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ABSTRACT

The first vart of this thesis is devoted to a des-
cribtion of the requirements, construction and operation
of a 3%-inch diameter liguid hydrogen bubble chamber. 1In
the second part of the thesis the details and results of

an experiment performed with this bubble chamber are given,

Part I: The Hydrogen Bubble Chamber

In order that the consumption of liguid hydrogen
be small, the heating of the chamber during a cycle of
expansion and compression must also be small, It is shown
theoretically and experimentally that the above condition
requires a cycle of short duration and an initial pressure
and temperature somewhat higher (8 atmospheres, 29°K) than
has commonly been used,

The chamber, described, employed a piston in a
'reversible flow gas expansion system' capable of perform-
ing a oycle of 10 m,sec, duration at a repetition rate of
33 cycles per minute. Tracks produced in the chamber were
illuminated by light from a diffuse source focussed by a

condenser leng between the lenses of a stereo camera,

Part II., The Study of Neutron-Proton Interactions

The liquid hydrogen bubble chamber was placed in a



beam of neutrons, whose energy spectrum was peaked at

50 MeV, and which was obtained from a lithium deuteride
target placed in the Harwell 170 MeV cyclotron, From the
photographs obtained of neutron scattered proton tracks
the neutron energy spectrum was obtained. The primary
object of the experiment was, however, to observe the

neutron capture reaction
n+p=4d+y¢y

at the medium energy of 50 MeV, This reaction was observed
despite its total reaction cross—section being only
1/10,000 of the n-p scattering cross-section., The measu-

red total neutron-capture cross-section was

op (50 MeV) = 66 X 46 uB
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PART T

THE LIQUID HYDROGEN BUBBLE CHAMBER,




CHAPTER 1
INTRODUCTION,

1.1 INTRODUCTION.

The first part of this Thesis will be devoted to
a brief deseription of & small liquid hydrogen bubble
chamber, The work was started at Imperial College under
the leadership of Mr., Barford in early 1956. The writer
joined the group in the Summer of that year and has
worked with the bubble chamber throughout its development
and operation.

The chamber, which was intended as a phototype,
was first operated in December 1957, and was the first
to do so outside the U.S.A, and U.5.5.R. In the summer
of 1958 the chamber was taken from Imperial College to
the Atomic Energy Establishment at Harwell, There the
chamber could be exposed to particle beams from the
170 MeV Cyclotron, and a simple p-~p scattering
experiment was performed in October 1958, A description
of this experiment and of the apparatus at that time
will be given in a Thesis by D. Reed,

The chamber, as has been said, was developed as
a prototype. It was not, in October 1958, capable of
the sustained operation necessary,if it were to be

used in a serious nuclear experiment, It was decided
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then, to develop the chamber further with a view to

performing the experiment that will be described in
part IT of this thesis,

The expansion system was completely changed and
a number of other improvements made befbre thié was
possible. A general description of the chamber in
its present state, with particular emphasis on the
modified expansion system, will be given in Chapter 2.

In the following sections of this chapter the
basic principles of a bubble chamber, and the reason
for the choice of hydrogen as operating ligquid will
be given. The basic design considerations will then

be discussed.



1,2  BUBBLE CHAMBERS 10

1.2,1 The Principle of operation.

The principle of a bubble chamber was first
proposed by D.A. Glaser in 1952 (Phys. Rev, 87 665, 1952),
When a liquid is brought into a suitable condition of
superheat, boiling is found to oceur, and bubbles
form, along the path of any ionizing particle that
passes through the liquid, Figure ((1.2)1) shows a
photograph of such bubble !'tracks! in the chamber to
be Gescribed. The bubbles appear as white dots and
are seen to lie along straight lines., In this case
the lines are the paths of protons in the chamber,

It is believed that these bubbles form for the

following reason,

Consider a small bubble of radius r in a
liquid., 1Inside the bubble is the normal wvapour pressure
(Ekap(T) ) corresponding to the temperature (T) of
the liquid : this pressure may be regarded as trying
to make the bubble grow larger, Opposing this are
both the pressure applied to the liquid from outside
(Papp) and an effective pressure (Pst) due fo the
surface tension of the wall of the bubble, This

effective pressure (Ps £ ) will be proportional to

/5, let
P

B

st =
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The bubble will grow if :

a1

Prap 7 Papp * T 1.2/1

and shrink if the reverse is true., Clearly r cannot
be negative, From 1,2/1 it then follows that in
order for the bubble to grow, Pvap(T) must be greater

than F,. .« This is the condition that the liquid

Pp
“be superheated.

From 1.2/1, and defining ro(T) :

r S k. = r (T) 1.2/2
Pvap" Papp

pust be satisfied if the bubble is to grow., From
thls it is seen that in order for a liquid to boil
bubbles must first be produced with radii greater
than the critical radius ro(T). Due to the thermal
motion of the liquid molecules, transitory spaces
without molecules or pseudo-bubbles will be formed
whose effective radii (re(T)) will be larger if the
temperature T is higher. When an ionizing particle
passes through a liquid much of the energy lost by

the particle becomes concentrated at the ends of short
scattered electron tracks ( & rays)., Here the particle
produces hot spots! where the liquid temperature is
locally raised. Due to the higher local temperature,
the effective radii (re(T)) of the pseudo-bubbles
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may become larger than the critical radius (ro(T)), thus

allowing the:: pseudo-bubbles to grow into real and visible
bubbles. These bubbles will be located near to the path

of the ionizing particle and thus give a visual indication,
or track, of the particle's trajectory,

The simplest way of bringing a liquid into a super
heated state is to heat it to near its boiling point and
then reduce the pressure applied to it., This is what is
done in a bubble chamber, In practice boiling starts on
the walls of the chamber immediately after the pressure
has been reduced, whether or not any ionizing particles are
present, and rapidly spreads throughout the liquid. If the
chamber 1s to be operated with an accelerator then this
effect is of little consequence since it can be arranged
that the particles enter the chamber just after the
'expansion' when the pressure is reduced, and the bubble
tracks photographed before general boiling develops.
Afterwards the pressure may be re—appliéd, in the 'compression!

and further boiling stopped,

1.2.2 The choice of liguid

Many different liquids may be used in a bubble
chamber, provided suitable conditions of temperature and
pressure are chosen, In general it is found that the
initial pressure should be about 2/ 3 of the critical

pressure of the gas, The temperature should then be near



14
"the boiling point at this pressure, D, Glaser has operated

chambers with a great many liquids including xenon and even
beer! The most convenient liquids are, however volatile
organic compounds such as ether and pentane, whose operating
temperatures are near room temperature, The choice of
liquid hydrogen in this, and meny chambers, is made purely
on grounds of the nuclear physics that may be studied with
the completed chamber,

Consider for instance a particle (A) that enters the
chamber and is seen, by the tracks left, to have made a
nuclear interaction., From the appearance of the tracks it
is not necessarily possible to tell with what nucleus (B)
the particle (A) has interacted.

If the 1liquid comsists of a pure element, however, then
the interaction must have been with a nucleus of thet element.
It is thus desirable to use a pure element as the liquid.

If the object of the chamber is to study the interactions

of the initial particle with the nuclei of the element, then
that element must be chosen for the interest of the interaction
with its nuclei., At the present state of knowledge only
interactions with simple nuclei give much useful information,
Of all elements hydrogen has the simplest nucleus - a
proton - and is thus often chosen,

The range of pressures and temperatures for which

ligquid hydrogen is sensitive will be given in section 3.2, It



15

will be shown there that an initial pressure from four
atmospheres upwards may be used but that there are certain
advantages in using a fairly high pressure such as seven
or eight atmospheres. At such pressures the boiling point
of hydrogen is about 30° K, Similar temperatures and
pressures are reguired for liquid deuterium and in fact
the present chamber could have been operated with this
liquid., The liquid will, howevever, always be referred to
as ‘Yhydrogen',

In order to maintain temperatures in the region of
30°K the chamber must, of course, be kept in a vacuum
cyrostat and be cooled with supplies of liquid hydrogen and
nitrogen,

1,2,3 History

The first bubble chamber was built by D.A. Glaser
(Phys. Rev, 87 665, 1952) using diethyl ether, The first
hydrogen bubble chamber was made Hilderbrand and Nagle
(Phys, Rev. 92 517, 1953). A later chamber, 4 inches
diameter, built at Berkeley, California (Parmentier and
Schwemin, 1955 Rev, Sci. Inst, 26, 954, ); was in many ways
the basis of the present chamber. A bubble chamber 72"
long is now operating at Berkeley and‘several other large

chambers are being built.

In the next section more consideration will be given to
the detailed requirements of the design, Naturally some of
the observations will have come from the work of other

groups working in this field,
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1.3 DESIGN CONSIDERATIONS

1301 Chamber heating

Tracks of charged particles may be produced in
liguid hydrogen, if it is heated to near its boiling point
at a suitable initial pressure and the pressure is then
rapidly reduced. The pressure must be reduced by some
'expansion system' which may also re-apply the pressure
after the tracks have been formed, The requirements of this
expansion system will now be discussed.

Any heat introduced into a hydrogen bubble chamber,
either when 1t is static or during a cycle of expansion
and compression, has to be removed by boiling ligquid
hydrogen at some point. The cost of production of the
ligquid is quite high and thus the cost of removing heat
from the chamber is significant. In the present case this
cost was approximately £1/10/~ per watt per day of operation,
It is thus important to consider the causes of heating the
chamber,

In order to stop heat from the surroundings
reaching the chamber, it must be surrounded by a vacuum
cryostat, This must consist of a large vacuum case, to
stop conduction of heat)and shields held at an intermediate
temperature, to reduce radiation, There will always,
however, be some heating of the chamber, by radiation, and

conduction in supports. This heating, since it will continue
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whether the chamber is 'cycled! or not, will be called
the 'static! heating (5 watts in the chamber described)
and will produce a corresponding static boil-off of hydrogen.
If the chamber is cycled, there will be other 'dynamic!
causes of heating., In particular, any mechanical Work‘
done on the hydrogen will generate heat in it,

If no boiling occurred in the chamber and the expansion
and compression were rapid enough tc be purely adiabatic,
then the cycle would be reversible and no work would be
done. If, however; after the expansion some of the liquid
boils and gives a volume U!' of gas then on compression extra
work (W) will have to be done to compress this gas. The
cycle would then be irreversible with the work (W) being
done on the liquid of each cycle. It may be shown (see
appendix A) that if A p is the change in pressure, assumed
small, and § is the ratio of specific heats (1,4 for
hydrogen) then

W= é__'p___U' 10301
¥

If, for example, only 1 cc of liquid boils during the cycle,
and there are 20 cycles per minute then YO Watts of heating
result, It is very important that the amount of boiling
occurring be small, The most general way of keeping it so
is to have the shortest time during which the pressure is
low, that is, to have a rapid cycle. The methods of

producing the cycle will now be considered.
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1.3.2 Expansion mechanisms

There are broadly three different ways of expanding
a bubble chamber (see fig. (1.3)1). The first (a) uses a
piston or bellows in contact with the liquid itself, Such
a liquid expansion system requires moving parts at liguid
hydrogen temperatures.

The second system (b), used in the present chamber,
employs a piston at room temperature, acting on the gas
above the iiquid. This reversible flow expansion system
requires the rapid mo*tion of a piston, large compared with
that used in a liquid expansion systemn, |

In the third system (c) the gas pipe from the chamben
is Joined through two valves to high and iow pressure
vessels, The pressure on the chamber is changed by closing
one valve and opening the other, This cyclic flow system
requires a compressor to pump the gas from the low to the
high pressure vessel,

Consider now the three systems from the point of view
of possible heating. In the liquid expansion system, now
new sources of heating have been introduced, In the second
system cold gas from above the liquid surface will, during
the expansion, be drawn up into the room temperature
cylinder, Here it may be warmed before being sent back,
down the pipe and possibly give up some heat to the liquid

hydrogen. In the last system the gas used for recompression
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comes from a separate room temperature vessel and may, as
above, give up some of its heat to the liquid, The heating
in both the latter cases can be reduced if the mixing of
the gas in the pipe can be reduced. It will be shown in
section 3.3.2 that in the present chamber this heating
was certainly not larger than that due to boiling., If
such heating is small, then there seems little advantage
in using & liquid expansion system. The piston type gas
expansion instead of the valve type, was chosen, partly
to avoid the use of a hydrogen compressor, and parily
because it had been believed that less heating of the
liquid would result., A description of the system adopted

will be given in the next shapter,



CHAPTER 2

DESCRIPTION OF ATTARATUS

2.1

Introduction

1

The easential components of the bubble chamber

may be illustraoted as shown in the following figure.
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The chamber had to be placed in a cryostat, with windows
for photography and illumination, From the chamber, an
expansion pipe led to an expansion cylinder, in which a
piston was moved by a mechanism, The timing of this
movement was controlled with the aid of electronic circuits,
Instrumentation was provided to indicate the state and
functioning of the parts. A complication arises due to
the extreme inflammability of hydrogen gas. One of the
safety precautions taken was to make the whole operation
of the chamber remote. The chamber and expansion system
which formed what will be referred to as the '‘rig! (figure
(2.1)1), could be separated by up to thirty metres from the
*control station' (figure (2.1)2).

In the sections that follow.the various parts of the
apparatus will be discussed. References to iliustrations
wlll sometimes be given by numbers that refer to particular
parts of the apparatus in whichever illustration they
appear, e.g. (15) will refer to the vacuum tank in figures
(2.1)1, (2.3)4, and (2.4)3. TLess detailed description will
be given of those parts of the apparatus that will be
described in Mr Reed's thesis, For further details, this
thesis should be consulted, A number of electronic circuits

will be included in appendix B,
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2,2  CHAMBER AND CRYOSTAT

In Chapter omne it was stated that the operating
conditions for a liguid hydrogen bubble chamber require
an initial pressure of up to eight atmpspheres and a
temperature of about 29°K. The chamber, with its windows,
must be able,therefore,to withstand such a prmssure at this
temperature., The chamber itself (11) was made of a copper
tube, at either end of which were brazed heavy brass
clamping rings to hold the glass windows (16). The
windows were sealed with lead-copper gaskets, designed by
Mr Barford, a cross-—section of which can be seen in
figure (2.2,1b(54).

The chamber was cooled by providing a heat path (12)
between it and a tank (9) full of liguid hydrogen, boiling
at atmospheric pressure., In order that this hydrogen should
not be boiled off too fast, it and the chamber were shielded
as far as possible from all sources of external heat.‘xIn
order to stop radiation falling on them they were sur;ounded
by polished copper shields kept cold by boiling liquid
nitrogen in tanks (4) and (5). In order to stop conduction
of heat to the chamber, and hydrogen and nitrogen tanks;
they were all enclosed in a vacuum tank (15) pumped by an
0il diffusion pump (21) and a rotary backing pump. It was
found that this vacuum had to be better thanmé.la“smm of
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mercury to avoid the residual gas freezing on the chamber
windows and obscuring the photography of the chamber,

Duc to the Ffinite thermel resistance of the heat path
(12), any heat dissipatéd in the chamber raised its.
temperature above that of the boiling hydrogen (20.4 °K) in
the hydrogen tank (9), Such heat could be provided by an
electrical heater (13) wound round the chamber, and thus
the temperature of the chamber could be controlled., 4 pipe
(6) from the top of the chamber led up and out of the
vacuum case to the expansioen cylinder. At a point just
ébove the chamber (7) the pipe was cooled to the temperature
of the hydrogen tank by joining the pipe to the tank by
wires (19). Since the chamber was maintained at a pressure
higher than atmospheric, the hydrogen was liquid at this
point, and the liquid level was thus kept above the point
and well away from the chamber. This was found to reduce
some violent changes of temperature in the chamber whenever
it was expanded.

Windows were provided on both sides of the chamber (11),
nitrogen shield (1O)Sand vacuun case (14). Those on one side
were for illumination and those on the other for photography.
The details of the optics will be given in the next section
and a description of the expansion system left till the

gection after it,
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2.3  PHOTOGRAPHY

One problem involved in photographing bubbles in
1iquia hydrogen arises from the liquidt!s small refractive
index (1,078). The intensity of light scattered by a single
bubble falls off rapidly with the angle (©) between scattered
and initial directions, (see figura. (2.3)1;results taken
from calculations by Dr Welford; see: Barford, Progress

in Cryogenics, 2, 19603 to be published)

INITIAL G%AM O\

T~ o
SCATTERED

ng:i;\\\\\\\&\\
There are two consequences of this, PFirstly, if a bubble
is observed with a large angle (8) the intensity of light
seen is very small, OSecondly, if two bubbles are observed,
illuminated by the same light flux; but observed with
slightly different angles (©) then the two bubbles will
appear with very different intensities, The relative
difference in intensities éf. for a given difference in

b1

angle ( §0), i.e.-3~ 0’ is plotted on graph (2,3)2 .,
It is seen to have a minimum at the rather small angle Qf
about one degree,

It is clearly desirable that the camera should 'see!?

bubbles in different parts of the chamber with equal
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intensity, and that this intensity should be high.,  This

demands that as seen by the camera the scattering angles
6 for all bubbles should be constant (for equality of
intensity); and small (both for equality and magnitude

of intensity), It is seen (figur> (2.3) 3n) that these
conditions are approximately satisfied 1f the image of a
point source of illumination is brought to a focus near
t0, and in the plane of; the camera lensj ( D(‘=:G(1; and
e{ is small), Such a system has the disadvantage that
the slight reflections from the glass surfaces produce
point secondary images in the field of the camera (12 in
fig, (2.,3)3b)., This problem can be overcome by using a
plane diffuse source instead of a point source, The
condition of equality of scattering angles is still
satisfied and the inténsity of bubbles in the chamber will
be equal if light leaving the diffuse source is isotropic.
The arrengement of figure (2.3)3c, which did not give
sufficiently even illumination, was improved by the
insertion of an extra condenser lens, (fig. (2,3)3d). In
this, the final arrangement, parallel light fell on a
circular diffusing screen, that was imaged between two
stereo camera lenses, The scattering angles used varied
from 4° to 12°, Imperfection in the condenser made it
impracticable to use angles less than 4%, In fact, only

light scattered through the smaller scattering angles will
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contribute significantly to the image of a bubble in the
camera, This is due to the rapid drop in intensity of
scattered light with scattering angle., A logical development
of this system is to use a plane diffuse ring source imaged
round each camera lens, This, because it uses small, and
more nearly constant angles of scatter, will give the
maximum intensity of image for given illumination, It may
be observed that displacements of the circular image due to
imperfections in the condenser will; to a first approximation,
not alter the mean scattering angle, and thus not alter the
intensity of illumination. This system has been adopted and
developed for the British National Bubble Chamber by
Dr Welford and Mr Barford.

Returning to a description of the system adopted in
the present chamber, a few details of the actual arrangement
should be given. The camera took two stereo-photographs
on the same film, with a stereo angle of 15°, For the
camera lenses, a balance had to be struck between good
resolution, requiring a large aperture, and depth of focus
requiring a small aperture., In fact f = 32:1 was chosen,
which gave a depth of focus not quite equal to the depth
of the chamber, but good resolution, The film in the
camera could be wound on automatically, In order to
identify the photographs, a number on an electric counter (24)

was photographed on each frame, The camera lenses remained
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open all the time; photographs being taken only when the
source; an electronic flash (27)was fired. It was mounted
outside the vacuum tank in a gas tight box (20). The flash
tube was fired by discharging a 2pF condenser at 4 kV through
it, The circuit used to trigger it is shown in appendix
B.1.

An example of the quality of photograph obtained with
the system has been shown in fig.(1.2)1. In the experiment
described in part II it was found desirable to photograph
three expansions on the same film, This gave three times
the background illumination but only the same track
intensity. The photographs obtained were naturally inferior
but still reasonable. See figure (2.1)5 of part II. The

description must now return to the expansion system..
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2.4 EXPANSION SYSTEM

In order to keep the heating of the chamber small,
the duration of a cycle had to be kept short. The re-~
duction of pressure produced by the expansion had to be
reproducible, in order to bring the liquid, at each
expansion, into the same state. If a serious experiment
was to be undertaken the expansion system had to be re- |
liable enough to operate for tens of thousands of cycles
without fault.

The system adopted employed an effectively free
piston moving in the expansion cylinder, driven back and
forwards by the gas pressures on its front and back sur-
faces, When in its normal position the piston is
sealed against a rubber O-ring (46) on the cylinder head,
(Se2 the flgure overlcaf,. With the valves 47 and 48 open
the foroces applied to the pisten were as follows:—

From the left: +the chamber pressure (p1 % 8 at-

mospheres) acting over the small area (A1) inside the

O-ring: p, Ay ; and a low pressure (p2 % 1 e.tmosphere)

acting over the large area (A2) outside the gasket: py A,
From the right: the medium pressure (p3 = 1.5

stmospheres) acting over the whole piston area (A3) :

A

by 43 .

The piston will remain to the left if
D3 A3 3 by A1 + Py A2 2§¢/j



. | " 38

| :
Due to A1 bédc‘ng small compared to A2 the relatively

- slight excess of pressure Py over p, (0.5 atmospheres)
was sufficient to hold the piston to the left, against

the chamber pressure.
PISTON "
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- When 1t was required to expand the chamber,

- for which the niston had to be moved to the right:
first, (a) the valves 47 and 48 were closed, then (b)
the expansion valve, 49, was opened momentarily and a
small quantity of purified hydrogen gas at a high
pressure (p4) allowed to enter the sﬁallﬁspaoe at the
head of the cylinder, outside the O-ring. The conse-
quent rapid rise of pressure in this space destroyed
the condition (2.4/1) holding the niston to the left,

and gave a force on the piston towards the right.
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The piston then started moving, thus dbreaking the seal

at the O-ring, and allowing the high chamber pressure |
(p1) to act over the entire front area of the piston.
This rapidly drove the piston to the right, against the
medium pressure, Py- This motion of the piston resulted
in a lowering of the chamber pressure which continued
until the compression was initiated.

The compression (c) was started by momentarily
opening a large compression valve (45) which allowed very
high pressure (p5 = 11 atmospheres) nitrogen gas to pass
into the rear of the cylinder. Since this pressure was
greater than the chamber pressure the piston was driven
to the left, back to the cylinder head. The motion was

as shown in the following diagram.,

(a)  (¥)
high left
pressuro piston position

low o) right

In order to return the system to its original
condition: first (d) valve 47 was opened and the prescure
on the piston, outside the O-ring, lowered to its origi-
nal pressure (p2) s then (e), the valve 48 was opened
and the pressure on the back of the piston lowered to
its original medium pressure (p3). The system was then

ready for the next cycle.
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In order that the start of the recompression be
rapid, the recompression valve (45) must have a large
port and the volume behind the piston must be small,

The arrangement is shown in figure (2.4)1. The piston
was guided by a rod (44) and sealed against the cylinder
walls by rubber U-seals, = In order that the piston motion
be rapid, its weight was cut to the minimum. Both the
piston (made of aluminium) and the rod (of stainless
steel) were, therefore, bored out. See figure (2,4)2,
which shows the parts of the piston, and the rod. A
general view of the system is shown in figure (2.4)3.

It was found important that none of the com~-
pression nitrogen gas should become mixed with the hydro-—
gen on the chamber side of the piston. If it d4id, it
solidified in the chamber to form a fine white mist,
which obscured photography. In order, therefore, to
stop this nitrogen passing the piston, double rubber
U-seals were employed. The space between the seals
was connected via the bored out piston rod and a rubber
hose to a vacuum pump. Surprisingly, this rubber hose
survived the jerks produced by over 100,000 expansions,

All the valves referred to in the system were
electromagnetically operated valves. The expansion (49)
and compression (45) valves were opened rapidly by dis-—
charging condensers through thelr low impedance cbils.

The circuit used is shown in appendix B,(B/2), Both
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valves were modified commercial valves made by Alexandra
Controls Litd. The expansion valve (49) being 'type ACO+'
and the compression valve (45) being 'type ACP T'.

Since the expansion and compression were initiated
separately, by varying the time between them, the stroke
length and thus the pressure drop could be adjusted.
Traccs, showing the variation of the pressure and piston
position with time are given in figure (2.4)4, The
pressure is seen to be below its initial value for only
11 m/sec. The length of the pressure drop could be held
constant within 5% over long periods and the complete
system, in the main experimental run, operated for 50,000
expansions without a fault. The expansion system did,
therefore, satisfy the requirements of speed, reproducibil-
ity and reliability, that had been aimed at,

Between the cycles the pressure in the chamber
was controlled by opening a valve (50) between it and a
purified, pressure regulated, hydrogen supply, brought
from the control station. This supply was also used
when condensing hydrogen in the chamber to fill i+t. The
hydrogen was purified by passing it through carbon and
silica gel at a temperature of liquid nitrogen. It was
found important that the hydrogen should not be passed
through too fast, and also that, between use, the carbon

and silica should be thoroughly cleaned. This was done
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FIGURE (2.4)4 Oscilloscope traces from the pressure,
piston position and beam indicztors.
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by heating it to 300° ¢ and pumping with a vacuum pump

for 36 hours. When such care was not taken impurities
solidified in the chamber and obscured the photography.

The complete gas circuit is shown in figure (2.4)5.
By the directions of the lines across the valves their
normal positions bebtween cycles have been indicated, The
magnetically operated valves are shown shaded, They are
closed when the current is off except those marked with
an R, which are t'reverse acting'. The reason for their
use is given in section 2,7.

The timing of the various operations referred to,
were controlled by electronic circuits which will be

described in the next section.
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2.5 TIMING CIRCUITS

Circuits had tc be provided to perform the sequence
of operations outlined in the last soction, and to time
these operations with respect to the moment when a burst
of particles was produced by the cyclotron, It was
essential for the experiment described in part II that be-
tween the chamber cycles as few bursts of particles as
possible should occur, The cyclotron radio frequency
power was therefore switched on only long enough to en-
sure that at least one of the few bursts produced,
occurred during the sensitive period of the cycle. When
the chamber was ready for a cycle a pulse was sent to the
cyclotron and the power was switched on long enough for a
few bursts of particles to be produced. The exact times
when these bursts occurred was determined by the position
of the moving vane of a rotating variable condenser whose
purpose was to alter the radio frequency of the acceler—
ating field of the cyclotron (see part II, section 2,5).
The precise moment when the expansion of the chamber was
to0 occur was therefore controlled from an electric pulse
which was sent from the condenser vane to the chamber, the
pulse occurring when the vane was in a certain position
during its rotation.

" The electronic flash (see section 2.3) was timed,

more accurately, from a pulse obtained from the cyclotron
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only at the ﬁoment of a bean.

The camera could, as required in the experiment
(part II, section 2.6), be wound on only once in a number
of expansion cycles,

The requirements, outlined above, were achieved
wlth the aid of a number of delay units and gates, a
block diagram of which is given in figure (2,5)1. The
individual circuits, though sometimes modified by the
author, were designed by Dr. G. Cescotti, or taken from
other sources. The main circuits used are given in

Appendix B:3, 4, and 5.
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2.6 INSTRUMENTATION
2.6.1 General

Those instruments directly measuring the chamber
operating conditions will first be described, and then
other instruments with more general uses will be men-—

tioned.

2.6.2 Temperature

The chamber's sensitivity depends on the tempe;-
ature and pressure of the liquid. Only the initial
temperature was measured, and this was done by a hydrogeﬁ
vapour pressure thermometer, placed inside the chamber oé
a movable probe, With this, both the actual temperatufé
and its vertical gradient (less than 0,01°K per cm,) coulg
be measured. A large gradient (0.2°K per cm.) had pre-
viously produced non-uniform sensitivity, and had to be

investigated and overcome.

2.6,3 Pressure Indicator

The initial pressure of gas in the chamber could
be read on an ordinary, but well calibrated, budenberg
gauge. In order to know the operating conditions during
a cycle, the variations in the pressure with time had to

be determined.
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These variations in pressure were observed by

the variations of resistance in a constantan strain
gauge wound round the chamber, The resistance was
balanced on a bridge and the difference voltage amplified.
This relative change in resistance was so small (3-10_5)
that a DC amplifier was not stable enough to be used,

in A C (500 k/c) bridge was therefore designed,
with a wide band amplifier, detector, and final DC ampli-
fier, A block diagram is given in figure (2.6)2 and its
circuit in appendix B6. A typical output from it,
photographed from an oscilloscope, has been shown in
figure (2.4)4. It was not found possible to give an
absolute calibration of indicated pressure, because of a
drift of sensitivity with both chamber temperature and
time, Its linearity, and speed of response, were howeﬁer,
good and it served its main purpose of indicating when %he

pressure was at a minimum and the chamber at its most

sensitive.

2.6.4 Piston Position Indicator

Knowledge of temperature and pressure are all
that are needed to monitor the chamber operating condi-
tions. In order to gain knowledge of how the mechanism
was working it was desirable to know the motion and

timing of the expansion mechanism as well, The position
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of the piston was, therefore, indicated with the aid of
a lamp and photo-cell. The arrangement is illustrated

in figure (2.6)1, and an output has been shown in figure

(2.4)4,

2.6.5 Beam monitor

The pressure indicator, described above, gave an
indication of the short period over which the chamber was
sensitive, The cycle had to be operated so that this
period coincided with the beam of particles from the
accelerator. It was clearly desirable to have an indi-
cation of the exact moment, and incidentally of the
strength, of this beam. Such indication was provided by
a large scintillation counter of conventional type, that
was built by Dr. Tqllini. It will not, therefore, be
further described. Its output has also been shown on

figure (2,4)4.

2.6,6 ~ MNixer

In order to help in the timing of the sequence of
events that made up a cycleja mixer and pulse lengthener
was designed (see appendix B7). Pulses from any part of
the sequence could be fed into this unit, mixed with the

output from the pressure monitor and then viewed on a
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double beam oscilloscope. On the pressure trace of
figure (2.4)4 two output pulses from the mixer, represent-
ing the time of the beam and flash, can be seen, A block
diagram of thc instruments referred to is shown in figure

(2.6)2.

2.6.7 Depth gauges

In order to be able, remotely, to re~fill the
liquid hydrogen and nitrogen tanks in the vacuum case, some
form of depth gauge was required. A liquid sensitive ele-
ment, operating by its measurement of thermal conductivity,
was therefore developed. The element consisted of a small
five ohm constantan heater coil in which half a watt was
dissipated, The temperature this reached depended on
whether it was in or out of the liquid, and was measuared
by a five ohm copper resistance thermometer, consisting of
a coil wound over the heater. The complete element was
placed inside a ‘'bucket', in order to shield it from
draughts. An arrangement of two elements is shown in
figure (2.6)3. A circuit was devised such that when the
liquid level in a tank fell below the lower depth gauge
thegt%ank was filled until the level reached the upper
gauge. Another element indicated when the supply jewar
was empty and should be changed., The circuit used is

given in appendix B8,



- Frawe (Z-Q 2 Mawifafv'wﬂ Je&f’muus

— | BEAM  plstoN - ] PRESSORE.
- oeell] LE1ON st
f:-;*:v';‘:r MoNITOR, Pl PoStTiow o ’ qauge | INDICATOR
' ' ) I NDICATOR : ‘ - »
 Variable | RF | oo
| ‘ | e —| Brlge < Oscill
Electrometer .. o
Cathote %J:yc,. ow -~ o ; ?
RF
Rmr‘n{-ier
: ol ect véwir.a
i : Dobechot
o
\J( maler
T
Cown eror, , ‘ _ £
|\/va Osduoscope < Mftﬂ' - H:'\fh {‘“
Y

9§



57

N Hg-@m :DGP'H/VGGM&

| u U/
Support pipe A
LK 7]

Vhos guing up_ppe- |
el |
/A -
s l \ \ ! . Upper Elewment
| , . ] \ \ ﬁ"f.cld J,W+
pesgpe bt — il | | i
, , \l *M.k/ -
{ \} Npl
I§
Suffp&% wwes —
i , - |
"( ' "(7 2 - | Lwe)cmow’t
' ‘ COJP}M Wde/ . l j'acz‘ a.boui/
Pers pore_formuar AN bl v o
f‘Wo'ew«éa{"\rCswa( coppel
wie wownd ow e of ive . JHE—
d{ms oj{)wfa.«d‘wv e AN Cut |




58
The electronic units associated with these instru-
ments were all mounted at the control station, A few
instruments such as vacuum gauges and a gas meter to measure
hydrogen boil off were also mounted at the control station ,

plus the safety interlocks which will be mentioned in the

next, and last section of this chapter.
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2,7 SAFETY

Hydrogen mixed with air in proportions ranging
from 4% to 80% is highly explosive. The fear is always
that for some reason the liquid hydrogen will be suddenly
heated and give off large quantities of gas, possibly at
a high pressure,

The possibility of the chamber windows breaking
and liquid hydrogen pouring out on to the warm vacuum
case must be considered. A three inch diameter pipe,
initially filled with nitrogen, was provided to take the
resultant hydrogen gas from the vacuum tank to a gas
flame, The burner, figure (2,7)1, had to be designed so
that the rush of nitrogen gas preceding the hydrogen would
not blow the flame out. A system of baffles, illustrated
in figure (2.7)2 were employed t6 avoid this, and they
proved effective when the burner was tested. A spark to
light the gas flame and a remote indicator to show whether
the gas was alight were provided together with a second
indicator which was intended to register the breakage of
a window. In the event of such a breakage or in the event
of a number of cther emergencies most of the electrical
supplies were automatically turned off. The gas circuit
shown in figure (2.4)5 was so designed that the effect of
this was to reduce pressure on the chamber and leave |

-everything in a safe condition.
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In cose hydrogen gas did escape in the neighbour-
hood of the apparatus, all switches near the vacuum case,
together with the electronic flash box were filled with
nitrogen gas. The only other, and very general, pre-
caution that was taken was that no one was allowed near

the chamber unless absolutely necessary.
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CHAPTER 3

CHAMBER  PERFORMANCE

3.1 INTRODUCTION

When the chamber first operated in December 1957
a considerable difference of temperature between the top
and bottom (2°) resulted in uneven sensitivity. When
this problem was solved two new problems arose. Pirstly
the prototype expansion mechanism was found to be insuffic-
iently reliable to allow long experimental runs; and |
secondly, when long runs were attempted a mist formed
inside and outside the chamber windows which spoilt the
photography. By June 1959, the expansion system had
been made more reliable and the mists removed by im-
proving the hydrogen purification and the cryostat
vacuum,

With the new expansion system it was soon found
that the 'dynamic' chamber heating had been much reduced.
This improvement was used to speed up the rate at which
the chamber could be expanded, from its previous value of
6 cycles per minute to a maximum of 33 cycles per minute.

It was found that the rate of heating depended
very considerably on the initial temperatures and pressures
used, In the next section some arguments will be given as

to why this may be so,
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3.2 CHOICE OF OPERATING CONDITIONS

The obJect of this section is to consider
what operating conditions might be expected to produce
the minimum boiling, and thus minimum dynamic heating,
of the chamber (see section 1.3.1.).

On graph (3.2)1 are shown the states of temper-
ature and pressure at which various bubble chambers
have been successfully operated.

Above the region of sensitivity the degree of
superheat is presumably not sufficient to produce tracks.
It is not possible to work below the region due to
spontaneous boiling of the liquid. No bubble chamber
has been successfully operated below 26° Kelvin
and it is concluded that at lower temperatures spontane-—
ous boiling occurs before sufficient superheat has been
achieved to produce tracks. Conjectured lines bounding
‘the sensitive region have been drawn in on graph (3,2)1.
The lower line will be referred to as the 'spontaneous
boiling line'. For convenience, the graph is repeated
without the individual points in figure (3.2)2,

It is well known that a superheated liquid, even
if above the 'spontaneous boiling line' will start boiling
on rough surfaces, It might be expected, however, that
such boiling would be less, the further the state of the

liquid was from this line. Referring now to figure (3.2)2;
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if the above is true then less boiling would be expected
in the state marked A than B, although both are in the
sensitive region, Similarly less boiling would occur at
A than C. Now the best operating conditions from the
point of view of heating are those where there is least
boiling. Providing +then, that satisfactory tracks are
obtained, the best condition is one represented by a
point near the top of the sensitive region, with the
temperature at a value about half way (29.40 K) between
the minimum (at 25.5° X) and the critical point at
(33.3° X), This temperature of 29.4° K is high by
comparison with those that have so far been used (see
figure (3.2)1).

A place in which the liquid in a chamber is
particularly likely to boil is at the liquid surface,
The liquid here, will be near equilibrium with the gas
above it and thus its temperature will be near that of
the boiling point of the liquid at the applied initial
pressure, If the initial pressure is higher than the
vapour pressure at the chamber temperature, then the
liquid at the surface will be hotter than that in the
chamber, and consequently more likely-to boil when the
pressure is dropped. It is thus better to have an
initial pressure not much higher than the chamber vapour

pressure, Referring again to figure (3.2)2, this implies
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having an initial state near to the vapour pressure line:
(initial state A'  is better than A" ).
Writing the above conclusions in a different form;
for the minimum of general boiling, and thus heating:
a) a high initial pressure should be used;
b) the temperature should be such that the liquid, initi-
ally, is as near boiling as possible.
¢) the minimum drop of pressure that will produce
satisfactory tracks should be employed.
In the next section the observed characteristics

of the chamber operation will be described.
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3.3 CHAMBER PERFORMANCE

3.3.1 Operating Conditions

Tracks were successfully orbtained using initial
pressures between 5.7 and 8.4 atmospheres (70 - 110 p.s.i.g.).
The rcgions of initial temperature and pressure over which
tracks were observed, with piston stroke lengths of 0.9
and 1.3 cms., have been indicated on graph (3.2)1. The
maximum expanded pressures for which tracks were obtained
at three different temperatures were also plotted on the
same graph., These expanded pressures were obtained from
the output of the pressure indicator which was calibrated
by a method described Thelow.

In support of he arguments given in the last sec-
tion, it was found tha+ less heating of the chamber was
obtained using higher initial pressures, and using chamber
temperatures near to the boiling point. For instance,
with an initial pressure of 7.7 atmospheres (100 p.s.i.g.),
the heating could be reduced to about 1/3 of the minimum
attainable using a pressure of 6.3 atmospheres (80 p.s.i.g.).
At any initial pressure, the maximum temperature that
could be usecd was 0.30 below the boiling point at that
pressure.

The highest pressure for which the chamber was

designed was 7.7 atmosrheres, and this pressure was
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normally used. The temperature was maintained in region

0
just below the boiling point (29.1° < .76 K). Oscilloscope
traces of pressure and piston position for three different

stroke lengths under these conditions are given in figure

(3.3)1.

3.3.2 Calibration of Pressure

Unfortunately it was not possible to calibrate the
pressure indicator by any direct method. The scale on
the pressure trace in figure (3.3)1 was added on the
basis of an argument that will follow. The piston moni-
tor was calibrated by a series of static megsurements,
which gave the scale on figure (3.3)1 with an estimated
accuracy of 10%, The time scale is accurate to 5%.

If no boiling occurred in the chamber then the pressure
drop could be calculated from the piston stroke and
dimensions of the system, and thus the pressure indicator
could be calibrated. It is seen from the pressure
traces, however, that the final pressure is higher than
the initial pressure. This indicates that there must,
in fact, have been some boiling during the cycle. The
compression is seen to be more rapid than the expan-
sion, so it may be hoped, therefore, that a negligible
part of this boiling occurred during the compression.,

The pressure indicator can then be provisionally cali-
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brated by relating the total rise of pressure on re-
compression with the piston stroke. If the calibration
is valid, it should be the same when derived from
different stroke lengths. On graph (3.3)2 it is
plotted for the three lengths considered and seen to be
substantinlly constant. On this basis the pressure
scale in figure (3.3)1 was marked.

The pressure drop, calibrated by the above
method is plotted against stroke length on graph (3.3)3,
together with the results from the prototype expansion
system. As would be expected, the pressure drop is
proportionn! to the stroke for short strokes where no
boiling occurs, it then rises less steeply and eveﬁtually
reaches a maximum, When this maximum is reached further
piston motion is compensated for by more boiling. It
appears from the graph, that due to the higher velocity
of the piston in the new system, larger pressure drops

may be obtained than was formerly possible.

3.3.3 Chamber heating

On graph (3.3)4 is plotted the measured heat
given to the chamber per expansion, due to its being
expanded. With a stroke of 0.7 cm, there was a dynamic
hydrogen boil-off of 1.2 litres per hour when the chamber

was being cycled 33 times a minute. This can be com-
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pared with that obtained with the prototype expansion
system of 1.5 litres per hour with a rate of only 6
expansions per minute. Using so short a stroke the
temperature had to be held within the rather close limits
of about 0,3° K, A slightly longer stroke of 0,9 cm,
was therefore used, with which satisfactory tracks were
obtained over the wider range of about 0.6° K. The
same dynamic boil-off of 1.2 litres per hour was then
obtained with 20 expansions per minute. In order to
obtain the total consumption of liquid hydrogen, the
static boil-off of 0.5 litres per hour and the losses
in transferring, about 25%, must be added. The total
consumption was about 2.1 litres per hour,

In section 1.3.1 1t was argued that the heat
given to the chamber can be due either to warm gas being
carried down the expansion pipe during compression, or
due to work done on the fluids. As has been already noted,
there is an overshoot of pressure at the(end of a cycle
due to the volume (') of gas boiled from the hydrogen
during the cycle. From the height of this overshoot
the volume U' of gas that had been produced can be calcu-
lated. In appendix A it is shown that such boiling
should result in an amount of work W being done on the

chamber, cach cycle; where
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W= U’ é-\_,f
¥

ZSP is the change of pressure on compression and X the
ratio of specific heats. W has been calculated and
plotted on graph (3.3)4 together with the measured
heating. The differcnce betwecn total heating and W
should give the heating due to warm gas carried down the
pipe. As a result of the large errors in the measure-
ments it is only possible to say that this heating due

to gas carricd down the pipe is not more than half of the

total heating.

3.3.4 Conclusion

Although the chamber was originally designed as
a prototype it was successfully developed for use in a
serious experiment. In part II of this thesis an
experiment +that has, in fact, been performed with the
chamber will be described,

In this chapter it has becn shown that variation
of the operating conditions have a very large effect on
the resultant heating of the chamber. Evidence and a
theoretical argument have suggested that minimum heating

is obtained by using a temperature rather higher than has

b
~



76

normally been used in hydrogen bubble chambers, Using
the rnasonably high temperature of about 29o K good
tracks have been obtained with a heating of only 24
joules per cycle. Such heating in a chamber of 570 cc,
volume is surprisingly low and enabled the chamber to be

operated at the high rate of 33 cycles per minute.



PART II

THE STUDY OF NEUTRON-PROTON INTERACTIONS

1



CHAPTER 1.,

INTRODUCTION AND THEORY.

1.1 INTRODUCTION,

The main ajm of the experiment, to be described, was to
observe radiative neutron-capture (n + p-3 d +¥ ) at a medium
neutron laboratory energy of about 50 MeV, and determine the™
total cross section of the reaction. The reéction was produéed
by bombarding protons of the liquid hydrogen in the bubble
chamber, with a neutron beam of 50 MeV, The reaction was observed
by the track of the emitted deuteron in the-cyamber. The neutron

beam was obtained by bombarding a target with protons from the

Harwell cyclotron.

The neutron-capture reaction had, previously, only been
observed at very low, the£mal, neutron energies of the order of
0*025 eV, By the theory of detai199 balance, however, the
reaction cross section at medium eneégies may be predicted from
measurements made on the reverse pr;cess of deuteron photo-
disintegration ( ¥ + d 2 n +p). The observation, and
determination of the the cross section, of neutron-capture at
medium energies can, therefore, be used to check the theory of

detailed balance, This theory will be outlined in section (1.3).



Besides being a check on the theory of detailed balance,
the observation of the neut?on-capture reaction has a particular
significance in the more general investigation of the two
neucleon interaction, Its observation is a first step towards
an experiment that may be of considerable importance in this
investigation, In order to show this, the next section will be
devoted to a short description of the state of theory and

experiments on the two nucleon interaction,

Following the section on the two nucleon interaction, will
be given an outline of detailed balance, that has alreédy been
referred to. A few points will then be made on the theory of
the nedtron-capfure reaction followed by a section in which the
kinematies of the reaction are calculated. The kinematic
properties of the reaction calculated in this section will be used
in later chapters when the appearance and identification of the

capture events are discussed,

The reasons for choosing this experiment, and the choice

of beam and energy will be left to the next chapter,

The symbols n and p will be used to signify neutron and
proton respectively. When the energy of a reaction is referred
to it will be the laboratory kinetic energy of the bombarding

particle unless stated otherwise,
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l.2 TWO NUCLEON INTERACTIONS.

In this section a brief outline of the present state of
the theory of the two nucleon interaction will be given, The
object is to give the reason for particular interest in observing
the neutron-capture reaction, even if the accuracy, and immediate
theoretical interest in the total cross section obtained, is
small, A slightly more detailed account of the theory of

neutron-capture itself will be left till section 1.4,

Yukawa suggested in 1935 that the interaction between any
two nucleons was due to the exchange of particles with mass about
300 electron masses. Later the pion (7T meson) was discovered
with a suitable mass and the required strong muclear interaction.
Since that time it has been generally believed that nuclear |
interactions are due tc the exchange of these TF mesons, with
perhaps some slight effects from the exchange of other more

massive mesons at very short ranges.

When the two nucleons are sufficiently far apart the
probability of more than one pion being exchanged at a time is
small, The effect of such a single pion exchange on the
interaction can then be calculated, and applied to predict certain
parts, or aspects, of the twc nucleon interaction, For instance,
Chew has predicted that certain n-p and p-p differential

scattering cross sections, if extrapolated to small imaginary
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negative angles should give the corresponding T] -=nucleon
.coupling constants (Chew, U.,C.R.L. Report number 8283), If a
phenomenological model of a two mucleon interaction is
constructed then rion theory can be used to predict the long

range part of that model.

A simple form of phenomenological model of a two nucleon
interaction is that of a potential that may be depegﬁiif on the
distance between the two nucleons (r ), their uotopk:(gf), spins
(gj), and momentum (g). It is only possible to construct such
a potential from all possible experimental results if certain
assumptions are made. If, for instance, the potential is
assumed to have rofétion, parity, time, and charge Ivariance
and if it is not a function of any power of P then it has been
shown by Eisenbud and Wigner that the potential must be some

linear combination of the following potentials, or the same

potentials multiplied by (*z: . t‘z):

V, = VI(¥) A
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It is naturally simpler to assume that the latter terms V3 and

V4, in the sum, are negligible, and this was at first assumed.

On the basis then of potentials of the form of V. and VZ' which

1
are 'central' potentials, it was found possible to give reasonable
fits to all scattering data up to 10 MeV. The ground state of
the deuteron, the only two nucleon bound state, was predicted to
be 381 and found to be substantially so, Certain other data,
such as that from photo-disintegration (¥ + d-=n + 4), was also

fitted up to 10 MeV,

Cne consequence of assuming the potential to be only centrzal
is that there should be no polarization effects in nucleon-nucleon
scattering. There is, in fact, found to be negligible
polarization at energies below 10 MeV, but at higher energies
such as 40 MeV it becomes considerable. To fit this polarization
the tensor potential (V3) has to be included, Radio frequency
spectroscopy has shown that the deuteron is not a pure 381 state,

but has an admixture of about 5% 3D To explain this, also,

1*
a non-central potential has to be included,

In order to fit nucleon-nucleon scattering data up to 300
MeV it is maintained that both the spin-orbit potential V4 and
the tensor potential VB’ have to be included. Thus, all four
of the above possible potentizls have to be consideredland the
functions V(r) chosen, either purely phenomenologically, or with

the help of pion theory, to fit the data, The theory of single
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pion exchange gives the form of the central and tensor potentials

for large (r), but leaves the form of the rest of these
potentiale , and the whole of the spin-orbit potential, to
phenomenological choice. Since there are eight potentials,

it is not easy to guess forms of them that will fit the data.
Some help is provided, however, by first obtaining a phase shift
analysis of nucleon-nucleon scattering, and then observing what
particular characteristics of the potential are needed to obtain

certain of the phase shifts.

A pvhase shift analysis consists, in principle, of giving
the amplitudes of all the quantised waves scattered from one
nucleon by a plane wave representing the other nucleon. Each
phase shift represents the amplitude of one particular state of
the outgoing wave. Only when the results of a sufficient
number of experiments at a given energy, are available, is it
possible to perform a phase shift analysis at that energy.
These experiments may not only include scattering, but can also
include photo-disintegration, electron-deuteron scattering, and

the reaction (p +n = 1T + d).

As a result of the considerations outlined above, two
sets of potentials have been derived, both of which give
reasonable fits to all known data. That of Gammel and Thaler
(GT) is entirely phenomenological, while that of Signell and

Marshak (8M) is partly based on pion theory. They ere similar,
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but not identical, both in form and in their predictions of
certain unmeasured data. In particular, their predictions
differ as to the results of the following experiments:

(a) Certain 'triple scattering' experiments; in which
the polarization of a particle scattered from a bean, already
polarized by a first scottering, is determined by the assynmetry
in a third scattering.

(b)  An experiment to determine the polarization of
phpto-disintegration ( 8'+ d -2 n + p) or its converse (n + p-2)¥+d
The cross sections and polarization of these two reactions are

related by the theory of detailed balance (see section 1.3).

The results of these experiments are 'sensitive' to the
details of the nuclear interaction and are of particular interest.
Of the two experiments mentioned above only the former is being
performed at present. The possibilities of performing the

latter, are, therefore, of importance.,

To measure the polarization of photo-disintegration,
either a polarized photon beam, or nuclear aligned deuterium is
required, Neither of these is at present available. The
neutron-capture process (n + p-) ¥ + d) has not previously been
observed at =211 at medium energies. This is.because its total
cross section is small compered with n~p scattering
(n+p=-n+p) (1/10,000), There is, however, no difficulty

in obtaining polarized neutron beams; and if the reaction can
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be observed, there is no fundamental reason why its polarization
should not be measured. The first step is, clearly, to observe
the reaction and attempt to measure its total cross section.

It is this first step that has been attempted in the present
work, The total cross section measured can be checked against
the corresponding photo-disintegration cross section, with the
aid of the theory of detailed balance, alternatively the
experimental results may be regarded as a check on the validity
of the theory, This theory of detailed balance will be outlined

in the next section.
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1.3 DETAILED BALANCE,

One of the objects of the experiment was to measure the
total neutron~capture cross section at a medium energy of about
50 MeV, If the validity of the theory of detailed balance is
assumed, then this cross section may be calculated from the total
photo~-disintégration cross section at a corresponding energy.
Photo~disintegration cross sections have been measured in the
appropriate energy range by a nuumber of workers (see section 1.5).
The capture cross section at 50 MeV calculated from their results
has a far higher accuracy than that determined from the present
experiment, If the theory of detailed balance is assumed,
therefore, the present determination cannot be regarded as a
useful contribution to knowledge, It can, however, be regarded
as a check on the validity, and applicability, of the theory of
detailed balance in this case. A brief outline will now be

given of this theory.

The theorem of detailed balance is not universally valid.
It can, however, be shown to apply in first order perturbation
theory, when time reversal is assunmed., The condition that first
order perturbation theory should be applicable is that the
interaction be ‘'weak'. Since neutron-capture is fundamentally
an electromagnetic interaction and the coupling constant between
radiation and matter is weazk, the use of perturbation theory is

justified. For simplicity it will be assumed that the
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interaction takes place in a fixed volume U with infinite
potential boundaries. The result will be independent of this
volume which can be allowed to go to the limit U-Y&x, thus
approximating free space. Consider, that in the box there are
either two particles A' and B' travelling with egqual and opposite
momenta but not interacting, or two different particles A" and
B", also not interacting. Let a stationary 'plane wave' state
representing particles A' and B' be 2 CW’ :} and those
representing A" and B" be 361” t) 5 and let both of these states

be eigenslates of the same -free particle Hamiltonion E. Thus

Elt> = E—"l“’> » y
¢ ” . 1.3/1
Clr><> = Bl

In order Fochlculate the approximate probability of a transition
between stétes Ic4'> and )e{ > , an interaction between
particles A' and B' is considered which introduces a small
interaction Hamiltonion, V. Let the initial state at t = O,

/ )
under the Hamiltonion H = (E + V) be ‘0{ > .  Due to V this

will not be a stationary state. Let the state at time t be
/
C
() > = T (1) ">
then T must satisfy the equation

{,ﬁ\ __%I, = (E + V) T 1.3/2
ot
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I/4
The probability of the system being the state ‘0( )at time t

will be

o’y = KT l«D]? . s

11 V& E, then equation (2) can be solved approximately to give

(Dirac 4th ed. p. 174)
t 2
Py = 1, ! / | VL) <) dt ) 1.3/k
(o]

e - ers) v erl )

Further, if V is independent of time (Dirac p. 178)

o = 35 [Vl (155T)

3C2

"N oL R
where x = .(_E_______E_"__lt .

h
/- ,,( 119 S
Consider now the probability, P (0( g LX E) n,,of the
” 4
transition into all possible states Io( (E, 0) that give
particle A" in solid angle 5.(1 . Where the number of such
states in the energy angle, interval 5E é..(). is ?(E,B)((E !-Q ’
and © is the centre of mass angle between one particle of state

lo(’> and one of state ‘°<”> .

l - cos %

2
X

probability will be small for 2ll transitions but those with E"

Due to the term in equation 1.3/5 the

v, , ’
£ E', If the matrix element <0( (E;O)‘V}‘X) does not vary too
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rapidly with E", for fixed ©; and if the volume U, and thus the

nunber of states is large, then

E"—: @0
{a
P S (E 0N 80z 2f(E BV or"] G ajéﬂf (e JE

) E=0" "S/Z
=2 G elvlo)| ete8)en £ Totosx g

o2
!
The integral is known to have the value T . It is seen that
the probability of a transition is proportional to t. Thus the

probability of a transition per unit time, per unit solid angle, is:

w .rx')Zo{'(E;O)) = %,,TT 5 <J(9)lv’°<l>r e (E”, 8) 1.3/7

Consider now g (E", @) the density of states per unit energy
interval dE" and solid angle E.Jfl . E" is the total erergy of
the state ’Ofll:> and thus the sum of the energies of A" and B".
Since the initial state was defined to represent particles with
equal and opposite momenta (centre of mass system), the final
state will also represent pasticles A" and B" with equal and
opposite momenta. Thus the state of one final particle (e.g. A")
will define the state of the other (B"). The number of momentunm

states of particle A", (an,,) in a momentum interval dp,,

AH
and solid angle 5_{1 , in a volume U, from a consideration of
possible stationary weves is givon by
dnw = A4 TT v c“)Sz F;{, AIFA//’ 1.5/7
(2TR) 4w
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This number of states is also the number of
manentun states of the whole fimal system. To obtain the total nmumber of
final states the number of spin states of each final particle

must also be included, Then

2 4 Y
sles) = @5 N2Sg ) (x’rrhf i cléf/::'la)
Relativistically:
dE(A,, g ° Y dpy + vs”dl’a”
= | Uyr —‘l_fB.,, c"Pﬂ'[
elE}0) s NaSgr)_u__ s
avh)® Uy -vg) 1.5/8

The differential cross section for the transition’c&'>'~?iCK”>
is defined in terms of the probability of a transition by

P’ st0) $§1 =My U Yo 0 (=X (o) 0 1.0

wheretqy, andtnB, are the particle densities in space, U is
1

the volume considered, and ViR the relative velocity between
the two initial particles. Since the states have been normalized
to represent single particlesm

an :mB‘ = l/U s using the
equations 1.3/7, 8 and 9
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o (xe0) = £ Ay

o |
(28028 ) (Pac) 1.3/10
,yﬁ\" - UB"' y/\' B’

If the states 'C(l> and ‘CK”> had been normalized to give unit
density in space of one particle (A') interacting with the
single other particle (B') then 7% will not appear in this

equation, The volume U may then be taken to infinity without

complication.

” 7/
Consider now the reverse interaction G'(°< °< (@))_

The angle O between initial and final states will remain the same.

g x"(e) . K“‘("l\/"(‘)‘z ("S;-iﬂ)(ZSB”) (F}\)l |ug - Ugl Uy 1.3/
oweto)  IIV]o) @5eas ) B) Tug-vg g

If either particle A' or B' and A" or B" are non-relativistic
then

NON B'\ = | Uy - Up']
1.3/12
s« [Uy - Uyl

If V is real which implies invariance under time reversal then

K vy = [V = |etvacy 27
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Using equations 1,3/11, 12 and 13,

2
g ooy (28028 P 1.3/14
L) (255N 2Sg+D) Pt

This is the required formula for detailed balance. A
modification to it is, however, required if any one of the
particles A', B', A", B", is a photon. If, for instance, B"

is a photon then although its spin is 1 the number of spin states
it can take is only 2. Thus instead of (28;, + 1) must be

written 2.

In the particular casé of neutron-capture and photo-
disintegration
n+p @ d + ¥

S, = 12, Sp = %, S4 = 1, and equation 1.3/14 becomes, assuming

the deuteron to be non-relativistic

°°PG(Q'E”) = 2 B2 1.3/15

d,SG'(Q'Eh) -2- Pna

= photon momentun, p, = centre of mass momentum of

Where
Py

neutron or proton, ® = angle between the same two particles, one

before and one after the interaction, both in the centre of mass

systen,

tnvariance under time reversal, the approximatiorsin first
. ]
order perturbation theory, and the non-relativistic Schrodinger

equation have been assunmed, The validity of the latter two
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assumptions is well confirmed by experiment. Time reversal

ie also confirmed by experiment, though less precisely.

The validity of this theory of detailed balance will be
assumed in the next section, while the theory of neutron-

capture is discussed.
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1.4 NEUTRON CAPTURE THEORY.

In this section a few points in the theory of radiative
transitions will be mentioned, These will be applied to
neutron-capture and thus the approximate angular distribution
of the emitted photon derived. The present state of the theory
and experiments on photo-disintegration will then be given. In
this discussion, the results of detailed balance, that link
neutron-capture and photo-disintegration, will be assumed. When
referring to the energy of either process it will be the

laboratory neutron energy which will be implied.

It is convenient to distinguish processes that can emit
radiation by the momentum of the photon emitted and the change

in parity that accompany its emission.

'Electric multipole radiation' of order (e , m) is then
defined to have angular momentum M, component of angular
momentum m, and to give a change in parity (-1) ., It is called
'electric' because its emission probability may be related to
changes in the distribution of charge during the process. Magnetic
multipole radiation is Bimilarly defined but gives a parity change
—(—1)2. Its emission probability may be related to changes in
the distribution of electric currents. Now it thay be shown

(Blett and Weisskopf, chapter XII) that other things being equal:

(a) transitions involving higher angular momenta (¢ ) have mueh
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smaller probabilitieg of occurring, and (b) that for the same
€ y, magnetic multipole radiation is less intense than electrie
multipole radiation, Since there can be no radiation with

e = 0, the most probable radiations are electric and magnetic

dipole (€ = 1) radiations.

These brief considerations of multipole radiation can now
be applied to the radiation emitted when a neutron and proton
pass from an unbound to a bound state. This is the process of

neutron-capture (n + p= ¥ + d),

At sufficiently low energies the initial state must be
pure S wave, with parity +1. It is known that the deuteron is
also in an S state with parity +1. Thus, the change of parity
with emission of the radiation is +1, and the radiation can be
electric multipole with angular momentum g 22, - . or
mognetic multipole with é7= 1 e Since the emission of
photone with higher angular momenta are much less probable the

radiation is expected to be magnetic dipole (( =1).

At higher energies, however, there is sufficient contribution

from P initial states, with parity -~ 1, to allow the stronger
electric dipole emission with (f = 1, parity = -1) to take place.
At energies above about 5 MeV this radiation is found to be much
stronger than the magnetic dipole radiation, which has, in fact,

become negligible, It may be shown that the angular distribution
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of this electric dipole radiation is (Blstt and Weisskopf p.610):

capo‘(my,{) o< sin® 1.4/1

where Y is the angle between the emitted photon and the initial

neutron directions.

Since the agreement of theory and experiment is now to be
discussed, photo~disintegration rather than neutron-capture,
will be considered. As ip generally true of nuclear interactions
the photo-disintegration cross sections can be fitted with theory
assuming a central nucleon potential, for all energies up to
about 10 MeV, At higher energies the angular distribution
diverges from a pure sinakp dependence rather faster than is
Predicted from a consideration of higher order radiation, The
angular distributions at energies up to 200 MeV have, however,
been fitted reasonably well assuming the SM potential (de Swart

and Marshaky 1958, Phys. Rev, 111, 272)

The polarization of neutron~capture is found to be even
more sensitive to the nuclear theory used than the differential

cross section,

Several widely differing predictions of the polarization
were given at the 'University College Conference on the few

nucleon problem' held in the summer of 1959.

In the last section of this chapter the kinematics of the

neutron-capture process will be calculated.
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1.5 NEUTRON CAPTURE KINEMATICS.

l.5.1 General.

As has been stated, the neutron~capture reaction was
produced by bombarding protons in the liquid hydrogen of the
bubble chamber, with a neutron beam produced from the Harwell
cjclotron. The production of the reutron beam will be discussed
in section 2.4. Consider the interaction of 2 single neutron

of kinetic energy E, with a proton in the liquid, Let the

i
direction of the deuteron produced meke an angle © with initial

neutron direction, and the direction of the photon on angle QJ .

initial

Only the deuteron will leave a track in the cheamberj; but, if

the neutron beam direction is known, the angle O® may be measured,

Pirst, the relations between the particle energies, angles
and track lengths will be calculated. The expected angular
distribution of the deuteron tracks will then be derived.
Finally the total cross sections for neutron-capture will be

calculzted from the photo~-disintegration cross sections measured
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by other workers,

1.5.2 Angle and Energy relations.

In the following calculations the momentum of the proton
and neutron in the deuteron will be ignored. This is Jjustified,
due to the small deuteron binding energy (B = 2.23 MeV) compared
with the laboratory energies considered: (approximately 50 MeV).
Relativistlic corrections will also be ignored, since the maximum
neutron energy used in the experiment were 60 MeV, being 1/15
cf the rest energy. In the laboratory system, let:

Ei be the initial neutron kinetic energy,
Ed be the deuteron kinetic energy,

;Ex be the photon energy,

B be the deuteron binding energy,

M Dbe the neutron rest energy,

n

Md = ZMn,

By ccnsideration of energy and momentum:

be the deuteron rest energy.

Ei = Eg + Ed + B

[(2ME) = /(2ME,) cos @ + Ey cosy 1.5/1

Now E, <4 My Ex « M,; and if it is further assumed that
Q¢ TT/2, which will be justified below; then
By = B . | 1.5/2

2



99

Ei
Ed = = 1.5/3
2
By conservation of momentum:
EX sin W = /(aMdEd) sin ©
E A
CIEY sin_l{ g = G(Ei) 1.5/4
4
\(ZMdEd)I
Ll
where @(Ei) is defined by this equation, Then
el
sin © = siny ., sin @(Ei) 1.5/5
A 1 4B
sin ©(E,) =f—me (BE. = 4B 4+ ==
* 81 + E
n i
If B KX
1.5/6

In the experiment performed the maximum energy (Ei) was 60 MeV,

With M = 932 MeV, and using equations 1.5/6 and 1.5/k

A A
- . r=el© /
& g o(E;) § ©0(60 MeV) = 5+4 1.5/7
The errors due to the approximations in the above calculations

are estimated at + 5%.

The maximun length (or range rd) of the deuteron in the
liquid hydrogen of density 0°058 gm/c.c. may be given by the

approximate formula:

. «548
Ed = 143 (rd)

WHERE |MeV < E4< 100 Mev. .
For comparison, the range of = proton may be given by:

MeV + 1% 1.5/8

Ep = 107 (rp).548 MeV + 1% 1.5/9

where 1 MeV < Ep < 100 MeV, These formulae have been derived
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from the data in the 'Berkeley Report No. 2426!,

o
Thus, given the range ofnneutron-capture deuteron (rd)

the initial neutron energy (Ei) may be obtained using equations

1.5/8 and 1.5/3.

1.5.3 Angular distribution of deuterons.,

The differential cross section for neutron-capture, in
terms of the angle \¢ has been given above in equation 1.4/1:

capq‘v’EL) g sinak‘/

Therefore
capTOE) o a¥ O(wED)
de
From equation (1.5)5, letting
sin @
u = y = sin\}/
sin G(Ei)

and using @ << T/2, cos 6 = 1,

2
capgl(e!Et)GC‘/ll—a y approximately.,
- u

The number of denterons in the angle interval d® is, therefore

3

n

gd(e) a6 o ae 1.5/10

[N 1.~ u2

This is plotted on graph (1.5)1 and is seen to be peaked at an

angle @ = of. . - Q(Ei).
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Using the integral

3
v _ E 1 -0 (2 ua),
—_— = - /
/

lwu 3
it may be shown that . half the deuterons have angles

greater than 0°94% ngi).

It is interesting to compare this distribution with an

isotropic one for which the number of tracks in d@ is

‘lp(@) d® o< sin © ae.
np(e) is plotted on graph (1.5)2. Of all such tracks with
A
angles less than @(Ei) only 1/15 have © greater than 0«94

whereas half of the deuterons will be found in this interval,

1.5.4 Predicted neutron~capture cross sections.

According to the thoery of detailed balance the neutron-

capture total cross section (capGUT) is givon by ( 1.3/15 )

2 .
a 3 P
c T
oF S ._g t 1.,5/11
aisU 2
n
where px = the photon maMw+wm/
and P = the centre of mass nucleon momentum,

n
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Non-relativistically:

By
IS = T
g o
;o) MhEn
n = ?
202
where ¢ = velocity of light,
thus
cap(r T (E g )2
—O-—:-—— = ———— 1-5/12
ais = T moE
3

Experimental values of total photo-disintegration cross
gections have been taken from the sources given below and plotted
on graph (1.5)3.

Halpern and Weintock, Phys. Rev, 91, 93k4.

Allen (1955), Phys. Rev, 98, 705.

Keck and Tollsrup (1956) Phys. Rev, 101, 360,

Whelin, Schrivener and Hanson (1956) Phys. Rev. 101, 377.

Using the formulae 1,5/12 ond 1.5/2, capture cross sections
have been calculated from the above photo-disintegration cross
sections oand plotted on graph (1.5)4. On graph (1.5)4% are also
plotted the ratios of total elastic scattering to total capture
cross sections, It is seen that there are relzatively fewer

capture events at lower energies,
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CHAPTER 2

THE EXPLERIMENT,

2.1 THE CHOICE OF EXPERIMENT,

The liguid hydrogen bubble chamber, described in part I,
was first operated in December, 1957, at Imperial College, London.
‘It was then taken to Harwell in the summer of 1958 where it was
tested in the Harwell cyclotron 170 MeV proton beam. It was not
‘unﬁil the late spring of 1959 that the chamber was running well
enough to undertake & serious experiment. The choice of that
experiment will now be discussed. It is necessary, first to
mention the characteristics of the bubble chember and of the Harwell
cyclotron,

The illuminated volume of the bubble chamber is approximately
a cylinder 70 cm., dizmeter and 8¢5 cm, long. It may, in
principle, be filled with liquid deuterium or hydrogen, The
necessary egquipnment to fill it with deuterium was not, however,
ready in the spring of 1959, The experiment had, thus, to be
performed with liguid hydrogen. The chamber wes not in a magnetic
field; the momenta of the particles passing through the chambér
could not, therefore, be determined by measuring the track
curvatures.,

The Harwell cyclotron has a circulating proton beam with

energy up to 170 MeV, Trom this, polarized and unpolarized'proton
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beams of near 170 MeV, are extracted with the aid of targets in
the circulating beam, Neutron beams, polarized and unpolarized,
may also be obtained at various energies up to 170 MeV. The
wmethods of obtaining these will be discussed below in sections
2.4 and 2.5.

For the experiment, therefore, the hydrogen filled chamber
could be placed in proton or neutron beams, polarized or unpolarized.
The choice of beam was naturally influenced by the nature of the
experiments that could be performed with them. There is, however,
one general argument in favour of using a neutron, rather than
a proton beam, in a small hydrogen bubble chamber, This argument
will now be given.

Sup-ose events, such as scattering, are to be observed.

The nuuber of such events recorded in each photograph will depend
on the number of pfimary particles that have passed through the
chamber while it was sensitive. In practice one might observe
one scattering event for every 200 neutrons or protons passing
through the chamber.

If a proton beam were used, its intensity would have to be
linited so that there were not too many proton tracks in each
photograpk. It was found, that if there were more than 50 tracks
in a photograph it beczme difficult to scan and measure. Figure

(2,1)2 shows & photograph of just 50 tracks. If then, the proton
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beam is limited to give an average of 50 tracks per photograph,
there would only be about one scattering event in every four
photographs.

Consider the use of a neutron beanm; the neutrons of the
beanm would lezve no tracks. The intensity of the beam would
have to be limited only by the number of charged tracks, due to
a charged contamination in the besm, or due to the events themselves.
In prectice, the contamination was small and it was practicable
to have up to 30 events in each photograph. Thus 120 times more
neutron induced events than proton events can be recorded on the
seme length of film, with a consequent saving in both cyclotron
and scanning time.

The main disadvantage in a neutron experiment is the fact
that the initial neutron direction is not recorded on the film.
The neutron direction has to be obtained from the geometry of the
chamber and source, end related to the photographs.

If this disadvantage can be tolerated, and a neutron beam
is used, very large numbers of scattering events may be obtained,
At the same time, a few events with very small cross sections,
coupered with the scattering cross section, may be present, One
such event is neutron-capture, whose cross section at 50 MeV is
1/10,000 of the totzl scattering cross section. This event has

not previously been observed at medium energiecs. Mr, B, Rose,
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of Harwell suggested that it might be detected in the bubble
chamber, The particular interest in observing neutron-capture

lies in the possibility of extending the observation to the
polerization of neutron~capture, This polerization, as has beeq
stated in chapter 1, is of particular theoretical interest. |
/hen the experiment was planned, however, it was not certain if

it would be possible to observe neutron-capture at all. - Thus,

the information that could be obtained from observing other reactiouns
that occurred in the chamber was considered. In all cases more
information can, in principle be obtained if a polarized initial
neutron beam is used, Unfortunately the intensity and energy
spectrum of the polarized neutron beam obtainable, were inferior

to those of the unpolarized beam. The reasons for this will be
discusced in sections 2.4 and 2,5, For the moment, the information
that mey be obtained from the reactions in the chamber will be
considered for both unpolerized and polarized beams, Later, it
will be shown why an unpolarized beam was used. The neutron
interactions that may occur in the hydrogen of the chamber will

now be listed, In each case the information that may be obatined

from their observation will be briefly given.
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2.1.1 A single elastic scatter.
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A photograph showing such an event is given in figure (2,1)1.
Only the scettered proton is observed, which may or may not stop
in the chamber, If it does stop then the proton energy may be

obteined from its range Ty using the equation (1.5/11),
01548

E
B

From non-relativistic kinetic theory the energy of the initial

EKrp) £ 107 r

neutron (En) iz given by:=~
B = Ega ; | 2.1/1
cos O

where @ is the angle between neutron and proton directions.

From an observation of such events may be obtained: (a)
if the neutron beam is unpolarized: the differential scattering
cross section, n_§71QEn\nand (b) if the initial beam is polarized:
the n-p scattering nolarization (n_pP(G)).
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2.1.2 n~p, p-p, double scajtor.

1 /neutron

initial ¢ -
0 neutron

—_—— e P -t

'3 proton

4 proton

A photograph of such an evont is shown in figuro (2.1)4.
If o polarized‘neutron bocm is used, then, as woll os the results
given in scction 2.1.1, may bo obtainod two of the ttriplo scattoring!

coofficionts reforrod to in secction 1.2.

2.1.3. n-p, n-p double scattor.
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A photograph of such an oveont, in which the neutron track
(3) is vory short is shown in figure (2.1)3. If a polerizod
noutron beam is uscd, these cvonts mey give tho samoe results as

the n-p, p-p doublo scattor roferrod to above.
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2.,1.4 Neutron-capture.
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A pair of stereo-photogravhs of what is probably an example
of this event is shown in figure (2.1)5. Only the deuteron giv¢§
a track, which makes a small angle O with the initial neutron
direction. In the stereo-photogrophs, this small angle is shown
by the fact thst the two track images are nearly parallel, and |
in line with the projected neutron direction,

If the deuteron stops in the chamber then the deuteron
energy (Ed) and initisz]l noutron energy (Ei) may>be obtained from
the deuteron range (rd) in ems., using the following equations
derived in chapter 1: the equation numbers given in brackets are

those of chapter 1,

Ed 143 (rd)'548 MeV (1.5/8)

LY

2 By (1.5/3)

ojis.

B,
i

The angle © between deuteron and neutron directions has been

shown to sutisfy the condition:

o ¢ % (&) (1.5/4)
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-~ E.
where 2 (Ei) = \//..._._&....7 (1.5)6)
8Mn

and Mn is the rest energy of the neutron in MeV. From the
observation of such events using an unpolarized beam, may be
obtained the total cross section for the reaction. If a polarized
neutron beam is used then information may be obtained about the

polarizetion of the reaction, This has been discussed in sectiop

l L J 4'
2a1e5 Radiative Scattering.
photon#l
s \ ~ Houtron
initial q - -

neutron - -

roton

Only the proton will be seen. The cross section for this
reactlion is negligible compared with the scattering cross section.
It will be ignored for the present, but considered again in

goction 4.5 .

Of the interactions listed above, all are of interest.
In chapter 1 it has been shown how results from the double
scattering events (2.1.2 and 2.1.3), and neutron-capture (2.1.%4),

are of particular theoretical interest. It was decided to perform
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a neutron experiment with the aim of exploring the possibilities
of observing the events listed above. In particular it was
hoped to observe the neutron-capture reaction at a medium energy.
It will be shown later (2.3) that the identification of
the neutron-~capture reaction dependeq on having a well peaked
neutron spectrum. It will also be shown (2.4 and 2,5) that for
a given neutron intensity in the chamber a far more peaked neutron
energy spectrum could be obtained with unpolarized than polarized
neutrons. See figures (2.6)2 and (2.6)3. In practice this
meant that a choice had to be made between:=- (1) using a polarized
beam and being unable to observe the neutron-capture reaction; or
(2) using an unpolarized beam and being uhable to measure the n-p
scattering polarization and triple scattering coefficients.
The determination of triple scattering coefficients did not
in any case appear practicable, due to the very small (1%)
asymmetries thzt would have to be observed. The n~p scattering
polarization has been determined before and is being determined
by the 'time of flight' group at Harwell, It thus appeared
sensible to concentrate on a determination of the neutron-capture
total cross section, which has not previously been measured,
For this purpose it was decided to use an unpolarized neutron beam.
Unpolarized neutron beams could be obtained from the

cyclotron with most peak neutron energies between 170 and 50 MeV,
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The considerations leading to the choice of a particular energy
will now be given,

The bubble chamber used had no magnetic field, and the
momentum of a particle in the chamber could not be obtained from
its track curvature, The momentum of a particle is related to
its ionization, but it was found impracticable to obtain the
ionization of a particle from the bubble density of its track.

It was also impracticable to determine the momentum of particles
from the coulomb scattering of their tracks, The only method

of determining the momentum ox energy of a particle in the chamber
was to measure its range. If the energy of certain particles

are required, then only those, whose tracks lie within the chamber,
can be considered, In order that there be a reasonable probability
that the particle tracks lie within the chamber, the track lengths
must be small compéred with the chamber dimensions. |

If neutron-capture deuterons are to be ideﬁtified, their
energy will certainly be required. If their range is greater
than four cms,.,, the probability of their tracks lying within the
chamber will be shown in section 4.4.2 to be less than 30%.
Using the equations quoted above in cection (2.1.4) the energy
of a deuteron having a four cm, track is found to be 30 MeV. The
energy of the initial neutron producing this deuteron is then
60 MeV, It was decided, therefore, that the maximum neutron

beam energy should be 60 MeV,
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From graph (1.5)1 it was seen that there were relatively
more neutron-capture events, to neutron-scattering events, at
higher energies, The neutron-capture polarization is expected
to be larger at larger energies, and the theoretical interest in
neutron-capture is also greater at higher energies. A beam was
therefore required with a maximum energy of 60 MeV, whose spectrum
peak was as near this maximum as possible, The chosen experiment

nay now be summarized:

An unpolarized neutron beam with maximum energy of 60 MeV
would be used,

The possible events, listed above (2.1.1 - 2.1.4) should,
where possible, be identified, and the following results obtainedj-

(1) The n~p differential cross section, to be regarded |
as a check on the experiment.

(2) The neutron-capturé total cross section.

(3) The energy spectrum of the neutron beam. This will
be needed for (2).

From the results it was hoped to be able to study the
possibility of measuring neutron-capture polarization by this or
other methods,

The identification of the listed events will be considered

in the next section.
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2.2 IDENTIFICATION OF THE EVENTS,

The possible events that may occur in the chamber have
been listed above (2,1.1 - 2.1.5). Let tracks in the chamber
due to the main neutron beam be classified in the same five
categories, A sixth category may be considered in which tracks,
not due to the main neutron beam, are classified. These will be
known as 'spurious tracks', and will be due to either neutrons or
protons entering the chamber in directions other than that of the

beam, The identification of the events will be considered in turn.

2.2.1 A single n-p elastic scatter,

Most tracks that have their left hand end (that end nearest
the neutron source) inside the chamber will be due to n-p SCatter}ng
from the beam, The distribution of spurious and other tracks caﬂ
be estimated and subtracted from the distribution of all such

tracks.

2.2.2 n-p, p-p double scatter (see section 2.1.2).

This is identified if it satisfies the following conditions:-
(a) The angle between the two second scattered proton
tracks (3 and 4) nust be 77/2;

(b) The energies of the two second scattered protons must
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be consistent with the angles;
(¢} The calculated initial neutron energy must be less

than 70 MeV,

2.2,3 n-p, n-p double scatter (see section 2.1.3).

This is identified if it satisfies the following conditions: -

(a) The angle between the first scattered proton and
neutron tracks (1 and 2) must be T7/2;

(v) The first scattersd proton and neutron directions
must be coplanar with the initial neutron direction;

(¢) The energies of the two proton tracks, calculated from
their ranges, must be consistent with the ahgles;

(a) The calculated initial neutron energy nust be less

than 70 MeV,

2.2.k Neutron~capture,.

The properties of neutron-capture events have been derived
in section 1.5 and certain results have been quoted in section
2,1.4, Using equations 1.5/8 and 1.5/3, it can be shown that
the ranges (rd) of neutron-capture deutcrons from the neutron
beam with 2 maximum energy of 60 MeV must be

r. < 40 cn.

d
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Similarly from (1,5/4) and (1.5/6)

o
®. == el_(Ei)

i

n —_ o
8, (E,) = Sebe

The number of deuterons might be distinguished from the

nunber of neutron-scattered protons by the following methods.

(a) ? Consider a proton scattered in the forward 50 whose
energy is such that its range is 4 cm, The initial neutron
will have been scattered through 850 and can be shown to have
a final energy of about 1.7 MeV. The cross section of such a
slow neutron is high and the probability that it will scatter
égain in the chamber is about 95%. The 'knock on' proton from
such a second scatter will have an energy less than 1¢7 MeV and
its 'track' will conslst of a single bubble,. If such a bubble
could be observed, then the event would be ildentified as neutron-
scattering, and not neutron-capture. Unfortunately, short bubble
growth time, to reduce distortion; and multilple exposures (see
section 2,6), had to be used, Under these conditions the
photographs were as in figure (2.1)5. In such photographs it
proved not nossible to identify single bubbles from amongst the

background. The method was not successful.

(b) The ionization produced by a deuteron is known to be
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ebout 30% higher than that due to a proton of the szame range. In
principle, the lonization of a particle is related to the bubble
density of the track is produces. From this bubdble density and
the range of a track, it might be possible to identify : : if it
were a deuteron. In the bubble chamber used, it was found
impossible satisfactorily to relate the bubble density of a track

with its ionization. The method was not, therefore, possible,

(¢) The coulomb scattering of a particle together with
its range will also distinguish whether it is a deuteron or proton.
Rough measurements by Dr. Tallini of the apparent scattering of
proton tracks of known energy, gave results in excess of the
calculated coulomb scattering. This could have been due to
distortions resulting from the flow of the ligquid in the chamber
or variations in the liquid refractive index. The method was

abandoned.

(a) Three possible methods of distinguishing a neutron-
capture deuteron from a neutron-scattered proton have been given
above, All three have been rejected as impracticable. Consider,
now, if the number of neutron-capture deuterons can be estimated

without identifying the individual tracks.

All the deuteron tracks have ranges less than four cm. and

’ N
angles © less than é(Ei), where G(Ei) is a function of the track
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energy and thus of its range. These limits will be referred to
as the 'deuteron limits' (DL).

The number of tracks from all causes, but neutron~capture,
inside these linmits (qp(DL))’ nay be estimated from the distribution
of tracks outside these limits. All that heed be assumed is that
no track producing process, other than neutron-capture, will give
a rapid change in the number of tracks per unit solid angle, between
angles above and below 8£QL If, from the observed number of tracks
within the deuteron limits, (g (DL)) the estimated number of
non~neutrou~capture tracks (qp(DL)) is subtracted, then an estimate

of the number of neutrocn~-capture deuterons (qd) is left,

9% % 9 (pL) T 9(DL)

Let the ratio of the number of non-deuteron tracks within the

deuteron limits to the number of deuterons be :
x = Jp(on) 2.2/1
94

If the error in estimating the expected number of non-neutron-
capture events is negligible, then the fractional statistical

error in determining the neutron-capture cross section is

K Vi = 1 JTAX 2.2
a

¢a PO— q d JT

If the deuterons had been individually identified then the error
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would have been:
1

Jag

It is seen that the error introduced by the proposed method is

greater than this by the factor JPI-:TQT. Clearly, a condition
for the success of the method is that o be not large; that is,
that the number of non-neutron-capturc tracks within the deuteron
limit be not large compared with the number of deuterons. This
condition will be shown in the next section to require that the

low energy tail of the neutron energy spectrum be small,

Ir. order to obtain the capiure cross sections, the neutron
intensity, as well as the number of dsuterons will be required.
It will zlso be desirable to know the energy spectrum of these
neutrons. The method of obtaining the intensity and spectrum
of the initial neutrons, as well as a nore detailed account, of
the estimation of the nuniber of deuterons, will be given below in

section (4.4 ).

This last method of obtaining the total éapture cross section
has a number of advantages over the other threé rierthods outlined,
It requires only the measurcuent of track angles, which are easy
and rapid to measure compared with curvature, bubble density and
scattering. The method is general, in that it could be used in

a counter experiment, The method also seems less subject to
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experimental bias than the former three methods. If the spectrunm
condition is satisfied and K is not large then the errors
introduced in the neutron-capture cross section are little larger
than if the events were identified. The accuracy of the method
is then dependent largely on the number of events recorded and

thus on the number of photographs taken and scanned.

2.2.5 Radiative scattering.

As stated in section 2.1.5, this reaction will, for the

moment, be ignored, It will be considered again in soction 4.5

2.2.6 Spurious tracks.

If certain large angle (©) tracks are assumed to be due to
protons scattered by neutrons in the beam; and if, on this
assunption the initial neutron energy En is calculated, then it
is found that En>) 70 MeV, Since there are certainly no neutrons
in the beam with energies En)7 70 MeV, the assumption that the
tracks are due to protons scattered by the beam nust be false,

Such tracks must be due to neutrons not in the beam, and can be
classed as spurious tracks, Fronm such unequivocably idéntified
large angle spurious tracks, a distribution of spurious tracks

over all angles may be estimated. This is done in section (4.2.4).

These methods of identification will be referred to again



when the measurement and reconstruction are discussed in chapter
3 and when the results are discussed in chapter 4. One reason
for giving them here, is in order to derive the neutron energy
spectrum condition for the determination of the neutron~capture
cross section. This condition will be further dealt with in the

following section,
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2.3 NEUTRON ENERGY SPECTRUM REQUIREMENT.

It has been shown in section 2.2.4 that in order to identify
the neutron-capture reaction a certain condition must be satisfied.
It was shown that all deuterons produced from neutrons with energies
less than 60 MeV have their tracks within certain ‘deuteron linits'
of range and angle. These deuteron limits are:- (a) that the
range of the track be

g < 4.0 cn.
(p) that the rnzle of the track with the neutron direction be
A
o < o(B;) < 5°4°

The condition that must be satisfied is that the number of
non-neutron~capture tracks within these 'deuteron linmits' (qp(DL)?
be not large compared with the numbér of deuterons (qd), that is
that
Q—E——-——?(DL) = }? 1. 2.3/1

4 .

The o in this condition, may be related to the initial neutron
energy spectrum, In order to simplify the derivation of this
relation, the deuteron limits will be approxinated to

¥ < 4% cm., and 8 < 5° 2.3/2
Here (5°) is a mean of the values oflg(Ei), where Ei varies over
the initial neutron spectrum n(Ei). Since © does not change

much over the possible values of r this approximetion will make
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little difference to the spectrum requirement derived.

Most of the non-neutron~capture tracks will be due to
neutron-scattered protons. Consider the number of neutron-
scattered protons within the approximate deuteron limits (ADL)
given above, The proton energy (EP) giving a four cm, track is
22*5 MeV. The neutron energy (En) giving a scattered proton of

22+5 MeV is given by:

E, = Ep/cosae 2.,3/3

and if @ is snall, E_ < EP = 225 MeV, Thus the condition that
the track length be less than four ¢m, requires an initial neutron

energy less than 22+5 MeV,

At energies of 22¢5 MeV and below the neutron-scattered
protons are approximately isotropic. Let q(En)dEn be defined
as the number of neutron-scattered protons from neutron energies
of En to En #—dEn. The number of neutron-scattered protons in

the 'approxinate deuteron limits! given above is thent!-
12:§ Mev

a(E) dE, 2.3/4

.

g
p(ADL) * 4,

(]
The factor 1/130 is due to the small solid angle below 5°.

The number of deuterons will be approximately
capJE;)

ao(E_) dE 2.3/5
Il=P G;(En)

n n

[Te]
[»3
. |je

wherecaPag(El,is the total capture cross section, andwéxﬁfn)is

the n-p scattering cross section, both at the mean neutron



129

spectrum energy of about 50 MeV, Thus the ratio of the number

of protons to deuterons within the approximate deuteron limits

(X)) is given by:~ 226 MeV
X = Sp(apn) = 1/13OAZZKQ(En) Ay 2.3/6
—e
94 G® gz ) aE_
M—PG..T(EI)'O
For convenience, let:
22.5 MY
' E
oo [bq(En) B, 2.3/7
J( q(En) dE
d
n-éT&/capo—T has been calculated and plotted on graph (1.5)1.

At 50 MeV, the mean spectrum energy, it is seen to be 10,000,
Substituting this into equation 2.3/6 and using 2.3/7

X =280, /8 2.3/8
Now the condition for the success of the neutron-capture
determination is that ¢ be not lafge, or that:

808 j? 1 2.3/9
This expresses the condition in terms oi‘i? y which is defined
5y the spectrum of neutron-scattered protons (q(En)), where
)3 is the ratio of the number of neutron-~scattered protons, from
neutrons below 22¢5 MeV, to the total number of neutron-~scattered
protons. The spectrum of these protons q(En) is related to the

neutron spectrunm (n(En)) by:

(E.) n(E)).

q(En)oC n-p(rT n n
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Thus the condition has been related to a requirenent of the

initial nsutron spectrum, as required.

Before discussing the attainment of this requirement, in
section 2,6, the method of obtaining the neutron beam must first

be described. This will be done in the following two sections.
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2.4 THE PRODUCTION OF A NEUTRON BEAM,

In the vacuum case of a cyclotron there is a circulating
proton beamn, Neutrons can be produced by allowing the protons

to make nuclear interactions in a target material.

AL few details of the cyclotron must first be given. Methods
of bringing the protons into a target will then be discussed with
particular reference to the neutron spectrum that:will be
produced. A discussion of the nuclear interactions in the target

material will be left to the next section (2.5).

The cyclotron vacuum tank includes the space between the
horizontal facus of the magnet poles, each 110" diameter and about
10" apart, In this gap the proton beam consists of a bunch of
particles rotating about the vertical axis of the magnet poles,
and spiralling slowly outward. Individual protons perfeorm
oscillations about a common equilibrium orbit and thus give the
bunch a cross section of about 2" diameter. The mean radius
of the bunch increases by about 0¢0025" per revolution, as the
energy of the protons in the bunch is increased by the radio
frequency accelerating field, This radius is plotted against
proton energy on graph (2.4)1. In order to focus the beam, the
magnetic field falls as the radius increases, As a consequence
of this the period of rotation of the protons fallé as the radius

of their orbit inereases. This necessitates a fall in the
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accelerating radio freguency as the proton energy -and radius of
orbit increases, For a given frequency, only particles with

the corresponding period of rotation will be accelerated. For
this period of rotation they must have a particular nmean radius,
and thus energy. The energy of the protons is, therefore, closely
related to both the radio frequency and the mean radius of the
proton orbit, Due to the radial oscillations, the energy is not
‘80 closely related to the actual radius of a proton orbit at any

given tinme,

If protons in the circulating bunch enter a target, then
nuclear interactions may occur that produce neutrons. These

neutrons mey have esnergies up to that of the protoans.

There are two different methods by which the protons in the
¢irculating bunch in the Harwell cyclotron may be brought into a

target,

The first and preferable method, is that used by the 'time
of flight! group at Harwell, in which the beam is electrostatically
deflected on to the target during one revolution of the particles.
The protons incident on the target are then effectively
monoenergetic, It was not, unfortunately, possible to use this

method for technical reasons.

In the second and simpler method, a target is placed in the

plane of the circulating bunch at a certain radius. As the
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energy of the protons increases so the mean radius of the bunch
increases until it is 'peeled off' on the target. All the
protons will, eventually, enter the target even if the target
height is much less than the vertical spfead of the bean, This
is because the vertical oscillation of the individual protons are

not in phase with their rotations in the vacuum tank.

The neutron spectrum produced by this method is worse than
that produced by deflecting the beam on to the target for two
reasons:-

(1)  As has been stated, the energy of the protons are
closely related to the mean radius of the particle orbit, At
one noment of time they all have apvroximately the same energy.
Due to the oscillation of protons about their mean radius, the
process of 'peeling off' is spread over a period of time during
which the mean radius apvroaches that of the target and the proton
energy incresases, This causes a spread in the proton energy
incident on the target of about 5-10 MeV, and a conseguent spread
in the final neutron energy spectrun,

(2) The second cause of an inferior neutron spectrum is
that the protons make multiple traversals of the target. Each
proton that enters thé target will be slowed down as it passes
through, and may emerge from the other side into the vacuun tank
with a reduced energy. Such is the focussing of an approximately

constant magnetic field, that such a proton may be brought back
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on to the target a second time, The proton will then lose more
energy as it passes through the target and may emerge and again

be focussed back on to the target, Eventually coulomb
scattering, or a nuclear interaction may cause the proton to leave
the target in such a direction that, in being focussed back, it
passes out of the vacuum case and is lost,. The effect of these
multiple traversals is to increase the effective thickness of the
target, and thus to ppread the resultant neutron energy spectrun,
It is found that the effectiye thickness of the target is constant,
and such as to reduce the proton energy by about 15 MeV, provided
that the actual thickness in MeV:is less than this value. If

the actual thickness is nmore than 15 MeV there are few or no
multiple traversals, and the effective thickness becomes equal

to the actual thickness.,

It would appear from the above that the target thickness
may be anything less than a certain value, Unfertunately,
heéting&ﬁﬂ@t also be considered in certain target materials, and
this affects the choice of thickness, Before discussing this,
however, the choice of target materizl must be considered. This

will be done in the next section,



136

2.5 THE TARGET.

The first object of this section is to discuss the choice
of target material to produce the best possible unpolarized
neutron energy spectrun. In order to do this, the theory of
neutron production must’/be briefly mentioned, The problem of
heating in the target will be considered, and the size of target
to be used chosen from these considerations. The nmounting and
placirg of the target will be described. The unpolarized
neutron energy spectrum obtained, using the target, will then
be given znd briefly discussed. Finally the choice of target
to obtain a polarized spectrum is considered, and the energy
spectrum obtained from this target compared with the unpolarized

neutron spectrun,

A proton as it passes through the material of a target
may make & nuclear interaction and emit a neutron. Let the
angle between the initial proton and final neutron directiomns

be ©, and E; and En the energies of proton and neutron.

rd
L ,ﬁéumron
"

7
-
initial ; -\ G
proton l it
w = d ’ T /
™ } target
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If the nucleons in the target nucleus are few, and if
the initial proton energy (Eb) is large compared with the nucleus
binding energy (B), i.e.

B/E, = 7 L& 2.5/1

then the initial proton may be approximately regarded as interacting
with one particular free mucleon in the nucleus. This is known
as the impulse approximation. If the proton strikes an
approximately free neutron, then the emitted neutron would have
ehergy:

E = b 205/2

and a polarization P(8, En)' The polarization tends to zero as
the angle © and energy Eb are decreased. At & = 0 unpolarized

neutrons would be emitted,

In the deuterium nucleus there are only two nucleons, and
the binding energy (Bd) is only 2°23 MeV. For an initial proton
energy Eb of 60 MeV :7 = 037K 1. The conditions for the
validity of the impulse approximation are satisfied; and it is

found experimentelly that it is a good approximation.

Consider a deuterium target placed in a mono-ongrgotio protdn
beam. When 6 = 0 a nearly :ono-energetic neutron beam is obtained.
If placed in a 100 MeV proton beam, then at an anglo 8 of 450, o
50 MeV neutron beam with polarization of 20-30% would be expected.

Other elements with larger atomic numbers than deuterium
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have more nucleons and larger binding energies. The impulse
apyroximation becomes progressively less valid as the atonmic
number increases, Consider targets containing such elements
placed in a mono-energetic proton bean. At © = O instead of
a mono-energetic neutron beam, a peaked spectrum with a finite
width of peak and with a low energy tail is obtained (see figure
(2.5)1)., As the atomic number increases so does the width of
the pezk and magnitude of the low energy tail. At an angle
(9) other than zero, polarized neutrons ray be obtained whose
polarization will depend on the energy, angle and element. At
45° and E_ = 100 MeV a polarization of 20% would not be

unreasonable.

It is clear that the best target material is deuterium.
If the proton beam were external, or if the protons could be
deflected on to the target, it might be possible to use deuterium.
it does not, however, seem possible to allow a beam to 'peel off!
on a deuterium target. The deuterium would have to be ccntained
within some walls, The protons as they spiralled out, by
00025 per revolution, would 'peel off' on the wall rather than

the deuterium behind it.

If deuterium cannot be used, then other eclements must be
considered in order of their increasing atomic numbers. After
helium which cannot be used for the same reasons as deuterium,

comes lithium and then beryllium, Beryllium is & stable metal
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and is often used, With 140 MeV mono~energetic protons
incident on a thin beryllium target, the neutron energy sSPectrum
smilarts that

of ® = 0 ispgiven on graph (2.5)1., This spectrum was obtained

by the Harwell 'time of flight' group.

Lithium gives a slightly better neutron energy spectrum
but is chemically active, and awkward to handle. Lithium
deuteride, however, is a moderately stable compound. The
neutron spectrum obtained from such a target will be the sum of
the lithium spectrum and mono-energetic neutrons from the
deuteriun, The total number of neutrons produced by the
deuterium in lithium deuteride is about half the total number
produced by the lithium. Not only is the spectrum obtained
from lithium deuteride more peaked than that from beryllium, but
for a given loss of proton energy, more neutrons are produced.
By hardening, (section 2.6) a final energy spectrum of given
intensity may always be improved if more initial neutrons are
available. Thus, the use of lithium deuteride instead of
beryllium gives a double improvement in the hardened energy

spectrum for a given hardened neutron flux.

It has been stated that lithium deuteride is a moderately
stable conpound. It is normally a fine white powder. It is
hygroscopic and it interacts slowly with the oxygen of the
atmosphere, It also decomposes if heated for above room

temperature, It is highly inflammable, It may be bonded into
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moderately strong greyish blocks with a density of about 0°9,
These blocks should not be handled in the afmosphere more than
can be helped, but no visible change is seen after they have
been left out for periods up to a quarter of an hour. They can
be filed or sawn quite easily. A lithium deuteride target was
used, despite the inconvenience of handling it, because of the

valuable improvenent in energy spectrum it gave,

Since lithium deuteride will decompose if heated, it is
necessary to consider the dissipotion of the beam energy in the
target. The cyclotron normally produces about liﬁbgmotons 200
times a second. Due to multiple traversals, about 15 MeV is
lost by each proton in the target, this represents a heat
dissipation of 10 watts in the target. When the full beam was
allowed to fall on the target, the lithium dueteride changed from
grey to black, became hard and brittle, broke into small pieces
and dropped on to the floor of the vacuum case. Two things were
done in order to reduce this heating.

(1) The cyclotron was pulsed to give small bursts of only
about four beam pulses each time the chamber was expanded, once
every threc seccnds, This reduced the heat dissipation by a
factor of about 150. It was not found possible to reduce the
burst to less than four beam pulses.

(2) The target was made large, for the following reasons.

Due to vertical oscillation of the circulating protons, the
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number of protons that enter the target, and thus, the energy
dissipated by the proton in a target, is independent of the
height (b) (see figure (2.5)2) of the target. Because of
nultiple traversals, the energy dissipated and the neutron
spectrum obteined are independent of the thickness (c¢) of the
target, up to a certain linmit. A1l the energy will be
dissipated near (within 0°002") the end surface of the target,
where the protons are first ‘'peeled off’, If this surface area
is larger then the energy dissipated per unit area will be less
and the heating less, The height (b) must be kept small in )
order to allow vertical collimation. The thickness (c¢) may be
increased until it equals the effective target thickness due to
multiple traversals, If it is further increased the energy

dissipated per unit area will no longer be rcduced and the neutron

spectrum will suffer.

The height (b) chosen was one cm., the thickness (c¢) was
chosen to drop the proton energy by 20 MeV, thus giving a single
traversal and minimum heating. This thickness (c¢) was then
two cm, Even with the above precautions the target surface
became badly disccloured after eZposure and was probably

decomposing to some extent.

A bonded block of lithium deuteride two cm. X ohe cnm. X
six cm., was obtained. Due to its interaction with the

atmosphere, the target was kept in a metal vacuum can. The
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target wss transferred to a spring londed holder in the
¢yclotron vacuunm tank just before the tank was pumped down for
one of the experimental runs. When the tank was next opened
the target was at once returned to the vacuum can. The target
holder could be set in the required position by sighting on a
wooden dwummy target instend of the lithium deuteride. The
alignment of the lithiunm deuteride was, however, always cheqked
before closing the vacuun taunk, The spring loaded holder
(figure (2.5)2) wns designed to ease the otherwise difficult
operation of rapidly inserting the target into its holder while
the latter was in the cyclotron magnet gap. The target may be
moved in or out of the beanm by passing a current through a coil
(see figure (2.5)2)., The coil and lower part of the holder was

borrowed from the group at Harwell.

In order to obtain a maximum neutron energy of 60 MeV, the
target was placed at o radius of 28", which is the mean radius
of 50 MeV protons (see graph (2.4)1). The mean energy of the
protons entering the target will be soriewhat lower than 60 MeV
due to the radial oscillation of the protons. Neutrons were
then selected by the collinctor whose angles & were approximately
Zero., The collimator was, thus s set in line with the
target and tangential to the proton bean. The collimation
will be described in section 2.7 and is illustrated in figure

(2.7)1.
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The energy spectrunm of the neutrons loaving the target is
shown in figure (2.5)3, AThis spectrunm is taken from the results
of the experiment and will be derived in chapter &. It is
appropriate to introcduce it here since the choice of hardening,
which will be discussed in the next chapter, was made after this
spectrun was apnroxinately known. The spectrum is seen to have
a peak about 20 MeV wide, This is expgcted due to the thickness
of the torget. The relative magnitude of the low energy tail
in this spectrunm is very nuch larger than in the time of flight
beryllium spectrun from 140 MeV, This cannot be entirely
accounted for by the difference between the two target materials,
or by the effect of nmultiple traversals. It is probably a
direct result of using a lower initial protcn energy. This is
expected to zive a worse neutron spectrum due to the further
departure from the impulse approximetion condition (2.5/1).

The binding energy of lithiun (%Ji) is aporoximately 42 MeV,

Thus for Eb = 140 MeV, ‘( = 0«3 and for Eb = 60 MeV ’-*(’ = 07,

This spectrum clearly does not satisfy the spectrunm
requirenent derived in section 2.3. Since the intensity of
neutrone is high however, considerable hardening may be employed.
Before considering this hardening, it will be interesting to
consider the choice of target for a polarized bean. The
polarized spectrum will thon be compared with the unpolarized

spectrun.
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Lithiunm deuteride is not o suitable target to use to
obtain a polarized beam because the polarization of the lithium
and deuterium are of opposite sign., A polarized beam was
obtained using a beryllium target and selecting neutrons at an
angle © of 40°, The berylliun target was placed at a radius of
37", which is the radius of the orbit of 100 MeV protons. It
was 80 placed that neutrons from it passed down the same
collimator as those from the lithium deuteride target. Either
target could be brought into the beam by passing currents through

the coils on the target holders (figure (2.5)2).

The energy spectrun of the polarized beam is shown on figure
(2.5)4. Not only dces the spectrum have no peak but the intensity
of neutrons in the polarized beam was only 1/3 that in the
unpolarized bean. The worse spectrum is due to the lack of
deuterium and the further departure from the impulse approcximation:
BBe = 56 MeV, 1? = «94, The loss in intensity is due to the
larger angle © and the lower efficiency of beryllium compared
with deuterium as a producer of neutrons. As a result of the
Jdower intensity the polarized beam cannot be hardened as much as
the unpolarized bean and the difference between the two hardened
spectra will be greoter than those between thosé in figures

(2.5)3 and (2.5)4, In the next section the effect of hardening

cn both polarized and unpolarized spectra will be calculated.
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2,6 HARDENING,

Several times in the above section it has been stated that
the energy spectrum of a neutron beam may be improved by a
process of hardening. By an 'improved' spectrum is meant a
spectrum in which there are relatively more neutrons with a
higher energy. In this gection the theory of the process of
hardening will be described and its effect on the polarized and
unpolarized beam spectra calculated; The final spectra will
then be considered in the light of the 'neutron spectrunm
requirement! derived in section 2.3. From this discussion will
follow the reasons for photographing several expansions on the

same frame,

First the process of hardening itself will be considered.
If a collimated neutron beam is passed through some 'hardening
material' then a neutron in the beam will either make one or
more nuclear interactions in the material, or pass through
without being affected in any way. As a result of any nuclear
interactions produced by the beam in the material other neutrons
may be emitted. It will be shown in the next section that the
prohability of such emitted neutrons passing down the beam and
entering the chamber, can be, and was, made small, Thus the
effect of the hardener is sinmply to reduce the intensity of the
beam entering the chamber by the probability that any given

particle heading for the chamber will make a nuclear interaction



149

in the material, If nl(En) is the number of neutrons heading
for the chamber before the hardener and na(En) is the number

that arrive, then it can be shown that

~gag (E) ¢ N
where h(En) = e h'n g A
and g = length of hardener
Crh(En) = total cross section of hardener, per nucleon
? = density of hardener
NA = Avogadro's number.

Consider now a hardening material such that its cross section
th(En) de;reases with increasing energy. From equation 2.6/1
and 2.6/2, it then follows that for any initial spectrum
(nl(En)) the final spectrum (na(En)) may be 'improved! if g is
increased. The effect of increasing g is, however, alwsys to
reduce the fipgl neutron intensity. It also follows that the
improvement is larger if the rate of change of c?h(En) with E
is greater. For comparison, approximate values of ﬁ'h(En)
for various different elements and substances are plotted on
graph (2.6)1. It is seen the lighter elements have larger
rates of change of crh(En) and are thus more suitable as
hardening materials than the heavier elements. Hydrogen is
clearly the best hardening material. If the intensity of the

neutron beam is known, and the number of events required per
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expansion is decided, then the correct length (g) of hardening

material cen be calculated. It works out that for 30 events

in each expansion 50 ft, of liquid hydrogen would be required.
This is not practicable, As an alternative to hydrogén,
polythene (CHa)n is often used. There are several other
possibilities which listed in order of merit include: lithium
deuteride (LiD) and lithium hydride (LiH), both of which would be
very good, beryllium, boron hexahydride (BzHé), and methane (CH4).
The factor h(En) for different lengths of polythene and liquid

methane are given in the table below.

e o
Table of h(E ) = 78 T p(E)E Ny

(a) For polvthene (CHa)n' = 0,92
EMeV = 5 15 25 35 45 55 h(15 MeV)
g_cm, h(En) h(55 MeV)
1z 26 '3 *37 46 «53 +58 0.52
20 <087 +135 2188 <272 368  «398 O+34
30 2025 *050 «082 142 * 202 252 019
Lo <0074  .018 ¢034 074 120 <159 O-11
50 + 0022 *0067 +015 «Q38 *069 «100 0067
60 « 0007 0025 +007 *020 040 *063 0°*040
(b) For Methane (CH4) = +415
Lo 01 «086 »190 «281 343 S 436 0°197
60 +0015 <025 *087  +1B53 223 317 0+079
80 0002  +0075 <037 +077 118 *192 0+039
120 *0006 +007 *023 050 *078 0+008

Polythene was, in fact, used as a hardener, but the

rossible use of methane was also considered.
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It will be remembered that the maximum number of tracks
per photograph, that could reasonzbly be scanned was about 30.
The lengths of polythene hardeners to give this number of tracks
from the unpolarized and polarized beams were 20 and 10 cn,
respectively, In order to compare the resulting energy spectra
with the spectrum requirement derived in section 2.3, the spectra
of neutron-scattered protons (q(En)) that would be obtained from

the two beams are plotted on graphs (2.6)2 and (2.6)3.

Consider the spectrunm requirement for the unpolarized

spectrum, Using the equations (2.3/7) and (2.3/8), and figure

(2.6)2, 226
fq(En) dEn =

1
3 =" —
! f"c‘i(En) aE_ 25

&}
K = 80 [3 = 32

The coefficient ¢ , defined in section 2.3, is the relative
number of protons within the deuteron limits of range and angle,
compared with the number of deuterons. It was shown in section
2.2, equation 2.2/2 that if a4 deuterons are present, the
resultant error in the proposed determination of capture cross

section will be

1 -_—
/94 faq

If 3,000 ft. of film were exposed, which was the maximum length

that could be considered, only about 23 deuterons would be
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expected and the error in the capture cross section would be

120%. This would not be satisfactory.

The polarized spectrum, being even worse than the
unpolarized spectrum, would give even larger errors, and will

not, therefore, be considered further.

Various possibilities of improving the situation had now
to be considered. If, for instance, a greater length of
hardener were employed two effects would follow:

(a) The spectrum would be improved which would tend to
reduce the capture cross section error.

(b) The intensity of the neutron beam would be reduced
and thus the number of deuterons would be decreased, This would

tend to increase the error.

The question is: which of the two effects dominates?
Keeping the gquantity of film exposed constant, the variation of
neutron-capture error (Kéﬁcap) with thickness of polythene
hardener (g) is plotted on graph (2.6)5 (the line marked 'One
exposure'). The left hand end of this curve (A) represents
the condition where the naximum number of tracks per photograph
that can be scanned, and thus the minimun longth of hardonor, ie
used. A5 more hardener is used the spectrum is improved and
the number of deuterons reduced. This is seen to result in
an increase of the error. It is concluded, that the mininmum

length of hardener, and thus the maximum number of tracks per
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photograph should be used. The second possibility was the

use of liquid methane as a hardening material. The curve of
error against length of methane is shown in figure (2.6)6 (the
curve marked 'one exposure!'). It is seen that the minimum error
is now lowered to 105%, not a very significant reduction. An
interesting effect is that there is no longer any advantage in
using the minimum length of hardener, represented in figure (2.6)6
by the point (B)., It is seen, that the error does ﬁot rise
significantly till the length of methane hardener has been

increased beyond the point (C).

The third possibility was to photograph several expansions
one one frame of the film, The concdition that not more than
30 tracks should appear on one photograph would then require
fewer tracks in each expansion. Thus more hardener nmust be
used, The number of tracks, and thus of deuterons, on a given
length of film need not, however, be changed, Thus the spectrum
factor & can be improved while the number of deuterons a4 is
‘left the same. The resultant error will be reduced, In order
to expose the same length of film, more cyclotron time was
regquired, but this presented little difficulty since the major
labour was not in running the chamber, but in scanning the
film. The expected errors in capture cross section have been
calculuted assuming that the same 3.000 foot of film is

eXposed, first with three expansions to ecach photograph and then
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with five., The results are also plotted on graphs (2,6)5 and
(2.,6)6.

It is seen that in 211 cases now, irrespective of which
hardener is used, it is desirable to use the minimum length of
hardener, Using polythene the minimum errors are reduced from
+ 120% to + 80% with three expansions per photograph, and to

67% for five expansions,

The maximum number of expansions per photograph was
limited by the background illumination, since at each exposure
this added up while the intensity of a track remains what it
would be in a single exposure. If a photograph with three
exposures, e.g. figure (2.,1)4, is compared with a photograph
with one exposure, e.g. figure (2.1)3, the increase in background
is tolerable. If more exposures were given this was not so.

It was decided, therefore, to give three exposures to each
photograph. 50 cm, of polythene hardener were used, which
gave approximately 25 scattering events in each photograph. The
spectrun q(En) obtained, has been given on graph (2.6)4, This
curve was, of course, token from the results that will be given

in chapter 4.In this case P- ‘é‘ sl = 13,

The placing of the herdener and the collimation will be
described in the next section. In particular the assumption
that a negligible number of neutrons emitted from interactions

in the hardener reach the chamber, will be checked.
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247 COLLIMATION.

The objectives of the collimation will first be stated.
The finol arrangement will then be described and the reasons
for its choioe briofly disoussod. The condition that a negligible
number of neutrons scattered in the hardener enter the chamber,
will then be checked, The method of aligning the collimators
and the chamber will be described and finally an experimental

check of this alignment given,

The main object (I) of the collimation is to limit the
cross section of the beam, The beam must fill the required
part of the chamber but not extend so as to enter and scatter in
other parts of the apparatus. In particular the beam had to be
kept from entering the heavy brass chamber window clamping rings,

3¢7 om. apart, either side of the beam (see figure (2.7)1).

In arranging the collimators; a second (II) important
consideration must be borne in mind, The direction of neutrons
that produce events in the chamber must be taken from a knowledge
of the beam direction, Since the target is small and a large
way from the chamber, this direction is well defined, but only so
long as most of the neutrons entering the chamber do come,
directly from the target, and not, after being scattered in the

defining collimator,

As has been mentioned in the last section, another source
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of neutrons, other than direct from the target will be the
hardeningmaterial through which the beam must pass, The
collimation must, therefore, also (III) be such that as few
excess ﬁeutrons pass through the hardener as possible, and that
by placing the hardener a long way from the chamber, few of the

emitted neutrons enter the chamber,

Consider the arrangement of hardener and collimators
illustrated in figure (2.7)1. The source of scattered neutrons
will be near the end surface (s) of the target. Viewed from
the chamber this will appear like a thin vertical line one cn.
in height. The boundaries of the beam were only to be accurately
defined in the horizontal direction, to avoid the clamping rings;
the vertical collimation being of much less importance, Thus,

the source could be regarded effectively as a point.

The first collimator (A) was chosen to 1limit the flux
entering the hardener +©0 a cross section only slightly greater
than that required to f£fill the succeeding collimator. Both it
and the hardener were placed as far from the chamber as possible,

in accordance with requirement III.

The second collimator (B) was the defining collimator, It
was set so that, at the chamber the beam should have the
required cross section - a rectangle 3+7 cm. wide and approximately

12 cm, high (requirement I). This collimator (B) was placed as
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far 2s possible, from the chamber, in order that the probability
of neutrons scattered in its walls, entering the chamber be

small, in accordance with requirement III,

A third clearing collimator was set in a concrete shielding
wall near the chamber, Its dimensions were such that neutrons
from the target, defined by the second collimator (B), should
just not touch it. Its purpose was to stop neutrons scattered
by the hardener or collimators from entering other parts of the

bubble chamber and apparatus.

From the dimensions of the arrangement shown in figure
(2.7)1 it is now possible to calculate the proportion of neutrons
entering the chamber that come from interactions in the hafdener.
Let n, be the number of neutrons after the collimator (A)
entering the hardener, Let the proportion of these that would
pass through the defining collimator (B) and enter the chamber,

if there were no hardener, be { ; and with the hardener beg .

{
J
Thus the number of neutrons in the chamber coming direct from
the target is:

n, = n°§§ _
If every interaction in the hardener emits one neutron, then the

number of these that will enter the chamber cross section A at

a distance € from the hardener is:
- A

n;% no( i "?. y . 'Y forwar@
d O total g2
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Now the cross sections (Van Zyl, 1956, Phil, mag. 1, 1003)

O forward 7 2

N
o total
“é = 1/100
T = Uk
A = 26 cn®
8 = 1,200 cm,

From which the proportion of emitted neutrons is:

n
S
1%
<
oy

which will be regarded as a negligible proportion.

The collimation system described above was set up with the
aid of & 1W" theodolite. The errors in alignment of the main
collimator B were + 1 nm, This could cause errors in the
bounds of the beam in the chamber of the order of 3 mm,
Experimentally, the width of the beam, as found from the observed
distribution of neutron induced events in the chamber, was
correct to within these limits, Before discussing this
distribution further, the method of positioning the chamber will

first be described,

As has been stated, the only method of knowing the direction
of a neutron that makes an interaction in the chamber, is from

a knowledge of the relative position of the chamber and neutron



163

beam. As will be discussed in section (3.1) directions in the
¢hamber were given with respect to three axes, x, y, 2. These
axes were defined with respect to the film and lens positions
(see figure (3.1)1), It was convenient, therefore, to have the
neutron bean parallel with one of these axes. The axis chosen
was the (z) axis, which was defined as the perpendicular to the
plane including the two lens axes. This,was, approximately,
perpendicular to the side of the stereo camera, In order to
align the beam direction to this axis the following procedure
was followed. A mirror was mounted on tﬁe front of the vacuum
case so as to cut across the required path of the beanm., With
the zid of engineering measuring equipment, this mirror was set
parallel with the side of the camera, 4 cross was marked on the
face of the mirror, where the beam axis should cut it, The
theodolite was placed so that it looked down the beam axis to
where the chamber would stand. The chamber was then brought
into position, Looking through the theodolite, the cross on the
mirror and a reflection of the theodolite were seen. The
chember position was adjusted till the cross on the mirror and
the image of a cross in front of the theodolite coincided on the
eyepiece fiducial, The axis of the theodolite was then
perpendicular to the mirror and thus, parallel to the (z) chamber
axis, The errors introduced in the a2lignment with the

theodolite were of the order of O‘lo. In the mechanical placing
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of the nirror parallel with the camera side, the errors were of
the order of 0+5°. The alignment of the side of the camera
with the lens axés was probably better than 002°, The total
angular error in alignment of the beam and chamber (z) axis was
thus less than 0-79. The errors in placing the cross on the
mirror, and thus of the lateral positioning of the beam were of
the order of + 3 nm, These errors in positioning the cross
were rather large because of a movement of the chamber, due to
the squashing of gaskets, when the vacuum case was pumped down.
The measurenments on the chamber position had to be made without
a vacuum and these movements could only be guessed, The problem
of measuring the position of the chamber will arise again when

the optics are discussed in section 3.5.

Although strictly belonging to the chapter 4 on results,
an experimental check on the above alignments will now be described,
As has been said, the width of the collimated beam and the
relative position of this beam in the chamber can be checked by
observing the distribution of neutron-induced events in the
chamber, On figure (2.7)2 the positions with respect to the
beam axis of left hand ends or 'starts' of tracks in the chamber
are given. On graph (2,7)3 are given the horizontal
distribution of these 'starts'. The positions of the two brass
rings, 3+7 cm, apart are marked by dotted lines, It is seen

that the number of 'starts' falls off rapidly at the line
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indiceting the edge of o brass ring, but that there are still

a considerable number beyond it. The rapid drop in intensity

at the two edges of the brass rings indicate that the collimation
had provided a beam of the correct width and that the position

of the chamber in this beam was also correct. The number of
events beyond the edges of the rings, about 15% of the total,

are presumably due to neutrons that have been scattered in the
metzl of the vacuum case, shields and chamber wall, The tracks
they produce, since they are from neutrons not in the heam are
'spurious' tracks zccording to the definition of section 2.2.6.

In the experiment, only tracks with their t'starts' within the
intended beam cross section will be selected, and the 15% of
tracks whose 'starts' lie outside it, will be rejected, Some of
the tracks considered may still have come from similar scatte?ings
in the vacuum case etc.,, and thus be spurious tracks. If it is
assumed that the spatial distribution of 'starts' of spurious
tracks is uniform, then in the selected tracks there will be
another estimated 15% of these spurious tracks. In chapter 4

the spurious tracks will be considered again and a/similar

figure of ab&ut 15% given for their proportion of the totel number

of selected trscks.

4 second experimental check one would like to make, is of
the alignment of the beam direction with the chamber z axis,

The neutron direction cannot be obtained accurately from the
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spatial diestribution of neutron-scattered protons since this is
roughly iso%&pio. Only the neutron~capture deuterons are

likely to provide the check. Ideally, as has been shown in
section 1,6, the distribution of deuteron. tracks should be pezked
at a small angle of about 4°. If the directions of measvred
tracks are marked on a O, X., polar graph then the marks
corresponding to deuterons should lie in a ring of 4° radius,
while the marks corresponding to neutron-scattered protons should

be evenly distributed.

Due to an insufficient number of deuterons and too low an
accuracy, no ring was observed. There was, however, a general
inerease in the number of tracks at angles less than 50, and this
was approximately centred on © = 0, or the z axis. (see figure
4.4e4 ) and the further discussion of this distribution in section
(4a 4)). The accuracy of slignment of the beam and z axis had,
thus, to be assumed equal to the previous estimate of + 0'70,
since the above check only confirmed that no gross error of

alignment greater than two or three degrees had occurred,
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2.8 THE EXPERIMENTAL RUNS.

The arrangement of targets in the cyclotron, of the
collimation, and placing of the chamber have already been discussed.
In this section the =zctual experimental runs will be described.
Considerable time and effort were involved in preparing the
chamber, clearing space for it in the beam, and positioning the
apparatus and ecollimators, It was, therefore, desirable to have
few, but reasonably long periods of cyclotron time, and it is
these periods that are referred o as 'runs!', Before each run,
which lasted for three or four days, the chamber was operated,
out of the beam, in order to check that the chamber was working
satisfactorily. Despite these preliminary tests, it was, in
practice, found that the first two days of a run were usually
devoted to clearing difficulties and faults arising both out of

the chamber =nd cyclotron,

Two runs were performed with the modified chamber during
the summer of 1959, The particular object of the first, in May,
was to determine the spectra of, and proton contemination ir,; the
polarized and unpolarized neutron beams. In faet during the
first run considerable difficulties were encountered, and only
about 5,000 expansions were performed, The results were
sufficient, however, tg show how bad the spectra were. Only then

was the hope of using the polarized beam abandoned and the
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photography cof several expansions on one film proposed.

The results that will be given in chapter 4 were all
derived from the second, and main, experimental run. Again
difficulties were met with, and it was only possible to expose
2,000 ft. of film, instead of the 3,000 ft., hoped for, On this
film, =bout 6,000 useful stereo-pairs of photographs of 18,000
expansions were obtained, So far 1,756 of these photographs
have been scanned for neutron-capture events, and smaller numbers
sconned for the neutron energy spectrum and n~p differential
cross section, The remaining photographs will be scanned dering
the coming year. The methods of scanning and measuring will be
described in chapter 3, and the results obtained given in

chapter 4.
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CHAPTER 3,

MEASUREMENTS ON THE FILM,

3.1 CORRESPONDING AND NON~CORRESPONDING METHODS OF

RECONSTRUCTION.

During the main experimental run of the bubble chamber in
an unpolarized neutron beam, approximately 6,000 stereo-pairs
of photographs were taoken. These had then to be looked at, or
scanned, and particular tracks measured, From these measurements
the lengths and directions of the original tracks in the bubble
chamber were reconstructed, Finally information, such as the
initial neutron energies, was calculated fronm these lengths and
angles, The calculations were all preformed by an electronic
conputer. In this chapter the methods used and calculations

performed will be described.

The reconstruction of lengths and angles in the chamber,
from measurements of the stereo~-photographs will first be
considered. It will be convenient to consider positions in the
chamber with respect to a coordinate system x y z, with the dﬂr
axis vertical. Directions of tracks in the chamber will be
referred to by the angle 6, between the track and the z axis,
and X, between the projection of the track on z = O plane, and

the y oxis, (see figure (3.1)1). The chamber was photographed
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by two comeras, whose lenses, with respect to the chamber, were
symnetrically above and below the negeative x axis. Let the
images of the y and =z chamber axes on the film provide Y'T and

ZVT film coordinate axes for the top film; and similarly Y*B
?

Z'B, for the bottom film, Consider now the imoges of a point
P(x, y, 2) on the two stereo films. It can be shown, assuming
no lens distortions, that the coordinantes x, y and z may be
obtained from the film coordinates of these images using the

following relations,

Let g - _ o
(Y'q= Y'5) + b
Lo
x =f -f 3.1/1
(o]
- gl (Y'B + Y'T)
f 2
€ A
= = T 21y = . Z' 0

wheregzo is the perpendicular distance of the origin of chambef
coordinates, to the appropriate principal plane, common to the
two lenses; b is the distance between the lens axes; and f is
the distance between the plane of the film and the other principal

plane common to the two lenses.,

It is seen that the 2' coordinates of the images in the
two stereo~-photogrophs are the same. This is important, since,

if there are many points in the chamber, it enables the pairs
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of stereo images of each point to be identified, If there

are o number cof tracks, both of whose ends are in the chamber,
then these ends may be treated as points. Thus from the film
coordinates of the ends of the images of the tracks, may be
obtained the coordinates of the ends of the tracks in the chamber,
ard the lengths and angles of the tracks. This method of
reconstructing the lengths and angles is known as a corresponding
method, since it employs measurements on corresponding points

on the two photographs,

If the ends of a track are not in the chamber, then any
two points nay be arbitrarily chosen on the track in one of the
stereo~photographs. The corresponding points on the image of
the track in the other stereo-photograph may then be determined
by the fact that their Z' coordinates must be the same. The
coordinates in the chamber of these two arbitrary points on the
track may then be calculated, and thus the direction of the
track deternmined. It is impossible, however, to select such
corresponding points on the other stereo-photograph if the
trock lies parallel to the ¥y axis. In this case nll the points
on the images of such a track have the same 2z coordinates.

This method of reconstructing the directions of a track can be
modified so that only the angles and one coordinate of each of
- the stereo-images is measured., The method of reconstruction

is then known as a non-corresponding method,
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The errors in determining directions in space, using
corresponding and non-corresponding methods of reconstruction
will now be conmpared. Allowance must be made for the fact that
the error in determining the position of the end of a track image,
in the direction of the track, will be greater, by a factor X ,v
than the error in determining the lateral position of a track,
In the present case this factor ( )\ ) was about two. Let Ke
be defined as the error in determining the lateral position of
a track. The error KéT in determining the angle @T“ between
the track image ond the Z axis depends on the two independent
random errors in measuring the lateral positions of the track
near its ends.

Thus, /2 K,

where RT is the length of the image of the track in the upper
photograph. A similar relation holds for errors in measurements

on the bottonm photograph.

In order to estimate the erfors in the reconstructed
direction of a track due to the above errors in measurement the
following approximation was made. The distance between the
stereo~lenses was assumed snall compared with their distance
from the chamber., The difference between the angles @!P and
? B is them small and the mean of the two angles is approximqtely

equal to the angle q), between the projection of a track on the
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X = 0 plane, and the & axis,

Then K4 K .
d) * §T
Using this approximation it is shown in appendix C that

the error;( Lnuin measuring any angle in space using (a) a

‘corresponding method, is (equation C2/6):

A :'2'2
K (o) \4\ Kﬂ(c) = Kq’(ka +2 %o (cos® ¢ -p)\a sinaq;))%,

2
b 3.1/3
(b) a non-corresponding method, is (C3/6)

A 2, %= 1 %
Koy S ey = K ‘?(tm‘ ¢ + 2be_ - ) 3,1/

b2 cos2 ¢
FAN ~ .
K-.D.-(c) and Kq (NC) &Fe plotted against ¢ on graph (3,1)2, for
£
-2 o 3, In the present case, Co =3 and /\ = 2,
b b

It is seen that there is, in this case little advantage in using
a non-corresponding method. A corresponding method usually

could be and was, therefore, used,

An estimate of the error KJl(c) in any angle averaged
over all directions in space is givom in the appendix, equation
c2/7:

Ka(o) = 4K$ 3.1/5
This will approximately equal the error Ke'(c) averaged over
all directions, An estimate for the error in © averaged over

all > but only for small © is also given in the appendix,
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equation CZ/9:

(small @) K (c)

Thus it is seen that the estimated error in determining a large

slje

3 K¢>

angle © is greater than that in a small angle ©.

It is interesting to note that if a'measuring machine!
had been used A would probably have been equal to five, of more.
It is then seen from the graph ((3.1)2) that there would be an
advantage in using n conmbingtion of both corresponding and non=-

corresvonding methods,
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3.2 MEASUREMENT AND SCANNING.

The film was scanned and particular events selected by
eye, When a required event had been selected, its coordinates
were, at once, nmeasured. This measurenent will be described
first and then different criteria of selection will be given in

turn,

2.2.1 Measurenent.

Three methods of nmeasuring the film might have been used.
The two stereo-~photographs could have been projected simultaneopsly
and the position where the two projected images of a track
coincided measured three dimensionally. This method, which
would avoid any reconstruction calculation, was rejected because
of the long time required to make a measurement, Ideally, the
film could have been measured on a2 high speed 'measuring machine',
in which the film is moved, and the track positions measured
photo~electrically. Such a machine was not available, The
method used, was to project the stereo-photographs, one at a
time on to a horizontal table. The arrangement was built by
the Imperial College cloud chamber group under Dr., B. French.
The ends of the tracks were then mecsured with respect to a
coordinate system (Y, Z) marked on a card on the projection
table, The method used to measure these coordinates will now

be described.
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The coordinate system (Y, Z) with respect to which the
projected tracks were measured differed from the film coordinates
(Y', 2') defined in the last section only by scale and origin.
The card, on which this coordinate system was marked, was located
with respect to the projected images of fiducial marks on the
inside of the rear chamber window, The origin of chamber
coordinates was taken to be in this plane and the distance (fcg
became the distance from the camera lenses to this reference
window; - The card was marked, as shown in figure (3.2)1, with
scaled lines drawn parallel to the Y axis at 10 cm, intervals,

A droughtmant's pantograph was used to hold a short, 10 cm. ruler
parallel with the 2 axis, If the left hand end of this ruler
was placed on a point P, then the Y coordinate of that point
could be read on the scaled line the ruler crossed. The 2
coordinate could be obtalned by adding the Z coordinate of this
scaled line to the distance of the point from it. This distance
could be measured with the same short ruler held by the

pantograph. Tigure (3.2)2 shows the details of this ruler.

The coordinates of track ends, read by the above method,
were spoken out loud, and either written down by a second worker,
or typed by him directly on to punched tape, ready to be fed
into the computor. Which procedure was used, depended on how
frequently measurements were made and thus on the type of events

being scanned for. This scanning will now be described.
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3e2.2 Small angle track scan,

Different amounts of film were scanned in different ways,
in order to obtain data that would be used to derive particular

experimental results.

In order to determine the small neutron~capture cross
section,as much film as possible had to be scanned, but only
tracks that might be neutron-capture deuterons needed to be
measured, It was shown in section 1.5 that all the neutron-
capture deuterons will have angles (@) less than 5.4°. The
images of such small angle tracks will make small angles

(@T and § ) with the Z projection axes, such that
i’gp \< 5‘409 S{’B g 5°4°

To ensure that all deuteron tracks were selected, all tracks
with projected angles in both stereo-photographs less than the
larger angle, 7'50, were measured, That is, those with

$r E=7'5°96;)3g £=75°, 3.2/1
Some tracks with € grcater than 7'50, that dipved away from the
camera, also satisfied these conditions and were inevitably

measured,

With the aid of lines drawn on the porjection card at
angles ?'50 to the Z direction, tracks on one stereo-photograph
>
for which Q} wage less than 7'50 were selected by eye, and their

ends nmarked, The second stereo-photograph was then projected,
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the corresponding image of the marked track found, and only if
it, too, made an angle less than 7‘50 with the Z direction, were
both stereo~images measured. Oné pair of stereo~photographs
could be scanned, in this way, in approximately one minute.

Measurements were made on about one photograph in ten.

3.2.3 'Starting and stopping tracks scan’

In crder to derive the neutron-capture cross section from
measurements of possible capture events, a knowledge of the initial
neutron energy spectrum is also required, Almost all the tracks
that start in the chamber will be neutron-scattered protons.

By measuring all of their tracks that also stop in the chamber
the neutron spectrun may be obtained, It was not possible to
measure all the tracks, that started and stopped in the chanmber,
in as many photographs as could be scanned for small angle tracks,
but the measurements on individual tracks could be made more
rapidly. It was not necessary, for instance, to locate the
stereo-pairs of tracks with the aild of markers. The tracks in
each stereo~photograph were measured separately and it was left
to the electronic computor to select the corresponding tracks and
note when there was any ambiguity. It was when these(starfing
and stopping tracks'were being measured that the coordinates

were typed directly on to punched tape,

With the above aids it was found possible to measure one
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track in both photographs, involving the determination and
recording of eight four figure numbers in an average of one

minute,

Besides the 'small angle track scan' and this 'starting
and stopping track scan', two other scans were made in order to
provide data that would check the present experiment and explore
the possibilities of others, The firet involved measuring all
tracks that started in the chamber; and in the secord, 'charged

particle scatterings', were searched for.

3.2.4 A1l starting tracks scan.

The results of this scan were used to give an estimate
of the differential n-p scattering cross section at the peak
spectrum energy. Tracks that started and stopped in the
chamber were measured as in the 'starting and stopping tracks
scan', those tracks that did not stop in the chamber were measured
by a partially 'non-corresponding! method, The coordinates of
the starts of the tracks were made in the normal way. Having
identified the stereo-pair of track images, points with the same
7 coordinate were selected on these two track images, near where
the track left the chamber, The Y coordinates of these
corresponding points were then measured. These measurements
were not as rapid as those in the starting and stopping tracks

scan due to the necsssity of relating corresponding stereo=-images.
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3.2.%5 'Charged particle scattering scan.

In this scan, tracks whose images appeared as shown above

were measured, providing that the polint A and at least one of

polnts B and C appeared to be inside the chamber,

A1l the calculations performed on the results of the scansg
will be described in the following sections., The results

obtained from them will be given in chapter L4,
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3.3 RECONSTRUCTION FORMULAE.

In the last section it wrns explained how the positions
of images of tracks were nmeasured in terms.: of projection
coordinates (Y, Z)., The positions in space of the tracks had

to be celculated from these projection coordinates.,

Equations 3,1/1 give the derivations of coordinates in the
chamber from a given set of film coordinates, that were defined
in section 3.1. They assume that no plates of glass or liquid
hydrogen are present between the camera and the chamber. It will
be shown below, to a first approximation, that the effects of
glass and hydrogen can be allowed for by replacing the real
distances 60 and £, that appear in the above equ&tions, by

apparent distances Clo and f',

When allowance has been made for the change of coordinate

systen, the formulae 3,1/l becone:

bnf!?
Where: ‘e = 1
- 1
YB YT + b?f
' ° 3.3/1
X = e - 60
y! ompt B YT To'BToMr
z = -Q— (2, + Z Z Ze) 4
= - - ,
oppt B T 6B o7
Where b = distance between the lonses;
m = nmognificatlion of projector;
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~

£ = the apparent distance of the appropriate
principal plane, of the two lenses, to the
reference window;
f' = apperent distance of the appropriate principal

plane, of the two lenses, to the film; and

o B o Tpr om0 I

of the images of the points where the lens axes cut the film.,

: are the projection coordinates

!
6(} and f' must now be related to the previously (section

3,1) defined 'real' values 60 and f.

Consider first the effect of o glass plate of thickness t,
and refractive index}A&, between the cameras and chamber. Let
the plane of this plate be tilted by a small angle ¥ from the
perpendicul~nr to the lens axes. See figure (3.3)1, It will
be shown in appendix D1 that to a first order, the plate will
produce an apparent contraction (§ 6 ) in the distance between
the chamber and cameras and a lateral shift in the apparent
position of the chamber, The lateral shift will have no effect
on either directions or lengths in the chamber and will, therefore,
be igrored, The contraction is shown in appendix D,1
to be:

8€- ta - V) 3.3/2.
The errors introduced by the approximation will be considered

below. Correct coordinctes in the chamber would be obtained
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using formulse 3.3/1 if:

£, =€ -t~ L 3.3/3

Ignoring the effects of the glass plate, consider now the
effect of the refractive indexl/uﬁ of the hydrogen in the chamber,
from the point of view of an observer inside the liquid hydrogen,
looking out at the cameras, (see figure (3.3)2). The effect
is shown in appendix D.2 to‘give an apparent increase of 'depth!
to all objects outside the hydrogen, by an approximate factor
of,ﬂkH. To o first approximation there is no effect on the
apparent dimensions in o direction parallel to the liquid surface,
Thus the effect is to increose the apparent 1engths'€o and f
without affecting the size of images on the film, Correct
coordinates would, therefore, be obtained using formulae 3.3/1
if:

'

@ - d /JII( e - d),

£ =/qu,

where d is the depth of the chamber.

3.3/k

Considering now the combined effect of a number of glass
plates each of thickness ti and of refractive indequjj and of

the effect of liquid hydrogen, correct chamber coordinates will

!
s ¢ . +Zi(t.(1-1))}
o o M i

i

be obtained if:

gl <N

3.3/5
fr = f,pH
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The moximum errors in the determination of an angle ©

in the chamber, due to the above approximations, have been

estimated in appendix D,L and are:

For all & : K, 2 05 °
for small @: Ky 2 04-15°

Thus the coordinates in the chamber could be calculated
with the aid of formulae 3.3/1, and 3.3/5, and the constants

b, n, £, 50, ofp? oZpr o¥gr and Zpe  The derivation of these

constants will be considered later in section 3.5, The other

calculations performed by the computer will now be described.
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3oh THE CALCULATION PROGRAMME,

Not only did the reconstruction calculation, given in the
last section, have to be performed, but also a number of checks
and searches that will be described below. Some of the
calculations and searches would have been impracticable if an
electronic computor had not been used, A Ferranti 'Mercury!
high speed electronic computor at the University of London
Computing Centre was available, and programmes for if were written
in 'aulo-code!. Not only did.this computor perform the
calculations rapidly, but also faultlessly. The computor
progranmnme, constants and the data from the scans were 2all punched
on tape and read by the computor, After calculation, the results
were then punched by the computor on to cutput tape, which could

later be printed out to give a page of tabulated results.

A single computor programme was written to deal with the
data from any of the 'scans! referred tc in section 3.2, In the
form of the data, or with the aid of short 'conmand' tapes, the
computor was 'told! which of its calculations to perform. In
the following description of these calculations it will be
understood that each ccleulaticn is oniy performed when relevant.

The computor programme will be given in Appendix E,.

In the data from the 'stopping tracks scan', the projection

coordinates of track images from the top stereo-photograph were
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not paired with the corresponding coordinates fron the bottom
photograph., . The computor had, therefore, to search for, and
select sterso-pairs whose Z coordinates agreed within a certain

tolerance (0¢55 cnm,).

For the 'small angle scan', the angles (§T and§ B) of
the track images with the Z projection axes were calculated, and
o check of equation 3.2/1 made. The position and direction of
each track was then calculated with the aid of formulae 3.3/1;

using the constants that had been read in.

Four checks on the location of the track could then be made.

(a) It was determined if any track appeared to start or stop
on a wall or window, where the track might have been passing in or
out of the chanmber. Such tracks should not be considered when
track lengths are to be interpreted as ranges.

(b) A check was made to see that the start of a track was
in the beanm cross section, The reason for this check was given
in section 2.7. Tracks starting outside the beam cross section
must have been produced by scattered neutrons whose directions
were not that of the bean, Tracks produced from such neutrons
have been defined as 'spurious' in section 2.2, and are not of
interest.

(¢c) A check could be made to see if both ends of a track
were in a defined rectangular volume (V'), inside the chamber;

As will be shown in section 4.Z.2 |, the probability of tracks
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from a given neutron energy lying in such a rectangular volume
nay be calculated. From the number of tracks that are found in
this volume., therefore, the beam intensity at any energy, that

is its spectrum, may be calculated, The whole volume of the
chamber was found to be both toc i1l defined, and too complicated
for this purpose.

(d) It was possible to determine whether tracks had lengths
greater than a certain value (0°25 cnm.). The direction in space
and range of very short tracke could not be accurately measured.

It was convenient, therefors, to be able to exclude them in

certain cases.

After msking the above checks on the coordinates of any
tracks that were read in, the computor then czlculated the
appropriate direction cosines, angles, lengths, and energies.

The formulae used, have been derived in chapter 1 and given or
quoted in section 2.2 and will not be quoted again here. In

the case of =~ starting and stop;ing track; O, %K, the track length
r, En’ Ep and Ed were all calculated, where: En is the initial
neutron energy assuming the track to be a proton scattered by

the beam, and Ep and Ed are the energies of the particle

producing the track assunming the particle to be a proton or
deuteron. After any given number of'starting and stopping tracks!

had been calculated, a spectrum of the number of tracks,

satisfying given conditions, in ranges of angle and initial
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neutrcn energy, could also be printed out.

In the case of . data from the 'charged particle
scattering ucan', the appropriate angles and energies were also
calculated and printed out. The details and definitions of
those parts of the output required, will be given when the resu;ts

are discussed in chapter 4.

A search could be made amongst the data from the 'starting
and stopping tracks scan' feor n-p, n-p double scatters, using
the criteria given in section 2.2.3. When a pair of proton
tracks were found that satisfied the data within certain limits
the relevant angles and energies were calculated and printed out.
Since the search, as will be shown in section 43,3 , was

unsuccessful, no further details of it will be given here.

The reasons behind some parts of the computor programme
will be dealt with more fully when the results are discussed in
the next chapter. Before this, however, the derivations of
the constants used in the reconstruction calculation nust first

be described.



194

3.5 DERIVATION OF RECONSTRUCTION CONSTANTS.

The reconstruction of “irections of tracks in the chamber

was performed with the formulae 3.3/1. In these formulae the

Z

; . 1 d R
following constants: b, af ,{io, and .Y, ZT’ OYB,Adefined in

0T O

secticn 3,3, were used,

The effects of errors in the latter four constants on
derived lengths and directions in the chamber are very small,
and thus the Jderivaticn of these constants, from the camera

geometry, need not be further discussed,

The first three constanﬁs ray be derived entirely from a
knowledge of the geouwetry of the optical system, using the
formulae (3.3/5) for the 'apparent' distances (f' anc e;)°
There are two disadvantages in doing this. Firstly a knowledge
is required of the positions of the principal prlanes in the lenses.
The second disadvantage arises out of the difficulty in measuring
the relative positions of the chamber and camera. In order to
moke this measurement, the vacuum cose windows have to be
removed, and thus the measurement has to be made with no vacuun
in the vacuum case. New, it is found that, Que to the presence
of rubber gaskets, the chaomber moves when the case is pumped
down, and the measurements mode in the absence of a vacuum are

no longer applicable.

As on alternative to using a knowledge of the optical
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geonmetry, the three constants may be derived indirectly from
neasurements of fiducial marks at known positions in the chamber.
Let Mo be the magnification of distances between points on the
back, reference, window, when projected on to the table. Let
MF be the corresponding magnification from the front window.

If d is the distance between the windows, FYT and FYB are the

projection ccordinates c¢f a point on the fronf window, and if

R -
A= glp - §lg,

then b =AY M, —_

3.5/1

i
=
\'\

mf!

The disadvantonge, here, is the dependence of all the constants
on the relatively small difference tern (MF - MB) which cannot
be determined to a high accuracy. An alternative method was

used, therefore, which relied on a mixture of direct and indirect

measurenents:
b = b (direct) ,
bMo
»’ =
o ATy + 1) 3.5/2
1 -— ! .
mf - Mb ¢ o !

The value of MF could then be checked against direct measurement:

M (from above) = 9+728 + *02 cm.

MF (direct) 9+753 + +02 cm.
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which agree within the errors. CZO and f could not be checked

without a kncwledge of the positions of the principal planes.
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CHAPTER &,

RESULTS.

4,1 MEASUREMENT ERRORS .,

L,1.1 Accuracy of determination of angles and lengths in the

chamber.,

The accuracy of any of the results calculated in this
chapter will depend on the accuracy of measurements of lengths
and engles in the chamber, The causes of errors in these

measurements will now be considered.

Due to coulomb scattering the paths of lonizing particles
are not quite straight and their range is not eXactly related
to their energy; thus an inevitable error is introduced in the
determination of energies and angles at the event. Errors in

angle from this cause can be shown to be

Ke. & 002° %.1/1

Errors in the determination of angles in space could be
due to the following causes:-

(a) Distortion of tracks due to movement of the liquid,

and thus of the tracks, between the time when the particles

passed through the chamber and the time when they were photographed.

(b) Optical distortion of the tracks due to local
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variations of temperature in, and thus of the refractive index

of, the liquid hydrogen.
Errors due to the above two distortions were only estimated
from a determination of the total errors due to all causes, see

section 4.1.2.

(¢c) The optical distortions due to imperfections in the
camera lenses and projection system were almost certainly

negligible.

(a) The optical distortions due to the presence of glass
plates between the camera and chamber and due to the finite

refractive index of the liguid hydrogen have been estimated in

appendix D, where it was shown that the maximum error in
determining any direction is

K- < tos°, k,1/2

-

and the error in determining a small angle O:

K,, (small 8) < + 045, £.1/3

e‘)
where @ is the angle which a track makes with the beam direction.

(e) In the particular case of a determination of the

angle (0) of a track with the beam direction, there is an error

due to the imperfect knowledge of the beam direction. This
fixed error was estimoted in section 2.7 to be less than 0-70,
The results given in section 4.,2.4 suggest that its actual value

was somewhat less than this.
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(£) The accuracy with which the coordinates of a
projected trzck could be measured depended on the finite size
of the bubbles, their distribution about the true path of the
particle and on the accuracy of the equipment used to measure
the tracks,

In section 3.1 it has been shown that if

K@ error in determining the lateral position of a

projected track

~,

gh:

A

error in determining the longitudinal position of a
projected track. end,

2, and

¢ R

then the error in determining any angle in space K. is

and the error in determining a small angle © is
Xo (sma11) ¥ 2 K@ : 4.1/6
4,1,2 Experimental determination of the accuracy of angle
measurement.

If the events selected in the 'charged particle scattering
scan' (section 3.2.5) are n-p, p~p double scattering events

(section 2.1,2) then the angle between two of the tracks (2 and 3



in the figure below), 6',is 90°.
initial .~ meutron
_vsutron _ ___.7 ’/proton
roton 3

{
\/J &’
:{\ﬁrotcm

In these

900 photographs were scanned and 91 events selected,
events, except those in which one of the tracks 2 and 3 was less

-than 0+5 em, in length and large errors might be expected, it
504 The

waeg found that the measured angle, ©', was 90° +

events were, therefore, assumed to represent the second
The R.M.S. variation of the

scatterings of scattered protonsa,
measured angle O' from 900, Kb,, then gave g determination of the

accuracy of measurement of the directions of the two tracks,

is plotted against the length (r') of the
It

On graph (4.1)1 K,
shorter of the two tracks (2 and 3 in the figure above),

. . . . ', ’
is seen the variation, Ke,, is very much larger if r is small,

presumable due to the much larger error in measuring the short

If one of the tracks was less than 05 cm. long, it

track,

was generally true that the other track was much longer than

The error in measuring ©' will then primarily depend
If,

0.5 cn.,
on the larger error in measuring the shorter track.

therefore, K is defined as the error in determining the

direction of any track, of length r, then
Ko 4,1/7

b
=
L]

Kn
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when r is token as the length (r!') of the shorter track and

when r' is less than 0*5 cn.

i
When the length of the shorter track (r) was above 2 cm.,

then the difference in length between the two tracks was not, in

general, large., The error Ke| was then caused approximately

equally by the random direction errors in the two tracks, and

1
— K 4,1/8
Jz 9

when r is token as the length, r', of the shorter track, and when

K(}-

-

olle

r' is grater than 2 cm. On graph (4,1)1, K, as obtained from
equations 4.1/7 and 4,1/8 has been plotted for the ranges of r
for which these equations are valid,. A smooth curve has been
interpolated in the range between 05 c¢m, and 2 cnm,, where

neither equation 4.,1/7 or 4.1/8 is valid.

Assuming that the error K~ is entirely due to the
measurement errors (see (f) in section‘4.l.l), then from the
values of Kq 4 the error KQ in measuring the lateral position of
o projectel track may be calculated from 4,1/4 an? 4.1/5, These
calculated errors, K, , are plotted on graph (4,1)2, Over most
of the range of R, KQ is seen to be coristant and equal to a value
(Ol mm,) that is somewhat less than the estimate of 0°¢5 mm,

This result suggests that causes of error other than those
resulting from errors in measurements of the coordinates of

projected tracks, may legitimately be ignored, Using this fact,
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the error X in determining a small angle 6, has been

o(small)
calculated and plotted on graph (4.1)1,
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4,2 NEUTRON ENERGY SPECTRUM,

b,2.1 Basic Equations.

Let a beam scattered proton be defined as a proton which
is scattered in the chamber by a neutron in the beam, In this
case the energy of the neutron may be calculated from the range
and angle of the track of the proton (equation 1.5/9 and 2.1/1).
Hence from the tracks of these beam scattered protons, the

energy spectrum of the neutron beam may be calculated.

Let q(@, En) ‘ge,émn s be defined as the number of beanm
scattered proton tracks starting in a volume V', with angles and
energies in the intervals SO,SEn. . The spectrum of initial
noutrons , that may be derived from the above distribution, will
be defined by the number n(En) é En of neutrons per cm2 of bean
cross section, per burst of particles from the cyclotron, with
energies in the interval é)En. n(En) may be obtaiged from
a(0, En) using the relation,

q(0, En) =N vu{ N, ( pO"" (o, En))(n(En))(aTTsin 29)

=
k,2/1
where N = number of cyclotron bursts considered,
V' = volume in which tracks start,

1]

density of the liquid hydrogen,

¢

P
]

Avogrado's number,
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The distribution of starting tracks q(O, En) may be
obtalned from the distribution of tracks selected from the

'starting and stopping tracks scan' (section 3.2,3).

Let(p(@, En) é ¢] g.E;}be the number of tracks selected in
this scan with angles and energies in the intervals 5'9 and A
5 E.. »(0, E) will differ from previously defined q(8, E )
in two ways. TFirstly p(e, En) will include the distribution:
of spurious tracks (section 2.2.6) caused by neutrons other than
those in the bean, The number of these spurious tracks may Ee
estimated and subtracted from p(o, En) to give a corrected
distribution P"(e, E ). The second difference which is still
present between g(0, En) and p"(e, En) is a consegquance of the
conditions applied in selecting the tracks in the scan. These
conditions will be given in the next section. Let the
probability that a track starting in the volume V!, with angle
9, from energy E , is stldcted by these conditions, be Gg(e, En).
Then

p"@, E) = G(e, E) q(0, E)) L,242

Defining the distributions p"(En), q(En) and the probability

P(En) by
p"(E) = | p"e, E) a®
a(B) = [ alo,E) ao
/.;ﬂ/z, ngd @1 B) :
P(E) = J a(e, E,) ' 2T sin 20 40
/ nepd 7(Eg)

4.2/3
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then fronm 4.2/1

a(E ) = WV ¢ N, {n_pG’T(En)> ( n(En)> L.2/b
and from &4,2/2
P"(E ) = P(E)) a(E). k.2/5

p"(En)giEn is the corrected number of selected tracks in the
interval é E . TFrom p"(En) using 4.2/4 and 4.2/5 the energy

svectrun n(En) may be obtained,

Tn the next section P(En) will be caleculated; then p(En)
will be given and the corrections applied to it. Finally in

4,2,5 the calculated spectrun n(En) will be given,

L,2,2 Probability of selecticn.

Tracks measured in the 'starting and stopping tracks scan!
(section 3.2.3) were only selected (section 3.4) if they satisfied

certain conditions.

(a) Tracks were rejected if they started ourside the
bean cross section. The reason for this was given in section
Ce7a Tracks outside the cross section must be caused by neutrons
scattered from the beam and the tracks will thus be spurious
tracks (2.246). Tracks were in fact only selected if they
started inside a velume V', which was everywhere inside the

beam, and also inside the visible part of the chamber.
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(b) The range of a particle and thus E could not be
obtained if the particleds tracks did not stop in the chamber,
Tracks were, therefore, only selected if they stopped in a
volume V which was larger than V' but also inside the visible

part of the chamber (see figure (4.2)1).

(¢) TFinally, very short tracks with lengths less than
r, (0°25 cm.), were rejected, because they could not be

rneasured witl sufficient accuracy.

The probability of selecting a track with angle 9, and
E_, G(e, Enz,will depend on the shapes of V"and V, and on the
value of r .  This probability G(e, En) may be derived as
follows. Let D(0, X% , E s Xy ¥ z) have the value unity if a
track witk 0, ¥ and En, that starts at the point x, y, 2
satisfies the selection conditions (b) and (c¢) given above; and
let D(%X,ﬁgtjz) have the value zero if these conditions are not

satisfied. Then

’

V -
~ay JH
[t 7 . .
G(o, En) = /”/‘/j ) D(o, X, E v X, s z) d A dx dy dz
A Ll
/[,‘ / dX ax dy dz
Ao ) 4'2/6

vV
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Figue. (4.2) 1 Scleetion Vedumes

CHAMBEK



209

This can, in practice, only be solved exactly for very special
cases, Even numerical integration, with the aid of an

electronic computor, is very slow unless fairly simple shapes

V and V' are chosen. Thus for V, instead of using the complete
illuminated volume of the chamber (a polygonal truncated cone,

see figure (4.4)1), a rectangluar volume was used. The volume

V' was then taken to be that part of V that also lay within the
bean cross section. Since the beam cross section was rectangular
the volume V' was rectangular also. The volumes V and V! with

respect to the chamber are illustrated in figure (4.2)1.

The calculation of G(8, En)’ and hence of P(En) (see
equation 4.,2/3), were performed numerically with the help of
the Mercury Computor referred to in section 3.4. The theory
and programme will be given in appendices F and G, The
calculated values of G(O, En) and P(En) are given in appendix F.
P(En) is also plotted on graph (4.,2)7. From equations 4.2/1
and 4.2/2,
(e, E.) ez 27 {sin 26)((}(0 E }f ‘T(o, E )\#.2/7
PUAE, By {® P TnAaep ' Ty
At the energies used,n_gfe, En) is approximately independent of
2. The angular distribution of selected beam scattered protons
is then approximately given by
p"(e, En)(X‘ 21T sin 20 G(O, En),

which for various values of En is plotted on graph (4.2)2,
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L,2.3 Energy distributicn of starting and stopping tracks.

In the starting and stopping tracks scan, described in
section 3.2.3, 72 pairs of stereo=photographs were scanned and
324 tracks found that satisfied. the selection conditions given
above, The numbers if these tracks p(En) 5 En in neutron
energy intervals élﬂhof 5 MeV are plotted on graph (4.2)3,

The fractional error (K?) in p(En) 5 En narked on this graph
is the purely statistical error,
1
Y T pGoes,
The error (KE) in determining the initial neutron energy E
was estimated as follows.
Using equations (1.5)9 and 2.1/1

(r)0-548

En = 107 - MeV
cos @

Therefore dr

= 0°+548 - 2 tan 0, dO

r

H | o
B I g
B

Since the R.M.S. errors in r and O, K} and Ké, are independent,

I / K .
Y. {0-55 R )2 + é? tan O}Ké?a.
/
E \f I‘
n
Kr arises from the two longitudinal errors in determinjng the

position of the ends of a track in space. Using the definition
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of Ky (which has been plotted on graph (4,1)1) and of A , given

in section 4.1.1 (f),

K@ = K“ Q ’

thus

I

giljfl-a + 4 tan® 0 4,2/8

.
En

Kil is a function of the track range T. The mean range of
selected tracks was found to be approximately independent of the
neutron energy En’ and equal to about 1°3 cn. Ko for r = 1°3 cm.
taken from graph (4.1)1 is 1‘50. The rmean value of € for
selected tracks varied considerably with En. Using the
approximate angular distribution of tracks given on graph (4.2)2,
mean vélues, ®, of © have been estimated and given in the table
below. Values of Ko calculated from equation 4,2/8 when the-
estimate of Ky and ® are substituted in the equation are aléo

given in the table.

B, 10 20 30 50 70 MeV
o 20° 40° 50° 60° 70°
K/E, 340 5°0 65 83 13 %
Ko .3 10 2°0 Le2 9*1 MeV

These errors are marked on graph (4.2)3.
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It is seen on the graph (4.2)3 that a number of events
are recorded with energies higher than 60 MeV. Since there
was, in fact, no source of neutron higher than 60 MeV, all of
these events must be accounted for by the estimated error KE'
In fact, their distribution beyond 60 MeV agrees well with the
estimated error KE of 9 MeV, A better approximation to the
true distribution of tracks is obtained when the numbers of
events with En appacently higher than 60 MeV are folded back
about 60 MeV, The resulting distribution, p'(En) 412 E» is
plotted on graph (4,2)4%, A further correction will be given

in the next sub-section,

From 4,1 it will be remembered that the estimated value
of K¢ did not include errors caused by any lack of alignment
of the beam with the z direction. The agreement between the
estimated error KE derived from K with the distribution of
tracks above 60 MeV is an indication that any errors due to lack

of beam alignment were negligible.

4,2,4 _ Spurious Tracks.

Spurious proton tracks (see section 2.2.6) due to neutrons
not in the beam may be identified by the distribution of tracks
whose calculated En is far in excess of 60 MeV, The presence
of such tracks is not shown up by the distribution p(o, En) since

the value of E for a spurious track may tend towards infinity,
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On graphs (2,2)5 the numbers of selected tracks;nfe, %59,%ﬁ)S@gEP
in intervals of angle .and proton energy, 6@ and c(Ep have been
plotted, The tracks represented in the shaded portion of the
graph all have calculated values of En in excess of 100 MeV,

and cannot be explained by measurement errors on tracks produced

by the bean.

If the spurious tracks are caused by neutrons that have
previousiy been scattered from the neutron beam, it can be shown
that the angular distribution of the spurious tracks will be
aprroximately isotropic in angle and proton energy up to a proton
energy of about 30 MeV. Thus if qg (e, E%(Q,Ep))ﬁeéEP is the
nunmber of spurious tracks in the intervals d9 and dEp, then

qs(e,gn(e,zgp)) =B .27 sin © L.2/9
where B is a constant, The magnitude, B, of the distributiop
hos been calculated from the observed humber of tracks with Eh
greater than 100 MeV, Let(ps(@, En) 4o é]%bbe the number of

selected spuriocus tracks in the intervals é 8, 6 En, then from

. 2

ps(e, En) =B N G(o, En) 2W sin ® . cos™®,
and the number of spurious tracks, pS(En)dEn, selected in an
interval dEn will be give%.by

"z
ps(En) =BN | G(o, En) 2T sin @ 0052 o ae, L,2/10
A

The integral was evaluated graphically. The resultant energy

distribution of spurious tracks is plotted on graph (4.2)6.
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When this distribution of spurious tracks is subtracted from
the corrected total distribution of tracks, p'(En), an estimate
p"(En) of the true distribution selected tracks of bean
scattered protons, is obtained. p"(En) $ E, for gEn = 5 MeV

is plotted on graph (4,2)7.

Before deriving the initial neutron energy spectrum a brief
consideration will be given to the number and causes of the
spurious tracks. From equation 4,9/9, the number of spurious
tracks has been calculated to be 15% of the total number of

selected tracks.

A similar estimate of 15% for their number was made in
section 2.7, from the distribution in space of starts of tracks,
in and out of the defined bean, Yet a third estimate of the
number of spuriocus tracks may be made by considering the possible
causes of scattered neutrons in the chamber. From the known
thickness of metal in front of the chamber, the number of
spurious tracks was estinated to bé only 5% of all tracks.

The number of tracks from neutrons that were scattered in the
hydrogen of the chamber, was estimated to be 6% of all tracks.
The difference between the total of these rough estimates (11%)
and the observed (15%) proportion of spurious tracks is not

significant.
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4,2.5 Neutron energy spectrunm,

From the corrected observed distribution of selected beanm
scattered proton tracks, p"(En), the neutron flux, or energy
spectrun, n(En) may be obtained. A knowledge of the selection
pfobability P(En), and a knowledge of the total scattering cross
section n—p{r T(En) are required, P(En) calculated in appendix
F is plotted on graph (4.2)8., The total cross section, taken
fron Harwell data (unpublished) is plotted on graph (4.2)9.
Using these, and equation 4,2/5, the calculated neutron flux per
burst of particles, in the chamber, in energy intervals 5 MeV
wide (n(En) g En) neutrons per cma, is plotted on graph (4,2)1
The fractional errors in this distribution of flux are taken to
be the same as those of the distribution of selected tracks
p(En) é En. The errors involved in the numerical integration
used to derive P(En) were less than 1% and therefore negligible;
and the errors in the cross section were also negligible. The
errors in the correction for spurious and high energy tracks nmay
be ignored since both corrections were thenmselves less than the

statistical and energy errors in the flux,
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The estimated total number of beam scattered proton
itracks, starting in the volume V' (see section 4.2.2) whether
P :
selected or not, with energies in the interval gE%éq(En) o Enb

derived from the equation 4.2/5, is plotted on graph (4,2)12.

The flux of neutrons, per unit =olid angle, per burst of
particles, leaving the target, before hardening, with energies

in the intervalgﬁn« (m(En) é En?7was also calculated, using the

7
equation:
n(B ) ..
n(E ) = L., )* 4,2/12
n n(z,) ¢

where Ec = distance from chamber to target and h(En) = hardening

factor, defined and calculated in section 2,6, and plotted on

graph (4,2)10, The estinated values of m(En) 4 E_, where

(

¢ E =5 MeV, are plotted on graph (4.2)13.
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4,3 ANCILLARY RESULTS.

4,3,1 Determination of neutron-proton differential cross-

sections (1).

Before giving the results of the neutron-capture cross
section determination, certain other experimental results and

observaticns will be described.

One of the objects of the experiment, propcsed in section
2,1, was to measure the n-p elastic differential cross section,
with a view to using the results as a check on the experimental

nethods,

From equation (4.2)7 the angular distribution of selected

protons is given by
p"(Q, En) N ZTT(sin 26)((}(6, En))(n_pd" (0, En)'>

from which the variation of  _ (7 (e, E ) with @ may be obtained.
It is seen, however, from graph (4.2)2 that G(o, En) has values
other than zero only over linited ranges of © and thus the
variation of the differential cross section can only be obtained
over these ranges. Using the results of the 'starting and
stopping tracks scan' without correction for spurious tracks
approximate variaticn of n_piT’(G, En) have been derived and
plotted on graph (4,3)1. The continuous lines are results from

Harwell data whose errors are very much less than those of the
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present determination, The satisfactory agreement with the
Harwell data may be regarded as a confirmation of the calculated
values of the selection probability (G(e, En)), and evidence of

freedon from scanning biases.

4,3,2 Deternination of neutron-proton differential cross

section (2).

As =n alternatiwe tc the above method, the relative n-p
differential cross sestion cculd be obtained from the results
of the 'a2ll starting tracks scan'; (see section 3.2.4). In
this scan, the totsl number (i a(e, E_) dEn> 5@ of tracks
that started in the defined volume V' and which had track lengths
greater than 0425 cn. and whose angles (@) were in the interval
é 0, was deternined. The energy, En,of the neutrons knocking
on protons that did not stop in the chamber could not be obtained
from the proton track ranges. However, from the results of the
'starting and stopiing tracks scan' (graph %4.2)12), it is seen
that the number of events (q(En)) per unit interval of initial
neutron energy (En) is peaked at aprroxinately 50 MeV, T a
first approximation, therefcre, it may be assumed that all events

are due to an initial neutron energy of 50 MeV.

For © less than that angle (ec) at which the range of a

scattered proton from a 50 MeV neutron would be 0+25 cn.,
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i [ %i(e) £ )d Eﬂ;ée oo (approd) 2 sim28. (0, 4511) S0

AY
The cobserved values of {fh(e, E) dEn’ Se, for g 0 = 101 from
this scon, and the derived relative differential cross sections

are plotted on graphs (4,3)2 and (4.3)3..

The continuous line in graph (4.3)3 is again from Harwell

data, and the sa&isfactéry agreement with this data provides

confirmation of fﬂwé&wQ?Lfﬂﬂﬂf'ﬁ@ayWﬂ»V}fbiaég

4,3,3 n-p, n-p Double scattering,

Half the results from the 'starting and stopping tracks
scan', (about 170 photcgraphs) were searched, with the help of
the computor, for neasurements of double n-p, n-p elastic
scattering events (see section 2,1.3), All possible pairs of
tracks on one pair of stereo—photogfaphs were considered in turn,
and the selection conditions given in section 2.2.3% apprlied té
thenm, The tolerances used in applying these conditions were
made wide encugh to include not only allipossible true double
scattering évents, but also some pairs cf tracks, which by
coincidence, appeared to correspond to double scattering events.
From the 170 frames scanned, 19 pairs of tracks were selected,

of which only about half were expected to represent true double
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scattering. It was hoped, on further consideration of the 19
selected pairs, that they would fall into two categories:

those representing true double scattering that would fit the
selection conditions well, and those which because they were not
true double scattering events would not fit the conditions so
well, In fact the errors in neasurenents were such that it was
not possible to distinguish the better fits of the double

scattering events, and the method had to be abandoned,
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bob DETERMINATION OF THE NEUTRON CAPTURE CROSS SECTION.

L,4,1 Basic egquations.

The method of determining the number of neutron capture
deuterons has been outlined in section 2.2.%. It relies on the
fact that the distribution, in angle and range, of neutron
capture deuteron tracks, is fundamentally different from the
distribution, in angle and range,of neutron scattered proton
tracks produced by the same neutron bean, From a determination
of the distribution of both deuteron and proton tracks, therefore,
it is possible to make separate estimates of the number of
deuterons and the number of protons, that have contributed to

the combined distribution,

Let En be the initial neutron energy, on the assumption
that a track represents a particle that has been scattered by the
bean, En is given as a function of the range r and angle 0 of
a track by equations 1.5/9 and 1,2/1. The term E will still
be defined by these eguations, as a function of range and angle,
even 1f the track is known to represent a deuteron. Ei will be
defined as the initial neutron energy, on the assumption that
a track represents a neutron capture deuteron. For the same
track, therefore, Ei = En’ Consider that part of the total

distribution of tracks due to neutron - capture deuterons. Fron
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From equatiocn 1.5/7, the angle © of the deuteron track must be

less than 5'40. En will, therefore, be given ap.roximately

by: )-548

10-7(x) 248,

=1
1}
sfle

n cosae

Using equations 1.,5/8 and 1,5/3 the initial neutron energy, if

the particle is a deuteron, E,, is given by:
i

B, =2 143 (r)%%® 2 .67 E_ 4 4/1

In section %,2 various terns (e.g. G(O, En), p(@, En), etec.)
have been defined which apply to the 'starting and stopping tracks
scan’', In this section corresponding terms will be defined,
that apply to the 'small angle tracks scan'. These corresponding
terms will be denoted by the same letters, but with an underline,
(e.g. G(0, E), plo, En).
Let the probability that tracks be selected from the

emall argle scattering scan be G(©, En). Then the number of
selected tracks in the intervols d6 and dE , p(o, En) do dE ,
will be given by

~=»(e, B )= (e, E) qlo, E), L,b/2
where g(8, En) de dEn is the total number of tracks in the
intervals de, dEn, thot start in the volume V' of the chamber.

Let E(En) =/g(e, E_) 40

ond q(E,) =/' g(e, E_) ae,
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Let those parts of these distributions due to neutron capture
deuterons be, similarly, Ed(e, En), p&@, En) etc; and those
parts due to scattered pProtons and spurious tracks be

_C_L_p(@, En), EP(G’ En) etec.

By the derinitions of the cross sections at the same

(€7) _ .
initial energy ) and using equation L 4/ E: = 2:€7 E,

2% @l (&) e TR,
1, @6E) T(E) nep T 0 @47E,)

It will be shown, in appendix H, that for all angles (8 < 5¢4°)
in which deuterons may be found, G (6, En) is gpproxinmately
independent of © and therefore, equal to gg( r) . Using this

fact aond equation 4.4/2 it follows that:

capG p(2°67 En)

n-p I p(TEIE)

PEEL) =N G r) o GbIE, ) . i

Thus from a knowledge of the numbers of deuterons selected by
- N - - . ¢

the small angle scan in intervals gih) E'd(En) e En yand

from the nunmber of neutron scattered prctons starting in the

q P(En) é En smay be obtained

) -
the ratio of the neutrcn copture, to scattering, cross sections.

volume V!, in an interval g En

The determination of the selection probability g(o, En) will be
considered in the next sub-=Bection. ER(En) will be derived

in section 4.4.3, =nd the nunber of deuterons pd(En) in section

bbb,
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!

4.h.o Probability of selection.

Since all .deuterons have tracks less than 5'40, tracks
were selected in the 'small angle tracks scan' that satisfied

the conditions (equation 3.2/1),

@, £ =75°
g & =75

A further geometrical condition selected only tracks that started
in volume V'and stopped in volume V, where V'was that part of

the visible chomber that wes inside the beam cross section, and
where V was the visible part of the chomber except that part
within 3 mm. of a wall or window, (see figure (4.4)1). The
selection probability will depend on the form of the volumes

V and V' 2nd can, in principle be derived from a four fold
integral similar to that of equation 4.2/5, It was not found
possible to integrate such an expression, even numerically,

with the truncated polygonal cones that defined V and V!. It
would have been more convenient'to have defined rectangular wvolunmes
V and V'as was done for the corresponding volumes V and V' used
in the 'starting and stopping tracks scan'. This would,
however, have reduced the number of deuterons selected by a
factor of two. Accurate knowledge of G(O, En) is, however,
only required for small angles and this enables an approximate
determination of G(8, En) to be made, It will be shown in
appendix H that the probability be written:

a(e, E)) § G(x) G (0) , bob/5
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where G (@) depends only on the small angle conditions, and
EéfO).;—l; and where Eﬁ(r) depends only on the geometrical
condition and is equal to G(O, En(O, r)). Eg(r(@, En)) as a
function of 6 and E is plotted on graph (4,4)2 and

Ga( ). 2r gin 2 © ic plottod on graph 4.4.2 .

A

44,3 Numbers of n-p events.

qP(En) dE has been defined as the total number of proton
tracks“in the interval dEn' starting in the volume V'during the
'small angle tracks scan', The distribution q(En) obtained in
section 4,2.5 differs from EP(EH) in that it represented numbers
of tracks observed during 'starting and stopping tracks scan',
and also in that only tracks starting in the smaller volune v'
were considered, If neither the neutron energy spectrum nor

the mean neutron intensity changed between the two scans, then

Y X
L,(E) = — = a@), b, 4/6
v N

where N and N are the numbers of cyclotron bursts of particles
in the 'small angle' and ‘starting and stopning' scans. The
only possible cause of a chonge in spectrum would have been the
slow continuous decomposition of the lithium deuteride target
(see section 2.5). Since the neutron energy spectra determined
before and after the small zngle scan were not significantly

different, this decomposition will be assumed small and the
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spectrum will be assumed toc have remained constant.

The mean neutron intensity, however, did fluctuate and
thus the equation 4.4/6 must be modified by the addition of a

norfialigatiaon factor to give:

NV
EP(EH) = /&

q(En) hoki/7
N Vv

where:

mean neutron intensity during'small angle tracks scan}

})_.:

mean neutron intensity during'starting and stopping tracks
: scan’

The mean number 8(5ATS) of starting tracks per frame in the
3

‘small angle tracks scan was obtained by counting, without
measurement, the number of starting tracks in five groups of 40
photographs each,spread evenly through the scanned film, The

. . . . R
mean number (S(SASTS)) of starting tracks in the 'starting and
stopping tracks scan! was obtained by similarly counting the

tracks in all the film scanned. Then

s 20*5
po= EAIS) = 1°03 + 15% 4.4/8
: S(SASTS) 20+0
Loh . 4 Determination of neutron-capture total cross section.

From equations 1.5/4 and 1.5/6 and 4.4/1 the angle (8) of
a deuteron track from an initial energy Ei and with En defined

from the tracks range (r), must satisfy:
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. | E, 2°67 E
0 £ 6(x,) =/ = = [ —2 = e(B) kA9
- 8 M_ J o8

A
The measured @ may be in excess of S(En) because of errors of

mecosurenent, K., Let

©
A A
G(En) = O(En) + K L, 4/10
N
@(En) for different values of E taking K, from graph (4+,1)1
are then:-
En 75 125 17+5 225 MeV
G(En) 3030 Le0° 4o 6° 5440
Ky 1+7° 1°0° 05° 0-3°
A o o o o
S(En) 5*0 5+0 5+1 57

Since most of the neutrons in the beam are in the energy
range 30 - 60 MeV, (see graph (4.2)11, most of the neutron
capture deuterons will have Ei in this range and thus En in

the range.

30 60
2 MV < B o< 2]
2+67 2467

or approxinately
10 MV < B < 25 MeV

Thus cnly tracks in this energy range will be considered.
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Consider now the distribution of selected tracks (2}6, En))
in the range

10 MeV < En < 25 MeV,
At angles just above‘g(En) all the selected tracks will be
protons scattered by the neutrons in the low energy tail of the
neutron spectrum, Just below %(En) there will be a similar
number of protons, but also a distribution of @euterons. In
section 1,5,3 it was shown that this distribution of deuterons
is highly peaked at angles, ©, just below é(En) (approximately4'5°).
4 (0,4 ) plot of observed selected tracks with angles below 10°
is given in figure (4.4)4. Although there is a general increase
in density of points at angles less than 50 there is no apparent
‘concentration around 4‘50. This is presumably caused partly
by errors in measurement and partly by lack of statistics.
The general increase in numbers of events below 50 is, hcwever,
assumed to be due to neutron-capture deuterons and from this

increase the copture cross section will now be calculated,

Consider the number of selected proton tracks, pp(G, En)é(9gﬁw

-

in the intervals é>6, s E , due to a neutron flux_g(En).

Ignoring spurious tracks, then,

prae
&
/r" ’r(gg));u;’.-- 2w NV e N n(E) G(9E) bE dew
p(e.En)aeSEn=I/ja_(w)S€;. ) 202w N Ve Ny nlg) | TU9E) OF,
[ .
_ae
2.
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The only vormsin the integral that varies rapidly with @ is

@ (w ) and sin (2 w) , therefore

, 61&P \
]
i i
£,z - . = O
PADES) 2T ,()galo)lﬂsm?wdkjgcj(rce ">N¥/f% n(.) _’g(r),-.}m:
- \(:),‘_5‘_(:? -
> 4.4/

Values of EfEn) obtained from the observed number of tracks in
given intervals of arngle and energy are plotted on graphs (4.4)5
and (4,4)6., Those values of n(E ) morked with a cross on this
graph were obtained using the angle interval 9O to G(En), in
which all possible deuteron tracks should appear, It is seen
from graph (4,4)8, where the energy interval is 10 -~ 25 MeV,
thaot Q(En) is approximately constant for all angles above‘@(En)
but is significantly higher than the mean value for the angle
range below g(En). This rise is interpreted as representing
the presence of neutron capture deuterons, The mean values

of Q(En) token over all angles above g(En) for different values
of E , are marked as dotted lines on graphs (4b.4)8, and are
plotted on graph (4.4)7 together with the values n(En) obtained

from the 'starting and stopping tracks scan',

When the mean of values of g(En) taken over angles above

PA
8(En) is substituted into equation 4.4/11, an estimate may be
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mnade of the number of protons in the range less than @(En).

This estimated number of protons, in the enérgy interval ¢ En
shall be referred to as pp(DL)(En)‘& E » No correction for
spurious tracks were made either in Q(En) or in pp(DL)(En)
derived from it, The number of deuterons in an energy interval
A Egy P 4(B)) HE ,moy thus be estimated from the observed

-

A
- 4
number of deuteron and proton tracks below @(En), (E(DL)(En) En)

using:
EQ(En)‘ = P(pn) (En) - D (DL)(En) b,b4/12
deuterons total protons calculated
observed

The values of p(DL)(E ) £0E E )A E ard the calculated

£t Pp(on)"a
number of deuterons pd(El ){5“ aro given in the teblo bolow.

E_ 10 - 15 15 - 20 20 - 25 MeV
p(DL)(En) AEn 5+ 5 3 + 3 4 + 2

P, (o) (By) A, 207 203 146

Py (En) BE 23 07 24

The total estimsoted number of deuterons is seen to be
54 + 3°6

From equations 4.4/4, 4,4/5 and 4,4/7, -
of,,),z 67
G (20678 ) Gt
., v capv T n ‘ 4
Pa(E,) OE_ Sp =y N Gg('}) q (E') dE ) on/13
0 (3-67E,)

& = )26]7



toking Gg(r(@, En)) from graph (4.4)2

n-p
q (En)

and using:

/Jl.

Values of the neutron-capture

T R (B)

i

it

:-10%

from graph (4.2)9

from graph (4.2)11

144 c.c,
105 c.c,

5268 bursts

1*03

in the table bhelow.

14

+ 5%
+ 5%

15%
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cross section obtained are given

E
n

By

Gg(r )

ij (B_)dE,,
pep 9 7. (By)

pg(E)) & F

cap<yJT(En)

|

10 - 15
27 - 40
+ 76

+88
265
2*3

122

15 - 20
4o - 54
*55
1-81
170
«76
175

20 - 25
54 - 67
«3]

1-09
130
2436

120

MeV

MeV

unite

cn.

A weighted mean of the results given as the neutron capture

cross section at approximately 50 MeV:

e .
cap O (50 MeV) &

66 /4. B.

The errors are dominated by the statistical errors in the

numbers of small angle tracks observed.

Other errors were,




however, included in obtaining the total R,M.S. error of
+ 72% giving
p— _ =30 2>
cap - (50 MeV) = 66 + 46 /413( 1077 em

This results will be briefly discussed in the next and final

section.
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4,5 CONCLUSION,

The primary object of the experiment was to observe the
neutron~capture process at medium energies. The experimental
difficulties in the obeervation of the neutron-capture reaction
arise from its small cross section compared with the cross
section of neutron proton scattering (1 : 10,000). There is
considerable theoretical interest in the polarization of the
reaction (section 1.2), Becnuse of the small reaction cross-
seétion, however, not only has this polarization not been
measured, but the reaction itself had not previocusly been
observed, In the present experiment the reaction has been

observed,

The total cross-section for neutron capture, determined in
the present experiment at a neutron energy of 45 + 15 MeV, is

66 » 46 B (10729 ¢m.2),

-

The total capture cross-sedtion, at the same energy, calculated
by detailed balance (section 1.3) from measured photo-
disintegration cross-sections (section 1l.5) is

17°5 + 3 pB (100 cm.?).

The rather high value (66 réB) of the capture cross-section
determined in the present experiment may be partly caused by

the presence of the rodiative scattering reaction (section 2.1.5),



which has been ignored. In the absence of a reliable theory
of radiative scattering it is not possible to make corrections
for its presence. Dr. R.J.N, Phillips, of Harwell, has,
however, estimated that corrections to the present measurement
of the capture cross-section, due to radiative scattering,

shculd not be riore than 40%.

The large errors (72%) in the present determination of the
capture cross~section dre almost entirely due to the small
nunber of deuterons opnserved. In order to obtain an accuracy
of 10% in the capture cross-section 100,000 photographs would
have had to be taken and scanned. In order to measure the
polarization of the reaction tc 10%., approximately 1,000,000
photographs would be required, the scenning of which would not
be practicable. The method used to identify the neutron-capture
reaction, used in the present experinment, might be used in a
counter experiment, and measurement of the polarization might

then be possible.
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APPENDIX A.-

WORK DONE DURING CYCLE.

Let the initial pressure be p, and the initial volume

‘ Vl' Consider then a rapid expansion of the volume to Vl + AV

where 4V << Vl' A small amount of gas of volume U! aﬁ pressure
Py is introduced due to boiling of the liquid. The volume

of the system is then rapidly compressed to its initial value

v
Of V «
1 V,+aVv

Pq

$°“'\Y) Q Ps

A

EXPRNSION ‘COMPRESSION



Denoting the pressures as in the above figure, and assuming

the complete cycle to be adiabatic,

va = CONSTANT

Pp = P~(l‘ KAY")

vl
P = p‘(n—x_o,\:/ 3 + KUAv)
v 1

- y'
the work done :/P A-v = W

which for p V = constant, gives

w - -lT A(PV)
v

-\
3 3 l ( - )
Therefore W, (during expansion)= Plv)_ P.

1 o
v, \/. v

(d )= L
urlng compression %=\ ( Pa vq F.a\/3 )

- (e

X-\ Vi \/. V:' A \/1 Ve

Total work done on the system '

W..rwz. - P U‘ b\/
\/l

oV u_”,A\/ U L yuav, sV Yav* u'av
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aVv | e, ~ P -
v, X e,
WiWw = W= _t_ U‘AP
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APPENDIX B.

ELECTRONIC CIRCUITS.
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APPENDIX C.

RECONSTRUCTION ERRORS.

In this appendix the errers in the determination of éngles
in the chamber from measurements on the film will be estiﬁated.
In the first section these errors will be .related generally to
the errors in determining the coordinates of points on the film.
In the second section they wili be calculated for a 'corresponding’
method of reconstruction, and in the last section for a non-

corresponding method.

Terms defined in section 3.1 will be used here without
further definition, their mea:p-ing should be clear from the
figures. All calculations assume that the chamber is small,

a long way from the cameras,and that the stereo ratio
s =4 /b <<

The term K: will always denote the root mean square error

in a determinationvof»t.

C 01 . Genera.l\( ' c'n "ERM

CﬂﬁHﬁEﬂ}
—
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The reconstruction formulae of 3.1/1 give approximately:

x = &S(Y\'I‘YB’) . . _K_x-i- __Y_'.FS
f P R’
gyl Y cip Kg s Ky |
d 2 R™ c.1/2
3: b Z Ky s Kar
5 AT R
Ko+ Kr
) ’

where L is the length of a track projected on to the x = O

plane and R' is the length of its image in the photogreiphs._

Let there be a system of polar coordinates in the chamber:
. the track and
r é_, » ¢ ;3 where g is the’ angle between the x axis, and ¢

the angle between the projection of the track on the x = 0 -

piarie and the z axis. Then:

"qné: _e_
x

|-d§,<_:l_x£>_,§:d'jc'

2 2
COS/OV ,

From which K . 232 ' ‘
‘ NCH 2 Fis : K

Kg = 77 (cos é){(§K§)+ (g: x) } | C.1/3

The ¥/2 arises from the independent errors in determining the two

ends of a track. From equation section 3.1:

K¢ = Kg -
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where K§ is the error in aetermining the angle of a projected

track.

>
i

A second system of polar coordinates (r, © , X ) was

defined in section 3,1. If 6 is small then & = “72
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C.2 Corresponding Method.

The longitudinal error in determining the end point of a

track was defined in section 3.1 to be 7* times the lateral

. error. These errors are given in the figure.
X/ 2KgR' /T
,KY'(c)= R’ KQ /60‘5243 + )\zSA'M (P (:/ '
. - ¥ ]
Kzo = Rrki’ / nt +Weos'd 7 ¥e R Az
2

. Fin <
Keo = »Kg R cal
» 'EY
using ¢|/’L Kx“) . ‘IZJ"S,_SK! /—;g*¢ + )lsma¢.
Kyo = LK m
z ——7 )
Kaw = __ng_ Kg fsiup + Vs ¢
L -
. Ko = %K! \2
-"‘;sina CI/S Kgey = ((Agmzt‘;) (f-sngjtoszqﬁ-bsmz‘f) ) |
S Key ¢ Kg( A +as? (coeqsmw)) c2/4
anf sinee S > K& > K§ | c2)s

Nowt, and 43‘ are orthogonal coordinates, from equation C.2/5

it follows that any error, (K A (e )) in the determination of any
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angle of the track in the chamber will be less than K!;( )
Knw < Kg JOT+ 28 (eraidd)) o/

An estimate of the value of X n(c) averaged over all

“angles and directions of a track, may be obtained from C.2/3

and K§ . Letting A = 2, S = 3:

Knew = 4 K¢ c2/y

The error in determining a small angle © may be derived

more directly, using equations C.1/4 and C.2/3:

)
_ Kotmat) * K3 \/‘“17" t 257 shiR <2/
Averaging over X and letting M =2, S = 3: | ‘
c2
Koema) = 3 K3 /9
Ce3 Non-cofresp;hding method.

In a non-corresponding method the Z coordinates of a point

are selected arbitrarily. ' The errors in the Y coordinate and

length are then: ~ K‘,, K§ R'BM* :
. . | rL
kg B! Y’ ;, o KR
KY! = g R _ Y ¢
\E o3 - 7
¢3/) KyR'
al' 1Y
K r k R.' gl\¢l \E ’
R ¢ tom ¢ — Z



Using (d. 1/2)

Using (C. 1/3)

for all é

since S > 1

266

- Pz S Kk t
Kx(NC) Vi ¢ s ¢
Kyawo = i—x:'_Ki C SmE o
k%(nq = O
2

Ke, oo = Kg \/(“;"25 : fwfi’)z‘*(ﬁs%té m¢>z <33

KE o SKg/f’mztﬁ po2st /4

et P

and by the same argument as used for the corresponding method,

section C.2,

K.s\.(m? < K§/m¢ " w:;g



- 267

"APPENDIX D.

THE EFFECT ON RECONSTRUCTION OF GLASS WINDOWS AND LIQUID HYDROGEN.

D.l EFFECT OF A WINDOW.

~"/b-'. A =t

Censider a ray ef light passing threugh a parallel sided
plate of'glaés, of refractive indax /Ar. Defining terms as in

the above,figure. and using

S ,P':‘ F;L—-'::h ¥

it follows that '

I cos ¥V o o
S = t(l.-ﬁ s ¥/ sivlip, | o1
To a first approximation for = _% A . "
e - c(_l—/-(-:"_—-).sm}f ~ o Di[2 -

and to second approximation,

- - X ~ D13
_ [t(l/-b)"' 1/“’(/ A})}s. ¥ _



L.V9

Thus the error iKg‘ ) in g , caused by the first approximation,

is given by,

SRR EACHI ETI

Consider now the shift in apparent stereo position of a
point P in the chamber, caused by a glass plate on angle 8’

from the vertical. , appoﬂenrpodsﬁbﬁ

Preal
posETinn
CAMERRS
GLASS WIN C HAMOER,
Defining terms as in the above figure, then, u51ng equation
D.1/2, to first order apprcximatlon,
fom t(8) sin(ae¥) — e(1-h) 22X
Ton Y
T z
IF ¥ K,y LI , ! :
— L : 0.1
fe= t(-f) ey

Thus, to first approximation, the effect of the glass~p1até is to



produce a-loﬁgitudina1 shift of apparent position (tf& ) of a
poiﬁt,P, which is independent of the position of P, and
independent of the angle of the glass plate. Together with
this longitudinal shift of apparent position, there is a lateral
shift ( 6;' ) which is independent of the position of P.  The
longitudinal shift is such as to increase the apparent distance

" of the point P from the cameras.

Assuming § 2 O and using equation D.1/4 it may be
‘shownuthat~the maximum error in determining a stereo position
4n the chamber is of the order of

«.‘ . " N -
; t 5 (-7
: . 2 A

' The maximum error (K_n_) in determining any angle in the chamber

is given by

»

K = KLI— K‘?_
. —(z r\ :
where K 4~ and K'@L are the errors in position at either end

of & track of length r. If

» distance'to_thé cﬁamber =€ = 30 cm.
maximum length in the chamber = 8 cm.
.refractive index, A = 1°5

= 4 cm.,

thickness of glass, t
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~

then, for a vertical track the maximum difference of y'between‘
the ends is 15°, and

| Kq = 0°47° D.1/6
For a horizontal tra;k with small angle O, the maximum difference
of 9’ between the ends is 7+5° and the error in th; smail angle
8 is given by

%9(small) = 025 D.1/7



D.2 EFFECT OF LIQUID nmﬁoem. ap
A -
Yy \\\
7/ cunmasﬂ.
D | N
/ .
7 \
s <\
L y
¢ G camenn TN \ \\\T

‘Defining the terms as in the above figure, and

using,
sin ([/'-.=_ L sinly,
/A—
it follows that to first approximation when 9/ % 77;2 ’

GH _ 1 _ _vealdegth
CH S apporent depth

0.1,

and to a second approximation,

H _'__LP_I‘ _" D.2/2.
ﬂcqﬁ-‘-/o->;)./u,(l | /

The effect is to decrease the apparent distance from the cameras

to a point P (the opposite effect to that of the glass plates).

The maximum errors due to the first order approximation

my be estimated from equation D.2/2 and found to be; for any

angle track

. [ o A‘
K-ﬂ.. = 33 ‘ D.2/3

2%
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for a small angle €

P} ‘
Ko(sma11) = 16 D.2/4

It follows from equations D.1/3 and D.2/2 that the
errors introduced in the first order approximgtions for the
effects of the hydrogen and the effects of the glass plates,
are of opposite sign.. Fhe tétal errors caused by both
approximations are estimaﬁéd to be:

o

Kn = *3 D.2/5

Xo(sma1l) = .15 D.2/6
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COMPUTOR  PROGRAMHE
vorllen w’ij‘ Rutocode

{ R.TB.PALMEEK baow )

APTO
L)
79’31}
SN

Far

e
2

nthﬂ‘ﬂ&r
Phiﬂfx.ng TR
1g JHOOT
NtM“HV‘

Wi INE

2 INE L INE
REAO(A T reod oM comtunts
PRM‘H(E)M& / m{ww'fw& F\g"’ ~g

"”H‘“‘k(ﬂ TRARE, T,45)

CHEDRE Ajﬁigzn qh}/‘ ;+m S,P%-{-W C.uwyw\wwgs

CHECK(A, 55559, 1, a2
LHECK (4, Mu»mw ———spectrum —> O

riwn ;é;':fﬁl\_‘:rq,,-\' s,?(w\'nw

CHIUK

g WA L. #3
JU?‘!P”(}
N \\\\»—ﬂ44o+e Sf¢d+PWM~—+NWM/S+b+C

N4£’&~ towstonts

PRiN F(F*& 1,3

REFEA

%Aaﬁ ﬂn/Fkg
%AAQJFANRkﬂf/f§4>
JU“Q@
42)430*»@5\\0, @’»0"
JUMP 2
g3io=xitlo, ca0; 399
JUMP 2



6 JREAD(A)

- PRINT(A) 3,3

50 INEWL INE
Nsw%ngs _
K=oi1)50

READ(YK) e
YK=YK/F36

JUMP 7, YK>88 4
READZXK) Yr
XK=XK/F 38
JUMP 7, XK>88 7
REPEAT
PRINT(z91919)6,0
HOOT

JUMPs o

7IN=o(1)s50

READ(DN) Zg

DN=DN/F16

- JUMP8 ,DN>9468
READ{ZN) Ve
IN=ZN/F 13

JUMP8 ,ZN>998
REPEAT
PRINT(293929)6,0
NEWL INE

NEWL INE

HOOT

JUMP 7

8 )JUMP2 K=o
JUMP2,N=o
A=xPARITY(K)
JUMPz , 0>A
A=xPARITY(N)
JUMPt, 0>A

JeK=3 -

M=N=2

oS . projectiow

274

coords hnb&Ou%

—_—

129

el

Nt
zyzy
zyzy
Y2y
gte

@869

Z,Y, ZoYa
Z\ Y\ Z'&Y!
2‘ Y| Z'I-Y
‘kf,‘
9497

i

Vo

No ‘

2,Y.2.7,
e



Q=0

K=o{z)J

R=o

N=o(2)M

JUMP§7,K=o0

JUMP 5 7,N=0

JUMP13,0>X(K~2)

JUMP13, 0>Z(N=2) ]
57)CHECK(YK,DN,F22,9) selectiow o

JUMPZ3 . , .

9 JCHECK(Y (K+32),D(N+z2),F32,10) Sters powrs
JUMP 23 o

10)JUMPS 4,00 5>F29

" PRINT(YK=DN)3z, 2 -

PRINT(Y (K+z)=D(N+1))2,2

NEWL INE

54)JUMPII, >R

EQ=13
E?Q*a)ﬂs
JUMP132
11)EQ=0
12)S=2Q
UsS=XK
VS=YK
WS=ZN
GS=DN

SmS+3

US=X (K+z )

VS=Y (K+1)

ws=Z(N+z)

GS=D(?+:) (521) -)
CHECK{(VS,V(S=1),0.0001,60 Ln,& & oL
CHECK(GS.G(S=:),0.0002960) ¢ §T ‘
A=xD1ViOE(US=U(S=1),VS=V(S~2)) $ <«
B=xD1VIDE(WS=W(s=2),GS~-G(S~2)) ' R
CHECK(A,0,F25,58)

JUMP 6o

58 JCHECK(B, 0,F25,59)

JUMP 60 ‘

59 JEQ=EQ+5000

60)Q=Q+1

JUMP 3,Q>25

JUMP56,XK>o0

EQ=EQ+0e.1

K=K+2

N=N+2

JUMP3o

§6)JUMPg 5, K=o

JUMPss,N=0

JUMP$s, X (K=3 )30

EQ=EQ+04 1

K=K=23

NsN=3

55 )R=R+3

23 JREPEAT

REPEAT

JUMP2, Q=0

T=S%

215
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Smo(2)T

DS=GS

GS=o

JUMP 2 4 08388.7 ,
A=xMOD (WS o :

B=xMOD (US ) Recowstrud ww,
§=xnoo(os+\((s) o o >,4,% ::S
S=xDIVIDE(F1,A-B+F1/F2 Looih .
YS=AB=F 4 o # :
YS=0e §YSXS/F 3

25=C=2aFg

ZS=0, §Z5XS/F 3

XS=XS=F 2

14)REPEAT

ACROSS1

3)PRlNTi494949)6,o

JUMP 15

PSA

CLOSE

b & 4

CHAPTERa
VARIABLES:

19)S=o{2)T
JUMP 98 , 0>DS
JUMP51,D5>884 7
X=XS=F 6
Y=YS=F g
Zm7S=F8
F=xRAD1US(Y,2Z) chek startmsife v/
CHECK (X, 0,F23,24 e
G=xPARITY(S) stop msife v
JUMP14,0>G
GS=LS+20
34)CHECK(Y,0,F11, xs)
GS=_S+3100
JUMP16
x5 JCHECK(Z,0,F12,16)
GS=3S+200
xs)cuacx(r.o,Fxo,77)
GS-(;S+300
JUMPB
7)CHECK(X 0,F9,8)
25>=3S+300
BPJQMPx
28 )G5=GS+1000
JUMP 1
i 1GS=G5+3000
y IREPEAT




A=T
T=x INTPT{A/2)
17)Q=0(1)T

S=aQ

GS=GS+EQ
G{s+1)=G(sS+3)+EQ
JUMP13 ,US>0

ACROSS1/4

18 JJUMP28 ,D(S+1)>88.9
M=o

|=S+1

R=S

DOWN1/6

A=Dn

B=En

C=Fn

U=Hn
W=XARCTAN(B,A)

JUMP 50, 00 5>F 32

NEWL INE ’

PRINT(A)z, 3
PRINT(B)1, 3
PRINT(C)z, 3
s0)F=F 41A+F 42B4F 43C
V=xSQRT(1=FF+0. 0000001 )
¥Y=XARCTAN{F, V)
F=FF+0,0000012

Fey /F

A=xLoG(U)
E=XEXP (AF 39)

E=F 38E

A=XEXP (AF 39)

A=aF 40A

EQ=EF

28 )vQ=y

WQsey

UQ=E

JUMP29,0e5>F 30
NEWL INE

G=GS+G (S+3)

PRINT(G) 3,1 (ﬁ)m&axx

JUMP2,0.5>F27

JUMP 49, 9999>G
3 )JUMP 45,0, 5>F 28

)kwx*Q:W'qnﬁﬂ°5

§x

Ep

.

PRINT(30D$)3,0 2, 2,

PRINT(10D(S+1))3,0 Jpow

45 JJUMP 46, 0. 5>F2a 5 apul

>3
start

PRINT(z0YS8)2,0
PRINT(102S)2,0
NEVL INE

PRINngoXS)zDo 3

(- "
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46)JUMP29,D(S+2)>88,.7

PR!NT&VF:433,3 o
PRINT\WF24)3,x *

JUMP 47, 0e5>F26

PRINT ?)3.3 v ’
PRINXT(E)a,1

NEWLINE Ep ou*?ui

47)JUNP48, 0. 5>F37
B=xSQRT(o0e325A/F37)
PRINT(F14B)z,3 BlEW
PRINT(A)3, 1 Ey
48)PRINTzEQ)3,x E
49 )NEWL INE w
29 JREPEAT

NEWL INE

NEWL INE

JUMP44,F17>0e1
ACROSS4/5
44)ACROSS1/3

X100)PRINT(595959)6,0
ACROSS15/1

XSQRT

XARCTAN

xLOG

PSA

. XEXP
PSA

CLOSE

333

CHAPTER3 Seorch CN-p n-
YARIABLES: %yr P P
1)g=o{1)T dowbk scattering.
S=2aQ 3
JUMPs5,XS5>999

M=o

[=S+1

R=S

DOWN1/6

D=Dn

E=En

F=Fn



P=o(1)J

JUMPs5 ,XP>999

JUMP5 ,P=S
JUMP 5, DP>88, 7
JUMPs ,D(S+12)>88,9
R=3+43

JUMP 5, P=R

An=XP=XS+0e.00001

Bri=YP=YS+0. 00001

Cn=ZP=ZS+0s 00001

H=XxSQRT (AnAn+BnBn+CnCn+o. 0000003 )
G=1/H

An=GAn

Bn=GBn

Cn=GCn

C=DBN-EAN
CHECK(C, 0,F17,32)
JUMP 5

2 )Gn=DAR+EBN+FCn
CHECK(Gn,0,F17,3)
JUMP 5

. 3)A=ECn-FBn

B=F An~DCn

G=xPARITY(P)

G=P+G

I=X INTPT(G+00 1)
G=p

K=x INTPT {00 §G+0e2)

R=P -
DOWN1/6
X=Hn

Hn=AnDn+BNEn+CnFn
JUMP 5, o>Hn
G=EQCnCnHnHN /UK
CHECK(G,2,F19,4)
JUMPs

4 )Un=BCn=CBn
Vn=CAn-ACn
Zn=ABn~BAn

‘257



Xn=BnFn=Cnen
Yr=CHnDn-—=4nkn
In=AinEn=BH1Dn

H=2 ARCTAN (AXR+BYn+CIn , UnXneVnYniunin)

Yex SQRTL y=Hnt» )
Hr=v ARG TAN Q/\ Hei, ¥ )}

YﬁxSQRT(AA+88+LL)
Z=xSQRT{ 1 =G5nGn)
Gn=xARCTaN{GnE, 2)

PRINT{GS=als+1)) 3,0
PRINT(GI®GP ) 3,0
NEEwE, TN
PRINT{2aD%} 13,0
PRﬁNYkioD(\# )3
PRINTY i@UP)'
PRﬂ%T(nqﬂW)j,

NEwWL INE
pHﬂVT“A/W“ﬂnj
PRINT(B/ Y )1,
PRH%Y(&{LJhn
NEWI I NE
PRINTLGFI4) 5.1
PHQNT(Q”!"Z
PRINTIX 1,2
NEWL INE
PRINT(VOF14)3.2
PRINT(WQF 1403,
NEWL INE
PRINT(HNWF R4}, 1
PPRNT(HFi4§

NEWL INE
PRINT(EQ) 1
PRINT{UQ)3, 1

PEI wT&£QunLrﬁapi
PER&T&UV\z,r

NEWL N

NEWL INE

S IREPEAT

REPEAT

NEW! INE

NEWL {\U:

[EN

2;;_,

o3 lPRiINT{6063%4)6, 0
ACROSS 53

¥SQRT

BSA

K ARCT AN

PLA

CLOSE

280
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CHAPTER4
VARIABLES?®

1 )NEUWL INE
PRINT(GS) 3,0
"PRINT(G(S+1))3.0
PRINT(G S+z);3,o
PRINT(G(S+3))3,0
NEWL INE
PRINT(10DS)3,0 -
PRINT(10D(S+1))3,0
PRINT(10D(S+2))3,0
PRINT(z0D(S+3))3,0
NEWL INE

M=3

[=S+1

R=S

DOWN1/6

An=Dn

Bn=En

CnwFn

U=Hn

JUMP§5,D5>884 7
We=F 4 1An+F 42Bn+F 43Cn

Gn=xSQRT(1~WW+04s 0000001

Gn=xXARCTAN(W,Gn)
PRINT(F14Gn)a, 1
Gn=Wu

W=xARCTAN (Bn,An)
PRINT(F14W)3,12
NEWL INE

IX%5)i=S+a
R=S+1
DOWNz2/6
D=Dn

E=En

F=Fn
V=Hnix

|=S+3
R=S+3}
DOWN2/%%6

28



W=AnD+EBn+FCn

G=WW )
X=xSQRT(1-GX+0, 0000001 ).
X=xARCTAN(W,X)
PRINT(F14X)2,1
W=ANDR+BREn+CnFn

He=WW

- X=XSQRT(1-H+0,.0000001)
X=xARCTAN (W, X)
PRINT(F14X)2,1
W=DDNn+EER+FFn

X=Wy

JUMP10,X>0e 000001

W=04 000002

X=0e 0000001
10)X=xSQRT(z~X)
X=XARCTAN(W,X)
PRINT(F14X)a,z

As=F 42Cn—F 43Bn

Bef 4 3An-F41Cn

C=F 41Bn=F43An

Un=BCn-CBn

Yn=CAn=ACn

Wn=ABn-BAn

Xn=EF n-FEn

Yn=FDn-DFn

Zn=DEn~EDn o
W=XARCTAN (AXn+BYn+CZn ,UnXn+VnYn+inzn)
PRINT(F14W)3,1

NEWL INE

PRINT(V)z,3
PRINT(Hn)1,3

B=XSQRT(XnXn+YnYn+ZnZn) .

JUMP4,DS>88,4 7
PRINT(U)z,3

4 INEWL INE
PRINT(Xn/B)1,3
JUMPg ,DS>884 7
JUMP 3,06 5>F 3
9)PR!NT(Yn/B§x,3
PRINT(Zn/B)1, 3
NEWL INE
3)JUMP2,DS>884 7
WsXnAn+YnBn+ZInCn
w=t/B
PRINT(W)z,3

NEWL INE

282



JUMPS, o>D{S+3 )
JUMP 7, 0>D{S+3 )
JUMP 7, V>HN
6)A=3
V=Hn
GeH
Junps
;A-:
PRINT(A)s,0
stLOG%
V=xEXP (VF 39)
V=F 38V
PRINT(V)2,1
v=V/G
PRINT(V)a2,s
v=xL0G(v/F38)
v=xEXP(V/F39)
V=xL0G ( V+U3
v=xEXP (VF
xxxxPthTiVF38/Gn)v,x
2 )NEWL INE :
NEWL INE
XS=z3000
X{S+1)=1000
X{(S+2)=1000
X(S+3)=xooo
Q=Q+1
ACROSS29/2
100)PRINT(797979) 1,6
ACROSS1¢/1

PSA
XSQRT
XARCTAXN
XEXP
xLOG
PSA
CLOSE

2873



IXXxX

CHAPTERs
U>seo
V>so
W>so
G>s50
E>asg
X>198
A->4

F>45

tIN=0(1}198
XN=o

REPEAT
x7(0)Xo, 199
x7{200)X0,799
ACROSSz/1

3 )NEWL INE
x6{(o)Xo,190
l=o(t)xo

PRINT(oesF2141F23)2,1

NEWL INE
Ne=o(1)s

C=o

Oo=o(1)8
R=91+0+z 00N
JUMP:6,F23>0e¢
XR=XR+X(R+100
16)PRINT(XR)2,0
C=C+XR

REPEAT

SPACE
PRINT(C)3,0
NEWL INE
JUMP17,0ec>F23
REPEAT

17 NEWL INE

A=]

JUMP3z, A2F24
REPEAT

Swmmot ww o epect i~

224



X6(200;X0.399
i=zx3(zl2s
PRINT(oecF23+1F21)3,7
NEWL INE

N=c(1)1

C=g

O=o(1)8
R=gi=g9+0+1 00N
JUMP18,F23>0.¢
XR=XR+X (R+1c0

18 JPRINT(XR)2, 0
C=C+XR

REPEAT

SPACE

PRINT(C) 3,0

NEWL INE
JUMP1g,0e5>F23
REPEAT

19 )NEWL INE

A=]

JUMP2 ,ApF24~0. 01
REPEAT

- 2 JNEWL INE

NEWL INE
ACROSS2/1

4}JUMP8 , 00 c002>F 20
x6{0)Xo, 199
Qac(!)T

S=2Q

G=GS+G(S+1)
JUMP14,9999>G
G=G=-i 0000

14)JUMP7,G> 04 001
o=x1NTPTiF:4vq/an)
1=X INTPT(EQ/F21)}
JUMPi12z,0>0

O=8

12 JJUMP5,F33>UQ
JUMP 7, 1>30

s JR=g[+0

W=xMOD (WQ)

G=005£

JUMP G, W>GQ

XR=XR+1

JUMP 9
6)X{R+100)=X{R+1c0)+:
7 JREPEAT
x7{c)Xo,100

vw%mﬂ sruANﬂwv’

aSl s 5
5r¢o+vuwv/



x6{3c0)Xo0, 109
Q=o(1)T
S=2Q
G=GS+G(S+x)
JUMP15,0999>G
G=G~1 0coo0C
IsJJUMPI1,G>ce 001
O—XINTPT(F14VQ/F20)
1=x INTPT(EQ/F231}
JUMPI 3, 030
0=8
13}JUMP131,F31>UQ
JUMPzi, 102
JUMPg, 21>}
IBzI
JR=g1+0=99
w-xnoo(w@?
Guo, cf
JUMP!o,w>G
XR=XR+z
JUMP 11
xo;X(R+:oo)'X(R+xoo)+x
REPEAT
X7t200 Xo,xgg
3ACR0$53/:

PSA
CLOSE
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ITXXEX , _
CHAPTER6 : ' ' :
YARIABLES: CaAZZ:QEQM/ gi
1)Dn=X1=XR+0, 0001 divectiow cosimes

En=Yl=YR+c6s 00012

Fn=Zl=ZR+ce 0001
Hn=xSQRT(DNDN+ENEn+FnFn+o. ccoooz )
G=31/Hn

Dn=GDn

En=GEn

FnaGFn

JUMP 3 ,M=0¢

X=88.7
JUMP 2, DS>X
JUMP 3, 00 s>F 34
JUMP 4

2 )JUMP 4, R#S

© Dn=F 41

En=F 42

Fn=F43

JUMP 3
4)PRINT(Dn) 1, 3
PRINT(En)s, >
PRINT(Fn)1, 2
NEWL INE

3JUP
100)PRINT(898989)6,0
ACROSS15/13

XSQRT
PSA
CLOSE

CHAPTERo-
ACROSS2/1
CLOSE

TAYXXXXXXLX
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APPENDIX F.

PROBABILITY OF SELECTION USED IN THE STARTING AND STOPPING

TRACKS SCAN.

In section 4.2.,3 it was shown that the probability of

selection of a track could be given by

S(O,Fn) = mx/o D(o’xfw'“)");%) olx dy o3 dx
SIS o ohe dy 3

where D(8,X , En ﬁgz) = +} if the track, starting at

X, ¥y 2, stopped in the volume V', aﬁd had a range graater

than r. and where the expression had the Qalue zero if these
conditions wee not satisfied. e.)( and En are as defined in
section 1.5 and x, y, 2 are as defined in section 3.1. The
integrals in the expression with respect to x, ¥y and z are taken
over the volume V', and that with respect to X,over angles 0

to 2T . Since the integration is not taken over @ and En,"
these, for convenience, will belleft out of the expressibns for
functions. Thus, D(6,% , E_, x, y, 2) shall be written

D(?(,, Xy Yo z).

It will be convenignt here to define a function:

(4 !
6- (condition), such that 5’= 1 if the condition is satisfied;
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4 ] :
and é = 0 if it is not. Let the volumes V (a x b x ¢) and
ve ( l x b x c) be as defined in section 4.2.3 and illustrated
in figures (4.2)1 and (F)l1. Let r be the range of the track

derived from 6 and E using equation 1.5/9 and 2.1/1 and let

M= ¥ sind
Then
- D(x,x,9,3) " D(;) D, (= 5x) D, /2
~ where
(3) = S'(~° +F <
;Dz(x,ﬁ)Y—) gé;‘ <H$4:v\7£+§-x< % F/_;'
"7‘1 <Huwsxty < _'f:
D; = S(r>r°)
a i F/]_ +& q—J f-
and using . ¢
WA TN ﬁ» .
(s 3

jdxﬁoko'ﬁ
The second term is given by

-9/3,(3)% : (,_ rc:sé) §Ceoruse) FIs

-%f"l&
Consider the third ferm. The integral of D2 for given x, y

over K (see figure (F)1 view B) is equal to the sum of the
sector angles of those parts of a circle of radius H(H = ¥ sin @)
that lie inside the btectangle, 0 x % - ) -b/2 < y <b/2

(e.g. 7L, + 761 in figure (F) 1, view B).
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The following simplification may be made due to the
a
symmetry of V and V' about the x axis and the x = —— line.
2

‘The integral of D, with respect to % may be taken over the
range 0 » -~ instead of 0 -» 2T , without affecting the
result. 2Physically this means that the probability of
sélection of tracks that only go 'up';_is the same as those
that go ‘down', and similarly the probabilitffis the same for
left and right. This now means that the integral of D, over
im the range O -» | equal to the sector angle (7Ci) of
that part of a quadiant of a circle that lies inside the rectangle.
See the illustrations below. According to the values of x‘and
y so the exvression for'7‘ i will vary. Using the function
defined above and letting

"
e 4 R -

and | ‘3' = % 9 ' F/‘

then



% - o292
/:D&(":%ﬂ)"'” = T(xy) = | | |
o
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T/
Since x = 1541
(-] —as) _’2
T T
d pLx < L
an Jj%:; 1, 'Jb J
2 >

then using F/3, F/4, F/5, and F/7:

Co,E) | > - rm)scmme L wa*w

Tk o
2

Fl%
The integration of J(x, y) was performed numerically using

the Mercury Computof referred to in section 3.4. The

programme used (NOPEG 1/1) is given in appendix G.  The

calculation was performed for:

a = 72 cm.,
b = 54 cm.,
¢c =54 cnm.,
j = 36 ¢m.,

On graph (F) 2 the calculated probability G(e, En(@, En)) is
plotted as a function of © and Ep. a(e, En) . 2T sin 2@ is
plotted on graph (4.2)2,

The probability P(E ), calculated numerically from

o'(E)

n-p T

PE,) / q (6, E.) n LT (86  amenze Jdo F/ 89

by the computor, is plotted on graph (F)3. The values of

n_T)O-(G, En) were takea from Harwell data. The computor

programme (NOPEG 1/2) is given in Appendix G.
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§(6> En(Ep,6))
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‘14

o Y T T
(o) to 26 30 40 o éo 70 §o0.” 9o

A vzsle. e degree.s.



295
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APPENDIX C PROBABILITY OF SELECTION
’ PROGRAMNES

v

Né?ecv:/ 1/ Co.fculafcbw'ﬁ S('e,E,L)

TITLE

NOPEG :/3  (ROBERT PALMER fa.vs )
CHAPTERS

V220

E*z20

&)NE%L!NE )
EWL INE . :

Nug(x)4 ‘ Mog gmmg—m d'f vV **SV
READ(EN)

PRINT(EN)z, 2

NEWL INE

REPEAT

N=o(1)30

SPACE

REPEAT
NEWL INE

NEWL INE .
READ(Es) ;M WJF!«@N'{’ $+°{> Ee
PRINT(Es)}1,6

NEWL INE

J-xlNTPTgEa/E5+o.5§

L=X INTPT(E4/E54Ce ¢

Exz=Jl

Era=sc.s 3 omrgy torge ehed i

NEWL INE

23 JREAD(E) read E,
PRINT(E) 3,7

NEWL iNE

NEWL INE

U=o

N=o(})z7 y

WeNE /364 /75

C=xCOS (W) W
D=xSIN(W)

© %’L‘
Z=ECC

ZexLOG{Z/Ez22)
Z=xEXP§Ex3Z) 2= T €

A=2C/E3 | r oy ©
JUMP21,0>A ¢
F=8£DCAL/ 36

H=2D

A=XRAD1US{0asEz+ce5E4,E2)

JUMP2 %, H>A

1]
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G=o
P=I§I)L
Q=1{(1)dJ )
Xm0, sEX+0e tE4=PEs+0e SES X =
Y=Ea=QEs+oe.sEs ;

JUMP 4, 0ce co000OI>Y Y * ﬁ
JUMP 4, ce 00000033

C=xRADIUS(X,Y)

JUMPg , Y>H

B=xDIVIBE(HH, YY)

B=XSQRT(B=1)

B~xARCTAN(z,B) o ,
BmaB/E , o calaoton

9 JJUMP 4, H>C
3)JUMP 5, X>H

A=%D IVIDE(HH,XX)
A=xSQRT(A~1)
A=XARCTAN(1,A)
A=2A/€

JUMP6, Y>H ~
G=G41=A=E- - -
JUMP 4 ’
5 JJUMP 7, Y>H
G=G+3i-B
JUMP 4
6)G=G+1-A
JUMP 4

- 7)G=G+:

4 JREPEAT
REPEAT
G=G/Ez11x

G=FG

JUMP3ao

2% )G=o B
20)PRINT(G)1,6

NEWL INE

8 JREPEAT

NEWL INE

NEWL INE ,
NEWL INE . ou*pd*
JUMP22
100)PRINT(888888)6, 0
NEWL INE

PRINT(P)z,3
PRINT(Q)z, 7
"PRINT(H)o, 6
PRINT(W)o,6

HALT

XSQRT
" XARCTAN

PSA

CLOSE

v




CHAPTERo
ACROSS1/3
CLOSE

TXXXXX

7e2 ivnomns cowsr o
504 ' oi b
Ses , s
3.6 \/P v Tt J

Qe 22§ EM*CQ"L 9¥°f

2e 8
7e5
125
I7e%
220 %
275
33
75
2305 \/JM%EW
4705
5205
5705
62»05
67e5
72e 8
775
83.5
87.5
9205
975
itc
130
Iso
£70
Igo

»

ITXIXTXI2IXIIXZ

INPUT DATR
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NOEG 1/2 'Proﬂrmme, I"’"'oHW‘"“‘} —P,(En) -2

G (5€,)

TITLE
NOPEG 1/2
CHAPTER:

Udzc

\E!-:ao 'P(E‘)/g(es) F(BEN  2rsim26 o
z0

G400 n- ﬂ.‘\'(sv\)

2)Ez2=1¢,e7

E13=3,83

READ(A) lep el w1/l
PRINT(A)1, 3 }s'f /
NEWL INE
NEWL INEX
NEWL INE
KEO(KJZQ
READ(A)
N=o(1)z7 MSM everg odlowe
R=38K+N (e E%
READ(GR) 9
REPEAT
REPEAT
x7{a)Go, 400
HALT
J=o
z)READ(E)
CHECK(E, 999 giuj)
KnxlNTPT%E/S
JUMP 3, 192K
K=19
)Nﬂo(x)xq

R= 8K+N
REiD(gR) reed m Enu33 hMm»ﬁ

REPEAT
JUMP 4, JPK thér(a>5~)

j=K=3x
L=J(z)}
N=ol1)17
S=i18L+N
R=x8K-+N
R5=GR
REPEAT
REPEAT
4)J=K+1
JUMP 2
s)x7{400)Go, 400



x6(clGo, q00
6)READ(ESG )
PRINT{E6)3,2
READ(Ez24)
PRINT{Ezg4)i,0
NEWL INE

NEWL INE
K=o{ilig
x6{18K+400)V0, 18
V=¢

N=ol(x)2g
USNE f 364€/ 92
C=xC0S{u)
D=xSIN{W)
¥=Y+8£DCYNE/ 36
REPEAT
PRINT(E}s, #
2=xLOG(E/Ez2)
Z=xEXP{E13Z)
PRINT(Z) 3,2
G=e

N=c(1)17
R=18K+N

W=NE/ 364£/ 36
C=xCOoS{wW)
Z=FCC
JUMP 3  E6>Z
UN=GRVN/V
JUMP ¢
7)D=xC0S(W-£/36)
Y=EDD

JUMPS, Y>E6
UN=o

JUMP g

8 JA=%DIViDE(Y=E6,Y~Z)

UN=GRVYNA/V

whe 4 P (E,.)

wheff

§ edeff emwrgy K -
. s hort owt pt
§ oS T i
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9 JG=G+UM
JUMPIo,ceg2Eny

NEWL INE

W=NE/ 2645 /%3

C=xC0S u%

D=xSIN(W
PRENTELBOW/£)252
PRINT(ECC }a, 1 OMAFM#
Z=XLOG{ECC/Ex2)
Z=xEXF(Ez42)
PRINT{Z)z,2
PRINT{10c00cVN/V])4, 0
H=xD1V10E{ 36GR,8LDCL )
PRINT{H)z, 4 c
PRINT{GR)z, 4
PRlNngooooaGRVN/V)4go
PRENT%Z@@QQOUN} )
PRINT(icoooaUNC /4,0
NEWL INE

10 )JREPEAT
JUMP 2R, 00 5>E2yg

NEWL INE

NEWL INE

12 JPRINT(G)z,6

NEWL INE

NEWL INE

NEWL INE

NEWL INE

REPEAT

NEWL INE

NEWL INE

NEWL INE

NEWL. INE

NEWL INE

JUMP 6

xCOS

*LOG

Z2EXP

PSA
CLOSE
CHAPTERo
ACROSS /3
CLOSE

F

TXITXXRLXXTX

30)
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APPENDIX H,

PROBABILITY OF SELECTION OF SMALL ANGLE TKACKS.

H.1l General

The conditions of selection used in the small angle tracks
scan were given in section 4.4.2. They could be considered in
two parts:

(1) the small angle condition, and (ii) the geometrical
condition. To a first approximation at small angles, ©,
the probability (G (8, En)) of satisfying the conditions, may
be separated into a geometrical and a small angle part. It
will be shown (H.3), that considering only the small angle
condition, the probability of selection is a function of the
angle © only (Gd(e)). The geometrical condition is that
tracks startiA;‘in V'must stop in V. The volumes V'and i,l
defined in section 4,4.2, ard not very different from those
volumes, V' and V used in the 'starting and stopping tracks
scan' selection. Thus thg present geometrical selection
probability is expected to behave in a not very different way
from the 'starting and stopping tracks scan' selection

probability (G(e, En)). If this probability is written

6(0,E) =  GO.E(er) = G(9E(0,D). 3'(9,0 N/
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then it is found that (G'(8, r)) for fixed range is given by

(see graph (H.1)1):

| t 8 %

-

g’(e,r)
when O05em <K < 4 cvn

and © <30°

and thus from H,1/1
Ge,E) = Go,E,(0,m)

It is assumed that this starting and stopping tracks selection
probability, and the geometrical part of the small angle tracks
selection probability.are, in fact, similar; then this latter
probability may be éssumed to be also approxima%ely independent

of angle and it may be written as Gg(r), in the ranges

@

O0Som <+< 20 ew , e < 30°

Thus the total small angle tracks selection probability may be

written
G@E = G (0 Ss(r) Mz

in the above ranges,



| . S04
Terwm iw s{‘miﬁiw.q ond stoppang ‘l‘raclvl SCom”

. Qﬁp‘um;lsl .

selsctiow probabilily, G(8 E() whaw

6'(9,{»)- Q66 E) - (om0 . Glo )
g9 | |
‘ o ‘A&\‘)
- oSom (26 Nev) o
-0 4= -"2'3 \‘,}“‘”‘//‘
- \- 1o, (15 M)
' ra IFWM
6+9 4 .
Hnj‘c 9 aleﬂrces-
6 Y 20 30
63(')1-  Grap (L (H.2)1
T Probobity of + ; of by
‘geowmet ledd cmbifion iy ‘small ‘
B4 J +NIJVSOW-
% N
v
5
gj.g-.
*_‘g 4
2l i
2.
.'q
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H.2 Geometrical factor.

Gg(r) may be defined as the probability that a track

with 8 0, and range r, that starts in the volume V', stops
in the volume V (see section 4,4,2)e Such are the volumes
YV and V' (see figure (4.4)1) that for a track Qith 8 =0,

the sbove condition requires that the track must both start

and stop in the volune l'. The form of V'is shown below

This form of V'may be closely approximated by a prism of
height; a, and base equal to the mean cross section of the
above truncated cone, The dimensions of this base are shown

belows

L bz 413 con
ﬂ— $= 372

¢=?-‘w

—

"~-——ﬁ
[

If 2'(y, x) is the length inside V'in the z direction at y, x;

then the probability of a track that starts in V'also stopping
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in V'is given by:

Jlo (1= 555 e ds

A

which, for the case of the prism, becomes:

. - |
Qo = S( -5 )39 % H.2/)
= J 3% <y

Defining @ and b by the above figure, the integrations give,

when

7’5{:{ ) ® =\[1-7", }"{% > F-"'“"'r
)

10]2

c (0= g (el yred Jpaap) v be (10
43 2y‘(m"§-}p) + be :

@alculated values of this function are given on graph (H.2)1
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Ly

H.3 Angular selection probability Ga (8)..

G_(8) has been defined as the probability of a track

with angle © being selected by the 'small angle conditions',
[
§ < $ = 0I5

T

% (-] l". 5/'
- va

Consider the case of a track with angles X. and © that cuts

the z = 0 plane at the centre of the chamber (Po).

Y8

Definingl& by the above figure, and letting

)C,-.:'?(,{-Tr/l'
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then (see figure below)

§_ - o (w5 (5~ p))
§, = o (fowe sin(n'1)

H-3/2

(’Phe above figure, represents the projection of a track of unit

length on the z = © plane.) Thus the condition (H.3/1) requires:

Tow e >lam 8 sim (x'~p)
tamws Slw 8 sim (X 1p

Let A= s - fbm.&
ton ©

~ then the condition requires
X > Ix-pl  n3fs
xS I+ gl |
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/
The ranges of 7( for which these conditions are satisfied,

7({ 4+ are

@ § Wp SKi <= 0

b)W& P<\<%-F 270'1 < 4'()9F> n.3/a
ey # lri—p<>~)£<9 Sx; v A@-IE)

H o o<t ‘ ZLy s+ 2T

The probability of selecting a track with random 75 that passes

through Po is given by:

[
Probability = ‘2 %i
2T

For fixed & and ©, Z?L'l is only a function of F . Thus
2%, = (.

Consider tracks cutting the z = O plane at points (P')
other than the centre of the chamber. The probability of
selection of these tracks is approximately £( [3' ), where /3' is
the angle subtended by the camera lenses at P'. The mean value
of the probability over all possible tracks in the chamber is

approximately f( ) where B is again the angle subtended by
B

the cameras at the centre of the chamber. Therefore,

SiCV(QD ® ZE.)(& ¥4-3/5-
it 2
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R ‘
where 7Li is taken from equations H.3/4.

In the present case: .
F s 9’.2" = opprox 5 He steps a»uslc,
£ = 7.5° '

8 (9) is plotted on graph (H.3)1.
o .
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APPENDIX T

'NOTATION USED IN PART II CHAPTERS 3 and 4.

Xy ¥y Z

©

X

r

O!
YT ZT 2
g Zp )
1 | I,
Y 7 Z Té
T Zl)
B B
™
iTi
¢s )

Ry Ry

1?0 b, m, £

e Oy

P;’ £,

Coordinates in the chamber. See figure
(3,1)1 page 171.

angle of track with z axis

angle of projection of track on z = O axis,
with y axis.

length of track in the chanber.
see page 200
Coordinates on the projection table from

top (T), and bottom (B) stereo~photographs.

See figure (3,2)1 page 171.

As above but measured on the film,

Angle between projected track from top
() or botton (g) stereo-photograph with
ZT or ZB axes,

length of projected track.

: optical constants, see page 172

optical constants, see page 185.
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n_pO“ (0, E )

n_PCT&(En)
h(E,)

EP = Ep(r)
Ed = Ed(r)

En = En(e, r)
Ei = Ei(@, r)

L ¥
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The root nean square error in > .

The root mean square error in determining
any angle in space.

The root mean square error in determining
the lateral position of a projected track.
see page 199 .,

See page 232 .

n-p scattering differential cross«cection.

n-p scattering total cross-section .

hardening factor, see page 151.

energy of a track assuming it to be é proton,
calculated from its range.

as above assuming it to be a deuteron

Initial neutron energy, calculated from the
range and angle of a track, assuming the
track to represent a proton scattered by a
neutron in the bean,

Initial neutron energy, calculated from the
range and angle of a track, assuming the track
to represent a neutron~capture deuteron from

a beam neutron.
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A1l the foliowing terms apply to the 'small angle tracks

scan' if underlined, and to the 'starting and stopping tracks

scan' if not underlined.

G(e, En) :  Probability of selection of tracks.
P(En) : Probability of selection of tracks of all
angles.,
v : Selection volume in which tracks must start.
Vv : Selection volume in which tracks nmust stop.

In the following terms, the gubscript
(p) implies numbers of protons,
(d) implies numbers of deuterons,
Neither subscript implies total numbers. The subscript
(DL) implies numbers of tracks within the deuteron limits of

range and angle. See page 123.

The following definitions are of numbers of events of
some kind in the intervals given, (e.g. p(En) é En is the number

of tracks in &1 interval of E_, namely 8 En.)

[y

p(0, En) fo gﬁ% Number of selected tracks.

p(En) & E = Number of selected tracks of any angle O.

q(o, En) $o éE% Total number of tracks, selected or not,

that start in the volume V!,
n(En) g En =  Number of neutrons per burst, per cm2

in hardened neutron beonm,
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corrected approximations to n(En) é E .

nunber of neutrons per burst, per sterad,

before hardening.
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