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Abstract—The yields of products of photonuclear reactions on tin targets enriched in the isotopes
112,118,124
Sn and on Te and HfO2 targets of natural isotopic composition were measured. The targets were
irradiated at the linear electron accelerator of the A.I. Alikhanian National Science Laboratory (Yerevan
Physics Institute) at the electron energy of Ee = 40 MeV. The dependence of the product yields on the
nucleonic composition of the targets was discussed. The isomeric ratios were obtained for the 119m,g Te,
121m,g
Te, 117m,g In, and 123m,g Sn products. The experimental data in question were compared with their
theoretical counterparts calculated on the basis of the TALYS 1.4 code. The dependence of the isomeric
ratios on the photon energy and on the mass number of the product is considered.
DOI: 10.1134/S1063778814100056

INTRODUCTION
Photonuclear reactions at intermediate energies
have vigorously been studied for many years. Owing
to those studies, it became possible to determine
some general properties of nuclei and parameters of
their individual levels. This served as a good basis for
developing and reﬁning various theoretical models. At
the present time, there exist publications and international databases that combine all available experimental data on photonuclear reactions at energies lying in the region of and higher than the giant-dipoleresonance energy [1, 2]. However, some reactions
have not yet been studied. For example, there are no
experimental data on the yields of 173,175 Hf products
that would originate from (γ, n) and (γ, p) reactions [1, 2]. The objective of the present study was to
measure the yields of products of reactions that proceed on 112,118,124 Sn, nat Te, and nat Hf targets for the
case where the endpoint energy of the bremsstrahlung
spectrum is Eγ max = 40 MeV, as well as to measure
and analyze the isomeric ratios for the products of the
reactions 120 Te(γ, n)119m,g Te, 122 Te(γ, n)121m,g Te,
118 Sn(γ, p)117m,g In, and 124 Sn(γ, n)123m,g Sn and
to compare the resulting experimental data with
their counterparts calculated on the basis of the
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TALYS 1.4 code. Currently available data on the isomeric ratios for the reactions 120 Te(γ, n)119m,g Te and
122 Te(γ, n)121m,g Te are limited to giant resonance
region [3–6], while data on the isomeric ratios for the
reactions 118 Sn(γ, p)117m,g In are very fragmentary [4,
5, 7–12]; ﬁnally, data on the isomeric ratios for the
reactions 124 Sn(γ, n)123m,g Sn are scanty [3, 10]. An
investigation of isomeric ratios would provide information both about the reaction mechanism and about
the energy levels of the excited nucleus involved.
DESCRIPTION OF THE EXPERIMENT
The targets under study were manufactured from
tin enriched in the isotopes 112,118,124 Sn and from Te
and HfO2 of natural isotopic composition and were
irradiated at the linear electron accelerator (LUE-50)
of the A.I. Alikhanian National Science Laboratory
(Yerevan Physics Institute) at the electron energy
of Ee = 40 MeV, the average current being 10 μA.
A description of the experimental setup used in our
experiment can be found in [13]. The converter material and thickness were chosen on the basis of a
simulation. The optimum thickness of the tantalum
converter was calculated with the aid of the GEANT4
package. The result proved to be 2 mm.
The beam intensity Nγ was determined by means
of a monitoring reaction. A foil of natural copper
50 μm thick was chosen as a monitor target. The
112,118,124 Sn targets were also fabricated in the form
of thin foils. In order to prepare targets from HfO2
and nat Te, a powder material was pressed into tablets.
The properties of the targets (degree of enrichment,
thickness, and weight) are listed in Table 1.
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Table 1. Degree of enrichment or isotopic composition of
targets, their weight, and their thickness
Target

Enrichment or
composition, %

Target
thickness, μm

Target
weight, g

112

Sn

91

100

0.163

118

Sn

98.5

100

0.167

124

Sn

91.9

nat

Te

100

0.161

DISCUSSION OF THE RESULTS

120
Te—0.096
122
Te—2.603
123
Te—0.908
124
Te—4.816
125
Te—7.139
126
Te—18.95
128
Te—31.69
130

300

1.48

174
Hf—0.162
176
Hf—5.206
177
Hf—18.606
178
Hf—27.297
179
Hf—13.629
180

300

1.36

The yields of photonuclear reactions proceeding
on tin targets enriched in the isotopes 112,118,124 Sn
and on Te and HfO2 targets of natural isotopic composition are presented in Table 2. For the products
in question, this table gives the half-lives, characteristic gamma lines, and their intensities, as well
as the reactions that lead to the formation of these
products. It should be noted that the yield of the reaction 112 Sn(γ, n)111 Sn cannot be measured since the
111 Sn nucleus do not feature a gamma line convenient
for detection and has a half-life of T1/2 = 35 min,
undergoing a transition to a 111 In nucleus. As a
result, 111 In is formed as the product of the reaction
112 Sn(γ, p)111 In and as the product of decay of a
111 Sn parent nucleus and is detected experimentally
as the summed yield. One can estimate the yield of
the reaction 112 Sn(γ, n)111 Sn, considering that, at
Eγ max = 40 MeV, the yield of the (γ, n) reaction on
a 112 Sn nucleus is approximately one order of magnitude greater than the yield of the respective (γ, p)
reaction [2].
Analyzing our results, we can notice that, basically, the (γ, n) yields grow with the target mass
number At . The reason is that, as the mass number
grows, the respective nuclei become neutron-rich.
Figure 1 shows the dependence of the (γ, n) yields
on the product mass number (At − 1). In addition to
our results, this ﬁgure also gives data from [14]. The
(γ, n) yields grow linearly as the target mass number
increases. The 47 Ca and 123 Sn products originating
from the highly neutron-rich nuclei of, respectively,
48 Ca and 124 Sn [N/Z(48 Ca) = 1.4 and N/Z(124 Sn) =
1.48] do not ﬁt in the general dependence. The yields
of the 119 Te, 121 Te, 129 Te, 173 Hf, and 175 Hf products
lie lower since these products come from targets of
natural isotopic composition. However, an increase in
the yield of these products as the target mass number
(or the number of neutrons in the target nucleus)
grows is obvious.
The (γ, p) yields are substantially lower than the
(γ, n) yields and show a trend toward a decrease as
the target mass number increases (see Table 2).
For some residual nuclei (119 Te, 121 Te, 117 In, and
123 Sn), we obtained the yields of the ground (Y ) and
g

Te—33.80

HfO2

number of target nuclei per 1 cm2 ; k is the coeﬃcient
of photon absorption in the target, in air, and in the
detector lid; ε is the photon-detection eﬃciency; η is
the partial intensity of the product gamma line; t1 is
the irradiation time; t2 is the time interval between the
completion of an irradiation run and the beginning of
measurements; and t3 is the measurement time.

Hf—35.100

Two irradiation runs were performed. In the ﬁrst
run, the monitoring target and the HfO2 , Te, and
112 Sn targets were irradiated for 18 minutes. The
copper target was at a frontal position. In the second run, the monitoring target and the HfO2 , Te,
and 118,124 Sn targets were irradiated for 44 minutes.
The number of photons incident to the monitoring
target was assumed to be identical to the number of
photons incident to the remaining targets, since all
of the targets were thin, so that photon absorption
was insigniﬁcant. The yields of the monitoring reactions were given in [14]. They are 53 mb for the
reaction 65 Cu(γ, n)64 Cu and 2.6 mb for the reaction
63 Cu(γ, 2n)61 Cu. The beam intensity was estimated
at 1.06 × 1016 and 2.35 × 1015 photons per hour for,
respectively, the ﬁrst and the second irradiation run.
The activity induced in the targets was measured with the aid of a high-purity germanium
(HpGe) detector. The eﬃciency of photon detection
was determined by using reference spectrometric
gamma sources (RSGS). The detector eﬃciency was
1.66 keV for the 1.33-MeV line and 618-eV for the
122 keV line.
The reaction yield was calculated by the formula
Y = ΔN λ/(Nγ Nnucl kεη(1 − e−λt1 )

(1)

× e−λt2 (1 − e−λt3 )),
where ΔN is the total number of events under the
photopeak according to measurements with a detector over the time t3 ; λ is the decay constant; Nγ is the
number of photons in the beam per hour; Nnucl is the
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Y, mb
123
50Sn73

400
300
200
47
20Ca27

111
50Sn61

100

129
52Te77
121
52Te69
119
52Te67

0
–100

20

60

100

140

175
72Hf103
173
72Hf101

180

220
At – 1

Fig. 1. Dependence of the (γ, n) yields on the product mass number (At − 1).

isomeric (Ym ) states. The ratio of the yields of highand low-spin states (Yh /Yl ), which is also known
as the isomeric ratio, depends, ﬁrst of all, on the
photonuclear-reaction mechanism. A comparison of
experimental data with model predictions makes it
possible to ﬁnd out whether the choice of mechanism
was correct. Investigation of the isomeric states of
nuclei also provides information that makes it possible to reﬁne the form of the level-density distribution
for excited states of nuclei.
Table 3 gives values obtained for the isomeric ratios in question. The products being considered are
formed in reactions involving the emission of one or
several nucleons and are characterized by isomericratio values less than unity (see Table 3); that is, highspin states are populated with a lower probability.
We can interpret our results on the basis of the
statistical model of a compound nucleus. As the
result of an intranuclear cascade, high-energy nucleons escape from the target nucleus, leaving it with a
high excitation energy and angular momentum. The
subsequent evaporation stage involves the emission
of low-energy nucleons and photons. As the number
of emitted particles increases, the initial spin distribution becomes broader. It follows that, as the number
of cascade particles increases, the high-spin state
arises with a higher probability in relation to the lowspin state. Thus, the isomeric ratios for products of
the cascade–evaporation process have values greater
than unity. If products originate from simple reactions
involving the emission of a small number of nucleons,
it would be natural to expect isomeric-ratio values
below unity [15, 16].
In order to compare the experimental data that we
obtained with theoretical results, we have performed
PHYSICS OF ATOMIC NUCLEI
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calculations with the aid of the TALYS 1.4 code. In
order to calculate cross sections and yields on the
basis of the statistical model, one needs information
about the energy levels of the excited after-cascade
nucleus. If information about discrete excited levels is
unavailable or incomplete, then one performs calculations with some distribution of the level density in the
form of an analytic dependence of the level density on
the excitation energy, spin, and parity of levels.
In relation to TALYS 1.2, the TALYS 1.4 code
oﬀers wider possibilities for the choice of form for
the distribution of the level density [17]. TALYS 1.4
contains ﬁve diﬀerent models for the distribution of
the level density. Three of them are phenomenological models yielding somewhat diﬀerent forms of
the distribution. These are the constant temperature + Fermi gas model [in Table 3 and in Fig. 2,
this is model (1)], the back-shifted Fermi gas model
[model (2)], and the generalized superﬂuid model
[model (3)]. The distribution of the level density
involves a spin cutoﬀ parameter that determines the
width of the angular-momentum distribution. In
the microscopic calculations, it was noticed that
the spin cutoﬀ parameter depends on shell eﬀects.
The TALYS 1.4 code makes it possible to perform
calculations by using both a spin cutoﬀ parameter
that depends on shell eﬀects (spin-cut model 1) and
a spin cutoﬀ parameter that does not depend on
them (spin-cut model 2) [17]. In Table 3, these are
models (6) and (7), respectively.
The other two models for the distribution of the
level density rely on microscopic approaches. One
of them employs the microscopic level densities from
Goriely’s table [model (4) in Table 3], which contains
level densities obtained for excitation energies of up
to 150 MeV and spin values of up J = 30 on the basis
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Table 2. Yields of photonuclear reactions on targets from tin enriched in the isotopes 112,118,124 Sn and from Te and HfO2
of natural isotopic composition
Nuclear product
110

Sn

117m

117g

In

123m

123g

In

Sn

Sn

T1/2

Spin and
parity

Eγ , keV

I, %

4.11 h

0+

280.462

100

116.2 min

1/2−

158.56
315.302

43.2 min

9/2+

40.06 min

Reaction type

Yield σ, mb

112

Sn(γ, 2n)110 Sn

3.2 ± 0.3

16
19.1

118

Sn(γ, p)117m In

1.4 ± 0.14

158.56
552.9

87
100

118

Sn(γ, p)117g In

1.25 ± 0.12

3/2+

160.33

86

124

Sn(γ, n)123m Sn

280 ± 25

129.2 d

11/2−

1088.64

0.6

124

Sn(γ, n)123g Sn

138 ± 40

−

124
123m

Te

119.7 d

121m

Te

154 d

121g

11/2

158.97

84

11/2−

212.189

81.4

1/2+

507.591
573.139

17.7
80.3

122

16.78 d

11/2−

270.53
1212.73

28
66

120

4.7 d
16.03 h

1/2+

644.01

84

Te

33.6 d

11/2-

459.6

4.93

Sb

12.46 d

8−

666.3
414.81

3.85 d

7/2+

4.4 h
23.6 h

Te

119m

119g

127

Sb

129g

173

Te

Te

129m

126g

Te(γ, n)123m Te
Te(γ, 2n)123m Te
126
Te(γ, 3n)123m Te
125

Sb

Hf

122

5.3 ± 0.6

Te(γ, n)121m Te
Te(γ, 3n)121m Te

1.6 ± 0.2

Te(γ, n)121g Te
Te(γ, 3n)121g Te

9.0 ± 0.8

Te(γ, n)119m Te
Te(γ, 3n)119m Te

0.075 ± 0.008

Te(γ, n)119g Te
Te(γ, 3n)119g Te

0.75 ± 0.07

130

Te(γ, n)129m Te

23.3 ± 3

100
83.3

128

Te(γ, pn)126g Sb
Te(γ, p3n)126g Sb

0.06 ± 0.008

473
685.7
783.7

25.7
37
15

128

Te(γ, p)127 Sb
Te(γ, p2n)127 Sb

1.2 ± 0.15

7/2+

812.8
544.7

43
17.9

130

Te(γ, p)129 Sb

0.27 ± 0.02

1/2−

174

296.974

33.9

Hf(γ, n)173 Hf
Hf(γ, 3n)173 Hf

2.1 ± 0.2

124

124

122
120
122

130

130

176
176

−

Hf(γ, n)175 Hf
Hf(γ, 2n)175 Hf
178
Hf(γ, 3n)175 Hf

175

Hf

70 d

5/2

343.4

84

177

179

Lu

4.59 h

7/2+

214.33

11.3

180

of Hartree–Fock calculations [17]. The other microscopic model, that of microscopic level densities from
Hilaire’s table [model (5) in Table 3], includes detailed
calculations of intrinsic nuclear-level densities and of
changes induced by collective eﬀects. Level densities
for more than 8500 nuclei are available in a tabulated

Hf(γ, p)179 Lu

61 ± 3
4.0 ± 0.4

form at excitation energies of up to 200 MeV and spin
values of up to J = 49.
The TALYS 1.4 code makes it possible to calculate
cross sections for ground and isomeric states of residual nuclei at speciﬁc energies. But in experiments
based on the use of bremsstrahlung, one calculates
PHYSICS OF ATOMIC NUCLEI

Vol. 77 No. 11

2014

PHOTONUCLEAR REACTIONS ON

112,118,124

Sn,

nat

Te, AND

nat

Hf TARGETS

1317

Table 3. Experimental values of the isomeric ratio (Yh /Yl ) and their counterparts calculated on the basis of the TALYS 1.4
code
Spin–parity of
the ground and
isomeric levels

Nuclear
product

∗

TALYS
Experiment

ΔJ

(1)

(2)

(3)

(6)

(7)

(6)

(7)

(6)

(7)

(4)

(5)

117

In

9/2+
1/2−

4

0.89 ± 0.09

0.87

0.88

0.91

0.88

0.89

0.85

1.11

1.25

119

Te

11/2−
1/2+

5

0.10 ± 0.02

0.12

0.11

0.13

0.13

0.12

0.12

0.15

0.18

121

Te

11/2−
1/2+

5

0.18 ± 0.03

0.14

0.14

0.16

0.16

0.15

0.14

0.19

0.21

129

Te

11/2−
3/2+

4

0.55 ± 0.11∗

0.08

0.09

0.1

0.1

0.09

0.1

0.16

0.13

123

Sn

11/2−
3/2+

4

0.49 ± 0.14

0.267

0.267

0.294

0.294

0.272

0.272

0.364

0.348

Data on the yield of 129g Te (3/2+ ) were taken from [10].

the reaction yield, which is the convolution of the
cross sections (σ(E)) with the photon spectrum (W )
with respect to the energy (E); that is,

Eγ max , and assuming that σi are constant within a
narrow interval of width 1 MeV, we can go over from
cross sections to yields; that is,
E
γ max

E
γ max

Y (Eγ max ) = a

(2)

W (Eγ max , E)σ(E)dE,

where Ethr is the reaction threshold, Eγ max is the
endpoint energy of the bremsstrahlung spectrum, and
a is a normalization factor.
Considering that W (Eγ max , E) ∼ const · (1/Eγ )
in expression (2), calculating the cross sections σi for
energies in the range from the reaction threshold to
Yh /YI
Our study
TALYS (1)
TALYS (2)
TALYS (3)

0.4

0.2

0
118

120

122

W (Eγ max , E)σ(E)dE

(3)

Eth

Ethr

0.6

Y (Eγ max ) = a

124

126

128

130
A

Fig. 2. Isomeric ratio as a function of the product mass
number for tellurium isotopes.
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=b


i

E2
σi

1
dE,
E

E1

where b is a constant, whose value is immaterial in
calculating isomeric ratios.
Table 3 gives experimental values of the isomeric
ratios (Yh /Yl ) and their counterparts calculated in the
way outlined above by using all possible models for
the distribution of the level density. For phenomenological models, we performed calculations, choosing
the aforementioned two forms for the spin cutoﬀ parameter [17].
It should be noted that tellurium of natural isotopic
composition was used as a target in the present study.
In this case, the isotopes 119m,g Te and 121m,g Te may
originate from the (γ, n) and (γ, 3n) channels. Since
the thresholds of the (γ, 3n) reactions being considered are about 30 MeV and since the (γ, n) cross
sections exceed substantially the (γ, 3n) cross sections [2], we can assume, however, that the respective
(γ, n) reactions are a dominant channel of 119m,g Te
and 121m,g Te production.
One can see that the isomeric-ratio values obtained on the basis of the above phenomenological
models diﬀer only slightly from one another and, in

1318

DANAGULYAN et al.

all cases, are smaller than the values obtained on the
basis of microscopic models. The largest discrepancies between the experimental and calculated data are
observed for the 129 Те and 123 Sn neutron-rich nuclei.
For the 117 In nucleus, the microscopic models yield
isomeric ratios in excess of unity, but this does not
comply with experimental data. In the remaining
cases, agreement is satisfactory.
Some authors discussed the dependence of the
isomeric ratios on the spin diﬀerence ΔJ between
the isomeric and ground states. A decrease in the
isomeric ratio with increasing ΔJ was noticed in [18]
in considering (γ, γ  ) reactions at energies in the
giant-resonance region. In [19], a similar dependence
was observed in the energy range of 100–500 MeV.
According to our experimental results (see Table 3),
smaller values of the isomeric ratio correspond to
larger values of the spin diﬀerence.
If one considers the same reaction type at identical
excitation energies and identical spins of the initial
and ﬁnal states, then the isomeric ratio depends on the
structure of levels through which the isomeric state
is populated [18]. Figure 2 gives the isomeric ratios
for tellurium isotopes according to measurements in
the respective (γ, n) reactions at Eγ max = 40 MeV. In
the isomeric state, the nuclei being considered have a
spin of 11/2− ; in the ground state, the 119 Те and 121 Те
nuclei have a spin of 1/2+ , while the 129 Те nucleus
has a spin of 3/2+ . One can see that, for tellurium
nuclei, which lie in the vicinity of the tin nucleus
closed in the number of protons and which have a
moderately small value of the deformation parameter,
the isomeric ratio grows with the number of neutrons.
A similar dependence was also noticed in [18, 20] at
Eγ max = 25 MeV.
In addition to experimental data, Fig. 2 gives
the isomeric-ratio values calculated on the basis of
the TALYS 1.4 code by using the above three phenomenological models for the distribution of the level
density. We can say that the results obtained on the
basis of these models comply well with experimental
data in the case of 119 Те and 121 Те nuclei, but, in the
case of the 129 Te nucleus, the experimental values
are nearly ﬁve times as great as their model-based
counterparts. We note that the experimental values
presented for the isomeric ratio in [4, 10] for 129 Te at
the energies of Eγ max = 30 and 50 MeV agree with
those in Fig. 2 within 10 to 12%.
The experimental data that we obtained reveal
that, for tellurium nuclei, the isomeric ratios grow
as the number of neutrons increases. The model
predictions do not reﬂect this dependence. Since the
isomeric ratio depends on the structure of low-lying
levels from which the last transition to the ground
or isomeric state proceeds, we can assume that the

discrepancy in question may stem from an inaccurate
model description of the level densities as the ﬁlling of
neutron shells occurs.
Let us now consider the dependence of the isomeric ratios of the product yields on the endpoint
energy of the bremsstrahlung spectrum. According
to [18, 20], the isomeric ratios for (γ, n) reactions
grow with energy in the region of the giant dipole
resonance. Figure 3 shows the isomeric ratio as a
function of the endpoint energy of the bremsstrahlung
spectrum for the reactions 120 Te(γ, n)119m,g Te and
122 Te(γ, n)121m,g Te. In addition to the results that
we obtained, we used data from [3–6]. Available
experimental data are basically well-consistent, with
the exception of data from [4], where the authors presented isomeric-ratio values in excess of unity for the
reaction 120 Te(γ, n)119m,g Te. One observes a steep
growth of the isomeric ratios between the threshold
and the giant-dipole-resonance energy, whereupon
the growth becomes slower; at Eγ max = 40 MeV,
the isomeric ratio decreases somewhat. The ascending character of the curves is obviously due to
an increase in the excitation energy of the residual
nucleus in which a photon cascade develops. As
the endpoint energy of the bremsstrahlung spectrum
increases (starting from an energy of 25 MeV), the
contribution of direct neutron-emission processes increases, especially for near-magic nuclei, leading to
a decrease in the probability for the formation of
a high-spin nuclear state [18]. Data available in
the literature on the isomeric ratios for the reactions
130 Te(γ, n)129m,g Te in the energy range that extends
to Eγ max = 72 MeV and where one clearly sees a
similar dependence were compiled in [21].
Figure 3 also shows data obtained with the aid of
the TALYS 1.4 code. In the region of energies above
the energy corresponding to the dipole-resonance
maximum, the theoretical curves lie lower that their
experimental counterparts. Starting from an energy
of about 25 MeV, the calculated isomeric ratios
undergo virtually no change, whereas the respective
experimental values decrease somewhat.
For the 117m,g In isomeric pair, the spin of the isomeric state (1/2− ) is smaller than the ground-state
spin (9/2+ ). Values of the ratios Ym /Yg are given
in some articles [4, 5, 8, 9, 12], while the ratios of
the yields of high- and low-spin states (Yh /Yl ) are
considered in [10, 11] and in the present study. Upon
rescaling available data on the isomeric ratios for the
reactions 118 Sn(γ, p)117m,g In to the form Yh /Yl , one
can trace a dependence similar to the dependence in
the preceding ﬁgures, even though the scatter of the
data is quite signiﬁcant (Fig. 4). At high energies, the
growth of the isomeric ratio as a function of Eγ max is
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Fig. 3. Isomeric ratio as a function of the endpoint energy of the bremsstrahlung spectrum for the reactions (a)
120
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yields of (γ, p) reactions show a trend toward a decrease with increasing number of neutrons in the
target nucleus.
(ii) For tellurium nuclei, which lie in the vicinity
of the tin nucleus closed in the number of protons
and which have a moderately small deformation parameter, the isomeric ratio grows as the number of
neutrons increases. The data calculated by using the
TALYS 1.4 code do not exhibit such a dependence.
This discrepancy may be due to the use of an inaccurate model description of the level density.
(iii) The isomeric ratios for the (γ, n) products
grow with increasing endpoint energy of the bremsstrahlung spectrum, this growth persisting up to the
upper boundary of the giant-dipole-resonance region.
As the energy grows further, the isomeric ratios exhibit a modest decrease associated with the increase
in the contribution of direct processes, but this does
not occur in the data calculated with the aid of the
TALYS 1.4 code.
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