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ABSTRACT

A value has been obtained for tpe absolute pair
produgtion‘croaa,section of lead for the 2.76 Mev. gamma rays
of Na?h, A collimated beam of these gamma rays was made to fall
on a specially éonstructed target? The positrons pfqduCSd in the
target were detected by counting 2 quanta annihilation events |
by means of two scintillation spectrometers in coincidence. .
The strength of the Na?4 source was measured by a coincidence
counting technique and the counter detection efficiency for
annihilation radiation was measured with a calibrated Na%?
source. The effect of absorption of the 0.511 Mev. o
annihilation radiation in the target was measured in a separate
9xperimen§. The value obtained for the cross section was

2o 38i 0962 barnse.
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INTRODUCTION

The existence of a particle of charge +e, where
-e 1s the charge on the electron, and mass egqual to that of
the electron was first observed equrimentally by Anderson
in 19321, Dirap, in his relétivistic quantum-mechanical
theory of the electron (1928), showed that the possible
enargy states of a'free elactron cohaist of a set of closely'
spéced pésitive levels along with a complimentary set of
states of negative total energy which are mirror images of
the positive ones? As the possibillity of an electron existing
in one of these negative energy states can not be excluded on
quantum mechanical grounds, there was for a time some doubt as
to their correct physical interpretation. With Anderson's
discovery it was possible to assoclate the negative energy
- states with the positron. This was done 1n the well known

"Dirac hole thoory".3

According to this theory the "electron vacuum" is
représented by the case in which all the positive states are
empty and all the negative states are filled (by the Paulil
exclusion principle a state containing one electron is "filled").
A filled positive state 1s observed as a negatron and an
empty negative state as a positron., Although an electron in
a negative energy state is not experimentally observable, it

is possible for an external electromagnetic field to cause

1. C. D. Anderson, Phys. Rev, 44, 405 (1933)

2. P.A.M, Dirac, Prec. Roy. Soc. A, 117, 610, (1928)

3. P.A.M. Dirac, "The Principles of Quantum Mechanics"
3rd Ed. Chap. XI.



an electron in a negative energy state to make a transition
to an unoccupded positive energy state. The result of this
process, which 1is called "pair production', 1is fhe appearance
of a pair of electrons, oﬁe positive and one negative. In

‘ AND ENERGY
order for momentumAto be conserved the presence of a third
particle (e.g. a nucléus) is required.

‘Although palr production can také place in a
variety of ways, the process of interest for the work of
this thesis is the creation of pailrs in the coulomb fields
of atomicbnuclei by photons. In order that 1t bé able to
produce a pailr, the energy of the photon must be at least
enough to account for the rest energy of the two electrons
(1.022 Mev.). Any surplus appears as kinetic energy of the
electrons. This energy (1.022 Mev.) 1is generally called
the "threshold energy" for pair production.

The process of pair production by photons in nuclear
fields is clossly allied to the Bremsstrahlung process, In
thé case of the former a photon Interacts with an electron
in a negative energy state causing a transition to an
ﬁnoccupied positive state. In the latter case an electron
in a positive stateAundergoes a transition to a second
positive state of lower energy with the emission of a photon.
Because the transitions involved in the two processes are
either reciprocals of one another (i.e. absorption or emission
of a photon), or differ only in initial and final states,
having worked out the various transition probabllities
involved in. one case, one can apply them in a straightforward

fashlon to the,othef. For this reason in theoretical papers



the two are often treated tOgether.
The first relativistic quantum mechanical treatment
of the Bremsstrahlung - pair production problem was given by

Bethe and Heltler in 1934.%

This theory was based on the
"Born approximation”, 1.e. plane wave functions were used

for the electrons. This amounts to the condition that

2> z
== LK< R =
v | ‘

" where % 1s the charge number of the nucleus, e is the electronic

TR

charge,‘h is Planck's constant divided by 2%, c¢ is the
A

S

and v 1s the electron velocity. (The inequality must be

velocity of light is the fine structure constant
satisfied for both the positron and negatron). Since

this will not be satisfied for elements of high £ (e.g. for
Po, 2 = 82, 2/137 = 0.6), <this theory therefore would be
expected to break down in fhe’region of high 2 and low v, i.e.
low incident photon energy. For low energies they considered
only the simple coulomb field of the nucleus and for high
energies took account of the effect of the orbital electrons
by means of a screening correction. The expression & tained
for the differential cross-sectlon as well as a graph showing
the values of the total croes-section, (fbair, for various
materials over a wide range of energies are given in Heitler's
book,® They obtain the result that the cross-section for
‘fixed photon energy 1is proportional to g2 for the case in
which screening 1s neglected,

4, H. Bethe & W, Heitler, Proc. Roy. Soc. A, 146 83, (1934)

5. W. Heitler, "The Quantum Theory of Radiation 3rd Edition,
Oxford 1954, p. 268, p 262.




For low photon energy and high % the Born
approximation, as pointed out above, 1s no longer valid.
Jaeger and Hulme have developed a theory of pair production
‘making use of exact (coulomb) wave functions and have made
numerical computations of ‘6bair for various high Z materials
at low photon‘energies.6 Values of &pair for Z = 82(Pb)

for the two theories are given in the following tableg;

Photon Energy épair in barns (1024 cms2)
Mev J‘H. B.H.
1.53 0.67 0.34
2.66 3.1 26

According to the Jaeger and Hulme theory the dependence
of the cross-sectlions on 2 is of the form: ag® 4+ bg? where
a and b are constants.

The process in which an.electron palr 1s formed
is called pair production: the process in which a negatron
and positron interact and disappear is called pair anﬁihilation.
In terms of the Dirac hole theory the annihilation process
involves the transition of an electron in a positive energy
state to a neggtive energy state, the energy lost by the
electron appearing as one or more photons.

In the most probable annihilation process the
posltron is reduced to thermal velocity by interaction’
with the atomic particles of the material through which it
‘passes. It then interacts with a free electron, producing
two photons. This process isreferred to as two quanta
annihilation. Since the energy due to the electrons!

motion 1is very small compared to their rest energy, the

6, H. Hulme and J. Jaeger, Proc. Roy. Soc. 153, 443 (1936)




energy carried by the two photons must be very nearly
1.022 Mev. To satisfy conservation of momentum the energy
must be shared equally between them. Thus the product of
this mode of annihilation 1s two oppositely directed 511
Kev photons. These are usually referred to as the
"annihilation radiation! Precision experiments have verified
that this process does in fact occur.®
If the annihilation interaction occurs while the
positron is moving with an energy which 1s not negligible
compared to 1ts rest energy, then the above statements are
st11l true in the Lorentz system in which the centre of mass
of the two electrons 1is at rest. However, when transformed
to the system in which the negatron is at rest, resulting
pairs of photons need no longer be oppositely directed or
even of the same energy. The theory for this proéess has
been glven by Bethe and predicts that anproximately 4% of
a beam of 1 Mev positrons passing through lead will
annihilate in flight.®
If the negatron‘is bound to a nucleus 1t is
possible for a positron to annihiiate with the emission of
a single photon, the nucleus taking up the extra momentum.
The theory for this process 1s given by Heiltler who obtains
& value for the cross=section proportional to 25.10 Hence
it 1s most important in heavy elements in which it may
amount to as much as 20% of the two quants annihilations.
There is one more significant process; that in

which the annihilation produces three photons. This can

8. D. E. Muller, H. C. Hoyt, D. J. Klein and J.W. Dulond,
Phys., Rev, 88 (1952) 775
9., H. Bethe, Prec. Roy. Soc. A, 150 (1835) 129, 3rd Ed.



occur for positrons either in flight or at rest. From the
point of view of perturbation theory this 1is a higher order
process than the two quanta case, and hence much less likely
to occur; The theoretical ratio of two to three quanta
annihilations is given by Heitler as 1/370%1 That the ratio
in favour of the two quanta process is at least this great
has been verified by De Benedetti,12

From the above it may be seen that it 1s feasible
In an experiment to determine the rate at which positrons
annihilate by determining the rate at which they annihilate
at rest producing two quanta. The total rate of annihilation
may then be obtained by accounting for the other processes

through small corrections,

10. W, Heitler, Quantum Theory of Radiation (3rd Ed, Oxford
1954) PPS (272~4)

11, Ibid Page 278 .

12, 8. De Benedetti and R. Siegel Phys. Rev, 94 (1954) 955,



-7

- THE EXPERIMENT

Although several experimental measurements of
relative palr production cecross sections have been made at
low energy in order to determine its Z dependence, at the
time this work was begun no absolute measurements had been madee
The results of the relative measurements of Hahn et all at
2,62 Mev. and Dayton® at 1.33 and 2.76 Mev. both agrée with
the Z dependence predicted by Jaeger and Hulme rather than
that of Bethe and Heitler., As a further check on the theory
an absolute measurement in this energy region was desirable.
The experiment which is the subject of this thesis

is perfectly straightforward in that a target of the materilal
being investigated is bombarded with an essentially mono-
chromatlic beam of gamma rays, for which the photon flux

(no. of photons per square centimeter per second perpéndicular
to the beém) is known at the position of the target. The

rate at which positrons annihilate in the target with the
production of two oppositely directed 0,511 Mev, photons
is measured by a coincidence counting technique using a pair of
scintdllation counters. From these data, along with certain
subsidliary data discussed below, it is possible to calculate
({paire

. The experiment is divided into a series of sub-
experimentsy each of which provides part of the data required.
The first of these 1is an experiment in which the ¥strength"
(no, of disintegrations per second) of the source is

1, Hahn, Baldinger and Huber, Helv. Phys. Acta. 25, 505 (1952)
2. Irving E. Dayton, Phys. Rev. 89, 544, (1953)



measured. Once this is known it 1s possible to calculate
the photon flux. at the target from the experimental
geometry. Next, the "coincldence rate" i.e. the number

of two quanta annihilations detected per second must be
measured for eéch target used. It 1s then necessary to
determine the "annihilation rate" 1i.e. the number of two
quanta annihilations per second occuring in the target.b
This is necessary since not all such annihilation events
are detected by the counter. The ratio of the number of
events detected to the number of events occuring is called
the efficiency of the counter. Finally 1t was necessary

. to perform an experiment in order to determine a correction
to be applied to the annihilation rate as abtained by the
above procedure because of absorption of the 0.511 Mev
photons in the target 1tself. Each of these sub-experiments
will be described separately in detail in the order given
above, following a brief description of the couhting

equipment.
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THE COUNTING EQUIPMENT

Figure 1 is a block diagram of the coincidence
counter. Although this equlpment 1s quite conventional
a brief description of its operation at this point will
serve to clarify later remarks.

Each delector head consisted of a five inch
'photomultiplier (Dumont 6364) on which was mounted a
cylindrical NaI(Tl) crystal 9.6 centimeters in diameter
and 6,3 centimeters long, along with a "base" consisting
of the potentlal divider chéin for the photomultiplier
and a c¢athode follower. The circult used in the bases 1is
shown in Flg. 2.

The linear amplifliers were of a type in use at
the University of Mapitoba for several years3 which had
been modified for delay-line pulse shaping as shown in

Fig. 3 below,

GAIN GRID OF
INPUT R, CONTROL IST 6ACY
. K /
10.K DELAY LINE
5 FEET OF
COLUMBIA Hu-9 ¢ “'
47K 2000 CABLE
27K §Ra
27K FIG.3: DELAY -LINE

CLIPPING CIRCUIT

3. Kol Roulston, PhDe Thesis, University of Man.
: March, 1952.
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Ry is used to provide cbfrect termination of
the delay line. Ro is selected by trial and error to
adjust the height of the reflected pulse to eliminéte‘
negative overshoot in the cli?ped pulses.

- The’siﬁgle chann;{bggight selectors were
commercial units manufactured by the Dynatron Radio Company
(model 101/A).' These units have a resolving time of the
order of 10~ seconds and provide channel widths of 0, 0.5,
1, 2, 3, 5 and 7.5 volts over a blas range of O to 50 volts.
| | The coincidence mixer shown in Fig. 2 1is s
modification of a circuit designed by Figscher and MarSha114.
The original circuit was designed to produce resolving times
of the order of 10710 seconds. To sult the purposes of

this experiment the unit was re-~designed to handle larger
input pulses and to produce output pulses of the order of

10 volts., The characteristics of the E6BN6 tube and the
theory of operation of the circuit are discussed in detaill
in the paper mentioned above. The unit proved extremely
serviceable and provided resolving times of the order of
3.5 x 10-7 seconds.

The necegsary D.C. voltages for the various units
were obtained from regulated power supplies of standard
design and the A.C. supply was provided by a Sorenson A.C,
line regulator.

- At this point a f ew remarks on the calibration
of the counting equipment are in order. For energy

calibration of the counters a Zn65 source was used., Since

4, Fischer and Marshall, Rev. Set, Insts. 23, 417, (1952)




Zn65 i1s a positron emitter 0,511 Mev. annihilation

radiation is present in its gamma ray spectrum and may

- easily be picked out by running a coincidence spectrum.
The 0,511 Mev., photopeak so obtained was used to calibrate
the counters through out the experiment. The only other
calibration required was a periodic measurement of the
resolving time T of the coincidence mixer. If random
pulses are fed into each of the two inputs of the mixer
from two completely independent sources at rates Nj and Ny

- respectively, a chance coincidence rate given by:

Ne = TN, N,
will be obgerved. In order to measure U two separate gamma
ray sources were used, one for each counter, with the counters
isolated so that no genulne coincidences between the counts
in the two channels could occur, T could then be calculated
from the result of a direct measurement of Ny, Ny, and N,.
Hereafter, the assembly of equipment described

above will be referred to simply as the coincidence counter.




MEASUREMENT OF SOURCE STRENGTH

The ideal source for this experiment would be
one which emits a single gamma ray of energy greater than
1.022 Mev. It should also be a readily avallable isotope
with a reasonsably long half-life. After considerable 1nves£-
igation of available lsotopes the one chosen was Na®4., As
can be seen from the decay scheme shown below> its radiation‘

consists almost entirely of two cascade gamma rays of energy

2,76 and 1.38 Mev respectively.

Na24 Mg24
4.14 MEV.
~0.08%
1.38 MEV.
FIG.4 DECAY SCHEME OF SODIUM 24 £ 0

‘The small contribution to pair production in the
target by the 1,38 Mev. gamma rays was corrected for by
making use of the data of Griffiths and Warren® on the
ratio ofcf@air‘at 2,76 Mev to dbair at 1.38 Mev. The half
life of Na24 was found by Tobailler¥ to be 14,90 * 0,05 hours.

Thé source used in the experiment consisted of 0.5
grams of sodium carbonate irradiated to an initial activity
of 450 millicuries in the Chalk River reacter. The source
was sealed in a quartz phial, the active material being
roughly in the form of a circular cylinder 1.5 centimeters

long and 0.5 centimeters in diameter,

5. Hollander, Perlman & Seaborg, Rev. Mod. Phys. 25, 469, (1953)
6. Griffiths and Werren, KoCe Phys. Soc. A, 52, 1050, (1952)
7. J. Toballlem, J. Phys. et Radium , 16, 48, {1955) - |
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vFigure 5 shows the arrangement of the counters used

in measuring the strength of the source.

RN | I 0
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FIG. 5 COUNTER GEOMETRY FOR N Ca
SOURCE STRENGTH MEASUREMENT AN

The source, its' axis of symmetry perpendicular
to the paper, was located at O. Cy and C5 are the crystals
of the counters in the coincidence counter. (2, and (),
are the solid éngles subtended at the source by C1 and Cg
respectively and @ is the angle between the axes of the
crystals., After the counters had been calibrated the pulse
height selectors In each channel were set with wide gates,
channel 1 covering the 1.38 Mev photopesk and channel 2 that
ét 2.76 Mev. Let €,be the probability that a 2.76 Mev.
photon emitted into L)L, produces a pulse In the 2,76 Mev.
photopeak, €, be the probability that a 1.38 Mev. photon
emitted into £, produces a pulse in the 1.38 Mev. Photopeak,
and €, be the probability that a 2.76 Mev. photon emitted
into £, produces a pulse inside the gate of channel 1
pulse height selector by compton scattéring in crystal 1. If
N is the source strength then the counting rates in channels

1l and 2, Ny and Ng respectively, are given by:
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No=NCen,+€a0) - - (1)
and Ny= NE€ ), (2)
R Ni=NCg+g,) (3)
. Ny=Ng, )

wher = -
ere ¢,~ e,nl ) ¢1~ G)__[ll M ¢S: 63"‘-\‘1

The chance coincidence rate Nc¢ 1s given by:

No=dT N, Ny (5)

Since each 2,76 Mev, photon is accompanied by a
‘time-coincident 1.38 Mev. photon, there will be a real

colnecidence rate NR given by:

LoX N = N3, (7)
THEN FROM (4),(5){;(7) wE GET:
N = w_ . (8)
Ngr

The total coincidence rate‘WLwhere

Oh = Ne+ N (9)

as well as Ny and No may be measured directly. From sub-

stitution for Nj and No in (5) we obtain N. and hence Ny




COUNTING RATE
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from (9). Ni must be obtained by a graphical method

described below,

| PHS l
| €—GATE—>
l .
|
I
I
I
I
|
|
l
I
I
|
|
T\
|
[
I
0 0.5 1.0

ENERGY ~ MEV.

FIG. 6 GAMMA RAY SPECTRUM OF SODIUM 24

The’éolid line in PFig. 6 shows the appearance of
a gamma ray spectrum of Na24 a5 obtained with a single
channel spectromater.' The dashed line shows the contribution
of the compton digtribution due to 2,76 Mev. photons to the
spectrum. Peak A i1s the 1,38 Mev. photopeak which is seen

to be sitting on a background of compton from the 2.76 Mev.
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photons., If the compton distribution is subtracted from
‘curve A the result is curve B, which is the form the 1.38
Mev., photopeak wouid take in the absence of the compton
background. The area under curve B which lies betwsen the
energy limits set by the pulse height selector gate is
pfoportional to'Ni. To obtain Ni it was necessary to run
a single channel spectrum covéring the 1.38 Mev. photopeak,
thus obtaining curve A. - The high energy tall of curve A
was then extrapolated back, and this curve was subtracted
from A. The exact shape of the extrapolated curve was adjusted
until the subtraction yielded a curve B which had a peak to
trough ratio and width at half maximuﬁ corrésponding to the
known performance of the counters at 1.38 Mev. The areas
under each of curves A and B lying between the energy limits
set by the pulse height selector gate were measured with a
plahimeter and Ni was then calculated from

.Ni = grea under B X N] c...ovve...(10)

area under A ;
It was found that about 40% of the counts in

channel 1 were due to this compton background, which-means
that the uncertainty (at least 10%) in the ratio obtained
by the above procedure accounts for a large part of the
error in the value finally obtained for the source strength,.
Measurements of the source strength were made over
a period of five days. Each day several runs were made‘in
which the source to crystal distances and the angle € were
varied in order to detect any dependence of the results

obtained on geometry. As no significant differences were




found corresponding to these changes, the neglect of
angular correlation in the derivation of equation (8) seems
Justified. The results obtained on each day were corrected
to noon using.thé value of 14.90>hours for the half-1ife
and these values averaged to obtain a mean’value of N

at noon of each of the five days.

The strength N of a source at time T  whose
strength at T =0 was N, 1s given by:
1

L
-

j—

N = No 22 [:'jLoah-aL‘z

where | 1is the half-life. This may be put in the form:

Loy, N = -&Z&«é L '@"ZQNO"(R)
T o
. from which we see that 'a plot of log,N against T should be

a stralght line of slope —‘QAﬁgﬁg>/%" .

Sucha plot is shown in Fig. 7 for the data obtained in
this experiment. The solid line is a least squares fitvto
the points. From the slope of this line we obtain

T = 15.97 * 1.6 hours
the error being estimated graphically. This is in agree-
ment with the value reported by Tobaillem. Since the value
14.90 1s considerably more precise than the one obtained in
this experiment, it is preferable to use it in calculating
N at various times from these data. Making a least squares

fit of a straight line of slope corresponding to T = 14,90
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hours, we obtain

logoN =-0,04652T + 14.45...........(13)
which 1s the dashed line in Fig. 7. This equation was
used to obtain N at various times 1in later calculations.
From a consideration of the scattering of the points on
Fig. 7 an error of 10% has been attached to values of N

calculated from equation (13).




MEASUREMENT OF PAIR PRODUCTION IN THE TARGET

In this part of the experiment a speqially designed
target was irradiated with a collimated beam of gamma rays
from the Na24 source. The armihilation of poéitrons creaﬁed
iIn the target was detected by means of the coincidence counter.

The target consisted of a lead disc 11/16 inches'in
diameter and 1 millimeter thick cemented to a graphite disc of
the same diameter and 4 millimeters thick, If the lead disc
had been used alone a high percentage of the positrons
produced therein would leave it with enough kinetic energy
to move out of the sensitive region of the coincidence counter
before annihilating. Rather than accept this loss and attempt
to correct for it, the graphite disc, thick ehougp_to stop
the most gnergetic positrons leaving the lead disc, was added.
In this way most of the amnihilation events were confined to
a small volume entirely within the sensitive region of the
counter. In this arrangement pairs were al® producéd in the
 graphite target. Since @pair is known to vary at least as Z°
and since the mags of carbon is small compared to that of the
lead, the contributidn of the graphite 1s slight compared to
that of the 1ead.‘ The effect of the graphite was accounted
for by making use of a graphite disc of the same dimensions
as the one incorporated in the target. (Hereafter the lead
and graphite combination will be referred to as the "target",
the graphité disc as the "plank"). The coincidence counting

rate was determined for the blank, and subtracted from that

obtained with the target.




Since most of the positrons move in the forward
direction as defined by the incident photon direction, the
loss due to positrons coming out the front and around the
edges of the lead disc could be accounted for by a small
corréction. In order to obtain this correction a second
target was used in which the lead disc was completely surrounded
by graphite of sufflcient thicknéss to stop any positrons
leaving the lead. In this case, as above, the effect of the
graphite was accounted for by making use of a graphite blank.
A éqmparison of the counting rates obtained with this target
and blank gives the correction to be applied to the counting
rate obtained with the original target. Here the amount of
graphite 1s enough that its contribution is compafable to
that of the lead, Thils means the difference obtained is
fairly inaccurate unless the two counting rates are known
with high  precision. However, since the correction was
found to be only 8% a fairly high error can be tolerated in
its value. 1In the case of the target first described the
effect of the lead is mucﬁ greater than that of the carbon,
and it is easier to obtaln a reliable difference, so it was
considered preferable to use this type of target in the
experiment. . |

The experimental arrangement used 1is shown

schematically in Fig. 8.
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About 600 pounds of lead was used in collimating
the gamma ray beam and shielding the counters. Thils amount
was found necessary to prevent prohibitively high single
channel counting rates. With this arrangement the chance
coincidence raté, as calculated from the singles rates and
the resolving time of the coincidence mixer, amounts to
. only a few percent of the genuine coincidenée rate due to
positron annihilations in the target. Fig. 9 shows the
appearance of a single channel spectrum of the radiation from
the target. The target was supported between the counters by
a holder made of light cardboard. (The contribution to the
total coincidence rate of the cardboard was found to be

negligible compared to that of the target.) The source;
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collimating channel and target shared a common axils of
symmetry as shown in Fig., 8. The tarzet was placed
symmetrically on the common axls of the two counters to
insure that oppositely directed annihilation photons coming
from the target were detected with maximum efficiency. The
source to target distance had to be decreased during the
experiment to compensate for decay—of the source, hence

no value 1s given for this distance in Fig. 8.

To measure the coincidence counting rate, the two
channels of the counter were calibrated with annihilatioh
radiation as described previously, and each one set with a
wide gate covering the Q.511 Mev. photopeak as shown in Fig. 9.
The coincidence rates‘were measﬁred with the target and the
blank altefnately in position until over 10,000 counts had
been obtained on the former and about 4,000 on the latter.
This represents a statiétical accuracy of the order of 1%
for the target and 1.5% for the blank. Since the results
obtained here require considerable correction before they can
be applied to the calculation of 6bair, they will not be given
until after a description of those portlons of the experiment

which are the sources of these corrections.
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MEASUREMENT OF DETECTION EFFICIENCY

As was mentloned previously, the coincidence
counting rate meaéured by the above method does not give
the rate at which two quanta annihilations take place 1in the
target. ‘To begin with, the solid angle subtended by the
counter crystals a£ the target 1s obviously not 4T radians.
This means that a substantial number of the annihilation
photons never enter the crystals. Further, a large number
of those that do enter either produce no pulses at all, or
else produce pulses which do not fall within the gates of the
pulse height analysers, Conseqﬁehtly, in order to obtain the
annihilation rate defined previously the coincidence counting
rate must be multiplied by an experimentally determined
correction factor.

In determining the correction factor, a calibrated
source of N322 obtained from Atomic Energy of Canada, Limited,

was used. The decay scheme of Na®? 1s shown 1in Fig. 10.8

N022 NeZZ

v 90 % (~, 10 % K-CAPTURE)
1.277 MEV

0,
~n, 0.06 % _ ¥ 1.277 MEV

\f. o

FIG. |0 DECAY SCHEME OF SODIUM 22

8. Hollander, Perlman and Seaborg, Rev. Mod Phys. 25, 469, (1953)




. The energy of the pbsitron feeding the 1.277 Mevl
level in N922 is given by Macklinq as 0.542 Mev. sherr'®
reports 9.9%0.6% K-capture,

| The source received from A,E.C,L., consiasted of an
aqueous solution of NaCl, the total activity being about five
microcuries. For the measurement, two much weaker sources

were prepared by sealing small amounts of the original

solution in lueite capsules of the form shown in Fig. 1l.

K— 11/16 in: —) F—ammlr . .
‘ { J

CAVITY

FIG. || LUCITE CAPSULE USED WITH Ng21 SOURCE IN m—:mcnon
EFFIGIENCY MEASUREMENT

The capsules were made up of two lucite discs
cemented together. A small cavity was turnediin one of the
dises and the weighed quantity of solution placed in it,.
After the water had beenvailowedAto evaporate, the discs
were cemented together. The thickness of lucite surrounding
the source was sufficient to insure that all of the positfons

emitted by the Na22 annihilated before escaping from the

q, Macklin, Ledofsky and WW , “nys. Rev. 77, 137, (1950)
jos Sherr and Miller, Phys. RV . 93, 1076, (1954)
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lucite. Thus thesé sources provided a s:ufce of annihilation
radiation similar to that provided by the target in the fore-
going experiment. To determine the detection efficiency one

of these sources was placed in the position previously
occupied by the target. The counters were calibrated and

the gates positioned exactly as before and the coincidence
counting rate determined. The number of positrons emitted

per second was computed from the weight of the solution that
had been placed in the lucite container and the known total
activity of the original solution. From the results the ratio:

Number of positrons emitted per second
coincldence rate -

was calculated. 1In calbulating the strength of the two
sources the K-capture was allowed for, using Sherr's figure,
Runs were made with both the sources, and a mean value of
1.046 * 0,05 x 102 was obtained for the ratio.

Two poésible effects of the 1,277 Me%. genma ray
which 1s emitted in time coincidence with the 0,542 Mév.
positron on the above result were investigated. Since the
gamma ray energy is more than 1.022 Mev. it could produce
pairs in the lucite, the annihiléth»radiation of which would
then contribute to the total coinecidence rate. A rough
theoretical estimate was made, which showed this effect to
be negligible compared to the 5% error in the value of the
source strength given by A.E.C.L. The second effect 1is a
little more complicated. Since the 1,277 Mev. gamma rays
are in time coincidence with the annihilation gamma rays,
it is possible for an annihllation photon and a 1,277 Mev.

photon to be detected in the same crystal at the same time.,
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If this happens, a pulse‘is produced whose height 1is the

sum of the pulse heights produced by each photon alone.

Two things may happen as a result, First, a 0,511 Mev.

photon falling below the pulse helght analyser gate could

bé "boosted in" by a pulse of the appropriate size produced
by a 1,277 Mev, photon. Second, a 0,511 Mev. Photon landing
within the gate could be "boosted out" in a similar way. The
first of these effects tends to increase the coincidence rate,
the second to decrease it. A careful experimental check on

these effects showed they produced a negligible effect.,
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MEASUREMENT OF THE EFFECT OF ABSORPTION
OF 0.511 MEV. PHOTONS IN TEE TARGET.

In order for a tw quanta annihilation event
to be detected both 0.511 Mev. photons must enter the
detecting erystals. Consequently the coincidence rate
bobtained with the target must be corrected to account for
“absorption of 0.511 Mev. photoné within it. Although the
absorption due to the graphite is negligibly small, that
due to the lead is not.

Because of the target structure and the geometry
of the counters, in over 50% of the annihilation events
which occur in the target at least one of the photons has
to péss through some lead in order to be counted. A
theoreticsal estimate indicated that a correction amounting
to more than 30% was involved., Althouch in principle it
is possible to calculate a correction for this effect from
theory, such a calculation would be extremely difficult.
Fortunately, it is not difficult to obtain a value experim-
entally., |

For thils part of the experiment, the gamma ray
source was 50 milligrams of radium borrowed from the Manitoba
Cancer Relief Institute. The arrangement of the target,
gsource, lead shielding and counters was as shown previously
1h Fig., 8. Ten different targets were used, each of which
consisted of a lead disc 11/16 inches in diameter cemented
to a graphite disc of the same diameter. The mass of lead in
the targets covered a range from 0.1 to 3.3 grams, Thg

coincidence rate for each target was measured as before,

making use of a graphite blank,
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Neglecting absorption, the coincidence rate for a
given target is simply proportional to the méss of the lead
therein, and a plot of coincidence rate against mass of lead
for the 10 targets would be a straight line through the origin.
The effect of absorption will be to reduce the counting rate
in each case, the effect Increasing as the'mass of the lead
increases. Thus one would expect the experimental points to
lie on a curve‘which is asymptotic to the straight line at
the origin and departs further from it as the mass of the
lead is increased.

| The results obtained are shown in Fig. 12. As can
be seen, the first five points (mass of lead £ 0.55 grams)
détermine the asymptotic straight line unambiguously. It
may also be seen that the following points deviate from this
line by successively greater amounts. Two corrections were
applied‘to these data because of the absorption of the
primary photon beam in the lead discs. The first effect is
that, because of the preseﬁce of the le;d, the gamma ray flux
seen by the graphiteAin one of the targets 1s smaller than
that seen by the blank. Hence the counting rate to be
subtracted as the contribution of the graphite to the total
rate fdr a given target 1s slightly smaller than that obtained
for the blank. The second effect is a result of the diminution
in intensity of the primary photon beam as 1t passes through
the lead disc. That is, if the disc is thought of as broken
up into transverse layers, the photon flux at a given layer
will depend on 1ts'! depth within the lead. This effect
tends to lower thé coincidence rate, and is greater for the

heavier discs. Hence 1t would tend to distort the shape of
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the curve. Corrections yere calculated making use of the
-values given by Davisson'l for total gamma ray absorption
coefficients in lead. They were found to amount to about
10% and 4% respectively for the heaviest target. The
errors éhown on the points in Fig. 12 are statistical
counting errors. In the case of the first two points, the
errors are of the order of the size of the dots.,

The vertical line in Fig. 12 intersects the mass
axis at the mass of the lead disc used in the measurements

with Nae4

. The ratio of the two coincidence rates (i.e.
straight line to curve) at this mass value 1is 1.667 X 0.08
from the graph. The error is also estimated from the graph.
The net coincidence rate, due to the lead disc, obtalined in
the experiment with Na2% 1s therefore multiplied by this

number to correct for the absorption of the 0.511 Mev.

photons in the target.

i1 Kai Siegbohn, "Beta and Gamma Ray Spectroscopy"
(st edition, Interscience Publighers Inc., 1955) P.869




FINAL RESULTS

Calculation of the Gamma Ray Flux

The goincidence rate due to the lead 1s calculated’
in the following section. The data used in the calculation
'were obtained from a number of separate runs made over a
period of five days., The mean value given is that for
noon, Feb, 20, 1956, It was obtained by extrapolating the
separate runs to this time using the value 14.90 hours for
the half-life of Na24, Two different source to target
distances, Ry (54.8 and 34.1 centimeters) were used, the
shorter distancé being used toward the end of the experiment
to compensate for the decay of the source. All the datsa
taken at the shorter distance were converted to the larger
one, assuming the coincidence rate to be proportional to
Ri2. All the data so obtained were averaged to give the
mean coincidence rate for this time and for the larger
geometry.

The photon flux corresponding to this geometry
wag calculated assuming the source‘to be concentrated at a
point 54.8 ¥ 0,5 ems. from the front face of the target.
Since the dimensions of the source were small compared to
the source to target distance, any erfor Introduced by this
'simplificatidn will be émall. To less that 1% error, the

solid angle subtended by the target disc at the source 1is

given by: TTT’l

CL :—P:‘}
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where T is the radius of the disc, Hence if N photons per
second are emitted by the source, the photon flux through

the target disc is given by:

g NS N
I e
Using the value for N obtainedpreviously, we get

G=(119t0.11)x10* [ase.

Effects due to the presence of the collimator have
been omiﬁted from the above calculation. First the aperture
of the collimating channel was large’enough go that all
parts of the front face of the target were exposedto the
primary photon beam. Hence the solid angle is, in faet,
determined by the target diameter as assumed above,.

Second, it is posslble that small angle éompton scattering -
near the surface of the collimating channel could/result in a
large number of degraded photons which were still energetic
enough to produce pairs, striking the target. 1In ordér
to check this effect,the curves shown in Figure 13 were
obtaineds The detector used was a 1 X 1 inch cylindrical
NaI(Tl) crystal mounted on a 2 inch Dumont photomultiplier
(type 6292). The apparatus was set up with the laead
shielding positioned as shown in Figure 8. The crystal was
placed with its front face in the position previously
occupied by the fronmt face of the target,. A_single channel
pulse height specrum yielded the solid curve in Figure 13.
The 1lead was then removed and the spectrum repeated with the
sourcé in the:same position relative to the crystal to obtain

the dashed curve in Figure 13. The 1 Inch crystal was used
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because, of those available, it was closest to the target
diameter. It is only necessary fo conslider the portion of

the curves lying above 1,022 Mev. The contribution of the
scattered photons to the total pair production in the target

1s a function of the area between the curves. It may be seen
from Fig. 13 that this area amounts to less than 10% of the
area under the dashed curve which represents the primary photon
flux. Furthermore, the biggest difference occurs for

energles less than 1.4 Mev. Since the ratio of .G%air at

2,76 Mev. to c{bair at 1.39 Mev. 1is given by West12 as 15.0
ttO.S, the ratlo of }{bair at 2,76 Mev. to (fpair at energles less
than 1.4 Mev., will be at least 15, Thus the contribupion

of this effect cannot be more than 1%.

Calculation of the rate of production of pairs in the target.

In the part of the experiment in which the target
and blank were alternately irradiated with gamma rays from

Na24, 12,796 counts were obtained with the target, and 8,396

’
with the dWank. These data lead to a value for the net
coincidence rate due to the lead of

(5.54 ¥ 0,08) x 10-% per second,
The error gi#en is the net statistical counting error. This
_value has been corrected for absorption of the 2.76 Mev,.
photons by the lead, and for loss of positrons around the

edges and through the front face of the disc.

Applying the corrections given previously for

12. H. J. West, Jr. Phys. Rev. 101, 915, (1956)
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absorption of the 0.511 Mev. photons, and for detection
efficiency to the above figure yields
0.966 £ 0.11 per second
for the 2 quanta annihilation rate.
Since the 1.38 Mev. gamma rays also produce
palrs in the target, their effect must be accounted for,

Using West's value for the ratio Gpair 2,76 Mev.
Opair 1.58 Mev,

we obtain
0,906 = 0.1 per second

for the 2 guanta annihilation rate of positrons produced
by the 2.76 Mev. gamma ray.

At this point possible corrections because of
1 and 3 quanta annihilation processes which could not bé
detected by the coineidence counter must be considered.
As ﬁﬁs mentioned previously, the 3 quanta processes amount
to no more than 1/370 of the 2 quanta processes and hence .
. thelr effect 1s negligible compared to other errors in the
expeeiment. The calculatlions of Jaseger and Hulmel$ give
the ratio of 1 to 2 quanta annihilations as 0.0l in lead
for positrons of the energy being dealt with here. The
relative magnitude of the 1 quanta process 1s even smaller
in carbon. Hence this effect may likewise be neglected.
Actually these effects are to some extent accounted for
automatically in the detection efficlency measuremente.
1 and 2 quanta annihilations do occur for the positrons
‘emitted by the Na22 source although to a somewhat different
extent due to difference in positron energy. Thus in view
of the smallness of the effeet it is of little value to

attempt further correction for 1it.

13, Jaeger and Hulme, Proc. Cambridge Phil. Soc. 32, 158, (1936)
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Calculation of 6&air¢

the rate at which pairs are produced in the lead.

oy
[0>]
[
=
o4
@

&

(f%@ the total pair preduc%igm cross section.
A be the chemical atomic weight of lead.
L be Avodadro's number,
a be the area of the lead disc.
m be the mass ¢f the lead disc.
;6'be the total photon flux through the disc,
Then N = 5g%ggf
EY.

1.2, 6 = aA¥
: Mais

b3

Subs¢ituting in this equation we obtain:

éé’aiz‘* ='2,.38 i 0.62 barns.

Discussiocn of Results

The wvalue obtained for éﬁwdj*in this experiment
favors the prediction of the Bethe-Heitler theory {2.85 barns}

rather than that of Jaeger and Hulme (2.3 barns,obtained by

2
extrapolating the value given previmgs&y for 2.66 Mevi. This is
at variance with the results'af Hahn et al and Dayton, the result
of whose Z dependence experiments favored the theory of Jaeger and
Huimep |

During the course of this experimant, an experiment
in which the same measurement was made was published by Schmid
and Hubert?, They give a value of <§?air in lead of 3.12%0.18
barns for 2.75 Mev. This represents an experimental error of
about 6% as comparesd to some 25% in the present experiment.
Their value is in agreement with that of Jaeger and Hulme,

Their experiment was similar to the present one

-

14. P, Schmid and P. Huber, Helv. Phys. Acta. 28, 39, {1955}
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in that Na®? was used to determine the detection
efficiency, and the source strength was measured by a
coincidence technique (this technique was not described
in the paper but was presumably similar to that used in
the present experiment). The method used by Schmid and
Huber to produce and measure the pairs was, however, guite
different. They made use of a "sandwich" consisting of a
thin disc shaped gamma ray source between two lead discs of
the same diameter, the whole being housed in an aluminum
"pill-box". This assembly wasplaced between a pair of
scintillation counters in a coincidence circiut = that
not only annihilation radiation but also primary photons
from the source in large numbers entered the scintillators.
Since liquid scintillators were employed the background
radiation could not be separated from the annihilation
radiation by differential pulse height discrimination as
was done in the present experiment. The net result was
that annihilation radiation constituted only about 25%
of the total coincidence rate. 1In calculatingtjiair it was
necessary to make large theoretical corrections. Since
the error glven is just the statistical counting error they
have assumed that no error is implicit in these theoretical
corrections;

It is the opinion of the author that an experiment

which depends on large corrections calculated from one 5.
theory does not constitute a reliable check of another g%“

theory, Further, in view of personal experience,
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{fficult to believe that the measurements invoived in the
experiment of Schmid and Huber could be made to the
accuracy they claim, with their equiphenta

In the present experiment all erfors were
estimated from a consideration of the worst possible case.
For this reason, barring the existence of some instrumental
error (a highly unlikely thing) it is felt that the value
cf Kpair’ obtained is reliable within the statea limits cf

errors. -




