|
. |
) . - o’)‘? i
Investigation of the Prompt-Neutron Spectru: for iy -5 ;1(:'f€z;l T
Spontaneousiy-Fissioning 252cg® /

CONF-820942-~29 by e NOTICE E -
) PORTIONS OF THIS REPORT ARE ILI.EG[BI.E

- W. P. Poenitz
Argonne Natlanal Laboratory g pas peen reproduced irom theatest
availahie econy to permit the broadest

Argonne, IL, USA
possibie avallabiiity.
T. Tamara

1
Besearch Participant from Tohoku Universitry !
Sendsi, Jspan

DE83 0090385

The prompt-fission-neutron spectrum of 252¢f wag investigated. The spectrum was measured with
Black Neutron Detectors which have a well known efficiency. Considerations of various issues
in such measurements lead to an experiment in which a time-calibration pulser, a randoz puiser,
! the neutron detector time-of-flight spectrux, the pulse-shape~discriminator gamma tice~of-flight
spectrum, and the detector-response spectra were simultaneously recorded for the promzpt~iission
geutrons, transmission through carbom, and shadowbars in a total~cross-section-type c—easurezent.
Corrections and associated uncertainties were applied for a large variety of effects which may

! have been overlooked in many of the previously reported measurements. Preliminary results
| indicate deviations from a Maxwellian shape toward a Watt-spectrum shape. Agreement is good
with the shape differences relative to a Maxwellian from the rezent theoretical calculation by

I. Introduction

Tke prompt-fission-neutron spectrum of 252¢¢ 13 of
considerable interest for the interpretation of the
fission process as well as for practical applicatioas.
It was propesed as a standard for emisslon spectra
measurements (1,2), it is used for detector cali-~
brations {3,4), and it has a direct impact vpon the
interpretation of v measurements (5). Substantial
experimental effort has been devoted to its deter-
mination (see Ref. 6), but the available results are
quite often contradictory. Prior to the IAEA—Consul-
tants' Meeting in 1971 (1), two distinctly different
groups of values for the average temperature, T, of
an assumed Maxwellian spectrum existed (~ 1.41 MeV
and 1.58 MeV, respectively). Mcre recent measure-
ments tend to confirm a value of 1.42 MeV, corres-
ponding to an average energy of 2.13 MeV (7-9).
Bowever, the post 1971 values are spread over the
range from !.18 to 1.57 MeV (see the summary table

in Ref. 6).

Agreement with the Maxwellian-spectrun shape was
stressed in the more recent work (7,8), but both
neutron excesses and deficiencies at higher or lower
energles were noted in the post 1971 measurements
(10-12). The apparent satisfaction over finding
agreement with a Maxwellian-spectrum shape is in
iteelf sucrprising: The clear lmprovement of the
basic concept for the derivation of a fission-neu-
tron spectrum shape, that is, taking into acccunt the
center-of-nass motion of the fission fragments
(Watt-spectrun), suggests tnat agreement with a
Mexwellian-spectrum snape should be viewed with
suspicion.

Substantial ~riticism was directed toward past
experimental effort during a recent workshop on
fission-neutron spectra (13), more specific critical
rematks were expressed in a recent review (6). The
unsatisfactory situation is also reflected by the
continuing presence of the <32Cf spectrum as a
bigh-priority item on nuclear-data-request lists
(14,15). The present measurements were undertaken

in order to provide improved data on the £5<Cf-fig—
slon-neutzon spectrum for practical applicaticns ss
uvell as for the testing of nuclear model predictions.
Consideration of past experiments suggested that there
was substantial room for improvemeats in measurement
technique and analysis. A major advantage of the
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Madland and Nix, hovever, a lover average energy wvas fourd.

present measurerc:ents right well be the use of

peutren detectors with well-known efficiencies.
However, additional physical, experimental, a=nd
instrumental effects which might have been nmeglected
in previous work were Jnvestigated and corrected.

The results presented here are considered prelinminary
pending further planned izprovements in the measure-
ments and analysis.

il. The Fission Source a2nd Detector

The 232¢f source used in the Present measureaents
was one which was available, but not specifically
grepared for thic expericment. It consisted of a

2Cf deposit on a 9.0254—cm-thick-platinum disc of
0.953~cm dfameter. The source strength was detercined
by comparison with a 23%Cf-reference source. The
latter was obtained by vacuum-self-deposizioa and
its absolute fission rate was determined by low-geo-
wetry fission-fragment counting. The comparison
between the 252Cf source and the reference deposit
was made by relative neutron-erission rate ceasure-
wments usipg a Marion counter. The source strength
was found to be 1.43 « 10° fissions per second
at the end of the present measurecents. .

A gas-scintillation counter was used for the detection
of fission events. The counter was described
previously (16) but was further mwodified in order to
reduce peutron transmission and scattering cor-
rections. The detector has a cylindrical shape with
16 co height and a2 dlaceter of 22 cm. Neutron entry
and exit wirndows vith a radius of 13 cm at the top
and bottom of the counter consisted of ~ 0.C036-co—
thick alumimun foil. The 292Cf source was mcunted
on the inside of one of these windcws on the center
axis of the detector. A dixture of 857 argon anc
15% nitroger was used as the scintillatica gas.

Four photo-~muitipliers were mounted on the outside
of the cylindrical surface. The high voltage on
each photomultiplier was adjusted to result ia
approximately the sane pulse height spectrum. The
lengths of the cables between the anode ovtpur of
each photo—zuluiplier and a fast linzar mixer were
adjusted to result in rhe sa=me delay for the prompt
ganna peak iv the time-of-flight spectrum.

The pulsc-height spzctrum obtained with this fission
chamber for the 25-Cf-refarence source is shown in
Fig. 1. The | vfficiencv was deterained to be
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Fig. 1. The Pulse~height Spectrum Obtained with
the Gag-scintillation Counter for the
2520f-kefe;ence Deposit.

=~ 100%. The efficiency for the 252Cf source

'used in the neutron-spectrun measurements is deter—
mined by the losses below the alpha-pile-up and
total-fragment absorption. It was determined by
seasuring the count rate as a function of the
fast~discricinator threshold (see Fig. 2), with

- subsequent extrapolation tc zero pulse height. This
:measurement and the known source streangth resulted
+dn the determination of 20 2 2% losses below the

i alpha-pile-up and 9 * 32 total fragment absorptiom.
‘This shows that substantial fraguent energy was

lost in the deposit. Fig. 3 shows the fragment-
energy spectra obtained for the two deposits perpen-
dicular to the source backings with a surface-
jbarrier detector which supports this conclusion.

I

The possibility of 252Cf migrated within the chanber
was considered and determined at the end of the
experiment after removal of the source. It was
found as § 4 * 107 3.

I11X. The Neutron Detectors and Their
Efficiencies

Iko Black Neutron Detectors (BND) were used in the
preaent experimenta (17,18). The smaller was a
cylindrical liquid scintillator with a radius of

7.62 ca and a height of 17.78 cm, and with a cylindrical

peutron-entrance channei of 1.9 cm radius and 4.76 ca
length. An RCA 8854 multiplier was used for this
detector. The larger BND was a cylindrical liquid
scintillator with a radius of 10 cm and a height of
37 ca, #rd with a neutron entrance channel of 1.2 ca
radias and 14 ca length. Four 58 DVP photomulti-~
pliers vere used for this detector. A liquid
scintillator medium was formulated for this experi-
ment which had a higher hydrogen content, and
gppeared to have improved pulse-shape discrimination
‘features relative to NE213.

The efffciency of a BND is ~ 100% basea on its
desiga princirle, and the deviation from 100X
efficlency car be accurately calculated by Monte
Carlo techniques. Because this correction and its
umcertainty depend mainly on well-known quantities

107 Counts/2min.
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?ig. 2. The Count Rate Obtained with the Gas-
sciptillation Counter for the 232t
Source as a Function of the Fast-Trigger
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Fig. 3. The Pulse-height Spectra Obtained with a
Surface-barrier Detectcr at 0° for the
252¢t Source and the 252Cf~Reference
Deposit.
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: (transmission through the detector, hydrogen and

: carbon cross sections, and the detector geometry and
. compos’tion}, this type of detector has a well

{ known efficiency and low uncertaiatics < 1-2%).

BND's zre now used in many laboratories (1€-22).
{ Comparisons were nazde with the associated-partical
i technique (19,21) and agrcement was found within l.2X
iwnd 0.7 at 0.5 - 0.9 MeV and 14,1 MeV, respectively.
| Indirect support for the £ IX uncertainty level can
i be found in recent 235y \n.f) cross section measure~




ments (23-25), by comparing results obtaincd with
BND's and with proton~receil counters or the as-
sociated-partical technique.

The smaller detector was used for measurements
between ~ 200 keV and & MeV where it had an effi-
clency between 98 and 83%. The larger detector was
used between 600 keV and 10 MeV with corresponding
efficlencles between 96 and 77Z.

IV. The Energy Scale and Resolution

The energy determination and verification is one of
the most important factors in <°2Cf-spectrum measure-
ments. Energy uncertainties can cause substantially
, larger spectrum uncertainties than the uncertain:ies
.of other quantities. The effects of energy re—
.solution, (which unfortunately is often mistaken for
.energy uncertainty), can be corrected for, thus
ireducing the uncertainty of the measured spectrum.

The energy scale in a time-of-flight experiment is

based upon three experimentally determined parameters:

the time-scaling channel width, at, the channel of
the center of the prompt-gamma peak, G, and the
flight path, £. The energy is determined from

B = Eg((1 ~ £2/c212)-1/2 - 1y (1
where E; 15 the neutron rest energy, c 1s the
welocity of light and 2 is the flight path between
the gource and the front of the detector. Physical
processes within the detector will cause an increase
of the time at which the neutron will be recorded.
The average time given by the center of channel, N,
is

G t H
. TH+tr+1" =] ot +-+- . 2)
N 1 ¢ ¢

‘This assumes that the photomultiplier i{s at the end
of the detector which has a height, H, and a wedium,
with a light velocity c'. Thus, the additional
right-hand terms of Eq. 2 correct for the time the

gammas require to be detected. T is the average
. time a neutron spends in the detector until the

{
i
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T light produced by 1t exceeds rhe threshold of the -
| discriminator, and t' corrects for the time the
scintillation light requires to travel the remaiming
distance to the photoaultiplier. The individual
! relative channel width, 4%y, can be determined with
a random puiser; the average channel width can be
deternined with a tice-calibration pulser. The
flight path can be determined within ~ 0.5 - 1.0 e,
and thus contribuces little to the energy uncertain-
¢s. Yswever, oiffersnces im ihe detection cech-
anisns for neutrens and gammas might cause larger
uncertainties. Because of the sensitivity of the
neutron spectrum to energy uncertalnties, verifi-
cation of the energy scale appears mandatory.

n
~e

' The energy resolution is g verned by a variety of
physical and instrumental effects. These can be
grouped into three major cccponents:

a)} the time resolution of the electronic -~czponeats
and of the fission chamber, which can be approxi-
mated by a Gaussian shape,

b) the time-~scaling channel width, which is well
defined, and

c) the time-response function of the neutron

detector, which is determined by the physical
processes within the scintillator.

The component, a, can be obtained from the width of
the gamma peak, taking into account that the channel
width is already involved. The cozpouent, ¢, can be
obtained from Monte Carlo calculations which at the
sane time yield the average time, T, the neutron
spends in the detector, in order to be detected.
Simultaneous verification of the energy scale and
the energy resolutiou can be obtained by measurement
. of the total neutron cross section of carbon with
iita well-known resonances.

+

i ¥. The Experimental Set-up

A schematic of the experimental set—-up for the
neasurement with the smaller BND is shown in Fig. 4.
The gas-scintillation counter (GSC) with the 234Cf
.source (S) was in the cave of a 4n-neutron shield
(S~S1 and S-S2) built with lithium-aug baron—
glouded plastic blocks. A rear-neutron-exit chaanel
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Fig. 4. Schematic of the Expericental Set-up.

Sewvtrons for the BND.

LS B o

{S) and the Neutron-Entry and Exit Windows.
Positisns-Sample Changer with one of the Three Shadow~bars (SB) and one of the Two Carbon Samples
Indicated 1a the Figure.C is the Main Collimater which Limits the Space Angle of the Source

S~Cl an? S-C2 are Shield Collimators.
Plastic) and S=S2 (Llthium-Loaded Plastic) Form a 4x~Source-Neutron Shield.
Shield for the Neutrons Scattered 1n the Shadow-bars.D-S1 (A Mixture of Lithiumcarbonate, Water snd
Lead-pellets) and D-S2 (lead and Lithium-Loaded Plastic) is & Neutron Detector Shield.
the Au-Ganma Filter. Black Areas Indicate Lead Shielding.

N S S

GSC is the Gas~Scintillaticn Counter with the 252Cf Source
BND 13 the Black Neutron Detector.

SCH is the Eight-

S-S1 (Lithiun~ and Boron-Loaded
SN-S 4s a Neutron

A Indicates




assured that neutrons scattered within this shield
could not reach the neutrop detector. Background
from neutrons and gammas leaking frcm the source
shield, and scattered within the rocm, which might
still penetrate the detector shield (D-Sl and D-52),
was determined with a shadcw-bar (plexiglas). The
latter had less than Q.1% neutron transaission. An
additional 4X - neutron shield (SN-S) was built
around the location of the shadow-bar in order to
reduce any possible effect from the neutrons scat-
tered in the shadow-bar or the carbon samples. Aa
eight-position sample changer which moved in a rapid
stepping motion was used in order to interchange 3
holes, 3 shadow-~bars, and 2 carbon sanmples for the
simltaneous measurement of the fission-neutron
spentrum, the carbon transmission, and the shadow-bar
background. The first shield collimator (S~Cl) was
tinserted in order to reduce the number of neutrons
{which 1mpinge on the sample changer, and the number
{of peutrons which would scatter closer tc the
izeutron detector. }

I

‘The main collimator, which limits the space angle of
‘the source meutrcns detected by the BND, is labeled
C 1o Fig. 4, 4 second shield collimator (S-CZ)
reduces the number of neutrons which are scattered
in the main collimator and arrive at the neutron
detector or near to it. A 0.05-cmthick gold filter
was incerted in front of the main collimator in
order to reduce the intensity of the rather soft
delayed gammas emitted from the fission fragments.
A 0.076-co~thick~lead filter was placed at the end
‘of the neutron~entrance channel of the BND for the

ssme purpose. )

The area between the 252Cf source and the meutron
detector was designed to reduce uncertainties in the
corrections required for a variety of effects, and

to permit an easy Monte Carle simulation of the
spectrun measurements. Neutron inscatter from the
aain collimator was estimated to be < 0.l%. Neutron
ingcattering from the first shield collimator was
‘estimated to be § 0.2%. An additional measure-

‘meat was made without this shield collimator and
without the sample changer. ;

The detector was located behind the nmeutron-—detector
ahield (D-S1) and the flight path was extended to

~ 3.50 o for the measurement with the larger BND.
The anode signals from the four photomultipliers of
the gag-scintillation ccunter were added in a fast
mixer, clipped to ~ 20 nsec, and amplified with a
faat-linear amplifier. The stop signal was obtained
with a constant-fraction discriminator. The anode
signals of the nzutron-detector photomultipller were
split and one branch was ampiified with a fast-linear
amplifier. This signal was used to obtain the
aeutron~detector—-start signzl with a constant-frac-
tion discrimimator. The second branch was used to
obtain a gamma identification signal from 2 pulse-
shape discriminator. A dynode output from the
photomultiplier was amplified and an energy signal
was obtained from a subsequent linear-gate and

stretcher. ‘

The start and stop signals of a time-calibration
pulser were added to the start and stop signals from
the peutron detector and the fission counter,
respectively, with an or-gate. In addition, a
vaasdom~pulser signal was added to the start signai
in the or-gate. The output signals of the or-gates
were used to start and stop a time-to-amplitude
.converter (TAC) using a time range of 1000 nsec.
‘The TAC signals and the pulse-height signals of the
{weutron detector were converted with amplitude-to-
{digital converters and recorded with an on-line
!co-puter. The origin of the various signals was
!{dentified with tag-bits which were obtained from
:mecondary outputs of the respective triggers or the
fphotodlodes on the sample changer. Thus, computer—
éinput words were identified as neutron-detector

avant  nsutron-detactor-gazmma cveat, random-pulser

L\:nd this eolorn futwe J

{event, or time-calibreticn~pulser event for the

;finsion-neutron spectrux, the carbon transmdssicn,
;or the shadow-bar background.

13

Frhe simultanecus measuremsent of these quentities
"provides a variety of benefits for the interpretation
‘of the experiment. The gaama spectrum can be

. investigated for structure uvhich cight be present

- {to some extent) as residual backzround in tke
‘neutron spectrum. The shadow=bar-background spectruzm
dndieates the success of ihe shlelding agalmst
background from neutron and gamza inscattering fraom
the room. The carbon cross section derived froa the
mezsured transmission and the 252Cf spectrum provides
a check of the energy scale and of the resclutfon.
The random-pulser spectruz elinminates differential
nonlinearity (but, unfortunately it too adds to the

statistical uncertainty).

V1. Measurerents and Corrections

The results presented here were obtained froo three
aeasuresent sets. One was obtained with the smaller
BND and a flight path of ~ 2.6 o, yielding data in
the energy range of 0.2 ~ 4,0 MeV. A second set was
obtalned with the larger BND and a flight path

of ~ 3.5 m, yielding data in the energy range of

0.7 - 10.0 MeV. The third data set was obtaired
with the smaller BND, but without the simultanecus
measurement of the carbon cross section and without
uge of the randonm pulser. Also, the first shield
collimator (S-Cl in Fig. 4) was not used in generat-—
ing this last set. Furtherzore, the gold filter
was ~ 70T thicker, and a smaller fission chamber
‘was used. Fig. 5 shows the neutron-tice-of-flight
spectrum obtained with the smaller detector. The
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background spectra shown in the same figure were

P

aecessity, the results of sccidental-coincidence
subtracted, Figs. 6 and 7 show the toral cross losses elaevhere in the spectrum. For, the channel,
section values obtained with the smaller and the i, assoctated with the time, t, between the neutran—
larger BND's vespectively. The statistical uncer- detector event and the atop pulse, these accldental-
tainties of the crogs sections are larger than for coincidence losses are glven by

the measured spectra not only becavse of the lower
number of counts in the transmissior spectra, but
glso becauge only two carbon samples were used i

while there were three positions without samples. ' Bore (1) = N[£) (1:° 1
The emooth o055 section curves in Figs. & and 7 -
were obtained by averaging the calculated trans—
alesion through the carbon samples using the
ENDF/B-V cross section anrd a Maxwellian spectrum

“Net ) ) (6>

'Both equations neglect a secondary effect which is
cauged by the dead time of the trigger in the stop
with the resolution of the present experiment. The branch. 7This can be shown to be nregligible for the
carbon total cross secticn was then derived from preseat experiment. The accidental-coincidence
| this calculated transmission. : ,losges were not corrected in most previously re-
! [ported 252¢f~gpectrum measureczents. These cor-
&tections were derived independently, however, thke
problen was previously recognized by Chalupka (27).
iB%e formulas are difierent but they should yield the
isame result. The formulas for accidental coin-
. cidences require the knowledge of the true spectrun,
‘ thus, iterative steps were applied. The nusber of
-~ accidental gains 1is, of course, equal to the nunber
4 + s aof losses. Losses increase for higher—emergy
neutrons while the gains are predominant in the
+ low-energy part of the spectrum. (See Fig. 3).
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2 l S — | 1.4 1 Total-fission-fragmeat absorption is predominant at
0 . 20 30 Lo 0 &0 7.0 -angles near 90° relative to the axis perpendicular
Neutran Energy, MeV {to the deposit backing. This causes a hardeming of
. :the measured spectrun. The required correction cam
' be ealculated based upon the kinetics involved. In
: Fig. 6. The Total Cross Sectiom of Carbon Obtained order to reduce the uncertainty of this correctiom,
with the Smaller Black Neutrom Detector and weasurements of the ratio of the spectra at 0° and
& Flight Path of 2.58 m. Data were Used near 90° were made. These measurezents were made
only Below 4 MeV. with a flight path of x 1.7 = and the 252Cf
! fdeposit mounted in the center of a fission chamber.
' ‘The corresponding ratio was calculated with the
known parameters of the light and heavy fission
fragments (26). Best agreement was found for a

total-fission-fragment abtsorption of ~ 7% (see Fig.

10
-

- 3 p 8). The required correction (spectrun without
< absorption versus spectrum with ~ 7% fission-frag-
5 + ment absorption) was ~ 5%.
oo _
- 10 T T =T T

L
-
b—*

.0 20 3¢ 4O &0 &N .0 &0 %0 120

Neutron Energy,MeV

- Plg. 7. The Total Cross Sectiou of Carbon Obtained 2
; with the Larger Black Neutron Detector and ]
; a Plight Path of 3.47 m. i .
i1 oSt i
| !
| The random-fission-event stop pulses lead to ac-
! cidental-coincidence losses and gains in the
| measured time-of~flight spectra. The required
corrections were obtained from the associated
probablilities: | 5 0 10 |
H n , MeV
The accidental-coincidence gains in channel 1 are ' Neutron Energy. Me i
gilven by Fig. 8. The Ratio of the Fission-neutron Spectra
Observed at ~ 90° and at 0° to the Deposit.
The Calculated Curves Indicate Various
Amounts of Fission-fragaent Absorption at
tmax -Kft ~Ngit ~ 9g°.
u.cc (1) = ). 2 1-2 N(L) {3)
Leoi+l
where Ng 1s the stop rate, and t is the time ! Measurements of the spectrum would also be affected,
assoclated with channel 1. Thus, EXP (-Ngt) is ! glf neutron enision occurs after fragments were
the probadility that a random stop event does not ' . ulready sloved down in the deposit backing. In
occur 1n t, and 1 ~ EXP (-Ngot) is the probability ' order to check this, sffect. the Eatio of the
that at least one occurs within (the channel width) i epectra geasured at 0° and at 580 to the Eepasit .
At. Such accidental-coinciderce gains {“back- . axis wan derived, The result is shown in Flg. 5 and
ground™) were correctes in some of the pteviaua vork | : it supports the previous Eggclusiona that neutran
(see for exaaple Refs. 10, 26) but a wrong forauls : eniluion(g;curs within 10 sec. of the fission :
wes used. The accidental-coincidence gatna are, by . process * i
et S R —
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i Batio of the Fission-neutron Spectra
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Beutron transmission through the deposit backing,
the air of the flight path, the gold filter, and the
edges of the collimeter changed the measured spec—
‘trum. The corrections were suficiencly small and/
.or the cross sections well enough known to result
‘4n insignificant uncertainties for the corrected
- spectrum. Some of the corrections required for
‘elastic and inelastic scattering events involve
energy transfer and result in an experimental
spectrum with more low-energy neutrons than the
‘original spectrum. These effects were substantially
reduced in the present measurements due to the
desizn of the experiment. Neutrons which scattered
in the = 0.05 grams of alumioum forming windows

of the GSC and in the X 0.4 grams of the

platinum backing could reach the detector. Only the
scattering ir the platinum backing was significant.
The effect due to elastic scattering was corrected
by using legendre-coefficients for elemental
platinum (28,29) and taking into account the in-
,crease of the interaction probability for neutrons
enitted toward 90°. Data on the inelastic scat-
-tering in platinum are sparse. Only a few levels

(< 1 MeV) were resolved with some cross section data
available (29). For inelastic scattering to higher
levels an evaporation spectrum was used. Scattering
from the two collimators was estimated to be < 0.12
| from the collimator in fromt of the detector and

. 0.22 from the collimator in front of the source.

| Because little energy transfer is involved, these
corrections have been deferred but will be included
in a Monte—Carlo simulation of the experiment at a
later time.

Reutrons which penetrate the detector or which are
{acattered without being detected might return to the
detector after scattering in the photomultiplier or
other materials surrounding the neutron detector.

The additional reutron-time-of-flight implies a
softer measured epectrum. There 18 an additional
advantage in using a BND because this correction is
proportional to 1 - €,, where €, is the neutron
detector efficiency, which is high for the BND.
This correction was < 1 for the present experiment.

Delsyed gaumas from the fission products are rather
soft (30) and were mostly eliminated with the gaama
discriminator, and the gamma absorption filters,
Support for this was found in consideration of the
residual background between the gamma peak and the
neutrons in the time-orf-flight spectra (see below).

The potsibility of neutron production by the alphas
anitted in 232Cf decay was considered. The thre-
shold for detecting the fission fragments was set
above the alpha-pile~up level, however, some alpha-
pile-up trigger pulses cannot be excluded. The
{a,n) threhsold in platinum is high enough so that
neutron-production should not occur. The pos—
sibility of neutron production from other parta of
the detector vas checked with a strong ¢*!Am alpha

scurce., No effect wes found,

The (n, 2n) reaction in platinum contributes gcxze
neutrons to the spectrum. The required correction
!wll celculated and found to be negligible {(Y,n),
(Y,2n} vas estizated and also found to be nmegligible.
After the corrections for accidental colocidences,
shadow-bar background and ambient background sub-

| traction were applied, the residual background in
:the areas between the garma peak and the neutrons,
‘lnd below the neutron detection threshold were found
i to be very small ip two of the spectra. The dif-
ference for the zeutron spectra between not subtract-—
.ing this residual background or subtracting it by

i 1fnegr interpolation between the two background
‘rlnges was € 0.3% at the lowest and higher

energies. For the third spectrun this background
was gomewhat higher. Ultimately, the residual

: background was subtracted by linear interpolation.

!Ihe agreezent between all three ceasured spectra in
‘respactive overlap ranges was good.

VII. Results and Discussion

The results from the present neasurements wWere
reduced to a lesser number of energies then obtainmea
with the TOF spectra which were identical for the
three spectra. The procedure of reducing to this
energy grid was described previously (31). A
Maxwellian speéqrumAshqpe was used for extrapolation
to the grid energiss. This results ia reduced
statistical uncertainties and unchanged systexatic
uncertainties. Tihe three spectra were thzn nor-
maiized to one another in the overlap range and
averaged. The final result was normalized to the
same number of neutrons in a Maxwellian spectrun
with T=1.42 MeV within the range of the present
measurements. The difference of the present resuits
from a Maxwelliazan of T= 1.42 MeV is showz in Fig.
10. The difference of a Watt spectrum from a
Maxweliian svectrum of the same average energy (2.13
MeV) is also shown in Fig. 10. Thke present result
deviates from a Mazwellian-spectrum shape toward the
Watt-spectrun shape. Madland and Nixz (38) recently
develped a theoretical apgroach for calculating
fiseion properties. S2¢f-fission spectrua
obtained from these calculations has ain average
energy of 2.2791 MeV (38). By using an improved
mags formula, a spectrum with a lower average energy
of 2.2167 MeV was calculated (39). This spectrun is
also shown 1n Fig. 10 relative to a Maxweilian-
Spectra of T = 1.42 MeV.

The average energy of the present result for the

2c¢ gpectrun was obtained by approximating the
low-and-high-energy regions not included in the
present measurement with a Maxwellian spectrum of T
= 1,42 MeV. The result for the average energy of
the present measurement is 2.159 MeV. Fig. 11 shows
the present results relative to a Maxwellian spec-
trum of the same average energy (2.159 MeV). The
Watt spectrum is also shown for this average enmergy.
The two spectra calculated by Madland and Nix
'(38,39) are shown relative to Maxwellian spectra of
1the respective average energies of 2.2167 MeV and
12.2791 MeV. This shows that the spectra differences
.relative to Maxwellian spectza of the same average
‘energy zre in first order indepeadent of the :
:aversge energy. Thus, we can conclude that our '
.@ata support the shape difference between the
spectrum calculated by Madland and Nix and a
‘Maxwellian spectrume.

|

-Ihe present data were nevertheless fitted with a i
: Maxwellfan sprectrua using the variance-covariaace
Amatrtx of the data. This led to a temperature of

. 1.439 MeV which corresponds to the identical

‘;:;: 8¢ cuefgy &3 determined froz the experimental
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Fig. 10. The Ratio of the Present Results for the 252¢¢£-Fission-Neutron Spectrum to a Maxwellian with a

Temperature of 1.42 MeV (E = 2.13 MeV).

The Ratios of a Watt Spectrum with the sawme

Average Energy, and of the Theoretical Calcujations by Madland and Nix to the Maxwellian are also
shown. The Spectrum by Madland and Nix has an Average Energy of 2.2167 MeV.

The present result for the average energy is com—
pared in Table | with results frowm other TOF measure-
seots in the post-1971 area. The present value for
the average energy is higher than those obtained in
the last three measurements. Complete descriptions
of these experiments are not yet available. It is
more surprising that the other experiments listed in
Table 1 did not result in more substantial dif-
ferences. This may be due to pzrtial compensation

of effects overlooked in these experiments.

The present reuslts are preliaminary, pending
improvements for some of the corrections and a
possible improvement in measurement technique
involving a better 252Cf source (and backing) and
better statistical accuracy.
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| berin Table I. Comparison of the Present Result for the Average Energy with
other Post 1971 Time-of-Flight Measurements

Reference . Year Tyanw. > HeV E, eV
Creen et al. Q1m 1273 245856 = G.015 Z.105 = 0.0!L
KEnitter et al. (32) 1973 1.42 * 0.05 2.13 % 0.08

Kotelnikova et al. (3% 1976 1.46 * 0.02 {2.19 2 0.03) ,I

Batenkov et al. (34) 1975 1.40
Blinov et al. (3s) 1977 l.41 2 0.03 2.12
Befedov et al. (36) 1977 1.28 (1.92)
Nefedov et al. (11) 1978 1.43 % 0.02 (2.15 2 0.03)
(Starostov et at.) 1981
Bertin ] 1978 (1.51) 2.27 % 0.02
Blinov et al. «7 1979 1.42
Bodeman et al. ( 8) 1979 1.424 * 0.013 2.136 * 0.02
Mon Jiangshen et al. ( 9) 1981 1.416 £ 0.023
Present Result 1982 1.439 £ 0,010 2.159

. } )
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