CERN, our research ers

orga nize the Inter na tional Par ti cle Phys ics Work shops

for high school stu dents (as part of the Inter na tional

Master classes – Hands on Par ti cle Phys ics) – an annual event.

Our offer also includes stu dent intern ships – Par ti cle Phys -

ics Lab o ra tory – IFJ PAN Par ti cle Phys ics Sum mer Stu -

dent Pro gram held annu ally. These events are intended to

encour age stu dents of phys ics and related sci ences to

become involved in par ti cle phys ics research by giv ing

them an oppor tu nity to inde pend ently ana lyze lat est exper i -

men tal data from the ATLAS, ALICE, Belle, LHCb, NA61

/ SHINE and T2K experiments.

In recent years, an Open Day for uni ver sity stu dents

and Childrens’ Day were orga nized at IFJ PAN, both on

an annual basis. The Open Day is an event ded i cated to stu -

dents to give them the oppor tu nity to talk to our
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Fig. 11.7. Wiktor Niedzicki is signing The Fourth Wiktor's Laboratory, 2018
(photo: B. Ró¿ewicz).

Fig. 11.8. The front cover of the popular science brochure "Physics in hot
pursuit", 2020.

Fig. 11.9. IFJ PAN workshops are attracting a growing number of high school students. International Particle Physics Workshops, 2019 (photo: R. Staszewski).

https://rifj.ifj.edu.pl/handle/item/319
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research ers and read the cur rent offers of stu dent intern -

ships and bach e lor's, mas ter's and doc toral the ses. More -

over, the aim of the Open Day is to intro duce inter ested

par ties to var i ous research tech niques – both exper i men tal

and the o ret i cal – and to dem on strate meth ods of sam ple

prep a ra tion as well as exper i men tal equip ment tun ing.

While tour ing the stu dios/lab o ra to ries (in orga nized

groups), the vis i tors can have indi vid ual dis cus sions with

poten tial intern ship and/or diploma super vi sors, inquire

about details, and plan fur ther coop er a tion with IFJ PAN.

The Children's Day program, on the other hand, includes: 

· a show of sur pris ing phys i cal exper i ments – Phys ics

Tricks on Bis, 

· work shops on build ing mod els of mol e cules, 

· a series of mini-pre sen ta tions, dur ing which

 children’s ques tions on every day life are answered,

e.g. what is sound?, what is the ori gin of col ors?, what

can you learn by count ing words in a book?

A series of pre sen ta tions was orga nized to pro mote the

didac tic offer of IFJ PAN  among stu dents of Euro -

pean uni ver si ties. Research oppor tu ni ties at IFJ PAN

were pre sented in the form of 11 sem i nars to stu dents of

phys ics and related sci ences from Ser bia, Mac e do nia, Hun -

gary, Ukraine, Bul garia, Por tu gal, and Ger many. Each sem i -

nar was fol lowed by dis cus sions on top ics related to phys -

ics, details about the IFJ PAN sum mer school, the

pos si bil ity of under tak ing doc toral stud ies in Poland, and

further possible cooperation. 

Cos mic Ray Extremely Dis trib uted Obser va tory

(CREDO) project is an ini tia tive aim ing to build a global

sys tem of cos mic ray detec tors with the par tic i pa tion of sci -

en tific and edu ca tional insti tu tions as well as indi vid ual

enthu si asts from almost all con ti nents [PoS (Asterics2019)

2019, 034]. Under the sep a rate agree ments the pro ject cur -

rently involves 42 enti ties from 19 coun tries on five con ti -

nents [Symmetry 2020, 12(11), 1835], sup ported by a grow ing

num ber of ama teurs using their own smartphones to detect

cos mic ray par ti cles through the mobile appli ca tion called

CREDO Detec tor, designed and devel oped at IFJ PAN in

2018 [Symmetry 2020, 12(11), 1802]. The appli ca tion  serves to

detect sec ond ary cos mic radi a tion using mobile devices,

and it cur rently oper ates on more than 7,000 devices located 

in approx. 150 coun tries around the world, pro vid ing data

(approx. 10 mil lion detec tions to date) which are both the

sub ject of sci en tific anal y sis and the goal of edu ca tional and

social activ ity [Appl. Sci. 2021, 11(3), 1185]. The lat ter includes

e.g. the inter na tional com pe ti tion “Par ti cle Hunters”

organized by IFJ PAN since 2018 (mentioned further

below).

The pro ject “Phys ics as the key to under stand ing

the world” imple mented as part of the Social Respon si bil -

ity of Sci ence pro gram – Excel lent Sci ence and co-financed

by the Min is try of Sci ence and Higher Edu ca tion, is another 

pop u lar iz ing activ ity to be hosted by IFJ PAN in the years

2020-2022. The aim of the pro ject is to reach a wide audi -

ence of all ages to arouse curi os ity in phys ics. The pro ject

con sists of four weekly series of pop u lar sci ence shows: Fas -

ci nat ing Phys ics, CREDO and cos mic rays, Sur pris ing Physics,

Particle Accelerators.

The events are sched uled to take place in the IFJ PAN

audi to rium, which pro vides approx i mately 150 seats. Each

cycle will include 12 pre sen ta tions for dif fer ent age groups:

pri mary and sec ond ary school stu dents and other indi vid u -

als. The pro ject coor di na tor is dr. Dominika KuŸma. More

infor ma tion about the pro ject is avail able on the website.

Fig. 11.10. Foreign students are attending a seminar as part of the didactic
offer of IFJ PAN (photo: L. Grin).

Fig. 11.11. The CREDO Detector application transforms your smartphone
into an important element of the largest particle detector in history.

https://credo.science/
https://pos.sissa.it/357/034/
https://pos.sissa.it/357/034/
https://doi.org/10.3390/sym12111835
https://doi.org/10.3390/sym12111802
https://doi.org/10.3390/app11031185
https://www.ifj.edu.pl/fizykakluczem/


Other forms of instill ing inter est in sci ence included var -

i ous types of phys ics com pe ti tions for school stu dents 

orga nized by the Insti tute. One such activ ity was the annual

QuickPhysX com pe ti tion. Here, doc toral stu dents and

employ ees of IFJ PAN gave short, easy to under stand pop u -

lar sci ence pre sen ta tions on any topic related to phys ics.

Other ini tia tives included the con tests: for a wash able tat too 

design enti tled "Tat too with phys ics in the back ground",

and the "Par ti cle Hunter" com pe ti tion which involved team 

detec tion of sec ond ary cos mic radi a tion par ti cles and local

radio ac tiv ity using smartphones equipped with the

CREDO Detec tor appli ca tion. The aim of the “Par ti cle

Hunter” is to cre ate a net work of users of the CREDO

Detec tor appli ca tion to pro mote the idea of co-cre at ing sci -

ence by ama teur research ers, and to enable chil dren and

ado les cents to par tic i pate in sci en tific research and even

become co-authors of sci en tific dis cov er ies. Sev eral hun -

dred stu dents from several dozen schools in the country

have been involved in this campaign.

The Insti tute also par tic i pated in the orga ni za tion of the

Lesser Poland Phys ics and Astron omy Com pe ti tion for pri -

mary and sec ond ary school stu dents and the national com -

pe ti tion "Chain of exper i ments", orga nized on the ini tia tive

of stu dents of the Fac ulty of Phys ics, Astron omy and

Applied Com puter Sci ence of the Jagiellonian University in

Krakow. 

Every year, the Insti tute issues notes on major sci en -

tific achieve ments attained with sig nif i cant par tic i pa -

tion of research ers from IFJ PAN, pub lished on the

global sci en tific press ser vice EurekAlert!, which is run by the

Amer i can Asso ci a tion for the Advance ment of Sci ence.

These press reports, based on arti cles pub lished in

renowned jour nals, have from sev eral to sev eral thou sand

openings per month. 

The Insti tute is also active on Facebook, Twit ter and

YouTube – post ing infor ma tion and vid eos on its activ i ties

and ongo ing out reach events.

Last but not least, IFJ PAN sci en tists are often invited by 

var i ous sci en tific and cul tural insti tu tions to deliver

pop u lar-sci ence lec tures, par tic i pate in dis cus sion pan els,

and con duct lab o ra tory exer cises. They also col lab o rate

with the media by pub lish ing their arti cles on pop u lar sci -

ence blogs, or appear on tele vi sion and in radio broadcasts.

v

140  

ni 
n

oitac
u

d
E 

d
na 

n
oit

o
m

or
P – seitivitc

A 
hcaert

u
O .11

ec
neic

S

Fig. 11.12. Physics competitions for school students (photo: L. Grin – top,
H. Sharma – bottom).

http://www.eurekalert.org
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