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Abstract—The yields of products originating from 238U photofission are measured at the bremsstrahlung
endpoint energies of 50 and 3500 MeV. Charge and mass distributions of fission fragments are obtained.
Symmetric and asymmetric channels in 238U photofission are singled out on the basis of the model of
multimode fission. This decomposition makes it possible to estimate the contributions of various fission
components and to calculate the fissilities of 238U in the photon-energy regions under study.
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1. INTRODUCTION

In recent years, much attention has been given in
nuclear-fission physics to interpreting mass–energy
distributions of fragments within the concept of a
multimode character of the decay of nuclei. A piece
of evidence that this concept may be realistic comes
from the early studies reported in [1–3] and devoted
to measuring symmetric and asymmetric compo-
nents in the mass distribution of fission fragments.
Theoretical-model predictions [4, 5] obtained with
allowance for the special features of the potential-
energy surface and the deformation of a fissile nuclear
system, as well as with allowance for the dynamics of
the process and the structure of participant nuclei,
were confirmed by experimental investigations of
charge, mass, and energy distributions of fragments
originating from the fission of Ро to Fm nuclei
that is induced by particles of various type [6–9].
The results of calculations in which one represents
fission-product yields as a superposition of symmetric
and asymmetric components made it possible to
explain basic regularities in the mass and energy
distributions of fission fragments. Although the con-
nection between the most probable fission channel
and dominant nuclear configurations at the scission
point has long since been recognized, deeper insight
into the fission process itself could be facilitated
only upon developing a general theory for calculat-
ing basic properties of deformed nuclear systems.
Since the energy and nuclear features of a fissile
system determine the relationship between different
fission components, it is legitimate to apply model
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predictions to identical systems whose production
was initiated by different projectiles. In the present
study, the predictions of the multimode-fission model
are first used to analyze mass production in the
photofission process. Relations between different
fission components make it possible to study the
mechanism of the process induced by the interaction
with low- and intermediate-energy photons.

The nuclear-fission phenomenon has been studied
by various methods (see, for example, [10–12]). The
induced-activity method is one the ways to study
charge and mass distributions of fission fragments
with allowance for their nuclear properties. In the
present article, we report on the results of measure-
ments of fission-fragment yields by the induced-
activity method that employs the properties of the
radioactive decays of reaction products to identity
them.

2. EXPERIMENTAL PROCEDURE

The yields of photofission fragments were mea-
sured by using a photon beam obtained at the Yerevan
synchrophasotron from electrons accelerated to 50
or 3500 MeV. An electron beam was transformed
into bremsstrahlung photons by means of a tung-
sten converter. Irradiated uranium targets of thick-
ness 75 µm had a natural isotopic composition. The
photon-beam intensity at the maximum energy of
3500 MeV was determined with a Wilson quantame-
ter. The result was 1011 equivalent photons per sec-
ond. By using monitor reactions, the photon-beam
intensity at the maximum energy of 50 MeV was
found to be 109 equivalent photons per second.

The yields of radioactive fission fragments were
measured in the off-line mode by means of a HpGe
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semiconductor detector. The spectrometer resolution
and efficiency were determined by using 57,60Со and
137Cs calibration sources and the monitor reactions
Al(γ, 2pn)24Na, 12C(γ, n)11C, and 238U(γ, n)237U.
The detector resolution was 0.2% at an energy of
1000 keV. The measurements of gamma-ray spectra
started after a lapse of ten minutes from the comple-
tion of irradiation and continued for a year. The ener-
gies of gamma transitions and the relations between
their intensities, as well as half-lives, were used to
select reaction products and to determine their yields.
The reaction-product yield was determined as

σ =
∆Nλ

NγNnkεη(1 − e−λt1)e−λt2(1 − e−λt3)
, (1)

where σ is the yield of the isotope under study per
equivalent photon, ∆N is the area under the rele-
vant photopeak, Nγ is the photon-beam intensity (in
equivalent photons per second), Nn is the number of
target nuclei (in 1/cm2 units), t1 is the irradiation
time, t2 is the time interval between the completion
of the irradiation and the commencement of the mea-
surements, t3 is the time of the measurements, λ
is the decay constant (in inverse seconds), η is the
relative intensity of gamma transitions, k is the total
coefficient of gamma-ray absorption in target and
detector materials, and ε is the gamma-ray-detection
efficiency.

Direct isotope production in the reaction being
studied is usually considered as an independent
yield (I), which is determined by formula (1). If the
yield of a given isotope receives a contribution from
the β− or the β+ decay of neighboring unstable
isobars, the respective calculation becomes more
complicated [13, 14]. If the formation probability for
the parent isotope is known from experimental data
or if it can be estimated on the basis of other sources,
then the independent yields of daughter nuclei can be
calculated by the relation

σB =
λB

(1 − e−λBt1)e−λB t2(1 − e−λBt3)
(2)

×
[

∆N

NγNnkεη
− σAfAB

λAλB

λB − λA

×
(

(1 − e−λAt1)e−λAt2(1 − e−λAt3)
λ2

A

− (1 − e−λBt1)e−λBt2(1 − e−λBt3)
λ2

B

)]
,

where the subscripts A and B label variables referring
to, respectively, the parent and the daughter nucleus;
the coefficient fAB specifies the fraction of A nuclei

decaying to a B nucleus; and ∆N is the total photo-
peak area associated with the decays of the daughter
and parent isotopes. The effect of the precursor can
be disregarded in some limiting cases—for example,
in the case where the half-life of the parent nucleus
is very long or in the case where the fraction of its
contribution is very small.

If there are no data on the radioactive-precursor
contribution, it is impossible to separate the daugh-
ter isotope, in which case the calculated yields are
classified as cumulative (С) ones. Experimental data
concerning the yields of fragments originating from
uranium fission induced by bremsstrahlung photons
of endpoint energy of 50 and 3500 MeV are given in
Table 1 and in Figs. 1 and 2. The quoted errors in
determining yields received contributions from those
associated with the statistical significance of exper-
imental results (not greater than 2 to 3%), those in
measuring the target thickness (not greater than 3%),
and those in determining the detector efficiency (not
greater that 10%).

Since the spectrum of bremsstrahlung photons is
continuous, the experimentally measured yields re-
ceive contributions from the whole photon spectrum,
appearing to be an integral effect. Therefore, the re-
sults of the measurements at Eγ max = 3500 MeV
include the yields associated with the low-energy re-
gion. From a comparison of the data in Figs. 1 and
2, one can clearly see the high-energy contribution—
in particular, that in the region of yields of symmet-
ric fission-fragment masses. The above dependence
leads to the growth of the ratio of the asymmetric-
and symmetric-fission yields, which is known in the
literature as the peak/plateau ratio [8, 15, 16].

The ratios of the fission-fragment yields at
Eγ max = 3500 MeV and 50 MeV are displayed in
Fig. 3. From this figure, one can see that, in the
mass range 80–100 amu, which corresponds a light
asymmetric peak, the yield ratios grow, on average,
by a factor of 1.83 ± 0.27; for symmetric fission (100–
130 amu), one observes a growth within a factor of
2.42± 0.3; the factor of growth in the region of a heavy
asymmetric peak (130–150 amu) is 1.51 ± 0.23.
Some excess in the growth of yields in the range 80–
100 amu may be due to the shift of the light asym-
metric and symmetric peaks toward smaller masses
with increasing energy; the yields of symmetric fission
fragments grow faster. We would like to emphasize
that the overlap of mass regions referring to different
fission modes may smear the ratios in question.

3. ANALYSIS

Isobar yields not measured by means of the acti-
vation procedure in the off-line mode were estimated
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Table 1. Yields of fission fragments

Element
Reaction σ, mb per equiv. photon

Element
Reaction σ, mb per equiv. photon

type 50 MeV 3500 MeV type 50 MeV 3500 MeV
77(m+g)Ge C 0.45 ± 0.45 1.481 ± 0.15 99gRh C 0.082 ± 0.008 0.13 ± 0.013
80Sr C 0.08 ± 0.012 0.15 ± 0.015 99mRh C 0.23 ± 0.034 0.43 ± 0.043
82(m+g)Br I 0.35 ± 0.049 0.53 ± 0.053 101Tc C 1.12 ± 0.17 1.73 ± 0.26
82(m+g)Sr C 0.08 ± 0.016 0.014 ± 0.028 101mRh I 0.37 ± 0.037 0.69 ± 0.069
85mKr C 2.03 ± 0.203 2.25 ± 0.225 101Pd C 0.72 ± 0.11 1.71 ± 0.25
85gSr I ≤0.06 0.12 ± 0.0144 102mRh I 0.23 ± 0.023 0.5 ± 0.075
85mSr I 0.1 ± 0.01 0.19 ± 0.019 103Ru C 6.73 ± 0.67 11.82 ± 1.18
85gY C ≤0.009 0.01 ± 0.002 103(m+g)Ag C 0.24 ± 0.024 0.61 ± 0.061
85mY C ≤0.055 0.08 ± 0.016 104gAg I 0.28 ± 0.042 0.31 ± 0.037
86Zr C 0.067 ± 0.01 0.17 ± 0.017 104mAg C ≤0.22 0.33 ± 0.049
87Kr C 1.95 ± 0.195 3.11 ± 0.311 104Cd C 0.042 ± 0.004 0.15 ± 0.015
87mSr I 0.076 ± 0.0076 0.16 ± 0.024 105Ru C 2.83 ± 0.28 9.63 ± 0.96
87gY I 0.02 ± 0.0024 0.052 ± 0.0078 105(m+g)Rh I 0.65 ± 0.065 1.50 ± 0.15
87mY C 0.038 ± 0.0057 0.104 ± 0.0156 105(m+g)Ag I 0.24 ± 0.024 0.43 ± 0.043
88Kr C 1.51 ± 0.151 2.40 ± 0.24 106mRh C 0.37 ± 0.037 0.65 ± 0.065
89(m+g)Nb C 0.12 ± 0.018 0.26 ± 0.039 106mAg I 0.014 ± 0.002 0.03 ± 0.006
90(m+g)Nb I ≤0.02 0.04 ± 0.006 109(m+g)In C ≤0.08 0.20 ± 0.03
91Sr C 5.42 ± 0.542 10.40 ± 1.04 109Sn C ≤0.012 ≤0.04
91gY I 1.29 ± 0.19 2.16 ± 0.22 110mAg I 0.29 ± 0.035 0.90 ± 0.09
91mY I 0.89 ± 0.13 1.56 ± 0.16 110gIn I ≤0.04 ≤0.07
92Sr C 5.25 ± 0.53 9.46 ± 0.95 111gPd C 1.68 ± 0.17 2.42 ± 0.36
92Y I 2.12 ± 0.25 2.83 ± 0.34 111mPd I 0.91 ± 0.09 1.33 ± 0.13
93Y C 7.40 ± 0.74 10.54 ± 1.05 111(m+g)Ag C 0.27 ± 0.04 0.63 ± 0.09
93mMo C 0.40 ± 0.04 0.45 ± 0.045 112Pd C 1.79 ± 0.18 6.50 ± 0.65
93gTc C ≤0.10 0.155 ± 0.019 112Ag I 0.65 ± 0.13 2.70 ± 0.27
93mTc C ≤0.23 0.25 ± 0.03 113(m+g)Ag C 2.20 ± 0.33 6.32 ± 0.63
95Zr C 9.21 ± 0.92 12.50 ± 1.25 113mIn C 0.078 ± 0.01 0.20 ± 0.02
95gNb I 0.65 ± 0.065 1.18 ± 0.12 115(m+g)Ag C 1.66 ± 0.33 4.50 ± 0.45
95mNb I 1.22 ± 0.18 2.41 ± 0.24 115gCd I 0.53 ± 0.11 1.47 ± 0.22
95gTc I ≤0.14 ≤0.34 115Sb C 0.09 ± 0.01 0.17 ± 0.017
95mTc I 0.18 ± 0.03 0.42 ± 0.08 117gCd C 0.30 ± 0.03 1.12 ± 0.11
95Ru C 0.04 ± 0.006 0.09 ± 0.009 117mCd C 0.52 ± 0.10 2.27 ± 0.23
96Nb I 0.74 ± 0.07 1.48 ± 0.15 117gIn C 0.40 ± 0.08 1.12 ± 0.08
96gTc I 0.04 ± 0.008 0.12 ± 0.02 117mIn I ≤0.30 0.55 ± 0.066
96mTc I 0.11 ± 0.02 0.29 ± 0.06 117mSn C ≤0.023 0.054 ± 0.008
97Zr C 8.20 ± 0.82 10.76 ± 1.10 118(m+g)Sb I ≤0.006 ≤0.019
97Nb I 0.71 ± 0.14 1.43 ± 0.14 119gTe C ≤0.058 ≤0.27
99Mo C 6.50 ± 0.65 8.23 ± 0.82 119mTe I ≤0.053 ≤0.25
99mTc I 1.21 ± 0.12 1.92 ± 0.19 120gI I 0.046 ± 0.007 0.06 ± 0.006

PHYSICS OF ATOMIC NUCLEI Vol. 71 No. 1 2008



30 DEMEKHINA, KARAPETYAN

Table 1. (Contd.)

Element
Reaction σ, mb per equiv. photon

Element
Reaction σ, mb per equiv. photon

type 50 MeV 3500 MeV type 50 MeV 3500 MeV
120mI I 0.046 ± 0.007 0.20 ± 0.02 132(m+g)La C 0.13 ± 0.02 0.23 ± 0.023
120Xe C 0.013 ± 0.003 0.016 ± 0.003 132Ce C 0.10 ± 0.015 0.16 ± 0.024
121gTe I 0.14 ± 0.021 0.54 ± 0.081 133mTe C 2.33 ± 0.23 2.54 ± 0.25
121mTe I 0.20 ± 0.03 0.64 ± 0.09 133(m+g)I C 8.70 ± 0.87 9.25 ± 0.93
121I I 0.11 ± 0.017 0.30 ± 0.04 133mBa I 0.10 ± 0.01 0.23 ± 0.02
121Xe C ≤0.071 ≤0.015 133La I 0.027 ± 0.005 0.064 ± 0.006
122(m+g)Sb C 0.32 ± 0.032 1.39 ± 0.14 134Te C 2.65 ± 0.27 2.75 ± 0.28
123mSn C 1.10 ± 0.11 3.60 ± 0.36 134(m+g)I I 6.42 ± 0.64 6.79 ± 0.68
123mTe I 0.12 ± 0.018 0.50 ± 0.05 134mCs I ≤0.05 ≤0.08
123I C 0.36 ± 0.054 0.62 ± 0.09 135I C 6.38 ± 0.64 6.80 ± 0.68
124(m+g)Sb I 1.36 ± 0.136 2.33 ± 0.233 135(m+g)Xe I 2.16 ± 0.22 2.82 ± 0.28
124(m+g)I I 0.60 ± 0.06 0.90 ± 0.09 135mCs I ≤0.63 ≤0.75
125gSn C 0.80 ± 0.08 3.56 ± 0.36 135mBa I ≤0.06 ≤0.07
125(m+g)Xe C 0.15 ± 0.02 0.54 ± 0.06 137gCe C 5.48 ± 0.54 8.31 ± 0.83
126(m+g)Sb I 1.60 ± 0.16 2.48 ± 0.25 137mCe C 1.02 ± 0.10 1.33 ± 0.13
126(m+g)I I 0.70 ± 0.07 1.91 ± 0.19 137(m+g)Nd C 0.31 ± 0.06 0.55 ± 0.07
126Ba C 0.049 ± 0.005 0.09 ± 0.009 139Ba C 1.08 ± 0.11 2.66 ± 0.27
127(m+g)Sn C 1.35 ± 0.14 2.52 ± 0.25 140Ba C 6.26 ± 0.63 7.04 ± 0.84
127Sb C 1.24 ± 0.12 4.14 ± 0.41 140La I 2.18 ± 0.22 2.45 ± 0.25
127(m+g)Xe I 0.048 ± 0.005 0.11 ± 0.011 141La I 3.77 ± 0.38 5.09 ± 0.51
127Cs C ≤0.19 ≤0.40 141Ce C 1.91 ± 0.32 3.91 ± 0.32
128(m+g)Sn C 1.30 ± 0.13 3.20 ± 0.32 142La C 1.48 ± 0.22 2.40 ± 0.24
128(m+g)Sb I 1.35 ± 0.14 3.90 ± 0.39 143Ce C 4.30 ± 0.43 5.12 ± 0.52
128(m+g)I I ≤0.35 ≤0.82 146Gd C 0.07 ± 0.014 0.10 ± 0.02
128Ba C ≤0.024 0.067 ± 0.007 147Nd C 0.60 ± 0.09 1.50 ± 0.15
129Sb C 3.11 ± 0.31 3.93 ± 0.39 147(m+g)Tb C ≤0.09 ≤0.186
129(m+g)Te I 0.91 ± 0.09 1.45 ± 0.15 148gPm I ≤0.128 ≤0.20
129mXe I 0.076 ± 0.008 0.12 ± 0.018 148mPm I ≤0.19 ≤0.32
129Cs I ≤0.009 ≤0.016 148Eu I 0.08 ± 0.012 0.15 ± 0.015
130gSb C 1.43 ± 0.14 1.58 ± 0.16 148(m+g)Tb C ≤0.06 ≤0.08
130(m+g)I I 0.47 ± 0.05 1.18 ± 0.12 149Nd C 0.56 ± 0.067 1.12 ± 0.12
131Sb C 1.47 ± 0.15 2.14 ± 0.25 149Gd C 0.26 ± 0.039 0.51 ± 0.051
131gTe C 2.32 ± 0.23 2.82 ± 0.42 149(m+g)Tb C 0.03 ± 0.006 0.06 ± 0.012
131mTe I 3.16 ± 0.32 3.80 ± 0.38 150Pm I 0.44 ± 0.088 0.54 ± 0.081
131I I 2.70 ± 0.27 3.47 ± 0.35 150mEu I ≤0.23 ≤0.25
131(m+g)Ba C 0.029 ± 0.004 0.043 ± 0.006 150(m+g)Tb C ≤0.08 ≤0.11
132Te C 5.71 ± 0.57 6.23 ± 0.62 151Nd C 0.34 ± 0.051 0.44 ± 0.066
132gI I 0.95 ± 0.10 0.98 ± 0.10 151Pm I ≤0.21 ≤0.29
132mI I 2.94 ± 0.29 3.35 ± 0.34 151(m+g)Tb C ≤0.05 ≤0.07
132Cs I ≤0.39 ≤0.78
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Fig. 1. Component of the mass yield at Eγmax = 50 MeV: (dash-dotted curve) “Superlong,” (dotted curve) “Standard I,” and
(open circles) “Standard II.” The total yield Ytot and experimental data are represented by the solid curve and closed boxes,
respectively.
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Fig. 2. Mass yield at Eγmax = 3500 MeV. The notation for the yields from low-energy fission is identical to that in Fig. 1. For
high-energy fission, the closed circles, dashed curve, and solid curve represent, respectively, the asymmetric mode, symmetric
mode, and total yield. The closed boxes stand for experimental data.

with the aid of a Gaussian function, which is usually
used to approximate charge distributions [17]; that is,

σ(A,Z) =
σ(A)

(Cπ)1/2
exp

[
−(Z − Zp)2

C

]
, (3)

where σ(A,Z) is the measured independent yield of
a fragment whose charge and mass numbers are Z
and A, respectively. In the fitting procedure, σ(A)

(total yield at a given mass number A), Zp (most
probable charge in the distribution in question), and
C (width parameter of the charge distribution) were
treated as adjustable parameters.2)

The values calculated for σ(A), which correspond

2)The behavior of these parameters is not discussed in the
present article.
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Fig. 3. Ratio R of the yields of fission fragments: (closed boxes) independent yields and (open boxes) cumulative yields.
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Fig. 4. Fissility D: (shaded regions) our present data [(1) 6 ≤ Eγ ≤ 50 MeV and (2) 50 ≤ Eγ ≤ 3500 MeV], (dash-dotted
curve) data from [18], and (solid curve) data from [24].

to the total yield of fission fragments characterized by
a given mass number, made it possible to construct
the mass distribution of fission fragments at two end-
point energies of the bremsstrahlung spectra. These
results are represented by the solid curves in Figs. 1
and 2. We calculated the total yield from uranium
photofission as the sum of the yields of all specific
fission products, considering that two fragments are
formed in one event: Ytot =

∑
A σ(A) (Table 2). For

the sake of comparison, data from the literature [18–
21] are also quoted in Table 2. Because of the interac-
tion with bremsstrahlung photons, the total photofis-
sion yield is determined by the endpoint energy of the

spectrum, and the energy dependence of the photofis-
sion cross section is in fact reflected in the pattern of
the mass distribution of fission fragments. In the case
being considered, one can therefore trace changes in
the photofission mechanism with increasing energy
by representing total yields as the sum of different
mass components.

We will discuss the mass yield of fission frag-
ments on the basis of the multimode-fission con-
cept [4, 5]. According to this hypothesis, the mass-
yield curve can be described as a superposition of
several components that take into account symmetric
and asymmetric channels of the decay of a nucleus
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Table 2. Yields from symmetric, asymmetric, and total
fission (in millibarns per equivalent photon)

Yield 50 MeV 3500 MeV

Ytot 131.6 ± 19.5 250.1 ± 37.5

∼120 [18, 19] 251 ± 25 [20]

Ys 10.6 ± 1.5 79.3 ± 11.9

Yas 121.0 ± 18.0 170.8 ± 25.6

Yas/s 11.41 ± 1.71 2.16 ± 0.40

peak/plateau 11.36 ± 1.70 2.40 ± 0.36

ratio 11 [21] 1.8 [21]

undergoing fission as it traverses the scission point.
In implementing this approach, yields associated with
different fission modes are represented in the form of
Gaussian functions whose parameters determine ba-
sic nuclear properties of mass distributions of fission
fragments [6].

Using data associated with low-energy fission [6,
8, 11], we decomposed the total photofission yield
at the energy of 50 MeV, Ytot = Y1, into individual
terms representing one symmetric (Superlong) and
two asymmetric (Standard I and Standard II) fission
modes.

The above decomposition was performed by ap-
proximating the mass-yield curve in the form of a
superposition of the aforementioned components;
that is,

Y1 =
K1as

σ1as
√

2π
exp

[
−(A − Ā1s − D1as)2

2σ2
1as

]
(4)

+
K ′

1as

σ′
1as

√
2π

exp
[
−(A − Ā1s + D1as)2

2σ′2
1as

]

+
K2as

σ2as
√

2π
exp

[
−(A − Ā1s − D2as)2

2σ2
2as

]

+
K ′

2as

σ′
2as

√
2π

exp
[
−(A − Ā1s + D2as)2

2σ′2
2as

]

+
K1s

σ1s
√

2π
exp

[
−(A − Ā1s)2

2σ2
1s

]
,

where each component is characterized by the mean
mass number Ā, the variance σ, the Gaussian-
function parameter D, and the normalization fac-
tor K [6].

In order to attain a higher physical reliability of
computed data, we employed, in addition to the stan-
dard criterion specified by the χ2 value (which is
equal to 1.12), some additional conditions confirming
agreement with experimental data. These require (i)

Table 3. Fitted values of the parameters in Eqs. (5) and (6)

Parameter 50 MeV 3500 MeV

K1as 7.5 ± 0.04 7.5 ± 0.04

K ′
1as 7.5 ± 0.04 7.5 ± 0.04

K2as 120.0 ± 6.0 120.0 ± 6.0

K ′
2as 140.0 ± 7.2 140.0 ± 7.2

K1s 23.75 ± 0.7 23.75 ± 0.7

K2s – 112.0 ± 4.5

K3as – 52.75 ± 2.11

K ′
3as – 74.0 ± 3.0

σ1as 3.54 ± 0.4 3.54 ± 0.4

σ′
1as 3.54 ± 0.4 3.54 ± 0.4

σ2as 6.0 ± 0.21 6.0 ± 0.21

σ′
2as 6.0 ± 0.21 6.0 ± 0.21

σ1s 12.0 ± 0.48 12.0 ± 0.48

σ2s – 12.35 ± 0.5

σ3as – 7.0 ± 0.111

σ′
3as – 5.4 ± 0.08

Ā1s 117.5 ± 0.2 117.5 ± 0.2

Ā2s – 116.5 ± 0.24

D1as 15.82 ± 1.01 15.82 ± 1.01

D2as 20.0 ± 1.4 20.0 ± 1.4

D3as – 23.5 ± 0.99

that, within the measurement errors, the total yield Y1

determined by summing all components agree with
experimental data at the photon endpoint energy of
Eγ max = 50 MeV and (ii) that the channel ratio for
symmetric and asymmetric fission modes agree with
the peak/plateau ratio measured experimentally.

The results of the calculations made it possible to
determine the positions of the peaks, the variances,
and the contribution of each fission mode to the total
mass yield.

Considering that, with increasing energy, the
yields of fission fragments grow both in the region of
symmetric and in the region of asymmetric masses
(Fig. 2), we supplemented the decomposition of
the mass yield at the energy of 3500 MeV with a
symmetric and an asymmetric component; that is,

Y2 = Y1 + Y
′
, (5)

Y
′
=

K2s

σ2s
√

2π
exp

[
−(A − Ā2s)2

2σ2
2s

]
(6)
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+
K3as

σ3as
√

2π
exp

[
−(A − Ā2s − D3as)2

2σ2
3as

]

+
K ′

3as

σ′
3as

√
2π

exp
[
−(A − Ā2s + D3as)2

2σ′2
3as

]
,

where Y1 is calculated by formula (4). In the case
being considered, the above additional criterion for
testing the reliability of the fitting procedure was ap-
plied in comparing Y2 = Y1 + Y

′
with experimental

data for the photon endpoint energy of 3500 MeV. Ac-
cordingly, the peak/plateau ratio was also used in that
energy region. The fitted values of the parameters that
determine the components of the mass-yield curves
(at χ2 = 1.2) are given in Table 3.

4. RESULTS AND DISCUSSION

Our investigation made it possible to determine
the photofission yield in the region of intermediate
energies (above the giant resonance) and to esti-
mate the fissility parameter. According to the well-
known concept, the fissility parameter is determined
as the ratio of the fission yield and the yield of total
photon absorption in a nucleus (D = Ytot/Yabs). In
determining Yabs, it is necessary to take into account
all possible channels of decay of the excited nucleus
being considered.

In the giant-resonance region, photon interaction
with uranium nuclei is accompanied predominantly
by the emission of one or two neutrons or by fission.
We calculated Yabs using the results of our measure-
ments of the yield from the relevant (γ, n) reaction
and data from the literature on the respective (γ, 2n)
reaction [18].

In the region of intermediate energies
(50–3500 MeV), new channels of decay of an excited
nucleus come into play. Experimental data and model
calculations from [22, 23] were used to calculate the
total-photoabsorption yield in this energy region. The
resulting estimates are given in Fig. 4.

From Fig. 4, one can see that the data in question
are compatible with the latest results of measure-
ments that were performed in this energy region with
monoenergetic photons [24]. The fissility of uranium
proved to be less than unity and increased up to a
value of 0.64 ± 0.13 upon going over from low to
intermediate energies.

As is well known, the excitation energy of nuclei
undergoing fission plays an important role in fission
dynamics. Asymmetric fission, which is due largely
to the effect of nuclear shells [4], is dominant at low
excitation energies of fissile nuclei. With increasing
energy, the impact of shell effects becomes less pro-
nounced, while the contribution of symmetric binary
nuclear decay increases. At these energies, the fission

process is described on the basis of the liquid-drop
model.

Chung and Hogan [25, 26], who studied the fission
of actinide nuclei that is induced by protons of energy
in the range extending up to 100 MeV, introduced
an empirical expression for the relationship between
different fission channels versus the nucleonic com-
position of a fissile nucleus. In order to characterize
this factor quantitatively, they introduced a critical
value of the fissility parameter,

(Z2/A)as/s = 35.5 + 0.4(Zf − 90), (7)

where Zf is the charge number of the nucleus under-
going fission.

For the 238U nucleus, this parameter is 36.3. For
Z2/A values greater than the critical value, Chung
and Hogan [25, 26] assumed that the symmetric fis-
sion mode was dominant, but, at smaller values of
the fissility parameter, the main fission channel led
to asymmetric fragments. At average excitation ener-
gies of about 17 to 18 MeV [27], which lie in the giant-
resonance region and which lead to the evaporation
of not more than two neutrons, it is natural to expect
predominantly asymmetric fission.

A significant growth of the symmetric-fission-
mode contribution with increasing energy of incident
photons is worthy of special note. On average, the
yields of the different fission modes in the energy
range 50–3500 MeV were Ys = 68.7 ± 10.3 mb per
equivalent photon and Yas = 49.8 ± 7.47 mb per
equivalent photon. In the case of neutron interaction
with 238U nuclei at energies in the range extending up
to 500 MeV, Zoller et al. [28] also indicated the growth
of the symmetric-fission fraction with increasing
energy. Calculations on the basis of the statistical
model [29] made it possible to estimate the growth
of the symmetric-fission contribution with allowance
for additional channels of decay of intermediate nuclei
formed upon the emission of prefission neutrons.

Within the cascade–evaporation model, an in-
crease in the projectile energy leads to an increase
in the excitation energy [30] and, accordingly, to
an increase in the number of emitted nucleons. For
heavy target nuclei, prefission neutrons constitute the
bulk of emitted nucleons (the emission of protons is
strongly suppressed), this leading to the formation of
a set of neutron-deficient fissile systems.

From our experimental data, it follows that the
mass distribution of the symmetric-fission peak at
the energy of 3500 MeV has a maximum at Ā2s =
116.5 amu and Zp = 46. Thus, one can see that,
presumably, a nucleus undergoes symmetric fission
at an average mass-number value of Af ≈ 233 amu
and a charge number of Zf ≈ 92, this corresponding
to neutron-deficient uranium isotopes. According to

PHYSICS OF ATOMIC NUCLEI Vol. 71 No. 1 2008



MULTIMODE APPROXIMATION FOR 238U PHOTOFISSION 35

data reported in [15], the probability of fission in the
region of intermediate energies has a broad distribu-
tion versus the number of emitted neutrons. There-
fore, the increase in the symmetric-fission component
may be due to the contribution of neutron-deficient
fissile nuclear systems.

5. CONCLUSIONS

On the basis of an investigation of the fragment
mass yield, the decomposition of the total photofission
yield into symmetric and asymmetric components has
been constructed for the first time within the mul-
timode pattern of the decay of an excited nucleus.
Owing to separating the high-energy component of
the yield, we have been able to analyze the character
of the dependence of the yield of various fission modes
on the excitation energy of the nucleus formed after
the completion of the intranuclear cascade. A sharp
growth of the symmetric-fission component with in-
creasing photon energy has been found.
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