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Prompt and Delayed Neutron Yields from Low Eneruy
Photofission of 222Th, 22%y, 228y, and 2°°pu

1. INTRODUCTION

There have been only a few previous measurements [1-3] of
Vp, the mean number of prompt neutrons emitted per fission
event, for photofission of the major fissionable isotopes at
low energies, and no previous measurement of the dependence of
VUp on photoexcitation energy. We find only one report [4] of
measurements of the absolute delayed neutron fractions, for
photofissicn. A somewhat larger body ot information .[5 75 is
available on the determiuation of the competition between
neutron emission and fission for photoexcitation, made possible
through measurements of «{IL/Tfy> , the average ratio of the
neutron emission width to the fission width. There have been
no previous simultaneous measurements of these quantities.

Values of these parameters are useful in establishing or
confirming fission systematics for expanding our understandirng
of the fission process and in interpreting the results of
measurements of dependent quantities such as the partial cross
sections.

In this paper, we report on the simultaneous measurement,
using a single_ detecto of ‘VB, B and {I,/T¢ ) for photo-

excitation ot *32Th, aéU °®Pu using electron brems-
strahlung from 8-, 10— 10 2-, and 12-MeV electrons.

2. EXPERIMENTAL METHOD
2.1 Irradiation

Electrons were accelerated to the appropriate energy in
10 nsec pulses with a repetition rate of 360 pps in the USAEC
Electron L*!:ear Accelerator in Sardta Barbara, Ca., operated by
EG&G, Inc. Conversion to bremsstrahlung took place in a 10 cm
cube of aluminum. The bremsstrahlung in the forward direction
was collimated t¢ a 2.5 cm diameter beam using a 20 e¢m thick
iron collimator. Samples of fissionable material, described
in Table I, were placed at the center of the detector shown in
Fig. 1, with the detector axis aligned with the beam. Tho
sample to converter distance was approximatoly 1 meter. Tho
olectron beam currents were monitored using the convorter as a
Faraday cup. The dotector was shielded on all sidos with
borated polythenc blocks, and materianls with low (y,n) reaction
thresholds were oxcluded from the vicinity of the convertor,
Machine-genuratod backgrounds were determined by irradiating
an aluminum disk in the samplo position,
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Sample

232

235

238U

239

Table I

Fissionable Material Sample Description

Physical Description-
Disk, 5 cm diameter, 76 granms

Disk, T em diameter, 20 grans

Disk, 5 cm diameter, 58.6 grams

Disk, 2.29 cm diameter, 4.98 grams
Ni canned

Isotopic

Analysis

100%

1.0%
93.23%
0.36%
5.41%

0.02%
99,98%

IA

0.004%
97.67%

2.28%
0.048%
0.002%

Th-23%

U-234
U-235
u-236
U-238

U-235
U-238

Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
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2.2 Neutron Detection System

The detection system has been described in detail else-
where [8]. The neutron detector was a polythene cube, 61 cn
orn a side, containing fifty-three °He proportional counter
tubes(in four concentric rings» each 2.54 cm diameter and 61 cm
long, with filling pressures of 6-, 4~, 4-, and 3-atmospheres
for the innermost-to-outermost ring of tubes, respectively.
Neutrons generated in photoreactions in the samples were moder-
ated in the polythene and captured with high probability in the
®He tubes. The efficiency for detectlng the prompt neutrons
from the spontaneous fission of °®?Cf was measured to be 52%,
assuming v, = 3.784,and the efficiency as a function of neutron
energy has been calculated using Monte Carlo techniques.

The neutron slowing down process and the increased proba-
bility of capture at lcwer energies produced a broad capture
t1me distribution with a distinct "dieaway" time for each ring
of °He tubes. This distribution in time allowed for the detec-
tion of prompt neutrons with high efficiency even though the
detection system was paralyzed during the gamma flash, and for
a few usec thereafter.

The pulses from the ®He tubes were processed as indicated
in Fig. 2. Each ring of tubes had common high voltage and
amplification modules, and the amplified pulses were presented
to discriminatecrs, set to fire at voltages just above the noise
level. The standard slow logic pulses from the discriminators
wvere routed to a logic OR module, and the OR output line served
as the data path. The pulses irom the OR module were routed
to a LASL-designed unit identified as a multiplicity sorter,
and also to a multichannel scaler aud a delayed neutron scaler.
The multichannel scaler was used tc¢ record the time dependence
of pulses from the neutron detector following a trigger derived
from the linac. The delayed neutron scaler was used to scale
the pulses from the detector following the diecaway of the

prompt neutrons. The multiplicity sorter, described in detail

elsewhere [9], is basically a digital-to-analog converter with
a variable count gate width, Pulses appearing at the input
following the linac-derived count gate trigger are scaled and
the output pulse height is uniquely determined by the number
(up to 9) of pulses arriving during the count gate. The pulse
height analyzed output of the multiplicity sorter provided the
measured multiplicity distribution.

With the linac pulse repetition rate of 360 pps, the time
botween pulses was 2778 usec, and the prompt neutron population
was negligible beyond 1200 usec. So, the prompt noutrons were
detected in a count gate opening & fow microseconds aftor the
gamma flash and closing at a variable time (usually 500 usec)
after that. The delayed noutrons were detected in a time
wvindow opening at 1200 usoc and closing before the next linnc
pulse. The time history of pulses from the neutron detector
obtained from a typical run is shown in Fig. 4 .
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3. DATA REDUCTION

3.1 Gb De termination

———

Terrell [10] first demonstrated with an analytical deri-
vation and a comparison with a large body of experimental data
that the emitted prompt fission neutron multiplicity distrib-
ution [pv} can be described with the expression

v V-V, # 3 +0b
2Py " ﬁ"f'%f[( , )] @
o

where

X
' e dt . (2)
VZn :4.

Here v, is the average number of prompt neutrons emitted per
fissioh, o is a distribution width parameter, and

b 20,01 %} - s [(jp_f__})] : (3)
g

Thus the {p,,} distribution is a function only of the two para-
meters Yp and O.

Consideration of the effects of non-unity detector effi-
ciency leads to the following expression for the
obgserved muliiplicity distribution {pV}:

p - e\) % (n!(l—e)n_\'\ p . (4)

n
ney | VI(n=v)t

This exprossion is valid after the observed data has been
corrected for background, pulse pileup, and deadtime effects.
Hora P is tho emitted multiplicity of order n as determined
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from Eq. (1), € is the detector efficiency and N is the maxi-
mum order emitted multiplicity, usually taken to be 9. Since
€ varies slightly with neutron energy, a small correction is
made by using Terrell's approximate expression

CE) = 0.74 +0.653 (V, + nt . (5)

The magnitude of the efficiency correction is about 2% between
ﬁb = 3.784 and ﬁb = 2,50, -

As can be seen from Eq. (4) the shape of the ohscrved
multiplicity distribution {P_} is a fairly sensitive function
of V, and 0. This is demons¥rated in Fig. 3 which shows the
ratios P3;/P; and P,/P; as a function of foir 0 = 1,15 and
for a typical value of ¢. For a given isotope and excitation
energy vp was actually determined by performing a weighted ’
least squares fit of the observed multip?icity data of all
orders 2 2 to Eq. (4) as a function of Vp, 0. Since only
bremsstrahlung energies of 12 MeV or less were used (y,2n)
reactions in all isotopes were negligible and thus all
observed net = order 2 events were uniquely associated with
a fission event. ‘

Since a fairly narrow range of excitation energies was
covered it was felt that the width parameter o for a given
isotope should be essentially ccnstant. This was found to be
the case within the statistical accuracy of the data. Thus,
an average value of o for each isotope (different for each of
the four isotopes) was determined and Vp at each excitation
energy found from a one parameter least squares fit. The
overall statistical erroxr in Gb as determined in this fashion
ranged between 0.07 and 0.14.

3.2 V4 rn/ le ) Determination

Once and o were determined from the multiplicity shape
distributign, Eq. (4) was used to determine a fission detection
efficiency for the experimental quantity

IVIDLIO-DIV-18V]
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This served tc determine the number of fission events occurring
in & given run. Ecuation (4) was then also used to calculate
the number of sinzies events due to photofission. This enabled
us to determine from the total observed singles events and the
singles background the number of singles due to (y,n) reactions
only and thus to determine the quantity {IL,/I'f®» . The overall
experimental error in {I/I'r) was generally in the range of

5 to 10 percent.

3.3 Delayed Neutron Fraction

The delayed neutron fraction P was obtained by counting
between beam bursts but after prompt dieaway. A typical time
history of this data is shown in Fig. 3. This m:asurement was
geaecrally done simultancously with the neutron multiplicity
measurements. To improve statistical accuracy some high beam
intensity delayad neutron runs were also made, notably for the
Pu samples. For these runs the number of fission events was
determined by scalihg the prompt part of the dieaway between
high and low intensity runs. Some data utilizing the '"ring
ratio spectrometer'" [11] technique were also taken tn determine
the average energy of photofission delayed neutrons and thus
a suitable €. The overall experimental error in B ranged
between 5 and 10 percent.

314 Fur ther Corrections and Errors

Where warranted, corrections for the presence of minor
isotopes have been made. This correction was most notable
for the case of B for the 2?25y sample and amounted to about
10 percent. Generally speaking the largest source of error
in all quantities is the uncertainty generated by the error
in ¢ o? . This error was _approximately + 0.05 for 2°fy, 23y,
and ?®°Th and + 0.10 for 2°°Pu and derives from the quality
of the multiplicity shape distribution fit to the data.

4. RESULTS

4.1 9V
Y

The values of v, dotermined from this experiment are given
in Table II. Incluaed in Table II are the expected values of
Vp as calculated from the expressions contained in tge evalu-
;?ions of Davey [12] for neutron induced fission of ?2¢y, 237y,

and ?2®pu and from the equation.grovided by Tu and Prince [13]
for neutron induced fission of °®'Th., These expressions are:

-7 -
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Table II

?}p Values
Electron 232TIh 235U 238U 239Pu
Energy, MeV Meas. Calc.[13] Meas. Calc.[12] Meas. Calc.[12] Meas. Calc.[12]
8 1.963+0.108 2.13 2.456+0.086 2.55 2.457+0.088 2.48 2 | | 0—-cmmee—a 3.09
10 1.891+0.111 ——-—- 2.697+0.081 2.71 2.628x0.083 2.65 3.32+0.08 3.25
10.2 1.891+0.111 -—-—-- 2.612x0,079 ---- 2.585+0.082 —---- 3.1710.14 -——--
1= 2.084+0.107 ---- 2.963+x0.072 2.91 2.802+x0.078 2.85 3.42+0.10 3.46
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Gb (E) = 2.352 + 0.1349E for 2%*U + n

Ub (E) = 2.386 + 0.1412E for °*’U + n

Gb (E) = 2.914 + 0.1436E for ?2°Pu + n
and Vb = 2,13 for 23'Th 4+ n.y

To calculate the T@ values to compare with our measured
values, the excitation energies in these expressions were
taken as the difference between the average photoexcitation
energies and the neutron separation energies for the compound
nuclei. The average photoexcitation energies were calculated
as

w

E GY:f (E) x (E) dE

_ O
<E7> - @ .
. fcrrf(E)x(E)dE
o s

where x (E) is the bremsstrziilung spectrum as given by Sandifer
[14] and 0y ,f (E) are the differential photofission_cross-
sections for the appropriate target nuclei [6,15-18]. These
average photoexcitation energies were very nearly the same for
all the nuclei studied, being 6.80-, 7.99-, and 9.44-MeV for
electron energies of 8-, 10-, and 12-MeV.respectively.

The agreement among the measured values and those calculated

from the evaluations is exceptionally good. Assuming linear
dependence of vy on photoexcltation energy for our data results
in the following expressions obtained from least squares
analyses:

V. ((Ey) ) = 1.595 + 0.0449 <E7> for ®22Th with
a correlation coefficient of 0.557

'Gp ((Er) ) = 1.215 + 0.1819 -{Er) for ?°%Py with
a correlation coefficient of 0.967

UP (<E7) ) = 1,619 + 0.1240 ¢ E)) for 2%°U with
a correlation coefficient of 0.981

'\Jp ((E)) ) = 2.248 + 0.1244 (E) for 239pu wlth

a correlation coefficient of C.826.

WIDHIO0-03Y-15V1
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It appecars that a linear dependence is consistent with our
data except for the °3?Th values. Previous evaluations [12,19]
have noted a deviation from a single straight line fit for
neutron induced fission of ??2Th and 29°U at low enerxies, and
it is plausible tkat similar behavior might be found for the
°32Th compound nucleus.

4.2 B

The B values determined from this experiment are given in
Table III, along with the data of Nikotin and Petrzhak [4] and
the calculated values of Keepin [20]. The agreement between
the values obtained by Nikotin and Petrzhak for 15 MeV
¢lectron bremsstrahlung and our weighted average is quite good.
Keepin's correlation, however, requires higher values than the
measured ones for all the nuclei except 2°°U.

4.3 {TI /T;)

The values of {TI,/Tr) obtained in the analysis of our
experimental data are given in Table IV. We find strong
dependence on eéxcitation energy as have other recent investi-
gators [6]. Their value for the ratio at the highest excita-
tion energy for 2°®U is consistent with ours, but their
reported value of {I',/T¢) = 18.5 for 2°°Th is considerably
different from ours. They assumed values for vp and their
assumed value for 222Th was higher than our measured value,
but a re-analysis of their data with our measured vy, value
reduces the value for the ratio to = 12, still much larger
than our measured value. Our *2?Th value gives a qualitatively
better fit to the %7/A correlation of Huizenga and
Vandenbosch [5]. Mafra, et al, [7] also reported some evidence
of an energy dependence for the ratio {I'n/Te¢d for *22Th and
3%y, Their data were analyzed on tho assumption of a constant
v * 2.5 for both nuclei, and we have made no re-analysis of
tgoir data with our measured Gb values.

Includod in Table IV are the values for the ratio calcu-
lated using the empirical fit of Sikkeland, et al, [21]. Again,
the value for ?%“Th at the hiphost excitat’ on onergy represents
a large doeviation from the expectod.

- 10 -
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Electron Energy, MeV

10
10.2
12

Average
(1/z° weighted)

Previous Measurement _4_

Correlation Value 203

Table III

2 Values

232Th

0.0310x0.0027
0.0306+0.0030
0.0267+0.0016

0.0259+0.0031

0.3280+0.0012

0.038 =0.006

0.0309

235

0.0090=0.0008
0.0088:0.0008
0.0113=0.0007
0.0112=06.0008

0.0102=0.0004

0.0096:0.0013

0.0101

© © © O

238U

.0306x0.0024
.0276+0.0017
.0306=0.0014
.0275+0.0019

.0291:0.0009

.031 =0.004

. 0309

WVIDIS0-0IV-ISV

0.003710.00017
0.00375+0.00022

0.00372+0.00013

0.0036 +0.0006

0.0045

OOT /57 T—IC /37rrerr



Electror Energy, MeV

10

10.2

12

Correlation value 21

232Th

1.05+0.12
3.77+0.32
3.56+0.32
6.28x0.48
3.16

Table IV

{ r‘n/ | ) Values

235U

0:98i0.10
1.06%0.09
1.09=0.09
1.18+0.08
1.22

238U

1.65+0.12
2.59+0.14

2.608+0.147
2.89+0.14
3.22

0.2910.08
1.02+0.08

0.65

WIDFHO-DIV-1§V]

I

00T/¥LI-NS/VE



b

8.

9.
10.
11.
12,
13.
14,

15.

16.

17.

18,

IAEA/SM-174/100
REFERENCES

LAZAREVA, L.E., GAVRILOV, B.1I., VALUEV, B.N., ZATSEPINA,
G.N., STAVINSKY, V.S., Conference of the Academy of
Sciences of the U.S.S.R. on the Peaceful Uses of Atomi:
Energy (1955) 217.

PROKHOROVA, L.I., SMIRENKIN, G.N., Atomnaya Energiya 8
(1960) 457. -

CONDE, H., HOLMBERG, M., Proceedings of the Symposium’ on
the Physics and Chemistry of Fission II (1965) 57.

NIKOTIN, O.P., PETRZHAK, K.A., Atomnaya Energiya 20 (1968)
268.

HUIZENGA J.R., VANDENBOSCH, R., in Nuclear Reactions
edited by P.M. Endt and P.B. Smith II (1962) 42, '

VEYSSIERE, A., BEIL, H., BERGERE, R., CARLOS, P., LEPRETRE,
A., Nucl. Phys. Al199 (1973) 45.

MAFRA, 0.Y., KUNIYOSHI, S., GOLDEMBERG, J., Nucl. Phys.
A186 (1972) 110.

DOWDY, E.J., CALDWELL, J.T., WORTH, G.M., to be published.
WORTH, G.M., CALDWELL, J.T., DOWDY, E.J., to be published,
TERRELL, J., Phys. Rev. 108 (1957) 783.

CALDWELL J.T., UCRL-50287 (1967).

DAVEY, W.G , Nucl. Sci. & Engng. 44 (1971) 345.

TU, PING-SIHIU, PRINCE, A., J. Nucl. Energy 25 (1971) 599,

SANDI¥FER, C.W., EG&G, Inc., Santa Barbara, CA, private
communication,.

BOWMAN, C.D., AUCHANPAUGH, G.F., FULTZ, S.C., Phys. Rev.
133 (1964) B676.

KIIAN, A.M., KNOWLES, J.W., Nucl. Phys, A179 (1972) 333.

SHAVLIRO, A., STUBBINS, W.¥., Nucl. Scli. & Engng. 45 (1971)
47.

KA, ©.., BAERG, A.P., BROWN, F¥., Proc. of Confoerence on
Poacoful Usos ol Atomic Enorgy (1958) P/200.

- 13 -



19.
20,

21,

IAEA/SM-174/100

F1LLMORE, F.L., J. Nucl. Energy 22 (1968) 79.

KEEPIN, G.R., Physics of Nuclear Kinetics, Addison Wesley
(1965) 101,

SIKKELAND, T., GHIORSO, A., NURMIA, M.J., Phys. Rev. 172
(1968) 1232,

IVIDIL40-D3IV-1SV



Fig.

Fig.

Fig.

I'ig.

IAEA/SM-174/100
FIGURE CAPTIONS

The Neutron Detector. A 61 cm cube of polythene
with four rings of 2.54 cm diameter, 61 cm long
SHe proportional zounter tubes, and a central
sample hole. The hole is 3.8 cm in radius, and
the tubes are in rings with radii of 6.4-, 10.8-,
14.6~, and 17.8-cm. Fifty-three ®He tubes were
used in the work described in this paper.

Block diagram of the Neutron Detection System.
Typical variation of the ratios of observed
multiplicities with vp with o = 1.15 and a
typical efficiency.

'ime variation of pulses from the Neutron
Detectcr during a typical run,
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Fig. 1
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L~

d

Tho Noutron Detoctor. A 61 cm cube of

polythene with 4 rings of 2.54 cm diameter,

61 cm long "ile proportional countor tubos,

and a contral sample hole. The holo is 3.8 cm
in radius, and the tubes are in rings with radii
of 6.4-, 10,8-, 14.6~, and 17.8-cm. IFifty-thruve

“Ho tubes wore usod In the work doscribed in
this paper,

- 16 _

WIDIO-DIIVY-15V1



IAEA/SM-174/100

03P ML eten e,

L]
D s

et P A e e )
.:0._.. }. :::. 1Y) :.?r“'.‘\' 2 5:\ ..:o'ﬁ i bee ..\0 .;':;.'.: IRON
T0 3He §y:7 POLY THENE nE,
TuBes |17 R
B | s P
= " CONVERTER
i =
| % SAMPLE o - ELECTRON  LINAC
| B -
. it ‘
o &
. ) d .:.:.
1 .., 4 ..‘. ;'....
i TRIGGER
n’o...‘ on Ny 20 2% 0% Foa 00 o © LA '.: .~ |
*» v7BORATED ™ POLYTHENE™  * . 1.°.1h | ﬁ
I LIPS b
. GATE @
| PREAMP |- OLTAGE GENERATOR
= Hall

' PREAMP . | CURRENT GATE &
AGE DELAY
Xl INTEGRATOR [GENERATOR]

,_.,kmsmr_.

L)[PREAMP

SUPPLY
v ]
EL AG

gtgm_ GATE Y

Y .[ MULTICHANNEL
L 1 SCALER _
AMPLIFIER J AMPLIFIER | s%,{{%o" :

ER_ |
AMPLIFIER

| “ TRIGGER
MPLIFIER GATES
‘ - SCALER
SCALER- SCALER-
DIScC. DISC. |
. U
SCALER- S8CALER- PULSE

DIscC. DISC. — ANALOGL _ o~
ouT HEIGHT
D | MULTIPLICITY ANALYZER
OR SORTER
L P d
Fig. 2 Block Diagram of the Noutron Deteoction Systam

- 17 -



Ratio (Calculated)

o7

o

0.09
0.08
0.07
0.06

0.05
0.04

0.03

0.02

0.0l

IAEA/SM-174/100

1.5

2.0 2.5 3.0 35 4.0

Fig. 3 Typical variation of the ratios of observed
multiplicities with yp with o = 1.15 and
a typical efficiency. '
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Counts/Time
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Sample: 238U, 58.6¢
Beam pcrameters:
Energy: 10 NaV
Current: SmA
Pulse width: 10 nsec
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Run time: 1000 secc

~. | I_.,Delaxed neutron count gafe .,

e % 7.

Average total COUNtS o - T R e e
in deiayed neutron count gate .

Average sum of background counts
/‘/ in delayed neutron count gate

‘ __ NN
500 000 1500 2000 - 2500 3000

Time After Injection (usec)

Fig. 4 Time variation of pulses from the Neutron Detector during a
typical runm. WIMHO-DIV 15V
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