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ABSTRACT

Measurements have been made of the neutron spectrum from the
spontaneous fission of 252Cf in the restframe of the fragment
by simultaneous observation of the neutron time-of-flight
and the fragment velocity. The fragments were detected by
means 'of thin film plastic scintillators in which the
scintillation pulse-height response was verified to be a linear
function of fragment velocity. The measurements of the neutron
spectrum in the restframe of the fragment are compared with
previous work and are found to deviate significantly from
the predicted observations of the simple form of the evaporation

model.
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l. CHAPTER ONE: OVERVIEW

l.1. Introduction

Since the discovery of nuclear fission by Hahn and Strassman
(Ha39) in 1939 and the subsequent interpretation of this
cataclysmic phenomenon by Frisch and Meitner (Fr39a), a large
effort Dboth experimentally and theoretically has been made in

order to gain a full wunderstanding of this aspect of nuclear

"physics. At present, however, there is still no single theory
that can account satisfactorily for all the experimental
observations. The first comprehensive theoretical treatment was

that proposed by Bohr and Wheeler (Bo39) in which the analogy
between the splitting of a liquid drop and that of the nucleus was
exploited. This liquid-drop model (LDM) used to describe fission
is étill the most widely used description although many
refinements have been incorporated since its inception. A similar
model was developed independently by Frenkel (Fr39b). Spontaneous
fission was first identified by Pértzhak and Flerov in 1940’

(Pe40).
1.2. The liquid-drop model

In the LDM the nucleus is represented by a uniformly charged drop
of incompressible nuclear matter enclosed in a well defined
surface containing a constant volume. The internal nuclear
structure is ignored and the "fission barrier" arises as a result
of the difference between the surface tension and the Coulomb

repulsion. Various attempts to incorporate the effects of
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structure in the nucleus have been made, e.g. Swiatecki (Sw55)
treated the effect as a shell energy correction to the LDM energy
while Strutinsky modulated the LDM potential energy by shell
energy corrections which have a quasi- periodical variation as a
function of deformation, resulting in "Strutinsky's prescription"
for calculating barrier heights (St67, St68). Fission can be
divided into' two types as regards the pre-fission phase, viz.
particle induced fission such as the fission of uranium-235 by
thermally induced neutrons, 235y (n.,,.f), and spontaneous fission
in which the nucleus decays spontaneously into two or more
fragments as in the case of californium-252, 2352Cf (sf). Binary
fission, in which the nucleus fragments into two portions of
roughly equal size, is the most common mode and c5n be described
as the succession of three phases:

(1) The compound nucleus undergoes a long series of collective

oscillations until one of them leads to the passing of
(2) the "saddle-point", after which

(3) scission occurs.

One of tﬁe striking features of binary fission is that asymmetric
mass division is highly favoured. This can be seen in figure 1.1
which shows a plot of the fragment mass distribution for
spontaneous fission of californium-252. Although the LDM is a
successful model in explaining many of the features of fission it

is unable to account for the extremely 1low probability of

symmetric fission.
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FIGURE 1.1 The §ragment mass distribution for spontaneous gisdion

0§ 252C§, showing measurements by Walsh and BolLdeman
(Wa77), and Schmitt et al (Scéé).

(Figure grom Wa77).

Spontaneous fission 1is a quagtum mechanical (tunneling) effect
analogous to alpha decay. The wavefunction is, however, that for
the motion of a surface going through a potential energy maximum
in deformation space. The diagram below, taken from (Hy64),

shows such penetration of a fission barrier by a nucleus excited
to less than the barrier energy. There is, however, much evidence
that this fission Dbarrier has a more complicated shape than is
indicated in figure 1.2. A recent review explores the question of

the fission barrier in-depth (Bj80).
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(Figure grom Hyde, (Hy64) ).

1.3. Types of particles emitted

It 1is convenient to group the particles that are emitted during
fission as:

(1)particles emitted at the instant of scission,

(2) "prompt" radiations emitted by the moving fragments,

(3) "delayed" radiation.

Should binary fission occur, two fragments are the resultant
products at the time of scission. About 1 in every 300 fissions
results 1in two fragments and an alpha particle (Ra68). This

relatively rare occurrence 1is designated ternary fission. At
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present there 1is no experimental evidence that any neutrons are
are emitted at the time of scission. We discuss the question of

scission neutrons in a later paragraph.

The major prompt radiations from the highly excited, neutron-rich
fission fragments are neutrons and gamma rays. At least 70% of the
total gamma-ray energy is emitted more than one picosecond after
fragmentation, while the neutrons are emitted in a time shorter
than 10°!* seconds (Ni74). About 8 prompt gamma rays occur per
fission, dissipating approximately 7 Mev of the fragment
excitation energy (Ni74). A percentage of the prompt gamma
transitions leads to the emission of electrons and K x-rays via

internal conversion (G165 , Thé5).

The prompt neutrons, of which, on average, 3.77 (Sp82)are emitted
per fission, de-excite the fragment by between 20 and 35 Mev
(B063). Figure 1.3 summarises, schematically, the fission process

and the relative time scales that are involved in secondary

particle emission.
1l.4. Prompt neutron spectra

The highly excited fission fragment, considered as a compound
nucleus, can also be thought of as a hot surface from which
molecules (the neutrons) can escape as in an evaporation process.
This way of 1looking at the decay of the compound nucleus, the
evaporation model, was first suggested by Weisskopf in 1937 (wWe37,
B154) and is the most popular model used to predict the shape of
the prompt neutron spectrum in the restframe of the fission
fragment. As early as 1947, Wilson (Wi47) came to the conclusion

that the properties of prompt neutrons were indeed consistent with
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evaporation from the moving fragments, while Fraser (Fr52) in
confirming this conclusion was also able to set an upper limit of

4x10" " seconds for the time of emission of these neutrons.

The Weisskopf evaporation spectrum may be represented by the

equation
N(e) = %2 exp(—%) (1.1)

where ¢ 1is the centre-of-mass* neutron energy and T is the
temperature of the residual nucleus at an excitation energy equal
to the difference between the excitation energy of the evaporating

nucleus and the neutron separation energy.

One way in which the predictions of the theory may be tested is to
transform this spectrum to a spectrum in the laboratory frame.
The latter spectrum can then be compared with measurements of the

neutron spectrum in this reference frame. However, it has been

shown by Terrell (Te59), using results derived earlier by Feather,

that the single-valued temperature spectrum (equation 1.l1) cannot,
however, when transformed to the laboratory frame, account for the

observed experimental data. In order to obtain such agreement a

*We note that the terminology "centre-of-mass” as used in the

literature on fission refers to one of the two fragment systems

after scission has ocurred and not to the fissioning californium

system. Since the mass of the evaporating neutron 1is small in
comparison with the fragment from which it 1is emitted this

"centre-of-mass" frame is virtually identical to the restframe of

the fission fragment in question.
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superposition of evaporation spectra in the fragment restframe at

different residual nuclear temperatures is required, i.e.

Nle) = £ (o, _E_ ) exp (- E (1.2)
i * 1A T¢

or, for a continuous range of T,

_ Tmax € €
N{e) = £ [a(T) T2 ] exp (-?) dr (1.3)

A fairly substantial body of experimental evidence on both
252c£ (sf) and 23% (ngp.,f) shows that the gross features of the
prompt neutron spectrum in the laboratory frame of reference are
reasonably well represented by either the Watt (Wa52) or the

Maxwellian distributions. The Watt spectrum has the form

N(E) = A exp{-bE)sinh/cE (1.4)

where A is a normalising constant and b and c define the shape.
The Watt spectrum arises as the result of assuming a Maxwellian
spectrum in the restframe of the fission fragment. This
Maxwellian spectrum can be regarded, however, as a special case of

the continuous distribution (equation 1.3).

The following form of the Maxwellian spectrum also happens to fit

the neutron spectrum in the laboratory frame.

N(E) =B/E'exp(-%m) (1.5)

where B is a normalising constant and Ty is related to the average

E. It should be noted that

winN

neutron energy by the relation Tp=

Tp» Wwhich is not the nuclear temperature, is related to the

centre-of-mass energy, Eg,, by the relation T=k%Eqp. Terrell



1-9

(Te59) showed the residual nuclear temperature distribution to be
approximately triangular in shape. Using superposition of
evaporation spectra (equation 1.2) for seven temperatures
accordingly, the resulting .spectrum, N(E), was shown to be
represented by a Maxwellian distribution over the intermediate
neutron energy range. However, at Dboth the 1low and the high

neutron energies the Maxwellian spectrum ;éxceeds -the wvalues

predicted by Terrell.

As has been recently pointed out by Madland and Nix (Ma82), both
the Watt and the Maxwellian spectra neglect effects such as

(1)the effect on the fragment residual nuclear temperature
distribution by the initial distribution of the fragment
excitation energy and the subsequent cooling of the fragment owing

to neutron emission and

(2)the energy dependence of the cross-section for the inverse

process of compound nucleus formation.

Further, the Maxwellian spectrum neglects the centre~of-mass
motion of the fragment from which the neutron 1is emitted. The
result of neglecting the above factors leads to parameters that
are adjusted to rather unphysical values in order to reproduce the
experimental data. The latest calculations based on standard
evaporation theory (Ma82) attempt to take cognisance of these

effects.
1.5. Scission neutrons

Bohr and Wheeler (Bo39) and Hill and Wheeler (Hi56) suggested that
a component of the prompt neutron spectrum was emitted at the time

of scission. This possibility was further investigated
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theoretically by Fuller (Fu62) and Stavinski (St59). Experimental
evidence pointing to the existence of scission-neutrons was
reported by Bowman et al (Bo62 and B063) who concluded that only
90% of the prompt neutrons from 252Cf (sf) could reasonably have
evaporated from the fully accelerated fragments. They ascribed the
remaining 10% to an isotropic component in the laboratory frame
arising from the fissioning nuclide at the time of scission. A
similar conclusion was reached by Skarsvag and Bergheim (Sk63) for
235y (nih,f), their estimate of this component being 15%. However,
Terrell (Te65) pointed out that the data are consistent with the
emission of 100% of the neutrons from the fragments but with a
slight anisotropy at 0° and 180°, citing the work of Sargent et él
(sa65) in support of this view. A further possibility is that the
evidence in support of this ‘'central group' of neutrons might
arise as a consequence of insufficiently precise evaluation of the
experimental data (K171). A re-analysis of their own data as well
as that of Bowman et al_led Skarsvag (Sk73) to withdraw their
initial claims of a 15% scission component. More recent
experimental work performed by Blinov et al (B173) and Green et al
(Gr73) have supported a large, 20-25%, scission neutron component.
Green et al also concluded that these scission neutrons are
emitted mostly at 90° to the fission axis, while the neutron
emission from the fragments is highly anisotropic. The
calculations of Madland and Nix (Ma82) mentioned above do not
.however, make provision for an isotropic laboratory neutron

component..
1.6. Motivation ,

Although a large number of measurements of the 252Ccf prompt
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fission neutron spectrum have been made, "considerable controvernsy
SLLLL  existis neganding both  the shape and the average enengy"
thereof (Sp82). The Maxwellian spectrum describes the gross
features of the experimental data but systemaﬁic deviations are
observed. There is also disagreement as to the average energy of
such fits to the data. These are found to vary from 2.05 Mev to

2.35 Mev. The most recent measurement (Bo79) yields a value of

2.13 Mev.

Meadows (Me67) concluded that the Maxwellian distribution gave a
good representation when only data with energies between 0.5 Mev
and 10 Mev were used but that an extension of this curve to lower
energies predicted values of N(E) that are of the order of 25%
less than the experimental values. In order to study discrepancies
between this and other low energy measurements, Jeki et al (Je71)
measured the 252Cf neutron energy spectrum over the range 0.002
Mev to 1 Mev. Comparison of their results with those of three
other similar measurements can Dbe seen in figure 1.4 . It is
apparent that no single Maxwellian temperature is able to fit both

the high as well the low energy region.
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also attributes 25% of the neutrons to emission from a stationary
source) was developed to explain their results. Figure 1.5, taken

from their paper, summarises their findings.

Piksajkin et al (Pi78) have reported on the angular distribution
of neutrons from 252Cf in the range of angles 0°<0<30°, where 0
is the angle between the neutron trajectory and the fission axis.
Their findings are in keeping with the earlier results of Bowman
(Bo62), namely, that for (0<20°) there are substantial deviations
from the hypothesis that 90% of the emitted neutrons are
evaporated isotropically from the completely accelerated fragments
while the remainder occur at the time of scission. These
deviations were attributed by Bowman et al at the time to possible
experimental errors resulting from incomplete measurements or to a

small number of neutrons collimated along the fission axis.

Piksajkin et al conclude that there is "an additional . mechanism
Leading 2o preferential  propagation of neuthons along the di-
rection of motion of zthe fragments ." They suggest that one of
the most likely causes of this may be the softening of the neutron
spectrum in the restframe of thé fission fragment, as neither

fragment spin nor "neck retraction" can account for this small

3 1 '
angle anomaly. : : Figurelu6wshows a calculated fit through

their data and that of Bowman et al, modelled on the assumption

that there 1is an excess of low energy neutrons in the fragment

restframe system.
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Comparison of measured angular dis-

FIGURE 1.6
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The latest calculations based on standard evaporation theory

(Ma82) in which hitherto neglected physical factors are taken into

account are still unable to account for all the features of the

observed spectra. It is apparent from figure 1.7, taken from the

above-mentioned reference that even the calculations allowing for

energy dependent cross—-sections for compound nucleus formation are

not able to follow the low energy trend of the experimental data.

(The data .are! that taken from the recent measurements of N(E) by

Boldeman et al (Bo79)). From the preceding discussion it is clear

that our knowledge of the prompt neutron spectra in both the

laboratory frame and the fragment restframe is still nggﬁéﬂéégi.

The conflicting data, especially at the low energy ends of these

spectra have, as yet, not been resolved. This is 1largely due to

experimental difficulties with regard to low spectral density or

backgfound interference. The latter problem is of particular

importance in the low energy measurements of the spectrum.

Owing to the extensive catalogue of data on fission that is now

available it is possible to exploit the statistical nature of
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neutron emission from fission fragments via Monte Carlo methods.
Such calculations have been performed by Pringle and Brooks (Pr75,
Pr77) as a convenient means of studying the effects on the neutron
spectrum of various forms of anistropic emission and scission
neutron components. The outcome of these calculations have,
however, pointed to the importance of having as accurate as
possible a description of the neutron energy spectrum in the
restframe of the fission fragment. Better agreement between
simulation and experimental observations were obtained in most
cases when a three-component evaporation spectrum was used in
place of the simple one-component form. The three-component
spectrum was based on the measurements of Bowman et al (Bo62,

Bo63) who found that their measurement best fitted an expression

of the form:

dN(E)
dE

Pxoexp (X)) +Qxexp (X)) + Rx exp (X )7 (1.5)
P q n

where. x = E/2T, E 1is the neutron energy in the fragment
and T is the effective nuclear temperature which is
related to the mean neutron energy E by the relation E = 2T.

P, Q, R, p, q and r are.{empirically} determined constants. One of
the majo; differences b;tween tﬁe three-component spectral form
and that of_the single -component spectral form is that the former
is richer in low energy neutrons than the latter. Figure 1.8 taken
from Pringle and Brooks (Pr77) shows the effect on the energy
spectrum of the neutrons in the labbratory frame of reference
compared with the measurement o% Green et al (Gr73). Spectra A and
D in the figure were calculated using the three-component form

while spectrum P was calculated using the one-component form. In

all the cases the calculated spectra are found to be deficient in
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low energy neutrons compared with the experimental measurement.
The agreement is, however, better in the cases of A and D. These
observations suggest that the 1low energy regions of both the
energy spectrum in the fragment restframe and the energy spectrum

in the laboratory frame be investigated more carefully. We guote

from'Pringle and Brooks (Pr77):

"1t {8 panticularly strniking that Zhe mone prominent discrepancied occun at
Low neutron enengies ... (E, < 1Mev) and Zhis suggests zthat zthe empirnical

forms used Zo describe the enengy spectrum ... might be {nadequate at these

enengies.”

No measurement, however, of the energy spectrum in the restframe
of the fragment appears to have been attempted since that of
Bowman et al (Bo62 , Bo63). In view of the preceding discussion as
well as in the light of better experimental technology since these
measurements were performed it would appear to be an opportune
time to undertake a new measurement of the energy spectrum in the

restframe of the fission fragment.

To summarise, thus:

The ultimate aims of the programme are to perform accurate
measurements of the prompt neutron energy spectrum in the
restfram; of the fragment as well as in the laboratory frame
down to 1low energies of the order of a few kev. This will
allow for a critical comparison to be made between theory and
experiment. The work presented here 48 an investigation into methods  of
aciieving these aims, in particular, that of measuning the neutron spectrum in
the nestframe of the fragment. The methods include the use of the
recently developed thin film plastic scintillation detectors
in order to measure fragment velocities and the use of a zero-

threshold detector for the detection of low energy neutrons.



2. CHAPTER TWO: EXPERIMENTAL METHODS \

2.1. Introduction and Notation

In order to calculate the prompt neutron energy spectrum in the
restframe of the parent fission fragment, it is necessary to
establish the velocity of the neutron in the laboratory frame
of reference as well as the velocity of the associated fragment.
A vector subtraction of these quantities will determine the
velocity of the neutron in the restframe of the fragment. Hence

the energy of the neutron in the restframe of the fragment can

be determinéd;

For clarity we will designate two hemispheres or directions called
FORWARD and BACKWARD defined by the positions of the neutron
detector and the 232Cf source, as shown in figure 2.1. Thus,
in any fission event one fragment will be emitted into each of
these hemispheres. We will, thus, refer to {owand fragments
and backward fragments in the discussion. In the special case wheré the
angle between the centre of the fragment detector and the centre
of the neutron detector is 90 degreés the fragments will be emitted
equally into both hemispheres. We will refer to this as the
BROADSIDE orientation. The notation that will be used throughout

v

this work is summarised in table 2.1.
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TABLE

2.1

VF :
VB H
v H
VPF
VPB :
Cr :
0 B :
C] P H
915 H
E :
Epp =
E PB H

the velocity of the forward fragment in the laboratory

frame

the velocity of the backward fragment in the laboratory
frame

the velocity of the neutron in the laboratory frame

the velocity of the neutron in the restframe of the

forward fragment

the velocity of the neutron in the restframe of the
backward fragment

the relative angle defined by the directions of Vp and v
the relative angle defined by the directions of Vg and v
the relative angle defined by the directions of Vp and vpyp

or by the directions of Vg and Vpp

the angle between the neutron and the fragment detectors
the energy of a neutron in the laboratory frame

the energy of a neutron in the restframe of the forward
fragment

the energy of a neutron in the restframe of the backward

fragment

Summary of the notation used in this wonrk.




2.2. The design of the experiment

A étandard technique for determining the velocities of neutrons
is the time-of-flight method in which the flight of a neutron is
timed over a known distance, the flight path. This requires a
detector which is placed at the end of the flight path as well as
detector to provide a time-zero signal. The same technique can
also be used to measure the velocities of the fission fragments.
However, with the advent of the thin film plastic scintillation
(TFPS) detector a more convenient way of obtaining information on
the fragment velocity is now available. The velocities of the
fragments are simply determined from the scintillation response of

the TFPS detector to the fragments.

The TFPS detector also serves, conveniently, as a time-zero
detctor for the neutron measurement. Since a negligible fraction
of the fragments travel slower than O0,7cm/ns (Wh63) the TFPS
detector is adequate as a time-zero detector providing that it is
placed close enough to the fission source. A maximum timing error
of less than lns will result if the distance between the TFPS
detector and the source is about O0,5cm. A more detailed
discussion on TPFS detectors as well as on the choice of the

neutron detector is provided in chapter 3.

Now, each detected neutron of velocity, v, could have been emitted
by either the forward fragment or the backward fragment associated
with the fission event. The transformation of v to a velocity in
the restframe of the fission fragment can, therefore, lead to

either Vv or Vpp depending on which one of the two fragments is

PF
assumed to have been the parent fragment of the detected neutron.

By choosing the geometry carefully, it is possible to reduce the
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uncertainty in this assignment to a considerable degree. Even
though the neutrons may be evaporated isotropically from each
fragment (Bo62) the translational kinetic energy of the fragment
results in the neuﬁron distribution in the laboratory frame
being forward peaked in the direction of motion of the fragment,
as shown in figure 2.3. This behaviour is also reflected in
the measurements of the angular distribution of the neutrons

in the laboratory frame as shown in figure 2.2.

Thus, if a neutron and a coincident fragment are detected at 0°
relative to each other, it is highly likely that the neutron was
emitted by the forward fragment. Feather and Vass (Fe75) have
calculated that for a-small solid angle centred around op=0° (i.e.
the detected neutron 1is travelling parallel to the forward
fragment) the assignment of the forward fragment as the parent is
incorrect, on average , once in every 500 times. A similar ratio,
0,3%,was estimated to be the case by Bowman et al (Bo63) during

‘their measurements which were performed at qj=ll.25°.

10 T T T FIGURE 2.2
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8t iy (Laboratony §rame) of newtrons grom
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FIGURE 2-3 Schematic diagrham JilLusirnating the effect of fragment motion
on the neutnon angular distribution in the Laboratony fgrame.
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In our experiment, since the TFPS detector was being used both as
a fragment detector and as a time-zero detector for the neutrons,
it was not convenient to set op=0°. Setting ep=0° would have
required that the detected neutrons pass through the
photomultiplier tube of the fragment detection system. Instead,
op was set at 180°, so that the backward fragments were detected.
Based on the assumption of the collinearity of the pair of
fragments in a Dbinary fission event, the neutrons that. are
detected can be regarded as having being emitted from the forward

fragment, i.e. OF=O°, to within the limits just mentioned.

Clearly the chance of correctly assigning the fragment to the
neutron decreases as the neutron detector is moved towards the
broadside orientation. However, in the special case of symmetric
fission, Vgp=Vg, and hence Vpp=Vpp so that the ambiguity in the
assignment of the parent is irrelevant. Militating against this is
the fact that symmetric fission is rare and extremely long running
times would be required to obtain good statistical accuracy.

In order to obtain the neutron spectrum in the laboratory ffame of
reference a measurement was required at some intermediate angle.
Data werelthus collected at a Op angle of 130° i.e. ©g=130° and

OF=50 o.
2.3. Outline of the method

Figure 2.4 shows, schematically, the geometrical configuration
that was used for the experiment. The neutron spectrum from the

spontaneous fission of 252Cf was measured at the three angles

Op =]30°,Jj0?.;;;é6;:7 This "was achieved by rotating the neutron

detector to the required angle, 6, , as indicated. The neutrons

were detected in coincidence with their associated fission
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fragments at the end of a 20cm flight path. In order to
select .j the direction of the fission fragments a collimator

was placed in front of the source. The following parameters were

recorded event-by—eventf on | magnetic tape :

(i) neutron time-of-flight (T pulse)
(ii) neutron detector pulse height (L pulse)

(iii) fragment detector pulse height (F pulse)

These multiparameter measurements were performed at the Southern
Universities Institute (SUNI). The data were collected on SUNI's
SUREAL data acquisition system over a continuous period of four
weeks. More than half of the time was spent at the configuration
in which OD=180°.The average data rates that were involved were
between 5 and 6 events per minute. The data were subsequently

analysed off-line on UCT's UNIVAC computer.

2.4. The sources

The californium-252 source that was used was an electrodeposited
layer of californium on gold backing. This source allows fission

fragments to be emitted normally with no energy loss on the "open"

side of the source. Thus, 1in the case of binary fission one
fragment will escape while its co-fragment will be absorbed in the

source backing.

A summary of the major characteristics of californium-252 is given

below (from (Ia74)).



Atomic number 98

Atomic weight 252

Half-1ife for alpha emission 2.73 years

Half-life for spontaneous fission 85.5 years

Half-life 2.65 years

Fraction of decays by alpha emission 97%

Fraction of decays by spontaneous fission 3%

Average number of neutrons per spontaneous fission@ié]

Decay heat (51% from fission, 49% from alpha decay) 39 uW/ug

Specific activity 530uCi/ g

Thus, the 1 uCi source used produced about 1000 fissions per
second spread into a solid angle of 47 steradians.

For the purposes of calibration and the setting up of the
pulse-shape-discrimination circuitry an americium-241/ beryllium
( 2%'Am/Be(a,n) )source was used to provide a large neutron flux.
The 200 mCi that was employed provided 5x105 neutrons per second
into 4 m steradians and consisted of a mixture of americium oxide
with beryllium metal >doubly encapsulated in weided stainless

steel. A wax shield surrounding the Am-Be source acted as a

moderator.

2.5. The fragment detector

The fragment detector was an organic scintillator, in the form of
a thin plastic film. Preliminary experiments were performed
using semiconductor detectors as well as NE102 plastic

scintillator. In the case of the semiconductor detectors radiation

damage severely 1limits the running times, while the ordinary
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plastic scintillator is unable to resolve the alpha particles, the
heavy fission fragments and the 1light fissibn fragments into
easily distinguishable components in a pulse height spectrum. The
use of‘thin film plastic scintillation, TFPS, detectors offers a

solution to these problems. We discuss these detectors in more

detail in chapter 3.

2.6. The Neutron Detector

The neutron detector, NE321, was a liquid organic scintillator
loaded with boron. The detection liquid was encapsulated in a
cylindrical glass cell one and a half inches in diameter and one
inch thick with an expansion chamber rising from the side wall.
The scintillator was mounted on a photomultiplier tube 5cm in
diameter. Optical coupling was effected by the use of silicon
o0il. The photomultiplier was surrounded by a cylindrical mu-metal

covering to shield it from the earth's magnetic field.

Since the scintillator consists mostly of hydrogen and carbon
atoms, high energy neutrons can undergo elastic scattering with
the hydrogen nuclei. During this process the neutron transfers
part of its kinetic energy to the proton giving rise to a recoil
proton which in turn can give rise to the fluorescence required
for scintillation detection. The maximum energy which can be
transferred from slow neutrons, however, is small so that the
resulting recoil nuclei are too low in energy to generate a usable
detector signal. 1In order, thus, to be able to detect neutrons
down to 1low energy it is necessary to supplement the recoil

detection by an additional detection mechanism. One way of
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achieving this 1is by wusing a boron-loaded liquid scintillator.
Detection of slow neutrons is now able to proceed via the 10B(n, «)

capture reaction, the details of which are as follows (Ja65):

Q-value branching ratio

Reaction
(Mev) (%)
lgB + 5n —_ gLi + ;z(ground state) 2.8 7
gLi* + ;!(excited state) 2.3 93

l

7Li + v (477.6 keV)

The energy of the a-particle which is emitted has a _ value of
about 1.5 MeV in the case of the second reaction, while the
a-particle associated with the ground state lithium is higher by
about 20%. The resulting light pulse which is produced by these
ionising particles 1is equivalent to that produced by an .electron
with an energy of about 40kev (Bo57). The utility of this
reaction stems from its large, structureless cross-section, which,
essentially, is inversely proportional to the velocity of the
neutron. The cross-section has a value of 3840 barns for thermal
neutrons (Ko79). By combining the two detection mechanisms
described, the resulting zero-threshold neutron detector is useful

for measuring neutrons over a-a wide range of energies.

2.7. Electronic Configurations and Data Collection

A schematic diagram showing the major components of the electronic
configuration that was used for data collection is shown in figure

2.5.
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The neutron detector provides two output signals : (i) L, the

linear pulse arising from either the energy of the recoil proton

or from the sum of the protonwéﬂd o partiéle ehéréiéébin the case of the

1Bhua) reaCti?n Kii) a fast timing output. The fragment detector

e

provides (i) a 1linear, pulse F, which is derived from the light
output of the thin film plastic scintillation detector and (ii) a

fast timing output.
The major features of the configuration are:

(i) linear pulse processing for each of the L and F pulses,

(ii) pulse shape discrimination to distinguish between gamma rays
and neutrons,

(iii) the neutron time-of-flight measurement and

(iv) coincidence gating

The block diagram, figure 2.6, shows in detail the electronic

circuitry used to process these signals.

2.7.1. Pulse Shape Discrimination

In order to distinguish between gamma rays and neutrons so that
the number of events associated with gamma rays can be reduced the
neutron detector was equipped with pulse shape discrimination,
PSD, «circuitry (Br59). A "Link PSD 5010" system provided the
necessary circuitry in one electronic NIM compatible module
(Ad78). The PSD method empioyed is that of comparison between the
amount of light in the tail of the pulse and that in the entire

pulse.
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2.7.2. Time-of-flight Measurements

A TFPS detector mounted on an RC8575 photomultiplier tube
registered the passage of the fission fragments. The "fast"
timing pulse arising from this detector is adequate as a time-zero
signal for the time-of-flight measurements, since the 252cf
source was situated less than a centimetre from the TFPS detector.
The signal, however, was delayed to provide the "stop" signal to
the time—to—amplitude converter,TAC, while the neutron detected at
the end of the flight path was used as the "start" input. The
reason for using this method of operation is to reduce the number
of false "starts", since the number of fragments detected exceeds
the number of neutrons detected by about two orders of magnitude.
The time axes of resultant distributions are thus reversed with
respect to the "pulse height" registered by the TAC as

demonstrated in figqure 2.7 .

2.7.3. Data Collection

The raw data consisting of the three parameters T, L and F per
event were dumped automatically to magnetic tape via the SUREAL
data acquisition system a£ SUNI. Each parameter was digitised to
a number between 1 and 4096. At the same time the data were
monitored in the form of one and two parameter spectra. These

spectra were written to a separate magnetic tape at suitable

intervals.
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2.7.4. Calibrations

Various calibrational checks were carried out before the start of

each run set as well as at the end of the run.

(i) Time-scale calibrations were performed by introducing
calibrated nanosecond delays into the "stop" pulse input of the
TAC. With the gamma discrimination turned off the position of the
gamma peak was noted with and without the delay. The latter peak
position also allowed time-zero to be determined as the flight
time over the time-of-flight distance 1is easily calculated. A
second method was used in which the fragment time pulse was used
for both the "start" and the "stop" inputs for the TAC. The shift
of the ‘"spike" 1in the T-spectrum due to the delays allowed the

time axis to be calibrated.

(ii) The position of the boron peak in the neutron pulse height
spectrum, L parameter, due to the B(n,qa) reaction was checked by
using an Am-Be source (section 2.4) surrounded by a wax
moderator. True-zero was found in the L-pulse spectrum by noting

the position of the peak for different settings of the amplifier

gain.

(iii) A "singles" fragment pulse height spectrum was also

recorded.

(iv) short runs were recorded at longer and shorter flight paths
than for the ‘"actual” runs 1in order to check for time-walk
effects.

In the following chaptér we discuss the calibration of the TFPS
detector and the measurement of the efficienéy of the neutron

detector for incident neutrons of low energies.



3. CHAPTER THREE: CALIBRATION OF THE DETECTORS

3.1. The Neutron Detector Efficiency

In order to measure the energy spectrum of the neutrons in either
the laboratory frame or in the fragment restframe we require
a knowledge of the efficiency of the neutron detector. In the
case of proton recoil detection it is relatively easy to calculate
the . absolute efficiency, e¢(E), as a function of energy using,

for example, the equation (Owé60):

c(B) = EEB (1 - explony oglE)d)) (3.1)
E

energy of the incident neutron

where E

Eg = neutron detection threshold
n, = number density of protons in the scintillator
oS(E) = n-p scattering cross-section at energy E

d = mean scintillator thickness

Two effects that are neglected in this equation are: (i) the
scattering off carbon nuclei and (ii) the possibility of multiple

n-p scattering. For our scintillator the following values were

used in the calculation:

n, = 47.5 x 1021 H atoms/cm3, d = 2.54 cm4ﬁ§1= 0.250 MeV

An emperical fit to the n-p scattering cross-section was used

viz., (Ma68 quoted in Kn79)



oglE) = === - 0.578 | (3.2)

where(% is measured in barns and E in MeV (Ma68 cited in Ko79).

Since our detector, however, is able to detect neutrons down to
zero energy on account of the capture reaction which dominates at
the 1lower neutron incident energies it 1is. not possible to
calculate the efficiency 1in these regions as easily as for the
case of the proton recoil detection. In order to extend the
efficiency curve down to these regions the efficiency relative to
that of 12.7 mm thick lithium-loaded glass scintillator was
measured. A schematic diagram of the experimental arrangement

used for the measurements is shown in figure 3.1.

The neutron source was the 7Li (p, n) 7Be reaction produced by
protons from the pulsed Van de Graaff accelerator of the Southern
Universities Nuclear Institute. By varying the incident proton
energy on the thin lithium metal target used, various well-defined
neutron energies were obtained. The two scintillators mounted on
photomultiplier tubes were placed symmetrically ét an angle of 10°
from the proton beam direction, so as to receive the same meén
incident neutron energy and flux from the (p,n) source. A thin
(~v2mm) lead sheet was placed between the target and the
scintillators in order to shieldtthe scintillators from the large

low-energy gamma ray flux originating from the target.

A block diagram showing the components of the electronic circuitry

that was wused 1is shown 1in figure 3.2. Two "fast" signal

processing chains, one from each detector, were used to obtain
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time-of-flight spectra from the two detectors. 1In both cases the
"stop" 1inputs for the time-to-amplitude converters, TACs, were
provided from a suitably delayed signal originating from an

electronic pickup sensing the proton "bunch" at the end of the

beam line. 1In the case of the boron loaded scintillator, a Link
PSD 5010 unit provided the required pulse-shape-discrimination,
PSD, circuitry. (See section 2.7.1). The "neutron" output from

the PSD unit together with the SCA output from the TAC were used
in coincidence to provide a "strobe" pulse to the TAC as well as
to provide a gate for the linear L-pulse from the "slow" output
of the boron-loaded detector. The PSD unit used to process thé
signals from the boron-loaded 1liquid was tuned to the settings
that were used in the previous experiment, (chapter 2). The PSD
unit wused on the lithium-loaded glass side of the electronics was
used largely to symmetrise the electronics of the two detection

systems.

Checks on the pulse-height windows of both detectors were
performed at regular intervals between the various runs. In the
case of the boron-locaded 1liquid this included using the Am;Be
neutron source placed in wax (section 2.4) as well as using an
Americium-241 source which emits a 60kev gamma ray. The checks on
the lithium-loaded glass were performed with the Am—~Be source and

the 1.17MeV gamma ray emitted from a Co-60 source.

For a run at a particular neutron energy two time-of-flight

spectra are obtained, one for each detector. The areas under
these curves, Apgron @n9d Apjthiums <€an thus be determined. These

areas are, of course, proportional to the counts rates of their
respective detectors. Several such pairs of spectra were obtained

for a series of neutron energies ranging from 35 KeV to 500 KeV.
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At each energy the count rate ratio, R, was calculated. The
relative efficiency, EB(E), for the boron-loaded 1liquid at

neutron energy E was thus calculated from the expression:

€g (E) = RELL(E)

whene R = Aboron
Aeithium
and € Li,( E) 4s the caleulated efficiency of the

Lithium-glass scintillaton.

The efficiency of the boron-loaded liquid scintillator over the

energy range 35 keV to 10 MeV is shown in figure 3.3. The curve

comprises the . measurements -~ as well as the calculations according

to equation 3.1.
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3.2. Thin film plastic scintillation detectors

3.2.1. Introduction

Thin filﬁ plastic scintillation, TFPS, detectors were first
described 1in use as time-of-flight particle detectors to register
the passage of very heavy ions such as fission fragments (Mu70).
A TFPS detector is ordinary pléstic scintillator sugh as NE102
which has been reduced to a thickness ranging from about 10ug/cm?
to several tens of thousands of ugs/cm?. Various techniques for
making these films have been described all of which involve the

use of organic solvents (Mu72), (Go74), (Ba75), (Aj76), (Ge77).

Radiation such as a fission fragments impinging on a TFPS detector
excites rotational, vibrational and electronic states of molecules
by (a) direct Coulombic interaction and (b) indirectly by ﬁhe
"spray" of recoil electrons generated by the fragment (Mu70,
MU74). The.amouﬁt of energy lost by a transiting fission fragment
in a scintillator foil will of course depend on the thickness of
‘the foil. For example 252Cf (sf) fission fragments passing
through a 400ug/cm? thick film are degraded by about (11-15)%
(Mu72) which represents an energy loss of between 10 and 15 MeV,
while a 10ug/cm?2 thick £film has an effect which is an order of

magnitude smaller.

3.2.2. Time resolution and pulse height response.

Muga (Mu70) reported that the time spread inherent in a TFPS
detector fabricated out of NE102 plastic was 0.90 nsec (FWHM).

Various studies with light ions (Mu73a, Ko75, Ke 78), heavy ions
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(Mu73c, Mu75) and fission fragments (Mu70, Mu73b, Mc74) have

indicated that the TFPS pulse height response depends almost

solely on:

(1) the nuclear charge, Z and

(2) the velocity of the impinging radiation.

Furthermore, in the case of fission fragments, the pulse height

response is reported to be proportional to the velocity of the
transiting particles (Mc74). The degree of separation between the
alpha particles, the heavy (slow) fragment group and the light
(fast) fragment group depends on the thickness of the detector.

We show this effect in figure 3.4 taken from reference Aj76.

FIGURE 3.4

Pulse-height distnibutions
obtained fnom TFPS detectons of
different thicknesses when in-
rnadiated with §ission §ragments
§rom 252C4 (44).

(Figune from Aj76)
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3.2.3. Summary of useful features for detecting fission fragments.

(1) 100% efficiency in most cases. This is an important feature
in experiments such as the one reported in this work where the
event rate is low.

(2) Good signal-to-noise ratio.

(3) Simplicity and low cost of fabrication. (See section 3.2.4).

(4) High counting rate capability.

(5) Insensitivity to gamma radiation.

(6) Absence of radiation damage problems. This feature makes the
detector attractive for our -‘work, since the more conventional
semiconductor detectors used for fragment detection are unable
to withstand very long exposures to heavy ions.

(7) Fast time response.

(8) small energy loss.

(9) The scintillation pulse height response is velocity dependent.
This is oné of the most important features of the detector

relevant to this work.

Although the usefulness of TFPS detectors in fission
investigations has been pointed out about ten years ago, very
little work has been reported in which these detectors have been
utilised. This 1is probably largely due to the fact that all the

features of TFPS detectors are not yet fully understood. There is
also not complete agreement on those characteristics that have
been reported, especially where different methods of fabrication
have been employed or where different light collection geometries
have been used. For the purposes of this work, in which we need to
determine the velocities of fission fragments, it was thus found

necessary to perfom experiments in which the TFPS detector
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response was studied as a function of fragment velocity. 1In the
sections below, we describe our experiments with TFPS detectors

and their response to fission fragments.
3.2.4. Fabrication of TFPS detectors.

Our first TFPS detectors were made using the recipe of’Muga et al
(Mu72) according to which a few grams of NE102 are dissolved over
a period of a few hours in a mixture of ethyl acetate and amyl
acetate. A few drops of this solutiqn are then spread onto a
surface of watér leaving a thin layer of plastic floating on the
surface. In order to obtain films of uniform thickness the method
of stretching the water surface by placing an "O-ring"” on the
surface (Ba75) was used. Although a few films were produced via
this method the rate of success was not very high. Probiems were
encountered with the solution itself which would often not spread
at all on the water surface. This occurrence appears to be
related to the age éf the solution, i.é. the solution undergoes
some form of degradation after a few hours. Another difficulty
inherent in this method of fabrication 1is that of controlling
resulting foil thicknesses. We finally decided in favour of

another method based on one described by Ajitanand and Iyengar

(Aj76).

A few mg of NE102 are dissolvéd in scintillation-grade xylene and
the mixture allowed to stand for a few hours until all the NE102
has dissolved. A quantity of this solution is then transferred
via a glass syringe onto the carefully cleaned and 1levelled face
of a photomultiplier tube. In order to facilitate drying, the
photomultiplier is placed in a dust-free alumunium chamber which

is slowly -evacuated. Slow evacuation 1is necessary to avoid
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bubbles and breakages in the resulting film. 1Fié¢ééé.§¥;shows the

arrangement that was used. :é;nyynyrégg_yggl$ed to p;eyentiiﬁé-

TFPS solution from running down the sides of the photo-tube.

Both the levelling and the cleaning procedures mentioned are of
importance. The former ensures that the films that are produced
are of wuniform thickness while the latter ensures that the film
does not contain "dead spots" owing to foreign particles embedded
in the films. If the films are to be removed from the tube-face,
it is necessary to coat the glass with a thin 1layer of water
soluble detergenﬁ. This allows the films to be floated off the
tube with ease. Films were stored either in beakers of water or

between moist sheets of filter paper in petri dishes.

An added feature of this method of making the TFPS detector on
the photo-tube is the ease with which the film can be tested,
since no handling of the film is required and the optical coupling
between the film and the tube is clearly very good. The foils
were tested as follows: a collimated beam of fission fragments
from a 25%f(sf) source was directed onto various regions of the
film inside the evacuated chémber. Using the simple electronic

signal processing chaingigp 3.5)the resulting pulse height spectra

were recorded on a multichannel analyser (MCA).

220¢ (sf)
|

* § pm TuBe fRlov- -ﬁ[\V ST MC A

TFPS detector

A
!

Vacuum Chamber

FIGURE 3.5 Configunation used forn testing TFPS detectons.
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Experience and comparison with expected spectral features as
reported in the literature allow us to distinguish between
"good" and "bad" films. Interferometric methods in the forms of
(i) Michelson's interferometer and (ii) Driver's method (Dr83)
were used on a few films as an independent check on the uniformity
and the thickness of the films. 1In all the cases that were tested
both interferometric methods confirmed that the films were indeed
uniform, as well as agreeing to within 10% of the calculated
thicknesses. We show two pulse-height spectra which were obtained
in the manner outlined. Figure 3.6A is plotted on a 1logarithmic
scale and shows fhe spectrum from a TFPS detector 6 pum thick. We
are able to identify three regions as (1l)a-particles, (2) heavy
(slow) fragments and (3) light (fast) fragments (Aj78, Mu70). 1In
figure 3.6B, which was obtained from a 12 ym thick TFPS detector,

the alpha group has been removed via pulse height discrimination.

3.2.5. Calibration of the TFPS detector.

In the wake of the reported linear velocity-dependent nature of
the response of the TFPS detector to fission fragments a series of
experiments was carried out with the aim of checking the
linearity of the velocity response function and subsequently

calibrating the TFPS detector.

A schematic diagram showing the experimental arrangement used is
given in fig 3.7. The apparatus consists of an evacuated tube
down which fission fragments are allowed to travel for a known
distance. The time-of-flight over this distance is recorded and
hence the fragment velocity determined. Since about 90% of the

fission gamma rays having energy greater than 100 KeV are emitted
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less than 1lns after scission (Sk70, Sk75); these prompt gamma
rays provide a suitable time-zero signal for the time-of-flight
measurements. The TFPS.detector pulse-height for each detected
fragment 1is recorded simultaneously. The detailed electronic
configuration is shown in figure 3.8 from which it can be seen
that the "logic" output from the TAC is used to gate the TFPS
detector pulse-height. These time-of-flight versus pulse-height

measurements were carried out for various different foil

thicknesses. In figure 3.9 we show a two-parameter density plot
of time-of-flight versus pulse-height for a 15 um thick foil.

It is evident from the graph that the two parameters are correlated

with each other.
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FIGURE 3.9 Density plot of two-parnameten spectrum, time-oé-ﬁlight
(i.e. velocity-l) versus pulse height obtained using a
252¢¢ fission fragment source and a 15 um thick TFPS
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A detailed calibration yields the set of curves shown in figure
3.10. It is clear that the 1light output of the TFPS detector
when exposed to fission fragments is proportional to the velocity
of the incident fragment for the foils which were tested. This
useful feature was put to use in measuring the neutron spectrum
from 252Cf (sf). in the restframe of the fission fragment as

described in the following chapter.



4. CHAPTER FOUR: Results and discussion.

4.1. Outline of the analysis.

Reduction of the multiparameter data stored on buffer tape 'was
carried out on the University of Cape Town's UNIVAC computer. The
raw data consisted of a series of events each event com-
prising three parametérs viz.,

(1) the neutron time-of-flight, T,

(2) the TFPS fragment detector pulse-height, F and

(3) the neutron detector pulse-height, L

The data were written to another tape in UNIVAC-word-compatible
format so that each parameter occupied a 36-bit UNIVAC word.
Subsets of the déta were written to disk storage and analysed
event-by-event. From the neutron time-of-flight the velocity in
the laboratory frame of reference, v, was calculated. Hence, we
were able to determine the energy, E, of each neutron in the
laboratory frame of reference. In order to transform v toVPF (the
velocity of the neutron in the restframe of the forward fragment)
the velocity of the forward fragment, Vp+ was established from the
F-pulse for the particular event. The appropriate vector subtrac-

tion yielded the velocity of the neutron in the fragment restframe.

From this velocity we were able to calculate the energy in the

fragment restfr E__.
g ame, bF

4.2. Presentation of the raw data.

Figures 4.1 show two-parameter plots of F versus T for the data

collected at 9D=180°. (See section 2.2.1 for the notation). The
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representation in figure 4.1(a) is that of a density plot while
figure 4.1(b) is an isometric view. The projected F-spectrua and

the projected T-spectrum are shown in figures 4.2(a) and 4.2(b).,

respectively. We note that the pulse-height distribution of
figure 4.2(a) represents the distribution of backward fracments,
since 9D=180°. Thus, the three regions that are labelled,

represent events associated with

A = slow backward fragments,
B = fast backward fragments and
C = symmetric and near-symmetric fission.

Now, since almost all the detected neutrons are emitted froca the
forward ftagments, (section 2.2), it 1is convenient for the
discussion to designate these regions 1in terms of the forward

fragments. Hence,

fasit forwand fragments and

g
Il

sLow forwand fragments

w
]

In figure 4.2(b) the small peak centred around zero nanosecornds is
caused by gamma rays breaking through the pulse shape
discrimination. This position corresponds to a flight tihe of
0.64nsecs, and hence it can be used to calculate the position of
time-zero. A noteworthy feature of the spectrum 1is t=ze low
background which we can attribute to the use of (1) a low aczivity
source in combination with the coincident detection of neutrons
and fragments, (2) pulsé—shape discrimination and (3) the
boron-loaded 1liquid detector. Since even a neutron of very low’
energy will give rise to a signal which is equivalent to a 40keV
electron, it 1is possible to use the detector at a bias s=tting
which is just below this. In this way small signals incZuding

noise background are eliminated.
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Similar sets of data were obtained for OD=9O° and for OD=13O°.
The data collection times for each of the runs and the number of

events that were <collected per run are summarised in the table

below.
Run €] Time events events/min
D (hours)
A 180° 189.8 65280 5.8
B 130° 33.6 10540 5.2
C 90° 39.0 5780 2.4

4.2.1 Ratios

In order to investigate the infiuence of the fragment motion on
the neutron spectrum more closely, we analyse the OD=180° neutron
spectra as a function of fragment mass (velocity) as follows.

The data were scanned to determine the time-of-flight spectra
associated with each.of the regions A, B and C of the F-spectrum.
From these the fraction of neutrons associated with each of the
three regions was calculated. The fractions were calculated as the
ratios of ﬁhe sub-spectra to the total neutron spectrum,
respectively. The results, as a function of 1laboratory neutron

energy, are shown in figure 4.3.

We find that more than 50% of the neutrons with energies greater
than 2MeV are associated with region A of the F-sectrum while less
than 40% of the neutrons in this energy range are associated with
region B. Above 4MeV this preferential association with region A

increases further so that there are almost twice as many neutrons
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associated with region A than with region B. We are able to
understand this behaviour from the fact that the faster-moving
fragments, A, contribute a higher translational velocity to the
neutrons which they emit than do the slower-moving fragments, B.
From a similar argument we would expect a higher proportion of low
energy neutrons to be associated with the slow fragments. Such a
trend is indeed observed in the energy region 0.2MeV to 0.4MeV.
The neutrons associated with symmetric fission,“region C, appear
to be a random selection with respect to energy. The pfeferential
association, ~60%, of the 1low energy neutrons, less than about

0.1MeV with region A is, however, contrary to the above trends.

‘zhi$“i§_§£££299ted to the finite range of Op accepted.

kSee section 4.5.1 below)

4.3 The laboratory neutron energy spectrum

Before we proceed to détail' the transformation of the neutron
velocity measurements in the laboratory frame to that in the
restframe of the fragment we show the energy spectrum of neutrons
from 252Cf (sf) in the laboratory frame, N(E), which was derived
from our measurements. This was done by combining the data

collected at each of the three N angles, viz.,180° 130° and 90°.

The velocity of each detected neutron in the laboratory frame
of reference, v, was determined from the time-of-flight, T,
parameter. Hence the energy of the neutron in the laboratory
frame of reference, E, was calculated. An energy spectrum,
N(E), was formed by suitable "binning" of each energy, event-
by-event. In this way three spectra were determined, one at

each of the afore-mentioned angles, respectively. The spectra,



corrected for background, were combined taking into account
(1) the different running times at each angle and (2) the relative
geometries. The resulting spectrum was then corrected for the

efficiency of detection of the NE321 boron-loaded 1liquid

scintillator. (See section 3.1)

We show, in figure 4.4 the results of our measurement compared

with the measurement of the neutron energy spectrum from 252Cf

(sf) in the laboratory frame performed by Green et al (Gr73).

\ ln N(E)
in the form, ——-. (If the data are
vE

able to be represented perfectly by a Maxwellian this

The data are plotted
would

yield a straight 1line. See Chapter 1). Our measurement extends
over the range 0.2 MeV to 6 MeV. The latter limit is a result

of the 1length of the flight path which limits the ‘energy

resolution.
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FIGURE 4.4 Oun measurement of the neutron enengy spectrum in Zhe Labornafony
§rame fon 252C§ (84) compared with the nesults of Green et al

(Grn73).
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Our data are in reasonable agreement with that of Green et al.
The differences indicated are a result of our method of

measurement and poor statistics at the low energy end. However,

our measﬁféﬁ;ﬁEégg;Egﬁavgéyahd'fhbse of Green in the low energy

region by about 300 keV. An experiment in which better averaging
over all fragment directions occurs would yield much better
results, as the number of OD angles we have used is rather

limited.

4.4. Transformation to the fragment restframe.

We describe in the subsequent paragraphs the steps that were
required to transform v to Vep ° We also describe the various
correcting factors that are necessary to apply to the resulting

energy spectrum. (A flow diagram summarising the steps is shown in

figure 4.9.)
4.4.1. Kinematics.

The relationship between the various velocity vectors is shown in
figure 4.5. The neutron velocity in the laboratory frame, v, is
the resultant of a vector addition involving the fragment velocity
Vx’ (X = F or B), and the velocity with which the neutron is
emitted relative to the X-fragment, Vpy. Thus, if X=F then we have
the following vector equation, viz.,

T 7. + v (4.1)

F PF

The relationship between their magnitudes is given by

_ 2 2 _ - % (4.2)
v = (VF + Vpp ZVFUPF cos (180 OP))



FIGURE 4.5 Schematic {Llustration of the kinematics. The velocity of
the neutron 4in the Laboratory frame, v, 45 the fct;/su,&tan,t 04
Zhe (panent) fragment velocity, v, » and the velocity of the
neuthon Lin the restframe of the parent §ragment.

The vector addition simplifies in the ideal case where the neutron
and the fragment that are detected are collinear. These special
cases are shown in table 4.2.

Most of the events that were detected in our geometry, OD=180°,
are of type-1 in the table. 1In order to minimise the percentage
of events that would be incorrectly transformed by using equation
4.3 , only events in which v was greater than Vg were transformed.
This selection criterion eliminated all events of the second type
as well as a fraction of events of type-3. Our experiment
deviates from the ideal situation owing to an angular spread in
fragment direction that was‘gféiéﬁgééitduring the analysis. As
the deviation of an * individual fragment from 9F=O° cannot Dbe
ascertained, an estimate of the average spread was made. A
correction, based on this estimate, was then applied to the

results. (See section 4.5.1).



TABLE 4.2
Schematic Neutron-fragment Transformation
angle equation
v
<
e} = 0° v = v-V (4.3)
(1) v v F PF F
PF P
Vop v ]
(2) A 0p = 180 Vpp = VF—v (4.4)
<.—_—.
VF
v .
(3) v D GB = 180 Vop = v+VB (4.5)
PB
_—
VB
————:i———+> © = 0° Vo= V.- v (4.6)
(4) B PB B
Von (neutron not detected)
_— >
VB

The kinematic nelationships simplify when

the velocity vectorns are collineax.

4.4.2. Determination of the forward fragment velocity.

The velocity of the backward fragment, Vg, was determined from the

F-pulse by means of the calibration curves

discussed 1in section

3.2.5. The forward fragment velocity, Vp, was then derived from

Vy using Whetstone's curve of the fragment velocity as a function



SINGLE FRAGMENT AVERAGE VELOGITY

4-12

of the mass number of the fragment (Wh63) as well as the fact that

for binary fission the sum of the two fragment masses Mp and Mg

are related by the equation

MF + MB

The curve of Whetstone

this curve we are

252

implicitly

(4.7)

is shown below in figure 4.6a). In using

assuming that the total kinetic

energy of the two fragments is always constant. This approximation

introduces an average uncertainty of about 8% into the <calculated

value of Vpp *

This

figure

of

8% 1s based on the width

(full—width-at-half—maximum5 of the total fragment kinetic energy

distribution shown in figure 4.6(b).
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In fiqure 4.7(a) we present the velocity>‘distribution for the
forward fragments which were obtained as outlined. The maxima in
the distribution correspond to the velocities 1.06cm/ns and ﬁ;;:

cm/ns, respectively. These values are in good agreement with other
measurements (Wh63, Sc83) for the most probable slow and the most
probable fast velocities for 232Cf fission fragments. The number
of events contained in each peak of the distribution is not the
same owing to kinematic factors. However, we apply a correcting
factor in the final energy spectrum. Figures 4.7(b) and 4.7(c) show
two-parameter density plots in which Vg is plotted against the
neutron velocity in the laboratory frame, v. The dotted 1line,

(fig. 4.7(c)), indicates the limit below which events were rejected

for transformation as-we have outlined in the previous section.

4.4.3. Corrections to the transformed energy spectrum.

Each event was processed according-to the flow-diagram shown in
figure 4.8. The result of each such processed event is the energy
of the neutron in the restframe of the parent fragmént, EPF' These
energies were sorted into a series of "energy bins" to form an
energy spectrum, N(Epp). 1In order to correct the spectrum for the
efficiency of neutron detection, (see section 3.1) a weight equal
to the detector efficiency as a function of energy, e€(E), was
assigned to each neutron of laboratory energy, E. As we have
pointed out in section 4.4.2 it is necessary to apply a correcting
factor to the energy spectrum in which kinematic factors are taken
into account. This kinematic correction factor depends on the
motion of the fragment from which the neutron was emitted as well
as on the so0lid angle of neutron detection. The sol}d angle of

detection which is subtended by the neutron detector depends on
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the kinematics as well as on the geometry. More specifically, the
solid angle depends on
(1) the magnitudes of Vg and vpp and

(2) the angle Op -«

For a particular value of vpp + emitted in a random direction with
respect to the parent fragment, the probability that the resulting
neutron trajectory will fall within the detection cone will
increase as Vg increases. We, therefore, need to calculate the
probability fhat a neutron of velocity, Vop! will be detected

given that it was emitted from a fragment of velocity Vgp. Thus,

each energy, EPF’ was assigned a weight calculated as a function

of the kinematic parameters mentioned., (See Appendix A).

4.5. Results and discussion.

We present the results of these calculations in the figures below.

In order to show the effect of some of the corrections to the

spectrum, we show : .
(1) the uncorrected spectrum, figure 4.9(a)
(2) the spectrum corrected for neutron detector

efficiency and kinematic effects 4.9(b)
4.5.1. The angular spread of the fragments.

Before we proceed to compare our measurement of the spectrum of
neutrons from 2%2Cf(sf) in the restframe of the fragment with
previous measurements we discuss the effects of the angular spread
of the fragments in calculating the neutron spectrum in the

restframe of the fragment. 1In figure 4.10 we show two sets of

results representing the neutron energy spectrum in the restframe
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of the fragment. In each <case a different set of selection
criteria has been placed on the parent fission fragment. Spectrum’
A was obtained by choosing only those events in which the parent
(forward) fragment was a slow fragment. Spectrum B, on the other
hand, was determined by selecting only the events associated with
fast forward fragments. It is clear that the two sets of results
differ markedly. We attribute this difference between our two
sets of results to the angular spread of the fragments away from
0.,=0°. This deviation affects the tranformation from v to Vop in

F

two ways:

(1) Since an estimate of the average angular spread, <0>, was used
to correct for the effect only a small fraction of the neutron
velocities, v, are accurately transformed to Vpp * In most cases

the correction 1is either too small or too large. This is

demonstrated in the diagram below.

|
|
N« :
|
|

<— VPF—>
6 | ~
P
< \Y >
FIGURE 4.11 The angle OF 48 not known fon each individual event. An

estimation of the average spread <> L& thus made fon all
events. 1§ <0> 48 Larngen (smallern) than OF in a particular
case then the value caleculated §on Vpg L8 smallern (Langen)
than {ts thue value.



From this sketch the relevant quantities are seen to be related

as follows:

vPF=v—VFcosOF (4.8)
The angle Op is, however, not known. We, therefore,estimate an

average angular spread, <0>. Thus, the value that 1is calculated
for VpF will exceed the true value of Vpp if Op is in fact smaller
than <o>. Similarly, the <calculated value of v will Dbe

PF
underestimated if <©> is larger than 6p . In this latter case the
error that occurs is calculated to vary between 0% and 10%. In the
former case the error that occurs is somewhat smaller and can be

expected to vary between 0% and 4%. A fraction of neutrons which

have velocities, v, close to their parent fragment velocities

will not be included in the final spectrum, since it can be seen
from the equation above that if OF is underestimated Vop could
be negative and hence the event will be réjected. It is difficult
to estimate this fraction as it is dependent on the shape of

the neutron spectrum in the restframe of the fragment!

(2) The second way in which the angular spread of the fragments
affects our results is that a fraction of neutrons that originate
from the backward fragment can now reach the neutron detector.
This fraction is a function of the fragment velocity, since a fast
backward fragment will pull neutrons out of the forward hemisphere
more effectively than a slow backward fragment. Bowman et al
(Bo63) have calculated the fraction of neutrcens that are emitted
into the forward hemisphere by a backward fragment as a function

of fragment velocity. See figure 4.12.
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From these curves it 1is «c¢lear that, for a given nuclear

temperature, T, the fraction of neutrons that goes into the
forward hemisphere increases as the velocity of the backward
parent fragment decreases. This trend 1is in keeping with our
results. In deriving spectrum A i.e. slow forward parent fragments
are selected, about 18% of the detected neutrons were found to
have velocities, v, whicﬁ were smaller than VFcos<@>. These sloy
forward fragments are ,o0f <course, complementary to the fast
backward fragments. In the case of spectrum B, which is associated
with the slow backward fragments, a higher fraction, about 28%, of
the neutrons had laboratory velocities which were smaller than
VFcos<O>. (We note, however, that these percentages include the
neutrons that are lost to the spectrum in the manner described
above.) Hence, we expect the overall error in spectrum A to be
smaller than that in spectrum B. We thus regard spectrum A to be a
more accurate measurement of the neutron energy spectrum in the
restframe of the fragment than the results indicated by either

spectrum B or by the spectrum obtained when no restrictions are

placed on the type of parent fragment, figure 4.9(b).



4.5.2. Comparison with previous measurement.

In figure 4.13 we compare our measurement for the neutron energy
spectrum in the restframe of the fragment, spectrum A, in fiqure
4.10, with the following:

(a) the measurements derived from the work of Bowman (Bo63) and
(b) the preaictions of the simple form of the evaporation model
The so0lid 1line in the diagram indicates the results of Bowman et
al. The dashed liné was calculated from the equation below, (see
section 1.3), for an average spectral energy, <Epp>,0f 1.3 MeV
(Bo63, Kl68). The spectra are normalised at an energy of l.3MeV,
this being the éxpected average energy of a Maxwellian fit to this

spectrum.

4 E -2E

N(E,.) - PFexp (| ZEpF ) (4.9)
Rl T L PP
<Epp> <Epp>

Our results are in broad agreement with those of Bowman across
most of the energy range shown. The largest deviation is seen to
occur at the low enery part of the spectrum, below 0.25MeV. Here,
our measurements indicate 60% more neutrons than found by Bowman.
However, in view of the largely unknown guantitative effect of the
angular spread of the fragments, especially at these low energies
we are not able to draw any phfsical conclusions. We note,
however, that in tests where the data were analysed assuming a
much larger value for <0 the results that were obtained followed
the trends of Bowman's measurement at these energies. However,
this was done at the expense ~of much poorer agreement at the

higher energies.

Both our data and that of Bowman show systematic deviations from

the predictions of the evaporation model. It is evident from this
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direct comparison between theory and experiment that simple
evaporation theory is not able to explain the neutron spectrum

adequately. Bowman et al have indicated that a good

phenomenological fit to their data can be made by superposing

three evaporation spectra each with a different average energy.

(See equation 1.5).
4.5.3. Conclusions and further work.

In this work we have demonstrated the viability of a new method of
determining the neutron spectrum of 2352¢f(sf) in the restframe of
the fission fragment wusing a thin film plastic scintillator to

measure the fragment velocity. Qur results agree with

those of earlier measurements over a good portion of the energy

range. However, it is clear, that the directions of the fission
fragments have to be more accurately monitored in future
experiments. A change to the design of the experiment is

envisaged which would yield more accurate results: in the current
configuration the velocity of the forward fragment is obtained by
performing a measurement on the backward fragment. In the worst
possible case this <can introduce an error of 20% into the value
obtained for the forward fragment velocity. In order to measure
the forward fragment velocity directly a TSPS detector in
transmission geometry can be used. However, care needs to taken as
regards the design of the light guide that is required. This has
been shown by Gujrati and Lessard (Gu83) to be an extremely

important factor in determining the response of the detector.

Although a neutron detector of larger diameter would increase the
count-rate, thus improving the statistical accuracy of the data;,

the angular resolution will suffer as result. A thicker detector,
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on the other hand, will require a longer flight path in order not
to increase the uncertainty in this measurement. If wé wish, thus,
to obtain good statistical accuracy without having to have
extrememly long running times it is necessary to determine
accurately the fragment trajectory in any direction rather than to
collimate the source very tightly. This will, of course,
necessitate the use of a position—sensitive detector. However,
‘the degree of ambiguity in assigning a parent fragment will
increase as GF increases. Hence, the analysis of the data will not
be as straight-forward as in the case where @F=O°. One way of
maintaining the spirit of our present experiment would be to use
a 252Cf source with a large surface area. This source can then be
fitfed with a collimatof of design as shéwn below. Only fragments
which are emitted parallel to the tubes will thus be selected. In
this way all the fragments that are detected will have a
well-~defined direction while the count-rate will also be
increased. 1In addition, no major modifications have to be made to
the current configuration apart from performing a direct

measurement of the velocity of the forward fragment.

FIGURE 4.14

Collimaton gnid selects §is5dion
gragments in well-defined dirnection
(to within * 5°)
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Appendix A

The neutron detector measured an energy spectrum, N(E), where E is the
energy of the neutrom in the laboratory frame. This spectrum includes
a correction for the variation of the detector efficiency with incident

neutron energy, €(E), as outlined in sections 3.1 and 4.3.

For each event we determine the velocity, v, of the neutron in the
laboratory frame, and the associatedAfragment velocity, Vgp. From these
quantities the velocity of the neutron in the restframe of the fragment,
vpy, 1s derived and hence the energy of the neutron in the restframe
of the fragment, Epp, is -calculated. (These steps are summarised in
the flow-diagram on page 4-16). An apparent (i.e. uncorrected) energy
spectrum (e.g. figure 4.9(a)) of neutrons in the restframe of the fragment,
N'(Epp), can now be formed by suitable "binning" of the energy, Epp,

obtained for each event.

This is not a true representation of the neutron spectrum in the fragment
restframe, however, because the effective solid angle,  gppp, of the neutron

detector in this frame depends on both vpp and Vg.

To correct this distortion each event was weighted by a factor ®(vpp,Vp),
inversely proportional to the effective solid angle, Qgpp, and weights,
rather than events, were summed in the energy bins represented by the

final block in the flowchart (figure 4.8)

Consider an event in which the forward fragment has velocity Vg and the
associated neutron that is detected has a velocity, v, in the laboratory
frame. We distinguish the following limiting cases, shown in figure

Al

(1) the neutron is detected at the centre of the neutron detector.

In this case' v is the resultant of Vg and vpp

(2) the neutron is detected at the edge of the detector, so that

v is the resultant of Vy and vpp.

Now, in general, if v>»Vp then vpp = vpp. On the other hand, if v=Vg

then Vi’)F >> VpF-
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Figure A.1 VeLocity vectons in the Labonatorny frame (VE,v) and 4in Zhe
gragment nestgrname (vpr, v'prl.

In our case we note, firstly, that the angle Oger is small, viz. 6° and,
secondly, that we reject events with v X 1.2 Vg. The latter is
a consequence of the fact that no data for the neutron energy spectrum
in the restframe are presented below 0.1 MeV. The error that is introduced
. by assuming equal magnitudes for vpy and V}F is estimated to be less

than 12%. Using this approximation vpp may thus be calculated from the

experimental observations Vp and v for each event.

The factors (vpp, Vp) were estimated by assuming isotropic emission
of neutrons in the fragment restframe and determining the probability
that the volocity combination of vpp and Vg with vpp randomly (see figure

A.2) would lead to neutron emission in the direction of this detector.
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Figure A.? The angle, Op, 4is changed in Ateps of 1° between 0° and 180°
in the caleulation of the kinematic facton o{vpF, Vf.-').,- Forn a given pair
o4 velocities, —Gp;: (dinection handom) and VF, (which points towards ithe
neutron de,tec/toii) only a fraction of the possible combinations glve nise
o Laboratony neutron velLocities, v, directed within the cone of detection.

The angle, ©p, of the neutron in the fragment.frame (see figure A.2) was varied
in discrete steps A@p of 1° from ©p=0° to © p=180°. For the nth step

a weight, W,, proportiomal to the number of neutfons emitted in all the
directions (Op,¢) where ¢ is integrated ovér 0° to 360°, is given by |

2n+l
2

W, = -2— sin (£Z7) a0p | - - (4.2)

- A0p
The factor ¢ (vpp, VF) is then given by the ratio sums of weights:

R .
¢ (vpp, Vp) = 2 Wn - : ‘ (A.2)
IWp ’ .

where W) are the weights corresponding to the steps (angles) which satisfy
the conditions '

(i) v > 1.2 Vp (as imposed in the analysis) ; and-

(ii) Op < O4et (required for ~the neutron to pass through

the detector)

A matrix of values was calculated for vpp and Vg ranging over values
appropriate to the experimental data. These values formed a reference
table from which ®-values were read event-by-event for the calculation

of neutron spectra (e.g. figure 4.9(b)) in the fragment restframe.





