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ABSTRACT

The angnlar correlation of gamma rays from
anmihilating positron-electron pairs in liquid pentane and
in solid and liquid butane has been studied., The angular
correlation data have been converted to momentum distributions
of the annihilating pairs. These momentum distributions

are compared with theoretical calculations.



CHAPTER I
INTRODUCTION

The positron was first detected by Anderson in 1932
although it had been predicted by Dirac in 1930 from his
relativistic wave equation. The positron has the same rest
mass as the electron and haé a charge +e where =-e is the

?flif‘ charge on an electron. An electron and a positron can
annihilate with the emission of gamma photons,

Yangl has shown by means of charge conjugation
invariance that a positron-slectron pdir with anti-parallel
spins (singlet state) annihilates with the emission of an
even number of photons while a positron-electron pair with
parallel spins (triplet state) annihilates with the emission
of an odd number of photons. One photon annihilation can
only take place in the presence of an external field, and has
an extremely low cross section even in the fields encountefed
in condensed matter, Two photon annihilation is the most
probable annihilation process. Three photon annihilations have
a cross section smaller by about two orders of magnitude. For
higher numbers of gamma rays the cross section diminishes
correspondingly.

When a positron enters condensed matter (liguid or solid)
it may annihilate directly with an electron or it may capture

an electron to form a bound state known as positronium., The
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in subsequent collisions, Therefore positronium formation is
a significant process only in the energy range from I - 6.8 eV
to I. This range is known as the Ore Gap.

If a positron-electron pair at rest annihilates by two
photon emission, in order to conserve momentum the two photons
are emitted at an angle of 180° to each other, and in order to
conserve energy éach photon has an energy mc2 where m is the
rest mass of an electron. If the positron-electron pair is
not at rest then the angie between the photons will differ from
180° and the energf of the photons will differ from mecl,
Assuming the momentum of the pair to be small compared to me,
the departure from éo=11near1ty will be proportional to the
component of momentum of the pair parallel to the bisector of
the angle between the two photons., Therefore, by measuring the
angular distribution‘of annihilation photons, one may determine
the momentum distribution of annihilating positron-electron
pairs,

In the present experiment, the angular distribution of
annihilation photons is measured in one plane by means of a
long slit apparatus, A schematic diagram of this apparatus is
shown in Figure 1. Through certain mathematical steps to be
déscribed later, the momentum distribution of the positron-
electron pairs can be determined from the angular distribution.

The original measurements of the angular correlation of

annihilation photons were made by Beringer and Montgomery3 in
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Sehematle Diagram of Angular Correlation Apparatus
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5
1942, Since then extensive work has been done by de Benedettl
ot al.¥ and by Stewart 5. De Benedettl was the first to
describe a method for obtaining momentum distributions from
the angular distributions. Do Kerr6'7 has since measured
angular distributions in organic liquids. Chuan38'991° has
measured angular distributions in organic liguids with better
statistics., He has also done theoretical calculations and

obtained good agreement with experiment.



CHAPTER II

APPARATUS

A, Mechanical

The angular correlation apparatus consisted of a
source and sample housing located halfway between two gamma
ray detectors. The sample housing consisted of an insulating
polystyrene box and two collimating slits. The gamma detectors
consisted of Nal crystals with collimating slits. These
components were mounted on two parallel 3“ by 6" aluminium
I-beams approximately 20 feet long.

One detector was fixed and the other movable. The
fized detector and its collimating slits were mounted on a brass
plate 265 ecm, from the source, The movable detector was
mounted on a'steel plate 265 em. on the other side from the
source, The steel plate was moved along a set of rails by
means of a worm screw driven by a 600 ounce-ince "Slo-Syn”
motor.

The collimating slits at the sample housing were made of
2" thick lead. The width of the slits were .15 cm., and 1.5 cm.
facing the fixed and movable detectors respectively. The
larger slit facing the movable detector was necessary in order
that gamma rays from the sample could reach the detector for a
whole range of positions.

The collimating slits of the detectors were made from 3¢



thick lead blocks. This was sufficient to cut down the
intensity of the .511 MeV and 1.27 MeV gamma rays to less than
02% of the incident value. The width of the collimating slits
could be changed by inserting metal shims of appropriate
thickness, During the present experiment the slits were 15 cm.
wide,

An aluminium beam was used to keep the collimating slit
of the movable detector aligned towards the sample as the

detector moved through different positions.

B. Electronic

The gamma detectors were Integral Assembly model
16MB4/A=X. The scintillator in each assembly éas a 4~
diameter, 1" thick NaI(Tl) erystal. This was mounted on a
5018 HB photomultiplier. A positive potential of 1050 volts
was applied to the photomultipliers by a Hamner N40i high
voltage supply. Cathode followers in the detector heads were
used to feed negative pulses (approximately 1 wvolt) to two
simple transistorized amplifiers. The amplifiers increased the
pulse height about five times and shortened the pulse length to
about one microsecond.

From the amplifiers the pulses were sent to a pair of
single channel analyzers. By means of a Tektronix 541A |
oscilloscope the single channel analyzers were set to select

gamma rays between ;1 and .6 MeV. This allowed through the
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Doppler shifted «511 MeV spectrum from the annihilations but
blocked out the low energy noise and the 1.27 MeV)faréys from
the source., The fast rising, narrow pulses from the single
channel analyzers were sent to a single coincidence unit,

To determine the resolution time of the coincidence
unit, a random source was provided for each counter. The
1individual counting rates Ny and Nz, and the chance coincidence
rate c.c. were measured. Then the resolution time T was
caleulated from the relation

c.co = 2INgNo
This procedure was carried ouft before the start of each run.
The resolution time was found to be between 100 and 200
nanoseconds.

The number of coincidences was recorded by a Technical
Measurement Corporation SG=-3A scaler. When a certain prescribed
number of counts (usually 1400 or 1000) had been accumulated
in the scaler, the movable detector was automatically moved to
its next position. The electronics used to achieve this
automatic movement has been described elsewhere (Ref. 7). The
scaler stops counting while the detector is being driven to its
new position and starts again when the detector stops. At a
predetermined position the direction of motion of the detector
is reversed by a micro switche

A Simplex ET=100 interval timer was used to record the

time spent at each position to accumulate the required number
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of counts. All the electronics was powered by a Sorenson

model 2000 S A,C. voltage regulator.

C. BSample and Source Arrangements

The sample cell was constructed of 1/32* aluminum. A
window of .001" aluminum across one end of the cell permitted
positrons‘to enter the sample, It was necessary to have the
window this thick in order that the sample cell should be
capable of holding a vacuum better than 10-3 torr. The volume
of the sample cell was approximately 7 ml. |

During the experiment, the sample cell was positioned
so that only annihilations in a region just inside the window
were recorded., Due to this and the fact that very few positrons
penetrate through the sample and reach the walls of the cell,
no correction was needed for annihilations in the aluminum.

The Butane used in the experiment was research grade
obtained from Matheson of Canada, Limited, Whitby, Ontario.
This had a purity of 99.96 mol %.

To prevent contamination of the sample the Butane was
transferred to the sample cell, by means of the system shown in
Figure 3., This apparatus used high vacuum stopcocks and
ground glass joints sealed with high grade Apiezon grease, A
thin layer of vacuum pump oil on the mercury in the manometer
prevented evaporation of mercury into the system.

To transfer the Butane, the system was pumped down to
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i2
a pressure of less than 10"3 torr. The Butane was then
condensed into the condensing cell which was cooled by liquid
nitrogen, The sample cell was then cooled by liquid nitrogen
and the condensing cell was allowed to warm to room temperature
thereby causing the Butane to transfer from the condensing
cell to the sample cell.

To remove the air dissolved in the Pentane it was
subjected to the standard freeze-thaw technique. The same
sample cell was used, however it was disconnected from the
distillation apparatus., The Pentane was poured into the
sample cell and the sample cell connected to a vacuum pump.
After the sample was degassed the cell was clamped off and
disconnected from the vacuum pump. The sample cell was then
placed in position in the angular correlation apparatus,

To keep the Butane at the correct temperature a cold
finger arrangement was utilized. A cross section is shown in
Figure 4. To maintain the level of the liquid nitrogen in the
dewar and thus keep the temperature within prescribed limits,
an electronically controlled valve was employed. A circuit
diagram and description of the operation of the circuilt are
given in Ref. 10. Instead of using an electric air pump as in
the preceding reference, the boil-off from the liquid nitrogen
in the storage dewar was used to force the liquid nitrogen
through the transfer tube, With this arrangement the transfer

time was between 5 and 10 minutes and the temperature variation
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Sample Cell and Cold Fingsy Arvvangement

3



LEVEL
SENSOR

m

TO

DISTILLATION

APPARATUS

" ALUMINIUM FOIL

coLD
|[FINGER

LN,

WIhiDQW
1 I 13 1] \——
e ‘____U___u _________
1S ..,'
I |
:; | SAMPLE
M ' CELL
IR S SR 2%
== /—— Na
SOURCE

DEWAR
FLASK




was about plus or minus 5 degrees. Since the temperature was
not deemed to be eritical except very close to the nelting
point, this was considered to be satisfactory temperature
control.

To measure the temperature in the sample cell a copper-
constentan thermocouple was used., One junction was cemented to
the sample cell with epoxy glue. The other junction was
kept at 0°C by immersion in an ice and weter mixture. The
potential difference between thermocouple junctions was
measured by means of a potentiometer and the temperature was
determined with the aid of a calibration table.,

The source of positrons used in these experiments was
a Na22C1 source purchased from N. V. Philips-Duphar Isotopes
Division. The source consisted of Na2201 deposited in
concentric grooves milled in the end of a Perspex rod 19.i mme
in diameter as shown in Figure 5. The end was then covered
with a round mylonfoil disk of thickness 2 ms./cmz. The
grooves tended to direct the beam of positrons along the axis
of the rod, The perspex rod was then connected to a lucite
rod of the same diameter to allow manipulation in the source
castle., Originally the source was 20 millicuries, however by

the time of these experiments it was about 7 or 8 milliecuries.
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17
P=,/pZ +p¢ and ¢p= tanl(py/p,)
and it is assumed that P‘:'ﬁ) is isotropic, then
e(pg) = Zﬂj’.p(P, py) PAP
To evaluate this integral, the substitution
p2 = P2 + p2

is made, Then
©

c(pz) = 27A | p(p) pdp
This expression is then differentiated with respect to
Pz, yielding
de(pz) = <27 p, p(pz)
dPy
It follows that

ppz) == _1 _ dec(py)

This p(pz) is the density in momentum space of
annihilating pairs having momentum of magnitude Pge
Now since p, = mc@

ppz) == ___ 1 1 de(@)

2rAmlc2 8 ag

==DB°1 dcgﬂz
8 196

where B is some positive constant.
The area of a sphere in momentum space of radius Py is

4ﬂp§° Therefore N(pgz), the number of annihilating pairs having

momentum of megnitude p, is given by

N(pp) = <4wBn2c2 g dac(@)
a6
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In the following sections the data will be presented in
the form of N(p) or c(f). Since the constant B is not known
the term dec(f) 1is simply multiplied by a normalizing factor,
In these expgé%ments The curves are normalized to a peak of 10.

The actual analysis of the data was done by a computer
program. The data was accumulated in the form of the time
intervals required to acauﬁulate 400 counts. These times were
recorded by the Simplex ET-100 timer and then transferred to
punch cards, These cards together with other pertinent data
were fed into the computer. The program first corrected the
times for source decay and calculated the count rate 0(9) for
each point. Next the program calculated the derivative at
each point by means of a five point least squares fit to a
parabola. For the 2nd and n-2th points a three point least
squares fit to a parabola was used and for the end points a
straight difference was used. The program then calculated N(p)
and p(p) and the error in N(p)., Finally c(@), the error in
c(@), (), p(P)s N(p) and the error in N(p) were outputed for
each point in tabular form. The c¢(f) and N(p) curves are shown
in Figures 7-12, The background was determined by counting with
no sample cell in place, The resulting distribution was almost
flat with a peak counting rate of less than 1 count per minute,
The chance coincidence rate was well less than 1 count per
minute,

The distribution was also measured with the sample cell



i9
in place, but no sample in the cell, This resuvlited in the
inverted parabola Uype distribution shown in Figure 6. This

agrees very well with other results for aluminium(Refs. 5, 11).

Thls is interpreted a3 being ennihilation in the window and

che semple cell. Thig distribution cannot be Just

ennihilate in the wells and when gamnples were run care was

A G e ey N o s 3 *
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CHAPTER IV

THEORETICAL CALCULATIONS

The momentum space wave function for an annihilating

positron-electron pair has the form

X(p) = (277')"3/2 fe‘i'ﬁ'?\"- (r)Y¥+ (r) ar

now N(p) is given by
2T 1w'2 .
N(p) = f f X*(p) X(p) p2 sinf d@d¢
[} -7/ 2

w2
= 27r£plzﬁ(p) X(p) p? sinf 4@

As described by Chuang8:9+¢10, imowing the positron
wave function, one may use the hybrid carbon orbital wave
functions together with the hydrogen 1s orbital wave function
to calculate X(p) and thence N(p) for the C-H and C-C bonds
in a simple alkane.

The positron wave function 1s obtained by numerically
golving the Schrddinger equation in a Wigner-Seitz cell. The
atomic potential used for the hydrogen atom was the standard
analytic potentiallz. The atomic potential for the carbon atom
was the numerical one determined by Herman and Skillmanl3
through a self-consistent field method.

Having determined the momentum distributions for the

C-C and C-H bonds, the momentum distribution for a given alkane
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can be predicted under certain assumptions,

One assumes that only electrons from the C-H and C-C
bonds annihilate with the positrons and that annihilation is
equally probable for an electron from either bond. One then
caiculates a weighted average of the two distributions
weighting N(C-C) and N(C-H) according to the relative humber
of electrons in each type of bond. For Butane and Pentane
this gi%es the following formulae,

N(butane) = 6/26 N(C-C) + 20/26 N(C-H)

N(pentane) = 8/32 N(C-C) + 24/32 N(C-H)
The theoretical momentum distributions are shown as

s0lid curves in Figures 10-12.
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Pigure 9

Anguler Distribution for Liguld Butane

V'

{93



(poiw) 3TONV

4

COUNTS PER MINUTE

@

N
I

{9l

— 02

i




Figure 10

Homentum Distribution for Liguid Pentane
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Figure 12

Homentum Distribution for Liquid Butane
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CHAPTER V

CONCLUSIONS

The theoretical and experimental curves do not quite
coincide, As can be seen the theoretical fits need further
work. A possible modification would be to include the
contribution from the carbonis electrons. This would raise
the high momentum end of the curve and result in better
agreement with the experimental curve.

From a purely statistical argument three times as much
triplet positronium should be formed as singlet positronium.
Therefore if Iz 1is the intensity of plckoff annihilations from
triplet positronium as determined by lifetime measurements%S
then I, the intensity of singlet annihilations as determined
from the momentum distributions should be equal to 12/3. The

following table shows these values,

I, (%) I3/3 (%)

Liqud Pentane 9 10
Solid Butane 4 4
Liquid Butane 6 6

The close agreement between Iy and 12/3 is strong
evidence that the statistical distribution of occupied states

is in fact the distribution realized experimentally.
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