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1. INTRODUCTIOH

An accurate knowledge of the shape of the neutron spectrum
is of primary interest in reactor physics calculations. This is true
for the fission spectra of isotopes other than the extensively inves-
tigated 2’*U. Such data can also lend insight by comparisons with simi-
lar measurements on 2~U. Most of the measured neutron spectra are de-
scribed very well by the Maxwellian distribution. Experimental neutron
spectrum data on 272Cf spontaneous fission are compiled in Table 1| and
are displayed Pig. 1, which gives the Maxwellian temperature (T) as a
characteristic parameter of the spectral shape. When studying the table
one is struck by the observation that in spite of the relatively small
errors quoted there are rather large divergences between the values.
This indicates large systematic uncertainties.

Prom the theoretical point of view, Terrel’s relation [2I]
between T and v /average number of neutrons from fission/ represents
a guide for an expected trend. However, it gives a large scattering be-
tween data points and at best one can only say that the T-v relation
demonstrates some degree of trend. It is clear, therefore, that there
is a need for new accurate measurements and for a serious evaluation of
all important sources of error.

The increasing availability of 52Cf has made it a convenient
neutron source and thus it is very desirable to have an accurate know-
ledge of its neutron energy distribution. We have attempted in this paper
to explain the large spread in the ~ Cf fission neutron spectrum data
and to estimate the best value of T from a detailed analysis of the
experimental circumstances and the necessary corrections.
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2. BACKGROUND CORRECTIONS IN TOP MEASURENMENTS

Most of the measurements referred to were carried out using
time-of-flight (TOP) techniques. Before dealing with the measurements
we shall discuBs the possible sources of background and the corrections
that they entail in TOP measurements on fission neutron spectra in gene-
ral. The discussion is applicable to experiments where:

a/ the start signal to the time-to-pulse height converter is
provided by a neutron detector sensitive to both neutrons and gamma rays:.
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b/ the atop signal is provided by a fission detector sensitive
té fission fragments only. The fission detector records all the fission
events, so that the total neutron spectrum averaged over all angles can
be measured.

A. Random background.

The random coincidence background can be measured simultaneously
in a given range of the spectrum by suppressing systematic events in
this region with appropriate delays. The distribution of background
caused by the random coincidences is flat.

A special type of random coincidences, the "systematic-random"
coincidences, emerges in the fission neutron spectrum measurements,
but these are not measurable directly. The number of accidental coin-
cidences is given by N = 2t Nn Nf, where T is the time resolution of the
coincidence unit and Nn and ilr are the count rates of the neutron and
fission detector, respectively. It is necessary to calculate N for each
channel of the multichannel analyser because Nn varies from channel to
channel. is the number of events proceeding an event in the i-th
channel. The number of eystematic-random coincidences in the i-th chan-
nel is given by

N1 = N
=341 f
where T is the channel width in time, units, the fission rate per
unit time and n the number of events in the j-th channel. The factor
of 2 disappears, because the events cannot occur in the reverse time
direction.

This type of background depends on the shape of the measured
spectrum. In general, the distribution of the systematic-random coin-
cidences is nearly flat, slightly decreasing with increasing channel
number. If this type of background is neglected the value obtained for
T willbelow, because the systematic-random background is important only
in the low-energy part of the spectrum.

B. Scattered background

The relative number of scattered neutrons that are detected
depends strongly on the experimental circumstances. It can be measured
by placing a shadow cone between the source and the neutron detector
to shield against direct neutrons.

The detection of scattered neutrons in coincidence with fission



fragments will decrease the value Of the average neutron energy, and

hence the value of T will also be lowered. / Assuming Maxwellian dis-
tribution, the average neutron energy / E/ is ~ T./

C. Delayed gamma rays

The existence of delayed gamma rays in the 2’E‘ZOf fission pro-
cess was pointed out first by Johansson [10] . It was later shown that
the detection of delayed gamma rays could strongly distort the low-
-energy part of the neutron spectrum [6] . The background caused by
these delayed gamma rays can be measured at short flight paths. If the
spectrum distortion caused by the detection of delayed gamma rays is
neglected T will againibe too low.

No correction was made for delayed gamma rays in data published
before Johansson’s work. We have estimated the magnitude of the delayed
gamma rays using the recent data of John et al. [II] , who measured
the energy, half-life and intensity of 144 gamma rays and the mass of
the emitting fragments. For 0.2 <E< 2 MeV and t<100nsec, the total
gamma ray energy of unresolved lines is at most 20 % of that of resolved
lines, so that our calculations can give a lower limit for the magnitude
of the delayed gamma rays.

3. METHOD OF EVALUATION OF NEUTRON AND GAVIVA RAY DISTRIBUTIONS

We calculated the efficiency of detection of neutronB and gamma
rays, the energy distribution of the fission neutrons and the time dis-
tribution of delayed gamma rays. Two different types of scintillator
were used to detect the neutrons: organic plastics and 6li-loaded glass
scintillators. Since very few data were available on the detection of
low-energy neutrons and gamma rays by organic plastic scintillators,
the calculations were carried out as for anthracene scintillators, which
have a similar chemical structure and density. It has been shown that
the relative light output for the detection of different charged parti-'
des is the same both for anthracene and organic plastic scintillators
O]

The efficiency of neutron detection was calculated by the follow-
ing formula:

where pg is the macroscopic cross-section of (n,p) scattering, S is the



thickness of the scintillator and E~h Is the energy threshold for neu-
tron detection. The validity of this simple formula has already been
proved experimentally [16] . pH for anthracene was calculated from
the appropriate tables [19] . The value of E”h was determined for each
measurement.

The efficiency of detection of the gamma rays was calculated
from data on the gamma—ray absorption coefficients of anthracene [15]
In the investigated energy range Compton scattering is the only possible
absorption process and therefore the effect of the detector threshold
on the efficiency curve was accounted for in the same way as in neutron
detection:

SO - o 3 EYh
The value of E~h was determined for each measurement.

In the case of 8Li glass scintillators an absolute neutron
efficiency curve was used [6] . The threshold for gamma-ray detection
is about 0.8 MeV. Wt &(ﬁasured the efficiency of Li-glass scintillator
for the detection of uCo and Na gamma rays and found it was 1.2 %,
compared with 1 # efficiency reported for ~Co gamma rays [6] . Above
0.8 MV delayed gamma rays are in the energy range of 1.2-1.3 MV only

[I1] and thus the measured efficiency values could be taken into ac-
count.

The neutron energy distribution was assumed to be Maxwellian,
with an energy parameter of T=1.5 MeV j it was normalized to give v =
3.77 neutrons per fission. Taking into account the efficiency curve
and the flight path, the energy distribution was transformed into a
time distribution.

The time distribution of delayed gamma rays was calculated from
published data [Il] . The distribution of each gamma ray was normalized
to give the measured intensity per fission. The "measured" distribution
of delayed gamma rays was given by taking into account the efficiency
and summing up all the gamma rays.

By comparing the calculated distributions of the neutrons and
delayed gamma rays we can deduce the magnitude of the distortion effect
caused by the detection of delayed gamma rays in 272Cf fission heutron
spectrum measurements.

4. DISCUSSION OF TOF MEASUREMENTS

The most important data on TOF measurements are listed in Table
Il. The background estimations were made from these figures.

A/ Smith et al. (Jg did not report any data on the threshold



energy of neutron detector. Assuming different threshold energy values
for neutron detection we calculated the measured neutron spectrum by the
method outlined above. The best agreement between the calculated and
the measured neutron spectrum was achieved with a value of = 100
keV. The 100 keV threshold energy for neutrons corresponds to a 5 keV
threshold energy for gamma rays. / The light output of anthracene for
100 keV energy protons is equal to the light output of 5 keV energy
electrons [I7, 18] . Ganmma radiation with an energy of 5 keV lose its
total energy in the scintillator [18] ./ The calculated neutron and de-
layed gamma ray distributions can be seen in Pig.2. The background due
to the delayed gamma rays is rather important. The number of detected
delayed gamma rays relative to the number of detected neutrons is 10 %
at 0.2 MeV neutron energy, 3-6 $ at 0.5 MeV and 1 % at 2 MeV. Taking
into account this correction, we got a 5-KO % higher value than the
single measured value for the temperature of the Maxwellian distribu-
tion.

The effect of systematic-random coincidences was not considered,
although this type of background also can decrease the T value.

B/ Bowman et al. [4] measured the angular distribution of neu-
trons. The value, of T was calculated from the integrated angular distri-
bution. The scattered background was measured and the systematic-random
background was calculated, but these components were disregarded in
the data analysis. The authors determined the background, in different
parts of the spectrum: in the random coincidence region, in the valley
between the neutron and prompt gamma-ray peaks; and below 450 keV neu-
tron energy, where the detector efficiency was 0 for neutron detection.
The background distribution was calculated from these values for the
whole spectrum, and thus the real value of background was determined
without any knowledge of the existence of delayed gamma rays.

C/ The results of our calculations4for the measurements of
Condé et al. [5] with a Li-glass scintillator can be seen in Fig.3.
Above 200 keV the number of detected gamma rays is negligible. In meas-
urements with a plastic scintillator the threshold energy of neutron
detector was 5 keV for gamma rays [9] , which corresponds to 100 keV
for neutrons, as noted in the discussion of Smith’s measurements. The
calculated distributions are plotted in Pig.4.The relative number of
detected delayed gamma rays is 5 at 0.3 MV and 2 # at 1 MeV. The
distortion of the spectrum is not negligible.

There was no measurement of scattered background and the contri-
bution of systematic-random background was not calculated. Since all
neglected background sources decrease the T value, the measured value
of T=1.39 MeV is too low.

D/ Meadows [6] analysed and determined all types of background.



His maasurements show a small deviation from the Maxwellian shape be-
low 0.5 MeV and gave a result of T=1.565 MeV calculating between 0.005
and 15 MeV, and T=1.592 between 0.5 and 10 MeV.

E/ Zamyatnin et al. [7] took all types of background into ac-
count except that due to the delayed gamma rays. The detector threshold
energy was 59 keV for gamma rays, which is equal to 35 keV for neutro

[4] . The calculated distributions can be seen in Pig. 5-The distor-
tion caused by the detection of delayed gamma rays i3 not negligible,
therefore the value of T=1.48 given by the authors is somewhat low.

5. MEASUREMENTS WITH OTHER METHCODS

When other methods are used to determine neutron energies the
background sources differ somewhat from those in TOP measurements. Im-
portant distortion can be caused by the detection of delayed neutrons
arising 2-20 sec after fission. In the spontaneous fission of 252Cf
0.86 % of all the neutrons are delayed [15] . Although the average en-
ergy of these neutrons is not known, the average energy of 450 keV meas-
ured for 235U and 279Pu [20] may be valid for 2")2Cf too.

A/Hjalmar et al. [1] measured the neutron spectrum with photo-
plates by computing the neutron energy from the tracks of recoiled pro-
tons in emulsion. Only 281 tracks were recorded., and the low energy
part below 2 MeV was not considered. The statistical validity of this
measurement is doubtful.

B/ The neutron distribution reported by Smith et al, [2] was
measured above 2 MeV with photoplates. The spectrum was evaluated by
Condé [5] | who gave a value of T=1.57 MeV.

C/ Bonner [5] measured the neutron spectrum by means of a
sphere-moderated neutron spectrometer [8] . Neutrons were detected in
a small 6Lil/Eu/ scintillator placed at the centre of polyethylene mode-
rating spheres with sizes ranging from 5.1 to 30 cm in diameter. The
counting-rate ratio of spherical counters with different sizes is a
sensitive function of neutron energy. Assuming Maxwellian distribution
for the fission neutrons the measured ratio will be a function of T only.
The best value of T computed from six independent measurements with
different detector pairs was T=1.367. Background was measured without
the 252Cf source in position but the number of scattered neutrons was
not determined, which means that the value of T was lowered.

We calculated the contribution of delayed neutrons for one of
the detector pairB / 20 and 7.6 cm spheres / using the efficiency curves
given by Bonner. This gives a value of T reduced by 30 keV. The decrease
in T value due to delayed neutrons was larger for the other detector



pairs. The contribution from the detection of prompt gamma rays is
negligible.

6. CONCLUSIONS

The effect of different components of the background on meas-
urementa of fission neutron energy spectra of Cf have been discussed
and it has been pointed out that failure to allow for them results in
a neutron spectrum with a lowered temperature parameter. The neglect
of all [5] or some [2,7] of the components due to detected gamma rays,
systematic-random coincidences and scattered neutrons in time-of-flight
measurements has meant that calculations of the Maxwellian temperature
are too low by 100-150 keY.

Other measurements obtained using different methods [2,4,6]
have precise background corrections and give almost identical values
for the neutron'spectrum.parameter: 1.57+0.05, 1.56, 1.565 and 1.592,
respectively.

If the spectrum-distorting effects due to the different back-
grounds are properly accounted for, it seems that the most probable
value of the Maxwellian temperature is about 1.57 MeV. This gives a
value of 2.555 MeV for the average energy of fission neutrons from the
spontaneous fission of 2~"Cf.



Table 1.

Results and methods of neutron energy spectrum
measurements for 272Cf spontaneous fission

Authors

E.Hjalmar et al.

A.B.Smith et al.

T.W.Bonner
H.R.Bowman et al.
H.Condé et al.
J.W.Meadows

Y.S .Zamyatnin et al.

Method
1

Photoplate

Photoplate
Time-of-flight
"Bramblett" counter
Time-of-flight
Time-of-flight
Time-of-flight
Time-of-flight

Maxwellian
temperature
VeV

1 40207885

1.57+0.05
1.42+0.05
1.367+0.030
1.56
1.39+0.04
1..592} 1.565
1.48+0.03

Ref.

o b w



Table 11.

Characteristic parameters of the experimental
arrangements for TOP measurements

Authors Ref. neutron n det.threshold L
=4 detector Z cm keY cm
MeV
En E
A.B.Smith et al. [2] 0.2-3 Pilot B 3.81 80
plastic
H.R.Bowman et al. O] 0.5-6 Pilot B 5.08 545 59 93
plastic
H.Condé et al. [5,9] 0.07-0.5 Li-glass 0.95 800 25
0.3-7 NE-102 5.08 5 100
plastic
JW. Meadows Y 0.003-2 NE-905 0.95 800 18.6
Li-glass 32.7
134.2
1-15 Hydr.liqg- 2.35 850 138.6
scintillator 4000
6500
Yu.S.Zamyatnin et al. [7] 0.4-6 plastic 3.0 59 50
Epn - measured energy range of neutrons
- thickness of the scintillator
En , E - threshold energy of the neutron detector for neutron and gamma ray energies, respectively

L - flight path
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Mn.1

Reported values [I-7] of the Maxwellian temperature T for the
energy distribution of neutrons from 2™Cf fiBsion
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Calculated distributions of neutrons and delayed gamma rays
for the measurement of Smith et al. [2]
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P1&-I
Calculated distributions of neutrons and delayed gamma rays for the
measurement of Condé et al. [5] with a Li-glass scintillator



Pig.4
Calculated distributions of neutrons and delayed gamma rays for
the measurement of Condé et al. [5] with a plastic scintillator
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7AK-5

Calculated distributions of neutrone and delayed gamma rays
for the measurement of Zamyatnin et al. [7]g
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ABSTRACT

The background sources arising in different techniques for
measuring fission neutron energies were studied in detail and the back-
ground due to the detection of delayed gamma rays was calculated. The
proposed value of the Maxwellian temperature for the energy distribu-
tion of neutrons from the spontaneous fission of 252cf is about T=1.57
MeV.

PE3IOVE

MoapobHO wnccnefoBasCb MCTOYHWKW, BO3HUKAOLWIME MPU Pas/IMYHbIX MeTogax
N3MEPEHUA 3HEpPrun HemTPOHOB [AeneHns U 6blU1 BblYUC/IEH (JOH, BbI3BaHHbIA pe-
rmcTpauymert 3anasfgblBaloLLlero ramma-usnyyeHusa. Ana temnepatypbl Makcsens
9HEpPreTUYeCKOro pacnpefeneHns HEMTPOHOB CMOHTaHHOro geneHusa 252cf nony-
unnm 3HayeHme T~1.57 mM3B.

Kivonat

Kiulonb6z6 mddszerekkel tdértént hasadasi neutron energiaspektrum-meéré-
seknél vizsgéaltuk a lehetséges héattérforrasokat s kiszamitottuk a kés-
leltetett gammasugérzas detektdldsabdl adodd hatteret. A 272Cf spontan
hasadasanal keletkez6 neutronok energiaeloszlasat leir6 Maxwell-elosz-
lds energiaparaméterének legvaldszinlbb értékeként T = 1.57 MV adodott.
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