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IIpeamert: IlokpeTame NMOCTyNKa y 3Bame HCTPaXXUBad capajHUK

Mosnum HayuyHo Behe MHcTUTyTa 3a Qu3MKy y Beorpazly /a mokpeHe mocCTyrak 3a MOj u300p y 3Bambe
HcrpaxxuBay capajHMK, UMajyhu y Buzly /la uUClymbaBaM CBe KpUTepHjyMe IpOMNKCaHe Off CTpaHe
MuHMCTapCTBa TIPOCBETe, HayKe M TeXHOJIOIIKOT pa3Boja Perybsivke CpOuje 3a cTuijame HaBeJeHOT

3Bdibd.

Y npusiory JocTaB/baM:

1. Munubeme pyKoBozyroLa 1laboparopuje ca npejijioroM KOMUcHje 3a U300p y 3Bame;
2. Crpyuny 6uorpadujy;

3. [Ipernes HayuHe aKTUBHOCTY;

4. Crnincak ¥ Komuje 00jaB/beHNX HayYHHX PaZioBa U Jpyrux MyOnvKaryja;

5. ¥Bepemwe 0 Ioc/eileM OBepeHOM U YITMCaHOM CeMeCTpPy Ha JOKTOPCKUM CTyZujaMa;
6. @oTOKOMNM]ja AUTIJIOMA Ca OCHOBHUX U MacTep CTyaAuja;

7. IloTBpAa 0 mpuxBaTamwy TeMe JOKTOPCKe JucepTanuje;

C’ noIroBameM,

Mepauh JKapko
VICTPa)KMBay NIPUIPABHUK
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ITpegmer: Munubeme PpyKoBo/uoIia jadoparopuje 3a u3oop Meauh JKapka y 3Bame HCTpaXMBa4
capafiHuK

Mepnvh JKapko 3aBpIIMO je OCHOBHe, a MOTOM M MacTep akajeMcKe cTyauje Ha IlpupogHo-
MaTeMaTHUkoM (akynrety YHuBep3uTera y HoBom Caay. [JokTopcke cTyzauje u3 ¢uv3Mke ymucao je
2015. rogune. Tlonoxuo je cBe mcnurte npejBuljeHe MaaHOM. Tema HeroBe [JOKTOPCKe JucepTaliyje
npe/icTaBleHa je W mnpuxBaheHa of crpaHe HayuHo-HacraBHor Beha IIpupojgHO-mMaTemMaTHUKOT
(dakyntera Yaueep3utera y HoBom Cazgy. AHraxkoBat je y Jlaboparopuju 3a 21 marepujase u 6aBu ce

rpobsieMHMa n3yuaBarba 2/ MaTepujajia ¥ lbUXOBe HHTepaKIje Ca 3pauerheM.

C o63upom ga Mexguh 2Kapko ucnymaBa cBe ycsioBe nipesiBuljeHe [IpaBUTHUKOM O TIOCTYTIKY Y HAUMHY
Bpe/JHOBakba W KBAHTUTATHBHOM MCKa3WBalky HAyYHOMCTPAKMBAauKUX pe3yaTara UCTpakKUBaya,

caryilacHa caMm ca TIoKpeTameM TI0CTYTIKa 3a M300p y 3Bambe UCTPa)KBau Capa/iHuK.

3a uinaHoBe KomucHje 3a u3bop Mexauh JKapka y 3Bambe UCTpPaKMBau CapafHUK TIpefakeM cienehu

CacCTaB:

1. np bopucnas Bacuh, Buiim HayyHu capafHuk, MHCTUTYT 3a ¢pr3uky beorpag
2. ap Papon I'ajuh, HayuHu caBeTHUK y neH3uju, MHCTUTYT 3a ¢hu3uKy beorpaf,

3. npod. ap Muogpar Kpmap, pefosau ripogecop, [IpupogHo-marematnuky daxkynret y HoBom Cazny

PykoBoauarl 1aboparopwuje 3a 2/ marepujae

| . | & it /
Munow-elot Hooura

MBana Mwunoiesuh
Hay4YHU Capa/IHAK



CtpyuHa ouorpacduja Meguh Kapka

Meguh JKapko je pohen 1988. ronqune y HoBom Cazy. HakoH 3aBpliieHe OCHOBHe ILIKOJIe ¥ TUMHasHje
“JoaH JoBaHoBuh 3Mmaj” yrrcyje ocHOBHe akajieMcke ctyauje u3 ¢usuke 2007. roquHe Ha [IpupogHo-
MaTemaTtHukoM (akynrety y HoBom Cagy. Cryauje 3appinaBa 2013. roauHe og0paHOM AMIIOMCKOT
paza mog HasuBoM “Koliko su Ge(n, Y') reakcije merodavne za procenu fluksa termalnih neutrona”.
Macrtep akagemcke cryauje ¢usuke ymucyje 2013. ropuHe, ycMepemwe HykK/ieapHa (pu3MKa, Ha
[TpuponHo-MateMatnukoM (akynrety y HoBom Capy. Cryauje 3aBpiunaBa 2014. roguHe ofbpaHOM
MacTep Te3e Toj Ha3uBoM “Simulacija svojstava neutronskog reflektometra”. Mactep paj je HacTao
TOKOM CTyAujckux 6opaBaka y Helmholtz Zentrum y Hemaukoj.

[okTopcke akazeMcke cTygvje ¢usuke ymnucyje Ha [IpupogHo-matemaTnukoMm ¢akynrety 2015.
roguHe. Tokom 2018. rogvHe 3arollikaBa Ce Ka0 WUCTPaKUBay MPUIIPaBHUK Ha MHCTUTYTY 3a (U3KKY
beorpay y naboparopuju 3a rpaden, apyre 2/] marepujase u ypeljeHe HaHOCTPYKTYpe.

Tokom nepuozia paga Ha THCTUTYT 3a Gu3uKy roj MeHTOpcTBoM Jp Pagoina [ajuha, usyuaBa TexHrke
pacTa MOHOKPHCTa/la ca HarviackoM Ha Bpurnimanom meton u ne6gehy 3oHy. baBu ce ekcdonmjarpjom
Marepujaja rocpeiCTBOM MUKPOMeXaHWUKe, TeuHe U TepMasiHe MeTozie. O Tako ekcdonvipaHux reka
TIOKYIlIaBa /IeTIOHOBATH MCTe Ha CYTCTpaT paju Aobujamba TaHKUX (UIMOBa. YIOpejo ca TUM M3ydaBa
TOHalllatha TAaHKUX (PUIMOBAa M MOHOKpHUCTajna y mosby asnda, eleKTpoHa, X M rama 3paka. M3yuaBa
aTOMCKe IpoLiece U MpoLieCh Ha HUBOY jesrpa.

o caga je ayTop 4 HayuyHa pajia y MeljyHapoZHUM yacorvicruMa.



IIpersieg HayuHe aKTUBHOCTH

Tokom cBoje HayuHe kapujepe Meauh >Kapko ce 6aBMO H3yuaBamkeM CHHTe3e MaTepujana H
VHTepakKLyje 3pauema ca MarepujanrMa. Kakse eekre 3payerse NOCTHKY Ha HUBOY je3rpa U aTOMCKOM
HUBOY. LI/b HeroBor MCTpakKMBavKOr pajia je pasyMeBame MPUHLMIA 10 KOjUM Ce 3pauere NpoCTHpe

KpO03 Marepujajie ¥ HaUMHe Ha KOje OHO MHTeparyje ca MaTepujoM.

NHTepakuyja rama 3padema ca jesrpoM uHaujyma-115

[Torpeba 3a TauHuMm oppeljuBambeM e(hUKaCHOT Tpeceka 3a WHTEpakI[{jy 3pauera Ca aTOMCKUM
jesrpuma je of CyIUTHHCKOT 3Hauaja 3a MOT'YRHOCT TayHMX MpopauyHa HyK/eapHHUX IpoLeca y KojuMa
Cy yK/byuyeHa atoMcka jesrpa. KopuitheHy cy TaHKW [JUCKOBU Of, TIPUPOJHOT MHJAMjyMa KOjU Yy CBOM
cactaBy uma fBa crtabumHa wuszortoma (MHAWjyM-113 u wHAUjyM-115). TakBu AWCKOBU Cy TOTOM
03pauaBaHH y I0J/bY 3aKOYHOT 3pauema, oBo je cBe pafjeHo mo NAXSUN metozu. ITocpescTBom oBora
MeToZia je Moryhe W3BpLIMTH Mepy TpUCyCTBa rama (oToHa W HeyTpoHa y oxpeljeHoj obmactu.
OspauaBame BpILEHO je MHUKPOTPOHOM, a [ieTeKlMja rama CIIeKTPOCKOIICKOM arapatypoM. O6paza
pe3ysitata BpieHa je ocpeactsoM unfolding anroputma MAXED u GRAVEL. Y pany kopuiiheH je u

Momnre Kapsio MeTtoz pagu nobuvjama MHTeH3UTeTa U 00/MKa CrieKTpaaHe QyHKIYje 3aKOYHOT 3paueba.

CuHTe3a TUTaHUjyM IUOKCH/IA IOCPeICTBOM MeToza ebaehe 30He

Metoza ne6aehe 3oHe omoryhaBa foOujerme KprcTana ca BeOMa HUCKAM cajpikajeM fedekara. Tako
Jo0ujeHrn KYTH KPHCTal ca MMUHHUMAJHUM cafp)kajeM zAedekara W TyiaBU KpPHUCTaa ca Majao Behum

caZip>kajeM fedekaTa. Y3o0pak je KapakTepu3oBaH ca Paman , EDS u XRD meTtozmom.

WuTtepakiyja anda, 6eta v ramMa 3paka ca MOHOKPHUCTA/THUM Y30PKOM TUTaHH]yM JTUOKCHA

[To pgocTymHOj AUTepaTypy OINTHYKA B/IaKHA Off TUTaHWjyM [UOKCHJA Cy KOpUilheHW 3a TpeHOoC
CBETJIOCHOT curHaja. M3 Tora passnora cy BplleHa UCTpakuBawba Moryhux mpomeHa y HUBOY Jedekara
Y CTPYKTYpHY YyCJieJ O3payaBama Ca 3pauereM. ¥Y30pak Ipe U IocJie 03payaBama je KapakTepru30BaH ca
Paman , EDS u XRD metogom. Op 3pauerba KopuiiheHo je anda, 6eta v rama 3pauere, Tako /ia je 1o

jenaH y3opak (>)KyTH U I71aBH) 03payeH ca jeZJHUM THUIIOM 3pauema.



CuHre3a rpadeHa

OsBge je Lwb HayuuTU MeTofle cuHTe3e 2]1 rpadeHckor ¢unma. [TocTynak cuHTe3e je y MpPBO Bpeme
BpIIIEH MUKDOMEXaHUUKOM eKC(osrjalyjoM, TpU IieMy je Haryiacak OMO Ha TpaB/beby ILITO TambUX
(bneka pasu M3yyaBama MHTepakLUje rpadena v cyrncrpara SiO2/Si.

Haxkon Tora paljeHa je TeuHa ekcdosnujanja Kojom je 6uno moryhe 106UTH JOBO/BHO AUCIIEPrOBAHOT

Marepujasa 3a fobujame TaHKKX ¢uimMoBa ca Langmuir-Blodgett metogom.

WHTepakiyja raMa U X 3pakKa ca rpadeHomM

[Toka3aHo je zma rpadeH mocezyje BUCOKe eIEKTPUUHO M TEPMHUUKO TIPOBOZIHE KapaKTepUCTHUKe 300T
yera je merosa IpUMeHa y e/IeKTPOHULM MHTepecaHTHa. VI3 Tora pasjora M3BpIIeHO je O3payaBame
TaHKUX TpadeHcKux ¢unmoBa AobujeHnx Langmuir-Blodgett meTomom. HaripaBbeH je cer ruioumiia
Koje Cy o3payeHe ca X 3pauuma. ['pacdeHcKuM y3opuy Cy Ipe U MOC/ie 03pavyaBamba KapakKTeprcaHW ca
Paman u XRD Merozom. BplieHa Cy ¥ TpaHCIIOPTHa Mepema [pe U I0C/le O3pauyaBama. l'ama

Cl)OTOHI/IMa 03payeHe Cy I1ap y30pdKd. Je,qu Mepeme je BpHI€HO TOKOM CaMOT IIpoLieCa 03pdddBdhsd.

CuHTe3a nupoduivra

Llwb paga je 6M0 pa3BUTH TMOCTYTAK 3a TMpaB/belbe TaHWKWUX NMUPOPUIUTHUX ¢puimoBa. [Toctymak je
OTIMOYe0 Ca MHUKDPOMEXaHWYKOM eKc(hosujaliijoM pajy M3ydyaBama WHTepaklyje TaHKor ¢uwiMa ca
cyoctpatom SiO2/Si.

[Totom ce TeuHoMm ekcdonujarjoM Ao6uo oxpeljeHH cTereH AWcCHieproBaHUX Quieka y pacTBOPY.
VcTpaxkvBama Be3aHa 3a OBaj TUN ekcdosvjanuje Cy joll y TOKY pajiyd IpaB/bea MaKCHMaslHO
OTNITUMU30BaHe pyTe KOjuM OM ce MaTepujaj Morao ekcdonupatd. Y yKemM CMHUCIY TaHKU (UM of
OBOTI MaTepujasa jolI HUje HarpaB/beH ca Langmuir-Blodgett meTozmom.

[To3Haro je pga ce NMpO(UAUT MO)Ke Ha TIOBHUIIEHHMM TeMIlepaTypaMa eKCc(onupaTtyd MOCTYIIKOM
pasnucraBama. I[lomazehu on Te ocoOMHe TPEHYTHO je WCTpaXkuBame y TIpaBly TPOHa/IaXKeHa
OTTUMAaJTHUX YCJI0Ba 3a TepMasHy eKc(oujalijy Kako KpUcTasa Tako ¥ TAHKUX MUPOGUIUTHUX (rieka
Koje cy poOujeHe TOCpeACTBOM MMKpoMexaHWUke ekchomujaije. Ha oBaj HauumH ekchospaHu

Marepujas 61 MOrao [ja TOMyHH MPOCTOP OKO TO/a3HOT MaTrepHjajiia M Ha Taj HAuMH WM3rPajid TaHaK



¢unm. OBa MeToZia ce UCTO Haznasu y (as3u pa3Bujama. [IpBU pe3ynaTatu ykasyjy Za oBaj cMep uUMa
TOTEeHLIU]asl.

Kapakrepusaiyja ge6/p1He Matepujana paljeHa je mocpegcrsom AFM ypehjaja, a mpomeHe y CTpyKTypH
U HUBO JedeKkTHOCTH wucTe TiocpeacTBoM PamaHn u XRD wmetoge. CrereH AuCIeproBaHUX

NUPOPUIMTHUX (prieKa y pacTBopy MepeH je ca UV/VIS meTozom.



CnHcak 4 Kondje 00jaB/beHUX HayYHHUX Pa/ioBa M IPYruX nyo/TuKamnuja

1. Medic, Z., Jovancevic, N., Maletic, D. et al. The application of the unfolding technique for
determination of photo-nuclear reaction cross-section with an example on the 115In(y,y")115mIn
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Abstract The cross-section function for the ! In(y /)15
In reaction was determined in the energy range up to E,

= 9.6 MeV using the bremsstrahlung facility at the MT25

Microtron, JINR, Dubna. Natural indium disks were irradi-
ated with bremsstrahlung, each disk with a beam of different
endpoint energy. To the measured saturation activity built up
in the wide-energy photon beam we applied the unfolding
technique, developed recently at the JRC-Geel with the pri-
mary purpose of being used in neutron activation. The results
were compared with TALYS 1.9 calculations and existing
experimental data. Our results suggest that the application
of existing unfolding technique allow determining unknown
excitation functions of photon-induced reactions.

1 Introduction

Experimental data obtained in nuclear reactions induced by
photons on various materials are important for a number of
different applications. High-energy photons are used to pro-
duce radionuclides for medicine and other applications. They
are used in radiotherapy, industry, activation analysis and
play significant roles in astrophysical processes and in the
dynamics of nuclear reactors [1]. Therefore, cross-sections
of photo-nuclear reactions are often studied in a wide energy
region. The rich amount of experimental results obtained,
can be found in several databases such as Refs. [2-8].

The aim of this paper is to apply the NAXSUN technique
(Neutron Activation X-Section determined using UNfolding)
to determine the differential cross section for the excitation
of the 336.2 keV isomer in !°In as a function of the photon

#e-mail: nikola.jovancevic @df.uns.ac.rs (corresponding author)

energy, using photons from bremsstrahlung beams of several
different endpoint energies. The NAXSUN technique was
developed at the JRC-GEEL and utilized to obtain neutron-
induced reaction cross sections as a function of incident neu-
tron energy [9-13]. For the photo-activation measurements
we adapted the NAXSUN technique and examined its appli-
cability in photon-induced reactions.

There are several reasons why the excitation of !'>In iso-
mer state was chosen to test the possibility of extending the
NAXSUN technique to the field of photo-nuclear reactions.
Natural indium is a mixture of two isotopes 11311 (4.3%) and
1151, (95.7 %) [14]. Itis a soft metal that is easy to shape in the
desired irradiation and detection geometry. It can be used in
several different ways as an activation detector for neutrons or
photons. The high thermal neutron cross section of 160b [15]
has made !°In a frequently used nuclide for neutron mon-
itoring. The excitation of the 336.2 keV [14] isomeric state
by non-elastic neutron scattering, 115 In(n,n’ )l 15m In, is recog-
nized as one of the most common reactions for detection and
monitoring of fast neutrons. Moreover, detection of photons
having energies higher than 9 MeV (produced by LINAC-
s used in radiotherapy, for example), which is the threshold
energy for the photo-nuclear reaction ! 3 In(y ,n)! #In, is pos-
sible by using activation foils made of natural indium. And
finally, high-energy photons may excite the isomeric state via
the reaction 'In(y,y")! 19" In.

All these reactions make indium the material of choice in
experimental circumstances, when it is necessary to regis-
ter the presence of neutrons and photons at the same loca-
tion. For neutron reactions on ''3In cross sections are well
known, and reliable data on the differential cross section for
the '"In(y,n)!#In reaction are available, too. There are sev-
eral experimental data sets [16-20], included in database [8],

@ Springer
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for photo-excitation of the '3 In isomeric state. The cross-
section values of the !9 In(y,y”)! " In reaction and the shape
of the cross-section function in those several sources differ
somewhat (datasets are shown in Fig. 12). Furthermore, data
available in literature [8], show discrepancy with TALYS 1.9
[21,22] calculations, as can be seen in Figs. 11 and 12, below
in this text. Additional objective of this paper is to report on
a new measurement of the '>In(y,y")! 13" In cross section.

Possible applicability of NAXSUN techniques in photnu-
clear reactions can open a broad research field. Differential
cross sections for (y,n) reactions are well documented with
reliable experimental material. However, at higher photon
energies, when two or more neutrons are emitted, the results
of measuring the flux-weighted averaged cross section and
measurements with quasi-monoenergetic photon beam can
be found in the literature [2,3,8]. For a specific channel of
(y,xn) nuclear reactions, energy differential cross-sections
can be obtained using theoretical calculations only. The intro-
duction of the NAXSUN techniques could make it possible to
measure energy differential cross-sections for these nuclear
reactions as well.

2 The method

The NAXSUN technique is based on irradiation of several
identical metal disks in different, but overlapping, neutron
fields. It is followed by gamma-spectrometric measurements
and unfolding procedures. This method has solely been used
for measuring cross section curves for neutron-induced reac-
tions [11-13].

The yield of activation products from some nuclear reac-
tions, here the photo-excitation of the first excited and meta-
stable state in !13In in a bremsstrahlung beam, can be quanti-
fied by its saturation activity (maximum equilibrium activity
when the rate of production of reaction product equals the
rate of decay) A:

Einax
A=/ o(E)-®(E)-dE (1)
Ep

where o (E) is the cross section for the studied nuclear reac-
tion, ®(E) is the flux spectrum of incident photons and E
is the photon energy. E;; is the energy threshold for the
nuclear reaction and, E,,y is the endpoint energy of the
bremsstrahlung beam. After exposure to the photon beam,
the induced activity of !'3”In is measured by a high energy
resolving y-spectrometer.

One indium disk at the time was exposed in a bremsstrahlung

beam of particular endpoint energy. The endpoint energies
ranged from 5 to 10 MeV. In this way disks were exposed to
different but overlapping photon fields, similar to the mea-
surements performed in our previous work, where broad-
energy neutrons fields were applied [11-13]. Afterirradiation

@ Springer

the saturation activity of each of the six disks is determined
by y-spectromety.

If the photon flux-spectrum, ®(E) can be estimated, as
shown in Section III D. in this paper, the general task comes
down to the solution of six integral equations (Eq. 1) for
eachirradiated sample, and the determination of the unknown
function o (E), which describes the cross section of the photo-
nuclear reaction. Having six known values of saturation activ-
ity, A, the problem can be transformed into a system of dis-
cretized equations:

C
Ap=>) ®y-o0;-AE; k=12 ..m )

1

where Ay is the measured saturation activity of each irradi-
ated disk, k, with m activated disks, k£ running from 1 to 6.
The photon flux for a certain energy bin, E; and disk & is
described by ®;;. AE; is the width of energy bin i, and ¢
is the number of energy bins. o; represents the sought cross
section function. Since c is larger than m the system of equa-
tions is under-determined and an unfolding procedure needs
to be applied. In this work, we used three unfolding algo-
rithms, SANDII, GRAVEL and MAXED [23-27], to take
into account corresponding systematic uncertainties.

3 Measurements
3.1 Material

Six identical metal disks of indium with natural isotopic
abundances were used. The material has a high level of purity
with 99.9% of natural indium. Disks had an identical shape
with a diameter of 20.0(1) mm and and an average thick-
ness of 0.210(1) g cm™!. Two more indium discs were used
to check influence of neutrons on excitation of '3 In isomer
state. Sources of neutrons are described in next section.

3.2 Irradiation

All experimental activities were performed at the Flerov Lab-
oratory of Nuclear Reactions of the JINR, Dubna. The MT25
Microtron [28] was used to produce the bremsstrahlung
beams for irradiation of the indium disks. A more detailed
description of the Microtron and the experimental setup
can be found in Ref. [29]. Indium disks were exposed to
bremsstrahlung with endpoint energies from 5 to 10 MeV in
steps of 1 MeV (Table 1). For the photon production we used
a 1 mm thick tungsten radiator. The distance between the the
radiator and an indium disk was 60 cm.

An 8 mm thick beryllium plate was placed in front of the
In sample, 52.5 cm far from the tungsten radiator, to serve in
another study [29]. The influence of the beryllium plate on
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Fig. 1 Part of the y-ray spectrum collected after irradiation of indium
disk No. 6. The y lines of interested are labelled. Energy width of one
channel is 0.2 keV

the photon flux was corrected by Monte Carlo simulation as
described below. The scheme of the experimental set up is
presented in the Fig. 2.

Energy thresholds for photo-disintegration of *Be (fol-
lowed by emission of neutron) and 183W(y,n)'2W are 1.7
MeV and 6.2 MeV respectively [30]. In order to minimize
the influence of inelastic neutron scattering, 115 In(n,n’ )] 15mpp
reaction, the indium disks were placed in the center of a water
container with a diameter of 15 cm. In this way, fast neutrons
created in photo-nuclear reactions in beryllium and tungsten
are thermalized. The need for such an action was confirmed
by a noticeable difference in !> In activity, after exposure
with and without water around the indium disk. At a max-
imum photon energy of 23 MeV the saturation activity of
115m1p in the disk exposed outside the water container was
15% higher than the saturation activity of 13" In, when the
disk was located inside the water container. Furthermore, we
may expect significantly lower parasitic neutron production
at lower energies. We observed too that the saturation activ-
ity of '%In produced by neutron capture is about 130 times
lower at a photon-energy of 10 MeV than at endpoint energy
of 23 MeV. This means that there is an insignificant influ-
ence of non-elastic scattering of high-energy neutrons on the
excitation of the isomeric state in !'3In with samples placed
in the water container.

The irradiation time was longer for lower photon-energies
and ranged from 14 min at 10 MeV to 98 min at 5 MeV.
The Microtron electron current varied from 2 to 7 pA. The
integral number of electrons striking the tungsten radiator
(Q) is summarized in the Table 1.

3.3 Gamma spectroscopy measurements

After exposure, the decay spectra of the indium disks were
measured using an HPGe detector. The relative efficiency of
the detector was 25% and, it was passively shielded by 5 cm
of lead. The irradiated indium disks were located directly on

the vertical end-cap of the detector. The elapsed time between
the end of the irradiation and the start of each measurement
was between 6 min and 2 h depending on detector availability.
Considering that the halflife of '™ Inis 7}, = 4.468h[14],
in the worst case, more than 73% of initial activity remained.
The measurement time for each activated disk was 30 min that
was sufficient to obtain good counting statistics. For example,
in the spectrum of that indium disk exposed to the 7 MeV
bremsstrahlung beam the statistical uncertainty of the ''3”"In
gamma line was about 3% at 1 o.

The recorded spectra have very simple structure (part of
the y-ray spectrum collected after irradiation of indium disk
No. 6. is presented in Fig. 1). In all of them the prominent
336.2 keV gamma line from the de-excitation of the isomeric
level in '"5In is observed. The gamma line of the isomeric
state of 113", E, =391.7keV [14],is noticeable in some of
measured spectra, especially in the spectrum from the indium
disk exposed at 10 MeV endpoint energy as depicted in Fig.
1. In the y-ray spectrum of the disk exposed to the 5 MeV
bremsstrahlung, the 391.7 keV gamma line is not observed
at all. The reason is the low abundance of !'*In in natural
indium, i.e. 4.3 % in combination with the small flux at 5
MeV. Several other gamma lines (416.9 keV, 1097.3 keV and
1293.5keV [14]) emitted after the decay of ' 1% In, produced
by neutron capture of ! 3In, appeared only in spectra of those
indium disks exposed at higher endpoint energies.

The saturation activity of 13" In can be determined from
the peak area of the 336.2 keV gamma line according to:

o Ny - M)
k_m . NA “€-1m-py- e_)LAt . (1_3_)¥tirr) . (]_g_}‘tm)

3

where N, is the number of detected y rays with E, = 336.2
keV, X is the decay constant, M and m are the mass number
and the mass of the In disk used, N4 is Avogadro constant , €
is the total efficiency of the detector at 336.2 keV, n is the nat-
ural abundance of !>In, Dy is a gamma emission probability,
At, t;»r and t,, are cooling, irradiation and measurement time,
respectively. Total efficiency was determined using calibra-
tion sources and LabSOCS software. Since indium is a soft
metal, our samples were designed to match existing detector
calibrations.

We notice that the saturation activity for E,,,, =5 MeV is
almost 150 times lower than the one at E,,,, = 10 MeV.
All saturation activities, A, are summarized in Table 3.
The statistical uncertainty at 5 MeV and at 6 MeV is about
10 % and, above 7 MeV the statistical uncertainty is up
to 4 %.
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Table 1 Irradiation characteristics for each indium disk: E,,,, bremsstrahlung endpoint energy, Q integral number of electrons striking tungsten

target, t;, time of irradiation

Disk no. Eax (MeV) O (mAs) tirr (8)

1 5.00(5) 12 5880.0(5)
2 6.00(5) 10 1320.0(5)
3 7.00(5) 12 1740.0(5)
4 8.20(5) 35 1680.0(5)
5 9.00(5) 7 1020.0(5)
6 10.00(5) 6 840.0(5)

3.4 Determination of photon flux
3.4.1 Monte Carlo simulation

The application of unfolding procedures to our problem
requires information about the ®;; from Eq. 1, i.e. shape
and intensity of the bremsstrahlung photon spectra. This was
obtained using Monte Carlo (MC) simulations and the mea-
sured values of the integral number of electrons striking the
tungsten radiator.

To estimate the flux of incident photons @ (E) for the six
used energies we employed Geant4 (G4) version 10.05.p01
[31] with the experimental Physics list QBBC. QBBC uses
the standard G4 electromagnetic physics option without opti-
cal photon simulations and, the hadronic part of this physics
list consists of elastic, inelastic, and capture processes. Each
hadronic process is built from a set of cross sections and inter-
action models, which provide the detailed physics implemen-
tation.

Figure 2 depicts the setup geometry as entered to the
Geant4 simulations. Elements of simulations are starting
from the electron beam, shown to the left of the figure, going
to the indium disk placed in the water container on the right.
In the G4 simulations electron beam starting position is 10
cm before Cu foil.

The geometry of the Geant4 simulations consists of an
electron beam of six energies, assuming a + 1% uncertainty
(k = 1) for all energies. Then, on the beam path comes first
a 70 wm thick copper foil followed by a copper cylindrical
collimator with a 12 mm-wide circular hole. Next comes a
1 mm thick tungsten radiator followed by a 2 cm thick alu-
minium block. The distance between the tungsten radiator
and the indium disk is 60 cm. In front of the indium disk we
placed an 8 mm thick beryllium sheet and the water shield-
ing. We simulated about 2 x 108 electrons for six different
electron beam energies. From the simulation we obtained the
integral number of photons, spectrum shape and the distri-
bution of photons on the surface of an indium disk for each
energy. To get approximation of integral number of gammas,
which hit the indium sample, the number of photons from
the simulation were scaled, having in mind that the number
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Fig. 2 Geometry of experimental setup (not in scale)

10

10°

Counts per 0.1 MeV

0 2 4 6 8 10
Energy [MeV]

Fig. 3 Spectra of photon flux on the indium disks for all electrons ener-
gies incident on the tungsten radiator. The electron energy corresponds
to the end-point energy of the respective photon-flux spectrum (Ej4x
in the Table 1)

of electrons per mAs is 6.242 x 10" and that each beam
energy had a different number of electrons per second. The
estimated integral number of photons hitting an indium disk
at the particular endpoint energy is shown in the last col-
umn of Table 2. The simulated photon spectra are depicted
in Fig. 3.
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Fig. 4 The photon distribution o 4000
on the surface of an indium disk, g B —— EMstandard
simulated for the endpoint 5 -
energy 10 MeV UD-) 3500 —
sl i
3000
bt
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Table 2 Irradiation characteristics of the indium disks: Ej,x endpoint energy, N, s simulated number of electrons, N, s simulated number of
photons, § scaling factor, Ny scaeq Scaled number of photons

E (MeV) Ne,s (10°) Ny.s 5(107) Nyseated (10'%)
5.00(5) 200 25312 3.12 9.48

6.00(5) 199 43163 3.14 13.54
7.00(5) 194 65120 3.22 25.14
8.20(5) 192 99595 3.25 11.33
9.00(5) 192 129258 3.25 29.42
10.00(5) 187 165313 3.34 33.11

g b = electrons striking the tungsten radiator, expressed in mAs in

5 F B Table 1, could only serve as a relative measure. For the abso-

g) 12 ? E lute calibration of the Monte-Carlo simulated photon spec-

o 1= ] tra, it was necessary to use another nuclide with well-known

5 0.8 ; f photo-activation cross section. In the absence of some well-

06l ' accepted standard, it was decided to use the photo-activation

E ] of "31n for spectrum normalisation. As can be seen in Fig.

04 e 1, the characteristic gamma line of ''3In is present in the

02 = spectrum after irradiation of the indium samples at higher

0 :‘ —— ; energies. The cross section function for the reaction !'*In(y,

4 5 6 7 8 9 10
Energy [MeV]

Fig. 5 Cross section for '3 1n(y, y")!'3" In reaction (points — mea-
sured data [32], line — spline interpolation)

In Fig. 4 the simulated areal distribution of the photon flux
on the indium disks is shown for the 10 MeV endpoint energy.
The distribution is flat across the entire disk. Corresponding
results were obtained for the other endpoint energies.

3.4.2 Normalization of photon flux

To obtain absolute cross section values, it is necessary to have
accurate values of the photon flux at the place of the exposed
indium disks. In our experimental setup, the total number of

y)'13MIn was taken from Ref. [32] as depicted in Fig. 5. In
this study, samples of natural indium were irradiated in the
range of 4—12 MeV with 0.5 MeV increments. The cross sec-
tion was calculated using Penfold-Leis method [33]. Photon
flux was determined using an absolutely calibrated ionization
chamber with a build-up cap of appropriate thickness.
Saturation activity for '3In(y,y")!13"In reaction at some
chosen energy, A., can be calculated based on the Eq. 2. Pho-
ton flux spectra were calculated using Monte-Carlo simula-
tion with a number of incident electrons specified in Table
2. Simulated spectra were corrected by Microtron electron
current Q, as a relative measure, taken from Tab. 1. Interpo-
lated values of the cross-section from Fig. 5 were taken to
calculate the saturation activity A, for the 10 MeV photon
beam. The measured values of the saturation activities for the

@ Springer



258 Page 6 of 14

Eur. Phys. J. A (2021) 57:258

Table 3 Saturation activity, A, for a given endpoint energy, E,,,, calculated according to Eq. 3

Disk No. Energy [MeV] Ar[10718 Bg/atom]
1 5.00(5) 0.0090(9)

2 6.00(5) 0.044(5)

3 7.00(5) 0.161(7)

4 8.20(5) 0.191(5)

5 9.00(5) 0.87(3)

6 10.00(5) 1.33(3)

A, obtained using the intensity of the 391.7 keV gamma line
detected for 10 MeV was 1.10(18) x 10-18 Bg/atom. Based
on that, a normalization factor of r = A,,/A. = 6.2(11) was
obtained and used to normalise photon spectra, which were
used in unfolding procedures.

4 Experimental results
4.1 Default functions for unfolding procedures

Cross-section unfolding procedures require an initial guess
of the sought function, the so-called default function, to pro-
ceed further with the unfolding calculation. This function
should be a reasonably good guess of the real cross-section
function. In this work we used the TALY'S 1.9 code [22] for
determining this default functions.

TALYS 1.9 is a computer code for the simulation of
nuclear reactions. A detailed description of TALYS 1.9 can
be found in Ref. [22]. By this code it is possible to cal-
culate various physical quantities for all possible outgoing
reaction channels using different physical models in the cal-
culations. In this work we calculated the cross section for
the '3In(y, y/)!1>"In reaction, for incident photon energies
ranging from 0 to 10 MeV. All parameters of calculations
were code-default values except level density parameters.
Available level density models in the TALYS 1.9 are [34—
42]:

e LD model 1. — the constant temperature Fermi-Gas
model;

e LD model 2. — the back-shifted Fermi gas model;

e LD model 3. — the generalised super-fluid model;

e LD model 4. — the microscopic level densities based on
the Goriely’s tables;

e LD model 5. — Hilaire’s combinatorial tables;

e LD model 6. — the temperature dependent Hartree-Fock-
Bogoliubov model, Gogny force.
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Fig. 6 Default functions for the In(y, y/)!!>”In cross-section
obtained by TALYS 1.9 for six different level density models (for details
see text)
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Fig. 7 Unfolded 'SIn(y, y")'""In cross-section for each default
function, produced using the SANDII unfolding algorithm

Six different excitation functions for the ''>In(y, y*)!15"In
reaction were obtained (see Fig. 6) and used as default func-
tions for the unfolding procedures.

Other parameters such as photon strength functions (PSF)
can also have a significant impact on cross-section values.
However, detailed theoretical analysis was not part of this
study and those parameters are not change from the default
values given by the TALYS 1.9., which are for example the
standard Lorentzian (Brink-Axel model) for PSF.
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Fig. 8 Unfolded "In(y, y")!">"In cross-section for each default
function, produced using the GRAVEL unfolding algorithm
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Fig. 9 Unfolded '"In(y, y")'">"In cross-section for each default
function, produced using the MAXED unfolding algorithm

4.2 Unfolding results

Three unfolding algorithms were used in this work and their
results were compared. The first one was the SANDII iter-
ative algorithm [27], the second was the GRAVEL algo-
rithm, which is an improved version of SANDII [26] and,
the third one was the MAXED algorithm that uses the max-
imum entropy principle to calculate the unfolded function
[23].
The SANDII and GRAVEL algorithm give the solution:

J+1 J 7
o/ =0/ f(ArerPrio})

l
m J A
k=1 Wit ln( 0 lW!kg.f>
1= K1

f =exp i=1,2..n
e Wit
“4)
where in the case of the SANDII W is:
CDk'(T-J
Wit = o7 ®
e P

and in the case of the GRAVEL Wi{{ is:

o J 2

W~J _ quzUi ﬂ
ik — Zn cD] 62 :
i=1 ki “k

Ay, is measured saturated activity, €; is measured uncertainty,
cross-section for energy bin E; is o; and photon flux is ®y;
when irradiating k disk at energy bin E;, J is number of the
iteration step, m is number of activated discs and n is number
of energy bins.

The MAXED algorithm provides by the fitting input data
(measured induced specific saturated activity Ay), a function
o (E) that maximizes the relative entropy:

S = —/ (a(E) In <ﬂ> + 0def (E) — U(E)) dE
Odef (E)
@)

(6)

where 04,7 (E) is the default cross section function.

Unfolding procedures were performed in the energy range
between 0 and 9.6 MeV grouped into 48 bins. The results
obtained by the SANDII, GRAVEL and MAXED algorithms
for all used default functions are presented in Figs. 7, 8 and
9.

4.3 Analysis of uncertainties

We will analyse here following sources of uncertainties
that could have affect the final results: the measurement
of saturated gamma activity, determination of normalisation
factor, Monte Carlo calculation of photon spectra and unfold-
ing procedures.

4.3.1 Gamma activation measurement

The uncertainty values of saturated gamma activity were
determinated by taking into account contribution of uncer-
tainties of all parameters from Eq. 3, and obtained values
are presented in Table 3. Those uncertainties are dominated
by statistical error of measurement of gamma peak intensity.
Uncertainties of gamma activation measurement are affected
the final results. However, only the MAXED algorithm gives
the possibility to estimate the error of the cross section val-
ues depending on the error of the measured activity, while for
the other two algorithms such an error analysis is not pos-
sible [43]. Cross section uncertainty of the MAXED code
due to saturated gamma activity measurement uncertainty is
presented in the first column of Table 5 in the case of the
LD model 6 used as default function. Similar results were
obtained for other 5 default functions. The influence of the
measured gamma activity uncertainty on the error of the final
results using other algorithms requires additional analyses
that are not part of this study.
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Fig. 10 Spectra of photon flux =
on the indium disks for 10 MeV 10*
endpoint energy obtained by
different models: EMstandard,
EM standard_opt3,
EMLivermore and EMPenelope
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Fig. 11 Unfolded results for
the llSII‘l()/, y/)l 15mIrl
cross-section (line with a
corridor of uncertainty) in
comparison with default TALYS
1.9 functions (Fig. 6)
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4.3.2 Normalisation factor

The cross section values for the '3 7n(y, /)13 I'n reaction
taken from Ref. [32] were determined with uncertainty that
varied form 50 % at low energy to 10% at higher energy. That
lead to uncertainty of 17% for normalisation factor which
introduced additional uncertainty of the final results obtained
in this study. This problem can be solved by introducing
precise measurement of photon flux as a part of this technique
or by selecting another reaction (with well-known efficient
cross-sections) as the standard for normalization.

4.3.3 Monte Carlo calculation of photon spectra
In this study, the QBBC model which is recommended for

medical and space physics simulations was used [44,45].
Analysis of possible systematic uncertainty introduced by
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the choice of the model in the Geant4 simulation was done
by comparing results from other available models.

EM standard option model used in the QBBC physics
list, as well as previously studied models [46], EM standard
option3, Livermore and Penelope, predict the correct abso-
lute scale and are able to reproduce the shape of the energy
spectra at forward emission angles, which make the lead-
ing contribution to the total radiated energy. Nevertheless,
all models over-estimate the bremsstrahlung emission in the
backward hemisphere and predict a harder energy distribu-
tion than measured [46], which is not the case here, where all
bremsstrahlung emission are in the narrow forward region.
Obtained results by comparing different models are presented
in the Fig 10. Based on those results we consider that the
uncertainty introduced by the choice of the model in the
Geant4 simulation is negligible.
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Fig. 12 Comparison of the
5Tn(y, ")!15"In cross-section
obtained in this work (line with
uncertainty bars) with existing
experimental data (white circle
—[16], black filled square — [17],
black filled circle — [18], black
filled triangle [19], white square
- [20D)
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Table 4 The x? values 8 for: 1. Default functions before unfolding procedures, 2. SANDII results, 3. GRAVEL results and 4. MAXED results

2

X

Energy (MeV) Ld model 1 Ld model 2 Ld model 3 Ld model 4 Ld model 5 Ld model 6
1. Default functions

5.00(5) 253.03 280.01 252.84 272.95 282.51 297.59
6.00(5) 33.40 39.41 32.73 34.67 34.81 30.09
7.00(5) 107.44 116.33 105.32 107.33 106.26 87.90
8.20(5) 0.03 0.31 0.02 0.14 0.21 0.38
9.00(5) 112.89 132.55 110.05 120.70 123.58 112.17
10.00(5) 120.07 144.36 119.75 130.04 133.45 117.23
2. SANDII results

5.00(5) 0.16 0.14 0.28 0.30 0.32 0.54
6.00(5) 0.58 0.51 0.62 0.64 0.66 0.90
7.00(5) 2.56 2.53 2.69 2.75 2.72 1.90
8.20(5) 0.08 0.04 0.06 0.06 0.07 0.11
9.00(5) 6.55 6.72 7.27 7.77 7.62 5.62
10.00(5) 0.76 0.79 0.34 0.39 0.38 0.50

3. GRAVEL results

5.00(5) 0.77 0.52 0.80 0.93 1.00 2.57
6.00(5) 0.24 0.21 0.27 0.25 0.26 0.32
7.00(5) 4.80 4.46 4.45 4.70 4.61 3.59
8.20(5) 0.31 0.21 0.30 0.31 0.31 0.26
9.00(5) 4.47 4.25 4.14 4.44 4.40 3.95
10.00(5) 1.01 1.15 0.91 0.97 0.96 0.79

4. MAXED results

5.00(5) 0.06 0.05 0.06 0.07 0.07 0.10
6.00(5) 0.35 0.28 0.35 0.34 0.35 0.41
7.00(5) 2.73 2.62 2.72 2.64 2.60 2.76
8.20(5) 3.64 3.72 3.64 3.76 3.76 3.56
9.00(5) 3.06 2.85 2.88 2.87 2.84 2.85
10.00(5) 2.16 2.50 233 2.32 2.40 233
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Table S Analysis of uncertainties

Energy (MeV) oMAXEDAc (%) osanpi1 (%) oGRAVEL (%) omaxep (%) oy (%) op (%)
0.2 8568.00 10.94 14.21 25.59 100.49 99.99
0.4 3561.00 10.79 14.45 45.28 105.83 100.00
0.6 341.20 10.98 14.17 35.66 105.17 100.00
0.8 227.50 11.11 14.32 25.27 101.48 99.99
1 171.70 11.03 14.04 19.87 98.56 99.78
1.2 149.10 10.96 14.32 16.56 96.92 99.56
1.4 123.20 11.13 14.16 13.57 95.09 98.14
1.6 85.50 11.12 14.00 12.44 86.72 94.71
1.8 81.27 10.98 14.15 10.82 85.21 90.20
2 52.99 11.10 13.98 12.17 74.33 83.02
2.2 55.47 10.89 13.68 8.35 56.57 58.67
2.4 47.59 10.92 13.71 10.13 61.19 66.70
2.6 44.83 10.51 12.97 10.26 56.38 63.56
2.8 31.66 9.47 12.17 10.88 48.19 57.08
3 36.10 7.68 10.34 8.25 40.95 49.71
3.2 20.04 5.59 7.92 4.86 14.57 11.22
34 17.51 3.23 5.60 3.03 11.16 6.88
3.6 13.32 1.44 3.54 1.58 8.85 5.50
3.8 10.30 1.42 1.72 1.07 20.42 13.81
4 7.42 2.59 1.54 1.30 12.16 12.01
4.2 7.73 3.68 2.26 1.60 10.48 13.41
4.4 8.01 4.36 2.67 2.28 8.58 13.76
4.6 15.53 4.03 3.26 2.58 29.84 24.26
4.8 13.53 3.86 3.20 2.08 21.77 20.88
5 16.38 2.84 2.88 0.85 6.23 8.65
5.2 12.87 2.17 2.73 0.89 4.87 8.13
5.4 9.82 1.57 2.03 0.47 4.20 4.11
5.6 7.14 0.89 1.47 0.38 1.26 4.09
5.8 9.05 0.75 0.94 0.64 1.74 2.63
6 11.47 1.07 0.61 1.26 7.86 12.82
6.2 11.67 1.72 1.09 1.32 4.67 8.03
6.4 8.48 1.61 1.03 1.38 2.64 4.03
6.6 6.55 1.53 0.86 0.14 11.59 9.67
6.8 4.47 1.35 1.03 0.33 12.83 8.67

4.3.4 Unfolding procedures

The validation of the unfolding results was done by calculat-
ing an induced activity (A, = Y o (E;) - ®(E;) - AE) and
subsequent comparison with the measured data (Aj, Table
3). This was done for all default cross-section functions and
for all three algorithms, SANDII, GRAVEL and MAXED.
In Table 4, the x 2 values are presented:

Ac — Ap)?
x> = G A ®)

Oh,
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These results suggested that unfolding results can repro-
duce the measured values of Ay much more accurately than
the default functions.

For all three unfolding algorithms averaged cross sections
for all variants of default function were calculated. The stan-
dard deviations from average values for algorithms are pre-
sented in Table 5. The objective of this study was not to judge
which of the three unfolding algorithms would give most real-
istic results. Therefore, we treated all obtained cross sections
with equal weights in the following. The final result, depicted
in Fig. 11, represents the cross section averaged over all 18
variants, i.e. three unfolding codes and six default functions.
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Table 5 continued

Energy (MeV) oMAXEDAc (%) osanpi1 (%) oGRAVEL (%) omaxep (%) oy (%) op (%)
7 7.04 0.21 0.21 0.81 14.30 8.32
7.2 6.02 0.46 0.53 0.63 13.90 8.67
7.4 4.55 0.64 0.62 0.34 11.14 6.61
7.6 3.69 0.78 0.74 0.19 8.43 5.87
7.8 5.62 0.81 0.62 0.23 5.81 421
8 3.46 0.77 0.66 0.34 1.45 0.81
8.2 7.03 0.67 0.53 0.61 3.01 2.64
8.4 5.60 0.67 0.43 0.58 9.07 12.84
8.6 5.19 0.70 0.60 1.06 9.94 16.22
8.8 5.06 0.62 0.59 1.48 11.44 20.89
9 6.35 1.05 1.51 2.39 16.41 25.35
9.2 5.12 1.18 1.65 2.65 18.73 28.26
9.4 3.83 14.44 13.97 13.30 31.07 46.82
9.6 3.79 17.09 16.59 16.29 36.01 50.74

OMAXEDAc cross section uncertainty of MAXED code due to measurement uncertainty, osany pys standard deviation of average SANDII results,
oGravEL standard deviation of average GRAVEL results, oy 4x £ p standard deviation of average MAXED results, oy upper limit of final results,

op down limit of final results

The solid line represents the averaged cross section.
Dashed lines depict the maximum and minimum values of
the cross sections representing uncertainty corridor obtained
directly from the spectrum unfolding which is also presented
in Table 5 (oy and op).

It turns out that the LD model 2 of the MAXED code
gives the lowest estimation of the cross section. The max-
imum amplitude of the unfolded cross section is obtained
with SANDII code using the LD model 4. In this way the
region of the most probable values for the 'In(y, ") 13" In
reaction cross section, i.e. the uncertainty, was estimated.

In this way, the direct contributions to the uncertainty of
the final result from the the measured gamma activity and
the normalization factor were not taken into account and that
will be part of a future study during the development of this
technique.

5 Discussion

According to the TALYS 1.9 calculations, the cross sec-
tion for a selected nuclear reaction channel can be calcu-
lated using different nuclear level density models. In Fig.
6 all TALYS 1.9 calculations of the !>In(y, y*)!15"In dif-
ferential cross-section have a very similar shape. The only
difference may be observed in the amplitude of the func-
tions. It is evident, all TALYS 1.9 calculated cross sections
show an exponential growth with increasing energy. When
the process of neutron emission starts to compete with the
process of de-excitation through electromagnetic transition,
the cross section for the ''SIn(y, y*)!'3"In reaction drops

sharply. According to TALYS 1.9, this happens at around 9
MeV.

Results obtained with three different unfolding algorithms
are depicted individually in Figs. 7, 8 and 9. One can see a
very interesting trend on them. Differences in the calculated
cross sections, presented in Fig. 6, which are not large but still
visible, do not produce a significant scatter in the values of
the cross section obtained by one single code. For example,
different default functions, when used as an input for the
SANDII unfolding procedure, give very similar functions
describing the cross section (Fig. 7). The same can be seen
with the other two codes (Figs. 8, 9). Comparison of the
results of three different algorithms, shows that SANDII and
GRAVEL give functions of a very similar shape, with a small
difference just at maximum energy. Results obtained by the
MAXED code predicts slightly different form of the energy
differential cross section for the '3 In(y, y*)! 13" In reaction.
The maximum of the MAXED function is shifted towards
8 MeV, while SANDII predicts that the maximum cross-
section value could be at 9 MeV, very similar to the TALYS
1.9 calculations.

Sharp peaks and small discontinuities can be noticed in the
results obtained by applying the GRAVEL and the MAXED
codes in high energy region above 6 MeV. With a reasonable
assumption that the cross section of the 'SIn(y, y)!15"In
reaction should be smooth in the region where a giant dipole
resonance is dominant mechanism of excitation of nuclei,
it may be concluded that these peaks originate from some
numerical phenomena related to the algorithm itself. The
number and amplitude of these peaks increase in cases, where

@ Springer
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the reconstruction of the cross section is performed with a
larger number of bins.

It can be seen in Fig. 11 that in the energy interval up
to 8 MeV there is a very nice agreement between average,
smallest and largest estimation of the cross section, leaving
us with a very small systematic uncertainty introduced by
the different unfolding algorithms. The differences appear in
the region between 8 and 10 MeV. The same figure shows all
six results from TALY'S 1.9 calculations used as default func-
tions. It can be seen that, without special adjustments, TALY'S
1.9 gives significantly higher predictions for the cross-section
than that obtained from the unfolding of our data. For this rea-
son, there is a large difference between the saturation activ-
ities measured and calculated using the cross section esti-
mated on the basis of the TALYS 1.9 calculations, as shown
by x? in Table 4.

The obtained average function was compared with exist-
ing experimental data from literature, which are unfortu-
nately not very abundant. Figure 12 depicts the comparison
of our results (full line) with data from different authors [16—
20], presented by symbols. Most of the data generally shows
the same trend, i.e. a growth up to 9 MeV, after which the
cross section sharply decrease. In the low-energy region, up
to about 4 MeV, our results show the same trend as the data
from Ref. [20]. This data is scattered around the line repre-
senting our data, obtained by the unfolding technique. The
biggest difference between our data and the one from Ref.
[20] is around 3 MeV, where our estimation is five times
smaller. There is still some room for improvements by using
for irradiation photon spectra with endpoint energy less then
5 MeV. It should be noted here that in low-energy region,
up to 3 MeV where the excitation of individual levels is
possible, some structural effects in the cross section curve
should be expected. It is probably a reason of the scatter of
the measurements published in reference [20]. Initial TALY'S
1.9 function did not take into account the structural effects at
low energies.

In the energy region between 5 MeV and 10 MeV the
agreement between unfolding results and previous measure-
ments is much better. For example, cross-sections obtained
in this project and values published in Ref. [18], presented by
closed circles on Fig. 12, are consistent within experimental
uncertainties declared by the authors in Ref. [ 18] and our cor-
ridor defined by highest and lowest estimation as presented
in Fig. 11. A distinct difference appears at 9 MeV only, where
our estimation of the cross-section is 30 % lower. The point
at 5 MeV in reference [18] was determined with very large
uncertainty. Cross-section values published in reference [17],
presented by black squares at Fig. 12 differ from our results
up to 35 %. In energy region above 6.5 MeV our values are
systematically lower, however, it is interesting to note that
in measurements referred in this reference, there is no sharp
drop of the cross-section after neutron emission threshold

@ Springer

energy at all. The maximum of cross section function pre-
sented in this publication is at 10 MeV and minimum of the
cross section peak is in energy region between 15 MeV and 18
MeV. Authors used 63Cu(y,n)62Cu and absolute ionisation
chamber gor calibration and control of bremsstrahlung beam.
Authors used [33] algorithm for calculation. The results pub-
lished in the reference [16] show maximum of cross section
peak at 9 MeV, with the drop at energies higher than the
binding energy of neutrons, although not so sharp as pre-
sented in reference [18]. Values presented in this reference
(o—in Fig. 12) are scattered around our results with a max-
imum deviation of 50 %. Authors of publication [16] used
Nal detectors for gamma spectra measurements and ionisa-
tion chamber with 7.5 cm thick aluminium walls for recon-
struction of photon flux spectra. No information related to
calculation cross section function were not presented.

To reveal possible factors, which could affect the cross-
section values obtained in this study, we can start from the
function describing the flux of the bremsstrahlung photons in
Egs. 1 and 2. This function was obtained by simulation with
a reasonable number of incident electrons, from the point of
view of the duration of a typical GEANT4 simulation. The
amplitude of this function was calculated by normalization
based on the measured intensity of 13" In gamma line of E,
=391.7 keV in obtained spectra. This was the only way to
determine the flux of photons striking the target and, proba-
bly, some new method should be developed in a subsequent
measurement campaign. Best candidates for new normalisa-
tion procedure could be the (y, y’) reaction on ''B or the
1n(y, n)!1#"n reaction.

6 Conclusions

The results presented in this work demonstrates the suc-
cessful application of the NAXSUN technique also in the
field of photonuclear reactions. We suggest that this method
has potential in reconstructing energy differential cross sec-
tions using activation data from photonuclear reactions. The
method was tested in the low-energy region, up to an end-
point energy of 10 MeV, on the example of photoactivation
of the 191In isomeric state, where it was sufficient to monitor
the intensity of only one nicely isolated gamma line in the
spectrum. If additional checks confirm the potential of this
method, one of the possible applications could be in deter-
mining the cross section functions of (y,xn) photonuclear
reactions with the emission of more than one neutron, for
a number of irradiated nuclei and reaction products (hav-
ing sufficiently long half-life). For now, only average cross-
sections can be found in literature for these nuclear reactions
[2,3,47,48], and there are no experimentally established
energy differential cross-sections for photonuclear reactions
with multiple neutron emission at all.
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In this paper, TALY'S 1.9 calculations are used to construct
the default functions, and the question remains for future
work, whether it is possible to expand the method of deter-
mining the default function using mean values of efficient
cross section as in the case of neutron induced nuclear reac-
tions presented in our previous work [11]. This might be an
interesting attempt, although the results of this work shows
that the impact of a different choice of a default function 6
obtained by only one selected code on the final result is not

crucial. 7.

In our analysis, different results were observed by three
different algorithms. Differences are the most significant
between the MAXED and the other two of the algorithms
(Figs. 7, 8, 9). The obtained results are encouraging enough,
but they also open the necessity of subsequent experimental
activities in which it will be possible to check, which of the

used unfolding codes gives the most reliable approximation 9.

to the real cross-section value.

Although the differential cross-section of 3 In(y,y")! 1> In
was not of primary interest in this project, it is worth to notice 10
that good agreement with previously published results was

obtained. Some of the existing measurement results are quite 1.

different, especially at energies higher than 10 MeV [16-18],

but it has been observed that they show quite good agreement 15
in the energy range from 5 to 10 MeV. In the same area, our
results are fully consistent with literature data.

13.
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or the data will not be deposited. [Authors’ comment: The data can be
available on request sent to the corresponding author.] 14.
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onpacangi 16, centemtpa 2021, coanne yepojnno je HMareirg] o nouoduocrd Teme, KAlInaaTs |
MEHTOPE 13 MIpALy OOKTOpCKe nuceprauuje ca tesom Odpefiuserhe eqiRdcio: mpecexa pearifie
Uiyt iy enepeemcrom oncezy o 0 e 9.6 MeV / Determining cross section of the reaction
e " i in the energy range from 0 to 9.6 Mel, kaspnnarom Haprom Meawhem v menmopom up
Muogparom Epmaposm, pegosidm npoecopom Hpuponso-maresarniwor dakynTeTa YHHECPINTCTE ¥
Horom Cany.

Crpyupo mehc 2a nprpogio-sateMariake mayke Consma Yuusepacrera ¥ Hobow Camy wa conmmig
BAPIKANO] ETEKTPOHCKHM MyTeM €4 POKOM 33 Hijalltsarame 0o 24. cemmembpa 2021, roguue nano je
MOZHTHEHO MELLEE 0 HSMYHEHOCTH YCI0EL 31 JARAlLe CATTACHOCTH HA HABSIEHH HIBSIITY).

Ha ocuoey onnyke Hacmarwo-nayswor seha [lpupoado-maremariuror dakymrera Yuupepiutera y
Hosom Cagy H NMOIMTHEHOD MuuUkesa CrpydHor ela 33 NpHpoaHO-MaTeMaTHHEE HIYKE Cenara

WHHRC[ERNTETL ¥ [[J_ML’W-—D,QIICTHJG OAVEA KAD Y JIHCIHGHTHBY.
[ i
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