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Abstract

The cumulative yields of various fission products in the 6.35, 8.53, 9.35 and 12.52 MeV quasi-mono-
energetic neutron induced fission of 2387 have been determined by using the off-line y-ray spectrometric
technique. The mass chain yields were obtained from the fission product yields by using charge distribution
correction. From the mass yield data, the peak-to-valley (P/V) ratio, the average value of light mass ((Ay)),
heavy mass ({(Ag)) and thus the average number of neutrons ({v)expt) Were obtained in the 238U(n, D)
reaction for the above mentioned four neutron energies. The present and literature data in the 238y(n, ia)
and 233U (y, f) reactions at various energies were compared to arrive at the following conclusions. (i) The
yields of fission products for A = 133-134, A = 138-140, and A = 143-144 and their complementary
products in the 238y(n, f)and 238U(y, f) reactions are higher than other fission products, which has been
explained from the point of even—odd effect and standard I and standard II asymmetric mode of fission.
(i1) The yields of symmetric products increase and thus the peak-to-valley (P/V) ratios decrease with exci-
tation energy, whereas the (v)expt values increase with excitation energy. (iii) The variation of (A7), (Ag)
and (v)expt values with excitation energy behave differently in between 238U(n, f) and 238U(y, f) reac-

tions, which may be due to the different types of reaction mechanism for the neutron and photon with 238y,
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1. Introduction

The fission yield data in the low energy neutron induced fission of actinides are needed for
decay heat calculation [ 1] and thus are important for reactor applications. In particular, the fission
yield data in the neutron induced fission of 23°U, 233U and 2*°Pu has tremendous application in
conventional (LWR, HWR) and fast reactors [2,3]. Among these three actinides, 2387 is asso-
ciated with 23°U in conventional reactor and with 23°Pu in fast reactor [2,3]. Thus the fission
product yields in the neutron induced fission of 238U at different neutron energies are important
for both conventional and fast reactors. Besides the reactor application, the fission product yields
through mass and charge yield distribution in the low energy neutron induced fission of 233U pro-
vide important information about the effect of nuclear structure and dynamics of descent from
saddle to scission point [4,5]. However, with increase of neutron energy, the effects of nuclear
structure such as the even—odd effect decreases and thus the fine structure in the mass yield dis-
tribution decrease. In the neutron induced fission of 233U, the compound nucleus mass increases
by one unit, whereas in the photon induced fission, the mass and charge of the compound nucleus
are the same as those of target nucleus. Thus the fission studies in neutron induced fission of 238U
in comparison with the photon induced fission give better understanding of nuclear physics.

Sufficient data on fission product yields relevant to mass yield distribution studies in the re-
actor neutron [6,7] and mono-energetic neutron [8-35] induced fission of 2387 are available in
literature. Similarly, fission product yields in the neutron induced fission of lighter mass uranium
isotopes (e.g. 2322332350 at various energies are available in different compilations [36-41].
On the other hand, the fission product yields in the bremsstrahlung induced fission of 238U are
available in literature [42-63]. The yields of fission fragments in the excitation energy range
of the GDR region due to electromagnetic fission in inverse kinematics [64-66] are available
for neutron-deficient lighter mass uranium isotopes (e.g. 231=23*U). From these data, it can be
seen that in the neutron [8-35] and bremsstrahlung [42-63] induced fission of 238 the yields
of fission products are higher around mass numbers 133-135, 138-140 and 143-145 and their
complementary products [6,7]. This is due to nuclear structure effects such as the even—odd ef-
fect [67]. In the electromagnetic fission of lighter actinides [64—06], the higher yields of the
fission products around mass numbers 133—135 corresponding to a most probable charge of 52
have been also observed. The higher yields of the fission products around mass number 133-135
and 143-145 is explainable from the point of the standard I and standard II asymmetric fission
modes as mentioned by Brosa et al. [68] based shell effect [69]. However, from the above data,
it is not clear at what neutron and photon energy the effect of nuclear structure disappears. In the
case of photon induced fission of 2381 [42-66], most of the data are based on bremsstrahlung in-
duced fission, where the low energy photons also contribute to the fission. Thus it is not possible
to delineate at what energy the nuclear structure effect disappears. Besides this, comparison of
the experimental fission product yields between the 233U(n, f) and 233U(y, f) reactions show
that the average light mass ((Ar)) and heavy mass ((Ag)) have different trend [63]. However,
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fission product yields data are not available within the neutron energies of 11.3—14 MeV for the
28U(n, f) reaction to examine the above aspect and nuclear structure effect. Most of the fission
product yields in the 233U(n, ) [8-35] based on off-line and y-ray spectrometric technique are
available within neutron energy of 1.5-11.3 MeV [24-26] and around 14 MeV [9-23,27-33].
Some data in the reactor neutron [6,7] and 3.72—-10.09 MeV quasi-mono-energetic neutron [35]
induced fission of 238U are also determined by using off-line gamma ray spectrometric technique,
where the nuclear structure was clearly shown. However, no fission product yields are available
in literature for the 233U(n, f) reaction within the neutron energies of 11.3 to 14 MeV. At higher
energy, the experimental results are available in the 33-60 MeV quasi-mono-energetic neutron-
induced fission of 23U by using the physical measurement [34], where the effect of nuclear
structure is not expected. It is even not possible to examine the nuclear structure effect from the
data of physical measurement. This is because to obtain the fission product yields from the frag-
ment yields needs neutron emission correction, which is not an easy task due to the unavailability
of neutron emission curve. In view of this, in the present work, the yields of various fission prod-
ucts in 6.35, 8.53, 9.35 and 12.52 MeV quasi-mono-energetic neutron-induced fission of 238y
have been determined by using off-line y-ray spectrometric technique. From the yields of the
fission products, their mass chain yields were obtained by using charge distribution correction
[37,70]. The fission product yields in the above four neutron energies of the present work and at
other neutron energies from literature [8—35] in the 33U(n, f) reaction are compared with the
similar data in the 238U(y, f) reaction [42—63] to examine the role of excitation energy on the
nuclear structure effect. The effect of excitation energy on peak-to-valley (P/V) ratio, average
neutron numbed ((v)), and average light mass ((Ar)) and heavy mass ({(Ag)) have also been
discussed.

2. Experimental details

The neutron beam was obtained from the "Li(p, n)’Be reaction by using the proton beam
from the 14UD BARC-TIFR Pelletron facility at Mumbai, India [71-73]. The main proton beam
line at 6 m height above the analyzing magnet of the Pelletron facility was utilized to have a
maximum proton current from the accelerator. At this port, the terminal voltage is regulated by
generating voltage mode (GVM) using terminal potential stabilizer. A proton beam collimator
of 6 mm diameter was used before the Li target to avoid the energy spread of the proton beam.
The lithium foil used for the neutron production was made up of natural lithium with thickness
of 3.7 mg/cmz, sandwiched between two tantalum foils of different thickness. The front tanta-
lum foil facing the proton beam is 3.9 mg/cm? thick, in which the degradation of the proton
energy is only 50-80 keV [74]. On the other hand the back tantalum foil is 0.025-0.1 mm thick,
which is sufficient to stop the proton beam. Behind the Ta—Li-Ta stack, the samples used for
irradiation were placed. The samples for irradiation consist of natural 233U metal foil sample
wrapped with 0.025 mm thick 99.99% pure aluminum foil. Different sets of Ta—Li—Ta stacks and
Al wrapped U samples were made for irradiations at various neutron energies. The aluminum
wrapper was used as a catcher foil to stop fission products recoiling out from the 233U metal
foil during the irradiation. The sizes of the >3¥U metal foils were 1.0 cm? in area with thickness
of 344.1-634.2 mg/cm?. The sample was mounted at zero degree angle in the forward direction
with respect to the beam direction at a distance of 2.1 cm from the location of the Ta-Li—Ta
stack. The sample was then irradiated with neutrons generated by impinging the proton beam on
the lithium metal foil through the thin tantalum foil of the Ta—Li—Ta metal stack. The energies
of proton beam used were 10, 14, 16 and 20 MeV, which correspond to the maximum neutron
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Fig. 1. Neutron spectrum from TLi( p, n) reaction for the proton energy of 20.0 MeV calculated using the results of
Meadows and Smith [77].

energies of 8.12, 12.12, 14.12 and 18.12 MeV, respectively. The proton current during the irra-
diations varied from 200 to 400 nA. A typical neutron spectrum for proton energy of 20 MeV is
shown in Fig. 1 as in the case of other proton energies [72,73].

The aluminum wrapped uranium samples were irradiated for 5-10 h depending upon the
energy and current of the proton beam facing by the thin tantalum target. After irradiation, the
samples were cooled for 1-2 h. The irradiated targets were mounted on different Perspex plates
and taken for y-ray counting. The y-rays of fission products from the irradiated samples were
counted in an energy and efficiency calibrated 80 cm® HPGe detector coupled to a PC-based 4 K
channel analyzer. The counting dead time was kept always <5% by placing the irradiated sample
at a suitable distance from the end cap of the detector to avoid pileup effects. The y-ray counting
of the sample was done in live time mode and was followed as a function of time. The resolution
of the detector system during counting was 1.8 keV FWHM at 1332.5 keV of ®°Co. The energy
and efficiency calibration of the detector system was performed with a standard >?Eu source with
y-ray energies from 121.8 to 1408.01 keV. The y -ray counting of the standard sources was done
at the same geometry by keeping in mind the summation error. The detector efficiency was 20%
at 1332.5 keV relative to 3” diameter x3” length Nal(T1) detector. The uncertainty in the detector
efficiency was 2-3%. For each irradiated uranium samples, several sets of measurements were
performed with increasing counting time to cover the fission products with different half-lives.
This also helps to avoid the interfering y-ray energies of different fission products. The y-ray
counting of the irradiated uranium samples was done for a few months to check the half-life of
the fission products of interest. Since the cooling time of the irradiated samples was 1-2 h, it was
possible to measure the fission products with half-lives of 30 min to 284 days.

3. Calculation and results
3.1. Calculation of the neutron energy and average excitation energy
The neutron flux in the present work was produced in the "Li(p, n) reaction of the natu-

ral lithium. However, in natural lithium, the isotopic abundances of Li and "Li are 7.59% and
92.41%, respectively. Besides the 7Li( p, n) reaction, the 6Li( p,n)and 6Li( p, pn) reactions also
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takes place at higher neutron energy. The threshold energy of the SLi(p, n) and °Li(p, pn) reac-
tions are 5.92 and 6.62 MeV, respectively. Thus the neutron yield contribution from the SLi(p, )
and SLi(p, pn) reactions are negligible below an incident proton energy of 9 MeV [75] due to its
low isotopic abundance and higher threshold value. The Q-value for the TLi( D, n)’Be reaction
leading to the ground and first excited states are —1.644 and —2.079 MeV, respectively. Thus
for the "Li(p, n)"Be reaction, the average Q-value above the ground state is —1.868 MeV. The
threshold value to populate the ground and first excited states of 'Be are 1.881 and 2.37 MeV,
respectively. Thus for the proton energies of 10, 14, 16 and 20 MeV, the resulting peak energies
of the first group of neutrons (ng), for the ground state of "Be will be 8.12, 12.12, 14.12 and
18.12 MeV, respectively. The corresponding neutron energies of the second group of neutrons
(n1), for the first excited state of "Be will be 7.63, 11.63, 13.63 and 17.63 MeV, respectively
(Fig. 1). Above a proton energy of 4.5 MeV, the fragmentation of 8Be to “He + 3He + n
(Q = —3.23 MeV) takes place and other reaction channels open up, leading to a continuous
neutron energy distribution besides the ng and n groups of neutrons. Thus the neutron spectrum
has the maximum flux peaking at first (rno) and second (1) groups of neutrons and continuous
low flux tailing part at lower energy (Fig. 1). The branching ratio to the ground state and first
excited state of "Be up to E p =71 MeV is given by Liskien and Paulsen [76] as well as by Mead-
ows and Smith [77]. Similarly, Poppe et al. [75] have given the branching ratio to the ground
state and first excited state of 'Be for E p =4.2MeV to 26 MeV. On the other hand, Mead-
ows and Smith [77] have given experimental neutron distributions from the break up channels
and also parameterized these distributions. Based on those parameters, we have generated the
neutron spectrum using the neutron energy distribution [75-77] and shown in our earlier work
[72,73]. From those neutron spectra [72,73], the flux-weighted average neutron energies were
calculated as 6.35, 8.53, 9.35 and 12.52 MeV corresponding to the proton energies of 10, 14,
16 and 20 MeV, respectively. The energy spread for the average neutron energies is around 0.3
to 0.7 MeV [72,73]. Using the average neutron energies, the average excitation energies for the
compound nucleus >3°U* were calculated by using the following equation.

(E*) = [(Am of 23U + Am of n) — Am of P°U*] + (E,) (D

The Am values of the neutron, 238U and 23U are taken from the nuclear Wallet cards [78]. The
average excitation energies obtained are 10.7, 12.88, 13.7 and 16.87 MeV corresponding to the
average neutron energies given above.

3.2. Calculation of fission product yields

The number of detected y-rays (Nops) corresponding to the activity of fission products were
obtained from their total peak areas by subtracting the linear Compton background. The number
of detected y-rays (Noyps) under the photo-peak of an individual fission product is related to the
their cumulative yields (Y,) with the decay equation [6,7] given below.

Nobs(TeL/ Tir) = nopeYelye(1 — e M )er (1 — e E) /a )

cool

where n is the number of target atoms, ¢ is the neutron flux and o is the 238U(n, f) reaction
cross-section at average neutron energies of 6.35, 8.53, 9.35 and 12.52 MeV. I, is the branching
ratio or relative intensity of the y ray, ¢ is the detection efficiency of the y rays in the detector
system and A =In2/T; is the decay constant of the fission-product with half-life 77 2. #;; and
fcool are the irradiation and cooling times, whereas, Tcr, and Tir are the real time and the live
time of counting, respectively.
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The cumulative yields (Y.) of various fission products relative to 1351 were calculated from
equation (2). The nuclear spectroscopic data, such as the y-ray energies, the half-lives (77 2),
and the y-ray intensity (/) of the fission products were taken from the literature [79,80]. From
the relative cumulative yields (Y¢) of the fission products, their relative mass-chain yields (Y4)
were calculated by using Wahl’s prescription of charge distribution [37]. According to this, the
fractional cumulative yield (Yrcy) of a fission product in an isobaric mass chain is given as

EOF(?) Z+0.5 o

Yrcy = W f exp[—(Z —Zp)°/20 ]dZ 3)
—00

Yy =Yc/Yrcy 4)

where Zp is the most probable charge, o is the width parameter and Y4 is the mass chain yield
of an isobaric-yield distribution. EOF*%) is the even—odd factor with a(Z) = +1 for even-Z
nuclides and —1 for odd-Z nuclides.

It can be seen from the above equations that in an isobaric mass chain, for the calculation
of Ypcy and thus Y4 values of a fission product, it is necessary to have knowledge of Zp, o,
and EOF*®), The EOF*?) values in the medium energy fission are negligible. The o, value of
0.70 £ 0.06 in medium energy proton and alpha induced fission of 2>2Th and 23U was obtained
by Umezawa et al. [70]. The Z p values of individual mass chain (A) for the above fission systems
were calculated by using the following equations [70]:

Zp=nZrxAZp, nZp=Zuycp = (Zr/AF)(A+ Upost) (5a)

n=(A+ vpost)/(AC - Uprc)a Ap=Ac— Upre (5b)

where Z¢ and Ac are the charge and mass of the compound nucleus. Zr and A are the charge
and mass of the fissioning system. Zycp is the most probable charge based on the unchanged
charge-density distribution as suggested by Sugarman and Turkevich [81]. AZp (= Zp — Zucp)
is the charge-polarization parameter. The 4 and — signs for the AZ p value are applicable to light
and heavy fragments, respectively. A is the mass of the fission product, whereas vpre and vpost
are pre- and post-fission neutrons, which can be calculated as [70]

(E™) Zc

+ == —(19.0£0.5) (6a)

e = 75105 " 240

Vpost = 1.0 for A > 88
=1.04+0.1(A—88) for78 <A <88

=0 forA <78 (6b)

The average excitation energies of 10.7, 12.88, 13.7 and 16.87 MeV corresponding to the
average neutron energies of 6.35, 8.53, 9.35 and 12.52 MeV were used in Eq. (6a) to calculate
the vpre values. The values of vpre and vpose Obtained based on Egs. (6a) and (6b) were used in

Egs. (5a) and (5b) to calculate the value of Zycp as a function of mass number for the different
fission products. The AZp value was then calculated by using the following relation [70]:

AZp=0 forlIn—0.51 <0.04 (7a)
AZp=(20/3)(In —0.51 —0.04) for0.04 < In—0.51 <0.085 (7b)
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The Z p values as a function of mass number and the average width parameter (o) of 0.7 were
used in Eq. (3) to obtain the Yrcy values for individual fission products. The mass-chain yield
(Y4) of the fission products from their relative cumulative yield (Y¢) was obtained from Eq. (4)
by using the Ygcy values of different fission products. The relative mass-chain yields of the
fission products obtained were then normalized to a total yield of 200% to calculate the absolute
mass-chain yields. The absolute cumulative yields of the fission products in the 6.35, 8.53, 9.35
and 12.52 MeV neutron-induced fission of 33U were then obtained by using the mass-yield data
and Ygcy values. The relative cumulative yield (Y¢) and mass-chain yield (Y4) of the fission
products in the 6.35, 8.53, 9.35 and 12.53 MeV neutron-induced fission of 238y along with the
nuclear spectroscopic data from Refs. [79,80] are given in Tables 1-4. The absolute mass-chain
yields in the 238U(n, f) reaction from the present work for the above mentioned four neutron
energies are also given in the last column of Tables 4.

The uncertainty shown in the cumulative yield of the individual fission products shown in
Tables 14 is the statistical fluctuation from the replicate measurements. The overall uncertainty
represents contributions from both statistical and systematic uncertainties. The statistical uncer-
tainty in the number of detected y -ray activity is estimated to be 5%—10%, which was determined
by accumulating the data for the optimum period of time, depending on the half-life of fission
products. The systematic uncertainties are due to the uncertainties in irradiation time (0.2%),
detector efficiency calibration (~3%), half-life of the fission products (~1%), and y-ray abun-
dance (~2%), which is the largest variation in the literature [79,80]. Thus, the overall systematic
uncertainty is about 3.8%. An upper limit of uncertainty of 6.3%—10.7% was estimated for the
yields of fission-products based on 5%—10% statistical and a 3.8% systematic uncertainty.

4. Discussion

The fission products yields in the 238U(n, f) reaction for quasi-mono-energetic neutron en-
ergies of 12.52 MeV shown in Table 4 are determined for the first time. On the other hand, the
fission products yield data for the average neutron energies of 6.35, 8.53 and 9.35 MeV from
the present work given in Tables 1-3 are in general agreement with the available literature data
for the mono-energetic neutron of 6.0, 6.9, 8.1 and 9.1 MeV [24,25]. However, the literature
data [24,25] are for purely mono-energetic neutrons based on 2H(d ,n) 3He reaction, whereas the
present data are for quasi-mono-energetic neutrons based on "Li(p, n) reaction. The mass-chain-
yield data in the 23%U(n, f) reaction from the present work are plotted in Fig. 2 as a function of
their mass number. In the same figure, the mass-chain yield data in the 23%U(y, f) reaction with
the end-point bremsstrahlung energies of 13.4, 17.3, 20 and 48 MeV [42,54,63] having com-
parable excitation energies were also plotted for comparison. It can be seen from Fig. 2 that in
both the 233U(n, f) and 238U(y, f) reactions, the yields of fission products for A = 133134,
138-140 and 143-144 as well as their complementary products are higher than the other fission
products. The oscillation of higher yields for the above heavy mass products and their comple-
mentary light mass products in the interval of five mass and two charge units in the 233U(n, f)
and 238U(y, f) reactions is due to the even—odd effect [61]. This is because the A/Z ratio of
the fission products and fissioning system is around 2.5. Thus the difference of two charges
makes the oscillation of mass yield in the interval of five mass units. It can also be seen from
Fig. 2 that the amplitude of oscillation in the interval of five mass units is slightly lower in the
6.35-12.52 MeV neutron and 13.4-48 MeV bremsstrahlung induced fission of 233U. This is in
accordance with their even—odd effects [58,67], which is slightly lower in the fissioning system
238* [58] compared to 239U* [67]. Besides the even—odd effect, the higher yields of fission
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Table 1
Nuclear spectroscopic data and yields of fission products in the 6.35 MeV neutron-induced fission of 238y,
Nuclide Half-life y-ray energy y-ray abundance Yc (%) Y (%)
(keV) (%)
84pr 31.8 min 1616.2 6.2 0.642 £ 0.044 0.643 £ 0.044
85K ym 448h 151.2 75.0 0.937 £0.042 0.937 £ 0.042
304.9 14.0 0.932 £ 0.052 0.932 £ 0.052
87Kr 76.3 min 402.6 49.6 1.680 +£0.136 1.685 +£0.137
88Ky 2.84h 196.3 25.9 2.063 £+ 0.165 2.090 & 0.167
9lgr 9.63h 749.8 23.6 3.3524+0.268 3.3524+0.268
1024.3 33.0 3.41940.307 3.419 4 0.307
925y 271h 1384.9 90.0 3.630 +0.253 3.634 40.253
93y 10.18 h 266.9 73 3.301 £0.226 3.301 £0.226
Szr 64.02d 756.7 54.0 5.324 £0.287 5.324 £0.287
724.3 442 5.056 & 0.307 5.056 & 0.307
97r 1691 h 743.4 93.0 6.218 +0.353 6.224 +0.353
99Mo 65.94h 140.5 89.4 5.041 £ 0.258 5.041 4 0.258
739.5 12.13 5.733 +0.239 5.733 +0.239
18Ry 39.26d 497.1 90.0 5.962 & 0.209 5.962 & 0.209
105Ry 4.44h 724.4 47.0 3.370 £ 0.232 3.390 +0.234
105Rp 3536 h 319.1 19.2 3.429 4+ 0.214 3.429 4+ 0.214
N 3.13h 617.5 43.0 0.307 +0.078 0.307 +0.078
13p0 537h 298.6 10.0 0.221 +£0.024 0.221 +£0.024
H5cgs 53.46h 336.2 45.9 0.122 4+ 0.019
15 cgtotal 0.143 +£0.019° 0.143 +£0.019°
H7cgm 3.36h 1066.0 23.1 0.033 £ 0.009
1097.3 26.0 0.037 & 0.009
H7¢qgs 249 h 273.4 28.0 0.099 £ 0.014
17 cgtotal 0.134 £0.014 0.134 +£0.014
127gp, 3.85d 687.0 37.0 0.594 4 0.078 0.594 £ 0.078
1288n 59.07 min 482.3 59.0 0.780 £ 0.056 0.818 +0.058
129gy, 432h 812.4 43.0 1.315£0.107 1.3204+0.107
1317 8.02d 364.5 81.7 2.840 +0.239 2.840 +0.239
1321 3.24d 228.1 88.0 5.341 £ 0.320 5.368 £ 0.321
1331 20.8h 529.9 87.0 6.337 £ 0.309 6.337 £ 0.309
1341 41.8 min 566.0 18.0 7.004 £ 0.351 7.556 4 0.378
767.2 29.5 6.841 4 0.357 7.380 & 0.385
1341 525m 847.03 95.9 7.7154+0.323 7.730 4+ 0.223
884.09 65.0 7.836 4 0.333 7.836 4 0.333
1351 6.57h 1131.5 227 5.509 & 0.305 5.548 +0.307
1260.4 28.9 5.427 4 0.285 5.465 & 0.287
138¢gs 33.41 min 1435.8 76.3 6.615+0.331 6.615+0.331
1009.8 29.8 7.078 & 0.346 7.078 &£ 0.346
462.8 30.7 7.112£0.356 7.112 £0.356
139Ba 83.03 min 165.8 23.7 7.107 £0.273 7.107 £0.273
1404 12754 537.3 24.4 6.561 £0.214 6.561+£0.214
141 ce 32.5d 145.4 48.0 5.967 & 0.209 5.967 &+ 0.209
14215 91.1 min 641.3 47.0 4.559 +0.273 4.5594+0.273
43¢ 33.03h 293.3 42.8 4.983 +0.297 4.983 +£0.297
ld4ce 284.89 d 133.5 11.09 5.188 £ 0.351 5.188 4 0.351
147Nd 10.98 d 531.0 13.1 3.663 +0.217 3.663 +0.217
149Ng 1.728 h 211.3 25.9 2307 £0.155 2316 £0.156
270.2 10.6 2.226 +0.108 2.226 +0.108
I51py 53.08h 340.8 23.0 1.166 4 0.103 1.168 +0.104
1535m 46.28 h 103.2 30.0 0.439 + 0.029 0.439 +0.032

Yc — Cumulative yields, Y4 — Mass yields, 1351 _ Fission rate monitor.

4 The yields of 15Cdt®! js based on the ratio of 15Cd$/!15Cd™ = 6 from Ref. [25].
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Table 2
Nuclear spectroscopic data and yields of fission products in the 8.53 MeV neutron-induced fission of 238y,
Nuclide Half-life y-ray energy y-ray abundance Yc (%) Y (%)
(keV) (%)
84pr 31.8 min 1616.2 6.2 0.641 £ 0.038 0.642 £ 0.038
85Kpm 448 h 151.2 75.0 0.954 +0.042 0.954 +0.042
304.9 14.0 0.963 £ 0.056 0.963 £ 0.056
87Kr 76.3 min 402.6 49.6 1.614 £0.153 1.619 £0.153
88Ky 2.84h 196.3 25.9 2.199 £ 0.142 2228 +0.144
9lgr 9.63h 749.8 23.6 3.763 +0.265 3.763 +0.265
1024.3 33.0 3.647 £0.172 3.647 £0.172
925r 271h 1384.9 90.0 3.915+0.312 3.919+0.312
93y 10.18 h 266.9 73 3.766 £ 0.360 3.766 £ 0.360
Szr 64.02d 756.7 54.0 4.731+£0.283 4.731+£0.283
724.3 44.2 5.077 £0.274 5.077 £0.274
7r 1691 h 743.4 93.0 6.170 + 0.345 6.177 £0.346
99Mo 65.94h 140.5 89.4 5.202 4+0.125 5.202 4+0.125
739.5 12.13 5.547 +0.139 5.547 +0.139
103Ry 39.26 d 497.1 90.0 5.278 £0.221 5.278 +0.221
105Ry 4.44 h 724.4 47.0 3.423 +0.234 3.444 £+ 0.235
105Rp 3536 h 319.1 19.2 3.497 £ 0.245 3.497 4 0.245
H2pg 3.13h 617.5 43.0 0.389 £ 0.034 0.389 £ 0.034
135 537h 298.6 10.0 0.330 + 0.028 0.330 + 0.028
H5cgs 53.46 h 336.2 45.9 0.214 £ 0.033
15 gtotal 0.247 +0.033% 0.247 +0.033%
H7cgm 3.36h 1066.0 23.1 0.065 £ 0.014
1097.3 26.0 0.056 & 0.014
H7¢cgs 2.49h 273.4 28.0 0.177 £0.023
H7gtotal 0.237 +£0.028 0.237 +£0.028
127gp, 3.85d 687.0 37.0 0.777 £0.072 0.778 £0.072
128gp 59.07 min 482.3 59.0 1.077 +0.087 1.129 4+ 0.091
129gp, 432h 812.4 43.0 1.713 £0.153 1.719+0.154
1317 8.02d 364.5 81.7 2.949 4+ 0.341 2.949 4 0.341
132 3.24d 228.1 88.0 5.085 £ 0.354 5.111 £0.355
1331 20.8 h 529.9 87.0 6.340 + 0.235 6.340 + 0.235
134 41.8 min 566.0 18.0 6.844 4 0.343 7.375 £ 0.370
767.2 29.5 7.093 £ 0.352 7.644 4 0.379
1341 52.5m 847.03 95.9 7.444 £0.312 7.459 £0.312
884.09 65.0 7.459 &£ 0.254 7.473 £0.255
1351 6.57h 1131.5 227 5.327+£0.176 5.365+0.178
1260.4 20.3 5.294 4 0.243 5.33140.245
138¢gs 33.41 min 1435.8 76.3 5.658 & 0.283 5.658 & 0.283
1009.8 29.8 5.879 4 0.293 5.879 4 0.293
462.8 30.7 6.071 £ 0.303 6.071 £ 0.303
139Ba 83.03 min 165.8 23.7 6.426 £+ 0.293 6.426 +0.293
140, 12754 537.3 35.4 6.042 £0.216 6.042 £0.216
141 e 32.5d 145.4 20.5 5.317 +£0.235 5.317+£0.235
1421 4 91.1 min 641.3 47.0 4.38540.173 4.385+0.173
143¢ce 33.03h 293.3 42.8 4.635+0.202 4.635+£0.202
l44ce 284.89d 133.5 11.09 5.086 £ 0.211 5.086 +0.211
147Ng 10.98 d 531.0 13.1 3.751+0.183 3.751+0.183
149Ng 1.728 h 211.3 25.9 2.229 4 0.201 2.238 4£0.202
270.2 10.6 2.291 £0.120 2301 £0.120
151py 53.08 h 340.8 23.0 1.166 =+ 0.098 1.168 £ 0.098
1535m 46.28 h 103.2 30.0 0.394 +0.031 0.434 +0.034

Yc - Cumulative yields, Y4 — Mass yields, 1351 _ Fission rate monitor.
4 The yields of 15Cd!%! is based on the ratio of 113Cd¢/!15Cd™ = 6 from Ref. [25].
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Table 3
Nuclear spectroscopic data and yields of fission products in the 9.35 MeV neutron-induced fission of 238y,
Nuclide Half-life y-ray energy y-ray abundance Yc (%) Y (%)
(keV) (%)
84pr 31.8 min 1616.2 6.2 0.664 £ 0.042 0.665 = 0.042
85K ym 448h 151.2 75.0 1.067 £0.062 1.067 £ 0.062
304.9 14.0 1.076 & 0.085 1.076 & 0.085
87Ky 76.3 min 402.6 49.6 1.962 £0.120 1.968 £0.121
88Ky 2.84h 196.3 25.9 2361 £0.150 2.39240.152
9lgr 9.63h 749.8 23.6 3.898 £ 0.282 3.898 +0.282
1024.3 33.0 3.699 = 0.249 3.699 = 0.249
928r 271h 1384.9 90.0 4318 +£0.254 4.322 40254
93y 10.18 h 266.9 73 3.898 £ 0.272 3.898 +0.272
957¢ 64.02 d 756.7 54.0 4733 +£0.194 4733 +£0.194
724.3 442 5.380 = 0.240 5.380 = 0.240
97¢ 1691 h 743 .4 93.0 6.191 £ 0.203 6.197 +0.203
99Mo 65.94h 140.5 89.4 5.226+0.152 5.226+0.152
739.5 12.13 5.449 4 0.245 5.449 4 0.245
18Ry 39.26d 497.1 90.0 5.763 £ 0.254 5.763 £ 0.254
105Ry 4.44h 724.4 47.0 3.401 £ 0.290 3.408 £ 0.291
105Rp 3536 h 319.1 19.2 3.496 & 0.245 3.496 & 0.245
N 3.13h 617.5 43.0 0.439 £ 0.051 0.439 £ 0.051
13p0 537h 298.6 10.0 0.328 +£0.032 0.328 +£0.032
H5cgs 53.46h 336.2 45.9 0.237 +0.027
15 cgtotal 0.277 £ 0.027° 0.277 £ 0.027°
H7cgm 3.36h 1066.0 23.1 0.065 £ 0.009
1097.3 26.0 0.074 £0.014
H7¢qgs 249 h 273.4 28.0 0.196 £ 0.031
17 cgtotal 0.267 £ 0.036 0.267 £ 0.036
127gp, 3.85d 687.0 37.0 0.780 £ 0.065 0.780 £ 0.065
1288n 59.07 min 482.3 59.0 1.123 +£0.079 1.178 +£0.083
129gp 432h 812.4 43.0 1.421 +0.083 1.427 £ 0.083
1317 8.02d 364.5 81.7 3.177+£0.222 3.177+£0.222
1321 3.24d 228.1 88.0 4.765 +0.285 4.789 £+ 0.286
1331 20.8h 529.9 87.0 6.174 £ 0.240 6.174 £ 0.240
1341 41.8 min 566.0 18.0 6.401 £ 0.192 6.890 £ 0.212
767.2 29.5 6.727 £0.232 7.241 & 0.249
1341 525m 847.03 95.9 7.107 £ 0.249 7.121 £ 0.249
884.09 65.0 6.876 & 0.207 6.890 & 0.208
1351 6.57h 1131.5 227 5.397 £0.252 5.435 £ 0.254
1260.4 28.9 5.150 & 0.206 5.186 & 0.208
138¢gs 33.41 min 1435.8 76.3 5.8334£0.291 5.833£0.291
1009.8 29.8 5.620 & 0.282 5.620 & 0.282
462.8 30.7 5.990 = 0.301 5.990 =+ 0.301
139Ba 83.03 min 165.8 23.7 5.990 & 0.222 5.990 & 0.222
1404 12754 537.3 24.4 5.768 & 0.199 5.768 & 0.199
141 ce 32.5d 145.4 48.0 5.348 +0.208 5.348 +0.208
14215 91.1 min 641.3 47.0 4.909 +0.157 4.909 +0.157
43¢ 33.03h 293.3 42.8 5.283 +0.203 5.283 4 0.203
ld4ce 284.89 d 133.5 11.09 5.426+0.217 5.426+0.217
147Nd 10.98 d 531.0 13.1 3.376 £0.236 3.376 £0.236
149Ng 1.728 h 211.3 25.9 2.240 4 0.129 2.249 4 0.129
270.2 10.6 2.343+£0.102 2.3524+0.103
I51py 53.08h 340.8 23.0 1.201 4 0.129 1.206 £ 0.129
1535m 46.28 h 103.2 30.0 0.418 +0.038 0.460 & 0.041

Y — Cumulative yields, Y4 — Mass yields, 1351 _ Fission rate monitor.

2 The yields of 15Cdt®! is based on the ratio of 15Cd$/!15Cd™ = 6 from Ref. [25].
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Table 4
Nuclear spectroscopic data and yields of fission products in the 12.52 MeV neutron-induced fission of 238y,
Nuclide Half-life y-ray energy y-ray abundance Yc (%) Y (%)
(keV) (%)
84pr 31.8 min 1616.2 6.2 0.695 £ 0.041 0.696 = 0.041
85Ky 448 h 151.2 75.0 1.171 +0.095 1.171 +0.095
304.9 14.0 1.192 £ 0.095 1.192 £ 0.095
87Kr 76.3 min 402.6 49.6 2.19140.108 2.195+0.108
88Ky 2.84h 196.3 25.9 2.788 £+ 0.145 2.82240.147
9lgr 9.63h 749.8 23.6 3.451+0.211 3.451+0.211
1024.3 33.0 3.836 4+ 0.153 3.836 £ 0.153
928r 271h 1384.9 90.0 4.312+£0.211 4316 £0.211
93y 10.18 h 266.9 73 3.702 £0.162 3.701 £0.162
957¢ 64.02d 756.7 54.0 5.057 £ 0.220 5.057 £0.220
724.3 44.2 5.290 4 0.197 5.290 4 0.197
97¢ 1691 h 743 .4 93.0 5.899 +0.220 5.905 + 0.220
99Mo 65.94h 140.5 89.4 4.644 4+ 0.188 4.644 4+0.188
739.5 12.13 5.106 = 0.260 5.106 = 0.260
103Ry 39.26 d 497.1 90.0 5.842+0.184 5.842 +0.184
105Ry 4.44 h 724.4 47.0 3.309 + 0.206 3.316 £ 0.206
105Rp 3536 h 319.1 19.2 3.486 £ 0.242 3.486 £ 0.242
H2pg 3.13h 617.5 43.0 0.615 £ 0.049 0.615 £ 0.049
135 537h 298.6 10.0 0.524 + 0.040 0.525 +0.040
H5cgs 53.46 h 336.2 45.9 0.431 £ 0.039
15 gtotal 0.503 £ 0.039* 0.503 & 0.039*
H7cgm 3.36h 1066.0 23.1 0.126 +0.013
1097.3 26.0 0.117 £0.018
H7¢cgs 2.49h 273.4 28.0 0.354 £ 0.031
H7gtotal 0.476 £ 0.036 0.476 £ 0.036
127gp, 3.85d 687.0 37.0 0.843 £ 0.067 0.844 £ 0.067
128gp 59.07 min 482.3 59.0 1.251 +0.099 1.310 + 0.099
129gp 432h 812.4 43.0 1.667 +0.197 1.674 +0.197
1317 8.02d 364.5 81.7 3.639 4 0.265 3.639 4 0.265
132 3.24d 228.1 88.0 4.853 +0.254 4.877+0.256
1331 20.8 h 529.9 87.0 5.748 +0.193 5.748 +0.193
134 41.8 min 566.0 18.0 6.005 £ 0.271 6.457 4 0.288
767.2 29.5 6.247 & 0.225 6.717 £0.242
1341 52.5m 847.03 95.9 6.950 4 0.219 6.964 =+ 0.220
884.09 65.0 6.704 & 0.215 6.717 £0.215
1351 6.57h 1131.5 227 5.062 & 0.209 5.097 £0.211
1260.4 28.9 4.946 4+ 0.203 4.981 4 0.206
138¢gs 33.41 min 1435.8 76.3 5.465 £ 0.238 5.465 £ 0.238
1009.8 29.8 6.246 4 0.197 6.246 4 0.197
462.8 30.7 6.084 & 0.188 6.084 4 0.188
139Ba 83.03 min 165.8 23.7 5.788 +0.238 5.788 +0.238
140, 12754 537.3 24.4 5.568 +0.197 5.568 +0.197
141 e 32.5d 145.4 48.0 5.120 +0.220 5.120 +0.220
1421 4 91.1 min 641.3 47.0 4.6314+0.188 4.6314+0.188
143ce 33.03h 293.3 428 4.918 +0.206 4.918 +0.206
l44ce 284.89d 133.5 11.09 5.079 £ 0.242 5.079 £ 0.242
147Ng 10.98 d 531.0 13.1 3.101 +0.157 3.101 +0.157
149Ng 1.728 h 211.3 25.9 2.114£0.170 2.118 £0.171
270.2 10.6 2.117 +£0.207 2.126 +£0.207
151py 53.08 h 340.8 23.0 1.185 £ 0.052 1.188 £0.052
1535m 46.28 h 103.2 30.0 0.382 +0.028 0.422 £ 0.031

Yc - Cumulative yields, Y4 — Mass yields, 1351 _ Fission rate monitor.
4 The yields of 15Cd!%! is based on the ratio of 113Cd¢/!15Cd™ = 6 from Ref. [25].
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Fig. 2. Plot of mass yield distributions in the 6.35-12.52 MeV quasi-mono-energetic neutrons and 13.4-48.0 MeV
bremsstrahlung-induced fission of 238y,

products for A = 133-134, 138-140 and 143-144 can also be explained from the point of shell
effect. However, the even—odd effect is out of phase with shell effect [69] and decreases with
excitation energy [58]. For the fission products of A = 133-134, the corresponding fragments
mass will be 134—135 based on one neutron emission. Then the most probable proton number
is around 52 for the fragments mass of 134—135, which correspond to the most probable neu-
tron number of 82—83. Thus the higher yields of the fission products for A = 133—-134 is due to
the presence of spherical 82n shell effect [69] in the corresponding fragment based on the stan-
dard I asymmetric mode of fission as mentioned by Brosa et al. [68]. Similarly, for the fission
products of A = 138-140, the corresponding fragments mass will be 140—142 based on two neu-
trons emission. Then the most probable proton number is 54 for the fragment mass of 140-142,
which correspond to the most probable neutron number of 86—88. Thus the higher yields of the
fission products for A = 138-140 is due to presence of deformed 86—88n shell [69] in the cor-
responding fragments based on the standard II asymmetric fission mode of fission [68]. For the
fission products of A = 143-144, the corresponding fragment mass will be 145-146 based on
two neutrons emission. Then the most probable proton number for fragment mass of 145-146
is around 56, which correspond to the most probable neutron number of 89-90. This is slightly
higher than the deformed 86—88n shell and thus the yields are not as high as in the case of the
mass numbers of 133—134 and 138-140. Similar observation was made in our earlier work in
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Fig. 3. Plot of yields of fission products (%) as a function of excitation energy for A = 134, 139 and 144 in the 28y(n, f)
and 238U(y, f) reactions.

the 3.72, 5.42, 7.75 and 10.09 MeV quasi-mono-energetic neutron [63] and 11.5, 13.4, 15.0 and
17.3 MeV bremsstrahlung [63] induced fission of 2381J. Same observation can be made from the
fission products yields data in the 1.72-9.1 MeV neutron [24,25,29] and 6.12-70 MeV [54-60]
bremsstrahlung induced fission of 233U. The above observations support the even—odd effect
and confirms the standard I and standard II asymmetric mode of fission based on spherical 82n
and deformed 86-88n shell effect as mentioned by Brosa et al. [68]. However, it seems that the
standard II asymmetric mode of fission is dominating for the fission products mass of 138140,
instead of 143-144.

Further, it can be seen from Fig. 2 that in the 28U(n, f) and 28U(y, f) reactions, the yields of
fission products for A = 133-134 are higher than for A = 138-140, which is in turn higher than
for A = 143-144. In order to examine these aspects, the yields of fission products for A = 134,
139 and 144 from the present work and literature data in the 238U(n, f) reaction [8§-35] and in the
238U(y, f) reaction [42-63] are plotted in Fig. 3 as a function of excitation energy. It can be seen
from Fig. 3 that the yields of fission products are ~7-9% for A = 134, ~7% for A = 139, ~5%
for A = 144 and are comparable in both the 28U(n, f) and 28U(y, f) reactions. For A = 134,
the higher yield of ~8-9% in the 28U(y, f) reaction and ~7-8% in the 233U(n, f) reaction
cannot be explained based on the standard I and standard II asymmetric fission modes, unless
the shell combinations of the complementary fragments are considered. As mentioned before,
in both the 233U(n, f) and 28U(y, f) reactions, the fission products for A = 134 and 139 have
the spherical 82n and deformed 86-88n shell, if one and two neutron emissions are considered.
However, the complementary fragment for A = 134 in the 233U(n, f) and 238U(y, f) reactions,
have the deformed 64-63n shell. Thus the highest yield for A = 134 and its complementary
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product in the 2*8U(n, f) and 2*3U(y, f) reactions are due to the presence of spherical 821 and
deformed 64-63n shell combination. Similarly, the complementary fragment for A = 139 in
the 238U(n, f) and 28U(y, f) reactions have the deformed 38p and 62n shell. Thus the higher
yield for A = 139 and its complementary product is due to the presence of deformed 86n and
38 p/62n shell combinations. Besides the shell combination, the higher yield for A = 133-134
and 138-140 in the 28U(y, f) and 238U(n, f) reactions with most probable Z of 52 and 54 are
also favourable from the N/Z ratio between complementary fragments. The fissioning systems
238U* and 23U* have the N/Z ratios of 1.587 and 1.598, respectively. The fission fragments
mass of 135, 140 and 146 corresponding to product masses of 134, 139 and 144 have the N/Z
ratios around 1.577, 1.593 and 1.607, respectively. These values are based on the most probable
neutron-to-proton ratios of 82/52, 86/54 and 90/56, respectively. Thus the higher yields for
A = 133-134 and 138-140 in the 2*3U(y, f) and 8U(n, f) reactions are due to the favourable
N/Z ratios of the corresponding fragments besides the presence of the deformed 82rn and 64n
or 86n and 38p/62n shells combinations. For the fission products of A = 143-144, the N/Z
value of 1.607 is slightly higher than the value of 1.587 and 1.598 for the fission systems of
238U* and 239U*. Although, the fission products with A = 143144 approach the deformed 88n
shell closure, their complementary products are far from any proton or neutron shell closure in
their fragments stage. So the yield of fission products for A = 143-144 and their complementary
products are lower than those of the fission products with A = 133-134, 138-140 and their
complementary products but higher than other fission products. Once the fission products for
A = 143-144 and their complementary have the shell combinations, high fission products yields
can be expected. As an example in 229Th(n, f) reaction [82,83], the fission products for A = 144
and its complementary products for A = 84 have the highest fission yields of 10.85% due to the
presence of deformed 88n and spherical 50n shell combination. These observations indicate that
the fission product and its complementary product have the highest yield if both complementary
fragments pairs have the neutron and/or proton shell combinations. If one of the fragment of the
complementary pairs has a closed neutron or proton shell then the yields are higher. If none of
the fragments of the complementary pairs have a closed neutron or proton shell then the yields
are the lowest.

It can be also seen from Fig. 3 that the yields of fission products for A = 134, 139 and 144
in the 28U(n, f) and 238U(y, f) reactions decrease with excitation energy. The decrease trend
of fission products yields for A = 134 is slightly sharper in the 233U(y, f) reaction than in the
238U(n, f) reaction. In order to examine the role of excitation energy, the yield of symmetric
products, high yield asymmetric products and the peak-to valley (P/V) ratios from the present
work and literature data [8-35] in the 238U(n, f) reaction are shown in Table 5. The yields from
Table 5 and literature data [41-62] in the 233U(y, f) reaction are plotted in Fig. 4 as a function of
excitation energy. In both the 238U(n, f) and 233U(y, f) reactions, the yield of high-yield asym-
metric product is for A = 133 or 134 and low yield symmetric product is for A = 115 or 117,
depending upon the availability literature data. The P/V ratios from Table 5 in the 233U(n, f) re-
action and literature data [42-63] in the 238U(y, f) reaction are plotted in Fig. 5 as a function of
excitation energy. It can be seen from Fig. 4 that in both the 28U(n, f) and 28U(y, f) reactions,
the yield of asymmetric products decrease slightly, whereas the yields of symmetric products
increase significantly with excitation energy. This is to conserve the mass yield distribution of
200%. Fig. 4 also shows that the yield of symmetric products in the 2*3U(n, f) reaction increase
sharply up to excitation energy of 18 MeV and thereafter remains almost constant. However, in
the 238U(y, f) reaction, the yields of symmetric products increases sharply up to the excitation
energy of 15 MeV and thereafter remain almost constant. Accordingly, the peak-to-valley ratio in



30 H. Naik et al. / Nuclear Physics A 941 (2015) 16-37

Table 5

Yields of asymmetric (¥, ) and symmetric (Yy) products and P/V ratio in neutron-induced fission of 238y,

E, MeV) E* MeV) Yy (%) Ys (%) P/V ratio Ref.
1.5 5.85 8.120 £ 0.400 0.0102 £0.0014 796.1 = 116.1 [25]
1.5 5.85 - 0.0075 £ 0.0008 825.0 [10]
1.72 6.07 7.830 +0.930 - - [29]
2.0 6.35 7.780 + 0.370 0.0121 £0.0017 643.01+95.4 [25]
2.0 6.35 - 0.0135 £0.0014 452.0 [10]
2.16 6.55 7.510 +0.830 - - [29]
3.0 7.35 - 0.029 +0.003 238.0 [10]
3.0 7.35 8.190 £ 0.840 0.034 £ 0.006 240.9 +£49.2 [20]
3.72 8.07 7.945 +0.267 0.038 + 0.006 209.1 +33.7 [35]
3.72 8.07 7.490 + 0.790 - - [29]
3.9 8.25 7.760 + 0.420 0.034 £ 0.005 228.2+35.8 [25]
3.9 8.25 - 0.047 £ 0.005 129.0 [10]
4.78 9.13 6.770 £+ 0.700 - - [29]
4.8 9.15 - 0.068 £+ 0.007 89.0 [10]
5.42 9.77 7.223 £0.277 0.074 +£0.018 97.6 £24.1 [35]
5.5 9.85 7.000 £ 0.500 0.077 £0.011 90.9 + 14.5 [25]
5.98 10.33 6.290 + 0.800 - - [29]
6.0 10.35 6.132 +0.699 0.124 £0.010 49.54+6.9 [24]
6.35 10.7 7.791 £ 0.434 0.134+0.014 52.7+£6.9 [A]
6.9 11.25 7.240 £+ 0.860 0.134 +£0.018 54.0+9.7 [25]
7.1 11.45 6.839 +0.595 0.121 £ 0.009 56.5+6.5 [24]
7.7 12.05 7.020 4+ 0.430 0.191 +£0.032 36.8 £6.6 [25]
7.75 12.1 7.257+0.215 0.202 +£0.037 359+6.7 [35]
8.1 12.45 6.713 + 0.665 0.135+0.011 49.7+6.4 [24]
8.27 12.62 7.210 +£0.430 0.227 £+ 0.009 31.2£1.6 [27]
8.53 12.88 7.466 +0.312 0.247 +0.033 29.3+4.8 [A]
9.1 13.45 6.308 + 0.688 0.191 £0.016 33.0+£4.5 [24]
9.35 13.7 7.006 + 0.249 0.277 £0.027 245432 [A]

10.09 14.54 6.785 +0.286 0.338+0.039 20.1+2.5 [35]

11.3 15.65 6.660 + 0.260 0.430 +0.050 155+1.9 [30]

12.52 16.87 6.841 +0.220 0.503 +£0.040 13.6+14 [A]

13.0 17.35 - 0.570 £0.070 8.8 [10]

14.0 18.35 6.500 + 0.150 0.860 £ 0.090 7.6+ 0.8 [12]

14.0 18.35 - 0.970 +£0.150 - [22]

14.1 18.45 6.000 +0.210 0.950 + 0.090 6.6 £0.6 [19]

14.4 18.75 6.340 & 0.340 0.843 +0.048 7.5+0.6 [23]

14.4 18.75 - 0.975+0.055 - [23]

14.7 19.05 6.360 £ 0.450 0.860 + 0.090 7.4+09 [15]

14.7 19.05 - 0.930+£0.120 - [15]

14.8 19.15 6.350 4+ 0.300 0.870 = 0.150 7.3+ 1.3 [21]

14.8 19.15 - 0.950 +0.070 - [21]

14.9 19.25 6.50 £ 0.300 0.985 +0.039 6.6+ 0.4 [28]

14.9 19.05 - 0.834 +0.039 - [28]

15.0 19.35 - 0.780 &+ 0.090 6.5 [10]

16.4 20.75 - 0.870 £ 0.100 5.8 [10]

17.7 22.05 - 0.740 + 0.090 6.8 [10]

A — Present work.

Fig. 5 decreases up to 18 MeV in the 33U(n, f) reaction and 15 MeV in the 238U(y, f) reaction
and thereafter remains almost constant. The increase of the symmetric-product yield (Fig. 4) and
the decrease of the P/V ratio (Fig. 5) clearly indicate the effect of the excitation energy. Further-
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Fig. 4. Plot of yields of symmetric and asymmetric fission products (%) as a function of excitation energy in the
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Fig. 5. Plot of peak-to-valley (P/V) ratio as a function of excitation energy in the 28y(n, f) and 3 SU(y, f) reactions.
more, Fig. 4 shows that at the same excitation energy, the yields of the symmetric products are

slightly higher in the 238U(y, f) reaction than in the 233U(n, f) reaction. These causes a slightly
lower P/V ratio in the 238U(y, f) reaction than in the 28U(n, f) reaction (Fig. 5). Besides the
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Table 6

Average light mass ((A)), heavy mass ({Ag)), and average neutron numbers ({v)expt in the neutron-induced fission of
238
U.

En (MeV) E* (MeV) (Ar) (An) (V)expt Ref.
1.5 5.85 97.5 139 2.5 [25]
2.0 6.35 975 139 2.5 [25]
3.0 7.35 97.46 139 2.54 [20]
3.72 8.07 97.44 138.89 2.67 [35]
3.9 8.25 97.4 138.9 2.7 [25]
5.42 9.77 97.27 138.82 291 [35]
55 9.85 97.4 138.6 3.0 [25]
6.0 10.35 97.44 138.47 3.09 [24]
6.35 10.7 97.36 138.53 3.11 [A]
6.9 11.25 97.5 138.4 3.1 [25]
7.1 11.45 97.4 138.35 3.25 [24]
7.7 12.05 97.4 138.3 33 [25]
7.75 12.1 97.37 138.33 3.31 [35]
8.1 12.45 97.48 138.13 3.39 [24]
8.27 12.62 97.4 138.2 3.4 [27]
8.53 12.88 97.31 138.29 3.47 [A]
9.1 13.45 97.4 138.06 3.6 [24]
9.35 13.7 97.21 138.22 3.57 [A]

10.09 14.44 97.37 138.03 3.6 [35]

11.3 15.65 97.51 137.75 3.74 [30]

12.52 16.87 97.36 137.89 3.75 [A]

14.1 18.45 98.09 136.79 4.12 [19]

14.8 19.15 98.0 136.8 4.2 [21]

A — Present work.

role of the excitation energy, the difference may be due to the slightly lower outer fission barrier
height of 5.7 MeV for the fissioning system of 233U* compared to 6.12 MeV in 23°U* [84]. The
lower height of the outer fission barrier for the fissioning system of 233U* compared to 23°U*
is due to the pairing effect. The role of the excitation energy above the outer fission barrier is
clearly shown by Pomme et al. [58]. It was shown by them that the proton odd—even effect is
nearly constant up to the excitation energy of 2.2 MeV above the outer fission barrier.

The role of excitation energy can also be seen in the average values of light mass ({(Ar))
and heavy mass ({(Ag)) as well as in the average neutron numbers in both the 28U(n, f) and
238U(y, f) reactions. These values at average neutron energies of 6.35, 8.53,9.35 and 12.52 MeV
from the present work and at other lower-energies [8—35] are calculated from the mass-chain
yields (Y 4) of the fission products within the mass ranges of 80-105 and 125-150, and by using
the following relations,

(AL)=) (YaAL)/Y Ya,  (Au)=) (YaAn)/)Y Ya ®)

The obtained (A1) and (Ag) values together with their corresponding average excitation energy
((E*)) in the 238U(n, f) reaction are given in Table 6. From the (A7), (Ay) and compound nu-
cleus mass (A¢ = 239), the experimental average numbers of neutrons ({v)expt) Were calculated
according to the following relation:

(Vexpt = Ac — ((AL) + (An)) ©)
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Fig. 6. Plot of average neutron numbers as a function of excitation energy in the 238y(n, f)and 238U(y, f) reactions.

The obtained (v)expt values from the present work and literature data in the 28U(n, f) reaction
[19-35] at different excitation energies are listed in Table 6. The (v)expe values in the 28U(n, D)
reaction from Table 6 and literature data [42-63] in the 233U(y, f) reaction are plotted in Fig. 6
as a function of excitation energy. It can be seen from Fig. 6 that in the 2>3U(n, f) and 23U(y, f)
reactions, the value of (U)expt increases with excitation energy. However, the increase trend of
(U)expt value with excitation energy is steeper in the 2*3U(n, f) reaction than in the 28U(y, f)
reaction. In the beginning up to excitation energy of 12.5 MeV, the value of (v)expt is lower in
the 238U(n, f) reaction than in the 2>3U(y, f) reaction. This is most probably due to the slightly
higher outer fission barrier height resulting from one extra odd-neutron in the fissioning system
239U* than in the 238U* as mentioned before. This means that the potential energy surface [85]
is different between the compound nucleus 2**U* and 238U* due to the single odd-nucleon in
the former. Beyond the excitation energy of 12.5 MeV, the value of (U)expt is slightly higher
in the 238U(n, f) reaction than in the 233U(y, f) reaction. This is because the average neutron
number increases faster with excitation energy in the 238U(n, f) reaction than in the 238U(y, )
reaction. This different behavior may be also due to the different types of interaction mechanism
for neutron and photon besides the difference of outer fission barrier height between 23°U* and
238U*. This can reflect in the yield profiles and thus in the (A7) and (Ay) values. In order to
examine this, the (A7) and (Ag) values in the 238U(n, f) reaction from Table 6 and literature
data [42-63] in the 238U(y, f) reaction are plotted in Fig. 7 as a function of excitation energy.

It can be seen from Fig. 7 that in the 28U(n, f) reaction, the (Ay) value almost remains
constant around 139 up to the excitation energy of 10 MeV or decreases slightly from 139 at
6 MeV to 138.5 at 10 MeV. This is most probably due to the dominancy of the standard II over
standard I asymmetric mode of fission or only first chance fission within the excitation energy
of 10 MeV. The (Ag) value decreases significantly from the value of 138.5 at 10 MeV to 136.8
at 19 MeV due to the opening of the higher chance fission and dominancy of the standard I
over the standard II asymmetric mode of fission. On the other hand, the (A7) value remains
nearly constant or increases slowly from 97.5 at 6 MeV to 98.09 at 18.45 MeV. In fact, the
(Ar) value in the 238U(n, f) reaction remains almost constant (97.5) from excitation energy of
5.85MeV to 16.87 MeV and then slightly increases to the value of 98.09 at the excitation energy
of 18.45 MeV. This is to conserve the mass of the fissioning system. As mentioned before, the
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Fig. 7. Plot of average values of heavy mass ({A g)) and average values of light mass ({A7 )) as a function of excitation
energy in the 28y(n, f)and 238U(y, f) reactions.

average neutron number ({V)expt) in the 238U(n, f) reaction also increases sharply with excita-
tion energy. The sharp decrease of (Ay) and increase of (v)exp; indicates that in the 28U(n, f)
reaction, the increase of neutron emission with excitation energy is greater from the heavy frag-
ments [25]. However, in the 233U(y, f) reaction, with increase of excitation energy, the (A )
value decreases significantly from 98.1 to 96.8, whereas the (A g ) value remains nearly constant
or increases slowly from 137.4 to 137.7. In fact in the 238U(y, f) reaction, the (Apy) value in-
creases slightly within the excitation energy of 2.2 MeV above the outer barrier and then remains
almost constant. However, it is surprising to see from Fig. 7, the reverse increasing or decreasing
trend of the (Az) and (A ) values with excitation energy between the 28U(n, f)and 28U(y, f)
reactions. This is most probably due to the different types of interaction mechanism of neutron
and photon with 238U or due to the unpaired and paired neutron in between the fissioning sys-
tems 2>?U* and 233U*. Thus the partition of the excitation energy between collective and intrinsic
degrees of freedom [69] is different for neutron and photon-induced fission of 238(J, This leads
to the different role of the standard I and II asymmetric modes of the fission [68] based on the
shell combination [69] of the complementary fragments between the 28U(n, f)and 28U(y, f)
reactions.

5. Conclusions

(1) The cumulative yields of various fission products in the 6.35, 8.53, 9.35 and 12.52 MeV
quasi-mono-energetic-neutron induced fission of 233U were determined by using an off-line
y-ray spectrometric technique. From the cumulative yields of fission products, their mass
chain yields were obtained by using charge distribution corrections.
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(ii) The yields of fission products for A = 133-134, A = 138-140, and A = 143-144 and their
complementary products in the 28U(n, f) and 238U(y, f) reactions are higher than those
of other fission products. This is due to shell closure proximity based on standards I and IT
asymmetric mode of fission besides the role of even—odd effect.

(iii) Inthe 28U(n, f)and 28U(y, f) reactions, the yields of high yield asymmetric products de-
crease marginally, whereas for the low-yield symmetric products increase significantly with
excitation energies. Accordingly, the P/V ratio in both the cases decreases with excitation
energy. This shows the role of excitation energy.

(iv) With the increase of excitation energy, the average neutron number ({(v)) increases sig-
nificantly in the 238U(xn, f) reaction and slowly in the 233U(y, f) reaction. This different
behavior is most probably due to slight higher outer fission barrier height resulting from
one extra odd-neutron in the fissioning system >°U* compared to 238U*.

(v) The (Ag) value in the 238U(n, f) reaction and (A7) value in the 233U(y, f) reaction de-
crease significantly with increase of excitation energy. On the other hand, (A7) value in
the 238U(n, f) reaction and (Ay) value in the 238U(y, f) reaction increases slowly with
increase of excitation energy to conserve the mass of the fissioning system. This different
behavior may be due to the different types of interaction of neutron and photon with 238U.
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