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Abstract
The multiplicity an.i the energy of prompt neutrons from the fragments for 233U(n,j,,f) were measured as
functions of fragment mass and total kinetic energy. Average neutron energy against the fragment mass showed
a nearly symmetric distribution about the haif mass division with two valleys at 98 and 145 u. This shape
formed a contrast wich a saw-tooth distribution of the average neutron multiplicity. It indicates :hat the shell-
sffects, which are pronounced for the fragments having the proton number or the neutron number ciose to the
magic-number of 50 or 82, affected the neutron emission process. The slope of the neutron multiplicity with
total kinetic energy depended on the fragment mass and showed the minimum at about L30 u. The obtained
neutron data were applied to determine !he total excitation energy of the system, and :he resulting value in the
typical asymmetric fission lied between 22 and 25 MeV. The excitation energy agreed with ihat determined by
subtracting the total kinetic energy from the Q-value within 1 MeV, thus satisfied the energy conservation. • In
the symmetric fission, where the mass yield was drastically suppressed, the total excitation energy is
significantly large and reaches to about 40 MeV, suggesting that fragment pairs are preferentially formed in a
compact configuration at the scission point.

Introduction
Simultaneous measurement of the multiplicity and the energy of prompt neutrons together with fission
fragments supplies important information :o understand the nuclear fission process. It is assumed chat the
excitation energy of a fully accelerated fission fragment has its origin in the deformation energy at the
scission point. As the excitation energy is dissipated largely by neutrons, the measurement of its
multiplicity and energy allows us to determine the scission configuration for a given mass division when the
total kinetic energy is incorporated in the analysis to fix the charge-center distance.
Many data concerning the dependence of the average neutron multiplicity on fragment mass, v{m"), are
now available for the spontaneous fission(s.f) of 252Cf and a few thermal neutron induced fissions <IW8>. But
the data on the average neution energy in the center-of-mass (cm.) system, rj(m'), measured with high
quality are very scarce except the reactions, 252Cf(s.f)(1)(6) and ^^UOwf) m. We can obtain an insight into
the fission mechanism more deeply when the neutron multiplicity is investigated as functions of not only
the fragment mass but also the total kinetic energy, y(m',TKE) (6)(8X9). However such data are limited only
to the two reactions, "2Cf(si) 'lX6>(s) and ^ U ^ . f ) (9). Furthermore, the neutron energy gated by the
fragment mass and kinetic energy, r\(m',TKE), is not reported until now for thermal neutron induced
fission. Therefore, in the present work, the neutron multiplicity and the energy have been investigated as
functions of m and TKE for the reaction of 233U(nlh,f) with the system reported previously 'ma>.
In the thermal neutron fission or spontaneous 'fission, the existence of pre-scission neutrons which are
emitted from the fissioning nucleus, is in question (6) (r). In this work, we assume that all of the prompt
neutrons are emitted isotropically from the fully accelerated fragments.

The distribution of v(/n) for low energy fissions shows a so-called saw-tooth trend with the minimum

value around the double magic-number, 132 u. On the contrary, the average neutron energy versus mass,

r?(/n'), measured for a2Cf(s.f)(6) and 33U(nm,f)w, forms approximately symmetric distribution about tie

equal mass division and shows a contrast with the v(m') shape. Considering that the level density

parameter is phenomenologicaliy expressed by the shell-energy correction'"', we can explain the difference
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between rj(m') and v(m') by the shell-effects of the fragments'121, which is especially pronounced
around 132 u.

In this work, we also determine the average value of the total excitation energy, TXE, which the fragments
hold when they are fully accelerated, from the present neutron data. In this determination, the energy
emission by v-rays from the fragments is considered. The energy conservation requires that TXE obtained
in this manner should be equal to the value determined by subtracting the average total kinetic energy from
the Q-value. These calculations are important not only for checking the reliability of the neutron data and
the assumed y-ray energy, but also for investigating the fission mechanism. We do also remark the
correlation between the mass yield probability and the system excitation energy. As an obvious
phenomenon in the low energy fission, the symmetric mass division is strongly suppressed. It may be
correlated with the marked increase of the total excitation energy predicted by the total kinetic energy
measurement(u)(14). The present neutron data should provide the distinctive correlation between the mass
yield and the scission configuration.

Experimental arrangement and data analysis
Experimental setup

The experimental arrangement is described elsewhere mi0), and hence only the essence is given here. The
experiment was performed using thermal neutrons at the Super Mirror Neutron Guide Tube Facility<I5) of
Kyoto University Reactor. The system used in this measurement is shown in Fig.i. The 233U target was
fabricated by the eiectrodeposition of UO2(NO3)2 on a 90 ug/cm2 thick nickel foil, and the target thickness
was about 30 ug233U/cm:. The enrichment of the ^'U was about 99.5%. On both sides of the target, a
silicon surface barrier detector (SSBD) having a sensitive area of 900 mm', and a position sensitive parallel
plate avalanche counter (PPAC) with an active diameter of 22 cm were mounted :o detect the fission
fragments. By recording the pulse height induced by the fission fragment 1 (FF1) and the time difference
between the signals from both detectors, the mass and energy of ;he fragments were determined. The
incident position of FF2 on PPAC determines the fission fragment direction, d, relative to the axis of the
apparatus, which is equivalent to the emission angle of the neutron from FF1.
Fission neutrons were detected with a liquid organic scintillator (NE213) in a container of 12.8 cm in
diameter and 5 cm thick. The neutron energy was determined with the time-of-fligot technique over a flight
path of 76.5 cm. The Stan time was triggered by FFl. The neutron bias levei was set at 0.3 MeV using the
V-rays from a aNa source. The pulse-height spectrum for the =Na source agreed with that by Verbinski e: ai.
"6), and it gives a good reason for using their neutron response functions to determine the neutron detection
efficiency of the present detector. The pulse-shape signal was recorded to separate neutrons from
background v-rays. The pulse height signal was also recorded to check the gain stability of the neutron
detector. The signals were stored in a data acquisition computer in a list mode for off-line analysis.

31.9
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Fig.l Experimental arrangement for the simultaneous measurement of neutrons and

fission fragments for ̂ Ufeh.f). The distance is designated with cm unit.



54 XIVInternational Workshop on Nuclear Fission Physics

Data analysis

The mass and energy of fission fragments were determined by an iterative method. The details of the
procedure are given in the previous paper(I0). The kinetic energy of the FF1 was determined by employing
the formula of Schmitt et al.(17), with the calibration constants lIS) determined from the light and heavy
fragment peaks in the pulse height spectrum. The following corrections were applied in the time analysis to
determine the velocity of FF2. (1) The flight path length of the FF2 was determined by the position
response of the PPAC. (2) The time shift due to the flight time of FF1 over the target-SSBD distancs was
taken into account. (3) The correction for the plasma delay in the SSBD was made(9>. The correction for
the number of neutrons emitted from FF1 was made iteratively using the present v(m',TKE) data. The
energy loss of FF2 in the nickel foil was considered using the data of Ziegler et al.(19) The resulting average
masses and kinetic energies of the fragments before neutron emission were (mL,m'H) = (95-5,138.5) u and
{E'L,E'H) = (101.7, 70.4) MeV, respectively, which agree with those in ref.(18). The present mass yield
curve is compared with that in ref. (18) broadened with a mass resolution, from which the present mass
resolution was determined to be 6 u (FWHM). The time zero channel in the neutron TOF spectrum was
determined by referring the fission v-peak position and the time scale obtained by the time calibrator. The
time shift due to the FF1 flight over the target-SSBD distance was aiso corrected. The efficiency of the
neutron event selection in the pulse-shape discrimination process, which depends on the detected neutron
energy, was included in the analysis (2U). The recoil of FF1 due to neutron emission was considered<21). To
obtain the neutron energy spectrum in the cm. system, only the events satisfying Vn > Ven / cos8 were
used, where Vn is the measured neutron velocity and VfFy is the FF1 velocity. All the neutron events were
used to determine the neutron multiplicity. The neutron detection efficiency due to fragment motion was
calculated using a Monte Carlo method and corrected for in the analysis (9X!0). In this calculation, we
confirmed that the contamination of neutrons from FF2 was 2 to 3 % at most even in the worst condition.
Thus the assumption that all of the detected neutrons came from FF1 was appropriate.
The neutron energy was transformed to the cm. system of the respective fragment in a conventional manner
using the fragment velocity and the neutron emission angle, 6. The neutron multiplicity versus m * and
TKE was obtained from the ratio of the number of the fragment-neutron coincidences to that of the two-
fragment coincidences with a normalization of 2.495 per fission(22>. •

Experimental results and discussion
Fragment mass and total kinetic energy

The obtained fission yield as functions of the fragment mass and the total kinetic energy, are shown in Fig.2.

The average value of the total kinetic energy, TKE(m), is shown with error bars associated with the

counting statistics and compared with the corresponding data in ref. (18). These two data agree well with

each other except the region of 122 < m'H < 128 u, but this discrepancy is not important for the following

discussion. Both data show a dip in the symmetric fission region and the maximum value around m'H =128 ~

132u. In Fig.2 the Q-value, Qra!lx(tfi'), for the a3U(nfcf) system is shown for the following discussions. In

the value of Qmal(m'), the excitation energy of the compound nucleus is included. The Q-value depends

on the charges of the fragments. In the present analysis, the QmlI is set to the highest Q-value in the three

charge-splits around the most probable charge division, by referring to the mass table in ref.(23). The

Qaax (m) curve bas the maximum values at m'H - 105 and 132 and the localized minima at the symmetric

fission.

Neutron Energy

The neutron energy spectrum in the cm. system 0(T}) is shown by the Maxwellian shapelV) of

(£(77) - const.rj1'2 exp(- r? / T+ ) , (1)
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Fig.2 Two dimensional yield of fission events plotted as functions of fragment mass and

total kinetic energy. Points with larger area show higher fission probability. The
solid curve is the average total kinetic energy plotted as a function of fragment mass,
and the statistical error bars are shown. Average total kinetic energy taken from ref.
(18) is shown by the dotted curve. Maximum Q-value, Qmax , determined by using the
mass table in ref. (23) is also shown by the dashed curve.

3.0

231
2.0 [•

r

1.5 h

1.0

0.5

4 9

0.0

IF ?
4

2

?
irf

a

0

J ,

u
6
a
b

60 80 100 120 140 160
Fragment Mass [u]

Fig.3 Average neutron energy in the center-of-mass system, r\, for ^^(Eih.f) as a function
of fragment mass. The present results are indicated by solid circles with statistical
error bars. Open circles are the results by Milton and Fraser l2). Open squares
connected with the dashed line represent the mass yield obtained in the present
measurement (see ordinate in right hand side).
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where T^ is the effective nuclear temperature. It is found that this equation provides, a good

representation of the measured values for 17 < 3 MeV. The mean values of the neutron energy, r), calculated
from the experimental data are plotted as a function of fragment mass in Fig.3, together with the mass yield.
The average energies for the light and heavy fragment groups are 1.29 and 1.28 MeV, respectively, and
almost the same. It is evident from Fig.3 that (1) r](m') shows neariy symmetric distribution about the
equal-mass division of the fissioning nucleus, and the minimum values appear at 98 and 145 u, and (2) the
neutron energies in the symmetric fission and very asymmetric fission reach about 1.8 MeV. Milton and
Fraser;2) obtained r)(m") but their data scatter greatly. The present measurement with higher statistical
accuracy can clearly reveal the structure of r](m'). The shape of r)(m') is similar to those in 2s5U(n,b.f) m

and 2J2Cf(s.f){S>. Especially, the pronounced minimum neutron energy at 145 u is seen through these three
reactions. The minimum position in the light fragment region is seen at 98 u, which is larger than the
minimum position of 90 u observed for ^5U(na,f)

{9). The striking feature seen in Fig.4 is the increase of the
neutron energy in the very light side (m* < 83 u). With decreasing mass number from S3 u to 75 u, on the
contrary, the multiplicity falls as shown in Fig. 4(a) later. The behavior in the very light region could be
attributed to the shell-effects, since the fragments in this mass region are close to the nuclei with the magic
number of N = 50. Such data of r)(m') in m < 89 u are not reported for ^CfXs.f)t4).

Neutron Multiplicity

The average neutron multiplicity for each fission fragment is shown in Fig.4 (a) as a function of the
fragment mass together with statistical error bars. Tne neutron multiplicities for the light and heavy
fragment groups are 1.49 and 1.01, respectively, meaning that about 60 % of the fission neutrons have their
origin in the light fragments. This value is very close to 58 % for a3U(nuuf) (9\ In the same figure, the
corresponding data by Milton and Fraserp) and Apalin et al.m are shown for comparison. The present data
as well as the other two show a 'step' at 100 to 105 u. In the heavy fragment region, the pronounced
minimum at m = 129 u is observed in the present measurement, which is similar to that in ref. (3). A
'bending' of v(m') at 140 is seen in our data and ref.(2), although the data in ref.(3) do not show the trend
but increase linearly with mass.

The average total neutron multiplicity, v™ (m'), which is the sum of neutrons from both fragments, is
plotted in Fig.4 (b). The data in ref.(3) are also shown for comparison. The followings are pointed out; (1)
the present v"* in 125 < m'H < 150 u lies between 2J2 and 2.6, and (2) the minimum value appears around
130 u. The present data points of m'H =158 u and 120 u deviate from the other data but are not considered to
be significant The minimum position is close to 132 u seen in ref.(3), however our data in the typical mass
region disagrees with their results showing that the total multiplicity increases with increasing mass
asymmetry. The interesting aspect of the data is the enhanced neutron emission in the symmetric fission.
The current data indicate that the symmetric fission system emits about 1.5 times more neutrons than the
typical asymmetric fission. This suggests that the system around the symmetric fission has a considerably
large total deformation energy a: the scission point. Paying attention to the very asymmetric fission, the
present data sharply increase for mH > 154 u, for which most of the neutrons have their origin in the heavy

fragment. •-.
The neutron multiplicity per fission is shown in Fig.5 as a function of the total kinetic energy. This is the
first result for 2MU(n,a,f). The plots reveal a linear, dependence of v"" on TKE in the range of TKE >160

MeV. The data in this region are fitted to a linear function and the inverse of slope, -dTKEIdv**, is
obtained to be 13.6 MeV/neutron. For TKE <160 MeV, the neutron emission deviates from the linear
relation and levels off at a value of around 4. Such a non-linearity is also observed in ^UCnaJ)1<X9>. The
reason of this phenomenon has not been explained yet.
In every fragment mass bin, the linear relation is observed between v and TKE, and the slope,
-dv idTKE , is plotted against the fragment mass as shown in Fig.6. The slope is approximately constant
in the light fragment group except the region of m' <90u, where the slight increase is observed with the mass
number. Tne slope increases with mass in the heavy fragment group of m < 145 u and seems to have the
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Fig.6 Slope of neutron multiplicity with TKE plotted as a function of fragment mass.

minimum around 130 u. The minimum at 130 u is also observed for the reactions of ^L^n^f) i9) and
2i2Cf(s.f)(6). The slope reflects the scission configuration as follows. If two deformed fission fragments are
nearly touching at the scission point, the total kinetic energy can be calculated from the charge-center
distance (CCD) between the two fragments. The deformation energy of the fragment at the scission point,
which is the energy difference against the ground state shape, is transformed into excitation energy when the
fragments are fully accelerated. Hence, the deformation energy is directly coupled into the neutron
multiplicity. For a particular mass division, the change of TKE is brought by the shift of charge-center
distance, and the shift caused by elongation or shrinkage of both fragments on their center axis. Paying
attention to the near symmetric fission region {mL/mH — 104 / 130 u ), the data in Fig.6 suggest that the
large part of the change of the CCD is caused by the light fragment deformation.

System excitation energy

to the following, the average total excitation energy, TXE, is determined by using the present neutron data.
Then the energy conservation expressed by

is discussed, where TKE is the measured average total kinetic energy .The average excitation energy of
fragment can be estimated by i

EJm) = v(m'){ r](m) + B. ( (3)

where Bn(m) is the effective neutron binding energy, and Er (m") is the energy dissipated by y-rays. For

E7 (m*), the 50 % value of Bn(m') is occasionally applied(6). However, in the present analysis, the 60 %

value of Sn(/?i") is used, because this value satisfies the energy conservation of eq. (2) better than 50 %.
The effective neutron binding energy is calculated by using the mass table in ref. (23). For the calculation,
the fragment with the most probable atomic number is assumed, and the average neutron multiplicity from
the fragment is considered (see Fig.6 (a) ), since the binding energy varies for every neutron emission. The
7j(/n') and v(m') values in eq.(3) are taken from Fig.3 and Fig.4 (a), respectively. Then, the total
excitation energy for a mass division becomes
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where y4 is the mass of the compound nucleus. In Fig.7, the calculated TXE{m ) in this manner is shown

with statistical error bars. Here, errors of the binding energy, thus also y-rays energy, are not considered. It

is evident that TXE(m') in 128 < mH < 152 u is between 22 and 25 MeV. On the contrary, in the

symmetric fission, the system holds remarkably high excitation of about 40 MeV. In Fig. 7, the difference,

Q (m')-TKE(m'), is also plotted. The errors in these values are shown only in the heavy fragment

side. The solid curve with statistical error bars shows the results determined by using the present TKE(m )

and the dotted curve by using the data in ref.(18). In this process, a properly broadened QmK(m') is

applied in order to wash out the odd-even effects. In the region of typical asymmetric fission, 130 <m'H<

150 u, TXE from the neutron data agrees with that determined by the kinetic energy data within about 1

MeV. In the symmetric fission, although statistical error is large, the TXE value determined from the two

methods agree with each other and show quite high. The high values should be due to the substantial total

deformation energy of the fragments at the scission points and also cause the marked dip in TKE{m ) as

shown in Fig.2. Another idea that the initial kinetic energies are extremely low for the symmetric fragments,

compared to the typical asymmetric fragments, is not necessary to explain the experimental evidence. In the

photofission of MSU<::5', the increase in the total excitation energy for the symmetric fission is also observed

from the kinetic energy measurement.

80 160100 120 140
Fragment Mass [u]

Fig.7 Total excitation energy determined from the neutron data (solid circles with statistical
error bars). The solid curve with statistical error bars (thin bars indicated only in the
heavy fragment region) is the Q^m'^-TKEim) calculated by using the present
total kinetic energy. The corresponding value determined by using the total kinetic
energy in ref.(18) is shown by the dotted curve. Open circles connected with the
dashed curve represent the mass yield obtained in the present measurement (see
ordinate on right hand side).
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In the very asymmetric fission with m'H >154 u, the average total excitation energies determined by these
two methods do not agree, and the neutron data predict a steep rise of the system excitation snergy. This
steep rise is mainly due to the neutrons from the heavy fragments, since the number of neutrons from the
complementary fragments is less than 1. As the velocity of the very heavy fragment is low, the detected
neutron energy from a very heavy fragment is low in average. Thus the systematic errors arising from the
uncertainty of the neutron detection efficiency may increase with mass. We should note that the neutron
multiplicity data in m'H > 154 may have much larger systematic errors which are not included in the error
bars.

In Fig.7, the mass yield obtained in the present measurement is indicated and compared with TXE{m').
Here, the region of m >154 u and m" < 80 u should be excluded in discussion because this region of
neutron data may contain much systematic errors as discussed before. It is clear that the mass yield is'
enhanced ir. the region with low TXE. In other words, the symmetric fission having high TXE value is
forbidden. Figure 7 suggests that, at the exit of the potential surface of the fissioning nucleus, the nascent
fragments are preferentially formed so as to have a compact configuration at the scission point.

Conclusions
The multiplicity and energy of neutrons have been measured as functions of fragment mass and total kinetic
energy for 33U(n,j,,f). The spectra of neutrons emitted from the specified fragment follow the Maxwellian
shape below 3 MeV. The average neutron energy in the cm. system for each fragment mass has nearly the
symmetrical shape centered about the equal mass division, which forms a contrast with the saw-tooth shape
of v(m ) . This shape difference suggests the shell-effects of the fragments. Especially the fragments close
to the double-magic numbers (N =82, Z =50) as well as the neutron magic-number N =50 emit a small
number of neutrons, but with high energy. The total neutron multiplicity decreases linearly with increasing
total kinetic energy in TKE > 260 MeV, from which -dTKE Idv"* = 13.6 MeV/neutron was obtained.
The slope of v versus TKE as a function of fragment mass increases with heavy fragment mass with the
minimum at about 130 u, whereas those in the light fragment are almost constant in mL > 90 u.
The total excitation energy determined from the neutron data agrees with Qm^(ni')~ TKE(m') within 1
MeV in the mass range of 130 < m'H < 150 u, meaning that the energy conservation was fulfilled. The
neutron data suggested that the symmetric fission system has significant high total excitation energy of
about 40 MeV. This value of the excitation energy agreed with that determined from the total kinetic tne.tz,y
data, indicating that the large amount of total deformation energy is stored at the scission point and that the
fission mechanism can be explained without taking into account the initial kinetic energy of the fragments.
The mass yield is clearly enhanced in the range that the system has small excitation energy, suggesting that
fragment pairs are preferentially formed in a compact configuration at the scission point.
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