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PREFACE

- The project, presented in this thesis, has been carried out by
the author at the Kel#in Laboratory of the Departement of Natural

Philosophy of the University of Glasgow during the Period November

1973 to May 1976. -

~ The expefimental and theoretical work was aimed at determining

the neutron fission cross sections of U-235 and U-238 in the

energy range 0.3 - 12.5 MeV with good resolution and reasonable
statistics. The main instrument used was the 100 MeV electron
linear accelerator of the laboratory, providing a pulsed neutron
source in connection with a bremsstrahlung target.

To carry out the research, it was primarily necgessary, to understand
the fission process in detail and the aséociated models. To describe
it and the cross sections required the use of the liquid drop model,
shell corrections, the optical and the statistical model. To see the
present work in perspective, a review of past and present work in

this field was neccessary.

The main instrument, apart from the accelerator, with which the ex-
periments were carried out, was & high resolution gas seintillator,

used as a time-of-flight spectrometer. This scintillator was

developed by the author with Xenon as the gas in question, and by

using a Cf-252 natural fission source for testing during the development.
The monitor detectors, chosen for the experiments, were standard neutron

detectors.



During a series of accelerator tests the optimum electronic data
collection system was developed by the author. This was assisted
by & bi-dimension data storage programme for a FPDP-7 on line computer,
earlier written by J. D. Kellie. |

Apart from the time to energy convérsion, which was dohe by &
computer code by J. D. Kellie, the analysis of the data was
entirely original, especially the background-subtraction. Although
the mathematical mechanism had been developed by J. D. Kellie, the
criteria for this sub-traction were due to the author. This is also

true for all normalizations and corrections.

Interpretation of the general shape of the cross sections as well as
interpretation of any apparent structure has been carried out solely

by the author. The computér prograrmes for the theoretical calculations,
including fission, neutron-capture-y-rajy-emission, total scattering
transmission coefficients and the final cross sectiop calculations,

have been written by the author himself, and only a code by J. D.

Kellie for the calculation of the incoming wave transmission coefficients

was adopted.
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CHAPTER I

1.1 Introduction

Becausé of the fact that neutrons do not carry any charge, they
are most suitable as projectiles to be used for the investigation
of nuclei. They can penetrate the Coulomb barrier at all energies
undisturbed and react with the nucleus via the strogg interaction..
Thus neutrons provide a useful tool for nuclear structure studies
concerning the strong interaction..This, of course, is also true

for the particular reaction of nuclear fission.

The study of nuclear fission with neutrons not only yields information
about the physical nature and behaviour of heavy nuclei, but is at
present also of considerable commercial interest. For the design of

a power generating nuclear reactor the exact knowledge of the neutrcn
fission cross section of e.g. U-235 is essential. This additional
interest clearly distingulshes fission studiés with neutrons from

those with other projectiles.

Thié first chapter will firstly give ﬁn account of the considerable
research work that has already been done in the field of neutron-induced
fission. It then follows an introduction to the principal mechanism

of nuclear fission, which will lead over to the description of the

liquid drop model, as the earliest and most successfully used model,

to describe in detail the fission process. There will also be a subsection,
dealing with shell-corrections, which have become neccessary, to

maintain the relevance of the liquid drop model. For theoretical

calculations of cross sections, however, it has been found neccessary



to apply the optical and the statistical models to the concept of
fission. This, together with an assessment 'of the present state of

experimental work will cover the rest of this chapter.

1.2 Review of Past Experimental and Theoretical Work

The first lobservations of a nuclear fission process by O. Hahn and

F. Strassmannl and later among others by L. Meitner and O. R. Frisch2
was the result of a radiochemical study. These types oflexperiments
were to dominate the further investigation of the fission process

for some time and were most suited for the unambiguous selection of
fission events and later for the determination of the fission

fragment mass distribution. By their nature these were relatively slow
experiments and therefore not particularly well suited fof m.easurements
of any fission cross sections. Nevertheless, there was é.lrea.dy con-
siderable theoretical interest in the shape of the cross section a
short time after the discovery of fission. N. Bohr and J. A. Wheeler3
were the first to put these considerations on s£0lid ground by apﬁlying
the liquid drop model, earlier developed by C. F. v. Weizsaeck'er' s to

nuclear fission.

For any measurements involving fission, neutron sources with either
thermalized or monoenergetic neutrons or neutrons o_f &8 few discrete
energies were used entirely in the early years, relying on (0, n)-
reactions by bringing a suitable light isotope, such as hBeg together
with an O -unstable heavy isotope. After 194k the neutron flux of
experimental reactors made a continuous spectrum available and energy-
determination was achieved by using the chopper-technique. Event-counting,

and, if necgessary, timing was done with proportional fission-chambers,



the resolution of which proved sufficient for the low energy
neutrons. The use of the chopper limited the energy-range, that could

be looked at to at most the keV-region.

The advent of synchrotons and particularly linear accelerators in

the early 1950s allowed the operation of pulsed neutrons sources and

the introduction of the time-of-fligﬁt-techniqﬁe for much higher neutron
energies. The simultaneous development of electronicequipment, relying
on semi-conductor materials, and new detection techniques made fast
timing possible. Today most neutron flux monitors are based on scintilla-
tors, liquid or solid, mounted on fast photomultiplier tubes. As fission
fragment counters, surface-barrier semi-conductor detectors and
proportional counters play an important role. Gas scintillators, as

the one used in this research project, are a relatively new feature-

and have not been widely used up to date.

The development of neutron sources and detection techniques enabled
measurements of fission cross sections to be improved from early spot
measurements to & wide range of energies and gét to know their general
shape to a very high degree of accuracy. Tt will be pointed out in

& later section of this chapter, what the present state of knowledge

smounts to, and what future trends in this field can be expected.

- Theoretical work in the field of fission was mainly concerned with the

application of the liquid drop model to the description of the mass

5
and energy distribution of fission fragments. Attempts have been made
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to éxplain all phenomena by this model and to reconcile it with
the miscroscopic independent particle modei. However, complex
investigations by J. R. Nix and W. J. Swia.teck16 and W. D. Meyers
end W. J. Swiatecki7 showed, that shell effects play an important
part in ground state deformations as well as during the fission
process. But the most‘recent and far-reaching innovation is a
postulation by V. M. Strutinsky to the extent, that at least sdme

fissile nuclei do,have more than one fission barrier.

Successful calculations of fission cross sections, using a modified
Hauser/Feshbach method, which has also been used in this project,
have only been carried out recently. A complete and detailed acoount

9
can be found in a publicatiohd by J. E. Lynn .

1.3 The Principles of the Fission Process

Fissile huclei, having a high mass, c#n in their ground state already
be in an energetically unfavburable state, such that just a small
additional amount of energy leads to an unstsblie configurations.

In this state of deformation the repulsing Coulomb forces of the protons
exceed the surface tension holding the nucleus together, and this

leads to the final breskup of the nucleus. So, when & neutron enters
such a nucleus, a new exit channel exists, according to the reaction

b b+1-d-m d !
* ’ — i
X o g +Z°emxn

(1.3.1)
a
competing with all other known reaction channels. However, this
reactions can be analysed more closely, leading to the observation that
two different kinds of fission reactions compete with each other: the

direct and the compound nucleus reactions, according to two different



-1k
ways of energy transfer from the projectile to the target.

Firstly, there is a possibility of direct momentum transfer

when the in-coming neutron . gives ell its kinetic energy to the
target nucleus, and the latter will split due to the pure méchanical
impact. These direct reactions become more important at higher

incident energies anddominate abdve 15 MeV.

The second possibility is the capture of an incoming neutron by
the nucleus and the formation of a compound nucleus with a finite

lifetime, according to the reaction

b !
a)( *ol

" S
0 (aXb+’) — Fiss/on (1.3.2)

The compound nucleus(a)(b+01;ill be excited, .after absorbing both

the incident momentum and the binding energy of the additional neutron.
Compound reactions are prevalént at lower energies and can yield infor-
mation about the structure of the intermediate nucleus. It will assume
& vibrational state, from which it will decay via the fission mode,
vhen the ratio of Coulomb to surface energy is favourable. Since for
some nuclei the binding energy of the additional neutron ecan be
sufficient to excite them to-.a fissionable state, these isotopes will

show a thermal cross section.

Pict. 1 shows a diegram, including the different steps leading to
fission. A spherical ground state is assumed, and after a neutron

has entered, the nucleus gets into a deformed excited state. This
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Pict.1: Basic Features of the Fission Process
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deformation leads to a more and more prolate shape with

eventually two mass concentrations on either side, connected

by a thinner neck. When this situa£ion is reached, i.e. when the only
possible decay mode left is fission, the nucleus has passed over
the saddle point. The neck grows thimner, until two adjacent spheres
are left, and the instant of their final separatioﬁ is called
scission. There may be a few neutrbns usually not more than three,
being evaporated during or after the fission process. It is also
possible, that prior to fission, the nucleus decays by releasing

ohe or even more successive neutrons, but may still have enough
excitation to complete the process. Another mode is ternary fission,
occuring with a probability of less than 1 %, in which the event

is accompanied by a third fragment, usually an X-particle.

To give an example of the difference between direct #nd compound
nucleus fission, the mass distributions, following these processes,
are presented qualitatively in pict. 2a and 2b. Pict. 2a shows the
distribution, according to direct reactions, as a Gaussian, peaking
at half the mass of the original nucleus. This can easily be seen,
beéause a splitup, due to direct momentum transfer, will be in most
cases a symmetricel one. A decay, however, starting from a compound
nucleus.formation, tekes & finite time and thus enables the single
particles in the two mass groups to reorganise themselves, according
to closed shell formations. This,&s will be shown later, leads to the
splitup into two -asymmetric fraegments, as can be seen from 2b.

Since thermal fission is assumed here, there are no direct interactions

end thus no significant contribution to symmetric fission. Piect. 2¢
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Symmetry

Pict. 2: o)Massdistribution of Fission Fragments

at Direct Interaction
b)ot Compound Interaction

c)at Combined Interactions
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‘shows & super-position of the two reactions, as it occurs at
intermediate incident neutron energies. The valley at symmetryc

will be filled up more and more when these energies are increased.

1.4 The Liquid Drop Model

The liquid drop model had primirily been divised to calculate
the binding energies of nuclei . It treats the nucleus quasi-

classically as a liquid charged di'oplet. The total energy of this

droplet 1is

E =E+ E+ E+0+ s, (1.%.1)

tot v 8 c
vhere

E = volume energy

v

E = surface energy

s

E = Coulomb energy

c

d = even-odd correction

8 <= shell correction,

all dependent on the neutron number N and the proton Number Z, as

7
follows :
E = =-C A’ v (1.14-.2)
with v 1l
c;=a, |1-k( D=L )2 (1.4.2.2)
A ’,
where a and K are constantS;
1

2 (1.4.3)
E =c,A" f(shape) ‘
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with
coza,|l-xf N=Z_)? (1.4.3.1)
2° Y2 , e
A
where a& 1is another constant. £( shape) describes the dependence of
2
E on the shape of the drop;
s , _
2
3 92 Z (
===—=—glshape), )
¢ 5 Al/3 g P 13 (1.4.k)
with e,Z and A as ususl, r = 1.3x10 arnd g(shape) fulfilling
. o
a similar function as f(shape);
d=tc, /A" . (2.4.5)

with ¢ a constant. d is positive for even-odd, negativefor even-even
3

and zero for odd-mass nuclei, thus respecting the influence of pairing

effects on the binding energy. The shell correction will be dealt with

in the next subsection of this chapter.

Since only the surfaece and the Coﬁlomb energy ere shape dependent, they

together represent the potential energy of the system:
V:EC+ES , ' (l.’-l».?)

As previously mentioned, their ratio determines their state

relative to the fission decay mode. It is therefore useful to define

T
a fissility paremeter :

X= Ec , (1.4.7)
2E

vhere the 2 is there for conventional reasons. x obviously changes
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during the deformation process prior to fission and can thus give
information about how close & nucleus actually is to fission. But
x of course also varies throughout the nuclear table for all the

ground states and can be used to calculate fission barriers.

Since the potential energy is combined out of the Coulomb and the
surface energy, it is dependent on f{shape) and g(shape) and thus
on the deformation of the nucleus. Those two shape-functions can

be written as

f(y)
end | gty) | | ~(1.4.8)
wvhere Y means a set of coordinates and can be for instance
Y=x,y,2,0,0,% | (1.4.8.1)

according to pict. 3a, where x,y and z are Cartesian coordinates

andQ ¢8;nd ¥ are the three Euler angles. For the following, however,

it is sufficient to simplify the description of deformations and

shapes by using just two coordinates, as in pict. 3b, namely the distance
from the centre of mass R and the angle above the horizontel, Je In

that way R can be expressed as

o
Rlp)z ao[h Za,-e.(ﬁ)} , (1.1.9)
=1 :



/]

b)

Pict.3: Coordinates of the Nucleus
a) 6 Degrees of Freedom

b) 2 Degrees of Freedom

21-
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with u=cosy , & 1is a volume normalization constant, P (x) are
o i

the Legendre polynominals with their coefficients &; . Now it is

possible to express f(shape) and g(shape) and thus V in terms of

R and X e But it is also possible to write

V=H(oc2.0L4) , n _ (1.4.10)

' where in this special case OL2 and &, are coefficients from

(1.4.9). In any case, V can be expressed as a function of deformation..
This is done in the plot in pict. 4, using relation (1.4.10). The
graph shows the potential energy surface as a function of the deforma-
tion parameters Olzand 0 and the dotted line follows a pé.th,.

which leads from a ground state configuration to fission asshown

in pict. 1, which of course, shows the actual shape of the nucleus,

also depending on d2 and O .

It can clearly be seen, that, to reach the fission state, the nucleus

has to surpass a saddle on the potential energy surface, which gives

this point its name. A bi—dimensiénal view of the saddle point is

given in pict. 5, and the well below the barrier is filled with the

bound states of the compound nucleus. The knowledge of the shape
paremeters of the saddle point structure is essential for cross éection
calculations. On the other hand, by following the path and its slternatives

over the saddle, it is possible to calculate fragment mass and kinetic

energy distribution.
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Piet. 5: Fission Barrier (Cross Seciion)

2U-



-25-

1.5 Shell Effects

When discussing shell effects, relevant to fission, one has to distinguish
between those which are of importance before the fission process, and
those, which become important during the event. They will be dealt

with in this sequence.

When applying the liquid drop energy formula (1.4.1) for the
calculation of nuclear masses without using the shell correction, it

takes on the form

M{N,Z)zMn N"MHZ*EV*%*EC“J ) (1.5.1)
where M 1is the neutron mass, and M is the mass of the hydrogen etom.

Calculating the masses throughout the nuclear table , an interesting
feature is revealed: the deviation of the experimental masses from a

smooth liquid drop mass curve shows no uniform trend, but is varying
cyclically. Pict. 6<shows this effect qualitetively. There are dips

at magic numbers, between which the deviation functions rises, some-

times flattens out and then falls again. To interpret this phenomenon,

one has to remember that the liquid drop mass formula in its simple

form calculates the ground state masses for a spherical nucleus. W. D.
Myers and W. J. Swiatecki conclude that a spherical nuclear potential

for the mass numbers, relating to the bumps between magic numbers, would
produce degeneracies due to level bunching, with a bunch corresponding

to a closed shell. However, when distorting the configuration of these
nuclei, the bunching will disappear. We thus have ground state deformations
for some nuclei, which are energetically more favourable than the spherical

shape.
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To be able to calculate nuclear masses still with the liquid drop
formula, one has to introduce & shell correction, which takes care

of the level bunching. The final form of this correction is:

S(N,Z)= F(N)*E(Z} —cAB (1.5.2)
Ll-li) 43
2
where
N
FIN)[ [q(n)-n%]dn , (1.5.2.1.)
5 3
54, 5/3
q(n):-i M; ~-Mi:; M,._,>n>M,- ‘ (1.5.2.2)
M;-M;_

and F(Z) is similar to F( N). ¢ is a constant, M 1is a magic number.
i

One can see from pict. 6 that most of the fissionable actinides fall
into a bump category, which means, the& have stable ground state
deformations. This has a serious implication for the shape of the
fission barrier, as can be seen from pict. 7, in the case of U-236,
where there is a double-hump-barrier. The two minima correspond

to stable ground state deformations, one for prolate, the other

for oblate shape, whereas at zero deformation an intermediate hump
is located, showing an energetically unstable spherical shape. This

is similar for most of the fissionable actinides.

The existence of a double-hump potentlial well can also be deduced
8

from the appearance of spontaneous fission isomers , representing
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isomeric ground states for the two minima.
These are shell effects, playing a msjor role prior to fission.

During the fission process itself, however, other shell effects become
relevant when there is a compound reaction. As has been pointed out,
in this case one can observe almost always asymmetric fission.

Most authors today agree, that this 1s due to the finite life

time of the compound nuéleus, during which the future fragments

have time to regroup themselves into magic number configurations,
sharing the remaining nucleons more or less equally. This latter fact
is responsible for the width of the mass distribution of :rggments

from compound nucleus reactions.

1.6 The Optical Model

The liquid drop model is very useful for calculating the shape of
the fission barrier, but for the calculationof a cross section an
interaction model is needed, such as the optical model.

: 10
When a neutron enters a nucleus, there are two possibilities .
Firstly it can maintain its independent particle motion, from which it
either re-emerges from the nucleus, or being absorbed, fTms a compound
nucleus with its target. The second possibility is the irmediate
absorption, to create a compound nucleus. In either case we.have the
possibilities of absorption or re-emission. To teke these into account,
it is useful, to introduce en optical complex potential, the real part

describing a potential well and the associated energy states for the



entering neutron, whereas the imeginary part tekes care of the

absorption effect:
U=V(r)+iw(r) , (1.6.1)
where r is a coordinate.

With this potential the Schroedinger equation: is:

Vz%[ﬁ —U"’(r)] V=0, | - (1.6.2)
with
k2=2M £ (1.6.2.1)
H? '
and
U*(r)=—2LU(r) (1.6.2.2)
fj?

where’;t is the reduced mass, and E is the energy,f} as usual.

The general solution of this equation is
o
")”=ZB, f,(kr)/?(cos@) , | (1.6.3)
=0

1
the radiel equation. B can be determined by looking at the asymptotic
1l

with P (cos O ) a Legendre polynomisl and f being the solution of
1




behaviour:

¥ — e’*Z4 f(0) e;k' | (1.6.4)

is the sum of the plane and spherical wave functions. The plane

part can be described by spherical coordinates and becomes:

ekZ- Zi l(21+1) jl,( kr)R (cos Q) (1.6.4.1)
/

vhere j is a spherical Bessel function. Comparing the radial equation
1 .-

for f
1

d? . 2 di, [ 2 mn)] 1.6.5
dr2 r dr | KUt - .’0 -2

and that for the latter function

dzj/ 2__.[L l:kZ IH*”] (1.6.6)
dar2 T ar =

leeds to the only difference between them, es being U*(r). So the
asymptotic form of both should differ only by & phase shift ¢f , dueto

the potential, if that goes to zero with large r. The asymptotic

behaviour of the Bessel function is.

j,(kr)——*,-(lvr—sin(kr-zlm) ) | (1.6.7)



end that of £ is
1

]
kr) ——= —sinlkr-Liw+d, ).
f,(kr) o Sinthr-2lred,

(2.6.8)

B and £ (O), known as the scattering amplitude,can be obtained by
1l

comparing (1.6.3) with (1.6.4), and similarly. for e - -+ This leads

to
B zil(2'1)e"

and

f(@)=27,-—k D (21+1)(e?*1-1)Plcos0)
N

The total cross section can now be expressed as

”¥
&=2n[11(6)\’sin0d@
0

vhich cen finally be reduced to

AT ST o)1 05in2
G-kz L{21 ’)Slncfl.
{

(1.6.9)

(1.6.10)

(1.6.11)

(1.6.11.1)
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This deduction can all be described as basic scattering theory
valid for any potential. To introduce an optical parameter, it is
neccessary, to look again at the asymptotic behaviour of the
scé.ttering wave function. This can be written in terms of the

phase shift factor Cf, as

-] . . i) | L
¥ -—'-2—'k-r— Zi’(?hl)l?(cos Q) [ez""e fhr-3 ’_’r)
!

g-itkr-Ltm) ] (1.6.12)
or
— ;— Zi /+7(2I+I)/?(cos o) V, (kr)- Ui l@( kr)] (1.6.12.1)
, |

with? for the incoming and & for the outgoing wave a.ndm being
a reflection coefficieht, defined as
=e29 (1.6.12.2)

iy

The meaning of wli becomes clear, when interpreting it in optical
terms: | |

if 7= !, there will be 100 % reflection. It will be {1 in
proportion to the relative amount of absorption in & given incident
flux and bec@es 0 for complete absorption. Thus the varioué cross

sections can be expressed as follows:



_a R 2 -
dsc-'k—z' Z{?’ ’)l]- ’f)ll ‘ (1.6.13)
[
for elastic scattering,

sabs=;’fz— S(211)(1-| | (1.6.14)
‘ {

for absorption, and

2x |
<! ,o,=;2—Z(21+7)(7-Re~/21 ) (1.6.15)
{

for the total cross section. Considering the absorption éross

section, one can define a transmission coefficient
2 :
T, =1- |ml ) (1.6.16)

which gives, in optical terms, the penetrability of a nucleus.
The optical model with its complex potential can be used to

calculate these transmission coefficients.

1.7 The Statistical Model

ﬁhen considering & cross section, its principal variation with

- energy can be divided into two regionsll- Firstly, there is the low
energy part, which can consist out of sequences of many resonances.
However, moving up to higher energies, the width of the resonances

becomes such, that the resonances themselves overlap and thus are no

longer distinguishable from each other. We are in the continuum region,
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and the cross gection is a smoéth function, varying with energy.
Coming back to the resonance region, one can take an energy
interval AE and average the cross section over it. Such a
description does not include the rapidly varying shape of the
cross section in the resonance region, but leads to a gross
structure, which presents the cross section as a slowly fluctuating
function with energy. The statistical model can be usedlz, to elaborate -
on the average cross section, including both the low and high

energy regions.

The optical model gives a formula for the cross section in terms

of a transmissioncoefficient:

L= (211T(E) (1.7.1)
k2

in this example for the formation of a compound nucleus. To have a

spin J can be expressed by the square of the Clebsch-Gordan coeffi-
cient. Tnis is the probability for forming a compound state with spin

J and incident neutron angular momentum 1.
./ . 2 '
R =|lj;0m|1j;um|? (2.7.2)

where J denotes the channel spin of the combined neutron-nucleus

system. This gives a cross section

&!|(1j; 0m|lj; Jm)
2
’}22"2”’”"5””/' ;0m|lj;Jm)|". (1.7.3)
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s

In more general terms, when looking for example at an elastic

reaction, this has to be multiplied by another probability, taking

into account this particular reaction.

dpr s .4
G111 19)= 21T E)

Ay ALl |,9) ’ . (1.7.%)
J Ier(E WTAE)
Pq.r

where the cutgoing neutrons have angular momentum 1', the final
channel spin is j' and the direction of the scattered neutrons
is described by the coordinate ;} .r and p ~refer to possible
competing outgoing channel spins and neutron angular momentum and

E' to competing corresponding neutron energies. AJ is
q _

AL =5~ ¢1j;0m|1j; Jm)|”

m,m'’
| |00, j:m"m-m| I'j';Jm)lzl Yo (¥, go)]z. (1.7.5.2)

Since (1.7.4) refers to a single energy level, to obtain the cross
sections for all energies and neutron angular momenta, one has to
iﬁtegrate and apply the neccessary sum rules. This leads finally

to the cross section for the general reaction (i/i') with original

nucleus spin i and final spin i':

G(/l)-—— Z (E)

X Z é,,/{2J+7) (1.7.5)

Iy T E )/Ze TAE)
I Q



where fj{, = 2,1 or 0, for the cases: both J and ,12,
1
¢t 3., or J , (not both)
1 -3
: neither ‘J or J

. . , I |
satisfy lJ-I|\<j,- J+1) o (1.7.5.1)

with

ha=ith

1.7.5.2
3 (1.7.5.2)

and the doubly primed parameters notate competing reactions. Very

generally an average reaction cross section cen be written as

S, k g(J l) T(C)IPC) o (1.7.6)

Zf(c)

where g (J,1) stands for the statistical factor, composed out of

J and 1. In the special case of fission, this leads to

j-l+—-
/-l—-—
[=J+]
Z g(J.l)Tar(, j)(E)Tvr(f) (1.7.7)

t=)=j T+ Ty + Tongn,to 1)

with T 7 for the fission, for the neutron capture
J7 (f) :

gamma-ray and T

I (n,tot)

T
3T ()
for the total scattering transmission



coefficlients and T W‘( ) for the entering neutron transmission
J 1,] ‘
coefficients. Chapter V will deal with the detailed calculations

of these coefficients.

1.8 Present State of Experimental and Theoreticel Work and Fubure Trends

The fission cross sections of actinide nuclei, especially Ureanium

isotopes, have been measured frequently and with increasing accuracy.

13
Some examples are measurements by E. Pfletschinger and F. Kaeppler ,
1k 15 16
W. P. Poenitz , W. P. Poenitz and R. J. Armani , J. W. Meadows ,
23 17,18

and G. D. James . There exist also several reviews and evaluations
presenting a picture of the validity of past measurements and the
present state of the experimental work. A very elsborete

and relevant evaluation is the one by M. G. Sowerby et al.l9, being
the most recent at the time of starting this present experimental

undertaking.

A careful study of the past experimental work revesls, that in spite
of the frequency of measurements, there are several shortcomings;'
firstly, most measurements carried out so far are ratio measurements
rather than absolute ones. Secondly, the fission cross section of
U-235 18 very well known only below 0.5 MeV. The low energy region

of course, was primarily of interest for thermal fission reactor
design and has therefore been studied exhaustively. The general shape
of this cross section and of the one for U-238 between 1 and 10 MeV

is fairly well known, although there still exists a number éf
discrepancies among different experiments. Also, the energy resolutions

seem to be rather poor over this range. Above 10 MeV the statistical



accuracy is also poor, and there are are large fluctuations
among different authors. These facts prevented the observation

of any structure yet.

For these reasons it was therefore necessary to remeasure the
 fission cross sections of U-235 especially and U-238, and to gain
more accuracy by doing so. Firstly, the subthreshold study of
these isotopes is particularly interesting from the point of view
of the doubly shaped fission barrier, predicted by some authors7’8.
This should show up as structure in the cross section. On the other
hand, the fast fission cross section between 1 and 10 MeV has to be
known more accurately for multigroup reector dynemics calculations

for fast breeder reactors, being developed at present.

Future experiments would almost certainly include the measurements
of fission cross sections for super-heavy nuclei with the present
method, which has been proved successfully for the Uranium
isotopes. This is of considerable interest for core-criticality
calculations for any nuclear reactor and also to some extend

fof nuclear waste management, apart from the pure scieatific

interest.

There are also a number of refinements for measuring fission cross
sections with more accuracy. One such method is the method of

21
threshold cross sections, described in detail by J. W. Behrens -

Considering the field of fission, it is inevitable to look beyond
the scope of cross sections alone. To identify any rescnances in

fission cross sections positively, a coincidental measurement



of angular distribution of fragments is neccessary. Together

" with fragment mass distribution measurements, a more complete
picture of the fission mechanism could be developed.

Another very interesting development is the investigation of
the BNG mode of decay of fission fragments, meaning the
subsequent decay via a beta particle, a delayed neutron and a’

. 22
gamma ray. Investigation of this process is already in progress .

In the field of theoretical cross section calculations for fission,
there is little experience up to date. All the relevant systematics
are described by J. E. Lynn9- Improvements can be made by refining
the optical model parameters, to calculate the incoming and total
scattering transmission coefficients for high A nuclel. A better
experimental knowledge or more advanced liquid drop model calculations
can lead to a better parametrization of the barrier shapes and thus

to more realistic theoretical fission cross sections in future.
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CHAPTER II

2.1 Introduction

The principal instruments to do neutron-time-of-flight work

Were well established in the Kelvin Laboratory, and so was a lot
of experience with the 100 MeV electron linear accelerator as the
pulsed neutron source. This is also true for the neutron flux
nonitors. However, to develop a detection system for fission-time-
of -flight work with neutrons, yielding the required good fime
resolution, it was neccessary to turn to a previously in this

laboratory not used detector, a gas scintillator.

This second chapter will firstly describe the established instrumentation
in connection with the accelerator and give a view over the

principal time-of-flight technique in connection with fission cross
section measurements, involving the use of the gas scintillator.

It will then proceed to describe the development of this scintil;ator,
starting with the basic gas scintillation processes for particle
detection. This leads to the special case of Xenon,'used for this
specific scintillator, and the influence of certain physical
parameters, such as pressure, on the performance of the gas. After
that the design of the gas chamber and the attached vacuum system
will.be described. Special emphasis was laid upon cleanliness and
stability of the detection system. A series of tests with & Cf-252
natural fission source were performed, to adjust the optimum conditions
for fission detection. This source was of course later replaced by

Uranium target foils in a certain geometry to the attached photomultipliers
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and the neutron beam. The influence of magnetic fialds on the
photo-tube and electric field effects on the gas were investigated

and eliminated.

The two final subsections of this chapter will deal with the monitor
detectors and the reduction of after-pulsing, due to the<¥ -flash

which precedes the pulsed neutron beam.

2.2 The Linear Accelerator of the Kelvin Laboratory as a Pulsed

Neutron Source

24
As described by G. I. Crawford et al. the Kelvin Laboratory 100

MeV. electron linear accelerator (LINAC) can be used as a pulsed
neutron source. Electrons are injected from an electron gun at én energy of 30
keV through a set of deflection plates, across which a 10 kV pulse is
applied to give a 3.5 ns wide pulse, before entering the first of three
eccelerator sections. The final beam current at the end of the
accelerator is between 50 and 100 mA, depending on the selected electron
energy and the pulse repetition rate, the latter typically 600 pps.
In principle the beam may enter one of three different beam lines after
leaving the beam deflection system, a set of dipole magnets: at OO’ h5°
end 900. Since for neutron-time-of-flight experiments -an exact
knowledge of the energy of the eiectron beam is not required, the

o

commonly used beam line is the O line, applying no deflection onto

the beamn.

The beam then enters the neutron cell, hitting a neutron production
target. Pict. 8 shows the basic layout of the front section of the
accelerator system, used for neutron work. The beam can be focused

onto the neutron ptoduction target by & set of quadrupole megnets.
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In front of the target there 1s a scintillation screen,.

vainted with Zns, to show the beam spot, which 1s observed by

a closed circuit TV-camera. Typical diameters of the circular

cross section beam are between 1.0 and 1.5 cm. For neutron pfoduction

the electron energy is of the order of 100 MeV.

The neutron production target is preferably a rod of high Z material,
eithef natural Pb or U. In the presented experiments Pb was used.

It was cast into a stainless steel tube, closed at the bottom end,
because the Pb melts under the heat, dissipated by the high energy
electrons in the target. When the electrons are stopped by the
Coulomb potential of the Pb atoms, they produce high energy brems-
strahlung. Part of the bremsstrahluhg quanta cause neutron emission
from the Fb nuclei by (5’,n) reactions. The resultant neutron spectrum
is of Maxwellian type, ranging from about 0.5 to 10.0 MeV and pesking

at about 2.0 MeV.

The accelerator and of course also the neutron cell are surrounded
by concrete shielding. This shielding is interrupted by 8 flight
tubes at different angles and at the level of the electron beém

end the production target. The diameter of these tubes is typically
éO cm, and the tubes can be equipped with different kinds

of collimators. Most of the tubes enter the Kelvin Laboratory North
Experimental Hall, though the 70o tube enters into a 100 m evacuated

flight path with further detector sﬁations at 25 m and 50 m.

2.3 Measurement of Fission Cross Sections, Using & Gas Scintillator and

the Time-of-Flight Technique
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When using the time-of-flight technique, the time, a particle of
known mass travels over a certain distance, is measured. Knowing
that distance, the kinetic energy of the particle can be calculated.
The measurement of the flight-thme is usually done by a time-to-
amplitude converter (TAC), which has to have a start pulse generated
at the beginning of the flight path and a stop pulse produced at the

end position.

In the case of the flux created in the neutron production target in
the neutron-cell, the electron beem produces a start pulse, when
passing through a toroid just in front of the target, as can be seen
from pict. 9. After origination the neutrons travel through the
collimeter along the flight-path, until they reach a monitor detector,
usually & plastic-scintillator-photomultiplier-system. The detection
gignal in this detector serves as a stop pulse. The output of the TAC,
being proportional to the flight-time and inversely to the neutron
energy, is then fed to a multichannel analyzer, which stores the
incident neutron spectrum, according to the different times of arrival
of the neutrons at the monitor detector. In this way the incident neutron

flux is measured as & function of energy.

In front of the monitor is the main detector, a gas scintillator, which
provides very little attenuation to the flux. Inside the gas-chamber

is the fission target, a thin layer of the isotope under investigation.
When an incoming neutron produces fission, in most cases oné fregnent
escapes out of the foil into the surrounding gas, where it creates a seinti-
llation pulse. This pulse is seen by the attached photomultiplier

and eagain serves as a stop pulse for another TAC, which got its start
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pulse also from the already menfioned toroid. The output of this
second TAC is fed dnto a different multichannel analyser, to sfore
e spectrum of the neutrons, creating fission. From those two
accumulated spectra it is, in principle, poséible to derive the

fission cross section.

From the above it can already be seen, that there are two main
factors, which contribute to the energy resolution of the system:
the length of the flight path and the time response of the detectors.
The latter fact already limits the variables for the design of the

gas scintilletor.

2.4 Choice of a Gas Scintilletor, and Its Basic Mechanism

VWhen choosing & fission detector, suitable to be used in the time-
of -flight arrangement as described in thé previous subsection,
the following reguirements have to be met:
1. Separation of fission events from other reactions.
The main alternative reaction is the emission of OL-decay products
from a target foil. A good separation, according to particle mass,
to distinzuish & 's from fission fragments, can be achieved in a

gas scintillator. This is because of the low ionization densities
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along the scintillation path of these ions, which prevents saturation

of the pulses from fission fragments. Therefore the relative pulse

height correctly represents the relativ energies of Ol's and fission

fragments.

2. Insensitivity to total energy of ( -flash.

A gas scintillator would show a reduced sensitivity to the ¢ -flash,

preceding the neutron flux from the bremsstrahlung 'target, because

of its low density, thus reducing interaction probasbilities with



& -rays.
3. Fast pulse, to achieve good timing resolution.

Looking at the various decay times of different gases makes
Xenon an obvious choice with 7.1 ns as the shortest one.-
4., Achievement of 4 T-or 2 W-geometry. |

This can be achieved with a gas scintillator easily, since a

target could be incorporated in it directly.

The princibles of scintillation counting in genersl and of gas
scintillators in particular have been presented well by J. B. Birksaso
It is found, that the scintillation output of gaseous scintillators
ranges from the vacuum ultraviolet (UV) to the lower 1limit of the
visible spectrum, but in inert gases it remains mainly in the UV-
region with very short decay times for the scintillation pulses.

Other favourable properties are volume fiexibility and control¢ of

the pulse -amplitude by the ypressure.

Différent gases of course have different qualities, and the choice is
basically amoﬁg Helium, Neon, Argon, Krypton, and Xenon, &although
Carbon-Tetrafluoride has been used26, and the adding of Nitrogen,

fo shift the UV-wave length into the visible region, is often
practised. Various authors also use mixtures, combined out of the
noble gases. Although the scintillation process in detail is rather

| dependent on the gas or the mixture, the basic mechanism is the same
for all. To investigate it, one has to look at the reactions with
heavy charged particles, such as (¢-particles or fission fragments,

escaping from the source inside the gas.
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After such a particle has left the source, it will travel a certain
distance in the gas, depending on the pressure, until it is in
equilibrium with its enviromment. This is typically of the order

of 1 ecm in He at a pressure of about 1 at, depending on the initial
fragment energy, of course27. While travelling this distanée, the
particle loses all its initial kinetic energy; accordipg to Bohr's

classical theory:

gk _ 4JTe4Zeff22Nln 1123 mv? (2.4.1)
dx  my?2 1 Zeyvy

where dE/dx is the energy loss per unit distance, Z op is the
effective charge of the particle, 22 is the total n:mber of electrons
of the stopping atom, N thé number of atoms per unit volume, m the
mass of the particle, v its velocity, v; the velocity of an electron
in the first Bohr-orbit and I the ionization potential of the outer
shell electrons of the medium. Thére are now & considerable

27,28,29
number of simil-ar refined calculations available .

Along the path of the fragment surrounding atoms or moleculés

are excited by atomic collisions with the particle, and their subsequent
de-excitation produces the scintillation pulse, which can be observed
by a photomultiplier, for.example. There are, however, several posgé-A

bilities of excitation and subsequent de-excitation in noble gases -

Simple de-excitation is like

X'——= X +hy . | (2.4.2)

Another possibility is an exchange reaction



XexX —=xox* | | | (2.h.3)

in interatomic collisions. The third possibility is the creation

of an ionized molecule:

x*x ——Xyre. | | (2.1.1)

There is alsé the possibility of impurities or wave-length shifter, taking
the place of the partner-atom in interatomic collisions. Multiple
atom-collisions with more than one partner ere also possible. This
appearance of several competing reaction channels explains the

absence of strong atomic lines in the séintillation spectrum of noble

gases.

2.5 Properties of Xenon

Xenén is a noble gas, and therefore it does not react chemically
with any other material,‘from which for instance a scintillator
enclosure mey be made. Comparing it with any other inorganic
scintillator, be it of gaséous, liquid or plastic type, its
outstanding advantage in relation to timing resolution in & time-of-
flight experiment is its extremely short decay-time of only 7.1 ns3l
in the fast component, as shown in pict. 10. The energy transfer to

and de-excitation of the Xenon atoms can be described by the three

reactions:

* *¥
2 Xe+Xe ——~—s-)(e2 + Xe (2.".5.1)
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2Xe+Xe*———-Xe§+Xe* . (2. .5.2)
Xe;*%—v Xe; +hy | (2.7.5.3)

The principal portion of the light emitted, lies below 200nm
wave length. This necgessitates a quartz window for the construction

of the scintillator and a quartz-faced phototubg for observation.

2.6 Influence of Pressure, Chember Geometry and Impurities

In the previous section of this chapter it has already been mentioned,
that the scintillation response in Xe coﬁsists of two components:

& fast and slow one. According to V. I. Lyashenko et a1.32’ the fast
component lies in the vacuum-UV-range, whereas the slow component
contributes to the visible range. However, the ratio of their intensities
varies with pressure. Pict. 11 shows the dependence of the decay time
of the slow component Ts on the Xe pressure. The fast component comes
mainly from atomic resonance excitation33, whereas the slow component
is attributed to meta-stable levels of excited ions. The recombination
time of these ions of course depends strongly on the pressure and
temperature of the gas. The chance of recombination decreases with
decreasing pressure, and the proportion of the slow component intensity
thus increases relative to the fast component. However, this proportion
only becomes significant below about 300 torf. At this stage the
increase in de-excitation time of the slow ccmponent itself is éo

substantial, that Xe now has become a slow scintillator.
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Another feature is the variation of pulse height for a given
particle with a given incident kinetic energy due to varying
pressure3h, and the effect of this Sn the‘pulse height resolution
of the system. A detailed investigation of these effects will be

described in section 11 of this chapter.

The observed pulse amplitude by a photomultiplier is also

critically dépendent on size, geometry and surfece of the

scintillator enclosure3l- The size of the detector and the

position of the photomultiplier determines the amount of light
absorbed by the medium itself at a given pressure. Pict. 12 illustrates
this effect. The geometry determines, how often the light is reflected,
until it reaches the photocathode. It is therefore advantageous

in terms of optical efficiency to have the simplest possible chamber,
for instance a cylinder. The state of the surface of course contributes
to the light collection efficiency in respect to its ability

to deflect as much light as possible and absorb as little as possible.

It therefore has to be polished.

Some gas scintillators will only give an output, when there ﬁre
impurities in the form of Nitrogen present, for example Helium.
Nitrogen, as has been pointed out before, can also be used as wave
length shifter, and alreedy a small fraction of it provides enough
intermolecular collisions to be able to rely entirely on the visible
output of the scintillator. However, since this sort of reaction
involves at least one, possible two more subreactions after the first
excitation of a Xenon atom, it will stretch the over-all decay

time of the pulse, which cannot be tolerated if fast timing is
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desired. It is therefore neccessary to dispose in this case of all

impurities, especially of organic compounds, in the system.

2.7 Design of the Scintillation Chamber

Pict. 13 shows the detailed design of the Xe gas scintillation
chamber . Its main body consists of a stainless steel tube of about

10 cm diameter and with a wall thickness of 12 thoul, to provide as
little attenuation to the incoming neutron flux as possible. There

ere also two stiffening ribs, rolled coaxially into the tube, to

meke it rigid against deformation under pressure. Welded onto the

ends of the tube, which suspends to about 15 cm in length, are

two 1 cm thick stainless steel flanges, which have holes to take

6 bolts each. These flanges have a 1 mm x 1 mm groove on their

outside surface to take an Indium seal. Indium is used for sealing,
because it is a soft metal, and rubber or plastic seals would outgas
under vacuum and thus contaminate the system. Onto each flange a

quartz qindow, & 1 cm thick disc, can be fixed with the help of

Tufnol flanges, matching those at the chamber body. Between the

Tufnol flanges and the quartz window is a rubber seal, to even out
pressure irregularities, due to different tensions on the six fastening
bolts on each side. The thickness of the quartz disc had to be not lessv

than 1 cm, to sustain at least 2 atm gas pressure inside the chamber.

Onto the window a phototube can be attached, and it is coupled

to it optically by Silicone grease. As pointed out before, the
photormltiplier face has to be out of quartz as well, not to attenuate
the UV scintillation radiation. There are only few photomultipliers,

35
which conform with this condition. One is the 58 UVP , and its
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sensitivity versus wave length is plotted in pict. 1l4. The tube
itself is shielded by Mu-metal egeinst magnetic disturbance over
its entire length and rests between two sets of clamps. It is
forced against the window by metal springs, fastened between a
point at the photomultiplier base, which 1s a standard resistor
chain, and a length of plastic cord, fixed to a bolt, connecting

the flanges,with the other end.

2.8 The Vacuum and the Gas System

To achleve a clean gas, to be used as & fast scintillator, it is
neccessary to produce a good vacuum before hand. The chamber
therefore has separéte gas- and vacuum supply connectoers

end one for a pressure monitoring gauge. These cen be seen from
detail T in pict. 13. Three pipes leave one of the flanges, welded
onto the chamber body, radially. The flange itself has holes drilled
into it, thus making a comnection to the interior of the chamber.
The three pipes then bend by 900- The vacuum and the gas pipe are
 then interrupted by vaelves, whereas the pressure pire leads straight
-to 8 gauge, which is capable of measuring preséures from vacuum

to 2 atmospheres absolute. The gas and vacuum pipes have connectors
to the gas supply and to a vacuum pump respectively. All piping, seals,
parts of the valves, including membranes, have to be out of mefal,

for the same reasons as applylng for the Indium seals in subsection

2.7.

The geal, connecting the gas supply, also has to be out of Indium,
whereas the seal at the vacuum connector can be a rubber one,
because any contamination, arising from it, would be pumped out and

the valve closed after that.
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The vacuum itself is achieved by firstly using a rotary pump, to pump
-1

the chamber down to a rough vacuum, about 10 torr, and after that

a diffusion pump is brought into action to bring the pressure down

further,

2.9 Cleanliness of the Detector System

Every precaution was taken to make the chamber and its additional
parts as clean as possible. The interior of the chamber itself
was cleaned with Nitric acid, to get rid of dirt from the welded
and soldered connections. It was then rinsed under water. The
pipes, leading to the gas bottle :and : to the pumps, were filled
with Trichlorethylehe and left for 24k hours, before they were also

rinsed under water.

During the evacuation process the whole chamber and the pipe work,
including valves, were covered with resistive heating tape, the
power output of which could be controlled by a variable transformer.
The temperature of the tape was monitored carefully; not to exceed
150o C, which is belcw the melting point of In&ium. The heating was
necgessary, to evaporate any residual water or organic compounds,
the vapour of which could then be pumped out by the diffusion pump.
After the pressure reached about 10- torr, a cold trap, which was
part of the pumping system, was filled with liquid Nitrogen, to
condense residual vapours in the chamber-pump system. The pressure

near absolute vacuum was monitored by a sensitive Penning manometer,
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rather than by the gauge at the chamber, the accuracy of which

was only useful at higher pressures. After 24 hours of pumping
-5 .

the vacuum obtained was 10 torr, which was considered to be

sufficient under the described precautions.

2.10 Stabillty of the Detector

VWhen talking about stability of the gas scintillator, the constancy
in pulse amplitude for a given particle with given energy over a
period of time is referred to. A given pulse amplitﬁde spectrum

can also be used as a reference. How this was done, 1s described

in the next subsection.

The factors, influencing the stabilitonf the scintillation output, are:
a) Gas Pressure:
The effect of this has been carefully investigated and is
presented in subsection 2.11.
b) Temperature:
This effect is similiar to that concerning pressure. It was
usually sufficient to rely on the outside temperature at the
detector station, since variations are small during one and the
same experimental run (estimated 2 20 C maximum variation) and
their effect is even smaller on the scintillation output. The
other possibility is to keep the chamber temperature constant at
about -70o C by the use of a cold finger, welded onto one of the
flanges, and cooled by solid 002 (dry ice).
¢) Electric Field Effects:
These are of repetitious short time nature, and their elimination

is described in subsection 2.1k,
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d) Magnetic Effects on the Photomultiplier:

The investigation of these is presented in Appendix A.

When eliminating the causes ¢) and d4), and keeping a) and b) constant,
no change in pulse amplitude could be observed over long periods

'of time. Even after having left the gas in the chamber for seversl
months, no adverse effects on the pulse amplitude resolution could

be observed, and the scintillator was still in a useable state,

‘as if freshly filled with gas. This, of course, was only possible,
when the chamber was absblutely gas tight, and all impurities had been

eliminated, before filling it with gas.

2.11 Tests With a Cf-252 Source

To test the scintillation chamber in its response to O -particles and
fission fragments, and to adjust its pressure, to give an optimum
pulse amplitude resolution, tests were carried out with a Cf£-252
source. This emitted fission fragments and o -particles as natural
decay products. This is a well-known procedure for calibrating a
gas scin‘billator36‘ The strength of the source was sbout 120 fission
events per minute and an about 30 times higher o -rate. The source
was obtained from the UKAEA Harweil. It had been evaporated onto a
thick stainless steel backing and was covered by a thin Nickel film,
to prevent migration of the Californium. It was placed inside the
chamber in a small frame, facing one window at a distance of about
10 cm.

It has been observed , that the pulse amplitude of a given particle
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with given initial kinetic energy veries with pressure in a gas
scintillator. Since thig is of importance for the pulse amplitude
resolution, a series of tests were éonducted, and pulse amplitude
spectra were teken for different pressures. A measure for the
resolution was hereby the qualitative impression of good separation
between fission fragments and ¢ -particles as well as the ciear

appearance of two well distinguishable fission fragment peaks.

The electronic setup for these tests is shown in pict. 15. The
photomultiplier was powered by a regulated high voltage power supply.
The anode output of the tube was taken from a resistor chain base
and fed into a selectable active filter emplifier, where it was
integrated and amplified. The amplifier output then was split, to
observe it on an oscilloscope, and was fed simultaneously to two
different pulse height anleaysers, one providing a numerical outprint
of the channel contents, the other a paper tape output. A photograph
of the display of the latter was also taken with a Polaroid Cam-era.
The paper tape output was coupled to the analyser by an analog to

digital converter,

The general range of possible pressures was between O to 2 atm, predetermined
by studies of other authors33, the discussion of timing and pressure

in subsection 2.6 and the mechanical strength of the chamber itself.

During the actual tests measurements were taken at vacuum,0.06, 0.17,

0.3, 0.5, 0.67, 0.8, 1.0, 1.3, 1.6, 2.0, 2.3, 2.6, 3.0 atm abs. Pict. 16

shows a series of Cf-252 spectre, taken at various pressures. It can
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clearly be seen, that the pulse amplitude decreases with increasing
pressure, but that the resolution is not determined by a simple

proportional law. It was finally deéided, that in the investigated
range the spectrum, taken at 2 atm abs, showed the best resolution.

In the following the details of this measurement are given:

Accumulation Time: 20 min.
High Voltege: - 2kV
Amplifier, Ortec: L4lOA: Coarse Gain (high): x32

Fine Gain: O
Shaping Time: 2 Jusec.

Unipolar Prompt Output

Since the decay of Cf-252 is accompanied also by x-radiation, y -quanta
vere present at the same time, but they were either submerged in the

¢ - and noise-peak, or the detector was not sensitive to them. Tests
with an external stronger y -source also did not show eny conclus;ve

evidence about the detection capability of & -rays by the scintillator.

2,12 Target Arrangement

As has been mentioned in the previcus subsection, the Cf-252 source
had to be fitted into a small frame, which wasstuck inside the chamber,
to face the phototube. The arrangement-fqr the U-235 and U-238 fiesion
targets, however, had to be different, since the targets had to face
the incident neutron beam, which was perpendicular to the chamber axis
and also face the chamber window, which was parallel to the neutron

o

beam, at the same time. A 45 angle represents a compromise between these

requirements. The U-235 fission target foil was obtained again from
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the UKAEA Harwell. The fissile material, which was at a thickness
of 0.75 mg/cme, was evaporated onto a Tantalum backing in the

form of U 0, which left a 2 m wide fringe around the circular 7
cm.diametZr sensitive térget area, A thin film of Gold covered

the foil, to prevent migration of the (X -active fission material.
The U-238 target was bought from Twentieth Century/Electronics,
and the backing was stainless steel, 8 cm in diameter. There was
no covering film over the sensitive area, which was 7.6 cm in
diameter, and the fission substrate was pure Uranium at a thickness
of 1 mg/cm?. A more detailed assessment of.the target mass as well

as O -activity will be made in appendix C.

A target holder was constructed (s. pict. 17), which consists
mainly out of two steel rings, fitting concentrically between

the chember reinforcing ribs and held together by two strips of
steel. Between these strips a pivoting ring was fixed, to take one
target on the side, facing the neutron beam and at the same time
one cﬁamber window at hso, and on the other side, with its back
to the target, the Cf-252 source. The target ring could be
pivoted from outside by using the force of gravity, when the
chamber was tilted, and thus the same phétotube could face either the
fission target or the Cf-252 source. The latter was included, to
have a known refe:ence for the pulse height spectrum during

an experimental run. Target and source were fastened on a sheet of

thin Aluminium, which in turn was bent round the edge of the

pivoting ring.
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2.13 Accelerator Test and Elimination of theAx-Jlash

To test the gas scintillator under experimental conditions on

the pulsed neutron beam of the Kelvin Laboratory electron LINAC,

the U-235 fission target was arranged as described in the previous
subsection, and the detector pléced at a distance of 13 m from the
neutron production target at the 90°'flight path in the North Hall.
During this test it was soon discovered, that the detector was
sensitive to the y -flash, preceding the arrival of the first neutrons
from the production target. At this fiight path position a. Y -flash
signel of 3 to 4 Volts was measured on an oscilloscope. This was of
the same order of magnitude as the fission fragment scintillation
pulses, whereas the o -particles did not exceed ebout 300 mV.

Since the X -signals, occuring with the repetition frequency of the
accelerator, would trigger a TAC every beam burst, and since they

could not be excluded by setting a discriminator threshold, some other

means of excluding them had to be devised.

For the pulse height analysis a similar electronic setup was used

as in the tests with the Cf-252 source. In addiiion to this the timing
of the fission pulses was investigated. The whole electronic system for
these tests is displayed in pict. 18. The anode pulse of the |
photomultiplier is taken from the base and fed into a linear fan out,
which provides two outputs. One of them serves as an input to a

discriminator.

The discriminator is set to exclude the small amplitude (¢ -signals,
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and its logic output goes as a stop pulse to a TAC, which gets its
start'pulse, deléyed after the y -flash, ffom another discriminator,
having as input & toroid pulse, produced by the electron beam. The
TAC output is then fed through a linear gate to a multichannel

analyzer.

Pulse height information is derived from & second fan-out output."
The second fan-out output is fed through a fast linear gate, before
it goes to an amplifier for pulse helght analysis. The fast gate

is driven by the output of a gate generator, which has its input
from another toroid beam pulse. This output is also delayed

after the arrival of the g-ilash, according to plet. 19, and opens
the fast gate for several /Usec., to cover the requir?d eﬁergy range.
The amplifier output is split, and one pulse goes to & multichannel
analyzer for pulse height investigation, whereas the other one
serves as an input of a single channel analyzer, the threshold

of which is set to exclude o -particles and drives the linear

gate, which controlesthe TAC outputs.

Setting a threshold twicé egainst small pulses - once at a discri-
minator for the time pulses and once aﬁ a single channel anelyzer
for the linear pulses - was done, because it is difficult to exclude
all small pulses with a fast discriminator, without excluding
accidentally also a portion of larger fission pulses. Therefore

the discriminator was mainly set to exclude noise, and the single

channel analyzer to exclude the somewhat larger « 's and random
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small 5"5. The single channel analyzer was also neccessary, to

exclude the amplified transients of the fast gate.

The main aim of these tests was, to test the detector's reaction
to the Y -flash and to find a system, which eliminated its effect,

which was done successfully.

2.14 Flectric Field Effects On the Chamber

During initial tests with the Cf-252 source large pulses, by far
exceeding those created by fission fragments,were observed in the
pulse height spectrum. These pulses were randomly distributed over

a wide range beyond the fission pulses as well as culminating

in a broad peek in a high pulse amplitude region. Pict. 20 shows the

total pulse amplitude spectrum.

There is no explanation possible of these pulses, having a

genuine physical meaning in terms of arising from particles or
from the Californium source. When observing these pulses during
the accumulation on the multi-channel analyzer, it was discovered
that after time intervals of a flew seconds the photomultiplier

was recording & burst of pulses all over thevamplitude region, but
primarily at these high amplitudes. This led to the conclusion,
that there was & build up of an electrostatic field in the chamber,
created by the combined action of the high voltage

photocathode (2000 V) and the di-electric quartz window. This
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"condenser effect” led to a discharge after scme time, producing
secondary emission of electrons by accelerated ions towards |
the window from a scintillation pulse, which in turn created a
release of a number of'small scintillation pulses, piling up to a
single large amplitude pulse as well as a number of smaller

amplitudes.

To eliminate these field effects, it was-necéessary to have the
chamber at the potential of the photocathode. To provide good electric
coupling and to have no adverse effects between the quartz window

and the outer face of the phototube, a grid of conducting paint

was painted over the face of the photomultiplier. This grid was
connected electrically to the photocathode and to the chamber body,

so that the whole system was at equipotential high voltasge. Further
tests revealed now the disappearance of the previously observed

field effects.

2.15 The Monitor Detectors

As has been pointed out at the beginning of this chapter, to.
measure 8 fission cross secﬁion, it is essential to have at least
one separate detector from the fission chamber, which monitors

the incident neutron flux in strength and energy-distribution. This
requires a fast neutron detector, which has good timing

qualities, and the efficiency of which is known or can be calculated
falrly accurately. Such detectors have been used and tested.uﬁder

experimental conditions exhaustively in the past, and one of them



-76-

is a plastic scintillator, mounted on a photomultiplier,
in the present case an NE 102-56 AVP combination .

The scintillation properties of this kind of detector are

understood very we1125,33. In the neutron detection process an incoming
neutron collides with a proton of the hydrocarbon compound, out of
vhich the scintillator is campoaed, and thus excites the

molecules. In the de-excitation process a photon is emitted,

which can be detected by & photomultiplier. In the present case

the dimensions of the NE 102 seintillator were 0.621 x $1.27 (cmxem).
‘This meant, that for calculating the efficiency of the detector,
multiple scattering of an incoming neutron could be disregarded,

and the scintillator could be used at a fairly short flightipath,
(ab. 20.0 m), without having too much pile up, when monitoring

the incoming flux.

Although in principle one monitor detector should be sufficient,

it is very useful, to have a second one,which at least measures

the strength of the neutron flux. This need not be a time-of-flight
detector, and it therefore need not be positioned at the same

flight path than the other two detectors. Its main purpose

is to compare its counting-rate with that of the other two
detectors, to check their stability, regarding, for example, photo-
multiplier gain. Because the asccelerator beam itself can be unstable
in current or steering, this can be checked with the count-rate of
three deteetors. Their ratios shoula be constant, if they are working

all right, and if variations are only due to accelerator conditions.



The second monitor detector was a LiI-erystal. The scintillation

25,3
process of these are different than for organic scintillators ’ 3’-

A maln part is played by impuritiés in the crystal, for instance
T* -ions, which provide intermediate energy states between

the valehce band and .the conduction band. An excited electron

can thus be captured into such an intermediate state, framl

which it can decay elther radiationless through crystal vibrations
or by emitting a photon, which can be observed by a photomultiplier.
Since the probability of neutron detection decreases with neutron
energy, & moderator of paraffin ﬁax was introduced in front of the
detector, to provide thermalized neutrons. This was feasible,
because only the number of neutrons per unit time was interesting,
not their energy-distribution, which is independent of accelerator

variations.

2.16 Reduction of After-Pulsing In the Monitor Detector

The NE 102 monitor detector is, of course, similargly effected by
the X -flash, as the Xenon Chamber, only, that the signal produced
in it is about 12 V for the necgessary high voltage (2 kV). A pulse
of that magnitude will create after pulsing in the photomultiplier,
and it is therefore not sufficient, to exclude the y -flash signal

in the same fashion as for the gas scintillator.

After-pulsing or satellite pulses have been investigated by

37,38 ~
several authors o When a strong light signal hits the photo-
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cathode and produces the release of a shower of electrons,

there 1s the possibility of positive ions being released

subsequently from the first dynode. These lons can originate

from residual water, en;losed in the'phototube during manufacture,

‘and they tend to migrate to the photo-cathode after having been
released, and so create a secondery signal. This effect is negligible
for normal small pulses, but not for large saturating signals. There
is naturally a variation of recovering capability within a shorf
period of time and of the time between original pulse and after-

pulse. This time-lapse is characteristic for each type of photomultiplier,
and, indeed, for each individual phototube itself. After-pulses are
small in amplitude and well défingd in time, regarding their first
appearance in a time spectrum, although the distribution tends

to tail off rather slowly. Pict. 21 shows the typical time distribution

of after-pulses.

To eliminate them, it 1s neccessary to make the photo-cathode

of the multiplier insensitive to the scintillation signal, which
causes it. In pict. 22 the electronic system used can be seen. The
photocathode is constantly at a "barrier" voltege, which prevents
electrons reaching the first dynode, i.e. the first dynode

is permanently negative with respect to the cathode. Only shortly
after the ¥ -flash the cathode is made sensitive for a period

df time (several_/usec.), by applying a pulse from a generator, which
ensbles an amplifier circuit, to set the cathode to normal dperating
potential for its duration, ellowing detection of the subsegquent
signals. After that the cathode is reset to"barrier" voltage again. In
this wéy it cannot "see" the‘d'—flash at all, and no after-pulsing

is produced. The pulse generator input is taken from an accelerator



800 1000 1200

Time (ns)

Pict. 21: Time Distribution of After Pulses™"

-79.



-80-

0>



-81-

toroid and thus occurs at beam frequency. To provide good electro-
static coupling between the pulse circuit and the photo cathode,
a wire mesh is introduced in fron of the photomultiplier face

and also connected to the cathode potential.

After pulsing is not a serious problem for the LiI monitor and
the Y -flash can be eliminated by the seme technique, applied

to the gas scintillator.
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CHAPTER III

3.1 Introduction ,

The measurements of the fission cross section of U-235 and

U-238 were performed during two subsequent experimentsl runs

with the gas scintillator, described in the previous chapter.

The duration of tﬁe run was determined by the statistical precision
required and the decision about how long & time would be reasonsble
in terms of stability of the detectors and electronics and of the
general experimental schedule in the Kelvin Leboratory. The energy
region investigated was determined by the neutron flux, provided
by the LINAC, the effect of eliminating the 5'-flash and the thresholds
neccessary for the main monitor detector to eliminate noise.

Major tools beside the detection system were, of course, the 100
MeV electron linear accelerator and a PDP-T online computer of the

Laboratory.

A careful decisién about the choice of flight-path in respect

to the angle to the eletron beam as well as to its length had to

be made. This is also true for beam collimation and filtering. The
electronic systems for both main detector and monitors were somewhat
different from those, used in the previous tests, mainly because

of the use of the online computer. Before the run the discriminator.
for the anode time pulses had to be set at a certain blas level,

to eliminate noise. This had to be checked during and efter the run.
The data storage was done, as already indicated, in a PDP-T
computer via analog to digital converters, using a programme, which

allowed a coincidence storage of time and linear pulses for the main
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detector. Flight Path, electronics, beam pulse, and storing bin
width determined the time resolution of the system. The background in
these experiments was - apart from electronic noise - mainly due

to o -decay of the targets and a small smount of after pulsing

due to y -flash in the phototube for_ the Xenon Chamber. For the
later conversion of the time épectra to energy spectra a time
cal=ibration of the_ multivcha.nnel store had to be undertaken as well

as an absolute energy cal-ibration for at least one particular indivicdual

channel.

3.2 Positioning of the Detectors and Collimation

The g-flash produced a rather high signal in the gas scintillator,
although much smaller than in the NE 102 monitor. Since, to tliminate
field effects, the whole chamber had to be at photocathode potential,
and therefore to eliminate this small amount of after-pulsing, the
chanber itself would have to be switched. This presented problems,
concefning electrical coupling and therefore gain stability. It was
decided, to accept these after-pulses and eliminate them later ih
& different way analytically. Nevertheless it was neccessary fo make
the X -flash as small as possible. This was possible in three ways:
choosing a fairly long flight path, choosing a backward angle with
respect to the elctron beam direction, and finally, reducing the
X-flash by introducing high Z materia.l filters. All three methods

were engaged, and with all compromises had to be teken:

a) Length of flight path:

Since the inverse square law for flux reduction against
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distance is valid, in theory the d -flash can be

made as small as desired. The limit here is set by

the simultaneous reduction in neutron flux, leading

to a sméller and smaller event rate. The compromise

was such, that the d -flash should be made as small aé
feasible, without reducing the neutron flux to an
uhacceptably low level with regard to the duration of the
experiments. A flight-path leﬁgth of 20.0 m was regerded
as acceptable. In fact, it was exactly 19.96 m. The
monitor detector was placed behind the gas scintillator
at 20.47 m. It was not possible to place it in front of
the gas chamber, without disturbing the incident flux,
whereas the main detector provided little attenuation

to the same. Monitor detector and fission target, of course,

were coaxlally positioned.

b) Angle of flight-paths
separate investigation had shown that the <r -flash is
reduced, when selecting a more backward angle with respect
to the electron beam direction. It is strongest in line,
i.e. at oo, with the beam and falls off, when increasing
the angle away from the beam. It was therefore decided to
position the gas scintillator and the main monitor
detector at the most backward dngle.possible at that

. o
length of flight-path within the North Hall. This was at 124 .

¢) Filtering:



by putting lead into the neutron beam line, the

4 -flash could be reduced further, but naturally
the intensity of the neutron flux with it. Pict. 23

shows the effect of lead on the amplitude of the

X -flash and the intensity of the neutron flux. It is
noticeable, that above a certain thickness of lead the

y -flash amplitude remains constant. However, it was noted,
that the frequency i.e. intensity, of the‘g -flash is further
decreased by increasing the thickness of the filter material.
A compromise had to be found, regarding the accepteable
amount of X -flash in comparison with the desired not too
low count rate. 3.0 em of lead in the flight path seemed

‘appropriate.

Inside the flight tube a lead collimator of 2" in diameter and 1 yd.

in length was placed, so that the neutron beam was approximately
edjusted to the target diameter at the position of the detector. The
profile of the beém was measured at a distance of 15.0 m from the centre
of the neﬁtron cell and is shown in pict. 24, Since the beam was.still
wide at the detector, a further collimator of about 40.0 cm in length and
with an internaltdiameter of 5" was placed Just in front of the detector,
meinly to prevent scattering of the 5’-f1ash and neutrons from the
flanges of the chamber, and to prevent ( 5’,p)-reactions in the flanges.
This was checked after pleacing a 1' thick box of paraffin in the flight-
path inside the neutron cell. All neutrons were absorbed, but the

& -flash came through in strength. No reaction from it was observed with

the gas scintillator except for 2{-f1ash.
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Since A’—flash problems played no major role in cohsidering the
o

position of the second monitor, it was placed at the 90 flight

path at a distance of 12.0 m. Pict. 25 shows the complete layout

of the detector geometry in the North Hall of the Kelvin Laboratory.

3.3 The.Electronic System For the Main Detector

Becaﬁse of the way, the data are accumulated in the online
-computer, the electronic system for the gas scintillator is slightly
different to the set up, used in the test runs. As can be seen from
pict. 26, the anode pulse is again fed to & fan-out, providing two separate |
outputs. One serves as a linear pulse, and the other is for the, time
logic. The high voltage on the photomultiplier was 1800 V,:;hich

gave a pulse height of about 250 mV fof O -particles and ebout 3 V on
average for fission fragments, when the detector ﬁas operated at

2.0 atm abs gas pressure. The linear pulse was fed through a fast

gate, which opened for 10 Alsec., when triggered by the output of

a gate generator. The input to thevlatter cam from a fast discriminator,
which got its input in‘turn from a toroid beam pulse. The gate generator
output was delayed for about 150 ns after the rise of the 3’-flash.

Thé output of the fast gate then went to an integrating amplifier

and then through a delay amplifier, where the timing of the

linear pulse was adjusted, to be in coincidence with the TAC output

in the time circuit, before going to an analog-to-digital-converter

(apcC).

The time pulse went straight to a fast discriminator, the threshold of
which was set at about 200 mV bias. The discriminator output served as
& stop pulse for a TAC, the start pulse of which was derived from enother

fast discriminator, taking its input from a separate toroid beam pulse.
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Pict. 26: Electronic Setup For the Main Detector
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The output of the TAC then passed through a fast linear gate, which
was driven by a gate generator. The gate generator got its driving
pulse from the start pulse fan-out, to delay it for 200 ns after

the leading edge of the d’-flash. The output of this gate was then
matched with the linear pulse as already mentioned, before going into
the same dual ADC as the linear one. The ADC was interfaced with a
PDP-T7 computer. The ADC-mode of data taking will be described in

subsection 3.6.

3.4 The Electronic Systems For the Monitor Detectors

Firstly; the main incident flux monitor, the NE 102 plastic scintillator,
is considered. The photocathode of this detector was switched, to
exclude after pulsing due to X -flash. The switching pulse came

from_a gate generator, which got its input from the same fast discriminator,
which also provided the driving pulse for the gate generator, to trigger
the fast gate for the linear Xenon Chamber pulse. The switching

pulse itself was 10 Msec. long and 12 V in amplitude. The anode pulse

of the detector then went directly to a fast discriminator, which was

set at a threshold of 0.255 MeV neutron energy,vtc exclude noise.

The determination of this threshold is described in the following
éubsection. The output of this discriminator served as a stop pulse to

a TAC. The start pulse of this TAC again came from the start pulse
fan-out. The TAC output was gated by a fast linear gate, which was driven
by & gate generator output similarly to the main detector circuit, which
got its input from the start pulse fanout and delayed it for about

200 ns after the X -flash. The final gate output then went to a further

ADC, which, of course, was interfaced to the PDP-T computer as well.



The circults for both monitor detectors can be seen in pict. 27.

The second monitor, the LiI detector, gent its anode signal through
a fast linear gate, which was driven by a gate fan-out output,
similar to the one for the linear pulse from the gas scintillator,
and the output was 10 usec. long and delayed by about 150 ns
after $he y -flash. This period represents the time during which
prompt neutrons can be detected,and random events are thereby

excluded.

The gate output then went into an emplifier, which finally fed it
to an ADC, to go eventually to the PDP-7 computer as a pulse

height spectrum.

3.5 Bias Level of the Main Monitor Detector

The discriminator threshold for the anode pulse of the NE 102
scintillator detector had to be set to exclude noise signals. The
commonly used method is to use a weak reference source with knowvn
energy points, related to neutron energies. The threshold should
also not be too high, to extend the useful range of the incident
neutron spectrum well to lower energies, in this case lower than
0.5 MeV. The reference source used was an An-241 gemma source.
The complete gamma spectrum of this source is shown in pict. 28.

The peak corresponds to 0.5 MeV neutron energy.

To measure the threshold of a discriminator, the electronic
setup of pict. 29 was used. The photomultiplier anode pulse is fed
through the discriminator, the output of which goes to a gate

generator. The gate generator output drives a linear gate. If the

-92-
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gate 1s in operation, it will only let pass ampliefied dynode
pulses, exceeding the discriminator bias level. The effect of this
can be seen in pict. 30. If the gate is open, a spectrum, according
to pict. 28, is accumulated in the pulse height enalyzer.

Since the peek energy is known as 0.5 MeV, resp. 60 keV X -ray or
electron energy, the cutoff in the leéding edge of the gated
spectrum can be calculated. In the present case this channel in the
pulse height spectrum corresponded to 11.1 keV electron energy. To
convert this to neutron energy, a calibration graph by J. B. Czirr et
al.39 was used, and the corresponding neutron energy for the bias level
was 0.255 MeV. This is not‘only imporiant for the determination of

the spectrum range in the incident flux used, but also eventually

for the calculation of the monitor detector efficiency.

3.6 Two Parameter Data Storage

The fast discriminator for the gas scintillator time pulse was

set to exclude mainly noise, so that ({ -particles were also counted

in the data store together with fission fragments. This was neccessary
because it was a priori difficult to decide where to set a threshold.
This egain necgessitated a mode of data taking, which allowed an a
posteriori setting of the threshold. The obvious way 6f doing this, was
to collect time pulses in coincidence with their linear pulse
amplitude. In this way a matrix would accumulated, and slices

of it could later be selected for further analysis. Two conditions

for this mode had to be fulfilled. Firstly, the time-and linear pulses,

belonging together, had to enter a dual ADC in coincidence. This was
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achieved by the use of a delay amplifier in the linear

ci:cuit. Secondly, a computer facility togetﬁer with a programme
for this mode of data teking had to be available. The computer
was a PDP-T, and the programme had been developed previougly by
J. D. Kellie and G. I. Crawfordho. This programme must also
allow for simultaneous storage of the two monitor spectra in

usual multichannel analyzer mode.

Pict. 31 shows the layout of the Kelvin Laboratory PDP-7 computer

with its main features. The TAC pulses together with the amplified
linear pulses arrive at the same time at the ADC. This ADC accepts

only an input in one channel (X), when there is a simultaneous input in
the other channel (Y). If only one pulse arrives, it will only

wait 8//4sec. for a corresponding pulse, after which the two pulseé
are then processed to the computer. A prior hardware coincidence

of these pulses is therefore necessary. After both pulses have

arrived, they are then fed to the buffer to the computer memory.

The display is made for the entire X or Y regions, i.e. X in coincidence
with all Y channels and vice versa. The pulse amplitude pulses went
into 256 channels and. the time pulses into 512 channels, so that

"the totel matrix size was X . Y = 256 x 512. When the buffer was

filled with 102L4 coincidence pulses, its contents was automatically
read onto a DEC-tape, where it was stored as the same matrix for

later processing. Control of the PDP-T7 was exercised from a Console
teletype. Further output facilities were a paper tape punch and a fast
link to the Kelvin Leboratory PDP-10 computer. To load the prograrme,

& paper tape was read in by'the paper tape reader to select it from
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- another DEC-tepe on a separate tape drive. The data DEC-tapes
were changed about every 5120 counts, to have separate data
stores, and to be secure against accidental interference during
storage for the bulk oé the data. Pict. 32, 33, 34, and 35 show
typical pulse height and time spectra, accumulated during the
experiments for U-235 and U-238 fission. The console-teletype
itse;f printed out the number of»counts, transferred to the
buffer in 1 or 5 min. intervals. This was neccessary for:check

of operation and for normalization during later analysis.

As already indicated, the memory of the PDP-7 accepted also thé
nonitor spectra frcm'separate'ADCs in conventicnal multichannel
data storage into different daﬁa regions, each consisting out of
1024 channels, but not on DEC-tape. To release these déta, the
other peripheral installations had to be used. Pict. 36 and 37
show the monitor spectra. Since the count rates of the monitors
were also printed out by the teletype, a true running time comparison
for them and the fission spectra was not necgessary, after
sufficient statistics had been arrived at. The different running
times for the main detector and the flux spectrum monitor

could be normalized against each other by taking the outprint

times into account later.

To exclude electronic noise from the TAC's, thresholds could be
set at the ADC's themselves. Both TAC's were set at a pulse
amplitude range of 8 V, corresponding td It /USec. for the gas

scintillator TAC and 8_/Lsec. for the main monitor TAC. This gave
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Pict.33: U-238 Pulse Height Spectrum
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a rough estimate of the time calibration of the multichannel

data region.

.

The processing of the bidimensional fission event matrix will

be described in the following chapter.

3.7 Time Resolution of the System

When considering the time resolution, one has to take into

account both the resolution of the flux monitor and that of the
gas scintillator. The important one, however, is the one for the
gas scintlllator, because the number of counts in the fission

time spectra were far less than the number of counts in the
monitor spectrum. It was therefore necgessary to increase

the bin-width of the data region for the fission counts, to increase
its statistical accuracy. This meant, that the resolution of the
fission time spectrum was well within that of the monitor spectrum,
and the resolution of the final cross section was mainly determined
by the gas scintillator contribution. The individual centributions

were as follows:

a) the neutron flux monitor detector:
2y
previous experience shows that

Aty = (012 s d12.d12, )72 (3.7.1)

w

where At is the total FWHM for the monitor detector; dtb is the
- Mo P
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width of the accelerator beam pulse, which was teken as 3.5 ns;
dtd was the spread due to the detector and electronics, taken

e

s 1.5 ns, anddt was the channel width of the multi-channel
cw .
data region, and this was 3.13 ns. So the total FWHM was about

4.9 ns.

b) the gas sciﬁtillator circuit:

- ,
Algg=dt2+d12+d12:d12, )2 | (3.7.2)

where dt 1is the detector spread; d t 4s the spread due to electronics.
d R -] o
A measurement of the time distribution of the K-&lash revealed,
that At could not be higher than 7.9 ns.
gs :
~ The impact of the time resolution on the energy resolution will be

discussed in the following chapter.

3.8 Alpha-Background and Afterﬁulsing

Although every care was tsken to'reduce the d’-flash signal in the

gas scintillator as much as possible, its intensity still waé

sufficient to produce a small amount of aftérpulsing in the 58 UVP photo-
multiplier. This can clearly be seen from pict. 34 aﬁd 35, where the
first peak represents after-pulsing in the time spectra. There was,
however, no clear evidence of it from the total pu;se height spectrum.

To determine its pulsevamplitude, a background run was undertaken

with the Cf-252 souice in position. Because of the accelerator duty

cycle very few natural fission events fram this source could be recorded
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during accumulat;on. The amount of neutron-induced fission in the
source;‘uhich had only & mass of lijug/cm2 and a diaemeter of

1", was also negligible. The result of the background run is
presented in pict. 38. The time spectrum shows a typical after-
pulsing distribution, which is related to a rather narrow small
amplitude region, submerged in the ( -peak. Thus it would be

possible to subtract these pulses during later analysis.

During the experimental run the « -countrate was much smaller then
the actual decay rate of the target ﬁaterial because of the -
accelerator duty cycle. Also, the «a-particles are clearly separated
from the fission fragments, to enable later discrimination against
them, because they also appear in the time spectrum randomly

distributed.

3.9 Time Calibrations

For the conversion from time to energy in later analysis it was .
neccessary to know the time scale of the TAC-multichannel data

region system.

As a rough guide the TAC settings could be teken. They were h//xsec.
for both TAC's, and from those about 4 ns per channel was expected
for the main monitor detector region, which covered 1,024 channels
and about 8 ns per channel for the gas scintillstor region, spreading
over 512 time channels. However, a precise time calibration was
required. This was done with a Tennelec (TC-850) Precision Time
Calibrator, which uses correlated pulse pairs and has been described

4
by other authors .
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The Tennelec Calibrator is mainly a quartz oscillator and provides

a start and a stop pulse for a TAC, which are synchronized and are
produced periodically, separated by & selectable period. Each

integral multiple of tﬂis period gives a peak in the calibration
spectrum. Pict. 39 shows such a spectrum. The setting of the cali-
brator was 160 ns per period. From the peak spacing thus the time

per channel could be galculated and it was 3.13 ns per channel

for the monitor region and 7.9 ns per channei for the gas scintillator
detector region. The absolute calibration is described in the following

section.

3.10 Absolute Energy Calibration

For the transformation of time speétra.to energy spectra it is not
only essential, to know the time calibration of the spectra, but
elso at least one particular channel to which an absolute energy
point can be related. For the two detectors there were two different

methods, by which this could be achieved:
a) the neutron flux detector:

in this case a so called Carbon-calibration was obtained. A thick
12 cm piece of Carbon was put in the neutron beam right in front of
the detector, and a time spectrum of the Eeutron flux, reaching the
detector, was taken, until the well-known 243 Carbon gbsorftion
lines appeared. This spectrum is shown in pict. 40. It was fhen
possible, to identify sufficient lines to relate a particular

energy to a certain channel.
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Data Region



Cone

[« )

-1:3-

2.075

2.950

1024

Channel No.

Pict.40: Carbon Callbration of the incident Flux Monitor
Detector



b) the gas scintillator detector:

since the counting rate for the fission spectra was so low; that

& Carbon calibration would have taken the equivalent of the time

of the experiment itself, other means of determining energy points
had to be resorted to. This was done with the help of the y -flash.
Firstly, all gates were opened, to let the S ~-flash pass. It was
recorded in an early éhannel in the time spectrum. Knowing the
length of the flight path, the absolute time for the Y -flash
channel could be calculated; The chgnnel was no., 20, and the time
was 65.87 ns. To check this, a calibrated cable, providing a.known
delay, namely 450.5 ns, was introduced, through which tﬁe stop pulse’
- in this case the x -flash - had to pass. This gave a second
channel in the time spectrum, in which the 3'-flash appeared, channel T7.
corresponding to a time of 516,37 ns. From the channel and the time
spacing between the two y -flash channels the time-calibration with

the Tennelec unit could be checked.

How to relate these absolute time channels to energy, will be shown
in the following chapter. Pict. 41 shows the gas scintillator region

absolute time calibration.
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CHAPTER IV

h.l IntrOduction .

The analysis of the data was very much determined by the way of .
data taking and did therefore not follow normal procedures for
direct time-of-flight measurements. Important was the bidimensional
accumulation of the fission spectra, and that there were no alternate
target-in-target-out runs as for example in total cross section
measurements. Because of the low attenuation in the fission detector,
the incident flux could be monitored at the same time as the fission
events. Theée two factors determined mainly the way of eliminating

background and the final calculation of the cross sections.

For general date handling and all calculations the large PDP-10
computer network of the Kelvin Laboratory was availeble, although
part of the background subtraction was done on the PDP-T computer
itself. The conversion from time to energy was the only standard
procedure of the whole analysis. In addition to the pure célculation
of the cross sections by a standard formalism a normalization

had to be made for the detector geometry. To estimate the absolute
value of the cross sections, an’estimate of the number of lost
fragments due to straggling and absorption in the target foils
had to be made. The other important contribution to the final
cross sections was the efficiency of the flux monitor detector.
After all corrections the calculation of statistical errors and
energy resolution could be made. A final normalization proved to

be nec¢gessary, before the cross section could be presented.
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4.2 The PDP-10 Computer Net Work

Except for background subtraction, which was done on the small PDP-7
computer, all data ahalysis was done on the Kelvin Laboratory PDP-10
computér. The complete system is shown in pict. 42. The small PDP-T7 |
and PDP-8 computers are connected tzhthe PDP-10 via fast links, as
described by A. D. Wilkinson et al. . These links are necgessary

to transfer large amounts of data, for which paper tapes become

impractical.

During the normal course of date handling and analysis the originsl
data are stored on DEC-tepes, as described in subsection 3.6. After |
background subtraction the resultant files are then transferred onto
the user's disk-area to the PDP-10. There the further procedure of
analysis takes place. Intermediate data storage can be done on magnetié
tapes or simplyvon the disk-area itself. Programming and deta handling
is done directly from the keyboard of visual display units (VDU's) or
teletypes. A systems routine named CUPID enables the immediate plotting
and display of date on the.VDU's, when the data are in the specified

format. The VDU display can be directly preserved'by a hard copier.

The interaction betwegn user and PDP-10 computer is organized by a
time-sharing systemus, which. enables the simultaneous use of the computer
by several users., According to a priority key, users are swapped in and
out of the core during attachment to the system, so that a maximum amount

of core is available to everyone at a time. The use of the peripherals

is organized in the same way.
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If programmes are to be operated which teke a large amount of
central processor time, they can be run without attachment to
a teletype or VDU by a system, called BATCH, which gives low
priority to the user's programme, but runs it via é control-file,

previously created by the user.

A1l final data, of course, can be printed out on a fast line

printer or plotted by a calcomp plotter on graph paper.

4.3 Fimination of Background

The main sources for background wefe da -particles and after-pulses,
as shown in éict. 43a.Both were confined to small amplitudes. The

o -particle signals were randomly distributed over the time
spectrum, whereas the after-pulses were confined to the beginning
of the time spectrum. The obvious way of elimination of these
disturbances was to only select time pulses, which were definitly
in coincidence with large pulse amplitudes. This effectively sets
& - threshold in the pulse height spectrum. To exclude backgfound,
this threshold in principle could be anywhere in the region of the
fission fragment amplitudes. However, it was desirgable, to set
it as low as possible, to gain the maximum information from the
date files by including all fission events. Setting the threshold low,
however, brought about the danger of accepting Q's or after-pulses,

being in the"tail-end" of their amplitude distribution.

It was decided, to define limits between which the required threshold

definitely had to be. The lower pulse amplitude limit was the tailing-off
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flank of the smell pulses, as can be seen from pict 43b, and the
upper limit was well above the valley, separating fissions and

small pulses. This so ‘defined region was then divided into sections,
two channels wide each, thus increasing the lower limit steadily,
until it coincided with the upper one. In this way a series of time
spectra was obtained for steadily increasing threshold settings

in the pulse amplitude spectrum. Since the data were stored in matrix
form, it was possible to select these matrix slices by zsspecial

processing programme, earlier defeloped by J. D. Kellie -

The criterion, according to which the correct, i.e. the lowest poésible
threshold, was obtained, was the shape of the time spectra. Since

the after-pulses tail-end was extending somewhat higher in amplitudg
than the o -signals, the correct threshold was reached when no further
change in shape of the time spectrum océurred, when increasing the
threshold setting. This could be investigated quantitatively, according
to pict. i, The time spectrum consisted of a major peask, and a

smaller preceding one. The smaller peak was a mixture of true fission
pulses and after pulses. When increasing the fhreshold in the pulse
amplitude spectrum, the first peak decreases, whereas the main peak
-stays constant. For each threshold the ratio of the two pesaks

was taken. After this ratio remained constant, it was assumed that all
after-pulses were excluded. To have a safe margin, the actual threshold,

to be used for time spectrum for further analysis, was selected as two

channels above the one, from which onwards the pesk ratio stayed constant..
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Pict.43a): Example of Linear Pulse Height Versus
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Lines Refer To Equal No. of Counts)
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2 Channels

Channel No.

Piet,43b): Illustration of Threshold Selection
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Piet.44: Fission Time Spectra In Coincidence With
Different Pulse Amplitude Threshold
Settings (Left: U-235.Right: U-230)



The thresholds were different for the U-235 in respect to the
U-238 SPectra. It was channel 26 for the U-235 spectrum and channel
29 for the U-238 one. ‘Since thg identical electronic settings were
used for both.isotopes, the only source of shift in pulse amplitude
- apart from different &-energies (which plays no part in the shape
of the time spectrﬁm), can be slightly different gas conditions
after target change, when a fresh gas £illing had to be used. A
change of 3 4 in gas pressure, which was within the margin due to
temperature variations, must account for a three channel shift

in a pulse amplitude spectrum, covering more than 200 channels, due

to the reaction of the 3’-flash with the gas.

4.4 Conversion From Time to Energy

For the conversion of the background-subtracted time files to energy
spectra a standard programme, called BIGEN, previously developed

by J. D. Kellie.h7, was used. It required as main input information
besides the data file itself the number of nano-seconds per chamnel from
the Tennelec time calibration, one specified channel with a particular
energy from either the Carbon or the 5'-flash.calibration and the
length of the flight path. The formula used was derived from the re-

lationship between kinetic energy and velocity of a particle,
E.. =Lmv? (4.5.1)
kin -2 . . . .
From this for a known path the energy is related to the time as

g=_md? (4h.4.2)

212
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Taking m as the neutron mass as 1.67482 x 10 ¢ , 4 inm,

€ in ns, and converting this to MeV, E becomes

E=(72-3xd )2 | (.1.3)
' _
BIGEN was capable of producing energy bins, related to a required
time resolution. The proper relationsh-ip between time and energy
resolution will be discussed in subsection 4.10. Since, however,
statisticé.l diffefences were obvious for different energy regions,
due to the shape of the incident flux and the shape of the cross
section, it was decided, to define three regions with different

resblutions, for the final presentation of the cross sections.

The first region extended between 0.3 and 0.7 MeV. It was not possible,
to go much below 0.3 MeV in energy, because of the monitor discriminator
threshold setting required to exclude noise, and because of the lack
of many neutrons at that energy in the incident flux, which was a
Maxwellian, peaking at about 2.0 MeV. Because of this lack the '
sté,tistics per channel between 0.3 and 0.7 MeV were also poor for a
binwidth of about 8 ns in the time spectrum, so that large
fluctuations without any structural meaning would dominate the

energy spectrum. Therefore the time resolution in this region

was made 40.0 ns, integrating 5 channels at a time. Because there is
no fission cross section for U-238 in this regioh, no data file for

this isotope was of course created here.

The second region was between 0.7 and 2.5 MeV, and its time resolution was
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20.0 ns, because the statistics were much better here, and this

resolution was well above the instrumental one of 7.9 ns.

Although for higher exiergies the incident flux tails off again, and
thus the statistical precision worsens, although not so rapidly as
towards the lower energy end of the spectrum, it was decided, to
halve the time resolution further, mainiy because a large increment
in time becomes a much larger increment in énergy towards higher
energies. Therefore, not to have too few energy points, statistical
fluctuations were more readily accepted, and the time reéol’ution
of 10.0 ns between 2.5 and 12.5 MeV introduced. The upper limit of
the energy range is entirely determined by the lack of a meaningful

number of neutronsabove this limit in the incident flux.
These three energy ranges and their respective time resolutions
were entirely determined by the fission files, because no statistical

problems existed with the numerical content of the monitor spectra.

4.5 Calculation of the Fission Cross Sections

The calculations of the fission cross sectlons was done ‘in two steps.
Firstly, it is considered, that an incident flux ¢ (cm-i_l) strikes
a target, containigg N number of nuclei, and the cross section for
the investigated reaction - in this case fission - is ¢, o The flux

and the cross section are energy dependent. Then the reaction rate R

-1
(s ) is

R=¢,N@. (%.5.1)
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In these particular experiments N is the number of nuclei or atoms
of U-235 or U-238 in the target foil, ¢ is respresented by the
number of the évents recorded in the monitor spectrum, and R by
the number of fission ;vents. However, some of the fisslion fragments
are lost due to straggling and absorption in the foils, the targets
were at an angle to the incident flux, the fission foils were
larger in area than the face of the plastic scintillator, and
monitor detector and gas scintillator were at different length

of flight path. This all requires corrections and normalizations,
grouped together in a éingle correction factor C. On the other hand
the monitor had a certain efficiency Eff’ depending on the energy
of the neutrons to be detected, i.e., the scintillator was only
recording a fraction of the true fiux, depending on the chance

of interaction of an incident neutron with it, which in turn
depends on the energy of this neutron. The various corrections and
normalizations as well as the calculations of the NE 102 detector
efficiency is presented in the following subsections. The final

formula for the cross sections, however, is

6, (£ )= LelE) c (1.5.2)

where N and N are the numbér of counts, recorded in the Xenon
cﬁamberxznd in gﬁe monitor detector resp.. C also contains a nor-
malization, regarding the different times, for which both spectra
were teken. The first step in calculating the cross section was,

doing it without taking regard of.the monitor efficiency. The
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monitor efficiency was calculated separately and folded in later.

-It was not neccessary to correct for absorption in air or lead

filters, because in the process of calculating the cross section,

these effects cancelled out.

4.6 Normalization for Detector Geometry

As mentioned earlier, monitor detector and target chamber were at

. different lengths of flight-path. The target was also at an angle

to the direction of the neutron beam, and the monitor scintillator

face and terget had different areas. Pict. 45 shows the complete

geometry of the setup.

a)

different length of flight-path:

since the intensity of the incident neutron flux wes measured at

a longer distance away from the centre of the neutron cell than
the position of the target, this flux was more intense at the
position of the target than the measured value. This intensity
falls off in proportion to one over the distance squared. Thérefore

the ratio on the right hand side in equation (L4.5.2) has to be

- multiplied by the square of the ratlo of the Xemon chamber flight-

b)

path to the monitor detector fiight-path.

angle of the target:

the incident flux is measured as neutrons per unit time and

integrated over the area of the target. Since the target is
o : '

at an angle of 45 to the normal to the flux direction, its

projection normal to the flux direction is that of an ellipse.
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The area of this ellipse is given by the product of the

two half axes times?T. One of the half axes is the radius
of the foil, the other the redius times sin (45 ) A second

correction on the right hand side of equ@tion (k.5.2) is

o
therefore a division by sin (45 )= 0.7071.

different target areas:

as mentioned under b), the flux is either integrated over a

specific area or measured per unit time and per unit area. In
both cases equation (4.5.2) has finally to be multiplied by the
square of the ratio of the rad;us of the monitor scintillator
face and the radius of the taiget foil, taking into account the

correction for the angle of the foil to the beam under b).

A1l three normslizations meke up for the factor C in equation (4.5.2)

k.7 Corrections For Lost Fragments

Since the target foils had a finite thickness, the fragments,

escaping from them, logse energy, except for those generated

at the surface of the foil. Indeed, some of the fragments will

logse so much energy during the passage through the layer of target

material, that they will not have enough energy left, to escape from

the foil altogether. This is in particular true for the backing of the

foil, which was so thick as not to let fragments escape at all.

Here are the specifications of the foils:
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U-235:
active diameter: 6.9 cm
2
thickness: ' 0.75 mg/em ©of 96 % U-235 as U O
. 38
backing: 3-l thou." thick Platinum substrate
U-238:
active diameter: . 7.6 em
2
thickness: 1.0 mg/em of 100 % U-238 metal
backing: 0.1 mm thick stainless steel
Because  the backing itself is in both cases thick enough, to stop
all fragments escaping in that direction, the remaining concern 1is
the loss of fragments in the active target layer itself.
There have been many calculations, regarding the loss of energy by
27,28,29,48

& charged particle over varying distances in different media
All developed formalisms include a certain number of uncertainties, and
therefore a simple Bohr theory calculation, leading to an estimate of
the number of fragment lost, as proposed by the California Radiétion

Laboratory_ » was adopted.

dE 4me’7? 2 |
= Nz[zn—z-';’—"-/n(z-pz)-p2], o (1)

dx mv2
with
e = elctron charge
m = electron mass
Z = charge of the ion

NZ = number of electrons per unit volume of stopping material
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P”v/c L | o |  (4.7.1.1)

where .
¢ =velocity of lightJ
v=velocity of ion, a.nd.
I=-mean excitation energy of the stopping atoms or

molecules.

- An integration over & specific distance, travelled by the ion in
the material, gives the total energy loss over this distance.
Knowing the initial energy of the fragments, it can be determined
whether there is any energy left, or whether the fragment is

stopped within the medium.

The whole calculation was done in a Monte Carlo programme, called
KINEG or KINET for U-238. The target foil was assumed to be at

hSo to the beam. The target thickness was then subdivided into

100 small layers, starting with 1/100 th of the total thickness

“and subsequently increasing this step by step. At each layér fission
events were assumed, randomly distributed over the total area of this
layer. The fragments had an initial mass distribution as taken from
measureﬁents by W. N.vReisdoff et al.ug for U-235 and M. J. Bennett
and W. E. Stein50 for U-238. These distributions assigned weighting
factors to fragments with varying mass. For each ratio of light

to heavy fragments of a particular event there is a total kinetic
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energy release in this ewfent, thus providing a corresponding ,
51,52,53,54,55

initial kinetic energy distribution to the mass distribution
From simple law of conservation of momentum the kinetic energies

for single fragments were calculated. Although there is contradicting
evidence about angular anisotropy of fission fragments to the
direction of the incident neutron bea.m56, more recent measurements
have shown. a certain angular dependence. This has been shown by

R. H. Iyr and M. L. Sagu57’58- The authors proposed a formula, fitted
to their observed data, to expréss the angular distribution of

fragments:
W(0)=A+Bcos?0+Ccos“0 | | (k. 7.2’)

where A, B and C are fitting parameters. For U-235 they are

A =171.013

B = 267.921

Cc =-153.00Q
and for U-238

A = 132.129

B = 91.9328

C =

-5.06948

The anisotropy factor is then defined as

F=W(0°)/WI(6) | (4.7.3)



for each possible angle.

In this way the Monte Carlo calculation depended 6n the variation

of the following parameters: fragment mass with a relative probebility,
according to their measured distribution, corresponding kinetic

energy for & certain mass, angle relative to the neutron beam with

& probability according to the anisotropies. The ahgle gave the

length of the path in the material, which the fragments had to
penetrate, to reach the surface of the foil. This path was further
determined by the variation of thickness, according to the division

of the total thickness into 100 layers.

The results of these Monte Carlo calculations were a loss of 31.2 %

for the U-235 and 37.7 % for the U-238 foil.

However, the validity of these results is somewhat doubtful, regarding
two parameters in equation(4.7.1):Z and I. Investigations of the |
initial charge distribution of fission fragments have shown59, that
there is 1ittle dependence of the initital charge on the mass of the
fragment, and that a value of 20 fbr this charge is a good average.
This initial charge, however, is depleted during the transition of
the fragment through matter, until, what is called an equilibrium
charge, is reached6o‘ This equilibrium charge is entirely dependent
on the medium of passage and can assume values as low as 2 for fission
fragments. The general relationshiﬁ between charge and distance
travelled at a particulgar initial energy for ions in solids

is not fully known, and therefore an average ion charge of>

11 was assumed for the calculation, neglecting the fact that the
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energy loss is most significant for a high ion charge at

the very beginning of the transition path.

The second factor of uncertainty is the excitation potential

of Uranium or Uranium-Oxides. There are virtually no stu&ies about
the behaviour of outer shell electrons for Uranium or similar high

Z elements. Apart from a few single-absorption lines very little

else has been measured. The only useful value, to bé fqgnd, was

4.0 eV for Uranium in The American Insitute of Physicsvﬁandboog% However,
the mean excitation of an element has to be averaged or integrated
over at least the Quter shell electrons, if not including part of

the electrons of a lower partly filled shell, which are more loosely
bound for high Z eleﬁents. But since only single values

of excitation levels are known, the value for the excitation potential,
used in the present salculations, must be regarded as extremely
doubtful.

Névertheless, for an estimate of the number of lost fragments and
therefore for the correction, to be applied to the cross section, the

two discussed uncertainties were obviously acceptable.

" 4.8 Calculation of the Monitor Efficiency

The determination of the efficiency of the NE102 plastic scintillator
is necgessary to correct for the number of incident ﬁeutrons, not
recorded 5y this detector due to finite reaction probabilities with
neutrons as & function of energy. The main constituents of the |
detector, with which a reaction, an (n,p)-reaction, takes place, are
the Hydrogen atoms,making up a high proportion of the organic

scintillator compound. The reaction probability is therefore mainly
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determined by the (n,p) scattering cross section. '.I.'h_e other

main partner in an organic molecule is Carbon, _éo that the

topa.‘l. scattering Carbon cross section contributes also to
reaction probabilities.Since a bias is set at the discriminator
for this scintillator, to exclude small pulses, & portion of the
recoil protons will produce pulses, Z!.arge enough, to exceed

this bias, whereas the remainder are ignored. Since the dimensions
of the scintillator were small, multiple scattering effects could

be ignored.

The model used to calculate the efficiency of this particular

scintillator at this particular bias setting, was the one by
62
0'Dell et al. . This is the formula used:

Eg(E)={ 0, & (E)/(ny e, (E)enc 6, (E)))

x{1-exp[-(n, 6, (E)en 8 (ENIt){i-(B/E)} | (4.8.2)

where
3
n - Hydrogen atoms per cm
H 3
n = Carbon atoms per cm
C .

G (E) = total (n,p) cross section

H
¢ (E) = total inelastic Carbon cross section
Ce |

t = average scintillator thickness
B = Neutron energy bias
E = Neutron energy,

-136-
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Pict. U6 shows the efficiency, calculated for a bias level of

0.3 MeV neutron energy for a NE102 plastic scintillator.

4.9 Calculation of Errors

The errors in the value of the cross section itself fall into two
categories: the absolute error, being determined by the systematics
of the experiment, and the relative statistical deviations. The
systematic error will be discussed in the following subsection .

There are also the energy resolutions.

a) statistical errors:

The incident monitor spectrum could be measured

to any desired statistical accuracy, only limited by
Lo the fact, that the multichannel storage facilities

would not accept more than 250,000 counts in one

channelrin a single run, The predominantsource

for the statistical uncertainties in the cross

section was the fission spectrum, accumulated at a

much lower count rate. As already pointed out, to

increase the statistical accuracy over a given energy

interval, several time channels were integrated. Taking

this into account, the statistical deviations were

calculated in the usual way as

Acs':f? - (4.9.1)

The percentual error is then

f{%):m~ 4 (ﬁ.9.2)

12
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b) energy resolution:
the relationship between energy resolution end time
resolution can be determined by forming the first

derivative of the energy over the time-of-flight-

equation (L4.k4.3)

dE _2E72 —_— (%.9.3)
dt 72.3d '
and substituting dE and dt by AE and A\t. The whole

3/2
expression can be simplified, by splitting E into

1/2
ExE and inserting for E the right hand side of the

equation (k4.4.3). Thié finally leads to
AE:QTAL E | (4.9.4)

In the calculation care was taken of the fact, that
for the crosssectional energy ranges the mathematical

Liw, time resolutions were greater than the instrumental one.

(40, 20 and 10 ns).
The calculated statistical deviations are presented as error bars
graphically in the following chapter and listed together with the

energy resolutions and the cross section values in appendix D.

4.10 Final Normalization

During analysis it was noted, that a systematic error had been accepted.
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This error was a combination of two uncertainties: the uncertainty
about the true mass, used in the target‘foils, and the uncertainty
about the number of fission events, not recorded due to loss of

fragments in the foils themselves.

a) uncertainty in target mass:

: the determination of the target mass and its
short-comings will be described in appendix C. In
principle there are more accurate methods, but their
employment was decided ageinst, once it was discovered,
that there was another source of systematic error,

which could not be eliminated.

b) uncertainty in number of fragments lost:
this has been dealt with in subsection 4.7, in which
an estimate of this number is described. Since this
number can only be determined analytically, and éince
all available models have in common the same or similar
uncertainties, this was a source for a systematic error,

which could not be eradicated.

The presence of these two systematic errors led to the decision,

to normalize the measured cross sections against a most recent
available good absolute measurement of the fission cross section for
U-235 and the ratio of the fission cross sections of U-238 to

U-235 against other available data, to obtain absolute values.

The normalization reference for the U-235 neutron fission
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63
cross section was & measurement by G. S. Sidhu and J. B. Czirr .

This was the most recent measurement avallable with good sta.tistics

and resolutions. As a reference for the ratio of the neutron

fission cross sections of U-238 to U-235 the evaluation of

19
M. G. Sowerby et al. , was teken, From the ratio and the

absolute fission cross section of U-235 the absolute

fission cross section of U-238 was finally determined.
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CHAPTER V
I. Presentation and Interpretation of the Data

5.1 Introduction

The first half of this final chapter will contain the final neutron
fission cross sections for U-235 and U-238 as graphs, as measured

- and analyzed as part of this research project. The listing of

the numerical values of the cross sections, the corresponding
energies, the resolutions and statistical errors can be found

in appendix D.

The interpretation of the cross section requires at first a look
at the general shape. It will be shown, that related phenomena
account for the veryAdifferent shapes of both cross sections.
Firstly, U-235 is discussed and then U-238, requiring a somewhat
simpler interpretation. The U;235 data show some structure, and
the significance of this at those particular energies is discusse&.
The first half of this chapter is then concluded by & comparison

with the previous work of other authors.

5.2 Presentation of the Neutron Fission Cross Sections of

- U-235 and U-238 and Their Ratio

Pict. W7 shows the neutron fission éross section of U-235 in the
energy range 0.3 - 12.5 MeV as a continuous graph. As has been

pointed out in the previous chapter, the time resolutions are
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different in three regions: 0.3 - 0.7 MeV with 40 ns wide bins,
0.7 - 2,5 MeV with 20 ns wide bins and 2.5 - 12.5 MeV with

10 ns wide bins. Pict. 48 shows tﬁe same cross section as a
succession of the measured individual energy pbints and shows
the statistical errors and energy resolutions of every third

point.-

Pict. 49 presents the neutron fission cross sectibn of U-238 in

the energy range 0.7 - 12.5 MeV as a continuous graph. This

is also divided into two separate time resolution regions:

0.7 ; 2.5 MeV with 20 ns wide bins and 2.5 - 12.5 MeV in 10 ns

wide bins. Pict. 50 gives the same cross section sgain es individusal
data points with every third one accoﬁpanied by error and resolution

bars.

Finally, in pict. 51, the ratio of the neutron fission cross section
of U-238 to the one of U-235 is presented. The range is between
0.7 =12.5 MeV. Pict. 52 shows the same data as successive data

points, every third one of which carries error and resolution bars.

5.3 Interpretation of the General Shape of the Cross Sections

Neutron fission cross sections of actinide nuclei can be basically
divided into two groups, regarding their general shape: those

which have a thermal fission threshold, and those, which have a

threshold at some other fixed energy. In both cases this

principal feature of the cross section is determined by pairing effects of

the nucleons.
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Pict.51: Ratio of the Neutron Fission Cross Sections

of U-238/U-235
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5.3 U-235

U-235 has a thermal cross section, which means that, when

a neutron is captured at thermal energy, i.e. when it is

in equilibrium with its environment; the binding energy then
released during the capture of this neutron, is sufficient to
excite the nucleus, to surpass the fission threshold and split.
Since U-235 is an odd-A nucleus, but has an even Z number, there
is one neutron not bound in & suﬁshell, paired either with a
proton or with another neutron of opposite spin. It is only
loosely attached to the nucleus. If on the other hand a single
neutron enters the nucleus, this one and the. unpaired one will
form a strongly bound subshell, reieasing the full binding
energy of 6.536 MeV, well above both barriers, being at 5.63
MeV and 5.53 MeV resp. Therefore, even if the incoming neutron
does not carry any more kinetic energy ﬁith it, the nucleus is

excited enough to undergo fission.

The cross section then decreases as 1/v from thermal to higher
energies, until it reaches about 0.65 MeV. From thereon it

starts to rise again. As the theoretical celculations (equation
r5.11.1» in the second half of this chapter will show, this is due
to a relative decrease in the probabilities of the competing
reactions to fission, in particular neutron-capture- Jy-ray-emission,
which becomes negligible at these energies. After reaching an

intermediate maximum at about 2.5 MeV, the cross section then



-151-

decreases again, following the l/v-trend, which becomes eagain
more dominant after being in equilibrium with the rising trend dt
the maximum. ,
At about 5 MeV the cross section rises fast to a maxiﬁum. This is
due to an effect, called second try fission. Here the nucleus

.18 still sufficiently excited, even after a previous decay via a
competiné channel, to split up, thus enchancing the chances of
fission considerably. After reaching a peak at about 7 MeV, there

1s again a decrease of the cross section due to 1/v-behaviour.

5.3.2 U-238

U-238 is an ei?-A, even-Z nucleus with all nucleons paired in subshells
and therefore with no thermal neutron fission cross section at all.
If a thermal neutron enters the nucleus, it will be bound only very
ioosely, if at all. The energy release in this process,the binding
energy of the additional neutron, is L4.86 MeV, well below both
barriers of 6.46 and 6.16 MeV, so that this binding energy in itself
is not sufficient to excite the compound nuclegs above the fission
threshold. It is therefore necgessary, to supply a minimum of kinetic
energy by the incoming neutron, to cause.fission at a2ll. This seems
to be about 1.3 MeV. Below this energy the fission cross section

is virtually zero, and it starts to rise rapidly above 1.3 MeV

to a maximum value. Again, between 5 and 6‘MeV the region of second
try fission 1s approached, so that the cross section rises again
very suddenly to a ne? maximum, From fhis it decreases in

1/v-fashion.
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5.4 Interpretation of Possible Intermediate Structure in the U=235

Fission Cross Section

As mentioned in chapter I already, the important region to look
forvstrucxuxe in support of the double-hump barrier, is the sub-

' threéhold’region or the region just below the second-try rise in

the fission cross section. As will be explained presently, in the
presence of a secondary potentlal well the cross section should

show some structure as distinct from that related to the first
potential wells. In any case, the cross section should cease to be

a smoothly varying function with energy due to overlapping vibrational
resonances of one single potential well. It should also show a

distincet vibrational band associated with the second potential well.

The results in pict. 48 suggest the existence of a broad resonance
between 3.5 and 5.0 MeV of an observed width of 1,5 MeV vhich is a
strong candidate for such a band. The strength of the peak above the
slowly decreasing trend of the cross section is about 0.25 barn and
therefore well above the statistical uncerfainty of 0,105 barn at the
height of the peak. To explain this variation from the l/ﬁ-behavour of
the cross section with competing reactions of other natures is not poss-
ible. It must therefore be concluded, that such intermediate structure
would be further evidence for the existence of a double-hump-fission=-

barrier of the compound nucleus U=236,

The sudden rise of the cross section at about 3.5 MeV could then
be explained by the fact, that the second potential well is assumed
to be lower than the primary one. This enhances the possibility of

second-try-fission at an earlier stage than for a reaction, which
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involves the main or both potential wells. Similar structure
' . 6k4,65,66
has been observed for example for the compound mucleus Th-231
1p the subthreshold région. A direct comparison with this isotope,
however, is not possible, since Th-230 has a relatively high
fission threshold (1.1l MeV) and no thermal cross section. Therefore,
its subthreshold region can be investigated, whereas in the case |
of U-235 the second-try-fission-region has to be studied. In both

cases, however, the observed vibrétion&l bands are related to the

same phenomenon.

5.5 Comparison With Previous Measurements

As already said in chapter I, a variety of meﬁsurements of

these two cross sections had been performed at earlier stages

| by different authors. It would exceed the scope of this thesis
to discuss all or even most of them in connection with the
presented ones. However, it can be said that both the U-235 and
U-238 neutron fission cross sections as measured, and therefore
of course also their ratio, are in excellent agreement with past

published work, regarding their principal features.
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To compare 1ndividdgl data with the presented ones, it seemed ;
most pseful tg choosg an:evaluatiop, includingAa selection of the
best past experiments for the absolute values of G (n,f) of
- U-235 and U-238 and the most recent available experimental data
for the absolute value of & (n,f) of U-235 and the ratio of

& (n,f) of U-238 to U-235. The evaluation is the one by
M. G. Sowerby et al.l9, and the newly measured data are by G. S. Sidhu
and J. B. Czirr63_, and J. W. Behrens et a.l.67.respective:ly. These
date are presented in comparative graphs with the measured ones of

this research project in pict. 53,54,55.

Compering the U-235 data with the evaluation shows that there is =a
difference in the depth of the valley in the cross section between
0.3 and 2.0 MeV. The difference is about 0.3 barns at the deepest
point of the valley, the newly measured data being lower. All other
significant points, however, agree very well: the intermediate
maximum at about 2.0MeV, the depth of the valley in the sub-second-
try-fission region and the second-try meximum at about 8 MeV. There
1is also no structure between 3.5 and 5 MeV present in the evaluation,
as-observed in this measurement. It must also be said, that the
evaluation in the region 0.3 - 12.5 MeV is based on only few data

points.,

A comparison of the U-235 cross section with the experimehtal one
63
by G. S. Sidhu and J. B. Czirr reveals no significant difference,
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As in the evaluation all maxima and minima are consistent with the
present data. There is even a wegk indication of intermediate structure

in the sub-second-try-region as observed in the present measurement.

. The energy range in the experimental comparison data does, however,

not extend below 0.7 MeV.. The present data show
excellent agreement with the evaluation and the other experimeﬁt

!
at all significant points,

The evaluation of the U-238 data ié elso only based oﬁ e few data
points. On the other hand, the present data are of greafer statistical
uncertainty than the ones for U-235. It is therefore not possible

to interpret the variations in this cross section as genuine structure.
The statistics get worse at higher energies particularly above 10

MeV, where there is a drop in the cross section. Apart from the
general shape the fission thfeshold, as it appears when the cross

section increases at a certain energy, is also in agreement at 1.3 MsV.

Much the same that has been said for the U-238 data can be said
when ccmparing the ratio with evaluated and measured data.
Below the fission threshold of U-238 the value is insignificant.
In the present data the statistics are dominated by the one of
the U-238 measurement. The evaluatibn, again based on not many
points, shows a more smooth behaviour than both the present

67
data and the measurement by J. W. Behrens et al. . Both experimental
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data, however, agree excellently, particularly at the

intermediate peak at about 6 MeV.

(3

Concluding it can be said, that previously obserfed features
have been confirmed, and that some new light is thrown on fbhe
region 0.3 - 2.0 MeV. The observed structure is more cléarly
seen than the weak indications of tl.le same in a ﬁost recent

measurement, whereas it is missing in other previous data. -
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IX. Theoretical Calculations

5.6 Introduction .

The theoretical calculations of the neutron fisslon cross sections for
U-235 and U-238 were carried out, according to the statistical

model discussed in Chapter I, and thg main part of these galculations
are only valid between 1 and 5 MeV. The lower limit is determined

by the fact, that below 1 MeV detéils of individual levels of the
compound nucleus in question-have to be known from experiments, '
whereaé above this vdl ue level density distributions can be

employed. The upper limit is determined by the fact, that the

calculations do not provide for second-try-fission effects.

As main parameters the fission transmission coefficients were
calculated, based on tunnel effect theory. Then for the least important
competing channel,the neutron-capture-y -ray-emission, transmission
coefficients were calculated according to the giant resonance

model. The main competing reactions are elastic and inelastic
scattering, for which the totel transmission éoefficients were
determined, using the compound nucleus formation prbbabilities.

'For the celculation of the lncoming wave transmission coefficients

a separate procedure was adopted, based on an optical model celculation
by J. D. Ke111e68. For the final calculation of the cross sections

the two separate fission transmission coefficients, representing

the two barriers, had to be combined in a suitable way. The theoretical
data are then presented and discussed in comparison with the experimental

results.



5.7 The Fission Transmission Coefficients

For the explanation of O -decay the theory of tunnel effect has been
developed by Gamow. Tn this it is postulated that particles may pass
through a potential barrier, even when their energy states are not high -
énough, to passover it. This is explained in optical terms by

assigning optical qualities to the barrier, such as reflection and
transmission. Therefore a transmission probability of a certain
pa.rticle at a certain state _throuéh e barrier can be determined.

3 .
N. Bohr and J. A. Wheeler have proposed an adaptation of this

theory to nuclear fission to determine a fission transmission

coefficient through a potential barrier. For a single channel this

- coefficient becomes:

!

T = . (5.7.1)
[ l+exp [.. 2r(E-E;) ]
] Wy
where E 1s the height of the barrer, and’flw, describes the shape
b

characteristic of this barrier. To determine the total transmission
coefficient for all possible channels, one has to integrate over

- all individual channels, leading to

T (F) ]
=/d , 7.
ETI’(F’)(E) / Ef /e ,J ) I+exp[- 2”(E-YF'€)] (5 7 2)
0 her
vwhere T (E) is the total fission transmission coefficient

)
J (F)
for this particular barrier at channel spin J and parityas a function

(F)
of excitation energy, f (€ ,J r ) the level density distribution with
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respect to fission states and V the peak barrier deformation energy.
F

This distribution can be expressed as

.

Y262 | | .’
LAE, TN=t20e1e T D2 ye B0 50

with G called a spin dispersion coefficient, C is a constant and

G & temperature factor. & ,C and @ are a1 energy dependent
. ancha.n be obtained from data tzbles, wiich summarise experimental
measurements and liquid drop ca.lculations.%_,c;‘ can also be obtained
in this way. In this way the fisslon transmission coefficients for
U-236 and U-239 for two barriers havé been calculated. The results

are presented in pict. 56.

5.8 The Neutron—Cgpture- & -Ray-Emission Transmission Coefficients

The transmission coefficient for the emission of a single ¥ -ray

of energy{x from excitation E can be described as

2
Ty (E)= 218

=25rf(E,€3) (5.8.1)
),

in dependence of J and ¥ , where | and D are as usuel and f (E, 53)
is called the spectral factor, containing information about the
energy dependence of the transition on the structure of the giant
resonance. The total radiative transmission coefficient can

finally be written as



10

9 o

10

Pict.56:
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J+7

(JIot)(E) /df flE Eg)Z f(C)(E €. . (5.8.2)
Jp=1 -1 |

(e)

where j’ is the level density distribution of the compound

nucleus again and can be expressed as

'+’ 2 2 .
P(J”)=(2J+7)e‘(J 72) deCeE/e, (5.8.3)

with &, C and O again energy dependent. To establish the spectral
factor, two models are available, the Weisskopf Strong Coupling
Dipole Model and the Giant Resonance Model, the latter of which

has been adopted here. It is based on the gient resonance in

photonuclear absorption. Here f 1s

2 P
flE ¢ )-8 NZ e 6 €5 (5.8.1)
83 A fc chZ.? (52'51'51*(%51)2 |
where E = 11 MeV, [T = 2.9 MeV (5.8.4.1)
16 | 16
E = leMev, [ = 4.5 Mev (5.8.4.2)

26 T



denoting the parameters of the two dipole components. In the
calculation of these transmission coefficients it was shown
that their contribution was small, decreasing in importance,

vhen going from 1 MeV up to higher energies, with respect

to the othervtransmission coefficients.

5.9 The Total Scattering Transmission Coefficients

These have been calculated to include both elastic and inelastic
écattering, and are based on the compound nucleus formation

cross section in the optical model:

Sn,cn (€)= er(?M) (U(e)' , (5.9.1)
where € is the neutron energy, X is the de Broglie-wavelength of
the incoming neutron and T ( £ ) 1is the incoming wave transmission
coefficient as a function of)the neutron orbital angular momentum 1
and its energy £ . The totél scattering transmission coefficient

can then be written és

E-Sp :
T 10 =12* U/d pRE-S,: 512/21#) Tl (5.9.2)

where S is the neutron separation energy of the compound nucleus and
n

Per f(R) 1s sgain a level density distribution

| f(R}(E) =Ce/or - (5.9.3)
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with C and @ as usual, taking the effective angular momentum
R R '
as being zero.

The calculatioh of these transmission coefficients requirés the
knowledge of T( ) (€ ) which were required also for the final

l .
cross section calculation. How this was done, is described in

the following subsection.

5.10 The Incoming Wave Transmission Coefficients

Whereas the previous tfansmission coefficients are all based on the
publication by J. E. Lynn?, the calculation of the incoming wave
transmission coefficients is based on a programme, called THEO,
by J. D. Kellieéa. Here the optical mbdel is used, to calculate
the total cross section of the target nucleus, from which the
transmission coefficients can be deduced. In chapter I the
transmission coefficient was defined as

T,=7-|'ql|2 (5.10.1)

where 1? is called the reflection coefficient, and the total cross
1 .

section as
6,0,=i—g12(21*7)(7-Re71) | (5.10.2)

in optical model terms. Therefore, from knowing & as a function of
tot
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1, then qz‘ and hence T can be obtained. It has also been showm
‘ 1 1l

already, how & . depends on the total scattering amplitude in
general. To prod::e particular éalculations for this amplitude
and associated optical model parameters, it is necéessary to

start with a distinct optical potential. This has been done

in the past by various authors69’7o, on which THEO is based. These

-authors propose a potential
v(r) =Vc(r)*VN/r)*Vs(r) © (5.10.3)

where Vé (r) is the Coulomb, Vh (r) the nuclear and Vs (r) is the
spin-orbit part. Both V (r) and VS (r) are composed out of real

and imaginary parts, whg;e the real part determines scattering
processes and the imaginary part acounts for ebsorption. The

insertion of this combined potential into the Schroedinger

equation and its successive solution, as outlined in chapter I,

leads to the determination of the scattering amplitudes and associated
optical model parameters. From there the total cross section is

calculated, and the incoming wave transmission coefficients from it.

5.11.Final Theoretical Caléulation and Presentation of Results

The formula, to combine the transmission coefficients, to calculate
the fission cross sections of U-235 and U-238, has also been
presented earlier in a more general form, which leads to the particular

one

G, (€)= izzf,xz g(J'I_)E”fF)m . (5.11.1)
T T D) gy fe )+ Ty go (e
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where
2J+1
(1) 5.11.2
9% k) (5-22.2)
. ™ .
is called the statistical weighing factor. , with
J=1t/5 . o (5.11.2.1)

The important thing in this calculation was the way of combiq_ng
the two fission transmission coefficients for the two individual

barriers into a common one. It can be shown, that

__T(_A_)LBL_ (5.11.3)

7
(eff,F)~
Ta )t 7?.9)

with T and T the individual and T the combined fission
(a) (B) (eff,F)
transmission coefficient. This is, however, only true, if either T( )
A
or T( ) or both are close to or sbove unity. If one of them i1s
B

considerab;y less, the fission probability

p=-_te (5.11.4)
>l
" has to be calculated in a different way:
D E::ﬁt? 2 E:7F 1 a2
P:[h(_:'_r_) 2 (c))coth[/ (T4 (B)):” ) (5.11.5)

where ¢’ refers to channels other than fission. This condition was
respected and the theoretical neutron fission cross sections for

U-235 and U-238 calculated between 1 and 5 MeV. The results are



-161-
presented in pict. 57 and 58.

5.12 Comparison With Experimental Results and Conclusions

Pict. 59 and 60 show comparative graphs of the theoretical and
experimental data of U-235 and U-238 between 1 and 5 MeV. Two
features can be seen immediately: firstly, the general shape

of the theoretical calculations égrees excellently with the
experimental one; Both follow the same rise and fall pattern of
the measured data. For U-235 the theoretical cross section
peeks at exactly the same energy as the experimental one, and
for U-238 the rise above the fission threshold in the calculated
data follows the experimental one almoét in line. The other
point that can be observed, is that both theoretical curves are

higher than the experimental curve by 30 % to 50 %.

A closer investigation of the individual contributing factors reveals
that the neutron-capture-‘K-ray-emission transmission coefficient
plays not such a dominant part, as to account for this shift, and
that the fission transmission.coefficients were in excellent
egreement with other authorsg. The remaining uncertainties were
therefore due to the incoming wave tran;mission coefficients,

from which the total scattering transmission coefficients were

also calculated. Pict. 61 shows a comparison of the experimental
with the theoretical total cross section of U-23872, from the

latter one of which the incoming wave transmission coefficients

were derived. It is obvious, that the agreement is not very good.

To improve the theoretical cross section, therefore, it is
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Pict.57: Theoretical Neutron Fission Cross Section
of U-235
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Pict.59: Comparison of Theoretical and Experimental
Neutron Fission Cross Section of U-235
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neccessary to use a model for calculating the total cross section,
vwhich is more successful in this energy region. This would be a
problem for future theoretical investigatiohs.

The main limit on the experiment itself was the relatively low

count rate, éoncerning fission events in the gas scintillator.

This not only presented difficulties to achieve optimum statistics,
but limited the range of possibilities in these experiments even
further. The bi-dimensional mode of data taking would have been
ideal, to allow an investigation of the depeﬁdence of fragment

mass distribution on the energy of the fission inducing neutron.

In this way it could have been clarified, whether there are preferential
reglons in the cross éection, which might be associated with either
symmetrical or asymmetrical fission, especially in connection with
structure, associated to one or the other potential well. To identify
this structure more positively, an additionel measurerient of the
angular distribution of the fission fragments would heve been
neécessary. Finally, much better statistics should provide a

split-up of the vibrational structure between 3.5 and 5.0 MeV into
narrow rotational resonances as has 5een attenpted in experiments

64,65,66
with other isotopes .

There are basically two solutions to the count rate problem. One
possibility is, to increase the target mass by designing a gas
scintillator which incorporates more than one single target foil.

The second possibility is to use an accelerator with a much higher
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beam current, to produce more neutrons in the bremsstrahlung
target. Such a machine is currently under construction in the

Kelvin Laboratory.
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APPENDIX A

Influence of Magnetic'Fields on the Fission Detector

It is a well-known fact, that magnetic fields have an influence
on the collection efficlency and therefore on the gain of & photo-
multiplier. Even such week fields as the earth’'s can have a
significant effect, depending on the type of phototube.under
investigation. Although these effects on phototubes are well-
known, their magnitﬁde can be different, when a tube is

attached to the metal framework of a gas scintillator.

The main influence of a magnetic disturbance tekes place in the
critical part of the photomultiplier between the photdcathode

and the collection electrode, the first.dynode. Here, where the
electrons, released from the photocathode by the incoming photons,
are focused onto the collection electrode, the impact of a
magnétic field is felt most strongly. This is because even a
minute deviation, of the entering electron bunch from the

optimum position on.the first dynode, will result in a loss of
~secondary electrons and therefore has a significant effect on the
multiplication through the whole set of dynodes. The magnetic field,
to be most effective, has to be perfendicular to the electron bunch
or at least to an ideal beam of electrons from the centre of the
photocathode to the first dynode. To investigate the quantitative
effect of magnetic fields, a series of tests was carried out.

The setup is shown in pict. 62.
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A set of Helmholtz-colls was introducedeith-their axis-jfu

perpendicular to the photomultiplier axis near the critical

region of the 58 UVP photomultiplier, attached to the gas
scintillator. When the distance between the coils is approxi-
mately equal to their radius, their magnetic field, created

by the current, flowing through the .coils, is nearly uniform.
Current and voltage on the coils were measured, the photomulti-
plier was at 1 800 V, and the Cf-252 source was facing it
inside the gas scintillator. For different currents, creating
different magnetic fields, pulse amplitude spectra of the

Cf-252 decay products were taken.

The magnetic field strength was caleculated as follows:

B:/uo Nia?

where

r

/.LO:4JT-70-7 H/m

& is the radius of the coils, x the distance between them, N the

number of turns and I the current.
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(A.1)

(A.2)

In this way a series of pulse amplitudé spectra was obtained. They



-are shown in pict. 63.As can clearly be seen, an increase in

the strength of the magnetic field results in a decrease of
photomultiplier again; until finally all pulses are moved up

to the lower end of the spectrum, and no distinction, as to what
is their nature, can be made any longer. A field strength of
1.25 G seemed the maximum acceptable, without disturbing the
linear res§1ution too much. Since the magnefic fields, used in
the tests, are of the order of magnitude of the earth's |
magnetic field, it appeared neccessary to use a Mu-metal shield
éll o#er the photomultiplier, to ensure stable working conditions

during the experiments.
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Pict.63: Cf-252 Spectra Under the Influence of
Various thagnetic Fields
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APPENDIX B

Investigation of Wave Length Shifters

Earlier on during the develorment of the gas scintillator the
possibility of using wave length shifters, to avoid working in

the UV-region, was investigated. Preliminary literature studies25
singled out three possible candidates: Diphenylstilbene (oppS),
p-Quarterphenyl and Diphenylbenzene. All are available as powders,

but insoluble in commonly used media, such as water, various acids,

benzene, ete.

The tests, concerning the usefﬁlness 6f the shifters, were done
in two parts. Firstly, it was decided qualitatively, which was the
most efficient shifter, and secondly, the effect of it on Cf-252

spectra was investigated.

For the tests; the powders were mixed with Methylalcohol, and these
mixtures were applied in turn to the quartz window in a thin layer.
After the evaporaticn of the alcohol the powder remained evenly distri-
butéd on the disc., To make it stick, a microscopically thin film of
lacquer was sprayed over it. Each shifter was then i1luminated by a
UV-lemp from different distances and at different intensities.

The visual impact of the shifted light was observed and a qualitative
decision made, that DPS was by far the most effective wave length

shifter in these tests.
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This was then used on the outer surface of the quartz window of

the gas scintillator, between window and photomultiplief face,

to investigate its effect on the Cf-252 spectrum, recorded by the
gas scintillator. A success could not be achieved, since’there

was not a clear resolution of two separate fission peaks obtainable.
This is mainly due to the difficulty of creating a thin enough;
evenly distributed layer of wavelength shifter on the window.
Because of its relative insolubility there were bound to be clusters
in the mixture, thick enough, to absorb part of the scintillation
pulse, and thus worsening the resolution. For this reason and for
reasons of short response times the use of wavelength shifters in‘

the experiments was decided against.



APPENDIX C

Determination of Targe't Mass

It has to be pointed out in advance that the method, described
in the following, is only suited to give an estimate of the
target mass. Since the thickness, quoted for the U-235 mass

by thé supplier, was only def;ned as approximate, it was
decided td check this by a measurement of the total ¢ -activity
of the target foil. The setup for this measurement is shown in

pict. 64.

The target was placed in a chamber , about 10 cm in diameter and

5 em high. It was faced by a surface barrier semiconductur detector
of 100 %i o -detection-eff:lciency73- The chamber was evacuated,

and the O ;particles s, leaving the foil, detected by the surface
barrier counter. The counter was powered by & low voltage power
supply and its output fed through a low noise pre-amplifier,

before reaching a maln amplifier. The output was displayed on

& pulse height analyser, which gave out its contents on a teletype.
In this way a spectrum of the (! -activity of the U-235 foil was

obtained. It is shown in pict. 65.

As one notices, the (f -pesk is in reality a double peak, both peaks

having about equal height. This is because nearly 50 % of the total

activity of the foil comes from U-234, which although of a natural

abundance of 0.0055 %, its proportion is of course increased during

-18‘4'.-
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the enrichment process of U-235 against U-238,. which relies.solely
on an enrichment of the light component in natural Uranium in

total. !

Because the energies of the (! -particlés %fém;U;23h'énd>U-235uare.very
close, and the foil itself has a finite thicknesé,rthﬁs widéﬁing

the energy distribution of both due to Straggling, the peaks are

not separable by using for example a .higher quality detector. |

' To determine the number of counts for U-235, it was therefore

decided to assign about 50 % of its activity to U-235 on the basis

of the relative peak heights.

This, however, was not the total activity of the foil, firstly,
because of the solid angle of the detector to the foll, and
secondly, because the foll was not a point source. Therefore
Huygen's principle was applied to the foil, dividing it into a
very fine mesh and assigning a point source to each square of the
mesh in a computer code, called HYGEN. Each point source contributed
to the total activity, according to its‘position relative to

the detector face and was thus'associated with a weighting
factor: Taking care of the solid angle, subtended by the detector
at the different point sources, the total activity of the foil
could now be calculated, and from it the estimated mass of the

2
target derived as 0.75 mg/em .



This was 25 % lower tPan the quoted one, and two factors can.
account for this: firstly, the symmetrical splitup of the

QO -spectrum 1is probably not acéurate enough, and secondly,
part of the O -particles is lost due to straggling and
absorption in the foil itself, thus reducing the

measured activity by this portion with respect to the true one.
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Listing of the Neutron Fission Cross Sectlions and Errors

B & U-235 U-238 AE/E A/6 Ao
(MeV) ™ (barns) Cn,t (berns) (%) (%) 5 (4) 58
0.300 0.91 4.30 16.60

0.309 0.79 4.36 -~ 17.00

0.319 1.16 L. 43 13.93

0.329 . 0.8k 4.50 16.41

0.340 0.92 4.58 14.67

0.351 0.87 4.65 15.55

0.363 0.75 4.73 16.41

0.375 0.66 4.81 15.71

0.388 0.97 4.89 12.82

0.402 0.87 4,98 12.82

0.417 0.73 5.07 13.60

0.432 0.85 5.16 13.39

0.L48 0.7h 5.26 12.82

0.u465 0.69 5.36 12.25

0.483 0.94 5.46 9.81

0.503 0.75 5.57 10.10

0.523 0.77 5.68 10.06

0.545 0.70 5.80 9.51

0.568 0.84 5.92 8.60

0.592 0.79 6.04 8.30

0.618 0.82, 6.18 7.83

0.646 0.71 6.31 8.55

0.676 0.73 6.46 8.11

0.708 0.87 6.61 7.19

0.700 0.82 0.0105 3.28 10.43 88.88
0.716 0.92 0.0289 3.32 9.93 5l 42
0.733 0.81 0.00493 3.36 10.12 125.69
0.751 0.92 0.0126 3.40 9.30 76.97
0.769 0.88 0.0 3,44 9.39

0.788 0.7h4 0.01LL 3.48 9.85 76.97
0.808 0.84 0.0177 3.52 9.42 62.84
0.829 0.71 0.0335 3.57 9.93 Ll
0.850 0.8k 0.0204 3.61 9.07 56.21
0.872 0.80 0.0206 3.66 9.04 54,42
0.895 0.87 0.0241 3.71 8.14 47.50
0.919 0.93 0.0360 3.76 7.83 38.48
0.944 0.93 0.0394 3.81 7.70 36.28
0.970 0.98 0.0323 3.86 7.4 39.7h4
0.997 1.03 0.00913 3.92 7.49 76.97
1.026 0.85 0.0329 3.97 8.08 39.7h4
1.055 0.88 0.0283 4.03 7.60 L1.1k
1.086 0.90 0.0260 4.09 7.35 41.89
1.118 1.01 0.0562 k.15 7.08 29.09
1.151 0.83 0.0324 h.21 7.38 36.28
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5.385

E S U-235 y-238 AE/E - ANGBe A/
(Mev) " (varns) 6”"(beanrns) (%) (%) 2 T(q) 38
1.187 0.99 0.0580 4,27 6.58 26.40
1.223 1.00 0.0330 L. 34 6.53 34.86
1.262 1.02 0.0528 4,40 6.40 27.21
1.302 0.95. 0.0383 4.7 6.72 32.45
1.34k 0.97 0.0795 k.55 6.69 22.69
1.389 1.05 0.124 4.62 6.29 17.77
1.435 1.02 0.161 4.70 6.20 "15.09
1.484 0.96 0.258 4.78 6.18 11.57
1.536 1.03 0.30k4 4.86 5.81 10.37
1.590 1.11 0.350 4. o4 5.54 9.55
1.647 0.98° 0.336 5.03 5.78 9.58
1.707 1.05 0.428 5.12 5.65 8.57
1.771 1.04 0.384 5,22 5.53 8.82
1.838 1.08 0.361 5.32 5.16 8.66
1.910 1.17; 0.L464 5.42 5.07 7.79
- 1.985 1.20 0.489 5.52 4.86 7.38
2.065 1.23 0.445 5.64 4,84 7.81
2.150 1.24 0.L483 5.75 k.79 7.4k
2.2ko 1.30 0.547 5.87 k.75 7.09
2.336 1.29 0.558 5.99 4.80 7.08
2.439 1.26 0.546 6.12 4.82 7.10
2.548 1.29 0.460 6.26 4.78 7.75
2.500 1.32 0.514 2.19 6.69 - 10.40
2.555 1.28 0.423 2.21 6.74 11.38
2.613 1.21 0.481 2.24 7.05 10.85
2.673 1.35 0.603 2.26 6.84 9.90
2.734 1.28 0.636 2.29 7.06 9.71
2.798 1.21 0.537 2.31 7.31 10.62
2.865 . 1.35 0.506 2.34 7.10 1.24
2.933 1.25 0.581 2.37 7.60 10.80
3.004 1.30 0.485 2.4 7.%0 11.721
3.078 1.34 0.541 2.43 7.38 11.24
3.154 1.18 0.616 2.46 7.99 10.73
3.234 1.20 0.513 2.49 8.02 11.87
3.316 1.14 0.469 2.52 8.18 12.32
3.402 1.08 0.492 2.55 8.45 12.15
3.491 1.16 0.597 2.58 8.39 11.33
3.583 1.08 0.501 2.62 8. 64 12.28
3.679 1.01 0.476 2.65 9.19 12.96
3.779 1.19 0.495 2.69 8.67 13.03
3.88L 1.29 0.558 2.73 8.37 12,32
3.992 1.16 0.577 2.76 8.97 12.32
4.105 1.16 0.609 2.80 9.19 12.26
4, 224 1.22 0.643 2.84 9.09 12.15
4. 347 1.11 0.576 2.88 9.55 12.82
4 476 1.08 0.518 2.93 9.69 13.55
4,611 1.06 0.575 2.97 9.69 12.76
4,751 1.12 0.582 3.02 9.36 12.56
4.899 1.04 0.540 3.06 - 9.81 13.20
5.053 1.01 0.581 3.11 10.16 12.96
5.215 1.06 0.675 3.16 10.06 12.20
1.04 0.598 3.21 10.12 12.96



. AE/E

-1G1-

E d U-235 v- 238 JAN<(< Ad/é
(Mev) ’(barns) "f (verns) (%) % B (738
5.563 1.01 0.509 3.26 10.35 1h.11
5.751 1.09 0.529 3.32 10.09 14,05
5.948 1.17 0.607 - 3.38 9.75 13.10
6.155 1,26 . 0.671 3.43 9.75 12,96
6.373 1.40 0.664 3.h49 9.65 13.55
6.60L 1.60 0.834 3.56 9 .34 12.50
6.847 1.51 0.915 3.62 9.78 12.15
7.103 1.61 0.961 - 2.69 9.52 11.93
7.375 1.68 0.914 3.76 9.54 12.52
7.662 1.64 0.896 3.83 10.22 13.39
7.967 1.86 0.949 3.91 9.99 13.55
8.290 1.86 0.950 3.99 10.28 13.93
8.633 1.59 0.899 L.07 11.33 14.61
8.999 1.60 0.973 4.15 11.62 4.4
9.388 - 1.69 0.898 4,24 11.82 15.71
9.803 1.79 0.732 4,33 11.98 18.14
10.246 1.83 0.720 h. 43 12.15 18.73
10.720 1.78 0.763 4,53 12.82 18.94
11.228 1.64 0.697 L, 64 13.71 20.39
11,77k 1.76 0.768 4,75 14.05 20.57
12.360 1.7h 0.859 4.87 14.81 20.39
12,992 1.67 4.99 15.35 20.12

0.912
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