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ABSTRACT

This thesis, '""The Beta Spectra of the Mass 12 Nuclei," is
mainly concerned with an experimental test of the conserved-vector-
current theory, This theory predicts a deviation from the allowed
shape of the Bl'2 and le beta spectra., The ratio of the shape factors
of the two spectra is expected to have an energy dependence of
1.10 + 0. 17 percent per Mev, If the CVC hypothesis is not invoked,
this ratio is estimated to be an order of magnitude smaller, The two
spectra have been measured with a magnetic spectrometer and found
to give for this ratio the value 1.30 + 0.31 percent per Mev, In addition
the branching fraction of the le decay to the 7.6-Mev state of C12
has been determined to be 3.0 + 0.5 percent. The geometrical mean
of the two shape factors was observed to have an unexpected linear
energy dependence of 1, 18 percent per Mev. Theoretical estimates
are made of relevant matrix elements in search of an understanding
of this. Baffle penetration by the beta particles gives a systematic
effect estimated to account for about one third of the observed mean
shape factor, The uncertainty in this estimate precludes a definite
conclusion on the actual presence of this term in the spectra, Such
penetration is expected, however, to have little influence on the con-
served vector current theory test, A preliminary report of this work

has been published (1, 2).
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1s THEORY

Universal Fermi Interaction

The suggestion has been made by several investigators (4)
that the nuclear beta-decay interaction is just one manifestation of
a Universal Fermi Interaction., It will be useful to give a definition
of universality in anticipation of our needs here,

In the conventional field theory formulation the Lagrangian

is written

= e il
total ZLfree - interaction ( )

where the first sum extends over all the elementary particles and
the second sum is over all the fundamental interactions among the
elementary particles, Whether or not it is meaningful to select

certain particles as "

elementary' and certain interactions as "funda-
mental' are important questions which will not be considered here,

The weak interactions among the non-strange fermions are

=4 |
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where n, p, e, v, and p represent respectively the neutron, proton,
electron, neutrino, and negative muon, and the bar over a symbol

indicates the antiparticle. Moving a particle from one side of the



reaction to the other changes it into the antiparticle. Thus the

reactions
n —=pt+etv (33)
p —=n+&+v (3b)
pte —= n+v (3¢)
n+v—= pte (3d)

are formally equivalent although representing different processes
(electron decay, positron decay, electron capture, and neutrino cap-
ture respectively), The postulate (5) is that the pairs in reactions
2a-2c, (np), (e?), and {pv), interact to produce the other pairs as
indicated. The universality hypothesis is that the strength of the
interaction and the form (scalar, vector, etc.) of the interaction are
the same between any two pairs.

A more familiar example of a universal coupling is electro-
magnetism where the coupling constant, ez, has the same magnitude
for the electron, proton, muon, pion, etc., and the coupling form is
vector in all cases., This example is misleading, however, because
universality does not assert that exactly the same coupling constant
and precisely the same coupling form will be observed experimentally,
The presence of other interactions will in general modify the behavior
of the actual physical particle.

Why then does the universality of electromagnetism show

through so clearly in spite of the presence of very much stronger



interactions that could in principle alter e‘2 in a fashion dependent

upon the other couplings possessed by the particle? This situation

is understood as a consequence of the principle of charge conservation.
Thus, for example, the strong coupling p—n + ?r+ preserves the

net charge before and after the interaction. The amplitude for the
proton to virtually dissociate into a neutron and a positive pion does
not change the net charge of the system, although influencing the dis-
tribution of this charge.

On the other hand, the proton can positron decay (in nuclei)
while the neutron cannot; hence one might expect crudely that the
effective beta-decay coupling would be reduced due to such virtual
dissociation. All one could then hope for is that the universality of
the interaction is not completely obscured by the strong interactions.
In fact, experiment seems to indicate that the axial vector coupling
constant, -GA, is about 20% larger (6) than the vector coupling con-
stant, GV. Presumably this is just such an effect. Fortunately the
decay p—w e+ v +v allows the determination of the beta-decay
coupling constant without interference from the strong interactions,

since none of the particles involved is strongly coupled.

Conserved Vector Current Hypothesis

Surprisingly, the coupling constant derived from muon decay,
G ", and G, as determined from nuclear physics(7) are equal

within a few percent. The problem now is to explain why GV is not



different from G ™ in spite of the strong interactions that are sup-
posedly responsible for the disparity between -GA and GV.

To understand this, it was proposed (8, 9) that the vector part
of the beta-~decay current is conserved in analogy to the conservation
of the vector electromagnetic current. Thus was born the conserved-~
vector -current (CVC) theory.

Such a theory automatically predicts GV oL except for
electromagnetic corrections, and to further test its validity one must
look for other consequences.

The interaction of the strongly interacting particles with the

_— . em
electromagnetic field, A , can be written J *A where
a

. & 1 *
I e NEme by St e T 8 6-(2 ¢ T o)1 (9)

a

is the electromagnetic current with

- o -
TP PyT i
s i I
T a5 =247 5 T & 20O,
z - z
T 0
¢ Enorp,and ¢ =7 , 7 .

Only the nucleon and pion contributions have been written
explicitly., For convenience, we will treat the strong interactions
as consisting fundamentally of the pion-nucleon interaction. Whether
or not this is a valid description is not relevant to the problem at
hand, the essential postulate being that isotopic spin is conserved

by the strong interactions. The isotopic vector part (z component)



of this current is then

_ i . sk *
J‘:’;‘ =NATe[bY ST 0+i(9 T 8 ¢-(0 ) T ¢)t...] (5)

As discussed above, the pion contribution must be included if the
current is to remain conserved. In this form it is easy to generalize
to the beta-decay interaction JB-L with the replacement N47e — NV 8'G

and z —» +,

B - 1 o O % :
J 3 | — d ; - A i
ot SVBG[OY ST 4+i(e T, 8 ¢-(0¢) T ¢) ] (6)
where 5 n=p, 7_ p=n,
i o o .
T__fr_ = 27, T+ T = a2z

+ —_—
and . = § ¥ 1—(1+iy)u

a e o2 5w
for electron decay. Again the pion term is required if the vector

beta-decay interaction current is to be conserved. The most direct
test of this expression would then be to look for effects from the pionic

interaction. This interaction predicts the decay
- 0O -
T —e T tetv (7)

and gives the decay rate unambiguously, The existence of such a decay
is not a unique prediction since it should occur anyway by the indirect

process
Tr—o-(f)-rn)——-h-(p+13)+e+17—u-7ro+e+§. (8)

It has not been possible to compute such a chain decay reliably;



however, if the vector interaction is not conserved, there is no reason
for the rate to be that predicted from equation 6. Experimental veri-
fication is difficult, however, since the observed decay rate for

T—e ut v is about 108 times faster {9 than the decay rate for
P —e—7 t+te+ ¥ as predicted from the CVC theory.,

Gell-Mann (10) has pointed out that a more accessible test of
the theory can be made by looking for deviations in nuclear beta decay
due to the pion term in the interaction current. Such a test, derived

from the observation that the nucleons have large anomalous magnetic

moments due to the charge carried by the pion, is the subject of this

work,
The magnetic moments of the proton and neutron are, in units
of '_l\-/IE— i & = Z:79, and B =-1,91, In isotopic spin formalism
P
this result can be written in the form
1 S i/
p= S[A+p)+Q+p’) 7 ] (9)

v - S . :
where p = 3.70 and p = =-0.12 are the anomalous isotopic vector and
scalar magnetic moments.

The pion interaction is purely isotopic vector while the nucleon
interaction is partly isotopic scalar and partly isotopic vector. Thus

: S . ; ’ ;

the large difference between p and p is attributed to the contribution
from the pion., If the pion did not interact with the electromagnetic

-

v 5
field, a crude estimate (I11) of p would be to set it equal to u = -0.12,



=

If the pion indeed carries the beta-decay interaction, then the nuclear-
decay contribution from the '"anomalous beta-decay moment'' should

. V. : _
be enhanced by a factor of {1+ p ) = 4.70 and such a contribution

might be detectable.

Transition Matrix Elements

Historically, beta-decay has been formulated in a language
somewhat different from electromagnetism. It is therefore worthwhile
to review the correspondence between the two,

The transition matrix element for a nucleon to emit a photon of

momentum ¢ and polarization € is
a

e zf -4;3(?) LT ﬁya%- L+7 ) v (3) Vi (10)

where ( are the 4-component Dirac wave functions, $ and Yu are
defined in Appendix A, and X~ symbolizes a sum over the coordinates
of all the nucleons. The matrix ﬁya consists of an even parity piece,
1, and an odd parity piece, @ . Itis natural to treat these separately
since parity is a good quantum number for nuclear states. The factor

exp( -i q-?) may also be conveniently written as

F-i_-q_.?

e s E (—i)f (ze + 1} 5 (qr) PE (cos 0) (11)
£

where g+*7T = qr cos 8 and jﬂ(qr) is the usual spherical Bessel function
. -1
normalized so that lim(x—s 0) JI(X) = 5" [1+ 3+ 5+ee(2f +1)]

Thus the 1 from ﬁYa generates operators characterized by the



series 1; . 5 (2.7, —}- 6 rz) etc., where the leading term of j {qr)
T i 39 * . = i

only has been kept to characterize the operator, with the momentum

dependence and numerical factors omitted. These terms are coupled
to the timelike polarization (Coulomb potential) and correspond to the
static multipole interactions of a static electric field with the charge,
the dipole moment, the quadripole moment, etc., respectively. The
remaining @ term, when properly coupled with T to give operators

of definite rotational properties, gives the series T, (a+r) etcs ;s

P

where (a - 1) for example, stands for the scalar product a- T,

O 2
(a- r)l is the vector product @ x7, and (a = r)‘2 is the tensor product

( 1 1

a.r,+= a,r, - —(a*r) 5. .). The matrix element of axT, for
example, has the selection rules AT = 0,1(0+40) (no) since @ and

|-

i1 2 3 4 3 1]

T both have odd parity, This expansion of @ exp(-a_-_f) contains both
the static magnetic interactions and the radiation transition operators.
The first term, "@, corresponds both to the El transition operator and
to the interaction of the moving charge and its magnetic moment with

a static magnetic field. Next (a * 1) give, respectively, the EO,

0,12

Ml, and E2 transition operators, together with the spin-orbit and

tensor spin forces. This complexity vanishes for beta decay, since
. . . . .

the electron-neutrino field is made up of two spin-= particles and

the selection rules then correspond to emission of either a ''"particle"

of spin zero or one. This feature makes possible the contribution of

all of the above terms to the beta-decay transition matrix element.



With these preliminaries we can immediately write down the
transition matrix elements for beta decay if we know the correct

()

operator . As a result of a now historical series of experimental
and theoretical successes (12) dealing first with the establishment of
parity nonconservation and then with the elimination of the scalar and

tensor interactions as being important contributors to the beta decay

interaction, it is now possible to write simply

(F) . .
Oa ) GV YG-GA1YQY5 (12)

where GA is a negative number, hence the lepton interaction is

Y <1+ iya Yo with a plus sign. The pseudoscalar term does not play an
important role in nuclear beta decay (13) and has not been excluded
experimentally for this reason. It is excluded by the theory (8) in
lowest order although higher order effects should produace an "induced"
pseuadoscalar interaction (Appendix o)

The vector beta-decay interaction is thus indistinguishable
from the electromagnetic interaction insofar as the form of the trans-
ition matrix elements are concerned. The axial vector contribation,
ﬁiya Yoo consists of two pieces, T , even in parity, and i y 5 odd in
parity. We then construct Table I from inspection, first giving
abbreviated transition matrix elements and then the explicit operator
to be evaluated, The series of terms starting with 1 and T are often
called ""ordinary'" matrix elements while those starting withd and iy 5

are called "'relativistic.” These terms are classified according to their
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TABLE I
Order Vector Axial Vector
Ordinary Relativistic Ordinary Relativistic
Allowed 1 T
First Forbidden T a (ce r)O,l, 5 Yo
Second T, (0.°r)0,1, F (crvrgl, 2,3 Y57
Allowed 1 (i
First FE B R -
3 5
SiEx7) x 3
ifo-T)..q
{5 F)ys 3,
e T2 ity 3T "0 "jikki ¥sTU
U e o b
FHEXT) T 5, T, 9,
1
ifa r)ijqj B 5 ke
where (5-—5) :[-1(3--13)6 -l—ab -1—ab ] R :(?.'f) -
1] 8 if & 13 # g:i=" 1] i3~
.. _ gien 1 2
Qij = (q- q)ij 2 Tij = ({T x7) r)ij ; Sijk [T(irjrk) = 6(ij7k)r -

2 —— .
S 6(ijrk)'j *T ] with cr(ir =

; k) representing .;rirjrk+ o.r r. t+o r.r, etc

j ki k



1k

"forbiddenness''

which is the order £ of the retardation expansion
(plus 1 for @ or YS), where the parity selection rules are (no) for
even order of forbiddenness and (ves) for odd, Zero forbidden trans-
itions are called "'allowed. "

Nuclear matrix elements are estimated from nonrelativistic
wave functions, and consequently it is necessary to reduce the above
4 x4 matrices to the 2x 2 nonrelativistic form, For the ordinary
matrix elements the replacement is immediately 1—=1, 7—=7.

The rediction of matrix elements containing @ and Y5 is more dif-
ficult since these mix the large and small components between four

component spinors, The reduction of these two to nonrelativistic

form is illustrated in Appendix A. A reduction of particular interestis

L = .z 1 =
-Z-U.XI‘————X{— (U+,€), (AS)

the familiar operator for the Ml electromagnetic transition, It is jast
this transition that is important since the anomalous nuclear moments

give the modification

T—e (14 “anom) W (13)

To look for the presence of the analog p in the beta-decay
anom
interaction suggests examination of transitions having the form
AJ = 1(no). The matrix elements contributing to such a transition
are given from Table Itobe T, QaxT, YE?’ and (cr °r2)1. In addi-

tion, the next term in the expansion of ?jc(qr) gives - % Tr ZqZ
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which is comparable to (O"I'Z)l and must also be considered., Itis
next necessary to see how these terms influence the transition rate,

spectrum shape, etc,

Spectrum Shape

The complete transition amplitude is

= Zfd3r & 63(? -T) (14)
N2 e n i n £

x [ :(?n) B(Gy v - G,y vo) 7, v ()]

x E'#:(’r'f)ﬁ (Yo tiv v )y, (7)) ]

where the delta function indicates the very short range of the beta-decay

< g : ; -~ iker
interaction. The plane wave expression for ¢ is u (k)e and
v v

' -, ip=T : : :

for ¢ is u (p)e P Both the electron and antineutrino are to be
e e

outgoing which corresponds to an incoming neutrino with negative k

and k. The integration over d r_ 6 is trivial and writing

F

3 -igeT - - = —
I j Cr_ e T [Y(F)R(G, v, -GV Y )7, w(T) ] (15)

a
n
the transition matrix element becomes

\172 (b M (Q+iv)d ] (16)

— T _— +
where M = |3(MO- a-M)and ¢y = ¢y B, The computation with this
expression is illustrated in Appendix A for the allowed matrix element,

with the result
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2 2 y RN
= 2 <g > - = Pek
M G, l<o >l (Wk S P k) (a12)

where W is the total electron energy, p is electron momentum, and
k,k represent the same quantities for the neutrino. For high energy
electrons this gives the electron-neutrino angular correlation of

1 g : ;
(1 - 3 cos ) where 8 is the angle between the electron and neutrino
momenta, One must average over this angle when the experiment is

insensitive to the angular correlation, giving simply

2 2 2
= > =
M 2G |<crz | © Wk (17)

Table II gives the contribution of each pair of interference terms,

normalized to give the allowed contribution unit magnitude. The defini-

tions
1 =
—<axr>
G : < N B
5 = rE b s ——5— (18)
T . €T - =
A S Db
<3(_.'r)-r.- 'c?r2> ol
¢ = and d =
LH> £ TP

have been used.

In positron decay the electron and neutrino wave functions are
interchanged. This amounts to interchanging W,p and k,_lz in the plane
wave approximation, and only the sign of the quantity a in definition
18 is changed., Since the allowed-a interference term is linearly
dependent on the electron energy, a comparison between an electron

and positron spectrum will double the effect while any contribution from
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TABLE II
Shape Factor Terms

Interference Anglular
Term Shape Factor Coulomb Correction Correlation
1 g 1
Allowed 1 nR( EEVV 5 2] -3
4 rn2 4
oW T - 4: £ —alk - W
? 3 2 w ) - e Sl
2 mz 2
b -—=b (W + k - — -2b - —=blk+ W
Zh ( o) : 2 v(x + W)
4 pz‘ g8 pk 4 2
- - - st - — c(pTt k
1 2. & & 2 1 2. . 2
d -=d(p +k - = pk) —d(k - 9p)¢ — d(p+k -6Wk)
3 9 9 9
2
_ Ze _ 2 .
where g = S r T Ze , R ~ charge radius of the nucleus,

— —
L]

and the angular correlation factors multiply EW—E_
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the other interference terms will cancel in the ratio. The latter can-
cellation ma; not be complete, however, if the end-point energies are
different for the two decays. What is required then is a mirror decay
- +
12 12 1z 12
such as B ———P——-— C and N -—‘3-’ C where the coefficients
a, b, ¢, and d should be very nearly the same for both transitions.
i + <k 5 :
These decays in fact are ]l —==0 , AT =1 with a large end-point
energy giving a wide range over which to look for deviations in the
spectrum. Figure l exhibits the principal features of the decay schemes
12 12 12 ’ . =
(14) of B"" and N° . Boron , which has a half-life (51) of 20.4 msec ,
_ iz ., <
decays mainly (97 percent) to the ground state of C* with a maximum
- 12 . y 3
electron energy of 13,369 Mev, Nitrogen , with a half-life (51) of 11.0
) 12 . ;
msec, also decays mainly to the ground state of C , with a maximum
positron energy of 16,43 Mev., The two radionuclides are members of
: : 12
a T =1 triplet, whose central member is the 15,11-Mev level of C .
12 12 T + ¥2
The ground states of B and N are J =1, while the C ground
state is O+. The gamma-decay width of the 15,11-Mev T =] level in
12 -
C ~ for the ground state transition has been measured by several

investigators, and the weighted average (2) of their results is

FY = 50 + 4 ev. From Tablel we see that the operator responsible

. . =+ - i .
for the electromagnetic transition 1 —=0 is a X r. Thus this

matrix element for beta decay is given {Appendix B) by 1"Y and the
assumption of charge independence, while GA <§Z> and GV are derived

12 14
from the ft values of B and O to yield
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3 I‘Y ft(Blz) 1/2
lal = (B4)
2 5 14
de w ft(0)

14 il
assuming I<1>|= N2 for O . The ft value of N 2 is about 13% larger

12
(51) than that of B"", and a slightly better estimate is to use the average
ft value of the two. This refinement is slight and the deviation of the ft
values from equality, in violation of charge symmetry, does not appear
to be an important source of uncertainty, although this difference
12 LB ——
between the ft values of B© and N~ does not seem to be quantitatively

2
understood. The values(7, 14, 16) ft (B" ) = 11,700 + 100,

12 4
ft(N"") = 13,300 + 300, and ft(Ol ) = 3,075 + 10 give
-3 -1
lal = 2,48 x 10 ~ Mev . (19)

The expected value of a from the theory is

G

% G_%ﬂ G_X % BB 218" yrey™ (20)

which is so close to the value derived from I‘Y that the sign is almost
certainly positive. In making this estimate we have neglected the orbital
contribution (see Appendix D) and taken -GA/GV =1,19.

The theory of beta decay ignoring direct pionic contributions
is sometimes called the Fermi theory, Goldberger and Treiman (17)
have attempted to estimate the induced contribution due to virtual dis-
sociation of the pion into nucleon-antinucleon pairs discussed previously,

Their result is



p (F) ~ '1%- uw (Cvc) (21)

which leads to the prediction a ~ 0.64 x 10-3 fMevhl in the Fermi theory.
If this estimate is reasonable, it should be possible to distinguish
between the CVC and Fermi theories.,

These are the estimates pertinent to an experimental test of
the CVC theory. The following is concerned with estimation of the
remaining matrix elements to see if they also give important contribu-~
ions to the shape factor.

The nonrelativistic limit for Y5? is (Appendix A)

1

M [(T*P) T+ T (ceD)], and it is somewhat difficult to estimate such

a velocity dependent term, A crude estimate is made in Appendix B,
vielding
3

LR (22)

Fortunately, the contribution of this term to the spectrum shape is
negligible,as can be seen from Table II.

The quantity ¢ must be estimated from a specific nuclear
model., The simplest model is the extreme j-j coupling scheme, in

which the nucleons fill the shells Sl 2 P

72! T3z , etc. This simple

1/2

model gives
1
c = E d. (23)

A more detailed shell model calculation gives for this ratio the value
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0.57d. These calculations are discussed in Appendix B,

. . e r2> 2
In estimatingd = — ~ <r > , we can make ase of
<3> radial
12
independent experiments (18) on electron scattering from C  , which
give a root-mean-square charge radius of 2,37 f . The decay takes
place from the P-shell, while the charge distribution includes also the
S-shell. The decaying nucleons then contribute to <r2> . more
radial

effectively and give

2 15 2 2
dsz <r > ¥ = &5 P = 6,48 1 . (24)
decay 13 charge

This estimate is discussed in Appendix B, along with an evaluation of
other radial matrix elements of interest,

The contributions to the shape factor from YS—f', (7*T)r , and
& ) :
tr are the same for positron and electron decay, and consequently
should cancel when mirror decays are compared. This is not exactly
true when the end-point energies of the two (mirror) decays are
unequal, since the electron and neutrino energies are related by
W+ k= WO. Substituting this relation in Table III gives, for example,

; , 1 2 20 20 2 .
a contribution - E(WO -y WWO+ 5 W) from the allowed-d inter -

2
ference term. The W piece gives an insignificant change in nor-
o
malization while the W piece is independent of an end-point energy
difference. The remaining piece is linearly dependent on the beta-
: 3 20 - .

particle energy and gives a factor 1 + >7 o Wo‘ W= 1+ 6A*W multiply-

ing the ratio of the shape factors for two mirror decays of maximum

energy W and Wo + SWO. A similar term is derived from the allowed-
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c interference term, giving altogether 6A = —Z—‘? 6WO(5 d-c) ~ + 0.04
L2 .12 : . . .

percent per Mev for the B /N  ratio. Since this simualates the CVC

prediction, this quantity must be subtracted from the experimental

results,

Coulomb Corrections

Use of the plane wave approximation neglects the distortion of
the electron wave functions by the Coulomb field of the nucleus. In
the A =12 decays, these corrections should be small, as the decay
energy is large compared to the Coulomb energy near the nucleus.
They are important, however, since they change sign when going from
ele;tron decay to positron decay, and hence contribute spectral devi-
ations analogous to weak magnetism, These corrections have been
included in Table II, and a technique of derivation is given in Appendix
C. Note that the most important terms {(of order &) can be obtained

from the £=0 expressions by simply replacing W—= W + 3§, k —= k,

2
where £ = Zé; . This can be understood in the following manner:

since the electron at the nucleus is in the potential well of the Coulomb
interaction, it behaves to first order as if it had an energy W + e{TC
where “\'/'C is some effective constant potential simulating the actual
Coulomb potential of the nucleus. If the nucleus is viewed as a uni-
formly charged sphere of radius R, then the potential at the center is
just 3§. The net effect of Coulomb corrections is given to be a contri-
bution to the shape factor of 1 + 6A ‘E. Gell-Mann and

Coulomb

Berman (19) have carefully computed this quantity and report



SACoulomb = -0. 21 percent per Mev,

Inner Bremsstrahlung

The possibility that one or more photons are emitted in the
course of the nuclear beta decay results in electrons being shifted from
the high energy end of the beta spectrum towards the low energy end.
This distortion of the spectrum must be factored out if the true shape
is to be determined. Expressed as a multiplicative factor to be applied
to the observed spectrum, the correction for inner bremsstrahlung (20)

isf =1~ 6 with

e o 4 g X o 43
g0 | Afmifal et {g. HNos =T pe -—--+B] 25
x5 [ x-S+ (x- 57 +3 (50 - (25)
i +
where x = 3 gln(‘fv_i), W = total electron energy, WO = total end

point energy, p = electron momentum, and B is a collection of terms
which, being independent of W, do not affect the spectraum shape. This
. : . . 12
correction is tabulated in Table III as a function of energy for B and
12 : .
N, normalized to unity at 8-Mev,
Predictions
_ . ! 12 12
Altogether, the prediction is that the shape factors of B'~ and N,

corrected for inner bremsstrahlung , should exhibit in their ratio

a linear dependence on the beta-particle energy of

2
12
IM(B" ) = 1+ (A + 6A)E (26)

12
IM(N Y ©
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TABLE III

The Inner Bremsstrahlung Correction, f(E)

12 12

E(Mev) f(E,B ") f(E,N )
5.0 . 9840 . 9850
Sy 5 .9868 .9878
6.0 .9894 . 9904
6«5 = 3921 « 7929
7.0 . 9947 ~9953
7«5 .9974 «IIFT
8.0 1.0000 1.0000
8.5 1,0028 1,0022
9.0 1.0056 1. 0046
D 5 1. 0086 1.0068
10.0 1,0118 1,0092
10.5 1,0154 1,0117
11,0 1,0192 1,0141
11.5 1.0237 1.0167
12.0 1.0277 1,0194
12.5 1. 0369 1,0223
13,0 1,0499 1.0253
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where A = ——; = 1.35 + 0.07 percent per Mev (0,35 in Fermi theory)

and 6A is the net correction (19) from Coulomb effects and end-point

energy differences = -0, 25 + 0.15 percent per Mev, giving

A+ 6A = 1.10 + 0.17 percent per Mev (CVC)

(27)

~ 0.10 percent per Mev (F)

No important contributions to the mean shape factor are expected,
since the only significant terms are ¢ and d whose corrections to
the shape factor slope are small and vanish near 8 Mev,

It should be emphasized that this prediction follows directly from
the CVC hypothesis and, except for determination of the sign of A, does
not depend (10) on such details as the explicit nonrelativistic form of

the matrix elements, etc,

The possibility of terms in the beta=decay interaction in addi=-

tion to V and A is discussed in Appendix D,
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II. APPARATUS
12 12 . ;
The beta spectra of B and N  were analvzed with an iron-
free single-lens magnetic spectrometer directly connected to a 3-Mev
12 ) .
Van de Graaff accelerator. The B was produced in the reaction

2

12 -
Bll(d. P)B1 , and N ~ was produced in the reaction BlO(He3

,n)N" T,
Both targets were located at the object point of the spectrometer. The
deuteron and He3 beams were periodically interrupted at a frequency
of 60 cps and the beta particles counted in an anthracene scintillator
after suitable delay. The production rate of the activity was monitored
by the reaction protons from Blo(d,p)B11 for B12 and B”J(Hes,p)c12

12 - : ;
for N . A silicon p-n junction counter served as a proton detector,

Spectrometer

The spectrometer used here is essentially that described by
Hornyak et al, (21), except the baffle system was modified for the
high beta-particle energies involved, This arrangement is illustrated
in Figure 2. As can be seen in this figure, all baffles on the counter
end of the spectrometer were faced with lucite, The lucite was coated
with a conducting layer of carbon to inhibit static charging. To further
reduce scattering, the walls of the spectrometer were lined with narrow
brass rings to serve as traps for forward-scattered electrons, Simi-
larly, the central brass absorber was machined to have the saw-toothed
cros: section shown in the figure. The annular momentum-defining
slits were of aluminum, shaped so as to permit the minimum possible

transmission of particles outside the selected momentum range. The
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spectrometer alignment is discussed in Appendix E. The best source
and counter position could be determined to within 0,3 mm, while the
final experimental arrangement was quite insensitive to such small
displacements. The targets were positioned by use of a pointer that
could be moved to a standard fixed point in space perpendicular to the
spectrometer axis, and could be moved along that axis. It was possible
to then locate a specified point on a target within about 0.5 mm of the
source-detector axis and 0,2 mm along the axis, With a calibrated
B'1207 source, kindly supplied by Dr. F., Boehm, the transmission
was experimentally determined to be 0,85 percent and the resolution

to be 1.5 percent, Energy calibration was accomplished using the
conversion lines (22) of Cs137 (3381.1 gauss-cm), BiZO? (2838.9 and
4657.6 gauss-cm) and the F, I, L, M, and X lines of thorium deposit
(1388.4, 1753.9, 2607,.2, 2891, and 9986.7 gauss—cm). The magnet
current was measured in terms of the voltage drop across a 5 milli-
ohm shunt, and the voltage at which a given conversion line is observed,
divided by the magnetic rigidity, should be a constant of the spectro-
eter. Figure 3 shows the observed values of this ratio plotted as a
function of the conversion line energy. This constant was derived

from a least-squares fit to the assumed relation
I=A+Hg %t B (28)

where 1 is the magnet current measured as stated above and Hp is the
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magnetic rigidity in kilogauss-cm, with the result A = 11.965 + ,005
millivolts per kilogauss-cm. The quantity B was found to be neg-
ligible (. 0015 millivolt). The calibration data was also fitted to the
relation

r
Hp

=A'+B's Hp (29)
to test for nonlinearities due to nearby iron construction beams, etce.
This gave A' = 11,963 + ,005 millivolt per kilogauss-cm and B'=,0003
millivolts per kilogauss-cm per kilogauss-cm. Such a nonlinearity
would not be an important source of uncertainty, since the rigidities
of interest in this experiment are below about 40 kilogauss-cm. A
second shunt was employed for the high field work ( >2 Mev) which had
a nominal resistance of 0,67 milliohms. The two were calibrated
against each other and found to have resistances in the ratio 0.13358 +
. 00003, The earth's magnetic field was reduced to less than 1/10 of
its ambient value in each axis of the spectrometer by using three

orthogonal sets of compensating coils.

Beta Detector

The beta-particle detector consisted of a 10-mm thick, 38~-mm
diameter anthracene crystal mounted on a 90-cm long lucite light pipe
leading to an RCA 6292 photomultiplier tube. The tube was shielded
from the stray magnetic field of the spectrometer by three mu-metal

layers wrapped directly on the photomultiplier tube and two concentric
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cylinders of soft iron. An 0. S-mg/c:m2 aluminum window covered the
crystal. The effect of the magnetic field on the photomultiplier was
checked using a POZIO source and a thin CsI crystal. The line shift
was less than one percent in energy between zero and the maximum
field used in this experiment. No change in shape or area of the pulse-
height distribution was observed. The ratio of the average counting
rate for the zero field divided by the maximum field gave 1.0006 + . 0030,

The pulse-height distributions recorded on a 100-channel
analyzer for two ranges of beta-particle energies are displayed in
Figure 4and Figure 5. It may be observed in Figure 5 that the high-
energy electrons give nearly identical pulse-height distributions for
energies above 5 Mev., The '"double-peaked'' distributions at the lower
energies are discussed by Porter et al, (23). The lower energy peak
is ascribed to electrons that pass through the crystal, while the second
peak represents electrons that are scattered through large angles within
the crystal and hence stop in the crystal, Below 2.3 Mev, the energy
of electrons having a range equal to the crystal thickness, all of the
electrons stop in the crystal and hence the two peaks merge into a
single peak. At very high energies it is unlikely that an electron will
stop in the crystal, and one again observes only a single peak.

The pulse-height distributions were continuously monitored during
the actual runs, and the total count was recorded by a scaler which

counted all pulses above a given channel, Figures 6 and 7 are
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experimental pulse-height distributions of 8-Mev beta particles from
Bl'2 and le including background. The background was separately
determined from measurements at zero field and high ( >Emax) field.
To estimate the nimber of real counts below channel 21 in Figure 6
we assume, from the near constancy of the difference between the
background and 8-Mev counts, that this number is reasonably given
by the number of real counts in channels 10 to 30, We then find that
about 0.6 percent of the true counts fall below the discriminator level
at 8 Mev, The same number is obtained from the observed distribution
of 5-Mev and 10,5-Mev Bl? electrons, Since this quantity does not
appear to be energy dependent, no correction is necessary for these
counts,

The approximately uniform intensity of small pulses over a
large channel spread, as seen in Figure 6, is significant for another
reason. The channel in which a pulse appears is, for high-energy
electrons, directly proportional to the path length of the electron in
the crystal. The only part of the pulse-height spectrumr inaccessible
corresponds then to the very short path lengths, Any backscattered
electrons not seen in the tail must either lose encugh energy to produce
a pulse larger than the tail pulses and thereby be counted, or be scat-
tered within a very shallow depth of the crystal. Only the latter can
be lost and need to be examined in more detail. If the intensity in
channel 10 is assumed to consist entirely of such backscattered elec-

trons, then an upper limit to the total backscattered intensity lost may
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be calculated from the data, as illustrated in Appendix F, to be approx-
imately 0.90 percent at 5 Mev and 0.96 percent at 11.5 Mev,

The energy loss spectrum of high energy beta particles should
be given approximately by the Landau curve (24) and this has been
verified experimentally (25). Figure 8 shows the pulse height spectrum
of 8-Mev electrons from Blz decay, together with a LLandau curve
having the same full width at half maximum and normalized to the same
scale. The observed width (30%) is slightly larger than that given
from folding together the theoretical (25) width (15%) and the natural
width (15%) of the crystal-photomultiplier ~electronics system, the
latter being obtained from the 2.2 Mev data where the electrons all
stop in the crystal. The Landau analysis does not, however, include
angular deviations due to scattering, and in this sense the crystal is
actually not sufficiently thin to be rigorously described by this analysis,

The possibility of using a scintillator thick enough to stop all
electrons was also examined experimentally, but rejected on the ground
that the increased volume led to greatly increased sensitivity to room
background, due largely to x-rays from the accelerator, and stray
neutrons originating in the target. The pulse-height distributions of
Figures 9 and 10 exhibit test runs with a 100-mm long, 50-mm
diameter NE-102 plastic scintillator. The relatively large background
of small pulses, particularly evident in the le curves of Figure 10,

makes the precise determination of the number of real counts
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excessively difficult.

Proton Detector

The reaction protons from the target were monitored as a
measure of the number of active nuclei produced, Since the gating cycle
is fixed and the beam pulse fluctuations average out, the total number
of protons divided by the total duration of the run (clock time) is then
directly proportional to the average activity, A silicon p-n junction
counter was used to detect the protons. This counter was located inside

; 3 12
the spectrometer near the target, as shown in Figure 2, For the B -
: . 10 JieX )
reaction monitor the protons from B (d,p)B leading to the ground
state (Q = 9.2 Mev) were detected after absorbing the lower energy

. 4. : 12 : :

protons in 118 mg/cm ¢f aluminum. For the N -reaction monitor,
10 3 12 - - 3 .
the protons from B (He™, p)C leading mainly to the first excited
2
state (Q = 15.3 Mev) were detected after passing through 344 mg/cm
of aluminum. The pulse-height distributions were monitored on a
: . 12 . :
multichannel analyzer. A typical B -proton spectrum is shown in
Figure 11. No field dependence of the proton spectra could be detected
(less than one percent in energy) between zero and the maximum mag-
netic field. The solid angle subtended by the proton counter amounted
to 0.7 percent of the sphere. The protons must travel about 1.2 cm
perpendicular to the magnetic field direction to reach the proton
detector and when 10-Mev electrons are focussed, the magnetic field
in the vicinity of the proton detector is about 200 gauss. The protons

struck the detector within about 10 degrees from the normal,
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consequently the field dependence due to curvature of the proton
trajectory was less than 0.001 percent per Mev. The independence of
the proton counting rate was also tested by examining the proton
counting rate vs. magnetic field during a Bl‘2 run in which the
beam current was exceptionally stable. This analysis gave an energy
dependence of -0.1 + 0.3 percent per Mev consistent with the expected
independence.

Circuitry

Figure 12 shows a block diagram of the detection system. The
beam is on for 8.3 msec and off for 8.3 msec; the ""beam-off'" signal
triggers the gate generator which, after a delay of 1 msec, turns on
the beta-particle scaler for 5.25 msec. The total counting time is
monitored by simultaneously counting the oscillations from a 20-kc
quartz oscillator. The pulse-height distributions from the beta-particle
and proton detectors were monitored and recorded on multichannel
analyzers. The '"coincidence'' scaler checks the operation of the gate
generator by recording a count if the beam and beta-particle scaler
are on simultaneously. This and the total number of gate pulses were
monitored as a check., The average coincidence rate was about one per
hour for the data analyzed in this experiment. It is difficult to deter-
mine the source of such rare events; however, this coincidence rate
gives an infinitesimal increase in the background and is quite unim-
portant to the experiment, All the scalers were simultaneously turned

on and off by an external timer unit not shown in the figure.
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Targets

The targets consisted of approximately 0.3 rn;-g,/c:_m2 of boron
on foils of thickness 0.5 mg/cmZ and 3 rng/c:m2 for B-  and NIZ,
respectively, The B12 spectrum was also taken using the thicker
3 mg/cm2 backing. No influence on the shape factor was found for the
energies considered here. The boron was deposited on the foils by
heating them in a low pressure atmosphere (less than 15-mm Hg) of
diborane gas {26), This heating was accomplished by focusing the
image of an arc light on the foil which was mounted in a frame of
1.5-mil aluminum, The physical arrangement for maintaining this
environment is schematized in Figure 13, and Figure 14 shows the foil
mounting. The diborane was frozen with liquid nitrogen and the entire
system evacuated. While the target was exposed to the arc light,
the system was isolated from the vacuum system and the liquid nitrogen
removed, allowing the diborane to melt and vaporize. After deposition
the diborane was refrozen and the residual hydrogen pressure, pro-
portional to weight of boron deposited, read from the manometer,
This system was calibrated by weighing (before and after deposition)
a preheated target on a microbalance. The calibration was performed
twice with identical results. Best results were obtained by preheating
the target foil for 30 sec before deposition. The boron was deposited
as a shiny black layer entirely on the nickel foil, Failure of suc-

cessive depositions to adhere strongly together with limits on the
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heating time {aluminum foil buckles) and diborane pressure (con-
vective heating decomposes the gas) limits this particular scheme to
T o

relatively thin target layers. For the B - the foils were 5000 A nickel,

12 °o 2z .
and for the N they were 500 A nickel on 3 mg/cm copper backing.
This backing enabled the target to withstand the strong He3 beam

12
in the N experiment, while the boron deposit adhered better to the
; 10 11
nickel. Natural boron (19 percent B  ; 81 percent B ') targets were
12 ) 10 11

used for the B and enriched boron (96 percent B ; 4 percent B )

%
for the N .

Bombarding Conditions

The beam from the electrostatic accelerator was magnetically
analyzed and brought into the spectrometer to give a beam spot 2-mm
square. The size and position of the beam spot were insensitive to
changes in the spectrometer field, and it was not necessary to re-
position the beam spot for each beta-particle energy. l.65-Mev deu-

12 o
terons at a beam current of 0, 2 pa were used for the B and 2.75-Mev
3. 12 :
He™ ions at 2-3 pa for the N . The beam was chopped at the ion
source by periodically turning off the RF voltage. The possibility
t : ’ . 12
of an HD contamination of the beam, which could produce a B
- 12 ; . ;
activity in the N experiment, was examined by bombarding a natural
3 3
boron target with a 1, 00-Mev He beam,
11 12 . . ; :
The B  (d,p)B™ "~ cross-section is comparable at this bombarding
3

10 12
energy to that at 1.65 Mev, while the B" (He ,p)N  becomes quite

small, Together with the change in target composition, this should
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1
reduce the counting rate to the background value except for B
activity produaced by beam contamination, The resultant counting rate
was essentially equal to the old background, and from the uncertainty
in the background counting rate it was concluded that less than 8 x 10”
electrons were produced per positron at the 2,75-Mev bombarding
energy on the enriched target. Possibility of such contamination could
in principle have been eliminated by passing the beam through a strip-
ping foil before it was magnetically analyzed, since any known charged
y - ; ‘ 34
ion containing deuterium would be separated from He , Unfortun-

12 _
ately, the beam current necessary to produce a reasonable N activity
exceeded by an order of magnitude the current that the foil (100 Kev

thick carbon) could withstand.
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III, EXPERIMENTAL PROCEDURE AND RESULTS
The spectra were sampled at 0.5-Mev intervals in the range
. 12 . 12 )
5 tol5 Mev for B and 2.5 to 18 Mev for N ', the data being collected
at alternating high and low-energy points to minimize effects of target
deterioration and instrumental drifts. Each data point consisted of the
number of beta-particle counts divided by the number of proton counts
and by the ''live'' counting time, determined by the 20-kc oscillator.
All points were taken with a fixed total duration (clock time) of 3 min
12 ” 12
for B and 10 min for N,
Figure 15 presents the observed counting rates as a function of
energy. These rates have been normalized as indicated above, but
have not been corrected for background or adjusted for the variable
momentum interval accepted by the spectrometer. Typical counting
rates obtained at 8-Mev beta energy were approximately 40,000 electrons/
12 ; :
min and 120, 000 protons/min for B* , 600 positrons/min and 600,000
) 12 A y
protons/min for N ~. Typical background corrections at 8 Mev amounted
5 12 12
to about 1.7 percent for B and 4.2 percent for N .
The background was studied at spectrometer settings above the
end points of the beta spectra, at zero field, and with blank targets.
To simulate the effects of neutrons produced during the bombardment

periods, separate studies were made with a beryllium target bombarded

by deuterons, examining the back ground in the normal coanting cycle.



The counting rate with the beryllium target, which combined the effects
of neutrons and general background due to the accelerator, was inde-
! . 12 :

pendent of the spectrometer field setting. In the B experiment, about
one-fourth of the 1.7 percent background could be accounted for by
neutron and general background, and the remainder, about 1.2 percent
at zero field and 1. 6 percent at high field, must be attributed to scat-
tered electrons and/or bremsstrahlung within the spectrometer. The
fact that high and zero field were roughly equal suggests the latter as

) 12 : ;
the more plausible. For N the yield was much smaller and bombarding
energies much higher, consequently the neutron and general background
were increased by a factor of ten., Thus, after subtracting the neutron
and general background, about l.7 percent remained of the 4,2 percent
12 . g o 12
N ~ background. This remaining N background, about l. 6 percent at
zero field and 1.8 percent at high field, has a magnitude and variation

) , 12 . .

comparable with the residual B background which tends to confirm
scattering and/or bremsstrahlung as a common background source.
In the B12 experiment, the variation of the background was studied up
to 5 Mev beyond the Blz end point and showed little dependence upon
the field. Both spectra were investigated over a region symmetrical
about the maximum counting rate, hence an error in the background
subtraction leads to a slight curvature of the observed shape factor,
but virtually no change in the least-squares fit to a straight line.

In the spectrum studies, particular attention was given to the
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12 12
regions 5 to 10.5 Mev for B' and 5 to 13 Mev for N . The lower limit
of 5 Mev was dictated by uncertainties introduced by branching to
1
excited states of C --indicated by arrows on Figure 15--and the upper
limits were held well below the spectrum end points to minimize the
effect of uncertainties in calibration and background subtraction., The
data for the relevant ranges are exhibited in Table IV, in terms of
counts per unit momentum interval, corrected for background, as a
function of magnetic rigidity. The indicated standard deviations
represent combined uncertainties from statistics and background sub-
traction.
Results
y ’ . 12 12
The measured momentum distributions for B and N are
tabulated in TableIV;the Fermi plots of this data are exhibited in
’ ’ 4 - . 12
Figure 16. The end points obtained from this experiment are, for B,
1 ;
13,381 + . 041 Mev and for N , 16,36 + .21 Mev, to be compared with
values of 13.369 + .00l and 16.43 + .06 Mev, respectively (27, 28),
as determined from reaction data.,
: : : 12 3 .
We first consider the analysis of the B data. The derivation
of the shape factor requires correction for branching to excited states
1:2
of C . The end points of these beta-decay branches are known from
S - 3 . .
the level structure of C ~ and are indicated by arrows in Figures 15
12 )
and 16. Thus,toconstruct S(E,B ), we first subtract from the observed
momentum spectrum the simple ideal Fermi spectra corresponding to

these branches. To accomplish this, we first need the f wvalues given
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TABLE IV

1 . 12 .
Momentum spectra of B' and N . Correction for background has been
made. Second number indicates combined uncertainty due to back-
ground and statistics. The electron momentum is symbolized by 7.

12 1
B p{Kg-cm) N(n,B ) Bs D N{n, N ‘Z) B ke
9.898 3649 87
11.587 3903 87
13,270 4631 87
14,950 4980 86
16,628 5748 82
18,302 2898 23 6119 30
19,976 3076 11 6657 31
21,650 3171 10 6998 33
23.323 5212 9 7212 33
24,994 3198 8 7466 35
26. 665 3085 7 7503 35
28,336 2933 7 7477 36
30.023 2722 6 7369 36
31,676 2455 6 7215 28
33.346 2139 5 6912 25
35.017 1794 6 6443 29
36,687 1433 6 6066 25
38.355 1061 6 5634 25
40,025 721 6 5021 21
41,696 415 7 4390 19

43,363 183 7 3711 16
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TABLE IV (continued)

12 12
B p(Kg-cm) N(n,B ") S.D. N(n,N ) 5.0
45,033 38 5 2998 13
46,704 2413 33
48,373 1804 29
50,042 1158 23
51,711 678 17

53.380 260 14
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w
o]

by the integralj F(z,w)q‘;{wo,w)dw, where w is the total electron
1
energy divided by the electron mass, W is the maximum decay energy

: . 2, 2 172
in these units, and cja(wo,w) = w(woﬁw) (w™-1) / . The integrand is

2

1 12
tabulated in Table V for the transitions of B. ~ and N . For high

energies F(Z,w) — constant and the integral yields

> 12

1 4 2 1 1, 2
f~F(Z, OO)[EE (Wo -1) (Zwo —9WO -8) + 2 wofr(wo * Vw - 1] .{30)

This result was then corrected hy numerically integrating

W
o
j [F(Z,w)-F(Z,oo)]q:(wo,w)dw using the tabulated (29) values of
1

i

F(Z,w). The resultant f wvalues are included in Table V. The branch-

th
ing fraction to the i  state is given by a f /f_ wheref = X a f,
g & ¥ % 1/ E il B
i
: = s o s . c
where a, is the magnitude of the transition matrix element to the i
i

state. Here we can normalize a =1 for the ground state transitions
o

f
O :
and neglect the other fi relative to fo, then a, = — x (experimental
: i

4

1
branching fraction). The branching fractions for the 4,4 and 7.6-Mev

levels have been measured (15,30, 31) to be 1,3 t+0,1and 1.3 + 0.4

percent, respectively, The ground state spectrum is then given by

multiplying the observed spectrum by cp(wo,w)/z aic{)(wi,w). Thus
i

12
the shape factor S(E,B ) is obtained from the spectrometer data

1/2
(after background correction) by dividing by F(Z,w){w -1) Z a.¢(w.,w)
1/2 i X 1
where the factor (w -1) adjusts for the variable momentum interval

seen by the spectrometer, Note that the ft value of the branch to the

first excited state is an order of magnitude less than the ground state
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TABLE V

The Function F(Z,w)cb’:wo,w)

Bl2 12
E(Mev) CR. B 4,43 Tl G5 4,43 7. 66
5.0 3270 2055 69 13107 4921 431
5 5 9764 1867 8 14281 5057 1283
6.0 10060 1603 15277 5063 1084
6.5 10146 1282 16075 4940 846
7.0 10019 932 16649 4690 592
T b 9686 585 16998 4320 349
8.0 9156 283 17108 3862 147
8.5 8455 70 16998 3322 2
9.0 7582 16614 2719
9.5 6593 16021 2095
10.0 5516 15212 1482
10,5 4395 14206 918
11,0 3280 13024 449
11.5 2228 11695 125
2.0 1302 10252
12.5 571 8731
13,0 114 7178
f(G.S.) 560,275 1,152,648
£(4.43) 81,468 252,527
£(7. 66) 9,945 56,388
log ft{expt) 4.063 4,126
5.105 5.062
4,195 4.314
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transition; consequently the contribution is not as strong as sug-
gested by Table V. No attempt is made to include possible spectral
deviations in the branches themselves, as the error so introduced
should be negligible. Finally, the correction for inner bremsstrahlung,

12 . _ . . g
f(E,B ) from Table III, is applied to give the shape factor, Sf, which
is found, as shown in Figure 17, to exhibit a linear energy dependence
of 1.82 + 0,09 percent per Mev. The error (standard deviation) cited
derives from the uncertainty in the least-squares fit of a straight line
to the data.

12 o ; ; ;
For the N data, additional complications enter since only the
. . 12
branching fraction to the 4.4-Mev state of C , 2.4 + 0.2 percent (15),
has been measured with precision. Vedder (16) has analyzed the Fermi
1Z . . . . .
plot of N ~ into linear components using reaction data end points and
reports a 3 percent branch to the 7.6-Mev level, but no uncertainties
were reported. The branching fraction to the 7.6-Mev state can be
estimated to be about 4.0 + 1. 3 percent from the mirror branching
g N ¥ ; :

fractions in B quoted above and the approximation of charge sym-
metry. The large uncertainties in this branching fraction, introduced
by the uncertainty in the mirror branching fraction and by the deviation
(15) of the first two branches from the charge symmetry assumption,

. . c : 12
then give correspondingly large uncertainties in the form of S(E,N )
below 8.5 Mev. For this reason the data has been analyzed to see if

a better value for this branching fraction can be determined, This
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involves decomposing a complex beta-decay spectrum into the sep-
arate branches. In principle, the decomposition can be realized by
constructing a best fit to the linear portion of the Fermi plot near

the end point of the most energetic transition which is then subtracted
from the data. This procedure is repeated until either the decom-
position is complete or the remaining data after extraction of the nt
branch is no longer adequate due to the experimental uncertainties

in the data compounded with the uncertainties introduced by each sub-
traction. For the le spectrum, many of these uncertainties are
avoided by using the branching fraction and end point of the 4.4-Mev
branch which are known from independent experiments, Furthermore,
the end point of the 7.6-Mev branch is also known from the reaction
data so that the problem would actually be over-determined were it
not for the fact that the precise shape of the ground-state transition

is not known, In fact, it is just this shape that is to be measured,
Advantage of this overdeterminacy is taken by introducing a shape
factor of the form (1 + aE) into the ground-state spectrum and demand-
ing agreement between the reaction data end point of the 7. 6-Mev
branch and that found by the subtraction procedure indicated above.
The Fermi plots for two assumed values of the quantity a are shown
in Figure 18, These results are shown in Figure 19 where each datum

is treated as a point in a plot of assumed ground state end-point energy
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versus the branching end-point energy obtained from Fermi plots
such as Figure 18. Lines of constant branching fractions then may be
inferred and the uncertainty in the branching fraction determined by
projecting the uncertainties in the two energies parallel to these lines.,
A similar graph was used to analyze the value and uncertainty in the
quantity a. In this fashion the quantity a is found to be 0.6 + 0.3
percent per Mev and the 7, 6-Mev branching fraction is 3.0 + 0.4
percent where the uncertainties are derived from the uncertainties
in the various branching end points, in the 4.4-Mev branching fraction
and in the statistical scatter of the data itself, This value of 3,0
percent for the 7.6-Mev branching fraction, along with the other known
branching data, is now used to determine S(E,le)f(E,le) which is
plotted in Figure 17,

It is readily apparent that the shape factors shown in Figure
17 differ appreciably from one another; the le shape factor rises
with a slope of 0,60 + 0,08 percent per Mev, while the B12 rises with
a slope of 1.82 + 0.09 percent per Mev., Comparing the two slopes,
one finds 1. 22 + 0.13 percent per Mev for the experimental value of
the factor A + 6A. The uncertainties quoted above are from the
statistical scatter of the data alone. Other uncertainties, including
that introduced from the branching fraction estimated above, are dis-
cussed below. The effect of the uncertain 7. 6-Mev branching fraction

- ’ 2
can be avoided, at the expense of precision, by using the N data for
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positron energies greater than 8.0 Mev only, The least-squares fit

to this limited portion of the shape factor, which is insensitive to the
7.6-Mev branch, yields an energy dependence of 0,52 + 0,20 percent
per Mev and, consequently, a value of 1.30 + 0. 22 percent per Mev for
A t+ bA.

Errors and Corrections

The sensitivity of the spectrometer to source misalignment
. ; 207 ;
has been checked by deliberately placing a Bi source off axis and
also by moving the beam spot 2 mm on the target. Figure 20 shows
the effect of such displacement. Such a misalignment is over ten times
what we would reasonably expect during the experiment. Another test
: ' . 12
was made by displacing the beam spot 2-mm during an actual B run.
The shape factor derived from this data was in agreement with that
obtained with the beam spot properly centered.
—_— T e o 3

If the upper limit of the HD impurity in the He beam were
accepted as being present, then the A + 8A result would be decreased
by 0.02 percent per Mev,

In analysis of the data the effect of a change in duration of the
counting cycle increasing (for example) the number of beta-particle
counts was compensated by dividing by the "live'' counting time. This
compensation is imperfect due to the decay of the activity., In the
experiment, the activity decayed by about 20% during the counting

L

cycle and the "'live' time was observed to wander about one percent



between consecutive data points, so an error of about 0.1 percent

was expected. This wander was not correlated with the magnetic field
strength or the counting rate and the resultant uncertainty was unim-
portant compared to statistical fluctuations in the total number of
beta-particle counts. Corrections for dead time were made for each
experiment, Although the proton counting rate was high, only the dif-
ferences between the average counting rate and the individual counting
rates entered in computing the relative corrections for dead time.

The proton counts were recorded on Eldorado SC-700 scalers having

a dead time of about 1.2 psec, and the relative dead time corrections
amounted, in the le experiment, to about 0.5 percent with an ancer-
tainty of the order of 0.1 percent. This uncertainty, as with uncertainty
introduced above by the gating cycle fluctuations, is uncorrelated with
the beta-particle energy and has therefore already been folded into

the uncertainty in the least-squares fit to the shape factors.

The uncertainty due to the residual component of the earth's
magnetic field is completely negligible at these energies.

In the energy region studied, an error of a constant amount in
the background subtraction will lead to a slight curvature of the shape
factor but will not essentially change the least-squares fit to the slope.
If the background correction is applied assuming that the background
has a form b + cE with b and ¢ determined from the high and zero
field backgrounds, instead of just averaging the two, then A + 0A is

increased by 0,04 percent per Mev,
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The 1.5-kev uncertainty in the actual end-point energy of the
2
B transition, given from the reaction data, has negligible influence
12 : ;
on the B  -shape factor. On the other hand, the 60-kev uncertainty in
12 . ' ’ .
the N -end point gives an uncertainty of 0.18 percent per Mev in the
12 2 . ;
N -shape factor. If only N data above 8,0 Mev is used, then this
uncertainty is increased to 0, 27 percent per Mev, A 10-kev error in
; : 5 12 12
calibration at 13 Mev gives 0, 04 percent per Mev for both B and N
but these are in the same direction and give almost no error in the
value of A + dA, which is given by the difference between the two shape
: 12 .
factors., The recoil energy lost to the C nucleus varies between about
4 kev at the midpoint of the spectrum to 9 kev at the end point. This
virtually cancels in the ratio and in any case is tiny compared to the
5 . 12 :
uncertainty in the N  end-point energy.
. . . ) 12 12
The uncertainty in the branching ratios of B© and N  to the
12 . S 12
4.4-Mev state of C  is significant only for the N -shape factor, where
it introduces a 0.04 percent per Mev uncertainty unless only data
above 8.0 Mevédre used, whereby this uncertainty is reduced to 0,01
. . 12
percent per Mev, The 7.6-Mev branch is unimportant for the B -
shape factor in the energy range considered, but strongly influences
1
the N Z'-shape factor. The uncertainty in our result for this branching
—_ 12 : ,
fraction in the N decay, 3.0 + 0.4 percent, introduces an uncertainty

12
of 0,14 percent per Mev in the slope of the N -shape factor,

The beta-particle counting efficiency of the anthracene crystal



12
may be energy dependent due to backscattering or, in the N

experiment, annihilation in flight of the decay positrons. In both cases,
the beta particle must be lost before a sufficient energy has been
deposited in the crystal to produce a pulse that will pass the discrim-
inator level, In this experiment such backscattering loss is negligible
but the annihilation loss will be significantly greater for the low-energy
positrons than for the high-energy positrons and consequently gives
12 : :
the N -shape factor a spurious slope of approximately 0.06 + 0,02
percent per Mev with the uncertainty due to variations of the discrim-
. - 12 -
inator level among the various N  runs, If the beta particle loses a
large fraction of its energy via bremsstrahlung, and the bremsstrahlung
quanta are not captured, then it will not be counted, Computation
N g 4 . :
indicates that only about 1 in 10 beta particles are so lost with the
experimental arrangement used. This computation, along with the
estimate of positron annihilation effects, above, are reproduced in
Appendix F, Experimentally, the small number of small pulses in
the pulse-height distribution testifies to the unimportance of this effect.
Annihilation of positrons should also give a contribution to this small-
. . 12 ’ _—

pulse region in the N  experiment, but the statistical accuracy of the
data was not sufficient to verify the annihilation correction experi-
mentally.

Finally, we must consider the possibility that beta particles
reach the detector by penetrating through the aperture baffle which

defines the ring focus and the baffles defining the acceptance solid angle.



48

Such penetration will effectively increase the accepted momentum
5 2
interval by a factor of 1 + aE where a depends upon the geometry
and composition of the baffles. This quantity is estimated in Appendix
-4 -2 : A :
G to be 2.4 x10 (Mev) ~, which gives a spurious energy dependence
of about 0.38 percent per Mev for each of the two shape factors. In
view of the magnitude of this correction, the absolute shape factors
must be taken with some reservation. However, the positron penetra-
tion is only about 5 percent greater than the electron penetration so
the quantity A + ©6A is increased by only 0.02 percent per Mev,
The nonlinearity of this correction requires a re-examination
! ; 12 12
of several pecints, namely the comparison of the B  and N -shape
factors in slightly different energy regions and the computation of the
12 : . 12 . s

N~ branching fraction to the 7.6-Mev state of C" . Itis appropriate
here to point out that theoretical estimates (32) of Coulomb, finite
nuclear size, and other higher order corrections predict a curvature
of the shape factors of the same magnitude but opposite sign. Taken
together, the curvatures then essentially cancel, as is suggested

) 12 : ;
experimentally by the B data. If we suppose that either correction
may have been incorrectly estimated by a factor of two, then the
existence of these nonlinearities introduces an uncertainty of + 0,3
percent in the 7,6-Mev branching fraction and a net uncertainty of

12
+ 0.16 percent per Mev in A + 8A. If N data above 8.0 Mev are

used, the disparity in energy of the data compared is increased but
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the 7. 6-Mev branching fraction has no influence, altogether giving

an uncertainty of + 0.12 percent per Mev. If we select only data in
the range 8.5 to 10.5 Mev, which is then free both of uncertainties in
the 7. 6-Mev