COMPARISON OF THE BETA-SPECTRA OF BORON 12

AND NITROGEN 12

Thesis by

Hernry H. Hilton

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

1960



ACKNOWLEDGEMENTS

The author is indebted to Professors M. Gell-Mann and
R. P. Feynman for proposing this problem, and to Professors
T. Lauritsen, C, A, Barnes, R, F. Christy, W, A, Fowler, and
C. C. Lauritsen for helpful discussions and encouragement throughout
the course of this work, He is particularly indebted to Dr, Volker
Soergel of the University of Freiberg and to Dr. Cornelis Van der
Leun of the University of Utrecht, whose collaboration made this
research possible, and to his wife, for her encouragement and
patience,

The research was assisted by the joint program of the Office

of Naval Research and the Atomic Energy Commission,



ABSTRACT

~ This thesis, a ""Comparison of the Beta-Spectra of Boron 12
and Nitrogen 12,'" is an attempt to test the nature of the vector inter-
action in beta-decay. The ratio of the matrix elements of the Boron
12 and Nitrogen 12 beta-decays is expected theoretically to have an
energy dependence of the form (1 + 16/3 aE), where a is of the order
of 2/M for the Conserved Vector Current Theory in which the virtual
pions surrounding the nucleons carry the beta-decay charge, and is
of the order of 2/5M for the Fermi Theory in which the virtual pions
do not. Inserting for M the value of the nucleon mass, the expected
energy dependences are 1.4%/Mev and 0.3%/Mev. Two separate de-
terminations of this energy dependence were made by measuring the
momentum spectra of the two beta-decays. The first gave +0.2+1. 2%/
Mev, and the second gave 3.1+ 1. 2%/Mev, About half of these errors
are systematic, and are the same for both experiments. Hence it
seems wiser not to average the two experiments. The Conserved
Vector Current Theory seems slightly favored by these two experi-

ments.
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I. INTRODUCTION

This thesis, a "Comparison of the Beta-Spectra of Blz and
le, " was suggested by Dr. Gell-Mann to test the nature of the
vector interaction in beta-decay (1). The fundamental form of the
beta-interaction was proposed by Fermi in 1934 (2), and is discussed
in detail by Konopinski and UhlenbeckjS).,

A comprehensive review of beta-decay theory and experiments
may be found in three articles in Siegbahn's ""Beta and Gamma Ray
Spectroscopy,' published in 1955, Rose discusses the theory of al-
lowed beta-decay (4), Konopinski the theory of forbidden beta-decay (5),
and Wu experiments on the shapes of beta-spectra (6).

The interaction is believed to be a point interaction between
four fermions, two nucleons and two leptons. Letting a be the positive
energy solution of the Dirac equation, and a the negative energy solu-
tion of the Dirac equation, i.e.,

($p - m)a =0,
(1)

H

(p+m)a=0,

the matrix elements for neutron decay H_{1 and for proton decay H

may be expressed as follows:



a
i

2.G. (5O, n) (50, ¥)
(2)

H
P

Il

ZGi(E 0. p) (v O.¢)

The appropriate sums over spins and the nucleons, if more than one,
are implied, The Oi represent operators, of which there are five
types whose products are relativistically invariant scalars, corres-
ponding to the scalar, vector, axial vector, tensor, and pseudcscalar

interactions. Defining the ¥ matrices as follows:
1 O)
Yo ) (O 1
0 & ;
v = (L%) (3)
-5

Y = - i(O 1)
5 © Yo¥iYp¥3 T 1 0

the five operators are defined as follows:

Scalar 1
Vector
YH
Tensor 1/Z(y“yv~yv'yp) = Tp,v (4)
Axial vector i = A
Y5 b
Pseudoscalar y5

+
These are defined so that yOO Yo © 0.
Anticipating the violation of parity conservation, as proposed
by Lee and Yang(7), we may write down the total matrix element for

beta decay in the following manner:
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- - .
M = g(pln)(e[cslncsiYSIV)
- - 1 .
+ g(pvp‘ n) (e’CVY}L - CVYpl\’S "v)

(5)

l__ - o= - 1
+ 38T, ) (clc, T, -C TTwi\/S{V)

=g(§AHn) (] C, AH - C'A Aui Yo ,v)
The pseudoscalar interaction has been neglected, and a summation
over W and v is implied, The gC's are the parity conserving coup=
lings, and the gC"s are the parity non-conserving couplings.
The parity conserving operators, as defined in equation 4,
may be divided into two groups: those which couple large components

of the wave functions, and those which couple small components. The

divieion is as follows:

Operator Large Small
(1 0)
: L= (@ 1 )
o
y Y =y (1 0) y (% X
M o 0-1 k =67 O
k
T T = % O T . i(O o\
LV ij 0 <r1‘< ok S 0
% O
- k _ /0 1
A A 7 (o -0 A “<=1 0>

For non~relativistic nucleons, we may consider only the coupling be~-
tween large components in the nucleon spinors, leading to the Fermi

matrix element fl for scalar and vector couplings, and to the
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-
Gamow=-Teller matrix element _/c“ for tensor and axial vector

couplings. In this approximation the total matrix element becomes:
S EF CENGHRHGEIR
fGoy (5 2y (%) ]

C U e e (F8) - (37)

- & 0 1 /0 &
+ (e CA<O_§>Q.CA <:3_0>v)} .

Until the proposal by Liee and Yang of parity non-conservation,

(6)

the determination of the relative strengths of the four parity conserving
couplings was the subject of experimental investigation., Since then one
has had all eight to determine, It should be noted that no interference
between the parity conserving and parity non-conserving couplings
manifests itself unless one measures a pseudoscalar quantity such as

?‘»f; or B o F. x 1) Jackson, Treiman, and Wyld (8) have

e e e * \Pe Byl e ? ' : : )
worked out several decay probabilities for electron emission as a func=-
tion of the eight coupling constants, for the case of plane waves for
electron and neutrinos. They find that the probability of decay for an

electron of energy E, into a solid angle d Qg and having a spin di-

-
rection n in its rest frame is:

w(m, E,d) dE 4L

o2 o) Z
=-2— pE (E"-E)” dE4(L (7)
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Furthermore, they find that the probability of decay for an electron
from an oriented nucleus for an allowed transition J =J' = J,J+1,
LN
where <J> is the expectation value of the vector angular momentum
of the original nucleus, is:

w(<§> ,B, 1) aEa L

2

- -%-g—-ﬁ_ oE (E°-E)® amd L

(2m)°

E[1+0D /E+A§-£—>- E] (8)
5 j E

The quantities in equations 7 and 8 have the following values, the upper

signs referring to electrons, the lower to positrons,
. 2 2 2 Z 2
g_lMF, {'Csf J“lcsl +'Cvl +’CV1 } (9a)

+'MGT!2{ICT‘Z+IC Z-!—!CA’Z-%\CA"Z}

2 2 %
= C_*+C 'C ) + * G
bt = + 2Re IMFI (C SCy*t ¥ lMGT‘ (cTcA +cTcA)}
(91)
2
- !* sk s _ 1k
Gt = + 2Re i‘M (C4C C,Cy +(Mm) (CTCT CACA)
(9¢<)
- 2 ok £
Af = ZRe [+|Mgp | 2 5 (C CL*-C, C %) (99)

[

J ! t 2 i3k ! £
o5 | Mp || Marl Gip) (CgCp* + GGk - GO -Gy )]
/
1 J=9JI'=J -1
A =<-—-3- TIt =7 (9¢)
T J+1

- g
\ J+1

i

J+1
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The Fierz interference term, bf, had been known to be ef-
fectively zero (9), and in 1957 it was believed that the interaction was
S and T (9). Wu et al, (10) measured the electron distribution from
oriented C060(5+ X4 4&+) and found nearly the maximum asymmetry,
with the emission of electrons more favored in the direction opposite
to that of the nuclear spin. With reference to equation 8, the conclusion
is that C:.F = - CT , or C“A = CA . Boehm et al. (11) studied the positron
polarization from le by measuring the circular polarization of the
high-energy annihilation-in-flight quaﬁta, The ratio of the square of
the Gamow=~Teller and Fermi matrix elements is 0.40, and so' éhis
checks the Fermi part of the interaction. They obtained a polarization
of (0.93 + .20) v/c, and assuming it is exactly v/c, the following re-
lations hold as a consequence of equation 7, C‘S :“‘CS s Or C"\f = CV o

Burgy et al, (12), by measuring the asymmetries in the decay of
polarized neutrons, in particular the correlation between the momentum

of the neutrino and the neutron spin, and the correlation between the

momentum of the electron and the neutrino spin, concluded that the

‘ C
coupling was V-A, and that - -C—:-—é— =1.25+ ,04. Comparison of the
4
14 Ca
O" " and neutron lifetimes gives T 191 .04 (13).
v

It should be stated that there were many experiments performed,
and repeated, before coming to the firm conclusion that the beta-decay
coupling is V-A, where CV = C{], R CA = C'; , and CA == 1,2 CV o

However, that appears to be the present situation (13, 14).
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v GA
~ =gCl = — C =gC!=-2 | g
Define gCV gCV Tl and g T &Y, N the

matrix element for beta-decay, equation 5, may be rewritten as follows:

GV _ _
M= = (v m) ey {L-ivy)v)

G

7o

{p ”Ns) (ei vpv5(1 -iY) v) (10)

1 - ) ) - .
or M = ‘:/-;2 {p)(GVYp,”(m ‘GA)lYMY5)n] (e Y“(1—1Y5) v) .
(11)

The matrix element for muon-decay is given by (14)
1 +
MH :\E [ o (G\{a—CﬂYQ Y5)v} ﬁ_eYa(lulYB}v]a. (12)

Feynman and Gell-Mann (15) were led to propose a universal

V=~A interaction of this type by observing that the Dirac equation for an

electron
(%W -Av=my (13)
where =70+ ¢
(o-¢)

may be written as
[ G VAT A ) FeBiTE 1N = mi )X (14)

where Y o= »i(ljémﬁ—i‘m)x o ' (15)

. . . - L. .
Now since .1\(5 commutes with <& and a, there are solutions of

equation 14 for which



Therefore, ’X,

or X=(H L (5) - (16)

Furthermore, by simplifying egquatfion 14, one obtains two second order

it
[\Jl»—-!
P
et
+
]
-

two component eguations:

2
-G

. Z.AO“iA
[(1VH;-AH) + o (B +iE)] ¢

(17)

8
@

. 2 > == =
-~ A + o~ (B - iE 6
a@vp H) ( )]

Arguing that the 8's and ¢'s are fundamental, since the {'s from
equation 15 involve gradients, they proposed touse 8 or ¢ as the
field operators in beta-decay., This amounts to replacing ¢ by
3(1 ¥ i\(5) §  in the usual coupling. Furthermore, they suppose that
this rule applies to the wave functions of all the particles entering the
interaction., Defining a = {1 + iYE)’ a= 3(l iiYS), this means
that in each term of the interaction are terms of the form éoia, when
the Oi_ represent the five couplings of equation 4, Since Y5 anti-
commutes with Y , w= 0,1,2,3, the scalar, tensor, and pseudo-
scalar interactions give a—LOia = Oié-.a = 0, and the vector and axial
vector interaction give QOia = Oiaa = Oia, and hence these couplings
survive. Furthermore, for vector coupling O, = Y , and

(1Fiv,) tom

OC.a= Y -, and for axial vector coupling O, =iY Y_, and
i i 2 i Bob5

hence Oia = + YM(I ¥ iY5), and thus the vector and axial vector couplings
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are the same., The + sign in the above discussion gives left-handed
or right-handed particles, and experiments have shown that the minus
sign is correct. (13).
Returning to equations 11 and 12, itis clear that in p-decay one
can be reasonably sure of measuring the Fermi coupling constant G,
unaltered by the effects of strong couplings. In nuclear beta-decay one

measures effective coupling constants, G,, and -G?-A, which contain the

v

effects of the strong interactions of the nucleons., The measured values

of GV and -G

A are GV = 0,99 G, and -G

A L2G (14) . For the latter
this is as yet no explanation, and the former has led to the speculation
that there is a conserved vector current (1,14),

In electromagnetism all charged elementary particles have the
same charge + e. This universality is not disturbed by strong inter-
actions, the reason being that the electromagnetic current jp, is a
conserved quantity. Now the vector operator describing nucleons in
beta~decay is ﬂYp}') ; which is not, in the Yukawa theory of strong in-
teractions, a conserved guantity. Itis, however, one term of a con~
served quantity, thé x # 1y component of the isotopic spin current,
which includes the current due to pions. By analogy with electromag-

netism one argues that the nucleon operator C%Ya (1 -iY.) must be

5)

replaced by
G F (a)Y, = (-G,)F (g9 Y iY
Vil a A" 2 a 5

(18y

, l 2. .



10

. 2
where q, is the momentum transfer, and the form factors Fi(q_ )

all have Fi(o) =1 (14).

The interaction with coefficient A is called '"weak magnetism,"

boTBn TRy
ZM ZM

and in the conserved vector current theory A = where
b and p are the anomalous moments and M is the nucleon mass,
n

In the Fermi theory A = O by definition (16). The interaction with co-
efficient B is called the induced pseudoscalar, and may be evaluated
exactly.

The test of the conserved vector current is the determination of
. . . . . . 12 12 12
the coefficient A, Consider the iscbaric triplet B® ; C ", and N ~, of
which an energy level diagram is shown in fig. 1. The ground state of

12 + 1
C "~ is 0 (T=0) and the ground states of B . and le are 1+(T=1}\a The
2 - 12 > o 1o + o7

corresponding state in C " is at 15.1 Mev and is 1 (T=l). For the § +

transition, an evaluation of the beta-decay transition probability shows

that it is proportional to (1)

2 2 « N
p“(E°-E)“dp 1+ 8/3 — E), (19)
I+
where m = S — for the conserved vector current theory, and
~-C
. A
n = 1/A for the Fermi theory. by © By by = 3,7, and A = - =l.2.

v
. -1
If a is defined as n/2M, a = ZM in the conserved vector current

1, . .
theory, and a = 2/5 M in the Fermi theory. These estimates treat
the transition magnetic moment as if it were due entirely to the intrinsic
moments of the nucleons, and ignore orbital moments and more com-

(31)

plicated effects. ‘An experimental determination of a for the conserved
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vector current theory may be made from the vy ~ray width of the

15, 1-Mev state in Cla, leading to (1)
’a | = (2.3¢4 % 0.25)M ™" (20)

Now we are in a position to write down the complete transition

12 12
probabilities for the beta~decay of B~ and N

2
< (17| mlo")* P (+2,) (1+8/3 aE)p*(E°-E)%dp  (21)

N, (p)dp = .
2

N (p)ap =~ (17 n]0")% F(-2,p) (1-8/3 aE)p*(E%-E)%ap  (22)
2

+ L .
gz is the coupling constant, (1 [MI 0 ) is the nuclear matrix element,
which is the same for the two transitions, (1 + 8/3 aE) the weak mag-
. fo 3=l 2, 0 Z
netism or conserved vector current factor, and (277) p"(E -E)“dp
the statistical factor, "f(-t- Z,p) is the coulomb factor, which arises

from the fact that electron wave functions must satisfy the Dirac equa=

tion. This factor is conventionally written as (17, 18k

-]
$2,p) = F(#2,p) [1F 2azr [ 2225 1] (23)

where F(iZ,p) is defined in the NBS tabulations (19), and the second
factor has become known as the finite DeBroglie wavelength correction,
a is the fine structure constant and r is in units of #/mc,

Knowing the energies of the two decays, one may divide out the
statistical factors and coulomb factors, and then divide the two spectra,

leading to
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R(B/N)a((l + 16/3 aE) (24)

This gives an energy dependence in the ratio of about 1.4%/Mev for
the conserved vector current theory, and about 0.3%/Mev for the

. . 12
Fermi theory. The purpose of comparing the beta-spectra of B~ and

i - . . .
"N 2 is to look for this energy dependence and to see with which theory

it is consistent,
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II. THE EXPERIMENT

As explained in the preceding section, the test of the conserved
'vector current hypothesis involves the comparisons of the nuclear
' . 12 12 .
matrix elements of the beta decays of B" " and N'~. Experimentally,
one measures the electron momentum spectra of these two decays,
and an appropriate analysis then yields the matrix elements.,

Blz and NIZ were produced in the two reactions (20)

Bll(d,p)Blz Q =1,138 Mev

BIO(He3,n)N12 Q =1.46 Mev

Ble has a half-life of 20.34 + 0.05 msec, and a disintegration energy
of 13,378 Mev (Eﬁmax = 13,378 Mev). le has a half-life of 11.43 + 0.05
msec, and a disintegration energy of 17,46 Mev (Egi‘émax = 16,44 Mev)
(z0).

Figure 2 is a schematic diagram of the experimental apparatus.,
The 3 Mv Van de Graaff generator was used to produce a beam of d
or He3 ions, which were magnetically analyzed in a 90° double focus-
ing magnetic analyzer. The target, either natural boron (Bll) or en=-

riched BIO (Blg

) was at the focal position of a beta-ray spectrometer,
This spectrometer was a thin-lens type, axially-symmetric and
iron-free, as discussed by Siegbahn (21), Thomas (22),and Hornyak (23).

Details of the design, alignment, and calibration are discussed in Ap-

pendix A, The momentum resolution was about 1%, the solid angle
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approximately 1% of a sphere, and the maximum focusing energy about
18.5 Mev. The momentum analyzed elecirons were detected either
with a Geiger-Mllller counter and a thin anthracene crystal in coinci-
dence, or with a plastic scintillator.

A standard beam current integrator, accurate to about 1%, was
used to measure the amount of charge collected on the target. The
energy of the beam was regulated to about 1 part in 1000 by controlling
the magnetic analyzer current. For a fixed amount of charge collected
with the beam energy held constant, the number of electrons detected
was recorded for a sequence of electron momenta. To eliminate any
systematic effects due to slow drifts in the eleétronic circuitry or to
deterioration of the target, each set of data consisted of a sequence of
momentum points taken twice, first in one order and then in the reverse
order. No such effects were observed,

The range of electron energies over which it is practical to take
data is severely limited. On the high~energy end of the BIZ spectrum
any uncertainty in the target backing and thickness, through which the
electrons must pass before they are analyzed by the spectrometer, af-
fects greatly the (WO»W)Z term in the statistical factor. For example,
at 12.4 Mev, a 10 kev error in the target thickness will make a 2% error

Le and ledecay not only to the ground

in the ma’cri.x element; Both B
12 . 12 .
state of C , but also to excited states of C . Although the branching

ratios are small, due to the shape of the statistical factor, the correction
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to obtain only the ground state transition becomes quite large at lower
. 12 . C e
energies, about 12% for N" ™ at 5.0 Mev, This correction is discussed
more fully in section III. For these reasons the comparison of the
two matrix elements was made between 5 and 12 Mev.

The experiment was performed twice, the first time with Dr,
Volker Soergel of the University of Freiberg, and the second time with
Dr., Cornelis Van der Leun of the University of Utrecht. Although both
experiments were basically the same, the details were somewhat dif-~
ferent, and hence the experiments will be discussed separately. Table
I shows the main similarities and differences.,

For the first experiment with Dr. Soergel, targets were made by
depositing amorphous boron from an alcohol suspension on a 1 mil
copper backing, This was supported by a lucite holder, consisting of
two pieces of 1/16" lucite 1/4" x 1/2", with a 1/4" hole in the center of

12 . .
each. Natural boron was used for the B~ experiment and enriched
10 12 . .
B~ for the N~ experiment. The original targets were broken before
they were weighed to determine their thickness, so an effort was made

. ' . 11
to make two more in the same manner, The new deposits of B~ and

10
B " on a circular area 1/4" in diameter were about 8 mg and 16 mg

respectively, with an uncertainty of about + 50%. These weights give
thicknesses of 13 mg/cmz and 26 mg/cm2 respectively. The energy
lost by an electron or positron passing through these targets is deter-~
-agt aE”

d= —~ - —é—};_-ad.g kev»—

mined by the value of dE/dx. At 9 Mev



Experimenters:

Counters: -

Beam:

Background:

Targets:

Range of

Electron Energi es:

Statistics:

16

TABLE I

‘Soergel

Hilton

Geiger-Muller Counter
and 2''x1/2" anthracene
crystal in coincidence
with 1 Mev lucite
absorber between

Continuous

Interposed brass
valve in beam
2
12-38 kev (Bl )
12
40-120 kev (N™7)
Deposited

5.2 to 11.8 Mev
(30 to 65 mv.)
15 points

10,000 counts/point

Van der Leun
Hilton

2" x 3" plastic scinfillator
with 100 Channel Pulse
Height Analyzer

60 cycle chopped with
gated counter

Interposed quartz
disc in beam

1/2 kev (BIZ’)
1/2 kev (le)

.Cracked diborane

6.1 to 10.9 Mev
(35 to 60 mv.)
5 points

80, 000 counts/point
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cmz/mgg These values are obtained by interpolation from values for
beryilium and carbon (24). Thus the target for Blz was about 25413 kev
thick, and that for le was about 50425 kev thick. The 1 mil copper
backing was about 35 kev thick for 9 Mev electrons and positrons (24).

To estimate the effective target thickness for the bombarding
particles (d and Hea), we note that the ranges of two particles with the
same charge Z and the same initial velocity v in the same material

have the ratio (25)

oo () ()
1 2
If the capture and loss of electrons has the same velocity dependence
for particles of different charge, this formula is valid for particles of
different charge but with the same initial velocity. For the bombarding
particles and energies used this relationship is approximately true,
From tables of the energy loss of charged particles in matter (26),
and using the abovg range formula, it is found that the range of 0.5 Mev
deuterons in boron is approximately 0.9 mg/cma, and that of 3 Mev
He3 is approximately 2.2 mg/cmz. It is thus seen that the targets were
much thicker than necessary to obtain the full yield of the reaction, and
introduced an unnecessary energy loss for the electrons, a situation
which was corrected in the second experiment.
The electron detection was accomplished by using a two~-windowed

Geiger~Mlller counter and a 2-1/2'"x 1/2" anthracene crystal in
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coinciden.ce. The GM counter was made from a 2'" brass tube 5/8"
long, with the two end windows of 2 mil aluminum, cemented on with
araldite, The w:‘iref approximately 2 mil tungsten, was inserted ra-
dially through a Stupakoff fitting and extended about 7/8 of the diameter.
A 1/8" tube was soldered on a radius for filling the counter. Optimum
operation was obtained with a mixture of 2 cm of argon and 2 cm of
alcohol. This counter was placed between the ring focus and end plate
of the beta spectrometer. In contact with the GM counter was a 2 mil
copper vacuum seal, and then a 0. 2' lucite absorber, which is about
1 Mev thick for 9 Mev electrons and positrons (24)., The purpose of
this absorber was to stop low energy electrons which might have been
scattered through the GM counter.

. The anthracene counter was covered with a 2 mil aluminum re-
flector and placed snug]:y against the absorber. A 19" long 1-1/2"
diameter lucite light pipe was optically connected to the anthracene
crystal and to a 5819 photomultiplier with vacuum grease. Finally,
the 5819 was placed inside a compensating coil, whose current was in
parallel with the beta spectrometer fieldvcurrent.,

The pulses from the GM counter and those from the anthracene
crystal were fed into standard 1072 pulse amplifiers. The discriminator
outputs were fed to two univibrators to give a standard pulse size and
length of 10 microseconds, and the coincidence was obtained with

a standard Rossi circuit. In essence the counting arrangement consisted
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of two GM counters, as the anthracene crystal is of the order of 2.5
Mev thick for electrons in the range of 6 to 11 Mev and was biased at
approximately 500 kev,

In practice at each momentum setting of the beta~spectrometer
the following data was taken: the time of the run, the number of GM
counts, the number of crystal counts, and the number of coincidence
counts. Further each point was taken twice, with the gain of the photo-
multiplier output changed by a factor of two, which effectively changed
the cutoff-bias from 500 kev to 250 kev, as a check of the low energy
background. This usually changed the crystal singles rate by a factor
of two, but had little effect on the coincidence rate., The high and low
gain coincidence counts for the points between 30 mv. and 65 mv, (the
voltage drop across a current measuring resistance), corresponding to
5.2 and 11.8 Mev, and their ratios are shown in Table II, The weighted
ratio for the BIZ is 1.006, and for the N12 is 1,010, It appears that
the fluctuations are approximately random, and the final curves were
obtained by adding the high and low counts together.

Asg can be seen from Tablell, the number of counts in the boron
spectrum varies from about 14000 at 45 mv. to about 3300 at 65 mv.
The variation in the nitrogen spectrum is from 10000 counts at 52,5 mv.
to 5300 at 30 mv. This data, from 30 mv. to 65 mv., is that on which
the comparison between the two matrix elements was made, Some addi-
tional data was taken to energies above the end-points of both spectra for
completeness. The corrected momentum spectra and Kurie plots are

shown in figures 3, 4, 5, 6.
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30.0
32.5
35.0
37.5
40,0
42.5
45.0
47.5
50.0
52.5
55.0
57.5
60.0
62.5
65.0

Avg,

Boron 12

High Gain Low Gain

Counts
5009
5537
6078
6553
6871
6893
6911
6674
6301
5710
5194
4366
3394
2422
1695

Counts
4857
5546
5875
6463
6611
6949
6997 -
6690
6455
5792
5035
4281
3446
2546
1611

20

TABLE II

Ratio

1. 031
. 998
1.075
1,014
1.039
- 992
. 9868
. 998
. 976
. 986
1.032
1.017
. 985
<951

1.052

1.006

Nitrogen 12

High Gain
Counts

2680
3026
3453
3831
4128
4559
4651
4810
4944
4948
5042
4842
4668
4347
3960

Low Gain
Counts

2616
2945
3535
3842
4135
4421
4674
4849
4925
5011
4836
4686
4542
4330
3918

Ratio

1.024
1.028
0 977
« 997
. 998
1.031
- 995
.992
1.004
. 987
1.043
1.033
1.028
1.004
1.011

1.010
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The background counting rate was determined by closing the
valve of the beam tube, and measuring the number of coincidence counts
per crystal count at various gain settings and momentum settings.
Typical rates were 5 to 10 per 1000, to be compared with approximately
500 true counts per 1000,

The GM counter had a dead-time of 200 psec, and the counting
rate was kept low enough so that the dead~time correction did not exceed
1%. This resulted in the accidental coincidence rate being negligible,

The regulation signal for the Van de Graaff generator was taken
from two slits about 8" from the target, and about 20" from the exit of
the magnetic analyzer, The beam was required to enter the beta spec-
trometer on axis, and trimmed by two sets of tantalum slits to give a
source size of about 1-1/2 mm square. It was discovered that the beam
spot moved horizontally as the beta-spectrometer field was changed.
The stray field of the spectrometer in the space below the Van de Graaff
and above the magnetic analyzer apparently was strong enough to deflect
the beam slightly. The disélacement at the target position was about’

5 mm at the highest beta-spectrometer field, and of course changed in
sign and magnitude for the d and He3 beams. This is due to the dif-
ferent energies used, and the fact that opposite senses of the beta-
spectrometer field are necessary to focus electrons and positrons. To
compensate for this a coil was placed above the magnetic analyzer, and

the two vertical trimming slits (about 8'" from the target) were connected



22
to a difference amplifier. The beam was kept centered by varying the
compensating field, keeping the difference signal nil, With only one
compensating coil the trajectory of the incident beam will move slightly
in the magnetic analyzer, Since this is a double focusing magnetic
analyzer, the change in bombarding energy, and hence the change in
yield, will be second order effects.

The second experiment with Dr. Van der Leun was performed
several months later and attempted to improve several aspects of the
experiment. As has been stated, the deposited boron targets were much
thicker than necessary to stop the incident beam of deuterons or the He
ions and hence obtain the maximum yield of the reactions. J. Overly
had made several boron targets by cracking diborane gas, and offered
to make some for us. A piece of 1 mil copper 1/2" in diameter was
clamped between a 1/4" diameter by 1/8' thick copper backing and a
1/4" O, D. by 7/16" I.D, by 1/8" thick copper "washer.'" This jig was
screwed together and placed in a quartz tube. An induction heater was
used to bring the copper to red heqt, and then diborane gas was admitted
from a flask., When the copper had cooled off the uncracked diborane
was returned to the flask by reducing it to liquid nitrogen ‘temperaturé,
and the process was repeated. About ten repetitions gave targets es-
timated to be about 1/2 ev thick for 9 Mev electrons. The 1 mil copper
was then removed and placed in the same lucite holder as used in the

first experiment. If should be noted that the 1/2 kev of boron is small
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compared with the 35 kev of copper backing (both for 9 Mev electrons),
and hence the uncertainty in the target thickness due to the boron was
negligible, It appeared that thinner copper backings would not stand
the heat of the cracking process.

Since Dr, Van der Leun and I had the benefit of Dr., Soergel's
and my experiment, it was decided to concentrate on a few points of
the m@mentum.spectra, and get better statistics. Five momenta were
chosen, corresponding to 35, 37.5, 47.5, 57.5, and 60 mv., the four
end points essentially to determine the ratio of the matrix elements,
and the central point as a check on the linearity of the ratio., About
80,000 cts per point were takern,

The electron detection was accomplished by using a 2" diameter
x 3'" long plastic scintillator, covered with a 2 mil aluminum reflector.
Its axial displacement from the ring focus was determined by a knowledge
of the electron trajectories in that region, which had been measured
(see Appendix A), As before, a 19" long 1-1/2'" diameter lucite light
pipe, optically connected by vacuum grease, connected the scintillator
to a 5819 photomultiplier. The same magnetic field compensation was
used,

The pulses from the 10T2 pulse amplifier were fed to the Kellogg
RIDL 100 channel pulse height analyzer (to be referred to as the 100
CHADD). The reasons for changing the detector were twofold: in the

first place, one could then dispense with the GM counter and coincidence
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circuit, and hence tolerate faster counting rates; and in the second
place, it was thought that having the resulting electron and positron
pulse-height spectra might aid in the analysis,

To reduce ‘thébackground a gated or pulsed beam was used as
follows. The RF of the ion source was gated on and off by a square
wave pulse from the pancake generator at a frequency of about 63 cps.
The resulting gated beam was ''sniffed' below the mass-separating slit
by a small piece of tantalum which intercepted the heavy ion beam. The
square wave pulse from this "sniffer" was used to gate a series of uni-
vibrators which allowed one to gate the 100 CHADD on while the beam
was off. Actually, the trailing edge of the beam pulse was used to
trigger a variable delay pulse, whose trailing edge again triggered a
variable count pulse. To monitor the frequency of the pancake generator
and the lengths of the beam-on, delay, and count pulses, the following
was done. The time of each run was recorded, as well as the number
of beam-on pulses, Also, 30 kc oscillator pulses were fed into four
scalars which were gated on and off absolutely by the beam integrator.
The total oscillator scalar had no other gate, and measured the frequency
of the oscillator. The beam=-on, delay, and count scalars were addition-
ally gated on by their respective gates, and used to measure these re~
spective times. Variations in these times will affect the ratio of the
number of disintegrations detécted to the number of radioactive nuclei

produced; as éxplained in Appendix B. All these gates were monitored
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on an oscilloscope, as was the beam. The beam was held constant plus
or minus about 10%, while the data for each momentum setting was
taken.

Unfortunately, the He3 discharge could not be gated by chopping
the RF power in the ion source in this manner. After a few cycles the
discharge would go out, and could be restored only by turning on the RF
power without chopping. This led to electrostatically chopping the He3
bearn above the magnetic analyzer by applying a 5 kv 60 cps square wave
to the top of the electrostatic analyzer. The rest of the circuitry re=-
mained the same.

As a result the }312 pulse height spectra were very clean with
respect to background after a millisecond delay. Dut the le pulse
height spectra had a large amount of low-energy background, since dur-
ing the counting cycle the He3 beam was deflected on to a tantalum strip
at the entrance to the magnetic analyzer, To eliminate the background,
each point was taken with the beam on the target and the pulse height
spectrum recorded on the 100 CHADD., Then a quartz disc, usedtovisually
align the beam, was placed about 1" in front of the target, and the spec-
trum subtracted from the beam on spectrum. Two such spectra at

L2 and NIZ are shown in figures 7 and 8. Ifis

47.5 mv. (9 Mev) for B
apparent that the two spectra, which have been normalized to the same

peak value and same pulse height, are considerably different at low

electron energies. The consideration of this difference has been the
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cause of much analysis and is finally the source of most of the error in
this experiment with Dr., Van der Leun.

As can be seen from figure 7, the BIZ pulse height spectrum of
momentum analyzed electrons has a low energy tail extending all the
way down to zero pulse height, Actually, the le spectra subiracted
very poorly in thé lower few channels due to the high background count-
ing rate, so the spectrum between 20% and 40% of the peak was used to
extrapolate to zero pulse height in the case of le, and also for consis=
tency in the case of BIZ. Qualitatively, this tail is due to electrons
which lose only part of their energy in the crystal, the remaining energy
escaping from the crystal either in the form of bremsstrahlung quanta
or electrons scattering from the crystal. These effects are difficult
to estimate quantitatively, but the spectra appear reasonable,

The NIZ pulse height spectrum, as shown in figure 8, has an
appreciably higher low-energy tail, which could arise from the positrons
annihilating in flight in the crystal - with the loss of the annihilation
guanta, or from an insufficient background subtraction. The effect of
the loss of the annihilation quanta is discussed in Appendix C, and is
estimated to account for only a small part of the low~-energy excess.,

It should be emphasized that if the positrons annihilated only at rest,
and if the annihilation quanta escaped, the positron and electron pulse
height spectra would be approximately identical, The difference in the

two spectra arises from the possibility of the positron annihilating before
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losing all its kinetic energy, and the remaining kinetic energy escaping
from the crystal in the form of radiation.

The low energy excess then appears to be due to insufficient
background subtraction, Apparently, there was more delayed background
with the beam on the 510 target than on the quartz, Itis uncertain what
this was due to, and an attempt was made to circumvent this difficulty
in the following manner. All the pulse height spectra were normalized
so that the peaks had unit pulse height. This was done on the Datatron
205 computer by including on the data tape input an estimate of the peak
pulse height, usually of the order of 60 volts. This estimate was lowered
5 volts, and then the ratio of the integrated éreas from 95% to 100% and
from 100% to 105% of this estimate was computed. This was done eleven
times, increasing the estimate 0.5 volts each time. The peak was de-
termined by averaging the two adjacent estimates which gave values of
the ratio greater than and less than one, Using this value of the peak,
the number of counts in each 5% interval was calculated, as well as the
partially integrated spectra from each 5% interval over the peak, This
made possible the é,ddition of pulse height spectra at the same electron
or positron energy to get better statistics, but was primarily done to
study the background problem.

Since the nitrogen background appears mainly at low energies,
the ratio of the partial areas at different energies might be expected to
become constant as one raises the lower limit cut-off, hence reducing

the background contribution. However, if one raises the cut-off too
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high, the statistics due to the areas becoming too small increase the
uncertainty, However, the analysis was performed at several values,
which changes the value of the nitrogen matrix element, as shown in
figure 9, and introduces the major uncertainty in this experiment with
Dr. Van der Leun,

Two small changes were made in the beam regulating system,
The beta-spectrometer beam compensating coil, mentioned earlier,
was regulated electronically. Also, cross~field slits were installed
at the entrance of the magnetic analyzer, which held the radial position

of the beam constant, These, too, were electronically regulated,
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III. CORRECTIONS

The corrections which must be applied to the experimentally
measured momentum spectra fall into three classes: experimental,
determinable, and theoretical. All but one of the experimental cor-
rections have been discussed in the preceding section, but are men-
tioned here briefly. The measured spectra were corrected for the
resolution of the beta-ray spectrometer by dividing the number of
counts measured at a ‘given momentum setting by the momentum. Dead
time corrections were made for the GM counter ( p = 200 usec), and
for the 100 CHADD (p =20 wsec + 1/2 usec/channel)., These were neg-
ligible, as was the accidental coincidence rate in the experiment with
Dr. Soergel. The nitrogen spectrum in the experiment with Dr. Scergel
was corrected for positron annihilation in the absorber and crystal, as
explained in Appendix C, page 61. The gating time correction for the
gated beam, as explained in Appendix B, was also negligible. The back-
ground subtraction, which caused the major uncertainty in the analysis
of the pulse height spectra with Dr. Van der Leun, has been explained
earlier also.

The correction for the thickness of the target and backiﬁg, which
will be referred to as the target thickness, was mentioned earlier, but
will be explained in detail here, as it applies to both experiments., The
energy loss of electrons in the target and backing displaces toward lower
energies the measured spectrum with respect to the true spectrum,

For the purposes of this discussion we will use the elementary statistical
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momentum spectrum for beta-decay, but the extension to other distri-

butions is straightforward. Define the true spectrum as follows:

N(p)ap = Ap“(W-E) dp (25)

where E =/1 + pz, and «+W is the maximum energy available for the

decay. As a result of the target thickness t, electrons which have an
original momentum p will be measured as having a momentum
q(p:t) < p. Thus, the measured spectrum M(q)dg as a function of g

M(q)dg = N(p(q)) %ﬁ- dq (26)

The true spectrum at the measured momentum q is N(q)dg, and hence
the correction factor to obtain the true spectrum from the measured

spectrum is
R(q) = N{q)/M(q) (27)

The ratio R may be calculated for any target thickness t if we know

it as a function of momentum or energy. For completeness R(q) is

expressed in two forms, for £(q) and t(F), where F = \/1 + q'2 o A

straightforward calculation gives

é:z 2 -2
R(qg) = (1 + t/q)“Z 1 ,.—\, +V§?;+t ~F} (1+ dt/dq)"1 (28)

for q =p - t(q),

and
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ZtF+t2 t

R{q) = (1 + "”“Tz?"”’") G+ t/F)mlv(l - T )"2(1 + dt/dF)‘”l
q

(29)

for F =E - ¢(F).
In the highly relativistic region, such as we have in this experiment,
t(q) =t(F), and if either is approximately constant, dt/dF = dt/dq = 0,

and for both cases we find
x - 3
2 1+ 4t/ W [ ———fe
RG) ~ 1+ 4t/ (255 (30)

where x = F/W /= q/W,

In practice, the target thickness correction was made using
equation 28, The values of t were 0.12 and 0.24 for the Blz and
le spectra in the first experiment with Dr. Soergel, and 0,08 for both
specira in the second experiment with Dr. Van der Leun.

Table III shows values R for boron (W = 27,19) and for nitrogen
(W =33.18) for a small range of target thickness and momenta., As can
be seen, the reduction of the target thickness, both in absolute value
and in uncertainty, greatly reduces the size of the correction and its
uncertainty in the second experiment.

Another correction in this experiment arises from the
impossibility of determining the energy released in a beta-disintegration
when one detects an electron or positron alone, As is well known, the

beta-decay of Blz is complex, the main transition being to the ground

state, and weaker transitions to the excited states. The branching ratios
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TABLE IiI

Target Thickness Correction Factor R{q)
Boron (W = 27.19)

t=.10 t=.20

Eq.28,29 Eq.30 Eq. 28,29 Eqg. 30 Eq. 28,29

0.970 0.969 0.941 0.938
0.992 0.992 0.984 0,983
1.003 1.003 1,007 1. 006
1.018 1.018 1.037 1,036
1.090 1.083 1.194 1.167

Nitrogen (W = 33, 18)

=.10 t=,20

.30

Eq.28,29 Egq.30 Eq.28,29 Eq.30  Eq.28,29

0.968 0.967 0.938 0.934
0.989 0.989 0.978 0.977
0.998 0.998 0.996 0,995
1.005 1.005 1.011 1.011
1.017 1.016 1.034 1.033

0.909
0.967
0.994
1.016
1.052

Eq. 30
0.907
0.975
1. 009
1.053
1.250

Eq. 30
0.901
0.966
0.993
1.015
1.049
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log ft  values to the ground state, 4.43-Mev state, and 7, 65-Mev
state are 97, 1.5, 1.3, and 4.1, 5.0, 4.0 {20). The information for
the similar transitions in le is not well-known (20), but an experi-
ment on the branching to the 4.43-Mev state is being performed in

the laboratory at the time of this writing. However, bescause Blz, C12

&
12 . . . . :
and N~ form an isobaric triplet, a reasonable assumption is that the
12 2
matrix elements between BIZ and C° 7, and N1 and C12 are the same,

and hence that the ratio of the total decay probabilities to corresponding

states in C12 will be given by the F wvalues, where

l—i‘noz

i/
]

n’ (»/1 +noz - \/1+n2)2 F(Z,n)dn. (31)

F(Z,n) is the Fermi function, and is equal to

Fzn - |20 2menR \ 2 Lt owb
& T (3+ 25) h x
2
r{(l1+s8+1i8)| (1 +5s/2)
where S = /1 - 22/13'7Z -1
5. Z¢
137 v
n = momentum of electron

R = nuclear radius = 1. 37 A1/3 X 10-13 cm.
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These have been tabulated (19) in the form

2 F(Z,n) _  2+28 _+ 76 I

2
f(Z,n) =n 5 12) Il +5 +i5) l (32)

Hence, for the same final Z, we must compute

2
1+
TlO

£= (&,-0)° £(z,m) dn (33)

In the limit of high n and Z = 0, this gives the fifth power law.
Adding two arguments to f, i.e., N or B to distinguish the
decay, and E to distinguish the energy of the state of ClZ in question,

we find by numerical integration

(N, O) _

B.0) 2.057 = 1,000 (2.057)

£(N, 4.43) _

WB,4.43) 3.112 = 1.513 (2.057) (34)
£(N,7.65) B

0B 7.65) - 0689 =2.766(2.057)

It is interesting to note that the fifth power law gives 2,706, 4,082, and
7.388, respectively. If one normalized so that the ground state in Blz
is 100,0, the expected values of the le branching ratics are given by
multiplying the BIZ ratios by the constants 1.000, 1.513, and 2,766,

as given in equation 34,
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Since one is investigating an effect in the ground state transitions
only, one must correct the measured spectra for the excited state
transitions, From a knowledge of the branching ratios and theoretical
momentum spectra one may calculate the number of electrons or posi-
trons appearing at a given momentum from each of the three states in
question, That is to say, N{total) = N{ground) + N(4.43) + N(7.65).

The ratio

R = N(ground)/N(total)

then gives the correction that must be applied to the Blz and le

spectra., These are tabulated and graphed in Tables IV and V and

figures 10 and 11. Spectra to the various states{normalized to unit area)
are also tabulated and graphed in Tables VI and VII and figures 12 and

13,

The errors in this correction arise from the absolute errors in
the B12 data, which may be as large as 50%, and from the assumed,
but not yet verified experimentally, equality of the Blz and le matrix
elements to the same states in Clzo

The theoretical corrections are two: the effect of the finite de-
Broglie wavelength of the electron, and the effect of inner bremsstrah-
lung. A brief statement Of the origin of the former, and a formula
(eq. 23) for it is given in the introduction, The effect of inner brems~
strahlung, the emission of soft photons and a corresponding loss in the
energy of the emitted leptons, has been calculated for this experiment
by Dr. S, Berman (27). The correction factor is 1+ 6, where & is

given by



N{ground)
N(4,43)
N(7.65)
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12
14
16
18
20
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24
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27.17

B
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1.0006
0.0078
0. 0067

. 923
« 937
. 952
. 968
. 981
. 990
. 994
« 997
1.000
1,000
1.000
1.000
1,000
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TABLE IV

1.0000
0.0124
6.0107

0.882
0.903
0.926
0.946
0.971
0.934
0.990
0.996
1. 000
1,000
1,000
1.000
1,000

1.000

Branching Correction

1.0000
0.0155
0.0134

0.858
0.882
0.909
6. 937
0,964
0.981
0.988
0,995
1.000
1.000
1.000
1.000
1. 000

1.000

1.0000
0.0186
0.0161

0.833
0.861
0.892
0.925
0,956
0.977
0.985
0.994
1.000
1.000
1.000
1.000
1.600

1.000

1.0000
0.0233
0,06201

0.801
0.832
0.869
0.908
0.946
0.971
0.982
0.992
1,000
1. 000
1,000
1,000

©1.000

1.000
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TABLE V

12
N’ Branching Correction

MN{ground) 1.0000 1.0000 1.0000 1.0000 1.0000
N(4.,43) 0,0117 0.188 0.0234 0,0281 0.0351
N(7.65) 0.0185 0,296 0.0370 0.0445 0.0555
1

0 - - - - -

2 0.887 0.830 0.796 0.765 0.723
4 0.897 0.845 0.814 0.784 0,744

6 0. 909 0.862 0.833 0.806 0.769

8 0.922 0.881 0,856 0.831 0.798
10 0.937 0,902 0.881 0.860 0.831
12 0.952 0.925 0.908 0.892 0.868
14 0.967 0.949 0.937 0.925 0.908
16 0.981 0,970 0.963 0.956 0.946
18 0.980 0.985 0.981 0.977 0.971
20 0.994 0.990 0.988 0.985 0,982
22 0.997 0.996 0.995 0.994 0.992
24 1.000 1.000 1.000 1,000 0.999
26 1,000 1,000 1,000 1,000 1.000
28 1.000 1.000 1.000 1.000 1,000
30 1.000 1.000 1,000 1.000 1.000
32 ~ 1.000 1.000 1,000 1.000 1,000

33.16 1.000 1,000 1,000 1.060 1.000
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TABLE VI

Bl 2 Calculated Spectra

To To
Grd 4,43

= 27.17 n, =18.47 g
N(n) N(n)
0.0000 0.0000
0.0052 0.,0151
0.0174 0.0467
0.0327 0.0782
0.0477 0.0981
0.0598 0.1003
0.0671 0.0844
0.0689 00,0547
0.0648 0.0219
0.0552 0.0010
0,0418

0.0263

0.0118

0.0019

To
7. 65

=12.16

N(n)

0.0000
0.0463
0.1203
0.1547
0.1257
0.0529
0.0005
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TABLE VII

PJIZ Calculated Spectra

To
Grd

= 33,16

N(n)

6.0000
0.0028
06.0101
0.0198
0.0303
0.0401
0.0483
0.0539
0.0565
0.0558
0.0519
0.0452
0.0362
0.0260
0.0156
0.,0067
0.0010

To
4,43

Mo = Zé°%9 o

N(n)

06.0000
0.0067
0.0227
0.0419
0.0593
0.0716
0.0767
0.0735
0.0630
0.0465
0.0276
6.0103
0.0005

To
7,65

=18,17

N(n)

0.0000
0.0154
0.0483
0.0807
0.1005
0,1014
0.0834
0.0518
0.0184
0,0001
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K K '-K K ‘Z—K 2
5 = a9 (Z-1)|1n — 4 ° 0 +_’£‘.. A -
T " K 3 E 24 z
o) W
where Z = Y—V In Wtp
P m
K' = (w N—W)
e} o)
B
K = ' - W
o (W - W)

12
This correction is to be applied to the ratio of the B~ 1o Nl
and is presented in figure 14 and in Table VIII,

cept for extremely low energies, and near the B

spectira,
It can be seen that ex~

. endpoint where there

is a logarithmic divergsnce, the correciion is very small,
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TABLE VIII

Inner Bremsstrahlung Correction Factor

W 1456
1 1,068
2 1,028
4 1.012
6 1.008
3 1. 007
10 1,006
12 1.006
14 1,006
16 1.007
18 1,008
20 1. 009
22 1.011
24 1.015
26 1.026

27 1.050
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Iv. CONCLUSIONS

The measured momentum spectra of B12 and le, after having
been corrected for the several experimental corrections and branching
ratio correction discussed in Part III, yield the true momentum spectra
of the ground state transitions for these decays. As explained in Part
I, the true momentum spectra are given by a product of a matrix element
for the transition, a Coulomb factor, and a statistical factor. For com-
pleteness, the inner bremsstrahlung factor, discussed in Part III,
should be included, although it is small in the range of interest. The
matrix element has been expressed as a product of a constant term and
the energy dependent conserved vector current factor, the term of in-
terest,

Figures 15, 16, 17, 18 show the experimental conserved vector

12 12
current factor for B" ™ and N™ ~ for the two discussed experiments, and

. 12,..12 . .
figures 19, 20 show the ratio of B- /N, which is the final result of
this experiment. In the ratio the deBroglie wavelength correction is
. . 2 .
accurate to one higher order in e , as is the expected value of the
conserved vector current term, due to the cancellation of higher order
terms of the same sign.

Z/NIZ

1

The experiment with Dr. Soergel gives a value for the B

ratio of +0.2+1. 2% Mev. This probable error is the sum of a 0.2%
statistical error, a 0.4% possible systematic error from the target

thickness, a 0.4% possible systematic error from the branching ratio

correction, and a 0.2% possible systematic error from the spectrometer
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calibration (see Appendix A)., The experiment with Dr. Van der Leun
gives a value oft3,1+1, 2%/Mev, with errors of 0.5%, 0.1%, 0.4%, and 0.2%
respectively, The large assigned statistical error arises from the
interpretation of the le pulse height spectra, as explained in Appendix
C. To examine the consistency of the two experiments, we may dis-
regard the possible errors due to the branching ratio correction and
the calibration, obtaining *0.240. 6%/ Mev and +3. +0. 6%/Mev., In terms
of standard deviations these become +0,. 2+0. 9%/ Mev and +3. 1+0, 9%/ Mev,
where the conversion factor 0.675, obtained from the normal distribu-
tion, has been used.

If one assumes that the probability of measuring a given ratio
‘Xi is normally distributed about a mean value p, with variance cr“i s
it can be shown that an unbiased estimate for p is u = i, where

S 2 L PSS
X = (ZXi/ <, ) (Z s~ 2 ) . Further, if n/s :2\ =2 , one
' ( i i

finds that (X - nw)/o~  has a normal distribution with mean 0 and

X, -X \2
} ‘ 2 i .
variance 1/n, and that X~ = Z( — ) has the chi-squared
i

distribution with n-1 degrees of freedoms,

Hence one finds that the average value of the ratio has a value
1. 65/ Mev with a standard deviation of 1.0%/Mev. Converting this to
probable error, and adding the possible systematic error of the branch=-
ing ratio and calibration, we obtain a value for the ratio oftL65+ 1. 3%/Mev.

2 2 .

However, 7(, has a value of 4. 8, and for a ’X, distribution with 1
degree of freedom there is only a 3% probability that %2 is greater than

4,8, This makes it seem likely that the estimate of the probable error
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is too low or that some undetected . error was present,

Either way it seems that one should accept the fact that the
two experimental values obtained for the ratio of the Blz:/Nla matrix
elements are +0, Zile 2%/Mev, and+3.1+1,2%/Mev, and hesitate to
average the two.

Theoretically, one expects to find a ratio of 0. 3%/Mev in the
absence of the conserved vector current interaction, and 1.4%/Mev
with the conserved vector current interaction, As tempting as itis to
take the average value of the two experiments, 1. 65%/Mev, for a con-
firmation of the theory, it seems wiser in view of the analysis of the
errors not to do so. Hence the final conclusion is that two somewhat
inconsistent experiments perhaps favor slightly the conserved vector
current theory,

It is clear that the largest source of error in the first experi-
ment was the thickness of the target. In the second experiment this
was corrected, but the background in the le gpectrum caused a large
error, This could be cured, I believe, by mechanically or electrically
chopping the He3 beam at the exit of the ion source in the Van de Graaff
generator, which would not interfere with maintaining the discharge.
This involves a fair amount of time during which the Van de Graaff is
inoperative. Perhaps the easiest way to correct for this background is
to have a movable absorber for positrons and electrons which could be

placed in position directly behind the source. This would have to be
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thick enough to stop the positrons, and give no neutron background.
Then one should have essentially the same conditions as far as back=
ground is concerned, and hence should get a true subtraction.

One would hope that another experiment might reduce the
statistical error, inéluding background, to 0.2%, and the target thick-
ness to 0. 1% simultaneously, If the calibration constant were known
accurately and the branching ratio were known to about 20%, the prob-
able error in the ratio would be abou:t 0.2%/Mev, giving a total error
of about 0.5%/Mev. There would still be the inconsistency of the
present experiments, which could be brought into better statistical
agreement, if the experimental errors were somewhat arbitrarily

increased by 50%.



46

APPENDIX A

Spectrometer Design:

The Beta-Ray Spectrometer used in this experiment was es-
sentially the one designed and constructed by W. F, Hornyak (23).
A more general discussion of beta-ray spectrometers is given by
Siegbahn (21).

The trajectories of the electrons may be determined from the
equation of motion in a magnetic field,

av

e = =
a‘;‘c— = —I;;(-l (VXB) (AI)

2,-1/2

where m is the transverse mass, l.e., m = mo(l - B7) » The only
case that can be solved easily is that of a uniform axial field, which

is instructive as the qualitative features appear in all beta~spectrometers
with axial fields. The derivations are given in Siegbahn, so only certain

of the results will be quoted. For a magnetic field in the z~direction

the radial equation of motion is

r = D sinasin § (AZ,}
h D= Zmy { = z d = c o, N it can b
where = 5 " Beosa o VZ‘O vV COS 4, ow i e
shown that ar = 0 for
da
fan & = - tanza (A3)

4
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This is known as the Ring Focus condition, and means that electrons
having angles of emission close to a will to first order be focussed in
a ring of radius r. If the resolution is defined as R° = A_Lg%ﬁ) , where

Bp is the momentum in gauss-cm, and the solid angle as T, the fol~

lowing relation may be established:

2
R° = T /2 [ 3 +ctn2a tanzé) . (Aa4)

In the case of a thin lens spectrometer, where the field is
“limited in space, the radial equation of motion for paraxial rays is

given by

2 BZ(Z, o) .
= - ——Z:‘———-é—'— T (A5)
dz 4(Bp)

BZ/(Z, o) is the axial component of the magnetic field, and Bp is the
momentum in gauss~cm, This may be integrated following Hornyak

to give

1 ,
+ oo . (a6)

il B

1
f
' o

where T = utan a, ro = - vtan B, and f = 1 BZ(Z) dz.
2
4
4(Bp)”
This is known as the Lens Equation, of which a more complete discus=~
sion is contained in Hornyak's thesis.

As designed by Hornyak, and modified by myself, the spectrometer

is essentially a "thin'" lens type, and the axial field is plotted in Figure 21.
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For the purpose of this experiment, which reduces to a com-
parison of an electron spectrum and a positron spectrum, the emphasis
during the alignment procedure was to produce a spectrometer which
was identical for positrons and electrons., As monoenergetic positron
sources are nonexistent, a Csl?’? @” emitter, kindly loaned to me by
F', Boehm, was used. Now the requirement is to have the resolutﬁ;on
and solid angle the same for the normal field and reversed field, which
should only change the sense of the pitch of the helical trajectory. After
this alignment was made, the trajectories were measured to determine
the optimum design of various baffles, as described below.

The alignment of the beta-ray spectrometer consists in moving
the geometric axis of the spectrometer until it is coincident with the
magnetic axis of the coils, At the same time I had to adjust the vertical
and horizontal compensating fields to give complete symmetry also. It
would have been better to have eliminated the stray field by means of a
magnetometer first, so as to have had fewer parameters to adjust. As
a preliminary measurement, a strong thulium source was placed at the
source position, two ''pin-hole' baffles, made of 1/8' aluminum with
centered 1/8'" and 1/16" holes, were placed in the spectrometer, and an
end window Geiger counter was place& at the detector position. This
was covered with a brass cap having a 1/8" hole in the center., By ad-
justing the spectrometer tube with respect to the coils, and by adjusting

the two compensating coils, it was attempted to have the counting rate
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as a function of spectrometer field the same for both senses of the field.
Quite good results were achieved, but the next step in the alignment
procedure seemed to be even more sensitive.

At this point a three-ring baffle was placed at the center of the
spectrometer. The baffle had three concentric openings of 1/4'" width,
with inner radii of 2-1/2", 3-1/4", and 4=~3/4"., The trajectories of the
electrons passing through these shall be called the inner, central, and
outer rays, respectively, A Cs 31 source was placed at the source
position, and then, with the same counter, the "spectrum!' as a function
of magnetic field was obtained. For the counter in a fixed positioﬁ, the
internal conversion line will be focussed at three different values of
the magnetic field, corresponding to the three different trajectories,
Again by successive adjustments the two senses of the magnetic field
were required to give the same ''spectrum.' Figures 22, 23 show this
matching toward the end of this process, and Figures 24, 25 show the
final alignment,

The next step was to measure the pitch of the helical trajectories
in order to construct a '"helical baffle,'" The purpose of such a baffle is
to allow one to measure electron spectra in the presence of positrons,
and vice versa, and to reduce background from scattering. A twelve
bladed helical baffle, with the blades 12' long and a 1/4' thick was sug-
gested by Dr. T, Lauritsen, this being considerably larger and more
opaque than the one formerly used. Although in the present experiment

we were not worried about the simultaneous production of positrons and
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electrons, it was felt that such a baffle would decrease the background
from scattering, as was found to be the case. To determine the pitch
a rotatable 1/8" aluminum baffle, which had two sets of eight 1/4" holes
at radii of 2-1/2" and 4-3/4", was placed at the center of the coils.,
Another baffle with eight 1/4" radial grooves was placed behind this,
With a fixed counter position and constant magnetic field the rotation
necessary for maximun; transmission was measured as a function of
the axial displacement of the ''radial' baffle, This was done for two
counter positions corresponding to the inner and outer trajectories.
The results of these measurements are shown in Figure 26 . A
wooden model of the blades was then cut on a milling machine, with a
pitch of 63° per foot, Then the twelve blades were cast from aluminum,
and mounted with pivots on a 3-1/2" by 13" brass slug, in such a manner
as to allow a variation of a few degrees of pitch to obtain maximum
transmission,

The trajectories of the electrons near the source and counter’
positions were measured by suitable circular baffles which could be
moved axially., At a constant field setting the location of the Geiger
counter was determined for the inner, central, and outer rays, and the
various circular baffles were moved until they intercepted the rays.

The results of these measurements are shown in Figures 27 and 28, This
permitted an optimum design for the ring forms baffle, cone baffle, and
the two solid angle defining baffles. In practice the cone baffle, which

effectively affects the resolution, and the outer aperture baffle, which
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affects the solid angle, were movable, and were adjusted for optimum
performance when the entire spectrometer was assembled.

At low energies there exist monoenergetic electron sources,
the electrons being emitted as a result of internal conversion or K-
capture. A CSB source, having a conversion line at 661 kev, was
used to obtain one low energy point. Unfortunately, a thorium source,
having a conversion line at 2. 615 Mev, was not available, Due to the
focusing effect of the earth's axial magnetic field, which is small (0.2
gauss) in magnitude but is uniform in shape, it was felt desirable to
calibrate at a high energy. At the suggestion of Dr, Soergel, the fol-
lowing procedure was used. A thin carbon foil with an evaporated layer
of gold was placed at the source position of the spectrometer. A set of
stops was arranged so that it could be placed in two orientations, per-
pendicular to the axis of the spectrometer and at 40°5' to the axis, Then
protons were scattered from the foil, and the scattered protons' momenta
analyzed by the beta~-ray spectrometer. The detector was a Faraday
cup and electrometer. Knowing the incident energy of the protons, and
the two momenta, corresponding to the two positions of the scattering
foil, the calibration constant, and incidentally the foil thickness, can
be determined.

The energy of the incident beam of protons was calibrated as fol=~
lows. A thick target of Flg was placed directly in front of the scatter-
ing foil. Outside of the spectrometer was placed a Nal counter. Then

the 669 kev (p,Y) resonance (20) was found by varying the magnetic
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analyzer until the midpoint of the step of the 6.14-Mev gamma-ray yield
was found. Then the magnetic analyzer was held constant, and the
voltage of the Van de Graaff lowered until the mass 2 beam was
focussed, and this beam was scattered., If Ei is the initial kinetic

energy, the final kinetic energy per proton is

Ef = Ei/4 [1+3/8 Ei/M] s

where E and M arein Mev. The statistical error in measuring the
two peaks and determining the calibration constant is estimated to be
about 0.1%, and the proton resonance was taken to be at 669, 6+ 0.7
Mev, an average of 671, 6+ 0.7 (28) and 667, 6i 1.1 (29). Hence the

calibration was assumed to be good to about 0,2%.
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APPENDIX B

Gating Time Correction Factors

When using a chopped beam and a delayed counting cycle to
study a decay process, itis of interest to know how the ratio of the

number of decays counted (N to the total number of decays produced

c)
(NT)\ varies with changes in the timing. To be specific, let us con-
sider the following situation after equilibrium has been reached. Let

I be the production rate per second, A the period of the cycle, B

the time during which the production is taking place, D the delay time,

C the counting time, and A the decay rate. Then the following re-

lations hold:

O¢$BSB+DSB+D+C<SA

dN
—_— = - st <
at AN +1 O=t<B
dN < . <
Eralie AN B=st=TA
These immediately lead to
1 ; ~AB -AC, -AD
chl/k A (1 -e ) (1 - e ) e
l-e
= IB
NT
-AB
1 l-e ) -AC, -AD
or R = YN < B > (1 -e )e (B1)
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The variations of R with respectto A, B, C, and D are

~XA
&y _aa | e (52)
R J A A . AA

L =€

drR{ _ dB 1 - (142B)e™P (23)
R|B~ ~ B B \

i -e
R | _ d4C rce (B4)
R| C C Yo

1-e

dr dD
= | p= 5 [*P] (B5)

These functions are tabulated in Table BI, and are graphed in figure

29.
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TABLE BI

®/R  dR/R - dR/R AR/R
dA/A dB/B dC/C dD/D
=AA =AB =AC =AD
-1.000 -0.000 +1.000 -0.000
-0.951 -0, 049 +0.951 -0, 100
-0.903 -0, 097 +0.903 -0,200
-0.857 -0.143 +0. 857 -0.300
-0.813 -0.187 +0.813 -0.400
-0.771 -0.229 +0.771 -0.500
-0.730 -0, 270 +0.730 -0.600
-0.691 =0.309 +0. 691 -0.700
-0.653 -0.347 +0.653 -0.800
-0.617 -0.383 +0.617 -0.900
-0.582 -0,418 +0.582 -1,000
~-0.549 -0.451 +0. 549 -1.100
-0.517 -0.483 +0.517 -1.200
-0.487 -0.513 +0.487 -1,300
-0,458 -0.542 +0.458 -1.400
-0.431 ~-0.569 +0.431 -1.500
-0.405 -0.595 +0.405 -1,600
-0.380 -0.620 +0.380 -1,700
-0.356 -0.644 +0.356 -1.,800
-0.334 -0, 666 +0.334 -1.900
-0.313 -0.687 +0.313 ~2.,000
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APPENDIX C

Annihilation of Positrons

In the present experiment the annihilation of positrons, in
flight and at rest, manifests itself in two ways., Firstly, positrons
may annihilate in passing from the source to the detector, resulting
in an altered measured momentum spectrum. Secondly, all the posi=-
tronAs which enter the detector annihilate, converting their kinetic
energy at the time of annihilation, and the rest mass energy of an
electron and positron, into radiation.

As will be shown in detail below, the annihilation cross-section
varies by about a factor of two between 5 Mev and 12 Mev kinetic
energy. However, the absolute cross~section is about an order of mag=-
nitude too low to be detected in this experiment. This loss is based on
the cross-section for annihilation per electron times the number of
e].ee:*.:rons/cmZ between the source and detector, including the target,
backing, air path in the spectrometer (at 10"5mm Hg), and the re-
flecting foil of the photomultiplier,

To estimate the effect on the pulse height distribution of a
positron in a crystal due to annihilation in comparison to that of an
electron is a somewhat more subtle process. An electron loses its
kinetic energy by collisions and by bremsstrahlung - the emission of

high energy photons. If a source of monoenergetic electrons is at the
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center of a crystal large enough to absorb all the radiation, a delta=
function spectrum will result. In the case of positrons, a delta-~function
spectrﬁm will result, only at 1.02 Mev higher in energy, due to the
ultimate conversion of the rest mass of an electron and positron into
radiation. The complication arises in this analysis because of the finite
size of the crystal, which has two consequences: first, as a result of a
collision the electron or positron may be scattered out of the crystal
befofé losing all its kinetic energy, and second, the crystal is essenti-
ally transparent to quanta above a few hundred kev. Thus many elec-
trons and positrons will lose only part of their kinetic energy in the
crystal, and their maximum energy loss will be the same,; due to the
escape of radiation, particularly the annihilation radiation. The Blz
pulse heigiht spectra are used to estimate the fractional number of
electrons having lost a specified fraction of their energy in the crystal,
The assumption is then made that the positrons will have the same
spectra, modified by the possibility of annihilation.,

The cross-section for annihilation of a positron with total energy

E is shown by Heitler (30) to be

c]):ﬁ‘rz 1 i,,2+ 40 + 1 in E,%——]/&Z.,j_, _%:._é_
€+ 1 €2 o1

(C1)

where & =E/m , the total energy in mass units, and r is the
o o
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classical electron radius, As & approaches 1, i.e., as the velocity

v approaches 0, this reduces to

2
vé =y 7T T (N.R.) (cz)
and for high energies it becomes

2 -1
¢ —57r " G [In2 © ~ 1] (E.RJ (C3)
2 e s . —
A graph of 4)/7Tro vs, kinetic energy is shown in figure 30,
The probability per unit energy @ (E) of a positron of kinetic
energy E annihilating in a material of density p and stopping power

~-dE/dx, containing NZ electrons/crn3 is given by

@(E)dE = sz"l $(E) (dE/dX)‘1 dE (c4)

where N is the number of atoms/cm3, Z is their charge, p the density
in gm/cmS, $(E) is the annihilation crosse—section in cmz, and (-dE/dx)
is the stopping power in Mev=cm2/gmc

If we consider a non-annihilating positron which has a kinetic
Eo incident upon a crystal, it will lose an energy E' (0= E‘iEO) in
the crystal, and an energy EO—-E‘ will escape by scattering and brems-
strahlung, To simplify the analysis, let us picture the process as follows:
upon entering the crystal an energy g(EowE " escapes (O<=g =1), then

an energy E'is lost in the crystal, and finally an energy (lmg)(EO»-E')
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escapes, The number of positrons losing an energy E' is determined
from the electron pulse height spectra.
If now we consider real positrons which will annihilate while
losing energy in the crystal, it may be shown that the positrons,
m(EY)dE' in number, which would have lost an amount of energy E'

in the absence of annihilation now have a spectrum given by

E
- f H(EELE ,g)dE"
n(E,EE , g)dE = e ° (c5)
x @('E,E‘;Eo,g) + e(E-EY] d4E
where OS E ¢E'S EO ;
and @(E,E‘;EOE g) = @(E0 [1-g] <+ gE'-E). (cey

This distribution represents the numbers of positrons which have an~
nihilated while losing an energy between E and E + dE in the crystal,
having had an incident energy of Eo. Two cases may be distinguished,

When g =90

(e, E5E ,0) = B(E_- E) (€

corresponding to the energy loss occurring between E  and EO-E' o
o

Wheng’—‘l,

P(E,EE 1) = b(E-E) (c8)
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corresponding to the energy loss occurring between E'and 0. I

believe that the actual process must lie between these two limits,
Now if the pulse height spectrum in the absence of annihilation

is given by m(E')dE', it is easy to show that the following is the ex-

pected spectrum with annihilation.

E

o]
n(E;EO,g)dE = J m(E')dE' n(E,E‘;EO,g) dE
E E
- Py 1 T, i
- f T (', E'E_,g)dE (c9)
O

O
= dE ( m(E)dE' e 2 (E,ELE ,¢)
[0)
E

E
- f g (E”sE;Eo,g) dEY
(o]

+ m(E)dE e

Furthermore, one notes that

a
- fE (E",ELE , g) dE"
(o]

EO Eo
f n(E;EO,g) dE = g m(EYVdE' e
a a
(C10)
§ (E) was calculated for styrene, which has a density p = 0,9045
23

gm/cm3, and a molecular weight of 104. 14, NZ equals 2.93 x 10

e.‘lectrorls/cm3e Values of -dE/dx (in Mev~cm2/gm) were taken from
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tables of the energy loss and range of electrons and positrons (24). A
graph of (=dE/dx)“1 vs, E is shown in figure 31, and a graph of
@(E) vs. E is shown in figure 32. Table CI gives values of ®(E) vs. E,

E

and Table CII gives values of F(E) = f @(E‘)dE‘ vs. E. Further,
expected pulse height distributions for rZonoenergetic positrons of 6,5
and 10,5 Mev kinetic energy with no escape loss except for annihilation
quanta (i.e., E' = Eoy\are shown in figures 33 and 34.

The relative effect of the annihilation process in the crystal is
small, as at 6 Mev 11% annihilate in flight and 89% at rest, while at
11 Mev 14% annihilate in flight, and 86% at rest, a change of only 3%.
The folding process was carried out at 9 Mev, as shown in figure 35.

Furthermore, one observes that the probability for annihilation
depends upon the density of electrons, and hence the annihilation of
positrons in flight in the spectrometer is far too low to be observed.

In the first experiment the positrons had to traverse a 1 Mev
lucite absorber and lose 1/2 Mev in the crystal before being detected.
From the tables presented here it can be shown that 1.7% of the 5 Mev
positrons will annihilate while losing 1.5 Mev of energy, and 0.6% of

the 12 Mev positrons will annihilate. The nitrogen spectra of the first

experiment have been corrected for this.



62

TABLE CI
gi(EQ for styrene

}_7 (E) = Nz ¢(E) p":i (x-cw::,/dx)"1

E(Mev) (E) (L&ev-l)
.25 “ 5.032
.75 0.034

1.25 0.026
1.75 0.022
2.25 6.020
2,75 0.016
3.25 0.014
3.75 0.012
4,25 0.012
4,75 0.010
5.25 0.010
5.75 0.008
6.25 0.008
6.75 0.008
7.25 0.008
7.75 ‘ 0.006
8.25 0.006
8.75 0.006
9.25 0.006
9.75 0.006

10. 25 0. 006

16,75 0.004

11.25 0.004

11.75 0.004
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TABLE CII

E
F(E) = j $(E) aE

E(Mev) F(E) 1-F(E)
0.0 0. 000 1,000
0.5 0.016 0.984
1.0 0.033 0.967
1.5 0.046 0.954
2,0 0.057 0.943
2.5 0.067 0.933
3.0 0.075 0.925
3.5 0.082 0.918
4.0 0.088 0.912
4.5 0.094 0.906
5.0 0.099 0.901
5.5 0.104 0.896
6.0 0.108 0.892
6.5 0.112 0.888
7.0 0.116 0.884
7.5 0.120 0.880
8.0 0.123 0.877
8.5 0.126 0.874
9.0 0.129 0.871
9.5 0.132 0.868

10.0 0.135 0.865
10.5 0.138 0.862
11,0 0.140 0. 860
12,5 0.142 0.858

12.0 0. 144 0.856
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