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Experimental testing of a novel technique for determination of width and maximum of excitation function of a
photonuclear reaction with dominant giant dipole resonance is conducted. The method is based on measurement of
normalized reaction yield in a thin target, overlapping entirely a flux of X-rays and on processing of data obtained
with the use of a developed analytical model. For the checking of method, the nickel and molybdenum foils of natu-
ral isotopic composition were activated by bremsstrahlung radiation at four energies of the electron beam in the
range 40...95 MeV. The obtained parameters of cross-section of the reference reactions *®Ni(y,n)*’Ni and
1%9\o(y,n)**Mo are in good agreement with those presented in the available databases.

PACS: 07.05.Tr, 41.50.+h; 41.75.Fr; 78.70En

INTRODUCTION

It was shown in work [1] on the basis of a developed
analytical model for description of isotope generation in
an X-ray beam of an electron accelerator (the S-model),
that one can determine the width (FWHM) and maxi-
mum o Of the excitation function of a reaction with
dominating giant dipole resonance (GDR) by the coeffi-
cient of photonuclear conversion (CPC) specified at a
given energy of the primary electron beam. In current
paper, the results of the experimental study of the novel
technique on the example of reactions *®Ni(y,n)*'Ni and
199\o(y,n)**Mo are presented.

1. METHODS AND MATERIALS

1.1. DETERMINATION OF FWHM
AND ;o OF EXCITATION FUNCTION

The experimental value of CPC, Y™ (E.), corre-

sponding to the electron beam energy E., can be deter-
mined by the activity A5 (E.) of a thin extended target

overlapping completely the photon beam and normal to
its axis (such a target is called a photonuclear converter,
PNC), using the equation [1]
)/OeXP(Ee) — 6VLlPNC(E'e) , (1)

IA[1-exp(—At)]
where e is the electron charge; | is the average beam
current; A is the mass thickness of PNC; t is the activa-
tion period, A is the decay constant of an isotope-
product. For a possible FWHM value of the excitation
function of a reaction in Lorentz representation, I', one
can calculate the corresponding maximum cross-section
using the expression of the S-model

4 e
n(E)N vS([,E,)
where 7(E,) is the energy conversion coefficient of elec-
tron into X-ray radiation; N, is the Avogadro number;

O (1) =Y (E,)

A is the average atomic mass of the target material,
vis the relative content of the isotope-target in it; S is
the dimensionless factor depending on parameters of the
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excitation function, in particular, on its width I, and
also on electron beam energy E. [1].

For the each beam energy E.;, provided in the exper-
iment, and also for the each variant of excitation func-
tion by width 7~ of a reaction under study, one can ascer-
tain the pair of parameters {omax(Eei/); I}, which
meets the condition (2). In turn for the each such pair,
one can calculate the reaction yield in a photonuclear

converter by MC simulations, Ajr.., and compare it
with the experimental value A5? . (E.;) by the equation

dev*(I',6,,,,) =[ A (T 0,p )~ Ao(E, )] . ()
From the condition MH[ZdEVZ(F,Umm)]’ one

can determine the " and oqx Values for the given reac-
tion.

1.2. EXPERIMENT

The activation of samples was carried out at a
LU-40m Linac of NSC KIPT [2]. The beam spectrum
FWHM was not higher than 2%. Transformation of
electron radiation into X-rays was carried out by a con-
version target comprising the four tantalum plates each
1mm thick separated with the same gaps for cooling.
The electron beam and its charge incident on the con-
verter were measured in on-line mode using a magnetic
induction probe. The beam size and position were de-
termined with a wire scanner.

The two stacked foils, each by 3x3 cm in size and
0.1mm thick, from natural nickel and molybdenum were
applied for testing the proposed method against the re-
actions *®Ni(y,n)*’Ni and ®Mo(y,n)*Mo. Their cross-
sections are quite different, characterized with dominat-
ing GDR and well-studied both theoretically [3] and
experimentally [4 - 6]. The advantage of these reactions
is also the absence of extra channels of the isotope-
product generation. Such channels can arise, in particu-
lar, at the increase of photon energy and to distort the
yield of a reaction under study.

The stacks of foils were positioned on the electron
beam axis and activated for lhour at each of the four
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electron energies in the range 40...95 MeV. After cool-
ing, the gamma spectrometry of foils was carried out
with the reduction of data obtained by EOB (Fig. 1).
The activity of °’Ni was determined by the number of
pulses in the photopeak 1377.6 keV (81.7% branching
ratio) and Mo by line 739.5 keV (12.2%). The relative
uncertainty of the activity determination is 8 and 5% for
*"Ni and “Mo, respectively.
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Fig. 1. y-spectra of activated PNC from natural
nickel (a) and molybdenum (b), E.=40 MeV

1.3. MODELING

The MC simulations of photonuclear isotope genera-
tion in PNC was performed on the basis of a modified
transport code GEANT4 [7]. A specially developed
technique [8] was applied for speeding-up the computa-
tion of the reaction yield. Such a method enables to de-
crease the counting time approximately by four orders
of values without diminution of accuracy. To fulfill
such an approach, the classes G4UserSteppingAction
and G4UserRunAction in GEANT4 were properly mod-
ified. It makes it possible, in particular, to use the
TALYS-calculated cross-sections in the simulations of
the reaction microyield along the photon trajectories in a
target by the method [8]. The statistical uncertainty of
the simulation results is not higher than 1%.

2. RESULTS AND DISCUSSION
2.1. *®Ni(y,n)*'Ni
In Table 1, the experimental data are given on the
Ni activity in PNC from natural nickel, reduced to
average beam current of 1pA and 1h irradiation run, as

well as the value of the product [S(E.)-omax], calculated
by the formulae (1), (2). It should be noted, that the

measured PNC activity, A,y , overestimates systemat-
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ically the results of the numerical experiment with the
use of TALYS cross-section data but lies nearer to that
calculated on the basis of the S-model [1].

Table 1
Characteristics of *Ni(n)°>'Ni reaction (experiment)
E. | Ape kBy/uAh | [S(E) Orad 107, om’
40 360 117
60 527 1.60
80 647 1.93
95 693 2.04
The S-factor of the reactions *®Ni(y,n)*’Ni and

1%Mo(y,n)*Mo at different electron energies is given in
work [1]. Hence the range of the possible oy and I
values, complying with the condition (2), was specified

(with allowance for the uncertainty of Y™ (E.) meas-

urement). The yield of each reaction in PNC, corre-
sponding to every such a pair of parameters, was ob-
tained also by MC simulations (Tables 2-5, the values
closest to the experimental data are denoted in bold).
The region of oma and I” parameters providing the most
closeness of the calculated and experimental yield of the

reaction was established with the use of
equation (3) Fig. 2.
Table 2
Yield of >’Ni in PNC, E, = 40 MeV (simulations)
I, MeV
Gmax: MD 6 | 7 | 8 | 9
Apv , kBa/(nAxh)
21 - - 306 329
22 - 291 319 346
23 - 305 335 362
24 - 319 350 377
25 297 332 364 392
26 310 345 379 -
27 321 359 - -
28 333 373 - -
29 345 386 - -
30 356 - - -
Table 3
Yield of *'Ni in PNC, E. = 60 MeV (simulations)
I, MeV
Gmax, Mb 6 | 7 | 8 | 9
Apve  kBa/(nAxh)
21 - - 451 489
22 - 430 472 512
23 - 449 494 536
24 - 470 516 560
25 436 488 537 582
26 452 507 558 -
27 470 528 - -
28 487 547 - -
29 504 566 - -
30 524 - - -
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Table 4

Yield of *'Ni in PNC, E, = 80 MeV(simulations)

Table 6

Characteristics of *®Mo(7,n)**Mo reaction (experiment)

15 MeV E A;;(\I/)Cl kBa/pA-h [S(Ee) -Omal 10%,
o mb 6 [ 7 | 8 [ 9 ’ cm’
e sim 40 124 0.74
Apwe  KBY/(A<D) 60 169 0.94
21 - - 536 580 80 196 1.07
22 - 508 561 609 95 204 1.10
23 - 529 588 637
24 - 554 613 664 Table 7
25 514 578 638 692 Yield of *Mo in PNC, E, = 40 MeV (simulations)
26 533 601 664 - I, MeV
27 555 625 - - Omaxs 35 | 375 | 4 [ 425 | 45
28 573 648 - - mb AS™ Bal(uAxh)
29 596 669 - - 130 . . . - 113
30 617 - - - 135 - - - 113 | 118
Table 5 140 - - 111 | 117 | 123
Yield of 'Ni in PNC, E, = 95 MeV/(simulations) 145 - 108 | 115 | 121 | 127
T MeV 150 107 113 119 125 131
6 I 7 : | 8 | 9 155 110 116 123 129 135
Omax, MD : 160 113 120 127 133 140
Apne  Bal(uAxh) 165 | 117 | 124 | 130 | 137 | 144
21 - - 531 631 170 121 128 134 142 -
23 - 578 635 691
Table 8
24 ~ 601 663 721 Yield of ®Mo ¢ PNC, E. = 60 MeV (simulations)
25 557 626 692 751 T eV
26 579 651 721 - !
27 500 677 - - cmm%x, 35 | 5;5 | 4 | 425 | 45
28 622 704 - - Apne » KBa/(nAxh)
29 646 728 - - 130 - - - - 150
30 668 - - - 135 - - - 148 | 156
140 - - 146 154 162
S(dev?), x10" 145 - 144 | 152 | 159 | 168
10,00 150 140 148 158 165 173
631 155 145 154 162 171 179
Js 160 | 150 | 159 | 168 | 176 | 185
165 154 164 173 182 191
100 170 159 | 169 | 178 | 187 -
0.40 175 163 174 184 - -
016 180 169 | 179 - - -
000 Table 9
0.03 Yield of **Mo ¢ PNC, E, = 80 MeV (simulations)
0.01 1—; MeV
18 20 2 24 26 28 30 Omax, 35 | 375 | 4 [ 425 | 45
T . mb A7 kB/(uAxh)
Fig. 2. Distribution of deviation square sums
of calculated °'Ni activity from experimental one 130 - - - - 170
in PNC from natural nickel 135 - - - 169 177
140 - - 167 176 184
145 - 163 173 182 191
2.2. Mo(y,n)*Mo 150 | 160 | 170 | 179 | 189 | 198
In Table 6, the experimental data on the normalized 155 165 175 185 194 204
activity of ‘Mo in PNC from natural molybdenum and 160 170 | 181 | 191 | 201 | 210
the product [S(Ee)-oma] for the reaction **Mo(y,n)*Mo 165 175 187 197 207 217
are listed. The results of those data processing are pre- 170 181 192 203 213 -
sented in Tables 7-10 and in Fig. 3 175 186 197 208 - -
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Table 10 mental data as compared with their presentation ob-
Yield of **Mo in PNC, E, = 95 MeV (simulations) tained with the TALYS code.
T MeV Table 11
Gmaxs | 3.5 | 375 | 4’ | 4.5 | 45 omax and I” of reference reactions
. : 58n1: 57n13 100 99
mb A kBg/(uAxh) Reaction ThisNI(”n) Ni Th:\s/lo y,n)"Mo
130 _ _ _ _ 182 Source work TALYS work TALYS
135 - - - 181 189 Omax, Mb 27.2 26.0 148.4 148.6
140 - - 178 | 187 197 I, MeV 7.3 7.1;10.1 4.4, 3.9
145 - 175 | 184 | 194 204
150 | 171 [ 181 | 191 [ 201 211 T
155 176 | 187 | 197 | 208 218 —I—%talys
160 | 182 | 193 | 204 | 215 225 » E IR
i(y,n)”'Ni + **Ni(y,n+p)*°Co
165 187 | 199 | 210 | 221 231 " % % A Fultz 1974, EXFOR
170 | 193 | 205 | 216 | 228 - ‘é % %ﬁ
175 199 | 211 | 223 - - £s m
180 | 204 | 217 | - | - : 0 g I
185 | 210 | - - - - . / \ {Ul%%
T(dev?), x10° 5 T N %L %
10.00 ﬁ e T
6.31 0 : i——|
10 12 14 16 18 20 22 24 26 28 30 32 34
251 E,, MeV a
100 T T T T 1
160 A %(y,lm”Mo
e 140 @ —0— tS»l)rllc»del
0.16 K 10Mo(y,n)*’Mo + '°Mo(y,n+p)°*Nb
120 A Beil 1974, EXFOR
(A o 100 ’A \
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Fig. 3. Distribution of deviation square sums
of calculated ®Mo activity from experimental one

in PNC from natural molybdenum

CONCLUSIONS

The proposed method enables to estimate the width
(FWHM) and maximum of excitation function of a reac-
tion with dominating giant dipole resonance on the basis
of the simple experiments on activation of a thin ex-
tended target overlapping in full a flux of X-rays with
specified end-point energy, and also of the developed
analytical model for calculating the reaction yield in
such a target. So, in Table 11, the oysx and 7" values for
the reactions *®Ni(y,n)*’Ni and *®*Mo(y,n)*Mo obtained
by the novel technique, and also, for comparison, the
data for those reactions calculated with the use of
TALYS package, are given. It is evident, that the both
sources provide close results. The two calculated values
of I" for the reaction *®Ni(y,n)*’Ni represent the ambigu-
ous TALYS data. So, one of them is due a theoretically
predicted local resonance in the front part of the excita-
tion function (I” =10.1 MeV, Fig. 4,a red curve) and
without it (I'=7.1 MeV), as it follows from the experi-
ment [4].

It should be noted, that the Lorentz representation of
excitation functions of the reference reactions with the I
and omax values, obtained in this work (see the blue
curves in Fig. 4) have appeared nearer to the experi-
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Fig. 4. Cross-section of reference reactions:
BNi(%n)*Ni (a); *®Mo(zn)**Mo (b)
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OIIEHKA TAPAMETPOB I'POCC-CTPYKTYPBI TN'AHTCKOI'O JTUIIOJIBHOI'O PE3OHAHCA:
2. JKCHEPUMEHTAJIBHAS ITPOBEPKA

H.IL /Tukuii, A.A. 3axapuenko, FO.B. /Iawxko, B.JI. Yeapos, B.A. Illesuenxo, A.3. Tenuuies

[IpoBeneHa 3KCIIEPUMEHTAIbHAS TIPOBEPKA HOBOTO METO/a OMpPEACIICHHUsI IUPUHBI 1 MaKCUMyMa (QYHKIIUH BO3-
OykmeHus: (GOTOSACPHON peakluy ¢ TOMHHAPOBAHHEM TMTAHTCKOTO AWMOJBHOTO pe30oHaHca. MeToJ OCHOBaH Ha
M3MEPEHUH HOPMHUPOBAHHOTO BBIXOJA PEAKIMK B TOHKOI MUIICHH, EPEKPHIBAIONICH MOITHOCTHIO IIOTOK TOPMO3HO-
IO U3IYYCHHUS YCKOPHTENS JJIEKTPOHOB, W 00pabOTKE MONYYCHHBIX HaHHBIX C HCIIOJIb30BaHHEM pa3pabOTaHHOM
AQHAMTHYECKON Moxenu. [ npoBepku MeTona (HONBrH U3 HUKENS K MOJIHOICHA IPUPOJHOTO COCTaBa OBUIH aKTH-
BHPOBaHBl TOPMO3HBIM H3Iy9CHHEM IIPH YCTHIPEX 3HAUYCHHMSAX OHEPIHU Iy4Ka 3JICKTPOHOB B [IHala3oHe
40...95 M»B. Tlonyuennsie mapameTpsl cedennii pedepentasix peaxiuii *Ni(y,n)>’Ni u *®Mo(y,n)*Mo xopormo
COTJIACYIOTCSI C TIPEACTABICHHBIMH B IMCIOIIMXCSI 0a3ax JaHHBIX.

OIIHKA MAPAMETPIB I'POCC-CTPYKTYPU I'I'TAHTCBKOI'O JUITOJIBHOT'O PE3OHAHCY:
2. EKCHEPUMEHTAJIbHA INEPEBIPKA

MLIL /lukui, O.0. 3axapuenxo, I0.B. /lawko, B.JI. Yeapos, B.A. Illleguenxo, A.E. Teniutes

[IpoBeneHa ekcCIepUMEHTANbHA IIEPeBipKka HOBOrO METOJY BH3HAYCHHS INUPHHH 1 MakcumMyMmy (yHKUOIl 30y-
JoKeHHsT (GOTOsIepHOT peakuii 3 TOMiHYyBaHHSAM TiFaHTCHKOTO IMIOJIBHOIO pe3oHaHCy. Meton 0a3yeTbcs Ha BUMi-
PIOBaHHI HOPMOBAHOTO BMXOAY PEaklil y TOHKIH MillIeHi, 110 MOBHICTIO MEPEKPHBAE MOTIK TAIBMIBHOTO BUIIPOMi-
HIOBaHHS MPUCKOPIOBaYa €JIEKTPOHIB, 1 00poOLi OEePKAHUX JAHUX 3 BUKOPHCTAHHSIM PO3POOIIEHOT TEOPEeTHYHOT
moJemi. Jnst nepeBipku MeToy OyJin akTUBOBaHI (JOJIBIM 3 HIKEINI0 Ta MOJIIOJEHY MPUPOIHOTO CKIIay rajlbMiBHUM
BUIIPOMIHIOBaHHSM TPH YOTUPHOX 3HAYEHHSX €HEpril My4Ky eJeKTpoHiB y aianazoni 40...95 MeB. Onepxauni na-
pamerpu mepepisiB pedepentaux peakmiit °Ni(y,n)>'Ni ta Mo(y,n)*Mo m06pe y3romkyloThes 3 TAKHMH, IO
MpEeJICTaBJICHI Y HAsBHUX 0a3ax JaHUX.
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