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A vigorous effort to dispel the scandalA of the i« 27. dispersion in reported experimental
values of 252Cf 'v, the average number of neutrons emitted in spontaneous fission, has been
underway over the past 5 years. The goal is to reduce the uncertainty in this fundamental
parameter to the i 0.25% level needed for reactor physics applications. Both new measurements
and reevaluation of older measurements are involved. At ORNL a neo measurement is being
carried out using the large liquid scintillator neutron detector. Findings of the most
recent experiment, incorporating improvements suggested in a preliminary study,

d i s c u s s e d- ^

(v, neutron multiplicity, 2S2Cf, fission, large liquid scintillator, proton-recoil detector.)

Historical Development

The first measurements of V, the average number of
neutrons emitted in fission, were reported by Halban,
Joliot, and Kowarski' in 1939, incredibly, only four
months after the discovery of fission by Hahn and
Strassman. These earliest measurements were carried
out on systems of uranyl nit£ate dissolved in water
and, although their derived V of 3.5 for uranium was
somewhrn in error, their experiments permitted the
impori;:' conclusion that no concentration of ordinary
uran-- H?0 can result in a self-sustaining chain
rear: , At almost the same time S2ilard and Zinn3

hac uK:i:..i;ted an average of two neutrons per fission in
uranium by counting recoils in a helium filled ioniza-
tion chamber. Shortly thereafter these same experi-
menters reported11 a V value of 2.3 and studied the
energy distribution of the emitted neutrons using
helium and hydrogen filled chambers. By the end of
.1939 \T of uranium, the spectrum of prompt fission !
neutrons, the number of delayed neutrons and their i
'half-lives had all been studied.5 In 1940 spontaneous
fission was discovered.6 At this point TO II essenti- |
ally ended the open publication of fission research. j

The late 1940's and early 1950's undoubtedly saw ;
a great deal of activity in-the^study of neutrons from :
fission although for the most part the work was unpub-
'lished. For example, the apparatuses used by Fowler j
and by Hanna to study v of fissile isotopes as a func-
>tion of energy of the bombarding neutron are described
by Henkel.7 The neutron detectors used in these \
studies were, in general, of low efficiency (i.e. pro-,
ton recoil ionization chambers). It was in the mid |
1950's that large volume, high efficiency neutron I
detectors came into prominence. Both the large liquid
scintillator' device and the manganese bath9 neutron j
detectors were introduced. With the former detector [

(delayed coincidence techniques became possible, lead- '•
,ing to studies of more complicated aspects of fission !
.such as the variation of V with fission fragment '
kinetic energy and mass ratio10 in addition to more ;
; precise values of v and the second moment of the neu- •
tron multiplicity distribution. The first production
and isolation of 2s2Cf from a 235Pu sample irradiated I
in the MTR reactor in Idaho had been accomplished. ]

It was' immediately recognized that the relatively low <•
• alpha emission to spontaneous fission ratio of this :
isotope C<" 31/1) meant negligible interference from
(a,n) reactions in surrounding materials, and there-
fore it would nake an ideal standard source of fission
neutrons. But first, precise neasurements of the
fission neutron energy spectrum and the avenge number
of neutrons emitted, v, were necessary.
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Probably the earliest mea jrement of v of 252Cf
was that of Crane e_t a_l. ,9 at Livermore. Using the
manganese bath activation technique they obtained a
value of 3.10 i 0.15. Then Hicks et al.,12 at
Berkeley, reported 4.06 ± 0.14 £or V of z5*Cf using a
large liquid scinrillator (and V of 21lDPu as reference).
This early large discrepancy undoubtedly provided
impetus for new measurements. However, although the
magnitude of the difference decreased, the absolute
measurements of 252Cf V which followed have persis-
tently shown a systematic discrepancy between the
liquid scintillator method on the one hand and the
manganese bath (including boron pile2v) method on the
other. A summary of these measurements from 1963
onward and the latest results prior to this meeting,
including recent reevaluations of some of the measure-
ments, is presented in Table I. At this point the
discrepancy in the previous measurements has apparently
not been reduced sufficiently to derive an absolute Vp
of 252Cf to the <. 0.25% accuracy needed for reactor
physics applications.
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A vigorous jeffort to dispel the scandal^ of the \ 2% dispersion in reported experimental
values of 2S2Cl V, the average number of neutrons emitted in spontaneous fission, has been
underway over the past 5 years. The goal is to reduce the uncertainty in this fundamental
parameter to the ± 0.252 level needed for reactor physics applications. Both new measurements
and reevaluation of older measurements are involved. At ORNL a new measurement is being
carried out using the large liquid scintillator neutron detector. Findings of the most
recent experiment, incorporating improvements suggested in a preliminary study, will be
discussed. ] ,

(v, neutron multiplicity, 252Cf, fission, large liquid scintillator, proton-recoil detector.)

Historical Development !

The first measurements of v, the average number of
neutrons emitted in fission, were reported by Halban,
Joliot, and Kowarski1 in 1939, incredibly, only four
months after the discovery of fission by Hahn and
Strassman. These earliest measurements were carried
out on systems of uranyl nitrate dissolved in water
and, although their derived \J of 3.5 for uranium was ;
somewhat in error, their experiments permitted the
important conclusion that no concentration of ordinary
uranium in H2O can result in a self-sustaining chain
reaction.2 At almost the same time Szilard and Zinn3

had estimated an average of two neutrons per fission in
uranium by counting recoils in a helium filled ioniza-
tion chamber. Shortly thereafter these same experi- •
menters reported* a \) value of 2.3 and studied the
energy distribution of the emitted neutrons using :
helium and hydrogen filled chambers. By the end of
1939 7 of uranium, the spectrum of prompt fission j
neutrons, the number of delayed neutrons and their ;

half-lives had all been studied.5 In 1940 spontaneous
fission was discovered.6 At this point WW IT essenti-,
ally ended the open publication of fission research.

The late 1940's and early 1950's undoubtedly saw
•a great deal of activity in the study of neutrons from
fission although for the most part the work was unpub-
lished. For example, the apparatuses used by Fowler
and by Hanna to study V of fissile isotopes ss a func-
tion of energy of the bombarding neutron are described
by Henkel.7 The neutron detectors used in these
studies were, in general, of low efficiency (i.e. pro-
ton recoil Ionization chambers). It was in the mid
1950's that large volume, high efficiency neutron
detectors came into prominence. Both the large liquid
scintillator8 device and the manganese bath9 neutron
detectors were introduced. With the former detector
delayed coincidence techniques became possible, lead-
ing to studies of more complicated aspects of fission ,
such as the variation of v with fission fragment
kinetic energy andjnass ratio10 in addition to more
, precise values of V and the second moment of the neu-
i tron multiplicity distribution. The first production ,
and isolation of 2S2Cf from a 239Pu sample irradiated |
in the MTR reactor in Idaho had been accomplished.''
It was' immediately recognized that the relatively low
• alpha emission to spontaneous fission ratio of this •
isotope (̂  31/1) meant negligible interference from :
(a,n) reactions in surrounding materials, and there-
fore it would nake an ideal standard source of fission
neutrons. But first, precise Measurements of the
fission neutron energy spectrum and the average number
of neutrons eaitted, v, were necessary.
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Probably the earliest measurement of V of Cf i
was that of Crane e£ £l. ,9 at Livermore. Using the 1
manganese bath activation technique they obtained a
value of 3.10 ± 0.15. Then Hicks e^ al.,12 at
Berkeley, reported 4.06 ± 0.14 £or V of Cf using a '
large liquid scintillator (and V of 2l<0Pu as reference).
This early large discrepancy undoubtedly provided '.
impetus for new measurements. However, although the
magnitude of the difference decreased, the absolute
measurements of 2S2Cf \> which followed have persis-
tently shown a systematic discrepancy between the ;

liquid scintillator method on the one hand and the
manganese bath (including boron pile21*) method on the
other. A summary of these measurements from 1963
onward and the latest results prior to this meeting, '
including recent reevaluations of some of the measure- .
ments, is presented in Table I. At this point the
discrepancy in the previous measurements has apparently:
not been reduced sufficiently to derive an absolute \>. •
of 252Cf to the <. 0.25% accuracy needed for reactor ;
physics applications.
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• The Importance of 252Cf v !

The importance of such an accurate value to both
fast breeder and thermal reactor systems stems from the
use of californium spontaneous fission sources as a
standard in measurements of ̂ ( E J J ) , the neutron energy
dependence of nubar, for the fissile isotopes of
uranium and plutonium. Experimentally it is convenient
to measure the energy dependent nubar ratio j

R(E_ )
Cf)

for each isotope, thereby avoiding a. separate measure-
ment of neutron detector efficiency with each experi- •
merit. For a reactor the quantities ot interest are the
neutron-spectrum-averaged values of V for the combina-
tion of heavy metals in the core. Uncertainties in the
ratio measurements and in the value of Cf V contribute
directly to uncertainties in the flux-averaged quanti-
ties and therefore affect reactor design and cost. For
example, sensitivity calculations oC a full-scale model
LMFBR core25 indicate that the effect of V uncertainty
is comparable to the more universally recognized sensi-
tivities to Of of 239Pu and CTy o f 238l)- It: c a n b e s e e n

from Table I of Ref. 25 that a 0.5% uncertainty in
252Cf V, since it acts in concert on the V values of
all fissionable isotopes through their measured
R(En)

fs, i^ principle results (to first order) in an :
uncertainty of 0.5% in multiplication factor, k, and a
1% uncertainty in the so-called k-reset breeding ratio.
To meet design goals of 0.5X uncertainty in k and 2% in
breeding ratio (only °u 1/2 of which can be taken up by
the nuclear parameters) requires that the 252Cf V
uncertainty be 0.25% or less. Similar conclusions have
been reached in the case of light water reactors (LWR).
Recent calculations by Becker e_£ al.26 predict that the
largest effects on LWR fuel-cycle costs were due to
252Cf \J with a sensitivity of approximately 4, compared
to typical spectrum averaged cross-section sensitivi-
ties of about 0.5. However, the importance of V for ;
thermal systems is diluted through use of direct ,
measurements with thermal neutrons of the related
•quantity, n, the number of neutrons emitted per neutron
:absorbed. j

! The ORNL 2s2Cf vp Measurement j

New measurements of 252Cf V by both manganese !
I bath and liquid scintillator techniques have been ini- j
|tiated in the U.S. to try to resolve the discrepancy
jin this important parameter. At ORNL nubar ratio
measurements on the fissile isotopes referenced to
i252Cf were already underway using a large liquid scin-i
'tillator. Thus, the adaptation of the ORNL equipment .
'to an absolute v p of

 252Cf experiment was a natural :
and virtually compulsory development. ('

iThe 1977 Measurement .'•:• . j

In the ORNL measurement an ̂  900 liter gadolinium;
:loaded liquid scintillator tank was placed in the |
pulsed neutron beam from ORELA approximately 85 m from
the neutron-producing target. The tank was carefully .
aligned so that a 1.27 cm diam collimated beam tra- j
versed the scintillator on the axis of a horizontal i
through-tube built into the tank. In the first experi-

.went1* done in 1977, an NE-213 proton-recoil detector ,'
(0.6 cm thick by 4.8 cm diam liquid volume in] direct ;
contact with the photomultiplier face) and a fission :
chamber containing 2 5 2Cf were both positioned] on the
vertical center axis of the scintillator, the recoil ;
detector being in the beam and normal to it whereas '
the fiffion chamber wag out of the beam and just above
f.the through-tube bottom. Two graphite plugs wereusejT

to reduce neutron escape out the through-tube ends. A
schematic of the experimental configuration is given in
Fig. 1. Fission events were signalled by coincidence •
between fragment pulses in the fission detector and the
prompt tank pulses from fission gamma rays to allow use
of a low fission chamber bias without interference from
alpha pulses. When biased well above the alphas, the
loss due to the coincidence requirement was only i
"* 0.7%. Neutrons scattered from the beam in the NE-213
were signalled by their associated proton recoil pulses
.and their incident energies defined by recording their
;time of flight. Pulse shape discrimination was used to
ireject gamma ray interactions in the NE-213. Some 500
ins after either a fission chamber or proton-recoil j
jdetector event a fast sealer was gated on for 50 us to1

:record subsequent tank pulses from neutrons slowed ;
;down and captured in the scintillator. The nubar !
:sealer data were stored according to the number of
. pulses occurring during this 50 )js and according to
the type of initiating event. Thus the observed neu-
tron number distributions, which are required to
icorrect the fission data for neutron pileup, were
obtained. Similarly the nubar sealer was triggered by
appropriate background gate generators and subsequent
tank background pulses were recorded. Since only one
jneutron enters the tank per proton-recoil event, the
, fraction of recoil events which resulted in a scin- i
i tillator tank pulse during the 50 ys counting interval
' is (after correction for background) a measure of the
, tank pfficiency. These recoil data were used to nor-
1 malize a Monte Carlo calculation of the total tank
• efficiency for an isotropic spectrum of neutrons
1 representative of 252Cf fission. This efficiency ;
together with the background corrected fission event .
nubar data permitted the derivation of \Jp for

 252Cf. i
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Fig. 1. Schematic cross-section view of the ORNL,
d 252Cf jgadolinium-loaded scintillator tank with the 252

! fission chamber and the NE-213 proton-recoil counter
I in place.

Ideally the tank neutron efficiency calibration
should be measured for all regions of the tank at all
energies necessary to describe the 252Cf fission neu-
tron spectrum. Using the white spectrum of neutrons
available from ORELA, it is possible to kinematically
describe scattered neutrons over a sufficiently broad
region of energies, but for a somewhat restricted
range of scattering angles at each scattered neutron
energy. For n,p scattering: !

I

E £ E.COS26

I
where Eg is the incident neutron energy as determined -
Lby time offlight,_ Ej is the scattered neutron energy



as determined from Eg and the pulse height response to
the scattered proton, and 9 is the neutron scattering '
angle with respect to the incident beam. The proton
pulse height is calibrated in energy by observing the
end point of the pulse height spectrum at each incident
neutron time of flight. Thus, the proton-recoil data
were reduced to efficiency v§_ scattering angle for some
16 scattered neutron energy groups from essentially 0
to about 10 MeV. Following a suggestion of Hopkins and
Diven16 the efficiencies were computed from the zeros
of the scattered neution probability distribution
thereby avoiding any pile-up correction for these data,
i.e.:

fraction of neutrons undetected - 1 - e • N(o)/B(o)

where £ is the efficiency, N(o) is the observed proba-
bility of zeros following a proton-recoil event and
B(o) is the probability of zeros in a background nubar
gate. Examples of the efficiency data from the 1977
experiment are shown in Fig. 2 along with normalized
Monte Carlo calculations of tank efficiency. The
latter were carried out using the code DENIS.27 '•
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'• Fig. 2. Experimental (points) and Monte Carlo 1
calculated (lines) tank efficiencies for neutrons from1

.0.5 to 3.0 MeV energy vs cosine of the neutron scat-
tering angle. The Monte Carlo calculations were I
' carried out for 5° intervals in scattering angle with
10,000 histories at each angle. Straight lines are ;
used as eye guides between the calculated data. Where
error bars are not visible in the experimental data,
' they are of the size of the data points. ;

The analysis of the 1977 experiment which led to
the value \7p - 3.783 ± 0.010 given in Table I is

1

described in detail in Ref. 18. Briefly, it cart be
seen in Fig. 2 that the measured efficiencies show a
significant decrease at very low scattered neutron
energies and that, at the lowest energy shown, there
, is also a decrease at the higher scattering angles.
These disturbances were attributed primarily to |two
effects. First, there is a preferential loss of ,
. detected neutrons at low scattering energies atjj

•.-\.r: •.-•:•: •>, '•:• • ••-• > ^ G £ T O 7 < . - - ' - ' " - J P Y

absorption times beyond the end of the SO ys counting
gate. This is caused by the tens of [is traversal time
for thermalized neutrons in the through-tube and was
predicted by the Monte Carlo calculations (Fig. 3). In
order to accurately predict the low energy drop-off in
efficiency, the Monte Carlo calculation was adjusted
(by varying the thermal absorption cross section of
gadolinium slightly) to fit the measured time of
absorption of neutrons at long times as shown In Fig. 4
Second, there is a preferential loss of efficiency at
high scattering angles (and low scattered energy) due
to the effect of the photomultiplier, primarily absorp-
tion of thermalized and eV neutrons by 10B in the glass
envelop. This effect was measured for 252Cf neutrons :

jto be 0.35% by simply removing the proton-recoil detec-
tor. It was assumed that it could be accounted for in
the efficiency calibration by not using data for scat-
tered energies below 1.5 MeV (and the three highest
angle points in Fig. 2 for 1.5 MeV). This procedure :
was not altogether pleasing since these low energy neu-
tron groups carry a high weight in the Maxwellian used
to simulate 252Cf neutrons. In addition to these two
effects, a possible effect due to multiple scattering15

in the NE-213 was recognized but presumed to be small •
due to the relatively flat response with scattered
neutron angle of the tank.
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i
j Fig. 3. Monte Carlo calculated total efficiency ;
jof the scintillator tank (in 1977) for isotropic neu- •
trons ys_ neutron energy. The calculation was for \
400,000 total histories, weighted by a Maxwellian with ;
average energy of 2.09 MeV. j

The 1979 Measurements , |

I As a result of these difficulties in analysis in i
|the 1977 measurement, a new set of measurements with i
Isomewhat more optimal conditions are presently underway.
IThe following changes in the experimental arrangement
;were made: the through-tube diameter was reduced to ]
8.9 cm 0D to reduce the angular dependence of neutron j
efficiency; a 0.076 cm thick cadmium sleeve was j
inserted in the through-tube to reduce the number of \
'thermalized neutrons traversing the tube; an 80 us '
counting gate (starting 750 ns after an event) was used
to reduce any residual "time gate" loss; the diameter ,
of the NE-213 was reduced to 1.9 cm to decrease nul- |
tiple scattering and a quartz window was used between
the NE-213 and P-M; graphite plugs with a 2.54 en dim
hole for the neutron bean were used. With these
changes and using a 1 MeV tank bias on the detection :

•of neutrons an ̂  95Z efficiency for 25zCf neutron* j
was attained and the time gate effect wai eliminated

_JL
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Fig. 4. Linear (a) and semilog (b) plots of the j
measured (square data points) fission neutron time-to-
absorption distribution and a fitted function (solid
line) of the form F(t) = A(e"Bt-e"At) - Bte"At with i
A - 22319 ± 63, B - 6398 ± 74, S - 0.0621 + 0.0001 and
X - 0.382 ± 0.002. The Monte Carlo predicted shape
shown in the lower figure was fitted (not shown) with i
the same function and parameters B/A » 0.110, 8 ™ |
0.0613 ± 0.0005, and X - 0.42 + 0.03. The units of B,'
X, and £ are Usec"^ with t in usec. '

(see Fig. 5). Runs were made with the neutron beam
entering the P-M base first and entering the NE-213

' first so that an average of the two runs could be used
j to approximately account for the disturbance to 2 5 zCf ,
I neutrons caused by the P-M. This effect was unex- j
i pectedly about the same as in the 1977 experiment ;
(0.35%). Similar runs were carried out with a 3 MeV
bias on tank neutron detection to eliminate delayed j
gamma rays from fission and thereby verify a 0.3% !
correction to the low bias result which was calculated

: from yield data for the delayed isomers. Some results
; of the efficiency calibration with'l MeV tank bias are
shown in Fig. 6 along with a normalized Monte Carlo

' calculation using the latest ENDF/B cross sections. !

The results of preliminary analyses show that the
' low and high bias derived 2 5 2Cf vp values agreejj within
the statistics of the efficiency calibrations (the
high bias result is ^ 0.07% lower than the low bias
result). The results of various methods of normal-
lzing the Monte Carlo calculation to experiment;; are

: also consistent. For example, > single normalization

, constant using «11 the experimental data from 0

iMeV scattered neutron energy results In a
zCf

that Is within > 0.05% .of the value obtained by. |

- 7.5
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; 0 2 4 6 8 10 12 14 *̂
NEUTRON ENERGY (MeV]

Fig. 5. The 1979 tank total efficiency for iso-
tropic neutrons as a function of energy group are shown
as square data points. The histogram shows the % loss
of " 2 C f neutrons (i.e. a Maxwellian weighting with
¥ • 2.09) by energy group. Both data sets were
obtained from Monte Carlo calculations of the tank
efficiency normalized to experiment with a single
normalization constant.

1.0 0
COSINE THET&

Fig. 6. Measured neutron efficiencies as a func-
tion of the cosine of the neutron scattering angle
(squares and triangles) for four of sixteen scattered
|neutron energy groups. The solid line joins Monte
;Carlo efficiency predictions at 5° angular Intervals
'normalized by a single constant for all energies and
|angles. Squares were measured with the ORELA neutron
beam entering the P-M base first, whereas triangles
;are for the ORELA beam entering the P-M face first.

rnonnalizing each energy group separately for both the •
|low and high bias runs. Since the Q-values for (n,p) -
^reactions in the materials surrounding the NE-213 are :
[negative and of magnitude •>» 2-4 MeV for the major con-
stituents, the use of proton-recoil data below about 3 ]
MeV should greatly diminish any effect of these "false
zeros."1' This method of normalization led to a
reduction of ^ 0 . 0 8 % in the low bias result. In ••
.summary, the two biases and several ways of normaliza-
tion of the Monte Carlo calculation resulted in values
,for v p of

 2 5 2Cf from 3.771 to 3.775. Since necessary
'ancillary measurements for determining uncertainties
and/or other small corrections have not yet been <
carried out with the new system, a tentative value ,
p - 3.773 without error is reported here. If I

[calculated in the^ same manner as in Refs. 17 and 18,let
_4 .
P.: ;•.'•



the standard error will be significantly smaller than '
for the 1977 experiment. This value is 0.43% higher !
than the value recommended in ENDF/B-V (\Fp - 3.737 '
± 0.006).

Conclusion

In conclusion it may be of interest to see what
effect this latest value of \Tp for

 2S2Cf has with [
regard to the thermal parameters o£ interest to reactor
design. Table II, for example, shows a comparison
between the 2200 ra/s fission cross sections calculated
from the relations

rib. " W T E . Stein and S. L. Whetstone"" Phys. Ref-.~U0i 1
476 (1958). " I

Vdelayed>

Kp-Vp(
a *Cf)

where ri is Che number of neutrons emitted per neutron
absorbed, and an evaluated set of fission cross sec-
tions.28 For the purpose of this comparison V- of
252Cf was taken to be 3.773 without error. It can be
seen that relatively little adjustment of the 2200 m/s
parameters would be required to obtain complete
consistency.

Ref. 2? Jef. 28 0, C.lc.

O.7h5 • .003"

0.779 = ,oo;1 =

2.295 '. .009

2.081 ; ,0tl9

2.1L0 : .006

2.165 : .010

575.2 : 1.3

680.9 i 1.7

1011.2 : 6.1

1378 : 9

529.5 ^ 2.6 529.9 i 1.4

579.4 i 3.1 5S3.5 : 1.3

737.6 t 4.0 7S4.O - 2.5
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