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The beta spectra of Be", K", Tc", and CP' were investigated with the Columbia Uriiversity solenoidal
spectrometer and it was found that each exhibited a forbidden shape. An analysis of the spectra yields
the following results. The spectrum of Be", for which bJ=3, can be explained equally well by 2T or 2A

for no parity change and by 3T or 3V if the parity does change. Similarly, the spectrum of K', for which
b,J=4, can be accounted for by 3T or 3A if the parity changes and by 4T or 4V for no parity change. d J=2
for the decays of both Tc" and Cl". These spectra can be explained only by 2T or 2V with values for k'
of 45 for Tc9' and 18 for Cp' (ks= (A;; ~' —:

~
T;; ~s}. lf the true interaction prevailing in beta-decay is but a

single one of the five linearly independent interactions, then it follows from these spectrum analyses that
it must be the tensor interaction. A linear combination of tensor with one or more of the other interactions
is possible. It seems, however, that more information than is provided by spectrum studies alone is necessary
to determine the exact form of such a linear combination.

I. INTRODUCTION giving rise to beta-decay is assumed to be proportional
to the scalar product of relativistically invariant
bilinear combinations of the wave functions of the
neutrino and beta-particle and of the initial and final

nuclei involved in the beta-process. ' Fermi originally
chose the form which transforms as a polar vector,
but there are five possible linearly independent bilinear
combinations which are relativistically invariant. These
are classified according to their transformation proper-
ties and will be denoted by their usual abbreviations

S, V, T, A, and I'. The correct interaction may be none

of these, but if it is to be Lorentz invariant and linear

in the four wave functions involved, then it must be
expressible as a linear combination of the five linearly

independent forms. The properties of such a linear

combination, except for interference eAects, can be
analyzed in terms of the properties of the individual

forms.
For the allowed spectra, all the Cog are constant, and

therefore the energy dependence is completely given by
the Coulomb factor, F(Z, W), and the statistical factor
p'q'dp describing the distribution of the decay energy

between the beta-particle and the neutrino. Thus any
theory which includes the neutrino concept and yields

energy independent nuclear matrix elements to the

erst order could account for the experimentally observed

shapes of the allowed spectra as well as the Fermi

theory. Therefore, the investigation of the forbidden

spectra will provide a decisive test of the theory and

further select or limit the choice of the particular
interaction form prevailing in beta-decay from the 6ve
linearly independent Lorentz invariant forms or linear

combinations thereof.
The following is a condensation of the expressions

given by Greuling' for C„~ and the appropriate
selection rules:

' 'HIS paper reports the results on the main portion
of the investigation of forbidden beta-spectra

begun in 1948 with the Columbia University solenoidal
spectrometer. Preliminary results on the spectra of
Be' ' Ko Tc",' and CP" have been reported at
several meetings of the American Physical Society and
in various publications. ' The measurements of the Cl"
spectrum presented in this paper were made with

sources greatly improved in uniformity and thinness

over those used in our earlier work, 4 thus extending the
reliability of the data to much lower energies than was

previously possible.
The momentum distribution of the electrons emitted

in beta-decay is given by the Fermi theory as

P(p)dp= (G'/2'')C„~Ii(Z, W) p'q'dp,

with p'= W' —1 and q= lVe —W. We will use the nota-
tion of Konopinski and Uhlenbeck' with the generalized
expression for C„&given by Greuling. ' C„zis the factor
by which the allowed distribution must be multiplied
to give a forbidden spectrum. It contains the matrix
elements of the interaction between the nucleons and
the beta-neutrino field in which appear factors depend-
ent on the beta-energy, 8' and Z. rs refers to the degree
of forbiddenness and X to the interaction form. The
essence of the Fermi theory is that the interaction

t This work was made possible through partial support of the
USAEC.

'C. S. Wu and L. Feldman, Phys. Rev. 76, 698 (1949); L.
Feldman and C. S. Wu, Phys. Rev. 78, 318 (1950).' L. Feldman and C. S. Wu, Phys. Rev. 81, 298 (1951).' C. S. Wu and L. Feldman, Phys. Rev. 82, 332 (1951).

4 C. S. Wu and L. Feldman, Phys. Rev. 76, 693 (1949); 82, 457
(1951).

~ C. S. Wu, Revs. Modern Phys. 22, 386 (1950); Proc. Intern.
Conf. of Nuc. Phys. , University of Chicago, 1951.

6 E. J. Konopinski and G. E. Uhlenbeck, Phys. Rev. 60, 308
(1941).' E. Greuling, Phys. Rev. 61, 568 (1942),

' A complete review of the theory of beta-decay is given by
E. J. Konopinski, Revs. Modern Phys. 15, 209 (1943).
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+A", &-+i)(~ r) IQ.+i(~, r)/(~+1) 'I'.

The energy dependent factors as given by Greuling are
represented here by the capital letters, 5„,&„o(Pr, r),
etc., denoting the particular interaction in which they
occur. The expressions in parentheses identify the
matrix elements, the Q„'s,with which each correction
factor is associated. The subscripts m, e—1, and n+1
indicate the selection rules which apply for each matrix
element. Thus the particular matrix element is non-
vanishing in the eth forbidden approximation unless
DJ is equal to one of the values in the subscript. A
prime subscript signi6es that the additional requirement

I
J,I+ I Jf I

)AJ must be satisfied. Thus, for example, a
matrix element with the selection rule AJ=e' does not
appear in e—+0 transitions. The selection rule for the
change in parity is no for e even and yes for odd e in
all cases except for C„~in which the reverse is true.
The expressions for C„~as given by Greuling and above
are complete except for certain matrix elements which
appear in CIz, C2~, and CIg, for which the selection rule
is AJ=O, and do not apply to any of the forbidden
spectra discussed in this paper. Also omitted are terms
of x+2 order of magnitude which constitute negligible
corrections to the eth forbidden approximation.

Certain general remarks can be made about the
energy dependent factors. 5„(Pr,r) and P„(Pysr,r) are
identical and also practically impossible to distinguish
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FIG. i. Ring-focus baSe for solenoid spectrometer, showing
various baSe positions and typical particle trajectories plotted
in r—Z plane.
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FIG. 2. Internal conversion line of In"' taken with ring-focus
baSe and with Witcher-Haggstrom baSe. Ratio of peaks is 3.7.

experimentally from V (r, r), T (Pfo Xr], r), and

A„([&rxr],r). U(n, r) and T(Pe, r) are identical for
given n, as are T(Pe, r) and A (&r, r). V(n, r) and T(Pu, r)
for given degree of forbiddenness, e, are the same as
T(Pe, r) and A(&r, r) for n one degree lower, i.e., if
m=m+1, then

V„(&r,r) = T„(Pn,r) = T„+.&(Pe, r) =A „~i(&r,r) .

Generally there is considerable arbitrariness in applying
the C ~ to a particular spectrum because the magni-
tudes of the nuclear matrix elements are not known.
The practice is to adjust the ratios of the matrix
elements to give the best fit to the experimental data.
This arbitrariness does not exist if EJ=e+1 in which
case all the matrix elements vanish except the ones with
the factors T(P&r, r) and A(&r, r). Thus only the T or A

interactions can account for such a decay and the
spectral shape predicted by the theory is unique since
only one matrix element is involved with the well-

de6ned energy factor, A„~i(&r,r) =T„+i(P&r,r). A con-
venient method illustrating the selection rules is to
regard the change in the total angular momenta of the
parent and product nuclei, hJ, to be equal to the sum
of the orbital plus spin angular momenta carried away
by the neutrino and beta-particle. Thus AJ= EL+65.
AI. determines the degree of forbiddenness and the
change in parity, since m= AI.. The beta- and neutrino
each have a spin of ~~, and thus AS= 0 or 1. For the case
6J=e+1,65=1 and only those matrix elements which
contain the, factors A„+,(&r, r) and T„+i(P&r,r) do not
vanish. These are what are known as the G—T terms.

Beta-spectra are usually analyzed. in terms of the
Kurie plot. For magnetic spectrometers, this is the
graph of ['/&//p'F(Z, W)]~ vs IV, where P(p) is taken to
be proportional to E/p, AT being the counting rate.
For an allowed spectrum the Kurie plot is straight
with an intercept equal to Wo. If the Kurie plot is not
straight, the spectrum is forbidden, indicating that C„x
is not energy independent. The appropriate C x is then
sought which will correct the Kurie plot to a straight line.



P-SPECTRA OF Be1&, K«, Tc», AN D Clue

IL EXPERIMENTAL DESCMPTION

The Columbia University spectrometer constructed
in 1941 is of the solenoidal type, a complete description
of its physical features having been given by Witcher, '
and subsequent modihcations by Haggstrom" and %u
and co-workers. " Essentially the solenoid consists of
six layers of ~-in. diameter copper tubing (0.035-in. wall
thickness) wound on a brass tube 10.5-in. o.d., 10-in.
i.d. , and 66 in. long. The actual length of winding is
60 in. and there are 220 turns per layer. All six layers
are connected in parallel, both electrically and hy-
draulically, by means of bus bars and manifolds. In
addition correcting coils consisting of 90 turns of No. 12
wire were wound 12 in. from each end of the main
winding to improve the homogeneity of the held inside
the solenoid. Comparison measurements with a stand-
ard solenoid showed that the homogeneity of the held
at all points between the source and counter is hetter
than 1 percent. The defocusing CGcct of the earth' s
magnetic held for low energy electrons has been reduced
to a negligible amount by aligning the spectrometer
tube parallel to the horizontal component of the earth' s
held and neutralizing the vertical component by means
of a pair of Thomson coils (42 in. &(100 in. ) placed
above and below the spectrometer tube.

The long half-lives associated with the highly for-
bidden spectra implies unavoidable low specihc activi-
ties and therefore prohibits the use of sources with
activities greater than. a few hundreths of a microcurie
if the distortion of the spectrum shape due to excessive
source thickness ls to bc avoided. To combat thc
problem of low intensity, a new baRc with improved
resolution-transmission characteristics was constructed
and several techniques werc adopted for reducing the
background of the G-M counter detection system. The
new baRC was constructed using the design principles
for ring-focusing as presented by Frankel" and Persico. "
The existence of the ring-focus for a solenoid was hrst
noted by Witcher, who did not, however, fully exploit
its usefulness, since the original baRe was designed to
transmit electrons with an average initial angle n of
18 . The new baRe, whose physical dimensions are
shown in Fig. 1& was designed for u=38', D=2p/eH
=14.1 cm, and I.= mD cosa=34.8 cm. The coordinates
of disk A, rg=6. 7 cm, 8~=24.7 cm, determine the
calibration of the baffle, i.e., the energy of the electrons
transmitted for a given magnetic held setting. The
resolution and transmission can be varied without
changing the baRe calibration by adjusting either or
both the r and Z coordinates of disk A'. The factors
determining. the shape of the slit at AA' and the
location of the beam dehning diaphragm at either BB'

9 C. M. Witcher, Phys. Rev. 60, 32 (1941).
'0 E. Haggstrom, Phys. Rev. 62, 144 (1942).' Wu, Havens, Albert, and Grimm, Phys. Rev. 73, 1259 (1948).
'~S. F. Frankel and E. C. ¹1son, ONR Report NP-1120,

June, 1948.
13 E. Persico, Rev. Sci. Instr. 20, 191 (1949).
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14 S. F. Frankel, Phys. Rev. 73, 804 (1948).
» E. Persico and C. GeoBrion, Rev. Sci. Instr. 21, 945 (1950)."Good, Kip, and Brown, Rev. Sci. Instr. I7, 262 (1946).

or CC' have been discussed extensively in the litera-
ture. '4" The bafHC was calibrated using the photo-
electrons from a lead radiator by the annihilation
radiation from the positrons of Cu~, and it was found
that a=14.1 cm. Subsequent checks with internal
conversion lines of Cs"', In'", etc., have shown agree-
ment well within experimental error.

The E and I. lines from the internal conversion
electrons of In'" as obtained with Kitcher's bafGC and
with the new baRe adjusted to give the same resolution
are shown in Fig. 2. The half-maximum width is 3.9
percent corresponding to a base width of about 9—10
percent. The increase in transmission achieved by the
new baQk is 3.7 as obtained from the ratio of the line
peaks. The value of four is predicted for a half-maxi-
mum width of 4 percent by Frankel for a point source
and by Persico for the case of an extended source. A
determination of the average solid angle transmitted.
by the baRC was obtained by integrating the momen-
tum distribution of a CP' source whose total activity
had been determined by absolute beta-counting. The
half-maximum resolution for this source w'hose dlaIQctcl
is 0.8 cm is 5.8 percent and the average solid angle is
3.5 percent of 4x. The value reported by %itcher is
1 percent maximum solid angle for a source 2.0 cm in
diameter with a half-maximum resolution of 5.8 percent.

The large spherical aberration of the solenoidal
spectrometer for emission angles of the order of 40'
enlarges the beam width to about 5 cm as it returns to
the axis. An end-window G-M counter large enough to
admit the beam has a prohibitively high background
for usc with lom activity sources. Other type G-M
counters or detectors suggest themselves to a solution
of this problem, but it was deemed more feasible to
attempt to reduce the background of an end-window
G-M counter. This was accomplished by two methods.
First, the sensitive volume for radiation entering
perpendicular to the axis was considerably reduced by
using a center mire of 0.006-in. tungsten, 4-.0 cm in
length, with a glass bead at one end and 0.040-in.
Kovar wire butt soldered at the other end to serve as
a lead-in (Fig. 3)."The sensitive volume of the counter
is determined by the length of the 6-mil wire since the
counting threshold for the 40-mil wire is above the entire
plateau region of the 6-mil wire. The 6-mil wire was
further reduced in length to 1.8 cm for spectrum



1094 L. FELD MAN AND C. S. WU

I

i I! 8 9$SS I'
&&

& alEEI 5$ma

lNLm~

FIG. 4. Cutout showing G-M counter, lead shielding,
anticoincidence counters and support.

measurements of K". Counters constructed in this way,
10 cm long and 5 cm in diameter, have a 1~~-in. lead
shielded background of 44 c/min for the 4.0-cm wire
and 30 c/min for the 1.8-crn wire. The background of
these counters was further reduced to 28 c/min and
16 c/min by the use of an anticoincidence counting
technique. The counter which serves as the beta-
detector is completely surrounded by an array of
cosmic-ray counters 1 in. in diameter and 12 in. long
(Fig. 4). An anticoincidence circuit was constructed
which records counts occurring only in the detector and
rejects those detector counts which occur in coincidence
with a count in any of the cosmic-ray counters. It was
found that the number of counts rejected by this
method is roughly independent of the amount of
shielding used. This is readily explained by the fact
that the components of the background capable of
initiating ionizing events in both the cosmic-ray coun-
ters and the beta-counter are highly penetrating and
unaffected by ordinary amounts of shielding. A gamma-
ray, however, will not generally register counts in two
counters and is not susceptible to rejection by the
anticoincidence technique. The gamma-ray background
can be minimized by using the maximum practical
amount of shielding.

The thin windows used on the G-M counters are
either Nylon or rubber hydrochloride, both of 0.6
mg/cm' thickness, and for measurements below 100
kev, five to six layers of collodion films each about
0.006 mg/cm' thick. The transmission of the electron
beam is not at all affected by the Nylon windows above
90 kev and by collodion windows of about 0.03 mg/cm'
thickness above 16 kev. The counters are filled with
15 mm of alcohol vapor when the collodion windows are
used and with 8—10 cm of a 7:1 argon-alcohol mixture
when Nylon windows are used in the investigation of
the higher energy regions. Sufhcient data are taken so
that there is adequate overlap in the regions studied

with Nylon and collodion windows. Measurements
have shown that the G-M counters when used as
described above have close to 100 percent eKciency for
detection of beta-particles. "

Mechanical support is given to the counter windows

by means of grids. If not properly designed, the grids
can produce selective transmission effects. The solid
parts of the grid should be completely opaque to the
most energetic electrons in the beam. The importance
of edge eGects in the small circular apertures of the
grids used to support collodion windows was investi-
gated by comparing the transmission of several grids
with varying ratios of aperture diameter to depth. It
was found that a ratio of at least 2:1 was necessary to
eliminate edge effects for all energies above 20 kev.
The grid support for Nylon windows has a circular
aperture of 5-cm diameter with two thin perpendicular
strips of ~-in. width forming a coordinate axis to
support the window. A grid such as this has an open
area of about 97 percent and negligible edge aGects.

The recent history of beta-ray spectroscopy has
stressed the importance of source uniformity as well as
low surface density for reproducing accurate spectra.
The best method seems to be the vacuum evaporation
technique, which consists essentially of placing the
source material in a vacuum on a heating strip or small
oven. When heated in a high vacuum until its vapor
pressure is about 10 ' mm of mercury or greater, the
source material will volatilize and deposit on thin films

placed a short distance away. Unfortunately, most of
the substances exhibiting highly forbidden spectra are
not available in sufficient quantities for use of the
vacuum evaporation technique. The sources used for
the CP' measurements were prepared by this method. "
All the other sources were prepared in various ways
which will be individually described and their limita-
tions discussed.

III. SPECTRUM INVESTIGATIONS

A. Be"
Be" is an even-even nucleus and is assumed to have

zero spin, whereas the spin of B", the product nucleus,
has been found to be three. " Thus the spin change
involved in the transition is three, and the interactions
which can account for the decay are C2z, C», and C»
if the parity does not change and C3~, C3y, C3y, and
C3& if the parity does change. The matrix element

Q~([~Xr], r) for C4v can also account for a AJ=3
transition, but this leads to a half-life much higher than
the observed value. C2T and C2g are examples of the
case AX=m+1 and each contains a single matrix ele-

ment with the same energy factor, T3(Pe, r) =AS(0, r)
= (3p'+10p'q'+3q')/90. This factor, which has some-

times been called the D2 factor, is also contained in
matrix elements appearing in Cgy and Car, i.e., Vq(n, r)

"We are indebted to L. Lidofsky and P. Macklin of this
laboratory for use of the vacuum evaporator constructed by them.

"Gordy, Ring, and Berg, Phys. Rev. 74, 1191 (1948).
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TABLE I. Corrected and uncorrected fT values.

T(sec) fpT

Tc99 2
C13 2
Belo
K40 4

2 157
2 2.40
2 2.09
3 3

0.97' 10».
2 01y10»b
1.23' 101«
5.79&101«

1.7&10"
4, 1&&10"
4.6X 1014

1.3&10"

3 8X10"
1.2X10»
13'10 ~

1.4X 10'5

a Fried, Jaffey, Ha11, and Glendenin, Phys. Rev, 81, 741 (195't).
b D. j.Hughes and C. Eggler, Phys. Rev. 7C, 1239 (1948).
e Wu, Townes„and Feldman, Phys. Rev. 76, 692 (1949).
d G. A. Sawyer and M. L. Wiedenbeck, Phys, Rev. 79, 490 (19&0).' These values contain the factor (2Jf +1)/(2J~+1) 7 because Jf &J;.

» R. E. Marshak. , Phys. Rev. 75, 513 (1949).
"Bell, Ketelle, and Cassidy, Phys. Rev. 76, 574 (1949).

and Tq(Pu, r). There are two bases for predicting that
thc shape of the Bc spcctx'uIQ ls that, glvcQ by thc D2
factor. Marshak" has showg. that only C2p, Cmg, Csp,
and C3y give minimum theoretical ha1f-lives compatible
with the observed value of 2.7&10' years. By using
Greuling's method for estimating the magnitude of the
matrix elements occurring in Cay and Cay, it was shown
that in each case the term containing the D2 factor,
i.e., T3(Pe, r) and V3(n, r) is much larger than all the
others. Thus Cap and C3p as we11 as C2T and C2g RH

leaD to the same spectrum shape, that determined by
the D~ factor. This resu1t is obtained more directly from
the shc11 model of the nucleus which predicts no parity
change for the transition. Thus AX=3 (no) and the
possible inter'actions are restricted to C2y and C2g.
Empirically the Be'o decay is classi6ed as second for-
bidden by its foT value of 4.6X10" (see Table I).

Experimental evidence that the spectrum shape of
Be'0 deviated from the allowed shape was erst reported
by Sell et al.~ using a scintillation spectrometer. %u
and Feldman' 6rst inferred the D2 shape of the Se"
spectrum by comparing the spectrum shape of thick
sources of radioactive BeO ( 10 mg/cm') to that of
the thick sources of inactive BeO containing activities
of Cu" and CP'. The availability of material of higher
speci6c activity has made possible spectrum measure-
ments with much thinner sources, of about 0.3—0.4
mg/cm'. The source used in this work was obtained
from the Y-12 Research Laboratory of the Carbide
Rnd CRlbon ChemKR18 CorpoI'Rtlon Rt ORk Rldgc. It
was prepared by activating Be metal in the pile and
then was puri6ed and isotopical1y enriched in Be'0 by
electromagnetic separation performed under the super-
vision of Dr. C. P. Keim. The source was mounted on
a Formvar 61m 0.1 mg/cm' thick and consisted of 1.2
mg Beo spread over an area of about 4 cm'. The
Rctlvlty of this souI'cc ls Rbout 0.01 Inlcrocul lc RQd

although fairly thin (0.3 mg/cm') is not particularly
uniform and could not be expected to give reliable
results below 100 kev. The ring-focus baBe has a
resolution of 9 percent full width at half-maximum for
a source of this diameter. The graph of the momentum
distribution has the pronounced shift of the peak
towards the high energy end, characteristic of a D2

I'IG. 5. Corrected and uncorrected Kurie plots Be" spectrum.

spectrum. Figurc 5 contains graphs of the Kurie plot
and the Kurie plot corrected by the D2 factor. The
uncorrected curve is concave towards the energy axis
whereas the D2 correction factor yields R straight line
dowIl to 120 kcv Rnd ls scen to plovldc R good 6t of thc
data. The deviation below 120 kcv is attributed to
source thickness effects. The extrapolated end, point is
555+5 kev.

These results are in essential agreement with those
reported by other laboratories, the main difference
being the point at which the low energy deviation sets
in. This can be explained for the most. part by the
difterence in uniformity and thickness of the sources
used. Hughes, Egg1er, and Alburger" using a thin lens
spectrometer with a resolution of 18 percent found
the D2 corrected Kurie plot to be straight down to 180
kev. The results reported by Bell and Cassidy" obtained
with R scinti11ation spectrometer show thRt thc deviation
sets ln Rt 250 kcv. This deviation Rt cncrglcs higher
than mould be expected from source thickness CGects
has been attributed to a scattering effect from the
crystal. " Fulbright and Milton2' using a proportional
counter and sources varying from 0.5 to 3.5 mg/cm' of
Beo, obtained RgreeInent with the D2 shape down to
100 kev.

The curves for the various correction factors app1i-
cable to the Be" decay have been given by Marshak. '9

Thc experimental shape of the Be"spectrum above 120
kev is in such close agreement with the D2 shape that
by lllspcctlon lt ls posslb1c to cxcludc Cay C38 Rnd

C3~ as possible interactions. It can be further conc1uded
that if the parity does change, requiring the transitiori
to be third forbidden, then the terms in Cap and C3~
other than the D2 term (T(PLeXr], r), V(r, r) and the
cross terms) must be negligibly small compared to the
D2 term. Thus it is seen that the Be'0 spectrum provides
a decisive confirmation of the Fermi theory exhibiting
thc unlquc shRpc predicted by Marshak'8 llfctlIQc

analysis for a spin change of three.

"Hughes, Eggler, and Alburger, Phys. Rev. 77, 726 (1950).
~ P. R. Bell and J. M. Cassidy, Phys. Rev, 77, 301 (1950).
» B. H. Ke«eue, Phys. H.ev. 80, 758 (1950),
2'H. W. Fulbright and I. C. D. Milton, Phys. Rev. 76, 1271

(1949).
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FIG. 6. Corrected and uncorrected Kurle plots of K40 spectrurQ
for 2.5-mg j'cm' source.

500 I 5C~O 20 CO

FIG. 7. Corrected and uncorrected Kurie plots of VQI spectrum.
Source consists of V9' activity Inixed with 2.5-mg/cm~ KC1.

2~ J. R. Zacharias, Phys. Rev. 60, I68 (I94j.).

The measurement of the K40 beta-spectrum, R case
of a highly forbidden transition for which thespin
change ls knowD has long been Rntlc1pRted Rs R sensltlve
test for the Fermi theory. The spin change is AX=4,
that of K~ having been found to be four,"while that
of Ca", the product nucleus, is assumed to be zero
because 1t ls RQ eveIl-even nucleus.

K40 occurs DaturaHy with an abundance of 0.016
percent and since its half-life is 12.7&10 years, it has

t be poss'ble to prep re s ce f ffi e tly high
speci6c activity necessary for a spectrum determination.
Recently we obtained some KCl enriched to 7.13
percent in K"by electromagnetic separation performed
at ORk Ridge unde1 the supervlslon of C. P. KelID.
The source was prepared by precipitating the KCl out
of a saturated water solution with a large volume of
isopropyl alcohol to which a small amount of alcohol
soluMe Nylon was added Rs a binding agent. The
uniform crystals formed in this way were allowed to
settle froID the alcohol over a circular area of 3.1 cm~

on Nylon backing of 0.6 mg/cm' thickness. The average
source thickness is about 2.5 mg/cm'. This technique
for preparing thick sources was found to produce greater
uniformity than several other methods that were tried.
The ring-focus baffle for a source of this diameter has a
resolution of 9 percent,

The uncorrected Kur1e plot, shown 1D Flg. 6) 18

definitely forbidden, its shape being vefy similar to
those of CP' and Be".The factor D3= p'+ "/p4q'+7p'q'
+q', provides a good fit to the data from the end point. ,
1325+15 kev down to 500 kev with the deviation
increasing towards lower energies. This deviation is
readily explained by the excessive thickness of the
source. To determine the effect of 2.5 mg/cm' Kcl on
beta-spectra with end points in the neighborhood of
1.3 Mev, R sou.rce was prepared identical to the K'0

source using inert KCl containing V"' activity of
Degligible weight. The KUrie plot for this source corrected
by the factor a p'+q' is shown in Fig. f together with
the uncorrected Kurie plot. For a thin source the a
factor corrected Kurie plot would be straight to below
50 kev. The effect of the 2.5 mg/cm' KCI on the Y"
spectrUIQ 1s to pr'oduce R devlatlon which sets ln Rt
500 kev similar to that observed for the K" Kurie plot
corrected by the D3 factor. It can therefore be assumed
that the data above 500 kev is una6ected by the source
thickness of 2.5 mg/cm' and that with thin sources,
the D3 factor will provide R good 6t to the Kurie plot
to energies below 500 kev. These results are in general
agreement with thick source (~2.5 mg/cm') spectrum
measurements of K40 reported by other laboratories.
Alburger" using a thin lens with a resolution of about
17 percent found agreement with the D3 corrected
Kurie plot down to about 500 kev. BeH, Weaver, and
Cassidy" using a scintillation spectrometer found the
deviation to begin at about 700 kev.

For A,J=4 the possible correction factor's are C3p,
Cap) RIld C4I 1f the pallty chRnges and C48, C4y, C4pq

a dC f op 'tycha ge The egyf t sf
these have been previously given by Marshak. '8 Of
these CST ~ Cgg~ C4y~ C48, Rnd C4g contR1D but one
matrix eleIQentq Rnd therefore the energy dependence
fol eRch ls uniquely de6Ded. C4p& C48& Rnd C4& CRD be
1uled out because their eDeI'gy dependent fRctoI's RI'e

markedly diferent from the D3 factor. The D3 factor
also occurs in C4r and C4v (T4(Pe, r) and V4(e, r))
Rnd ls the saDM uD1que energy factor 1D Cap Rnd Csg
(T4(Pe, r) and A4(e, r)). In a manner completely analo-
gous to that used by Marshak in analyzing the case of
Be» lt can be shown that. the terms 1n C4& and C4&

containing the D3 factor are much larger than the other
terms and therefore the energy dependence. , of C4p is
essentially that determined by the D3 factor. By using
Greul1ng s DMthod for estlIQatlng the IQagMtude of
the matrix eleillerits oile obtaiils jg4(PLeXrjp r)/4! j'

(2/j) jP and jQ4(Pe i')/4lj (1g/35)e2jP. If we use
8=0.0042& for the nuclear radius and e'= (v/c)'=0, 1
—@VS)', the ratio of the second term to the erst
in C4r is 9e'T4(Pe, r)/5E'T4(PeXr, r), which is
=10'T4(Pe, r)/T4(PeXr, r). The variation in T4(Pe, r)/
T4(PeXr, r) is negligible over the entire spectrum.
compared to 10'. Thus the 6rst term in C4p Rnd

~' D. E. Alburger, Phys. Rev. 78, 629 (j.950).
2~ Bell, Weaver, and Cassidy, Phys, Rev. 77, 399 (1950).
~' R. E. Marshak, Phys. Rev. 70, 980 (j.946).
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also the cross term (since it can be taken as the
geometric mean) are seen to be negligible compared to
the term containing the T4(prr, r)=Ds factor. The
matrix element for the term in T4 (prr, r) doesn't apply
for a n—A transition. Therefore C4p is essentially
determined by one matrix element with its energy
dependence given by the D3 factor. The result for C4~
is exactly the same. Thus the spectrum of K" can be
explained equally well by Csg, C~~, C4y, and C4~. It is
to be noted that these are the interactions which
can account for the half-life of K" as calculated by
Greuling. ~ According to the shell model the parity
should change in the beta-decay of K", in which case
only C3p and Cag can account for the transition.

The reliability of the observed spectrum, because of
excessive source thickness, is good only down to 500 kev.
Therefore, these conclusions must be deferred until
spectrum measurements can be made with thinner
sources and the spectral shape below 500 kev can be
determined.

C. Tc99

Tc", a product of uranium fission, has a half-life
of 2.12&(10' years. Its comparative half-life is feT= 1.7
X10" and the decay is thus empirically classified as
second forbidden. The spin and magnetic moment of
the ground state of Tc" have been measured" con-
firming it to be a g912 state as predicted by the nuclear
shell model. Further, the shell model classifies the
product Ru" as either d~~~ or g~~~. In either case there
is no change in parity, and since a g9/2~gq~2 transition
would be allowed and incompatible with the observed
lifetime, the transition is believed to be g~~2

—+d5~2. Thus
it is second forbidden, with AJ=2 (no) in agreement
with the empirical classi6cation of forbiddenness.

Tc" of speci6c activity 1.7 pc/mg was obtained from
the Isotope Division of the Atomic Energy Commission
in the form of NH4TC04. Several sources with average
thickness varying from about 0.05 to 0.15 mg/cm' were
prepared on collodion Alms of about 0.02 mg/cm'
thickness by drying the aqueous solution under a heat
lamp or in a vacuum desiccator. The source thickness
was estimated from a measurement of the source
Rctlvlty Rnd thc spcclic Rctlvlty of thc IQRtcl 1Rl Rs

given on the isotope packing slip. The NH4Tc04 is
chemically purified at Oak Ridge but to ensure purity
some of the sources were prepared from material which
had gone through additional chemical purification and
electroplating.

The resolution for the spectrum measurements of
TC99 was about 5 percent varying about &1 percent
with the diameter of the several sources used. The
uncorrected Kurie plot exhibits a forbidden shape
curving concave towards the energy axis. The curves of
the energy factors which apply for a 6J=2 (no) transi-
tion Rx'c shown ln Flg. 8. Xone of thcsc fRctor's pl'ovldcs

~9 K. G. Kessler and W F. Meggers, Phys. Rev. 80, 902 (2950};
82, M2 (2952).

.02---
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Fn. 8. Correction factors for the individual matrix elements of
second forbidden transitions for Tc'9 (I=9j2—&I=5j2).

9m'= IQ,(Pe, r) I' —: IQs(P[eXrj, r) I'= IS;;„I'—:
I T;, I

.
The corrected Kurie plots for the various sources

used, shown in Fig. 9, are straight down to about 60 kev.
Measurements below 50 kev were unreliable because of

50 i 00 i50 200
E(KEV)~ 250

Fxo. 9. Tc99 Kurie plots corrected by C2p with
&'=

I ~'~ I'/I &a I'=45.

"The requirement that k =A g/Tg= A@*/7'@* is a consequence
of the invariance of the nuclear Hamiltonian under time reversal.
The proof is given by C. L. Longmire and A. M. L., Messiah,
Phys. Rev. 83, 464 (2952).

a satisfactory fit for the Kurie plot. The D~ factor
overcorrects the Kurie plot, resulting in a curvature in
the opposite direction. The a factor gives agreement
but only down to about 120 kev, with a deviation that
increases towards lower energies setting in at this point.
The high Z formulas were used to calculate the correc-
tion factors and Coulomb function. The low Z approxi-
mation formulas begin to introduce signi6cant errors
for A 100. For Tc", the error for some of the factors
was as much as 10—15 percent over the range where
data were taken. A good fit for the Kurie plot is obtained
with Csr which for a, 5=9/2~J=5/2 transition is"

C2r= Ts(p[oXrj, r)+k'T, (pn, r)
—2kT, (P, r:P[«Xr), r)+m T,(P, r) (5a)

or in the notation of Konopinski's review article'

Csr ——(D+—sc)+12uk' —42k+em', (3b)
where

k'=
I Q (P~, r) I' —:

I Q (P[~&r3, r) I'=
I ~' I' —:

I T' I'
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OI 0,09 mg/crrF SOURCE

Q2 0.18 mg/cm SOURCE

Q3 0.23 mg/cm SOURCE

Q4 0.36 mg/cm SOURCE

QS 042 mg/cm2 SOURCE

~714

~7I5

ENERGY IN KEV 7I3
I(P 200 300 400 500 600

'7I4

- vsE
FCr

FrG. 10. CP' Kurie plots corrected by Cmz with
&'=

I ~'2 I'/I ~'2 I'= &s.

the low source activities. The extrapolated end point is
290&4 kev. The best fit was obtained with k'=45 and
m'=0. The term in m', although permissible by the
selection rules, is negligibly small since c/(D~ sc)——

=0.002—0.003 over most of the spectrum and is at
most 0.006 at the high energy end, while 77s2=14/15
according to Greuling's method for approximating the
matrix elements.

Past experience in beta-spectroscopy has shown that
very thin sources prepared by drying from aqueous
solution do not always give reliable measurements at
low energies because of inhomogeneities in surface
density. Confirmation is required by. measurements
obtained with sources that are known to be very
uniform as well as thin. A spectrum measurement of
Tc"was reported at the last American Physical Society
meeting in New York" using a source prepared by the
oven volatilization technique. It was found that a good
fit to the spectrum down to 50 kev was provided by
C2T with k'=44 in agreement with the results reported
herein. The spectrum of Tc"has also been investigated
by Taimuty" and was fitted with C2z by Nakamura
et a/."The exact point of deviation caused by source
scattering depends on the end point of the spectrum,
on the atomic number of the nucleus responsible for the
scattering, and on the thickness and uniformity of the
source. Scattering eGects for thin sources do not aGect
the spectrum shape for energies above the peak of the
momentum distribution. The point of deviation always
occurs at an energy somewhere to the left of the peak.
Sixty kev occur to the left of the peak of the Tc"
momentum distribution at a momentum of about 0.4
that of the end point. On this basis it seems reasonable
that no source scattering eGects should be observed
down to 60 kev with sources whose average thickness
is as low as those used in this work.

D. C136

We have previously published results on the spectrum
of Cp'4 using sources of 0.3 to 1 mg/cm' average

»F. Wagner, Jr., arid M. S. Freedman, Phys. Rev. 86, 631
(1952).

32 S. I. Taimuty, Phys. Rev. 81, 461 (1951}.
33Nakamura, Umezawa, and Takebe, Phys. Rev. 83, 1273

(1951).

thickness prepared from aqueous solution by evapora-
tion under a heat lamp or in a vacuum, desiccator. The.
spin of CP' has been found to be two"" while the
product nucleus A36, being even-even, is assumed to
have zero spin. The possible interactions for a AJ=2
transition are C», C», C», C3~ if the parity changes
and C2~, C2y, C2p, and C2~ if there is no parity change.
As has been discussed previously, 4 all of these except
C2p and C2~ consist of but one matrix element and
hence have a unique energy dependence (see reference
4 for the curves of the correction factors for Ciss).
However, only C2z and C2& with a suitable adjustment
of the matrix elements can account for the CP' beta-
spectrum.

We have reinvestigated the spectrum of CP' using
sources of NaCP' of 0.08, 0.15, 0.19, 0.28, and 0.36
mg/cm' average thickness prepared by the vacuum
evaporation technique. These sources are much thinner
and considerably more uniform than those used in the
earlier work. The source thickness was determined from
the specific activity of the CP' given on the isotope
invoice sheet together with a determination of the total
activity of each source. The resolution of the ring-focus
baSe for these sources which are 8 mm, in diameter is
5.5 percent. The results are in complete agreement with
our previously published results. We again Qnd that
Csr (as well as Css) as given by Eq. (3) with k'= 18 and
nP= 0 provides a good Gt to the spectrum and with the
improvement in the sources the corrected Kurie plot is
now straight down to 100 kev. The extrapolated end
point is 714&5 kev. The term in m' is prohibited by
the selection rules in this case because the transition is
of the n—+0 type. The low activity of the sources made
measurements below 100 kev impractical. The Kurie
plots corrected by C2z are shown in Fig. 10.

The CP' spectrum has been determined down to about
180 kev by Fulbright and Milton' using a proportional
counter. They were able to fit the spectrum with C2z
for k'=25.73. Our data cannot be fitted with a ratio
this high in the region below 300 kev, corresponding
to a relatively greater number of electrons at low
energies than in the spectrum measurements of Ful-
bright and Milton.

IV. DISCUSSION

The half-life and fT values for the spectra investi-
gated are given in Table I. Both fo and f„wereobtained
by graphical integration of

~
1Fp

C„~F(Z, W) (W' —1)&(Wo—W) EWd W.

Every term in this formula has been previously tabu-
lated as a function of 8' in the interpretation of the

~ C. H. Townes and L. C. Aamodt, Phys. Rev. 76, 695 (1949).
'5 Johnson, Gordy, and Livingston, Phys. Rev. 83, 1249 (1951).' H. W. Fulbright and J. C. D. Milton, Phys. Rev. 82, 274

(1951).
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spectrum shape;- and therefore it is both simple and
accurate to obtain fo and f„bygraphical integration.
The values thus obtained for fo are in close agreement
with those given in the fo charts of Feenberg and
Trigg." The foT correspond to Cox=1, whereas the
f„Tare calculated using the C„xwhich is in best
agreement with the spectrum. The factors (el)s and

I (x+1)!j' which appear in the denominators of the
C„zare 4, 4, 36, and 576, respectively, for Tc", Cl",
Be', and K' . It is these factors which are responsible
for the greater reduction in the ratio of f T/foT for Be"
and K" compared to Tc" and Cl". The low end point
of the Tc" spectrum causes a relatively greater reduc-
tion in its f„Tvalue than in the case of CP'.

According to Greuling's method for approximating
the matrix elements the value of k' should be 5(yq)'/9R'.
With ys' having a value probably between 0.01 and 0.1,
k' is then between 30 and 300 for Cl" and 18 to 180 for
Tc". The values used for the best spectrum fit are 18
and 45, respectively. It might be noted that Greuling's
method successfully accounts for the lifetimes of Be'
and K" but yields values for CP' and Tc" (assuming
the interaction is 2T) that are too low by a factor of
the order of 100.

It is of interest to note that although the spin changes
for the decays of Cl" Be" and K" are 2, 3, and 4,
respectively, and the spectrum shapes are explained
by C2z with k'=18 for Cl" by the D2 factor for Be"
and by the D3 factor for K4', these three spectra have
essentially the same energy dependence to within the
accuracy of the measurements.

As a result of these spectrum investigations it is
possible to arrive at the following analysis concerning
the interaction prevailing in beta-decay. If the true
interaction is just a single one of the five linearly
independent interactions of Eqs. (2), then the tensor
interaction is the only one which can satisfactorily
account for spectra in which the change in angular
momentum is equal to the degree of forbiddenness, i.e.,
EJ=m, as well as those spectra for which AJ=n+1.
The polar vector interaction is exactly the same as
the tensor for the case AJ=e if one takes A;,/R, ,
=2iAs/T. .. but is forbidden by the selection rules for
the case EJ=m+1. The axial vector interaction is
identical to the tensor interaction for the case d I=m+1
but cannot explain the shape of forbidden spectra with

37K. Feenberg and G. Trigg, Revs. Modern Phys. 22, 399
(19SO).

3J=e (e.g., CP', Tc~'). Although the tensor interaction
seems to be able to explain the experimentally observed
shapes of these forbidden spectra, there is so much
flexibility available in the use of the parameter k' to fit
the experimental data that no 6nal conclusions should
be drawn. Furthermore, a linear combination of the
tensor interaction with an admixture of Fermi terms
will serve as well as the tensor alone in the interpretation
of the shapes of forbidden spectra. A linear combination
of T and P has been used by Petschek and Marshak"
to Qt the shape of the Raz spectrum assuming the
transition is 0—+0 with change in parity. As was pointed
out, the P interaction would give negligibly small
contributions to the combination in all except ~0
transitions because its terms would always be smaller
in magnitude than those of the T interaction by two
degrees of forbiddenness. The S and V interactions are
prohibited by the selection rules for a 0—+0 (yes)
transition, and hence this type of transition cannot
detect the presence of Fermi terms in the interaction
prevailing in beta-decay. It has been shown by Tolhoek
and de Groot" that the only linear combinations which
can satisfy the condition of invariance of the beta-
process to time reversal and possess complete symmetry
of positron and negatron emission are either V and T
only, or S, A, and P only. On the other hand, various
authors have proposed a universal Fermi interaction
between spin —', particles so that the interaction constant
would be the same for the beta-decay of the neutron
(m—+p+e+v), the spontaneous decay of the p meson
(y=+e+2v), and p-meson absorption (p+p=m+v).
The only combinations consistent with this assumption
are either V and A or S, T, and P. These combinations
are incompatible with the sym, metry principle of
Tolhoek and de Groot.

If a linear combination of the invariant interactions
does prevail in beta-decay then additional information
will be required to determine its exact form. The sources
which seem best able to provide the necessary data are
the investigation of the shapes of parity unfavored
spectra, i.e., 5J= vl, or 61=n 1(espe—cially 0—+0
transitions) and various nuclear angular correlation
measurements, particularly the electron-neutrino angu-
lar correlation. Further, any such linear combination
should yield a consistent scheme of fT values.

38 A. G. Petschek and R. E. Marshak, Phys. Rev. SS, 698 (1952).' H. A. Tolhoek and S. R. de Groot, Phys. Rev. 84, 150 (1951);
L. C. Biedenharn and N. E. Rose, Phys. Rev. 83, 459 (1951);
S. R. de Groot and H. A. Tolhoek, Physica 16, 456 (1950).




