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In this work, we present the isomeric ratio of ˇssion product 135 Xe in the photoˇssion of actinide
elements 232 Th, 233 U, and 237 Np induced by end-point bremsstrahlung energies of 13.5, 23.5, and
25.0 MeV which were determined by the method of inert gaseous ow. The data were analyzed,
discussed and compared with the similar data from literature to examine the role of energy separated in
ˇssion process, excitation energy and reaction channels effects.
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INTRODUCTION
The isomeric ratios furnish valuable information about the energy level structure of nuclei
and the nuclear reaction mechanism involved [1Ä5]. This ratio depends on the spin of target
nucleus and the intake angular momentum determined by the mass and the energy of projectile
particles. By ˇtting the calculated isomeric ratios based on a deˇnite theoretical model to the
experimental ones, it is possible to obtain information about the spin dependence of the nuclear
level density, in particular, the spin cut-off parameter ¡ and the level density parameter a.
Because of this, the study on the isomeric ratio has become one of the most effective
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directions in the study of nuclear reaction and structure. In case of nuclear ˇssion, the study
on the isomeric ratio of the ˇssion product allows us to interpret the mechanism of energy
dissipation, which leads to better understanding of the dynamics of ˇssion process [6, 7].
This also allows us to discuss the role of different kinds of collective movement affecting
the increase of angular momentum of the product just after scission [8, 9] and leads to very
important conclusions about the dependence of the angular momentum on the excitation
energy of the ˇssioning compound nuclei [10, 11], the effects of the nuclear structure and
the scission-point deformation on the product angular momentum, and the correlation of the
product angular momentum with the average neutron number and elemental yield [12, 13].
Up till now most investigations have been concentrated on the study of the isomeric ratio
and the angular momentum of ˇssion product in ˇssion of actinides with thermal and fast
neutrons [12, 13, 14Ä21]. There are very few data on the isomeric ratio of ˇssion products
from photoˇssion in literature and, in particular, for 135 Xe, the data are very rare. There is
only one paper that concerns the isomeric ratio of ˇssion products, such as 134 I, 135 Xe, 130 Sb,
and 132 Sb, in the photoˇssion of 237 Np and 238 U [22]. Therefore, the data of the isomeric
ratio of 135 Xe in the photoˇssion of 232 Th, 233 U, and 237 Np are still of great importance. In
this work, we present the isomeric ratio of 135 Xe in photoˇssion of 232 Th, 233 U, and 237 Np
induced by 13.5, 23.5, and 25.0 MeV bremsstrahlungs, using the method of inert gaseous ow
presented in [23, 33]. The data were analyzed, discussed and compared with the similar data
from literature to examine the role of energy separated in ˇssion process, excitation energy
and reaction channels effects.

1. EXPERIMENTAL
The ˇssion product 135 Xe belongs to the isobaric chain with mass number A = 135.
During ˇssion process, this product is directly produced from the ˇssioning systems 232 Th∗ ,
233 ∗
U , and 237 Np∗ , as well as from the beta decay of 135 I. Figure 1 depicts the scheme of the
isobaric products 135 I, 135m,g Xe, and 135 Cs for mass chain A = 135. The decay characteristics
of 135m Xe and 135g Xe, which were taken from [24, 25], are presented in Table 1.
Fissioning nuclei 232Th*,
and 237Np*

YI

233U*,

135I

b1

Yg

Ym

b2
135mXe

P12
135g Xe

135Cs

Fig. 1. Scheme of the isobaric products 135 I, 135m,g Xe, and 135 Cs: YI Å the cumulative yield of
135g
135
135m
53 I; Ym , Yg Å the independent yields of
54 Xe and
54 Xe, respectively; P12 Å the coefˇcient of
135g
135m
isomeric transition between 54 Xe and 54 Xe; β1 and β2 Å the beta-decay coefˇcients of 135
53 I to
135g
135m
Xe,
respectively
54 Xe and
54
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Table 1. The decay characteristics of
135g

Xe (T1/2 = 9.104 h)

135g

135m

Xe and

135m

Xe

Xe (T1/2 = 15.65 min)

Spin, 

Energy, keV

Intensity, %

Spin, 

Energy, keV

Intensity, %

3/2+

158.2
358.3
407.9
608.1
249.7

0.23
0.20
0.32
2.58
90.60

11/2−

526.6

81.20

It is well known that the full gamma-ray spectrum from ˇssion products is very complicated. It consists of hundreds of gamma rays and there are also gamma rays that overlap
each other. Simultaneously, in this case, the dead time of measuring system and the Compton
background are very high due to the high intensity of gamma rays irradiated from the ˇssion
products. This makes the identiˇcation and processing of gamma rays of interest very difˇcult,
less accurate, or even impossible for separate ones. Therefore, in order to effectively reduce
the mentioned background, various techniques, such as catcher foil technique [26, 27], ˇssion
fragment transportation [28], and chemical isotope separation [11, 18], were applied. In our
case, we are interested in 135 Xe, which is in gaseous state. Hence, in order to determine the
isomeric ratio, we used the inert gaseous ow method described in [23, 33] to transport Xe
isotopes from the reaction camera to the product collector. The advantages of this method are:
less time-consuming; without application of chemical isotope separation; and with simplicity
in experiment and accurateness in processing of the gamma rays of interest. The experimental
setup consisted of a reaction camera, product collectors, and an inert gaseous ow generator
(see Fig. 2). More detailed description and operating principle of the experimental setup are
shown in [23, 33]. The product collection was performed by putting the inert gas to enter
the camera during and after the time of the target irradiation. Under this pressure, the inert
gaseous ow will carry Xe and Kr isotopes from the reaction camera to the collectors, while
all other products are caught in the reaction camera or remained on the ˇlter. There are two
collectors. The ˇrst one works during the irradiation time and collects 135m,g Xe product,
which is produced directly from the ˇssioning target and from the beta decay of 135 I. The
second one works when the irradiation stops and collects only 135m,g Xe product produced
from the beta decay of 135 I. The gaseous products Xe and Kr were frozen in the collectors,
and then the collectors were well closed and measured by semiconductor detector.
The investigated targets were thin layers of 232 Th, 233 U, and 237 Np with 0.1Ä3 mg · cm−2
thickness that were prepared on aluminum foil of 0.1 mm thickness and placed at two bottoms
of the reaction camera. The target irradiation was performed by end-point bremsstrahlung
produced from the electron accelerator Microtron MT-25 of the Flerov Laboratory of Nuclear
Reactions, JINR, Dubna. The average electron beam was 14 μA. The description of this
accelerator and its characteristics are presented in [29]. The essential advantage of this
Microtron is the small energy spread of the accelerated electrons (30Ä40 keV) at high beam
intensity (up to an average power of 600 W). This allows the measurement of the isomeric
ratio at strictly deˇnite end-point bremsstrahlung energy.
The gamma-ray spectra of the ˇssion products in the ˇrst and second collectors were
measured by a spectroscopic system consisted of an HPGe semiconductor detector (energy
resolution of 1.8 keV at 1332-keV gamma ray of 60 Co) connected to a PC-based multichannel
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Fig. 2. The experimental setup. 1 Å electron accelerator MT-25; 2 Å accelerated electron beam;
3 Å W-convertor of electron to photon; 4 Å Al-absorber of low-energy electrons; 5 Å bremsstrahlung
photon ux; 6 Å reaction camera; 7 Å ˇssioning target; 8 Å product ˇlter; 9 Å ow from the inert
gaseous generator; 10 Å manometer; 11 Å capillary; 12 Å cryostat; 13 Å product collector
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Fig. 3. The efˇciency of the HPGe semiconductor detector measured at a distance of 5 cm

analyzer CANBERRA for data processing. The efˇciencies of the detector were determined
with a set of standard single gamma-ray sources calibrated to 1Ä2%. Figure 3 shows the
efˇciency of the detector measured at a distance of 5 cm. The measured efˇciencies present
curves which consist of two parts from two sides of a maximum as seen in Fig. 1. The left
part for lower energies was ˇtted with the function as follows:
ln (ε) =

2

i=0

ai (ln E)i ,

(1)
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and the right part for higher energies was ˇtted with the function as follows:
ln (ε) =

4


ai (ln E)i ,

(2)

i=0

where ε is the detection efˇciency, ai represents the ˇtting parameters, and E is the energy
of gamma ray.

2. CALCULATION OF THE PRODUCT ISOMERIC RATIO
Based on resolving a system of equations that describe the decay processes of the isomeric
and ground states of the fragment in dependence on collecting, cooling, and measurement
times, we could determine the product isomeric ratio.
2.1. For the First Collector
1. For 135m Xe
a) Equation for the collecting time:
dNm (t)
= Ym − λm Nm (t) + β1 λI NI (t),
dt
YI
NI (t) = (1 − e−λI t ), Nm (t = 0) = 0.
λI

(3)

b) Equation for the cooling time:
dNm (t)
= −λm Nm (t),
dt

Nm (0) = Nm (tI1 ).

(4)

Nm (0) = Nm (tI2m ).

(5)

c) Equation for the measurement time:
dNm (t)
= −λm Nm (t),
dt
2. For 135g Xe
a) Equation for the collecting time:
dNg (t)
= Yg − λg Ng (t) + P12 λm Nm (t) + β2 λI NI (t) ,
dt

YI 
Ng (t = 0) = 0, NI =
1 − e−λI t .
λI

(6)

b) Equation for the cooling time:
dNg (t)
= −λg Ng (t) + P12 λm Nm (t) ,
dt

 
Ng (t = 0) = Ng tI1 .

(7)

Ng (t = 0) = Ng (tI2g ).

(8)

c) Equation for the measurement time:
dNg (t)
= −λg Ng (t) + P12 λm Nm (t),
dt
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2.2. For the Second Collector
For 135m Xe
a) Equation for the collecting time:
dNm (t)
= −λm Nm (t) + β1 λI NI (t),
dt
YI
NI (t) = (1 − e−λI ) e−λI tc e−λI t , Nm (t = 0) = 0.
λI

(9)

b) Equation for the cooling time:
dNm (t)
= −λm Nm (t),
dt

Nm (t = 0) = Nm (tII1 ).

(10)

Nm (t = 0) = Nm (tI2m ).

(11)

c) Equation for the measurement time:
dNm (t)
= −λm Nm (t),
dt

By resolving the above equation system and taking into account that in practice the
numbers of gamma rays are measured instead of the numbers of radioactive nuclei, we
obtained the following expressions:
I
Sm
= Ym Λ1 Λ2 Λ3 + YI Λ4 Λ2 Λ3 ,
εIm Im

(12)

SgI
= Yg Λ5 Λg9 Λ11 + Ym (Λ6 Λg9 Λ11 + Λ1 Λ10 Λ11 + Λ1 Λm
9 Λ12 )+
εIg Ig
+ YI (Λ7 Λg9 Λ11 + Λ8 Λg9 Λ11 + Λ4 Λ10 Λ11 + Λm
9 Λ4 Λ11 ), (13)
II
Sm
II
εm Im

= YI Λ13 Λ14 Λ15 Λ16 Λ17 .

(14)

We obtained from formulas (12), (13), and (14) the following expressions for the independent yields of 135m Xe and 135g Xe:

Ym

Λ1 Λ2 Λ3
Yg =

I
II
Sm
Sm
Λ4 Λ2 Λ3
−
I
II
ε I
εm Im Λ13 Λ14 Λ15 Λ16 Λ17
= m m
,
Λ1 Λ2 Λ3

II
SgI
(Λ7 Λg9 Λ11 + Λ8 Λg9 Λ11 + Λ4 Λ10 Λ11 + Λg9 Λ4 Λ12 )
Sm
−
εIg Ig
εIIm Im
Λ13 Λ14 Λ15 Λ16 Λ17



Λ1 Λ2 Λ3 Λ5 Λg9 Λ11


−

(15)

(Λ6 Λg9 Λ11

+ Λ1 Λ10 Λ11 +

I
II
Sm
Λ4 Λ2 Λ3
Sm
−
I
II
εm Im
εm Im Λ13 Λ14 Λ15 Λ16 Λ17
Λ1 Λ2 Λ3 Λ5 Λg9 Λ11

−


Λ1 Λg9 Λ12 )

. (16)
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The isomeric ratio of ˇssion product is deˇned as
IR =

Ym
,
Yg

(17)

where Λi (i = 1Ä17) are the expressions connected to the collecting, cooling, and measurement
times in the ˇrst and second collectors; S Å the counts under gamma rays characterizing
the isomeric and ground states; I and II Å the ˇrst and second collectors; Im and Ig Å
the intensities of the isomeric and ground states; Y Å the product yield; ε Å the detection
efˇciency; m and g Å the isomeric and ground states; Nm , Ng , and λm , λg Å the numbers
135g
135
I
of 135m
54 Xe and 54 Xe and their decay constants, respectively; NI , λI Å the number of
135m
and its decay constant; and P12 Å the coefˇcient of isomeric transition between 54 Xe
and 135g
54 Xe.

3. RESULTS AND DISCUSSION

1248.10 keV 89Rb

1201.0 keV 142Ba

1072.55 keV 134I

1009.18 keV 138Cs
1031.88 keV 89Rb + 1030.40 keV 129Sb

847.02 keV 134I
884.09 keV 134I
913.0 keV 133Te
919.20 keV 94Y

742.59 keV 134Te + 743.24 keV 128Sb
765.83 keV 95Nb

641.17 keV 142La

462.8 keV 138Cs

190.2 keV 141Ba

103

343.71 keV 141Ba
306.86 keV 101Tc
457.99 keV 104Tc
187
402.58 keV Kr
434.5 keV 138Xe + 434.8 keV 134Te
452.4 keV 131Te + 453.8 keV 146Pr

Counts per channel

2 × 103

211.31 keV 149Nd
257.8 keV 104Tc
277.95 keV 134Te

Figure 4 shows a typical gamma-ray spectrum of the photoˇssion of 232 Th by using
catcher foil technique [26, 27]. One can see that the spectrum is very complicated. In this
work, with the use of the method of the inert gaseous ow, all products were caught in the
reaction camera or remained on the ˇlter, except gaseous products Xe and Kr. Therefore, the
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Fig. 4. A typical gamma-ray spectrum of the photoˇssion of 232 Th measured by using catcher foil
technique for times of irradiation, cooling, and measurement of 240, 30, and 10 min, respectively
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Counts

106
105

526.6 keV, 135mXe

249.7 keV, 135mXe

107

104
103
172

258

344

430
E, keV

516

Fig. 5. A part of the gamma-ray spectrum of the photoˇssion of
bremsstrahlung energy of 25.0 MeV measured for the ˇrst collector

602
237

688

Np induced by end-point

gamma-ray spectrum was very simple due to the fact that the background from other products
was eliminated. As a demonstration of the experimental procedure in Fig. 5 a part of the
gamma-ray spectrum is shown measured for the ˇrst collector in the case of the photoˇssion
of 237 Np induced by end-point bremsstrahlung energy of 25.0 MeV. The characteristic gamma
rays of the isomeric and ground states of 135 Xe are seen very clearly. One can see that in this
case, the gamma-ray spectrum is very simple in comparison with the gamma spectrum shown
in Fig. 4. This made the identiˇcation and processing of gamma rays of interest very simple
and more accurate. The isomeric ratio was determined by the method shown in [23, 33]
as the average value IR of those data calculated from various combinations of a series of
gamma-ray spectra measured for the ˇrst and second collectors with different times of cooling
and measurement. Two gamma rays of 249.7 and 526.6 keV were used for determination of
the isomeric ratio due to their high intensities.
The relative error was determined by the following formula:
n


σ(IR)
=
ε(IR) =
IR

σi2 (IR)

i=1

IR

n
,

(18)

where σi (IR) is the error of the isomeric ratio calculated for i, the combination of measurements, and n is the number of combinations of the measurement.
Table 2 shows the results of our experiment for the isomeric ratio of 135 Xe in the photoˇssion of 232 Th, 233 U, and 237 Np induced by end-point bremsstrahlung energies of 13.5,
23.5, and 25.0 MeV. As the data for the isomeric ratio of 135 Xe in the photoˇssion of 232 Th∗
and 233 U∗ are not available in the literature we were unable to make any comparison with
our results. Table 2 also shows the isomeric ratios in product 135 Xe in the case of ˇssion
of 232 U and 233 U induced by thermal neutron [12, 14Ä16] and of 232 Th induced by fast
neutron [12]. In order to clarify the experimental result, we also show the isomeric ratio of
135
Xe obtained in our work and that from [22] for the photoˇssion of 237 Np. It is worth
noting that authors in [22] used a conventional gamma spectroscopic method, while we used
the inert gaseous ow one. Here one can see that our result for 237 Np is in agreement with
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Table 2. The isomeric ratio of
Target

Nuclear
reaction

Th

232

Th(n, f ) 233 Th

233

Th∗

232

Th

232

Th(γ, f ) 232 Th

232

Th∗

233

U

233

U(n, f ) 234 U

234

U∗

232

U

232

U(n, f ) 233 U

233

U∗

233

U

233

U(γ, f ) 233 U

233

U∗

Np

237

Np(γ, f ) 237 Np

134

Xe

134

136

Xe

136

136

Xe

136

Xe in ˇssion with neutron and bremsstrahlung

Fissioning Product
nuclei

232

237

135

237

Np∗

Neutron
projectile

Bremsstrahlung
projectile

Xe 1.301 ± 0.230 [12]
(fast neutron)
135
Xe
0.837 ± 0.095 [23], our work
(13.5-MeV bremsstrahlung)
1.346 ± 0.094 (this work)
(23.5-MeV bremsstrahlung)
1.397 ± 0.097 (this work)
(25.0-MeV bremsstrahlung)
135

Xe 1.241 ± 0.201 [14]
1.602 ± 0.112 [15]
1.271 ± 0.110 [15]
135
Xe 1.642 ± 0.160 [12]
1.471 ± 0.141 [16]
(thermal neutron)
135
Xe
0.906 ± 0.121 [23], our work
(13.5-MeV bremsstrahlung)
1.694 ± 0.248 [33], our work
(23.5-MeV bremsstrahlung)
1.726 ± 0.253 (this work)
(25.0-MeV bremsstrahlung)
135

135

Xe

Xe(n, γ) 135 Xe

135

Xe

Xe(γ, n) 135 Xe

135

Xe

Xe(n, 2n) 135 Xe

135

Xe

0.610 ± 0.060 [22]
(16-MeV bremsstrahlung)
0.863 ± 0.103 [23], our work
(13.5-MeV bremsstrahlung)
1.386 ± 0.1622 (this work)
(23.5-MeV bremsstrahlung)
1.410 ± 0.180 (this work)
(25.0-MeV bremsstrahlung)
0.013 [30]
(thermal neutron)
0.11 [30]
(23.5-MeV bremsstrahlung)
0.49 ± 0.04 [34]
(14.5-MeV neutron)

that from [22]. It can also be seen from Table 2 that in the photoˇssion of 233 U induced by
end-point bremsstrahlung energies of 23.5 and 25.0 MeV, the isomeric ratios of 135 Xe are in
the same order with that by thermal neutron ˇssion of 232 U and 233 U. For the case of the
photoˇssion of 232 Th, the isomeric ratio of 135 Xe is in the same order with that in ˇssion of
232
Th induced by fast neutron.
From the obtained results, one can see the facts that, in general, the isomeric cross-section
ratio is expected to depend on several factors, such as spin of the target nuclei, type of
projectile and its energy used, type of emitted particles, type of nuclear reactions and, more
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important, on the spin of the isomeric states concerned. Our results led to the following
effects:
3.1. The Role of the Excitation Energy and Impulse. One can see from Table 2 that
for photoˇssions of 232 Th, 233 U, and 237 Np, the isomeric ratio of product 135 Xe increases
with the increase of end-point energy bremsstrahlungs. This means that the higher is the
projectile energy (or impulse), the higher is the isomeric ratio; i.e., the probability of forming
the high-spin state increases faster than that for the low-spin one, when the end-point energy
bremsstrahlung (or impulse) increases. This fact shows the role of the excitation energy and
impulse.
3.2. The Effect of Reaction Channels. In our case, the reaction product 135m,g Xe is
produced from four reactions, namely, from three one-step reactions 134 Xe(n, γ) 135m,g Xe,
136
Xe(γ, n) 135m,g Xe, 136 Xe(n, 2n) 135m,g Xe, and the photoˇssion of 232 Th, 233 U, and 237 Np,
i.e., from (n, γ), (γ, n), (n, 2n), and (γ, f ) reaction channels. As is seen from Table 2, the
isomeric ratios of isomeric pair 135m,g Xe in the above-mentioned reactions are 0.013 [30];
0.11 [30]; 0.49 ± 0.04 [34] and 0.906 ± 0.121; 0.837 ± 0.095; 0.863 ± 0.103 (for the
case of 13.5-MeV bremsstrahlung), respectively. It can be said that the difference in the
isomeric ratios in the above-mentioned reactions is due to the in uence of the effect of reaction channels. The difference of the isomeric ratio is very big between one-step reactions
and the ˇssion ones. From Table 2 the channel effect from photoˇssion and ˇssion induced
by fast and thermal neutrons on the isomeric ratio of 135m,g Xe product can also be seen.
However, in this case, the difference of the isomeric ratio is very small and it may be due to
the small difference in mechanism of ˇssion processes induced by fast, thermal neutrons, and
bremsstrahlungs. Therefore, the study of the isomeric ratio of 135m,g Xe led to the conclusion that the more is the reaction mechanism difference, the bigger is the channel in uence.
The channel effect has also been observed in [31, 32] for other reactions which lead to the
same products. In [31], the authors studied the isomeric ratio in 69m,g Zn produced from
72
Ge(n, α) 69m,g Zn, 69 Ga(n, p) 69m,g Zn, and 70 Zn(n, 2n) 69m,g Zn reactions, as well as the
isomeric ratio in 71m,g Zn formed in 69 Ge(n, α) 71m,g Zn and 71 Ga(n, p) 71m,g Zn and showed
the effects of reaction channels on the isomeric cross-section ratios. In [32], the in uence of
reaction channels on the isomeric cross-section ratio was investigated by analyzing the experimental data on reactions 52 Cr(p, n) 52m,g Mn, 52 Cr(3 He, t) 52m,g Mn, 54 Fe(d, α) 52m,g Mn,
54
Fe(n, t) 52m,g Mn, and 52 Cr(3 He; p, α) 52m,g Mn over the incident particle energy up to
35 MeV. The investigation led to the conclusion that the in uence is most pronounced
when the reaction channels differ widely, i.e., (p, n) and (3 He, t) processes.
3.3. The Role of Energy Separated in Fission Process. It is very interesting to note that
the isomeric ratio of 135 Xe in the photoˇssion of 232 Th, 233 U, and 237 Np is much higher
than that of 135 Xe formed in one-step reactions 134 Xe(n, γ) 135m,g Xe (IR = 0.013) [30],
136
Xe(γ, n) 135m,g Xe (IR = 0.11) [30], and 136 Xe(n, 2n) 135m,g Xe (IR = 0.49 ± 0.04) [34].
This may lead to additional mechanism of increasing the isomeric ratio and the angular
momentum of ˇssion fragments just after scission. Let us consider the case of 23.5-MeV
bremsstrahlung. Although the photoˇssion was induced by the end-point bremsstrahlung
energy of 23.5 MeV, the main contribution carrying in the giant resonance region is about
15.0 MeV, i.e., equivalent to the excitation energy in 136 Xe(n, 2n) 135m,g Xe reaction
(IR = 0.49 ± 0.04) [34]. This energy and a part of the energy separated in the ˇssion
process led to higher excitation energy of ˇssion fragments and emission of neutron from
them. As a result, the isomeric ratio of product in the ˇssion process is higher than that in
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the one-step (n, γ), (γ, n), and (n, 2n) reactions. The energy separated in the ˇssion process
can be seen clearly from the following formulas:
Ee

Eσ(γ, t) φ(Ee , E) dE
∗
ECN

=

Bf
Ee

,

(19)

σ(γ, f ) φ(Ee , E) dE
Bf
∗
+ Q − TKE .
Ef∗ = ECN

(20)

In formulas (19) and (20), Bf Å the ˇssion barrier; σ(γ, f ) Å the photoˇssion cross
section; φ(Ee , E) Å the bremsstrahlung spectrum; Ee Å the electron energy or end-point
bremsstrahlung energy; Q Å the mass defect difference before and after reaction; TKE Å
∗
the total kinetic energy of ˇssion fragments; ECN
Å the mean excitation energy of compound
∗
nuclei; and Ef Å the total excitation energy of fragments. Furthermore, it was assumed that
the total excitation energy of fragments is proportionally divided between their atomic masses.
From formula (20) one can see that a part of the energy, namely, QÄTKE separated in the
ˇssion process leads to higher excitation energy of product and higher isomeric ratio. On the
other hand, as ˇssion is a complicated nuclear process, the high value of the isomeric ratio of
ˇssion product in comparison with other reaction is expected to come from the mechanism of
energy dissipation, different kinds of collective movement affecting the increase of angular
momentum of the product just after scission, and so on.
It is worth noting that ˇssion product 135 Xe was selected to investigate the isomeric
ratio due to the fact that 135 Xe can be formed not only from the ˇssion, but also in
134
Xe(n, γ) 135m,g Xe, 136 Xe(γ, n) 135m,g Xe, and 136 Xe(n, 2n) 135m,g Xe one-step reactions.
The mechanism of these one-step reactions is well known and the angular momenta of absorbed γ quantum and the energy of emitted neutron are ˇxed. Therefore, in the case of
these reactions, it was possible to perform a detailed calculation of change in the angular
momentum of nucleus 135 Xe at population of the isomeric and ground states, and then from
the isomeric ratio of nucleus 135 Xe the parameters of level density, which could be used
for the model calculation of the angular momentum of photoˇssion product 135 Xe, can be
obtained.
CONCLUSIONS
In this work, we have presented the data for the isomeric ratio of 135 Xe product in the photoˇssion of 232 Th, 233 U, and 237 Np induced by 13.5-, 23.5-, and 25.0-MeV bremsstrahlungs
using the method of inert gaseous ow. The obtained data show the following facts: a) the
isomeric ratio of ˇssion product increases with the increase of bremsstrahlung energy (i.e.,
excitation energy); b) the isomeric ratio of 135 Xe in the photoˇssion of 232 Th, 233 U, and 237 Np
is much higher than that of 135 Xe formed in 134 Xe(n, γ) 135m,g Xe, 136 Xe(γ, n) 135m,g Xe, and
136
Xe(n, 2n) 135m,g Xe one-step reactions; and c) the isomeric ratio of 134 Xe is different
134
Xe(n, γ)135m,g Xe, 136 Xe(γ, n)135m,g Xe, and 136 Xe(n, 2n)135m,g Xe one-step reactions,
in
and in photoˇssion and ˇssion with thermal and fast neutrons; and the more complicated is the
reaction mechanism, the bigger is the isomeric ratio difference. The above-mentioned facts
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demonstrate the role of excitation energy and impulse, energy separated in ˇssion process and
reaction channels effects in the isomeric ratio of ˇssion product 135 Xe from the photoˇssion
of actinide elements. The obtained results in this work could contribute to the Nuclear Data.
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Vietnam Academy of Science and Technology.
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