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CROSS-SECTIONS OF PHOTONUCLEAR REACTIONS
ON "*Mo TARGETS AT END-POINT BREMSSTRAHLUNG ENERGY
UP TO E oy = 100 MeV
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Experiments to determine the yields and bremsstrahlung flux-averaged cross-sections (6(E,max)) of photonuclear
reactions on the natural Mo targets were performed on the beam from the electron linear accelerator LUE-40 with
the use of the y-activation technique. The bremsstrahlung end-point energies were in the range Eyn.x = 35...80 MeV.
The bremsstrahlung quantum flux was calculated with the program GEANT4.9.2 and, in addition, was monitored
using the '*’Mo(y, n)*’Mo reaction. Calculations of the yields and average cross-sections (6(Eymax)) for photonuclear
reactions on stable Mo isotopes were computed using the 6(E) cross-sections from the TALYS1.95 code (for the
level density model LD1). A comparison of experimental and calculated cross-sections (G(E,mx)) for reactions

"2Mo(y, 2n)"°Mo and **Mo(y, pn)*’Nb was performed.
PACS: 25.20.-x, 27.60.+j

INTRODUCTION

At present, experimental studies of photodisintegra-
tion of nuclei in the photon energy range above the
GDR and up to the threshold of pion production (Ey, =
145 MeV) are being actively carried out [1 - 7]. The
interest for this energy range is due to the change in the
mechanism of interaction of photons with nuclei:
photodisintegration of nuclei through excitation of GDR
and quasi-deuteron photoabsorption. However, the gen-
eral shortage of experimental data in this energy range
severely restricts both the general insight into the proc-
esses of y-quantum interaction with nuclei and the
model-approach testing capabilities.

Photodisintegration of molybdenum isotopes in the
GDR region was investigated in early works [8, 9]. In-
vestigations in these works were carried out both on
bremsstrahlung gamma-ray with registration of the in-
duced activity of the irradiated sample [8], and on quasi-
monoenergetic photon beams with direct registration of
photoneutrons [9]. However, in this method, the de-
tected neutron cannot be unambiguously assigned to any
of the reactions (y, n), (y, np) or (y, n2p). A similar
situation takes place when registering a proton in the
reactions (y, p), (v, np), (y, 2np). This leads to an am-
biguous interpretation of the results and discrepancies in
data from different laboratories.

In works [1, 2], the values of the relative yields for
multiparticle reactions on natural molybdenum for
bremsstrahlung energy of 67.7 MeV were determined
and a comparison with theory was performed. The main
difficulties in working with natural molybdenum tar-
gets, which associated with the presence of several sta-
ble isotopes of Mo with A = 92, 94-98, and 100, which
lead to the production of the same nucleus, are also de-
scribed.

The present work is concerned with the measure-
ments of yields and bremsstrahlung flux-average cross-
sections (6(Eymax)y Of photonuclear reactions on the
natural Mo targets in the bremsstrahlung end-point en-
ergy range Eymx = 35...80 MeV. The comparisons of
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experimental and calculated yields and cross-sections

(6(Eymax)y  for  reactions “Mo(y, 2n)°Mo  and
“Mo(y, pn)’°Nb were performed.
1. EXPERIMENTAL PROCEDURE
The experiments were performed using the

bremsstrahlung gamma-beam from the LUE-40 RDC
“Accelerator” NSC KIPT electron linear accelerator
using the method of induced activity of the final product
nucleus of the reaction. The experimental procedure is
described in detail in [3, 4, 10].

The experimental complex for investigating photo-
nuclear reactions is presented in the form of a block
diagram in Fig. 1.

. Pb ] !
: ,Illllll; i !
LY 4 i Control Panel |
{ || HRG = i LUE40 |
P :

Ta-converter

Al-absorber Section 2=+

I

§ Y
«:If‘@cn
/

Fig. 1. Experimental schematic diagram including three
units shown with a dashed line. Above — the measuring
room and the control panel of the LUE-40 accelerator,

below — the experimental hall

The studies for 10 values of electron energies were
carried out at E. = 35.1, 39.9, 45.3, 50.0, 55.2, 60.1,
64.6, 70.3, 75.0, 80.7 MeV. The average beam current
I.~3 pA. The electron energy spectrum width at
FWHM makes AEJE. ~ 1%. The bremsstrahlung
gamma radiation was generated by passing a pulsed
electron beam through a tantalum metal plate, 1.05 mm
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in thickness. The Ta converter was fixed on the alumi-
num cylinder, 100 mm in diameter and 150 mm in
thickness.

For the experiments, the natural molybdenum tar-
gets, which represented thin discs with diameters 8 mm
and the thicknesses of 0.1 mm, were prepared. The tar-
get masses were m = 60 mg. To transport the capsule
with the sample between the measuring room and the
place of irradiation a pneumatic transport system was
used.

The y-quanta of the reaction products were detected
using a Canberra GC-2018 semiconductor HPGe detec-
tor with the relative detection efficiency of 20%. The
resolution FWHM is 1.8 keV for energy E, = 1332 keV
and is 0.8 keV for E, = 122 keV. The dead time for y-
quanta detection varied between 0.1...5%. The absolute
detection efficiency for y-quanta of different energies
was obtained using a standard set of y-quanta sources:
241Am, 133Ba, 6OCO’ 137CS, zzNa’ 152,

The bremsstrahlung flux was monitored by the yield
of the "Mo(y,n)”Mo reaction. For this purpose, was
used y-lines with an energy of E, = 739.5 keV, T, =
65.94 h, 1, = 12.13% [11]. This approach made it possi-
ble to estimate the deviation of the real flux of
bremsstrahlung from the calculated one [3, 12].

2. NATURAL MOLYBDENUM RADIATION
SPECTRA ANALYSIS

The y-radiation spectrum of a natural molybdenum
target irradiated with high-energy y-quanta is a complex
pattern of emission lines of the "*Mo(y, xnyp) reactions
located on a background substrate, which is formed as a
result of Compton scattering of photons. As an example,
Fig. 2 shows the spectrum of y-radiation of a target with
a mass of 57.7 mg after irradiation with the end-point
bremsstrahlung energy Emax = 60.1 MeV.

The present work is concerned with the measure-
ments of yields and average cross-sections (6(Eymax)) of
photonuclear reactions "Mo(y, 2n)*’Mo and
*Mo(y, pn)’’Nb on the natural Mo targets in the energy
range Eym.x = 35...80 MeV. The characteristics of the
reactions are presented in Table 1 according to [11].

Table 1
Nuclear spectroscopic data of the radio-nuclides
reactions from [11]

Reaction Tinh E,, keV (1,, %)
0 % 122.37 (64.2)
Mo(y, 2n)"Mo | 5.56%0.09 257.34 (78)
”Mo(y, pn)”’Nb | 14.6040.05 | 1129.224 (92.7)
"Mo(y,n)”Mo |  65.94+0.01 739.50 (12.13)

The self-absorption coefficient in the target for the
122.37keV line does not exceed 4.4%, and for
257.34 keV — 1%. This coefficient was taken into ac-
count when processing the results of the experiment.

Natural molybdenum consists of 7 stable isotopes,
the isotope percent abundance of which was taken from
the database [13, 14]: 92 — 14.84%, 94 — 9.25%, 95 —
15.92%, 96 — 16.68%, 97 — 9.55%, 98 — 24.13%, 100 —
9.63%. This is somewhat different from the values used
in the works [1, 2].
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Fig. 2. Spectrum of y-radiation of a "“Mo target
with a mass of 57.7 mg after irradiation with

the end-point bremsstrahlung energy E ... = 60.1 MeV.
The irradiation and measurement times are 30 min
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It should be noted that *°Mo and **Nb nuclei could have
been formed in 7 different reactions on isotopes of
"Mo. The thresholds of these reactions varied in the
energy range Ey, = 22.8...86.8 MeV for the case of *"Mo
production, and Ey, = 17.3...83.5 MeV for the case of
**Nb production.

3. CALCULATIONS OF CROSS-SECTIONS
FOR PHOTONUCLEAR REACTIONS USING
TALYS1.95 (LD1) AND GEANT4.9.2 CODES

The electron bremsstrahlung spectra were calculated
using the open-source software code GEANT4.9.2,
PhysList G4LowEnergy [14]. The real geometry of the
experiment was used in calculations also the space and
energy distributions of the electron beam were taken
into account. Fig.3 shows the calculated brems-
strahlung spectra, which were used in calculations of the
gamma-flux irradiating the target.
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Fig. 3. Bremsstrahlung spectra calculated
in GEANT4.9.2 for electron energies E,=35.1, 39.9,
45.3, 50.0, 55.2, 60.1, 64.6, 70.3, 75.0, 80.7 MeV

The calculation of the cross-sections o(E) for the re-
actions "*Mo(y,xn)’Mo and "™Mo(y,pxn)’Nb for
monochromatic photons was performed using the
TALYS1.95 code [13], which was installed on Linux
Ubuntu-20.04. The calculations were performed for the
LD1 level density model: Constant temperature + Fermi
gas model (Figs. 4,a and 5,a).

The calculated cross-sections o(E) were then aver-
aged over the bremsstrahlung flux W(E, E,m.) in the
energy range from the threshold £y, of the correspond-
ing reaction channel to the maximum energy of the
bremsstrahlung y-quanta spectrum E,p,,x = 35...80 MeV.
As a result, the values of the bremsstrahlung flux-
average cross-sections were obtained:

lf"“"* o (E)W (E.E
<0' (E}, max )> = '[ =

E;/ max
IE,;, W (E.E, mex ) dE
The calculated in this way (c(Eymax)) values were
compared with the experimental measured average
cross-sections determined by the expression:
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where A4 is the number of counts of y-quanta in the full
absorption peak (for the y-line of the investigated reac-
tion),
E max
@(Eymax)sz; W (E.E, oy FIE

is the bremsstrahlung quanta flux in the energy range
from the reaction threshold Ey up to Ejma; N, is the
number of investigated atoms; /, — the absolute intensity
of the analyzed y-quanta; ¢ — the absolute detection effi-
ciency for the analyzed y-quanta energy; A is the decay
constant (In2/7'); tir, Leool, aNd fmeas are the irradiation
time, cooling time and measurement time, respectively.
From eq. (1) and (2) it follows that the value of the av-
erage cross-section (6(Eymx)) depends on the energy
distribution of the bremsstrahlung flux and on the value
of the reaction threshold Ej,.
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Fig. 4. TALYS1.95 (LD1) computation of cross-sections
o(E) production *’Mo for ""Mo(y, xn)’’Mo reactions
at different isotopes (92, 94-98, 100). The total cross-
section (black curve) is calculated taking into account
the percentage contribution of isotopes (a);
bremsstrahlung ﬂux averaged cross-section (o(E ,.y))
for ""Mo(y,xn)”’Mo at different isotopes (92, 94-98).
The total cross-section (black curve) is calculated
taking into account the percentage contribution

of isotopes (b)

The calculations of (G(Eymax)) usmg real brems-
strahlung spectra for the reactions "Mo(y, xn)**Mo and
"Mo(y, pxn)°Nb are shown in Figs. 4,b and 5,b, re-
spectively.
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Fig. 5. TALYS1.95 (LD1) computation of cross-sections
o(E) production *’Nb for ""Mo(y, pxn)”’Nb reactions
at different isotopes (92, 94-98, 100) (a);
bremsstrahlung flux-averaged cross-section (O(E yax))
for "Mo(y, pxn)”’Nb at different isotopes (92, 94-98).
The total cross-section (black curve) is calculated
taking into account the percentage contribution
of isotopes (b)

The reaction yield is defined as:
E max
Y (E,max )= N, [ " o (E)W (E,E

Egy

This value is used in photonuclear experiments and
is convenient for estimating the contributions of the
reaction channels to the total reaction yield.

For the reactions "Mo(y, xn)’*Mo, ™Mo(y, pxn)’’Nb,
the dominant channels are °*’Mo(y, 2n)’Mo and
“2Mo(y, pn)’°Nb, respectively. The contribution of the
channels with higher Ey, can be estimated from Figs. 4
and 5. Estimates of the contributions (K) of dominant
reactions to the yield of production of the **Mo and
“Nb nuclei, calculated using TALYS1.95 (LD1) code,
are presented in Table 2. These values are valid for the
total average cross-sections calculated by averaging the
total cross-section o(£) with the minimum Ey, i.e., for
"Mo(y, xn)’’Mo and "*Mo(y, pxn)’°Nb, the values Ey, =
22.8 and 17.3 MeV, respectively.

The values of the coefficients K, given in Table 2
were used to estimate the experimental values of the
yields and average  cross-sections of the
*2Mo(y, 2n)’°Mo and **Mo(y, pn)’°Nb.

Y max ) dE' (3)
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Table 2
Contributions (K) of dominant reactions to the yields
of production of the *’ Mo and *’Nb nuclei
in photonuclear reactions on natural molybdenum

Eymas MeV | “Mo(y, 2n)’Mo| **Mo(y, pn) ’Nb
35.1 1 1
39.9 1 1
453 1 1

50 0.992 0.984
55.2 0.981 0.957
60.1 0.965 0.913
64.6 0.949 0.871
70.3 0.932 0.825

75 0.917 0.785
80.7 0.905 0.751

4. RESULTS AND DISCUSSION

For the reactions ““Mo(y, 2n)’Mo  and
“Mo(y, pn)’°Nb, the yields Y(E,max) Were experimen-
tally determined in the energy range Eppx =
35...80 MeV (Fig. 6). The used y-lines were 122.37,
257.34 keV for **Mo(y, 2n)’°Mo and 1129.224 keV for
“Mo(y, pn)’’Nb (see Table 1). The experimental reac-
tion yields were multiplied by the corresponding K fac-
tors (see Table 2). Comparison shows that the yield of
the reaction with the production of the *’Nb nucleus is
1.5 times higher than in the case of the production of the
Mo nucleus.

The yields of the studied reactions have also been
calculated using the o(E) from TALYS1.95 (LD1) code.
Fig. 6 shows that there is a noticeable (1.5...2 times)
excess of the experimental reaction yields over the cal-
culated ones. In the case of a reaction with a charged
particle in the exit channel, this difference is higher.
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Fig. 6. The yields Y(E,..) for the reactions
Moy, 2n)*’Mo and *’Mo(y, pn)*’Nb: TALYS1.95
(LD1) computations — green and blue curves,
experimental reaction “*Mo(y, 2n)”’Mo yields:
red circles — 257.34 keV, green squares — 122.37 keV;
yield ”Mo(y, pn)’’Nb: blue circles —1129.224 keV

The average cross sections for the reactions
2Mo(y, 2n)’°Mo and **Mo(y, pn)’’Nb were experimen-
tally determined and calculated in the TALYS1.95
(LD1) code. The results of comparing the experimental
and calculated cross-sections (6(E,mx)) for both reac-
tions are shown in Fig. 7,a,b. The analysis of the differ-
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ences between the experimental and calculated

(6(Eymax)) values above 55 MeV was carried out with a
correction for the coefficients K (which were calculated
with the 6(E) from the TALYS1.95 code).
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Fig. 7. The cross-section {6(Eymax)) for the reactions
Moy, 2n)*’Mo: TALYS1.95 (LD1) computation — blue
curves, experimental value: red circles —257.34 keV,
green squares — 122.37 keV (a);
the cross-section (6(Eymax)) for the reactions
?Mo(y, pn)’Nb: TALYS1.95 (LDI)
computation — blue curves,; experimental value:
red circles — 1129.224 keV (b)

As it can be seen from these figures, the experimen-
tal values exceed the calculated values (G(Eymax)). S0, in
the case of the reaction **Mo(y, 2n)’*Mo, the difference
was 1.7 times at an energy of 35 MeV and decreases
with increasing energy up to 1.5 times. The values of
the total average cross-sections at the energy Eymax =
35...55 MeV, according to Table 2 are determined only
by the contribution of the reaction **Mo(y, 2n)’’Mo.
Consequently, the deviation of the experimental values
from the calculated ones at these energies indicates an
underestimation of the cross-section in the TALYS1.95
(LD1) code.

To verify this statement, Fig. 8 shows the data from
[9] for the partial cross-section o(E) of the
“Mo(y, 2n)’°Mo reaction. In this case, the experimental
values above 25 MeV are systematically higher than the
calculation in the TALYS1.95.
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Fig. 8. Cross-section o(E) of the **Mo(y, 2n)’’Mo
reaction. Black circles — result from [9], blue curve —
calculation in the code TALYS1.95 (LD1)

In the case of the *Mo(y, pn)’°Nb reaction, the ex-
cess of the experimental (6(E,max)) over the calculated
values is slightly greater: 2.1 times at 35 MeV and 1.7
times at 80 MeV. In this case, the calculation of the
cross-section for the **Mo(y, pn)’’Nb reaction in the
TALYS1.95 (LD1) code is also underestimated.

CONCLUSIONS

Experiments to determine the yields Y(Eymx) and
bremsstrahlung flux-averaged cross-sections (6(Eymax))
of photonuclear reactions for the natural Mo targets
were performed on the beam from the electron linear
accelerator LUE-40 with the use of the y-activation
technique. The bremsstrahlung end-point energies were
in the range E,max = 35...80 MeV.

For multiparticle reactions "Mo(y,xn)’Mo and
"Mo(y, pxn)’’Nb, the cross-sections o(E) were calcu-
lated for Mo isotopes with A = 92, 94-98, and 100 in the
range Eymax up to 100 MeV in the TALYS1.95 code for
level density models LD1. These values are used to cal-
culate the yields and average cross-sections.

It is shown that in the studied energy range in the re-
action "™Mo(y, xn)*’Mo, the dominant channel is
2Mo(y, 2n) *°Mo. The contribution of this reaction to
the total value of the formation of the *’Mo nucleus was
90% at 80 MeV. At the same time, for the case of the
reaction "Mo(y, pxn)*’Nb, the contribution of the domi-
nant channel of the reaction **Mo(y, pn)’’Nb decreases
faster with increasing energy and at 80 MeV was 75%.

Comparison of the experimental and calculated val-
ues of (o(E,mx)) for the reaction “Mo(y, 2n)"’Mo,
showed a noticeable excess (up to two times) of the ex-
perimental results over the TALYS1.95 estimates. This
can be explained by the underestimation of the cross-
section o(F) from the TALYS1.95 (LD1) code.
A similar result was obtained by comparing the experi-
mental and calculated (6(Eymax)) for the “Mo(y, pn)”’Nb
reaction.
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CEUEHUS ®OTOSJAEPHBIX PEAKIIMIA HA MUILIEHSIX U3 Mo
IPU SGHEPI'MA TOPMO3HBIX KBAHTOB J10 E, .« = 100 M>B

A.C. [lees, U.C. Tumuenko, C.H. Oneinnux,

B.A. Kywinup, B.B. Mumpouenko, C.A. Ilepescozun, B.A. bouapos

DKCHEepUMEHTHI 0 OINPEAEICHUI0 BHIXOJOB U CEYEHHH (POTOSIEPHBIX PeaKkUUid HAa MUIICHIX M3 HAaTypaJbHOTO
Mo BBINOTHEHBI Ha My4yke JuUHEHHOro yckoputens 3iekTpoHoB LUE-40 ¢ ucnons3oBaHuMeM Y-aKTHBAIlMOHHOM
MeToqukd. OOnacTh TpaHUYHBIX OSHEPIHil TOPMO3HBIX 7Y-KBAHTOB COCTAaBIANA Eyme = 35...80 MaB. IloTok
TOPMO3HBIX KBaHTOB paccuuThiBasicsi B GEANT4.9.2 u nomonHUTENbHO MOHUTOPHPOBANICS IO BBIXOAY PEAKLUU
'Mo(y, n)’Mo. PacueTsl BBIXOJOB U CPEIHHX CEUCHHI (0(Eymax)) 11 HOTOSIEPHBIX PEAKIMIl Ha CTAOUIBHBIX
nu30Tonax Mo TMPOBOMWIMCH C HUCIONb30BaHUeM ceueHuid o(E) w3 koma TALYS1.95 (mis Momenu IMIOTHOCTH
ypoBHeil LD1). IlpoBeneHo cpaBHEHHE SKCIEPUMEHTATBHBIX U PACUETHBIX 3HAYEHUH (G(Eymax)) VIS peaKiuif
*Mo(y, 2n)’°Mo, “*Mo(y, pn)’*Nb.

MEPEPI3U ®OTOSIJIEPHUX PEAKIIIN HA MIIIEHSIX 3 "*Mo
IIPU EHEPT'Ti TAJIbBMIBHUX KBAHTIB 710 E,nax =100 MeB

O.M. Booinj, O.C. Jlees, 1.C. Timuenxo, C.M. Oniitnuk,

B.A. Kywnip, B.B. Mimpouenko, C.O. Ilepescozin, B.O. bouapos

ExcriepuMeHTH 10 BU3HAYEHHIO BUXOIB 1 MEpeTHHIB (OTOSAEPHHUX peakiliii Ha MIIIEHSX 3 HaTypaibHOro Mo
BUKOHAHI Ha Iy4Ky JIiHIHHOTO mpuckopioBauda enekTpoHiB LUE-40 3 BHKOpHCTaHHSM Y-aKTHUBALidHOT METOIMKH.
OO6nacT TPaHUYHUX EHEPTill ralbMiBHHUX Y-KBAHTIB CTAHOBUIA Eyn. = 35...80 MeB. IloTik ransMiBHUX KBaHTIB
pospaxoByBaBcsi B GEANT4.9.2 i 101aTKOBO MOHITOpYBaBCs IO BHXOXy peakuii '"Mo(y, n)’’Mo. PospaxyHKu
BUXOJIB 1 cepefHiX MepeTHHIB (G(Eymax)) AN QOTOSIEPHUX PeakKiiii Ha cTabiabHMX i30Tomax Mo mpoBoaumHcs 3
BUKOpHCTaHHIM nepeTHiB 6(E) 3 kogy TALYS1.95 (mnst moneni miineHocti piBHiB LD1). [IpoBeneHo mopiBHSIHHS
eKCIEpPHMEHTAIIbHUX i PO3PaXYHKOBHX (G(Eymax)) JUIS peaKIiiit “2Mo(y, 2n)*’Mo, **Mo(y, pn)’°Nb.
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