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ABSTRACT

The authors give the results of measurements of prompt neutron

233U, 235U and 239Pu thermal-neutron-induced fission in

the 0.01-5 MeV region, and for 252Cf spontaneous fission in the

0.01-10 MeV region.

spectra for

The spectra exceed the Maxwellian distributions in the region

E < 0.4 MeV. The average excess is ~20% over the range E = 0.05-0.15 MeV

and 5Z-7%Z over the range 0.15-0.4 MeV for the 252Cf fission neutron

spectrum,

The spectra were analysed after they and the corresponding

Maxwellian distributions had been normalized to the same area. In

the 0.05-0.22 MeV region the 235U + n, fission neutron yield exceeds

the 252Cf and 239Pu + n, fission neutron yields by ~8% and ~15%,

2
respectively. 1In the 0.3-1.2 MeV region, the 35U + n,, yield exceeds

T
the 239Pu + o, yield by 8%Z. There is no difference in the 235U +

and 233U + n, fission neutron spectra in the 0.05-0.6 MeV region.






1. INTRODUCTION

The measurement of prompt fission neutron spectra is of relevance both
to the practical problems of nuclear reactor calculations and to the study
of the neutron emission mechanism itself. A considerable amount of experi-
mental data has been accumulated on spectra in the E > 0.5 MeV region. It
is considered that the spectra in the 0.5-8 MeV region are described by a
Maxwellian distribution.

(1)

Where

C is a constant
E is the neutron energy

T is the nuclear temperature

In reactor calculations it is assumed that the spectra fit distribu-
tion (1) throughout the energy range, but this is not an established fact.
There are considerable discrepancies in the data published by various
authors covering the E = 0.5-1 MeV region. At E < 0.5 MeV, where measure-

ments are very difficult to perform, the fission neutron spectra for the

235U + n, and 239Pu + o, nuclides, which are the main components of nuclear
fuel, have not been investigated, nor has the 239Pu + n, neutron spectrum
been studied adequately in the E = 1-8 MeV region. There are no data on

the 233U + n. fission neutron spectrum in the E < 0.8 MeV region. The

prompt neutron spectrum for 252Cf spontaneous fission has been studied in
greatest detail. However, the results break down into two groups with mean
energies of 2.1 and 2.37 MeV, respectively [1]. Moreover, certain authors
have published conflicting results in the E < (0.5 MeV region right down to
E = 0.002 MeV [2-9]. Some data [3-5, 7, 10] show that the spectrum in the
E < 0.5 MeV region exceeds distribution (1) by 20% on average, whereas
others [6, 8, 9] fit distribution (1) at T = 1.4 MeV over the wide neutron
energy range from 0.01 to 10 MeV. The study of the 2520f fission neutron
spectrum was motivated by the IAEA recommendation that this spectrum should

be used as an international standard [11].
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2. METHOD, ELECTRONIC EQUIPMENT, DETECTORS AND MEASUREMENT GEQOMETRY

We used the time-of-flight method in the nanosecond region (Fig. 1).
The time-to-pulse-height converter was described in Ref. [12]. We used
235U—based neutron detectors which are insensitive to gamma rays and whose

neutron detection efficiency is known over a wide energy range.

Two types of neutron detector were used. For a first series of measure-
ments, the spectra were determined by means of a gas scintillation-ionization
detector (GSDIC) with a layer of 90%-enriched metallic 235U [7]. The
detector chamber consisted of stainless steel with a diameter of 110 m and a
height h of 170 mm. The thickness of the chamber walls £ was 0.5-0.7 mm.

A uranium plate 100 mm in diameter and 0.1 mm thick was attached to the bottom
of the chamber. An aluminium ring with a nichrome wire mesh, carrying a
voltage of ~100 V, was placed 5 mm from the plate. The chamber was filled
with xenon at 1 atm. Flashes in the gas were detected by an FEU-36 photo-
multiplier which transmitted pulses to the time-to-pulse-height converter.

235

Ionization pulses from the U + n. fission fragments were transmitted to a

"slow' spectrometer control channel (Fig. 1), so that the background caused
235
U+n

by the FEU-36 noise and a particles was substantially reduced. The T

fission fragments were detected in the surface layer of the plate with an

effective thickness of ~2 mg/cmz.

For a second series of measurements, we used an ionization chamber (IC)
in a current pulse mode [13] as the neutron detector. The chamber consisted
of stainless steel with the following dimensions: diameter 140 mm, h = 50 mm,
2 = 1 mm. Eighteen layers of 90Z-enriched uranous-uranic 235U were mounted
on nine aluminium substrates measuring 90 mm in diameter. The total amount

f 235U was ~1.3 g. The chamber was filled with methane, and pulses from

235U +

o

n

the ionization chamber were amplified by two preamplifiers [14]. The T

fragments were detected with an efficiency of ~80-90%Z.

As fission fragment detectors, we used two identical gas scintillation
detectors (GSD), one of which had a 252Cf layer whilst the other layers were
made up from the other nuclides [15]. The GSD chambers consisted of electro-
polished stainless steel cylinders 60 mm in diameter and 170 mm in height.
The wall thickness varied from 0.2 mm to 0.5 mm. The chambers were filled
with a purified mixture of argon and 10%Z nitrogen at 1 atm. The flashes
were detected by an FEU-30 photomultiplier with a stabilized voltage

divider [16]. The fissile nuclide targets were placed perpendicular to the
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bottom of the chambers on thin wire frames. The 252Cf layers were mounted

on stainless-steel substrates. The uranous and uranic 233U, 235U and 239Pu
layers, measuring 38 x 38 mmz, were mounted on both sides of aluminium foil
(~1.5 mg/cmz). Sixteen milligrams of each isotope were used for the first

series of measurements and 50 mg for the second series.

The spectra were measured in the thermal neutron beam of the SM-2
reactor. The thermal beam was filtered through quartz (~16 cm) and shaped
by a steel collimator with an aperture of 2 x 20 mmz. The fission fragment

detector was placed in the beam and the neutron detector in the shielding.

For the first series of measurements compound shielding was used.
Tanks measuring 90 x 90 x 10 cm3 and filled with a solution of boric acid
in water were arranged around the outside of the shielding. 1In the cavity
formed by the tanks we placed a cylinder containing paraffin and boron
carbide. The cylinder had an outside diameter of 55 cm and an inside
diameter of 35 cm and was 50 cm long. A second cylinder (& = 4 cm)
containing boron carbide was placed inside the first cylinder. The neutron
detector was mounted along its axis. For the second series of measurements,
very simple shielding was used, consisting of paraffin and boron carbide
containers forming a cavity with inside dimensions of 80 x 80 x 50 cm3.
The wall thickness was 25 cm; there were no front or back walls. The
neutron detectors were covered with cadmium (2 = 0.5 mm) and 90Z%Z-enriched
lOB with a thickness of ~0.3 g/cmz. All the measurements were performed
inside additional shielding which consisted of a room measuring 3 x 3 x 3 m3.

The neutron background from the reactor was thus reduced as follows:

100 times by covering the detectors with cadmium and 10B;
20 times by filtering the beam;

6 times by means of the shielding used for the first series

of measurements; and
2.5 times by means of the shielding used for the second series;
2-2.5 times in the separate room.

By using detectors which were insensitive to gamma rays, we eliminated

the background problems associated with the gamma radiation from the reactor.



3. MEASUREMENT PROCEDURE

In order to determine the fission neutron spectra, we measured the time
of flight over various distances L. Although cumbersome, this method is
justified because it is sensitive to inaccuracies in the determination of the level
of random coincidences and the scattered neutron background. During the first
series of measurements, the experiments were performed at L = 0.104, 0.214
and 0.295 m. The distances were varied by moving the detector inside the
shielding. During the second series, the data were taken at L = 0.12, 0.214
and 0.4 m, these distances being changed by moving the neutron detector and
shielding as one. At each L setting, measurements were taken over a 24-hour

period for 10-20 days for each nuclide.

At the selected pulse discrimination level the fission fragments were
detected with an efficiency of ~957 during both series of measurements.
The 252Cf fission fragment count rate was 1.2-5.5 x lO5 fragments s-l,
. 233 235 239
depending on the target. For U+ s U+ e and Pu + Ny the rates
were 1.2 x lO5 fragments s_l and 2 x 105 fragments s_l during the first and

second series, respectively.

The time resolution was estimated by comparing the theoretical and
experimental distributions at L ~ 4.5 cm. The resolution was ~2.5 ns during
the first series and ~5.5 ns during the second series. The differential non-
linearity of the spectrometer was < 1.5%Z and the integral non-linearity < 0.57%.
The zero time setting was determined by calculating the L dependence of the
position of the neutron time distribution peak in the analyser channels and
then extrapolating this dependence to L = 0.

The 252Cf fission neutron spectrum was measured alternately throughout

the procedure using the same geometry (accurate to the dimensions of the
targets). The FEU-30 and its supply unit were switched from the 235U/239Pu
chamber to the 252Cf gas scintillation detector for this purpose. As an
additional check, the 252Cf fission neutron spectrum was also measured both
at the beginning and at the end of each series,.without the neutron detectors
inside the shielding. The reproducibility of the data and the stability of
the pulse-height and time characteristics of the detectors and equipment were

thus confirmed.



4. PROCESSING OF THE MEASUREMENTS

After the results from the two series of measurements had been summed,

six fission neutron time distributions were obtained for 233U + n 235U + n

239 252 T’ Ts
Pu + n, and Cf. The level of random coincidences and the level of
random coincidences between neutrons and fragments produced by the various
fission events (the background caused by so-called recycled neutrons) were
subtracted from all the distributions. All the time spectra, including the
252Cf fission neutron spectra measured without shielding, were then normalized
to the same number of recorded neutrons. The time spectra were converted into
energy spectra. The efficiency of the neutron detector was assumed to be
proportional to the 235U fission cross-sections taken from Ref. [17]. The
energy spectra were corrected for resolution in the manner proposed in
Ref. [18]. No correction was made for angular anisotropy in the emission

2 . . . .
f 35U fission fragments in the neutron detector since our calculations

o
showed that this correction would have been < 3% for the first series of

measurements and a negligible amount for the second series. Furthermore,
the experiments did not show that this correction would have an effect on

the neutron spectra.

After the points had been averaged within the limits of the energy
resolution, the scattered neutron background was subtracted from the spectra.
This background was determined from the difference between the 252Cf fission
neutron spectra measurements with and without shielding. The corrections
for the scattered neutron background during the second series of measurements

are shown in Fig. 2.

After the scattered neutron background had been subtracted, six energy
spectra were obtained for each nuclide. From these data we calculated the
welghted average values of the spectrum points ﬁi(Ei) and the corresponding
weighted average values of the energies Ei'
Each spectrum point was assigned a statistical weight:

1
Py = ) (2)
AE Ani(Ei)

21 x =1
E ni(Ei)




Where
AEi is the energy range over which the value ni(Ei) of point 1
is averaged;
Ei is the energy corresponding to point i of the spectrum;

Ani(Ei) is the error in point i of the spectrum, which includes the
ni(Ei) statistical error allowing for errors in the determination of

the random coincidence level and the recycled neutron background,

together with the errors relating to the indeterminacy of the

AL distances and the zero time setting.

On the assumption that the weight Py is uniformly distributed over the
range AEi of point i, the contribution to this range of n(E) values by other

points was assigned a weight of

Py = 8p, 3

where § = AEj/AEk, i.e. the ratio to the whole range AEk of that fraction

of the range AE, of point k in the spectrum, equal to AEj, which overlaps

the AEi range o? point i. If § was less than 0.1, the contribution by

point k to the weighted average values ﬁi(Ei) and Ei of point i of the
spectrum was not taken into account. The ﬁi(Ei) and Ei values were
calculated from the formulae which define them. FEach selected ﬁi(Ei) and

Ei value for the 233U + Nps 235U + N, and 239Pu + N fission neutron spectra
was calculated for 5-12 points and for the Cf fission neutron spectrum

for 10-35 points. Distributions (1) were fitted to the experimental
distributions by the least squares method and, together with the experimental

[
points, they were then normalized to a single area, i.e. InM(E)dE = 1,
o

5. RESULTS FROM THE MEASUREMENT OF THE PROMPT NEUTRON SPECTRUM FOR 252Cf
SPONTANEOUS FISSION

As was shown in Section 4 above, we need to know the 252Cf fission

neutron spectrum in order to determine the background caused by neutrons
scattered in the shielding devices. For the E < 0.8 MeV region there are

no data which could be used as a basis for the calculations. We therefore
devoted particular attention to the spectrum measurements in this region.

We varied the design of the detectors, their wall thickness, the gas filling,
the targets and their activity level as well as the L values and the time

settings of the analyser channel Ty We made a systematic investigation



of the background produced by neutrons scattered on the component parts

of the neutron and fission fragment detectors. This effect was determined

by successively increasing the thickness of the gas scintillation detector (GSD)
and ionization chamber (IC) walls by a factor of 4-10 and measuring the
corresponding spectra. The true values of the n(E) spectrum were found by

extrapolating the n(E) = £(8 RIC) dependences to zero GSD and IC wall

GSD’
thicknesses. We also investigated the background caused by room- and air-
scattered neutrons. For this purpose, we carried out measurements when the
neutron flux from the fission fragment detector to the neutron detector was
covered by a brass shielding cone 32 cm long. The corrections were made to
all the spectrum data.

252 .
Let us consider the separate sets of Cf fission neutron spectrum

measurements. The first set (Fig. 3) includes the data obtained with
improved neutron and fission fragment detectors. To detect the fission
fragments, we used a gas scintillation detector in which the length of
the chamber was extended to 27 cm and the wall thickness increased from
0.1 to 0.5 mm. The 252Cf layer was applied to a gold foil of ~100 ug/cmz.
As a neutron detector we used an aluminium ionization chamber of diameter
160 mm, h = 150 mm and £ = 0.8 mm. Thirty-two layers of uranous-uranic

235 235U [19], were applied to

U (¢ 85 mm), altogether containing ~3.1 g of
17 Duralumin substrates 0.05 mm thick and 100 mm in diameter. The ionization
chamber was filled with methane. We used two preamplifiers connected in

the way described in Ref. [19]. The time resolution of the spectrometer

was ~5.5 ns. For L = 0.124 m, the correction for the scattered neutron
background was ~15% at E < 0.05 MeV and ~2% at 0.06-0.2 MeV. For L = 0.214 m,
the background caused by neutrons scattered on the walls of the ionization
chamber and gas scintillation detector exceeded the spectrum only in the
0.3-0.8 MeV region, and the correction was ~1.3%. For L = 0.4 m, the
scattered neutron background caused no distortion in the 0.07-0.8 MeV

region. The background caused by air-scattered neutrons was < 1.8% of the
total number of detected neutrons at L = 0.4 m: in a first approximation,
this background was found to have an equilibrium distribution over the time
scale. The background caused by room-scattered neutrons was reliably

distinguished from the true spectrum for all L values < 0.4 m.

The second set of data (Fig. 4) included measurements performed using
the improved ionization chamber but with a miniature ionization chamber
. , s 2

instead of the gas scintillation fission fragment detector. The 52Cf

layer was applied to a stainless steel substrate of 2 = 0.1 mm.



The third set of data included measurements taken with the detectors
used for the first series of measurements [7]. 1In this case (Fig. 5),
the background caused by neutrons scattered on the detectors was observed
at L = 0.104 m. The maximum correction for this background was ~40% in the

E < 0.03 MeV region.

The weighted average spectrum values obtained from the three sets of
measurements are in agreement despite the very considerable differences in
the measurement conditions (Fig. 6). All the data were therefore used to
calculate the final ﬁi(Ei) and Ei values. From the resulting 252Cf fission
neutron spectrum (Fig. 7), we determined the corrections for the background
caused by neutrons scattered in the shielding systems used in the first and
second series of measurements.

Distribution (1) was fitted by the least squares method to the 252Cf

fission neutron spectrum over the range 0.7-5 MeV. We found that
T = 1.43 + 0.02 MeV. For T = 1.43 MeV, the spectrum exceeds distribution (1)
by ~207% and 5%-7% in the 0.05-0.15 and 0.15-0.4 MeV regions, respectively.

6. RESULTS FROM THE MEASUREMENT OF PROMPT NEUTRON SPECTRA FOR 233U + N,
23y + n, a0 #*%pu + n FISSION
The 233U + 0., 235U + np and 239Pu + o fission neutron spectra are

considerably distorted by the scattered neutron background (Fig. 2). We
therefore had to ascertain to what extent an approximated version of the
same energy dependence for the scattered neutron background could be applied
to all the fission neutron spectra. This problem was solved in three ways.
Firstly, we performed two substantially differing series of measurements.
For the first series, the correction for the scattered neutron background
was 2-4 times greater than for the second series. Secondly, during both
series the measurements were carried out at different L values, so that
within the same energy region the corrections differed by several factors.
Thirdly, when the 235U + n. fission spectrum was measured, the shielding
system used for the second series of measurements was specially modified
in order to increase the scattered neutron background by approximately

a factor of 2 (measurements at L = 0.214* m in Fig. 8). The scattered

2
neutron background must obviously be somewhat different for, e.g. 52Cf and

235U + o since the shape of the fission neutron spectra for these isotopes
is different. By varying the value and spectrum of the scattered neutron
background, we assumed that we would obtain different final results.

However, when we compared the data in each series and also the results
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obtained from the first and second series, we found that, within the

accuracy limits of our measurements (37-5%), there were no substantial
differences in the spectra over a wide energy range (0.04-1.2 MeV) (Figs 8-13).
A comparison of the data from the second series for 235U + 0o, which were
obtained at L = 0.214 m and L = 0.214* m (Fig. 11), revealed that the

spectra match one another to within 37%-5% in the 0.06-0.7 MeV region. All

the results on the 239Pu + n, fission neutron spectrum are also in agree-

ment (Fig. 12). Consequently, when the above approximation is used to

process the spectra, the upper error limit appears to be less than 57 in the

E <0.2 MeV region and less than 3% in the 0.2-1.2 MeV region.

The T parameters for distribution (1) were calculated in terms of the
ﬁi(Ei) and éi values. In the 0.5-4 MeV region, the 235U + n, neutron
spectrum fits distribution (1) at T = 1.31 + 0.04 MeV, but in the
0.05-0.15 MeV and 0.15-0.3 MeV regions the ﬁi(Ei) value§3§xceed the ny(E)
values by on average -~307% and ~10%, respectively. The Pu + n. fission
neutron spectrum fits distribution (1) at T = 1.40 + 0.04 MeV, but in the
0.3-1.2 MeV region the ﬁi(Ei) values are 5%-77% less than the corresponding
nM(E) values. The 233U + nT fission neutron spectrum is normalized to
distribution (1) at T = 1.32 MeV [20,21]. In Fig. 14 and Tables 1-4, the
measurement errors are expressed as the confidence limits for confidence
level B = 0.95. No allowance was made for the error in determining the

efficiency of the neutron detector (~3%).

7. DISCUSSION OF THE RESULTS

In the E < 0.4 MeV region the data on the 52Cf fission neutron spectrum
confirm the findings reported in Refs [3-5, 10], which concluded that the
spectrum exceeded distribution (1). Figure 15 shows not only the results
from the present paper but also the 252Cf fission neutron spectrum from
Refs [8, 9], together with the spectrum plotted according to the formula
proposed in Refs [10, 22]. This formula may be used to describe the
spectrum in the E < 1 MeV region [10, 22]. In the present paper the
calculations are extended to cover the 0.01-10 MeV region using the
parameters T = 1.43 and 1.6 MeV. At T = 1.6 MeV, the spectrum may be
described by the distribution proposed in Refs [10, 22] over the 1-8 MeV

range, but at E < 1 MeV the spectrum deviates considerably from the

calculated values.



- 10 -

52

The n(E) values for the 2 Cf fission neutron spectrum in the

0.3-0.8 MeV region are 10%-15% less than those published in Refs [8, 9].
At E < 0.05 MeV, the data in Ref. [23] are overestimated because no allowance
was made for the background caused by the neutrons scattered on the walls of

the gas scintillation-ionization detector (GSDIC) and ionization chamber.

It is convenient to take the analysis of the results a stage further

and study the ratios of the spectra and of distributions (1) since the

233U + 0, 235U + n, and 239Pu + ;. neutron spectra were measured under the
same background conditions and using the same geometry. The ratio n(E)U/n(E)Pu
at E = 0.05-0.22 MeV is 1.24 on average, and the ratio nM(E)U/nM(E)Pu = 1,065

if T = 1.31 MeV and T, = 1.38 MeV (Fig. 16). In this case the
235 Pu 239
U+ n, fission neutron yield exceeds the Pu + n, neutron yield by 16%.

We should point out that the spectra were analysed after distributions (1)
had been normalized to a single area, i.e. [ nM(E)dE = 1., Over the
)

gég—l.Z MeV range n(E)U/n(E)Pu = 1.14 and nM(E)U/nMéggPu = 1.05, i.e. the
U+ n, neutron yield is 87 greater than the Pu + n. fission neutron

yield. The authors of Ref. [2] noted that the same applies at E = 0.2-1 MeV

but gave no explanation. On average, the n(E)233 /n(E) ratios do not

deviate from unity over the 0.05-0.6 MeV range. THe 35§3iUnT neutron yield

is ~8% more and ~77 less than the 252Cf fission neutron yield in the 0.05-0.22 MeV
and 0.3-0.42 MeV regions, respectively. 1In the 0.42-4.5 MeV region the

n(E)235 /n(E)252 ratios equal the nM(E)U/nM(E)252 ratios. Over the

0.05-1 HeV range, the 252Cf fission neutron yield ingZ—SZ more than the

239Pu + 0. neutron yleld. This pattern also shows that the spectra deviate
from distributions (1).

8. CONCLUSIONS

1. The prompt neutron spectra for 233U + n, 235 T 239Pu + o, and 2

fission were measured on one and the same device over the 0.01-5 MeV and

52Cf

0.01-10 MeV ranges, respectively.

2. The 233U + ps 235U + o, and 252Cf fission neutron spectra are shown

to exceed distributions (1) in the 0.05-0.3 MeV region. Additional experiments
showed that this difference cannot be attributed to the effect of the

scattered neutron background on the spectra.

3. Apart from the differences in the spectra apparent as a result of
describing them by distributions (1), the 235U + n, fission neutron yield
239

is significantly higher than the Pu + o fission neutron yield in the

0.2-1.2 MeV region.
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ments with ionization chambers (IC);
+ - weighted averages derived from measurements with the gas scintillation

fission-fragment detector (GSD) and the gas scintillation-ionization (GSDIC)

neutron detector;

0 - weighted averages derived from measurements with the GSD (£== 27 cm)

and IC neutron detectors.
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Relatiwve units

Fig., 11. Prompt fission neutron energy spectrum for 235U + Ny

First series of measurements: I L =0.104 m,
§ L =0.214 m, { L = 0.295 m.

Second series of measurements: L =20.12 m,

i L =0.214 m, & L =0.398 m, é L = 0.214% m.
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Fig. 12. Prompt fission neutron energy spectrum for Pu + N

First series of measurements: L = 0.104 m,
§ L = 0.214 m, é L = 0.295 m.
Second series of measurements: L = 0.124 m,

{ L =0.214 m, i L = 0.396 m.



Table 1

252
Prompt neutron spectrum for Cf spontaneous fission

n(E)
E, keV relative’units An(E)/n(E), %
1 2 3
14,3 0,085 12
21,1 . 0,106 9
33,4 0,122 8
36,8 0,131 7
43,9 0,146 6,2
49,7 0,164 5,6
56,2 0,172 3,9
65,2 0,175 4,1
72,4 0,201 3,8
80,4 0,216 2,9
84,6 0,218 2,1
88,9 0,226 2,1
93,8 0,230 2,3
98,7 0,236 2,7
104,6 0,244 3,1
110,6 0,251 2,5
117,7 0,258 1,8
124,7 0,256 1,7
132,7 0,254 1,7
141 .4 0,255 1,5
151,7 0,256 1,6
162,1 0,257 1,1
174,9 0,260 1,1
187,3 0,266 1,5
202,7 ‘ 0,278 1,9
208,0 0,281 1.7
220,8 0,286 1,5
2217,5 ‘0,289 1.5
244,7 0,297 1,3
253,9 0,301 1,2




Table 1, continued
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1 2 3
271,3 0,304 1,2
281.,5 0,305 1,2
302,9 0,313 1,3
320,5 0,318 1,2
352,0 0,318 1,2
398,7 0,327 1,2
434.,9 0,325 1,5
481,7 0,332 1.1
528,1 0,333 11
805,4 0,332 1,1
681 0,336 1,1
781 0,339 1,5
203 0,331 1,2

1028 0,323 1,2
1151 0,314 1,2
1231 0,307 3,1
1263 0,312 2,8
1289 0,301 2,1
1370 0,286 2,1
1412 0,288 2,1
1485 0,294. 1,7
1562 0,282 2,1
. 1681 0,268 1,8
1773 0,261 1,9
1845 ‘0,246 1,6
1942 N,228 1,7
2069 0,221 1,7
2152 0,214 1,6
2246 0,208 1,7
2383 0,203 1.7
2532 0,194 2,5
2642 0,181 3,1




Table 1, continued
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1 2 3
2844 0,156 4,3
3002 0,134 4,1
3113 0,132 3,1
3412 0,118 3,1
3572 0,107 2,5
3784 0,094 2,5
4229 0,077 3,5
4479 0,071 42
4544 0,066 4,1
5437 0,041 4,1
5647 0,038 4,1
5815 0,034 4,1
8752 0,014 3,9
7310 0,007 3,8
7918 0,0054 4,5
9171 0,0012 6,6
10140 0,00082 12,5
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Table 2
P 235 . .
rompt neutron spectrum for U thermal-neutron-induced fission
. T n(E s )
E, kev relativz. units An(E)/n(E), %
1 2 3
14,2 0,107 25
18,7 0,094 20
24,6 0,119 20
30,4 0,122 24
35,3 0,163 24
39,6 0,163 17
45,1 0,201 10
56,5 0,214 5,5
66,6 0,230 5,5
79,8 0,266 5,1
91,9 0,293 4,1
101,4 0,307 4,1
114,1 0,320 3,7
125,6 0,325 7,2
139,0 0,302 5,6
155,4 0,293 4,1
173,0 0,320 3,6
186,3 0,330 2,9
194,9 0,330 3.1
205,0 0,335 1.9
216,0 0,335 1,9
234,0 0,328 1,8
253,4 0,330 1,7
270,0 0,332 2,7
282,3 0,333 1.8
298,3 0,331 1.5
313,8 0,333 1,5
331,5 0,331 3,3
350,2 0,330 3,9




Table 2, continued
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1 2 3
370,6 0,326 3,3
393,4 0,346 2,7
418,7 0,360 2,9
444,3 0,363 2.1
474,5 0,366 2,1
507,2 0,370 1,7
540,8 0,366 1,5
582,2 0,368 1,5
628,6 0,370 1,6
678,0 0,368 1,5
732,4 0,368 1,6
795,5 0,367 15
845,9 0,373 1,5
901 0,365 2,6
962 0,360 2,4

1034 0,358 3,9
1089 0,347 3,9
1192 0,328 4.1
1287 0,325 4,1
1393 0,325 4,1
1514 0,294 4,5
1651 0,280 4,8
1807 0,258 4,1
1987 0,228 4,2
2195 0,212 4,3
2437 0,191 4,3
2722 0,160 4,4
3060 0,130 4,4
3465 0,107 4,5
3956 0,087 4,7
4560 0,059 5,5




- 24 -

Table 3
239
Prompt neutron spectrum for Pu thermal-neutron-induced fission
n(E), o
E, keV | iative units An(E)/n(E), %
1 2 3
19,5 0,101 20
30,0 C,115 198
46,9 0,147 18
55,3 : 0,158 17
64,8 0,189 10
72,1 0,185 10
81,8 0,180 5,5
83,0 0,191 5,5
102,4 0,211 5,5
111.4 0,226 5,1
120,8 0,229 3,7
131,1 0,231 3.8
141 .4 0,234 5,1
149,8 0,242 7.4
155,1 0,251 8,4
162,2 0,257 5,4
173,9 0,258 5,1
185,9 0,261 8,1
197,86 0,266 3,7
207.4 0,274 2,7
220,7 0,277 3.1
235,4 0,291 2,7
249,5 0,294 2,3
263,7 0,285 3,2
288,5 0,285 2,2
305,7 0,202 2,1
320,0 0,298 2,1
333,8 0,204 2,5
350,0 0,304 3,2
374,4 0,305 4,1




Table 3, continued
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1 2 3
400,7 0,307 2,5
423,5 0,315 3,1
443,9 0,319 5,3
469,8 0,318 4,2
508,8 0,317 2.7
551 0,321 2,5
586 0,324 2,8
634 0,324 2,5
688 0,319 3,4
749 0,321 2,2
799 0,325 3,3
844 0,324 2,2
068 0,316 3,6

1046 0,316 2.6

1116 0,306 3,8

1199 0,298 5,0

1208 0,296 4,5

1405 0,287 3,2

1524 0,283 4,1

1666 0,267 5,5

1822 0,253 6,1

2003 0,220 6,1

2216 0.208 6,2

2450 0,184 7

2744 0,162 8

3085 0,141 8,5

3479 0,111 10

3997 0,076 10

4515 0,060 10
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Table 4

233 . .
Prompt neutron spectrum for U thermal-neutron-induced fission

E, kev relaziig’units An(E?/n(E), %
1 2 3
18,3 0,115 30
25,1 0,118 28
30,8 0,125 25
43,1 0,207 20
57,6 0,205 11
67,5 0,194 }6
82,8 0,243 186
97,0 0,298 6,1
109,1 0,288 5,7
120,0 0,287 6,8
133,9 0,312 » 5,1
154,3 0,342 5,4
175,7 0,342 4,1
199,2 01,346 4,1
236,9 0,346 4,1
284,3 0,349 5,0
341,3 .- 0,353 4,3
383,6 0,363 5,8
447 0,359 5,3



Table 4, continued

- 27 -

1 2 3
493 0,369 7,8
537 0,359 7,3
568 0,369 7,3
737 0,366 2,5
849 0,361 2,6
964 0,363 2,6

1065 0,360 6,3

1197 0,336 6.8

1295 0,312 6,4

1372 0,314 5,3

1514 0,297 6,1

1651 0,278 5,8

1807 0,256 5,7

1987 0,239 5,8

2195 0,219 5,8

2437 0,186 5,8

2722 0,157 6,0

3060 0,140 6,5

3465 0,09 8,0

3956 0,08 10

4559 0,07 15
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Relative units

0|
L SR R R R SR

Prompt fission neutron energy spectrum for

First series of measurements:

9 L-0.214m § L=0.295nm.

233

[§]

$ L-0.104 m,

+

Second series of measurements: I L = 0.124 m,

¥ L-o0.214m § L-=0.39n.

n

T
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0 ' E, MeV

s 3
Prompt fission neutron energy spectra for U + Nos
235U + Mo 239Pu + n_ and 252Cf.

23

I - 252Cf neutron spectrum, ; - 9Pu + n, neutron
spectrum, - 235U + N, neutron spectrum,
I - 233U + N, neutron spectrum.
Maxwellian T distribution: . = 1.428 MeVv,
—————— T = 1.38 MeV, = 1.31 MeV.

Weighted average values for n(E) and E.
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Relative units

Fig. 15

252
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A
Q
\
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1, 0

Cf prompt fission neutron energy spectrum

I - results from this paper;
Ref. [8]; ié — results from Ref. [9].

Distribution (1):

} - results from

T = 1.406 MeV;

————— T = 1.428 MeV; - ..

————— and - ... -

of formula in Ref. [10]

T = 1.46 MeV;

= spectrum calculated by means

with T =

T = 1.6 MeV respectively.

1.43 MeV and



Fig. 16
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Ratios of fission neutron spectra and corresponding
Maxwellian distributions

{ ! — results from this paper;
Ref. [2], obtained using a 3
»

Q© - data from
He spectrometer;

- data from Ref. [2], obtained using a recoil

proton spectrometer.
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