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I. Introduction

The research described herein is concerned principally with
the detection of circular polarization in the bremsstrahlung produc-
ed when the longitudinally polarized electrons from the decay of Lis
are slowed in lead. These electrons are polarized as a consequence
A of the non-conservation of parity in weak interactions. 1 The degree
of left circular polarization of the bremsstrahlung has been shown to
be a nearly linear function of the photon energy with 2 maximum
polarization of about one when the photon energy is equal to the elec-

-

tron's energy. 23 This theoretical result has been confirmed by a
number of investigators for low energy beta decay { 3 mev.). 4,5,6,7
The end~point energy of Lis is about 14 mev. and while there is no
reason to suspect a deviation from the theory at high energies, the
total absence of any evidence provides ample reason for investigation.

Electrons which are transversely polarized can also give rise
to circularly polarized bremsstrahlung, but the polarization varies
radically with energy and should be easiiy distinguishable from the
effect produced by longitudinally polarized electrons. 3

To detect the circular polarization of the bremsstrahlung, ad-
vantégé: was taken of the dependence of the Compton cross section of

8 that if the iron

magnetized iron on polarization. It has been shown
is magnetized in the direction of propagation of the photons, then the

ratio of the transmission of left to right circularly polarized photons



is: Ticp/Trep * e2NLV0] where N is the number of atoms/cm>,

L is axial length of the magnet, v is the number of polarized (valence)
electrons per atom, and o'lvis the polarization dependent part of the
Compton cross section. Since 0% is negative for photon energies above
0. 63 mev. , the transmission is greater for right than for left circular
polarization. This effect provides a means of detecting a particular
polarization by measuring the change in transmission with field
direction,

However, before the polarization measurement could be under-
taken, it was necessary to establish the energy spectrum of the ex~
ternal bremsstrahlung. This spectrum is also of interest in its own
right, since there is some evidence7 that it may deviate from theoret-
ical predictions.

With the foregoing in mind, the investigations proceedes as fol-
lows. The external bremsstrahlung was made by converting the betas

8

from Li® into bremsstrahlung with a thin lead radiator. The spectrum
of the bremsstrahlung was then measured with a scintillation counter.
To study polarization the bremsstrahlung was passed through magnetized
iron before detection in the counter. The difference in transmission
with the magnetizatién parallel and anti-parallel to the direction of
propagation gave a measure of the polarization.

Some preliminary efforts have also been made to study the spec-

trum and polarizastion of inner bremsstrahlung. There are experi-

mental difficulties, to be discussed later, which obscure the measure-

-2



ment, but there are good reasons for making the investigation. Until
quite recently, it was supposed that the type of interaction predominant
in beta decay was the scalar-tensor type, although possibility of the
axial vector -vector interaction was not excludea. Now the results of
several experiments, 9,10,11,12 indicate that the interaction is of the
axial vector-vector type. A measurement of the polarization of inner
bremsstrahlung would provide additional evidence as to the type of in~
teraction involved, since thé direction of polarization depends entire~
ly on the type of interaction and is in opposite directions for scalar-

tensor and axial vector-vector interactions. 13

II. Experimental Methods

The Li% needed in the measurements is most conveniently made
with the Li7(d. p)I.d8 reaction. The Li7 targets were made by evapor-
ating natural lithium onto an aluminum backing between 5 and 12 mils
thick. The lithium layer was made sufficiently thick (about 25 mg/ cmz)
to stop the deuteron beam at 2 mev. in order to maximize the Li
vield and also to prevent deuteron reactions in the aluminum target
backing. The target hoider assembly is a long tube of aluminum with
an o-ring at the end which seals the target to the holder when the vacuum
is applied, thus also supporting the target. It’is constructed so that
there is a mxmmum of material in the immediate vicinity of the target.
This and the thinness of the target backing reduced the amount of extraneous

external bremsstrahlung produced in the measurements to a small value.
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The thickness of the lead converter must also be chosen carefully,
since the yield and spectral distribution of the bremsstrahlung depends
guite strongly on the converter thickness. This dependence is shown
in Fig. | 1. Notice that the low energy vield peaks at a greater thickness
than the high energy yield. This is due to the thick target bremsstrah-
lung effect, and due to calculational difficulties discussed in Appendix
Il it is better to avoid this effect as much as possible. Therefore, we
use a lead converter 0,032% thick, which is in effect a compromise be~
tween maximum yield and minimum thick target effects. To stop the
betas not stopped in the target and converter with a minimum of brems-~
strahlung the target assembly was surrounded by a paraifin sphere
2+1/2" in radius which could be slipped over the target holder. Since
the bremsstrahlung are essentially in the same direction as the incident
electrons, no special collimator was necessary.

Lis decays by negative beta emission with a half-life of 0.83 sec.

The reactions accompanying the production of Li®

products are such
that a very high background is present while the beam is on. In view of
this a pulsed beam technique was used. The deuteron beam was allowed
to bombard the target for a period of time comparable to the half-life
of Lis and then interrupted for an equivalent period, during which measure-
ments were made. Thus the difficulties caused by the reaction product
background were reduced.

To accomplish this interruption of the beam, it was passed be-

14 Ghich deflected the beam when a volt-

tween a pair of parallel plates
age was applied to them. This voltage was produced by an 8 KV power

zsupply14 and applied to the plates by a specially designed pulse
-4-
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1 3 » s N
4 This unit contains a square wave generator and a

control uniti
6BK4 high voltage regulator tube. The control unit is shown in Fig. 2.
The square wave generator serves two purposes. First, it applies a
square wave switching signal to the regulator tube. Second, it pro-
duces another signal which is nested inside the signal mentioned above.
This signal controls the operation of the écintillation counter., This
nesting feature assures that the beam is completely off before the
counter comes on and the counter is completely off before the beam
comes on. The unit is.devised so that the voltage is switched between
a high value and a low value which is considerably above ground poten-
tial: Thus the beam is always deflected to some extent but the degree
of deflection is switched: The system is aligned so that if the deflec-
tion is too small as well as too large the beam is stopped by tantalum
slits. This prevents any uncharged beam, which would not be deflected,
from striking the target while the beam is supposed to be off the tar-
get. Fig. 3 shows this: alignment and the path of the beam under each
of these circumstances. |

The preamplifier used in conjunction with this system is shown
in Fig. 4. It is of standard design except for the circuit involving
the focusing electrode. The focusing electrode is used to gate the
photomultiplier, a technique first suggested by. Fornelli and Naa.lva.nol5
who found that this was the most effective way of gating the tube with-
out intr‘oducing sizeable switching transients and gain shifts. Notice

that the 6AU6 switch tube circuit plugs into the preamp proper, and
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that when it is removed the preamp becomes a conventional one.
Having the switch tube confined to a separate chassis has the addi-
tional advantage of isolating the strong switching signals from the
rest of the preamp. Even then these signals cause trouble and iso-
lating circuits are necessary to reduce these effects.

The lowest frequency obtainable from the control unit generator
is about 0.5 cycles per sec. For reasons which will be discussed
later it is sometimes desirable to pulse the beam at a considerably
slower rate than this., < As can be seen from Fig. 2, provisions have
been made in the control unit for driving the unit from an external
square wave generator, The low frequency square wave generator
used to drive the control unit is shown in Fig. 5. It makes use of a
circuit for producing the square waves using neon glow lamps in

multivibrator type operation. 16

The lower frequency limit of the cir-
cuit is determined only by the size of the condenser available. In
actual operation a 54 mfd. external capacitor was used to produce
square waves with a period of 35 sec. The signal from the neon
oscillator is fed to a 6AU6 amplifier and clipper and a 6AQ5 cathode

follower. Since the circuits are all direct coupled there is no degen~

eracy of wave shape with frequency.

The counter assembly consists of a 3" x 3" Harshaw NaI(Tl)
scintillation crystal, a 24" lucite light pipe, and a 3" Dumont 6393
photomultiplier. The light pipe is optically coupled to the crystal

and phototube and wrapped with 3 mil aluminum foil and black tape so

-6~
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that the whole system is light tight, In this arrangement the system

has a resolution of about 12% for the C5137

gamma ray as compared
to about 8-1/29% when the crystal is mounted directly on the phototube.
Surprisingly, the resolution seems to be independent of the length of
the light pipe and to depend only on the number of optical couplings be-
tween the crystal and phototube. The phototube is shielded from ex-
ternal fields with a Dumont mu-metal shield. Despite this precaution,
there is still an observed gain change of 0. 32% in the counting system
between the two fieldﬁdirectiens. As will be discussed later this shift
is such that it produces an effect in the opposite direction from the

~ polarization effect for left circularly polarized bremsstrahlung. It
would therefore tend to mask any polarization effect, but if one were
present it could not be attributed to a ‘field-dependent gain shift in the
apparatus.

Both the counter assembly and the analyzing magnet used in the
polarization measurement are supported by an aluminuwn table, as
shown in Fig. 6. Notice that the counter assembly is mounted on a
long boom projecting behind the magnet.

A very important part in the whole investigation is played by
the Ra.diatioz; Counter Liaboratories, Inc. 256 Channel Analyzer.

This machine of course is useful in analyzing the counter output
pulses, but perhaps its moét significant feature is the operation of
the "complement' mode. One may make use of this operation to sub-
tract one pulse distribution from another. Using this feature proper-

ly one can subtract background leaving only the desired spectrum.’
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This simplifies the measurement of bremsstrahlung spectra, It is
even more useful in the polarization measurements, however, where
one is trying to observe a difference in counting rates of something
less than 5%. By using the 256 Channel Analyzer one can not only
detect polarization but actuallj get some idea of the degree of polariz-
ation as a function of energy. This is done by repeatedly subtracting
spectra taken with the field in opposite directions until one is left

with a difference spectrum over many runs. From this one can direct-
ly determine the polari#ation function, given sufficiently good statis-

tics.

The table, counter assembly, and magnet, as shown on Fig. 6 ,
along with the magnet power supply constitute the Compton polarimeter.
The bremsstrahlung emerging from the paraffin sphere are passed
through the core of the magnet and detected by the counter. The mag-
netic field is reversed and the difference in counting rate is deter~
mined, giving a measure of the polarization,

To save time and effort, the power supply and reversing contrqls
of the magnet were located some distance away, at the console of the
Van der Graaff. With this arrangement one could alter the field dir-
ection without taking the beam off the target or otherwise disturbing
the operation.

The design of the analyzing magnet received particular atten-

tion due to the critical role it plays in any polarization me asurement.



It is shown in Appendix II that for 100% left circularly polarized
photons the differential transmission upon field reversal is propor =~
tional to Tanh(KL} where K is a constant and L is the magnet thick-
ness. Thus one zﬁight suppose that one has only to increase L to‘
obtain greater and greater polarization effects and more sensitive
detection. However, if the magnet is too thick the counting rate will
be so small that an excessive amount of time will be required to
obtain meaningful counting statistics. Even more important in this
connection is the background problem. Since this investigation makes
use of a nuclear reaction, even with a pulsed beam there is a high back=
ground counting rate due principally to neutron induced activity. If
the magnet is too thick the small changes in counting rate due to

field reversal will be completely swamped by the background. Thus
we must ma:dmi;e the detectable polarization effect, i.e., that which
‘we can observe m the presence of a given background. Appendix II
presents a detailed account of this calculation. The results indicate
that the optimum magnet thickness is between 10 and 14 cm.. On the
basis of this a magnet was constructed which can be assembled to
have a core thickness of either 10.2 cm or 12.7 cm. However, for
ail succeeding measurements the 10.2 core was used. A cross sec-
tion of the magnet is shown in Fig. 7. The coil is wound with about

1, 850 turns of #16 B&S gauge nylon insulated wire. The core diameter
is 3", the same size as the Nal crystal.

An investigation was made to determine how much radiation was

”9‘
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scattered into the counter by the magnet coil, housing, etc.. A ThC"
source which emits a 2. 6 mev, gamma ray was placed in the position‘
the target ordinarily occupies and a spectral distribution was taken with
the radiation passing through the fully assembled magnet and through
the core only. The results showed that the counting rate was slightly
lower with the full magnet than with the core only, indicating that scat~

tering into the counter is not an important consideration.

I, Experimental Difficulties

The principle experimental difficuliy arigses from the large back~
ground present during the measurements. This background comes
partly from the deuterons striking carbon on the beam ?Eefining slits
and from extraneous radio;a.ctivity m;xde in and around the target. By
cleaning the slits and restricting the beam with a tantalum diaphragm
most of this background was eliminated,

Thé other important contribution to the background is due to the
radioactivity in the scintillation crystal induced by the prompt neutrons
from the Li® 7(d. n) which have energies up to 16 mev.. The principle

23 (n,e) reaction,

127

sources of this radioactivity are an from the Na
28

Ne2'3 from the Nazs(n, p) reaction, and i from I (n,Y). These nuclei
have half lives of 12’ sec.‘. » 40 sec., and 25 min,, and b‘eta and point energies
of 5,3 mev., 4.21 mev., ‘and 2.02 mev., respectively. However, the

FZO decay is accompanied by the emission of a 1.6 mev, gamma ray,

so that the total energy released in the crystal can be ag high as 6.9 mev.,

By methods discussed below it was determined that for the

-10=



bremasstrahlung spectra measurements less than 1% of the counts
above 2-1/4 mev. were produced by the background, provided the
lead converter was used. However, if the converter was removed

8o that only the inner bremsstrahlung and the outer bremsstrahlung
produced in the target and the paraffin sphere were present then

30% of the counts above 2-1/4 mev. were produced by the background.
When the bremsstrablung was passed through the magnet before
counting, these percentages became about 30% and 50% respectively.

In the case of the external bremsstrahlung spectrum measure~
ment, it is possible to subtract most of the background by using the
complement mode of the 256 Channel Analyzer. One simply takes a
spectrura with the lead converter and paraffin sphere in place and
then subtracts off the spectrum taken with the paraffin sphere only.

& movre generally applicable method of separating the back-
ground was found to be implicit in the beam pulsing technique itself,
The calculation in Appendix I shows that in a certain range of pulsing
freguency, discrimination between the long and short lived components
present in the radioactive decay can be effected. This method can be
applied to the present case where all the background decays have
markedly longer half-lives than 1i®  As shown in Table I, if we
adopt a 100 msec. pulse cycle period we get essentially full yield
from all the decays. Un the other hand, if we use a 35 sec pulse cycle
period we decrease the 148 yield by 74% without greatly changing the

other yields, Thus if we take a spectrum at the fast pulse rate and

wlle
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subtract a spectrum taken at the slow pulse rate we are left with
only 74% of the Li8 yield and in principle no background. This is
what we label the fast-slow pulse technique, and it was used in taking
most of the bremsstrahlung spectra presented herein, and to deter=
mine the background percentages given above.

Since the continuous bremsstrahlung spectra are measured
with a scintillation counter, inevitably there will be some distortion
present. Some of this distortion is caused by the energy dependence
of the counting efficiency of Nal. In addition, both the crystal and the
phototube introduce a certain amoﬁnt 6f statistical Gaussian broaden-~
ing into any distribution. These distortions, however, can be cor~
rected by ordinary numerical corrections.

A more serious type of distortion is introduced by the line
shape which is characteristic of the crystal. Due to the processes
involved in the detection of gamma rays, there is a finite proba‘bili_ty
that a gamma ray of given energy will produce a pulse with any height
from zero up to a maximum value determined by this energy. Con-
versely, if we observe a certain size pulse coming from a scin-
tillation counter there is a finite probability that it was produced by
any photon having an energy greater than that corresponding to this
lower limit. Fig. 8 shows such a prébability function for a pulse
height corresponding to a 2 mev. photopeak.

Thus the entire spectrum is distorted by this effect, and one must

-12-
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resort to special correction techniques to overcome this distortion
so that one can meaningfully compare theoretical and experimental
gamma ray spectra. These methods require a knowledge of the ‘ef'-
ficiencies and line shapes at all energies in the range in question.
Such a method of allowing for crystal distortion, is discussed in
Appendix IV, |

IV. Results

A. Bremsstrahlung Spectra.

For purposes of comparison with experiment, both the external
and inner bremsstrahlung spectra for Li8 were calculated (see Appendix
II) in accordance with the theories of Bethe and Heitler, 18 and Knipp
and Uhlenbeck, 19 respectively. In the former case one radiative collision
per electron (thin target) and no \screening were assumed, so that the cal~
culated curve‘ is an appr.;mdmaticn. Fig. 17 shows these calculated spec=~
tra for the inner bremssirahlung and for the external bremsstrahlung
for various thicknesses of lead, aluminum, lithium, and paraffin which
correspond to the thicknesses actually present in the experimentzl measure-
ment.

Fig. 9 shows the experimental and theoretical external bremsstrahlung
spectra produced by 0,032" of lead. The dotted curve shows how crystal
distortion would be expected to change the theoretical curve on the basis
of the calculation in Appendix IV. The crosses represent the external
spectrum taken with a fast-slow background subtraction, and the ci_rcles
represent the spectrum taken by removing the converter for the sub-

traction. All curves are normalized to coincide at 6 mev.
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There is a very marked difference in slope between the experi-
mental and theoretical results, and this difference is apparently not
due to crystal distortion. Moreover, it is not due to effects pro-
duced by passing the bremsstrahlung through paraffin since doubling
the paraffin thickness leaves the shape of the spectrum unaffected.

A possible explanation for this difference may lie in the thick target
effects discussed in Appendix III, but it seems unlikely that these
would produce a difference as large as that gpb:sErved. In any case,
it is hoped that the differences between i:hé experimental and theoret-
ical spectra can be reconciled by an improved theofetical calculation.

Fig. 10 shows analogous curves taken with no converter., In
this case only the fast-slow background subtraction was made. The
theoretical curve is the inner bremsstrahlung spectrum calculated
in Appendix IV and again the dotted curve is the expected crystal
distortion. There may be some objections to comparing the inner
Eremsstrahlung spectrum to an experimental curve that has an ap-
preciable component of external thick target bremsstrahlung from
the paraffin. However, we see from Fig. 17 that the amounts of in-
ner bremsstrahlung and external bremsstrahlung due to paraffin are
comparable. Notice the relative intensities which give us some idea
of the amount of inner bremsstrahlung that can be expected in a spec-
trum that is taken without the lead converter. Since screening effects
would bring the paraffin curve even lower, one can reasonably ex-
pect a sizeable part of such a spectrum to be due‘ to inner brems-

strahlung.



10

102

NUMBER
of
COUNTS

10

INNER BREMSSTRAHLUNG SPECTRUM

l -1 I

4 6
ENERGY (Mev)
Figure 10

12



Deviations from theoretical predictions have been observed by

Linden and Starfeldt®

in the spectra of both inner and external brems-
strahlung from the P32 peta decay which has an end point energy of
1.70 mev., These deviations are not as pronounced as in our case
but it is not unreasonable that they mighﬁ increase with energy.

B. Polarization

The polarization effect, §, is defined by:

8 = (T(fr) ~T(££))/(T (fr)+T(££)).
where T(fi) is the fra;nsmission mth the magnetization i:arallel to
the directién of propagation, and T(ff) is the transmigsion with the
magnetization antiparallel to the direction of propagation of the photons.

Fig. 11 shows the measured values of §, for external bremsstrah~
lung at various energies. The horizontal bars indicate the channel
width over which the determination was made, and the vertical bars
indicate the probable error, i.e. the width of one standard deviation.
The curve gives the calculated value of § for 100% left circular polar-
ization.:

Fig. 12 shows the polarization P which is calculated from this
by dividing the observed § by the § corresponding to 100% polariz-
ation. Due to the statistical spread of the points one cannot determine
too precisely the shape of the polarization vs energy curve but the
indicated curve seems to be a reasonable fit and it agrees with the

theory. 2,3

»151‘:-
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POLARIZATION VS ENERGY
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Goldhaber, Grodzins, and Sunyar obtained a sirnilar result

for fhe Sr% —Y90 beta decay, with a polarization effect in the same
direction as ours. However, if we use the Gunst and Pa.ge8 expression
for the polarization effect we are lead to conclude that the e#cperimental
effect is in the wrong direction. Since there is no mention of such a
conflict in the literature, we must conclude that this difference is a
result of a difference in terminology concerning right and left circular
polarization. In view of this, throughout this discussion we have used
McVoy's definitions, according to which a right circularly polarized
photon carries a positive unit of angular momentum in the direction
of propagation. Then we must modify the transmission ratio expres=
sion of Gunst and Page® to read: Tiep/Trep © e "2NLvoy
This expression leads to a predicted polarization effect in the direc~
tion observed.

Although a similar study of polarization was made for the brems~
strahlung spectrum taken without a converter in an effort to me asure
the polarization of the inner bremsstrahlung, no polarization effect
could be observed. However, there is no reason to assume that this
is due to any fundamental absence of polarization in the spectrum.
.?Rather we attribute this null result to the fact that the high background
will reduce the size of the observable effect so that it will be completely

masked by the field dependent gain shift.



V. Conclusion

The results presented herein do not represent the final outcome
of the investigations but rather a preliminary report on these investi-
gations. A great deal of time and effort has been devoted to develop-
ing the experimental techniques necessary to make these measure=
ments and improvements are still needed in some areas. In addition,
more attention must be devoted to calculating the theoretical functions
necessary for comparison.

Nevertheless, the principal obstacles seem to have been over~
come, and the plan for the future is clear. The inner bremsstrahlung
measurements need more refinement, but more important, other

decays are to be studied, particularly the 138 positron decay which

should be very similar to that of Li®

except that the external bremsstrah=-
lung polarization should be in thé other direction, and the N1z positron
decay with a 17 mev. end-point energy which should make any electron
shower effects more pronounced..

However, as it stands we have established that the polarization
of the Li8 external bremasgstrahlung agrees in energy dependence and
direction with the predictions of the two~component neutrinol theory

2 and of Fronsdal and ';J.berall?’ as well

4,5,6,7

and the calculations of McVoy
as the experimental results for lower energy beta decays.
In addition we have found certain disagreement between theory and

experiment for both inner and external bremastrahlung spectra, al-

though admittedly it is difficult to ascertain the significance of this

«17-



result without further calculation and, in the inner bremsstrahlung

case, more refined experiments.



Appendix I

Yield Calculation for a Pulsed Beam

Let £ * Number of atoms/sec. produced by the beam.
N = Decay constant = 0. 693/half-life
X * Bombarding period
Y > Counting period
Z = Cycleperiod * X 4+ Y

N(t) = Number of Atoms present at time t

Cp = Number of disentegration occurring in the ntB counting interval.

Now Nxl = N{t=x) = ...;.3 (1-¢™)
Nyl = N(t=z} * Nxl e"AY :% (1-e=A%) e My
€] = Nxl (l-e-A) = A (1-e"ME) (1.e-AY)
Ny = Nyje M Ny = % (=) (1 4 e~A7)

Gz = Q (1) (1-e"N)1 4 6™
Then the nth terms ares

Nyn = ,_AQ; (1~e'>‘x)(1 PR C IS L Y nAz )= %(1 -e '\x)i ~Amz

Co 28 (1eeMY(1-ehy) ) omAmE
M=o
In the limit as n =~ oo these become:
. - 1o B"AX - 1 *ebxx)(l -e -)\Y )
x00 * x lwe "A o] x Teo v

Setting X = fz Y = fz go that £ z(-f s 1

- : - Qkfz 2 - - "Ale l”e-’\fz
weget Nxw 3 § {Eoor— G 2§ Lo 1;’efm 4
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Now we wish to maximize the disintegration per unit time for
both f and z. We must therefore maximize C /2 = R
First consider the f dependences;

OR = 0 3 (l-e~Mzy(1.e-Mz)
of Az EX l-e"A\Z “
= Q Mz Le*AfZ(l ..e""AfZ) - e‘*'AfZ ?I ”e‘AfZ)
Az - 1=a=A2
= 0 e~ Mz o-Mz
l-e~A2

SettingdR = 0 we see that if z 4 0 we must have:
pof - -
e~Mz , o =M or fe f =

1
z

Now maximize R with respect to X:

l-ﬁe“;Ax

IR:0 ) 1
dx 22X 0% x lie- X

12 8

0 er""x + /\xe"z)‘x =1 % e"?‘hx #Axe;hx-)\xe‘zAx]

2L x& (lee= IX)&
e O (e"z"x + 2 ) xe-A¥X o 1)
2Axé(lee=A X}Z
SettingdR | ,
% 0 we see that if ¥ ¥ oo we must have:

e';ZAX + Zz\xe"A" -1 =0

or e M = _)x ¥ [ 1442

Since e~ " cannot be negative and since AxZ 0 we must take the positive

root.
so e~Mx z J 1+ A%2" _)\x

This equation is satisfied only at Mx * 0 and Ax< + ad. We therefore con-

clude that there are no intermediate maxima.
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We can evaluate the function -ﬁlﬂ:

The asymptotic forms are: R/Q = 1 1-e"“_f__ W 1/4asX =30
: 2 x  lae“M - .
as X . 0
7= —
AX R/Q

0 . 2500000

.01 . 2499935
.1 . 249793
.2 . 249170
.3 . 248142
.4 . 246718

.6 . 242760 -
.8 . 237468
1.0 < 231059
1.5 .211716
2.0 . 190398
3.0 . 150858
4.0 . 120503
6.0 . 082921
8.0 . 062458
10.0 . 049995
15.0 .033333
20.0 . 025000

. o0 0 ® o 00 000

Thus we may conclude that if one has \x<l then the yielci is essentially

at saturation. If, as in our case, x & 100 msec. = 10-1 sec.

.

A = 8.35 x 107! gec-! SoAx S 8.35x102; R T of4
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Aggendix I
MAGNET OPTIMIZING CALCULATION

The differential cross section for Compton scattering is given

by Gunst and Page8 ast

2 k k
& e {2 s e) (52 - ) Cose Con¥

e (1 - if__-‘;) Sin0.Sind Sin¥) }
where r, ea/mocz, dlJ = Sin 6 d8 df, and ¥ = angle of electron
with polar axis. The upper sign in the equation corresponds to right
circular polarization (in McVoy‘sz terminology).

Let us consider this expression as two cross sections, one inde-
pendent and one polarization dependent: o % 0y ¥ 0] with the sign
convention as before. Upon integration over © and ¢ we find that:

Y2 & 4y + ]
?‘1 {sznrg Cos¥ (5¥(2y4’;¥1)g ) —%%—in(zy +1)

where § ®k, / mgc2.

Fig. 14 is the computed curve for o; with ‘? = 0 (field forward).
Notice that above about 0. 63 mev. 0] is negative.

§ = TUfr) = T(E)
T(fr) + T(E)

The polarization effect, » can be written in terms

of &y as:

= e~NL(zog + 02 + ‘VOl) - e"NL(ZOO + 02 - VO])
e~NL(zog + 02 + vo]) 4 ¢~NL(zog * 02 - vOi)

6

= e=NLvo] . eNLvel
e"‘NLVOl FX QNLVCQ

» Tanh (~-NLvaj)
However, the presence of background prevents 8 from being ob-

served directly, and the observable quantity is: §; = GIITB' glol _

= I,;T+B
= ‘é———-‘-——-——?‘f ;f:g i) where I 5 gamma ray intensity, B = background intensity,
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I, = initial gamma ray intensity, T(nf) = transmission (no field), and
R = Iol B. It is important to note that R is the background ratio 'fjg_x_?_g_g_:_t_e
the gamma rays are passed through the magnet.

Now T(nf) = e~NL{(0Z + °._'Z) = ce"'i‘BL where 02 = cross section due
to processes other tha.n Compton scattering and s = (0, + 03)N. More-
6ver, if oy is small then & =1 - e2NLo1V o 1 . e8] L where 5] ®

ZNoyv.

R e 81 - e81ly o 1 . g8y L
1 - Re~sL: 1 - eSL/R

- Then §1 = |

The function §; was calculated (by hand) for gamma ray energies
of 1/2, 1, 2, 4 6, 8, 10, 12, and 14 mev; R values of 2, 5, 10, 20,
50, 100, and o; and L values of 4, 8, 12, 16, and 20 cm, From this
calculation a curve of L, vs R was plotted which is shown in Fig. 15.
Notice that the curves corresponding to th¢ various energies are vir-
tually the same down to about 6 mev. but at lower energies are con=
siderably different. If we expect a background ratio R between 10 and
100 then the magnet should be between 9 and 16 or more conservatively,
between 10 and 14 cm. Fig. 16 shows a plot of §; vs energy for L = 10
and 14, and R = 10, 20, 50, and 100. As one would expect the smaller
thickness is more favorable for low R values and the larger more fav-
orable for high R values. On this bé,sis the analyzing magnet was

designed so that it could be assembled with a length of 10.16 or 12.70 cm..
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Appendix III

CALCULATION OF INNER AND EXTERNAL BREMSSTRAHLUNG

SPECTRA
The theoretical inner bremsstrahlung spectrum was calculated on
the basis of the results of Knipp and Uhlenbeck. 19 They obtain an ex~
pression for the probability of (I)i of producing a gamma ray during beta

emission. This probability function is

= E2_ (Wl W2 1niwap) -2)
Tpek Wep
where We= initial beta energy; W = final beta energy; k = ) energy = We-W;
Pe = initial beta momentum; p = final beta momentum; and & = fine struc-

ture constant = 1/137. All energies are in units of MoCa

» and all momen-
ta are in units of MyC. The probability function has only two independent
variables, and we shall take We and k as these variables. We can make

this dependence explicit by writing:
2 - 2
We, )= & We™ - (We -K)”" 1n<W -k - - k)2 -1 -Zf
bilWe. B e wee - k- M ET )

To obtain the inner bremsstrahlung spectrum from this function we

must multiply it by the beta energy distribution and integrate over energy:
Wo
Si(0 2 /81 (Wes) P(W,) 4V,

where 8; (k) ® inner bren:;;strahlung spectrum; W, = beta end-point energy;
and P(W_,) dW, = beta energy distribution.

The theoretical external bremsstrahlung expressing was calculated
on the basis of the theory of Bethe and Heitler, 18 They derive a very

complicated expression for the probability of producing a J when a beta

is in the field of a nucleus. However, when the initial and final beta



energies and the ) energy are large compared with mccz the probability
reduces to:

3. = _égck_z‘%fgf_, (We? - W2 - 2WWe/3) (In(2WWe/k) -1/2)
ne

where ry = classical electron radius; Z = atomic number of nucleus; and
the other symbols have the same meaning as before. This expression can
be made an explicit expression of W, and k by Writing it as:

BolWe k) = 4 o ro? Z2 (4-4k/We + 3(k/We)?) (I 2W,2 (1-k/We)-1/2)
3 | =

As before, the extefnal bremsstrahlung spectrum is obtained from
this function by multiplying it by the beta spectrum and integrating over
energy:

W
Seli) = | NLB(vwe, k) B(We) v,
where N = atomic density; and L = thickness of material.

This treatment of external bremsstrahlung does not consider screen-
iﬁg effef;ts and thus is really an asymptotic expression which becomes
better with increasing beta energy. Wheeler and Lamb have investigated
the validity of the approximation and find that for a Z of 1, W, must be
87 mev. te obtain 90% of the yield predicted by the asymptotic expression,
but if Z is 92 a W, of only 19. 3 mev. is required. BSince the Z of our
canvertei ig 82 and the most energetic betas from Li® are less than 14 mev.
we have reason to suspect the calculation. Their calculations also show
that a 1. 5% correction should be made for radiation in the field of atomic

electrons, but we may safely disregard this.

625—



In addition, the treatment is valid only for thin target brems-~
strahlung, i.e. the assumption is made that each electron makes
only one radiative collision and no allowance is made for the fact
that the beta spectrum is degraded in passing through the target
material. It was found experimentally that the spectrum is signifi-
cantly degraded after passing through only 0.01" of lead. After
passage through our 0.032'" lead converter the intensity of the spec-
trum was cut almost in half and also shifted about 12% lower in energy.
Thus we would only expect 3/4 of the yield predicted by a thin target
calculation and also some shift toward lower energies which would
produce an gncrease in slope. Thus the external bremsstrahlung
calculation is highly épproximate.

The beta spectrum used in the calculations was obtained from the

results of Hornyak and Lauritzen. 20

The calculations were programmed
in BELL language é.nd run on the IBM computer at the Shell Cil Company
technical services computé.tion 'laboratory.‘

For the calculation, four different targets were assumed: 0.5 cm
of Li, 3.0 cm of parafﬁn, 0.1 cm of Al, and 0.032" of Pb. These thick«~
nesses roughly correspond to the effective thicknesses of material present
in the experiment. It was determined experimentally that the beta spec-
trum was virtually reduced to zero after passage through 3 cm of paraffin,

so this effective thickness was used instead of 2-1/2". The thicknesses

of Li and Al are greater than those present but these values were taken

-26~



to emphasize this contribution. The results of the calculation are

shown in Fig. 17.
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Appendix v
A METHOD FOR INTRODUCING THE EFFECTS OF CRYSTAL DISTORTION

INTO CALCULATED SPECTRA

Any technique which effectively corrects for crystal distortion requires
some knowledge of crystal efficiency and the shapes of line spectra. In

this treatment, the efficiency was obtained from the gamma ray attenuation

coefficient given by ‘.:".‘.va:us‘?'l

c;5,3‘22, 23,24

and the line shapes were gathered from theoret~

4, 25 .
sources, since the former are

i and a few éxperimental.z
available at a wider variety of energies than experimental line spectra,
and also are less ambiguous. Unfortunately, most of these calculated
spectra are for crystals other than 3" x 3", so that a good deal of inter-
polation is necessary.
After these line spectra are obtained, they are normalized to the
crystal efficiency and then cross-plotted to give the functions such as
that shown in Fig. 8. Each of these functions is associated with a certain
pulse height "energy", k',,. | This is not really the enefgy of the pulse
height, but the energy of the gamma ray whose photopeak is centered at
that pulse height. Each of these functions represents the probability
that a gamma ray of energy k will result in the production of the pulse
height k'r. The effect of the crystal distortion on a given gamma ray
distribution is described by the integral equation: / F(k, k') T(k)dk=5(k')
The functions we now have correspond to F(k, k') for a given value of k'.
We now take each of these functions and multiply them point by point
by the theoretical gamma ray distribution, T(k). These functions are

then graphically integrated using a planimeter, giving values of the function

S(k’) for the value of k' associated with the particular curve. The

.28 -



correction factor S(R)/T(k) is shown in Fig:. 18 where the functions
are normalized so that this factor is equal to one at 6 mev. It should
be pointed out that this correction factor is not generally applicable

and should be used only for the T(k) curve from which it is derived.
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