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EXCITATION OF ISOMERIC STATES
OF CADMIUM AND TELLURIUM NUCLEI

IN (v,n) REACTION

The fluz-weighted average yields of the **°Te(y, n)"*°Te™, *2Te(, n)**' Te™, 2" Te(~, n)'*3Te™,
1267 (y, ) 125 Te™, 28T (y, )12 Te™, 130T ey, n)12Te™ 1120d (y, n)"1Cd™, and "'8Cd(y, n)!*Cd™
reactions at the endpoint energy of bremsstrahlung vy-quanta Eyn, = 17.5 MeV have been
measured for the first time. A completely statistical character of the reactions on cadmium
nuclei and a significant contribution of non-statistical mechanisms in the case of tellurium
nuclei have been found. In the former case, the measured flux-weighted average yields were in
satisfactory agreement with the results of modeling within the framework of the TALYS-1.96
and TALYS-2.2 codes, whereas deviations were observed in the latter case.

Keywords: flux-weighted average yields, cross sections, activation method, gamma-spec-
trometry, TALYS-1.96, TALYS-2.2, photonuclear reactions, cadmium, tellurium.

1. Introduction

Photonuclear reactions with neutron emission in the
giant dipole resonance (GDR) energy region [1]| have
been extensively studied for various nuclei over the
past decades. At the same time, considerably fewer
experimental data are available for (y,n) reactions
with the population of isomeric states; the same is
also valid for cadmium and tellurium isotopes. Most
studies have been focused on the measurements of
isomeric yield ratios. However, data on the yields and
the population cross sections of those isomers can pro-
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vide information both on the mechanisms of (v, n) re-
actions and on the structure of excited levels in the
vicinity of isomeric-state energies. Based on the above
considerations, the aim of this work was to study the
production yields of 119Te™, 121 Tem, 123 Tem 125Tm,
127em 129Tem  11Cd™, and 15Cd™ nuclei in (v, n)
reactions induced by irradiating metallic cadmium
and tellurium targets by bremsstrahlung ~-quanta
with energies in the GDR interval.

2. Experimental Part
and Measurement Results

The flux-weighted average yields were studied using
the activation method and bremsstrahlung y-beams
with the endpoint energy Ey,, = 17.5 MeV. Specimens
of natural metallic tantalum 30 pm in thickness and
gold specimens 10 pm in thickness were used to
monitor the bremsstrahlung vy-quantum fluxes. Du-
ring irradiation, metallic tellurium and cadmium

847



V.O. Zheltonozhsky, A.M. Savrasov, P.S. Derechkey et al.

5 N/10%, counts

at v93.3, N=35700+500

S (I

180-|-a

i N

1 N=8600+150 y103.6

90 95 100 105

E, keV
a
k=1 1% 0 T{/2=8.15h
EC 25% B 14%

ot 03 2* 103
7103.6

ot 1933, ot 0

180Hf 150W

b

Fig. 1. Fragments of the y-spectrum of the activated tantalum
target (a) and the schematic diagram of 180Ta decay [5] (b)
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Fig. 2. Fragment of the «-spectrum of the activated metallic
tellurium target 3.5 g in mass. The cooling time was 11 days,
and the measurement time was 18 days

targets were added to those specimens. For an ex-
perimental assembly consisting of four targets, a
metallic tantalum radiator 1.05 mm in thickness
was used, and the assembly was arranged at a dis-
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tance of 10-15 cm behind the radiator. Tantalum
30 pm in thickness and gold were used to pro-
duce a bremsstrahlung ~-quantum flux via the reac-
tions 81 Ta(y,n)*®%Ta and 197 Au(y,n)'% Au, respec-
tively. The experimental cross sections of those re-
actions are well known for monochromatic y-quanta
in the examined energy interval [2, 3]. Two series of
irradiations and measurements in a low-background
spectrometric laboratory were performed. The irradi-
ation time was 3-5 h.

The induced activity was measured with the help
of two «y-ray spectrometers based on HPGe detectors.
Their detection efficiencies were 15% and 40%, re-
spectively, with respect to a 3" x 3” Nal(T1) detector;
and the energy resolution for both spectrometers was
1.9 keV at the 1332.5-keV ~-line of %°Co.

To determine a bremsstrahlung y-quantum flux, it
is necessary first to calculate the flux-weighted aver-
age yields of the monitor reaction 8! Ta(v,n)!®Ta.
For this purpose, 7y-peaks at energies of 93.3 and
103.6 keV, which accompany the decay of the ground
state of 189Ta, were used (see Fig. 1). Then, the aver-
aged yield of the monitor reaction ¥ Ta(y,n)'8Ta
and the bremsstrahlung y-quantum flux were cal-
culated using Eqs (4) and (5), respectively, from
Ref. [4]. The resulting flux was put in agree-
ment, within the experimental uncertainty, with
the flux calculated using the monitor reaction
197 Au(y,n)'?6Au. The corresponding flux-weighted
average yields were found to equal 135(6) and
215(10) mb for the reactions '®1Ta(y,n)!®Ta and
197 Au(y,n) !9 Au, respectively.

All y-peaks accompanying the decay of 1'°Te™,
121 gm 123 gm  125gm 127 gm  129pgm  1110gm,
and '5Cd™ nuclei were reliably identified by their
energies and half-life periods (see Figs 2 and 3).

Using the experimental v-spectra, tabulated quan-
tities, and the following formula, we determined
the flux-weighted average yields (V") of the re-

exp
actions that resulted in the formation of '19Te™,

121 m 123 m 125 m 127 m 129 m 111 m
Te™, Te™, Te™, Te™, Te™, Cd™,
and 11°Cd™ isotopes:

(Y)exp = (NXA)/([1 — exp(—Atirr)] €xp (—Atcool) X
X [1 — exp(—Atmeas)] EkaF NampR). (1)

Here p is the absolute content of tellurium and
cadmium isotopes in the researched targets; Na =
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Table 1. Reactions and spectroscopic information on decay products [8]

Half-live Energy Quantum yield Self-absorption

Reaction of the produced of the y-quantum used of v-quantum, coefficient,

radionuclide for identification, keV % arb. units
120Te(y, n) 119 Te™ 4.7 days 1212.73(7) 66.1 1.32(3)
122Te(y,n) 121 Te™ 164.2 days 212.189(27) 81.5 1.83(5)
124 e(y,n)123Te™ 119.2 days 159.00(3) 84.3 2.62(9)

126 Te(y,n)125Te™ 57.4 days 109.276(15) 0.280(3) 5.29(21)
128 Te(y,n) 27 Te™ 106.1 days 658.9(1) 0.0125(19) 1.33(3)
130Te(y, n) 129 Te™ 33.6 days 695.88(6) 3.0(6) 1.33(3)
H2¢d(y, n)1tCd™ 48.54 minutes 245.395(20) 94(7) 1.12(2)
116Cd(y, n) 5 Cd™* 44.56 days 933.838(4) 2.00(4) 1.07(2)

* Information on the quantum yield was taken from Ref. [9] because the uncertainty of this parameter is substantially lower in

this reference.

= 6.02 x 10?3 nucleus/gxmol is the Avogadro num-
ber; m is the target mass (in gram units); A is
the mass number of the atoms '20Te, 122Te, 24Te,
126, 128Te, 130Te, 112Cd, and !'°Cd, respectively
(in a.m.u.); R is the conversion coefficient; N is the
number of counts under the photopeaks accompany-
ing the decay of '19Te™, 121Tem, 123Tem, 125Tem,
127 em 129Tem 111Cd™  and MPCd™ isotopes; o de-
notes the y-quantum yields accompanying the decay
of 119r]:\em7 121rI‘ern7 123T6m7 125Tem’ 127Tem’ 129Tem’
1™, and 5Cd™ isotopes; € is the detection ef-
ficiency for the decay ~y-quanta; tiyr, tcool, and tmeas
are the irradiation, cooling, and measurement times,
respectively (in s units); & is the self-absorption co-
efficient for the decay 7-quanta; A denotes the de-
cay constant of 19Te™, 121Tem, 123Tem 125Tem,
127 em | 129Tem  111Cd™ and 15Cd™ isotopes (in
s~! units); and F is the bremsstrahlung y-quantum
flux [in % mol/(s- cm?) units.

The ~-spectra were processed using the Winspec-
trum software [6]. This software makes it possible to
register spectra at specified time intervals. Thus the
corresponding nuclides were identified by both their
energies and their half-life periods. The efficiency of
the decay y-quantum detection was determined using
the standard point calibration sources *%'*Eu and
133Ba. The calibration was additionally tested with
the help of the GEANT4 software package [7], in
which calculations were performed using the Monte
Carlo method. The simulation results agreed with
the experimental values within the limits of experi-
mental uncertainty. The values of the parameters A,
p, o, and A were taken from Refs. [8, 9], and the
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parameter N was determined from the experimen-
tal ~y-spectra. The magnitudes of the coefficient k
were calculated from the difference between the sim-
ulated detection efficiencies of the relevant y-quanta
for point sources and the examined specimens. The
simulations were carried out within the framework
of the GEANT4 and MCNP-4c [10] codes for addi-
tional verification. The simulated detection efficien-
cies obtained for point sources were consistent with
each other and with the experimental values. The en-
ergies of y-quanta used to determine the yields, their
yields, and the self-absorption coefficients are quoted
in Table 1. The coefficient R was calculated following
the procedure described in Ref. [11].

The values obtained for the flux-weighted average
yields (Y)_  are presented in Table 2.

exp
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Fig. 3. Fragment of the y-spectrum of the activated metallic
cadmium target 0.6 g in mass. The cooling time was 6 days,
and the measurement time was 1 h
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Table 2. Flux-weighted average yields of (v, n) reactions on tellurium and cadmium nuclei

(Y'), mb
Reaction Q, MeV TALYS-1.96, (Y)theer | TALYS-2.2, (Y)theor
(Y>exp <Y>2)t(lrl)cr
1d1 1d6 1d1 1d6

120Te(y, n) 19 Te™ 10.5 8.6(8) 6.7(3) 5(4) 11.6(6) 13.8(7) 11.5(14) [12, 13], 12.3(14) [14]
122Te(y,n) 121 Te™ 10.1 18(2) 7.6(4) 6(4) 17.3(8) 19.1(10) 17.3(21) [15]
124Te(y, n) 123 Te™ 9.7 23.1(21) | 17.3(9) 16. 4 8) 17.4(8) 16.4(8) 17.9(23) [16]
126 Te(y,n) 125 Te™ 9.3 22.6(23) | 14.3(7) 13.5(7) 16.8(8) 14.0(7)
128 Te(y,n) 27 Tem* 8.9 15(2) 11.1(6) 12.4(6) 15.2(8) 14.6(7) 19.2(23) [16], 26.7(35) [17, 13]
130 e (v, n) 129 Tem* 8.5 20.3(18) | 13.8(7) 17 9(9) 10.8(5) 14.2(7) 16.6(20) [16], 21(3) [17, 13]
H20¢d(y, n)ttCcd™ 9.8 5.6(6) 4.9(3) 5(2) 5.80(3) 5.70(3)
116Cd(y,n)115Cd™ 8.9 8.9(7) 9.3(5) 7(4) 10.7(5) 9.9(5)

* For these reactions, no systematic uncertainties of quantum yields were taken into account.

The contribution of neutrons produced in both
the bremsstrahlung target and the target assem-
blies to the population of the '21Te™, 123Te™
125Tem7 127Tem, 129Tem’ lllcdm’ and 115Cdm iso
topes through (n,7) reaction should also be evalu-
ated. The neutron fluxes were evaluated using the
181Ta(n,y) 182 Ta reaction, which was reliably identi-
fied in the spectra. An analysis of the ¥2Ta decay
showed that the total contribution of (n,~) reactions
to the population of the above-mentioned nuclei did
not exceed 0.1%.

To evaluate the contribution of (v, p) reactions to
the population of the researched isomeric states, it
should be taken into account that the cross sections
of the (v,p) reactions in the region of medium nu-
clear masses are approximately two orders of mag-
nitude lower than those of the (v,n) reactions. In
addition, the ground and isomeric states of the nu-
clei produced in (v, p) reactions decay predominantly
into the ground states of the examined nuclei. In this
work, however, the decay of their isomeric states was
studied. Therefore, the contribution of the products
of (v, p) reactions to the population of the researched
isomeric states, in cases where the decay of the par-
ent nucleus proceeded to an isomeric state, did not
exceed 0.5 %.

For the contribution of (v, 2n) reactions to be taken
into account, one should bear in mind that their cross
sections are about one order of magnitude lower than
those of the investigated (v, n) reactions. In addition,
in our case, the energy thresholds of the (v,2n) re-
actions fall within an interval of 15.9-16.8 MeV. For
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our bremsstrahlung endpoint energy of 17.5 MeV,
the bremsstrahlung photon fluxes are approximately
100 times lower than those in the case of (v, n) reac-
tions. Together with the lower cross-section, the con-
tribution of (v, 2n) reactions to the population of the
studied isomeric states does not exceed 0.3%.

3. Discussion

The analyzed reactions were simulated using the
TALYS-1.96 and TALYS-2.2 codes [18]. The theoret-
ical yields (V)5 were calculated by convolution us-
ing a step of 1 MeV according to the formula

N
Z 1014101
RZ 1%02

where o; are the simulated cross sections of the ex-
amined reactions for monochromatic ~y-quanta, @;
are the relative flux values in the bremsstrahlung
~v-spectrum calculated in the Geant4 simulation
toolkit [7], and R is the conversion coefficient.

The results are presented in Table 2 together
with the energy thresholds @ of the researched reac-
tions. As one can see from Table 2, the flux-weighted
average yields of both (vy,n) reactions on cadmium
isotopes agree satisfactorily with the theoretical re-
sults within the experimental accuracy. This fact tes-
tifies to a statistical character of the given (v, n) reac-
tions, since this mechanism dominates in the TALYS-
1.96 and TALYS-2.2 codes.

At the same time, the flux-weighted average yields
of most (y,n) reactions on tellurium nuclei regu-

(V)iiwe" =

2)
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larly exceed the theoretical values, particularly in
the case of the TALYS-1.96 code. This systematic
excess indicates a shift of the density of the lev-
els associated with higher spins toward lower exci-
tation energies. When the TALYS-2.2 code was used,
the agreement with the experimental data was better
in general. Nevertheless, the experimental values for
the reactions 24Te(y,n)'23Te™, 126Te(y,n)25Te™,
and 139Te(v,n)!29Te™ remain higher than the theore-
tical ones.

There are six models in the TALYS-1.96 code to
describe the level density, whereas the TALYS-2.2
code contains seven models. These models were var-
ied for all examined reactions. In Table 2, the theoret-
ical yields calculated using both a model with a con-
stant temperature and a Fermi-gas (CT +FG) (1d1)
[19], which was used by default, and a microscopic
model based on temperature-dependent Hartree—
Fock-Bogoliubov calculations with the Gogny forces
(1d6) [20] are quoted. The resulting theoretical flux-
weighted average yields calculated using other mod-
els fell within the interval between 1d1 and 1d6. These
data demonstrate that for the lightest tellurium iso-
tope, the microscopic approach in the TALYS-1.96
code provides better agreement with the experiment;
however, the discrepancy does not disappear com-
pletely. In our view, a substantial correction has to
be introduced when the density of high-spin levels
shifts toward lower energies.

It should be noted that, although there are some di-
rect measurements of the cross sections of the studied
reactions, a considerable amount of work was done to
measure the isomeric yield ratios. In some cases, to-
tal cross sections were measured for the population
of tellurium isotopes in (v, n) reactions at monochro-
matic y-quantum energies. Therefore, by calculating
the flux-weighted average yields (Y)'2" of the (v, n)
reactions for g, = 17.5 MeV using Eq. (2) and em-
ploying experimental isomeric yield ratios at this end-
point energy taken from the works of other authors,
the flux-weighted average yields for the population of
isomeric states can be obtained. If the results of direct
measurements of the cross sections for the popula-
tion of the isomeric states are available, the yield can
be obtained directly from Eq. (2). The corresponding
results obtained for (Y)Z;};er together with the refer-
ences where the experimental data used in the calcu-
lations were taken from are presented in Table 2. One
can see that these yields, within the experimental un-
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certainties, are in agreement with our results in most
cases; they are higher than the calculated values, es-
pecially when the TALYS-1.96 code was used.

For the flux-weighted average yields <Y>zltl:t° " cal-
culated according to the results obtained from the
TALYS-1.96 and TALYS-2.2 codes, the uncertainty
arises from the simulation of the bremsstrahlung
spectrum using the Geant4d code. For the given
bremsstrahlung endpoint energies, it did not exceed
5%. When experimental data from the works of other
authors were used, the total uncertainty was some-
what higher because, in addition to the simulation
uncertainties, the uncertainties in the experimen-
tal cross sections and isomeric yield ratios were in-
cluded. For each cross-section, the uncertainty was
taken with its individual weighting coefficient; i.e.,
the weight-averaged uncertainty was calculated, and
it amounted to 8-11%. Therefore, the total uncer-
tainty in the determination of the flux-weighted av-
erage yields (Y)Z?jto " found from the works of other
authors and used in our calculations was within the
limits of 12-15%.

The uncertainty in the bremsstrahlung v-quantum
flux dominated in most cases when calculating the
flux-weighted average yields (Y), ; it did not ex-
ceed 7%. In our case, there were no uncertainties in
some cases when determining the quantum yields be-
cause the most intense y-lines were used as a rule; in
the other cases, the uncertainties ranged from 1 to
20%. The statistical uncertainties in determining the
peak areas were within 1-6%. The uncertainties in
the detection efficiencies ranged from 2% to 3%. Since
relative measurements were performed, the uncertain-
ties in the self-absorption coefficients were within the
limits of 2-4%. Based on measurements performed
at various spectrometers, the systematic uncertain-
ties were estimated at a level of 2%. As a result, the
total uncertainties in the most flux-weighted average
yields ranged from 8% to 13% (excluding systematic
uncertainties for the yields of y-quanta with energies
of 658.9 and 695.9 keV, which accompany the decay
of the 27"Te™ and 122Te™ isotopes, respectively).

4. Conclusions

The flux-weighted average yields of the reactions
IQOTQ(’Y, n)llQTem’ 122Te(7,n)121Tem, 124Te('y,n)123Tem,
126Te(’7, n)125Tem’ 128Te(’7,n)127Tem, 130Te(’y7n)129Tem7
H20d(y,n)HCd™, and *5Cd(y,n)**5Cd™ have been
measured for the first time at a bremsstrahlung ~-
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quantum endpoint energy of 17.5 MeV. The follow-
ing values were obtained: 8.6(8), 18(2), 23.1(21),
22.6(23), 15(2), 20.3(18), 5.6(6), and 8.9(7) mb, re-
spectively. A completely statistical character of the
reactions on cadmium nuclei and a substantial con-
tribution of non-statistical mechanisms in the case
of tellurium nuclei have been found because, in
the former case, the measured flux-weighted aver-
age yields agree satisfactorily with the results of
simulations using the TALYS-1.96 and TALYS-2.2
codes, whereas in the latter case, they mainly ex-
ceed them. The flux-weighted average yields of the
reactions 22Te(y,n)*?!Te™ and !*°Te(y,n)!?"Te™
calculated from other experimental studies agree
with our experimental data within the experimental
uncertainties.

The work was sponsored by IAEA Grant No. 28137.
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JOCJILIXKEHHSA 3BYI>KEHHA ISOMEPHUX
CTAHIB HA dJIPAX Cd TA Te B (v, n)-PEAKIIIT

Broepmie  Bumipsino
120Tg (-, n) 119 Te™,

CepeIHbO3BAXKEHI  BUXOJM  PEaKIliil
122, n)121Te™ | 124Te(, n) 123 Te™,
126Te('y,n)125Tem, 128Te(,},7 n)127rl‘le'm7 130Te('y, n)129Tem’
H2¢d(y,n)ttCd™  rta 116Cd(y,n)t3Cd™ 3
3HA4YEeHHsIM eHepril rajibMiBHuUX Y-KBaHTiB 17,5 MeB. Bcra-
HOBJIEHO ITOBHICTIO CTATUCTUYHUI XapaKTep peakIliil Ha sapax
KaJMil0 Ta 3HAYHUU BHECOK HECTATUCTUYHUX MEXaHi3MiB y
BUIIAJKY siJIEP TEIYPY, OCKIJIBKH B IIEPIIOMY BUIIAJIKY BUMipsiHi
CepeIHbO3BaYKEH] BUXOAW 3aJ0BLIIBHO Y3TOIKYIOTHCS 3 pe-

I'PaHUYIHUM

3yJIbTATAMU MOJIEJIIOBAHHSA 33 JOIOMOTOK MPOTPAMHUX KOJIB
TALYS-1.96 Tta TALYS-2.2, a B Apyromy CIOCTEPIratoTbCs
BiaMiHHOCTI.

Karwoei caoea: cepeqHBO3BarKeHI BHXOIHW, IIepepisH,

aKTHUBAIIdHUN MeToz, ramma-crnekrpomerpis, TALYS-1.96 ta
TALYS-2.2, doroneiiTponHi peakiiil, KaaMmiii, Teayp.
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