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The P-y circular polarization & has been measured as a function of the P-particle energy
60

y
for La'~0 and for Co60. The Co60 results confirm that P& is proportional to v/c. The results
for the 2.2-MeV transition of La~ show that the original prediction for the vector-matrix-
elernent ratio is not correct for this transition. However, the results are consistent with pre-
dictions based on the conserved-vector-current (CVC) theory if the approach suggested by
Damgaard and Winther is followed. This interpretation yields information on third-forbidden
matrix elements.

I. INTRODUCTION

For several years first-forbidden P transitions
have been used to study details of nuclear struc-
ture. These measurements have taken an addition-
al significance because the ratio of two of the P-
decay matrix elements (fn/fir) can be predicted
by the conserved-vector-current (CVC) theory. "'
A more recent application of the CVC theory by
Damgaard and Winther~ shows that contributions
from third-forbidden matrix elements can be very
important in determining the CVC ratio. There-
fore a measurement of the first-forbidden matrix
elements may be used to determine the contribu-
tion of a third-forbidden matrix element to the
first-forbidden transition.

Previous measurements of the spectrum shape, 4

the energy dependence of the directional correla-
tion coefficient, ' ' and the angular dependence of

the P-y circular polarization'~" have restricted
the matrix elements for the 2.2-MeV 8 -2' P
transition in La" . It has also been shown that a
measurement of the energy dependence of the P
circularly-polarized y correlation should be of
great help in restricting the possible value of the
vector -matrix-element ratio. "

This measurement has been performed in our
laboratory. The y-ray circular polarization was
measured using the technique of forward Compton
scattering from magnetized iron. " The effect is
very small, less than lfo, so it was necessary for
the electronic system to have three special fea-
tures: (1) Gain stabilization was used for both the

P and y detectors; (2) the electronics associated
with the P detector was designed to accept high
counting rates so that adequate statistical accuracy
could be obtained in a. reasonable period of time;
and (8) since a. strong source was used to obtain
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high counting rates, it was necessary to record
true and chance coincidences simultaneously.

The extraction of the matrix elements was car-
ried out using an improved version of a method
developed by Simms. " The details of this pro-
cedure will be discussed in the following paper. "

II. EXPERIMENTAL METHODS
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FIG. 1. Block diagram of the electronic system.

A block diagram of the electronic system is
shown in Fig. 1. It is essentially a fast-slow co-
incidence system which uses a time-to-amplitude
converter (TAC) to set the fast-coincidence re-
quirement. Linear signals from the P detector
are processed so that they can be accepted by a
multichannel analyzer (MCA) when they are in co-
incidence with y rays of the proper energy. The

P pulse is routed into the upper or lower half of
the MCA depending on the direction of the magnet-
ic field in the polarization analyzing magnet. In a
particular memory half, the P pulse is routed into
an upper or lower quadrant depending on whether
it corresponds to a true-plus-accidental or a pure-
accidental coincidence. Simple subtractions are
all that are required to get the relative difference
in the number of true coincidences for the two
field directions for each channel. This relative
difference is related to the y-ray circular polari-
zation by the efficiency of the analyzing magnet.

One of the primary problems with this type of
experiment is that the probability of detecting a
y ray is rather small. Therefore it is necessary
to use a strong source in order to obtain reason-
able coincidence counting rates. Of course this
means that the P singles counting rate will be
large, and the accidental coincidences will be sig-
nificant. The procedure for performing linear
pulse-height analysis with high P counting rates
will be considered first.

Linear pulses from the P detector go to a fast-
rise-time (20 nsec) double-delay-line clipped lin-
ear amplifier (DDLA)'4 (clipping time 100 nsec).
The output of this amplifier is connected to a gated
pulse stretcher' and a fast single-channel analyzer
(SCA), "which sets the acceptable energy range for
the P particles. The linear gate in the stretcher is
opened whenever a fast coincidence is recorded by
the TAC. The stretched pulse is reshaped to bipo-
lar form, and then it is presented to the MCA.
There are two advantages in this arrangement.
The large P singles rate can be measured accurate-
ly with the 100-nsec DDI A and fast SCA. This is
necessary in order to check the stability and mag-
netic field sensitivity of the P detector. The fast
stretcher permits the coincidence P pulses to be
recorded in a conventional MCA.

The coincidence system has several advantages
over the conventional fast-slow arrangement. The
output pulses from the TAC go to twin single-chan-
nel analyzers (TSCA)." This instrument is design-
ed so that the two single-channel analyzers that it
contains can conveniently be set to have identical
window widths. One window is set to contain the
true-coincidence peak in the time distribution.
Therefore this SCA will respond to true and acci-
dental coincidences. The other SCA is set on the
accidental-coincidence part of the time distribution
so that it will respond to an equal number of acci-
dental coincidences. This system was checked in
several ways, and it was found that the accidental
coincidences could be measured with better than
1% accuracy. The TSCA provides a gate pulse and
two route pulses for the MCA.

The time-to-amplitude converter (Ortec model
437) was slightly modified for use in this experi-
ment. In its original form the instrument had a
reset period of 4 p, sec for every start pulse that it
accepted. This period was reduced to 0.6 psec
without degrading the performance of the instru-
ment for time ranges up to 800 nsec. A second
modification was made so that a logic pulse was
available whenever a time conversion occurred.
This pulse, called "valid stop, " is timed from the
stop input of the TAC. It was used to open the gat-
ed stretcher and to provide the input to the P dou-
ble-coincidence circuit (DC1)."

DC1 has two functions. It selects TAC events
that correspond to P particles which have the cor-
rect energy. It also serves to reject pileup in the
P amplifier. The valid-stop pulse is timed from
the leading edge of the P-detector pulse. (That is,
the stop channel of the TAC is triggered directly
from the anode of the photomultiplier tube. ) The
fast SCA uses zero-crossing timing. Thus the
leading-edge pulse is delayed (in DC1) and placed
in coincidence with the zero-crossing pulse. It is
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FIG. 2. Cross-section drawing showing the detectors
and analyzing magnet.

well known that if pileup occurs in a DDLA, the
zero-crossing point will be shifted so that a coin-
cidence will not occur. This reduces the period
in which pileup can occur without being recognized
from the 100-nsec clipping period to 25 nsec (the
resolving time of DC1).

The output pulse from DC1 goes to DC2 where a
requirement on the y-ray energy is imposed. The
resolving time of this circuit is not critical be-
cause both of the input counting rates are low.
The output pulse of DC2 goes to strobe the TSCA.
Thus MCA gate and route pulses are not generat-
ed unless all of the energy, time, and pile-up
conditions have been met.

Both detectors were stabilized by a system em-
ploying a Spectrastat (Cosmic Radiation Laborato-
ry, Bellport, New York). This device varies the
photomultiplier tube high voltage to keep the gain
of the system constant. In order for the Spectra-
stat to work properly, there must be a well-defin-
ed peak in the detector spectrum. The y detector
was stabilized by using the 136-keV y ray of Fe".
The P detector was stabilized by using a small
NaI crystal doped with Am"', an n emitter (Har-
shaw Chemical Co. , Cleveland, Ohio). This crys-
tal acted as a light pulser and provided a peak
which was much higher than the end point of the P
spectrum. The Spectrastat provides stabilization
against long-term drifts and also against gain
shifts resulting from reversal of the field in the
analyzing magnet. In order to obtain adequate
magnetic field stabilization, it was necessary to
mount the light pulser so that its light was emit-
ted back into the plastic scintillator (see Fig. 2).
The light was collected by reflection in the same
way that light from the plastic scintillator is col-
lected. Thus the photocathode was uniformly il-
luminated by the light pulser. This is important
because the magnetic field affects electrons eject-
ed from different parts of the photocathode in
very different ways. Since the maximum current
available from the Spectrastat was too small for

the voltage divider used with the photomultipliers,
a buffer unit was constructed. The Spectrastat
controlled the output voltage of the buffer, but the
current was supplied by a separate high-voltage
supply.

The P detector was calibrated by using conver-
sion-electron sources. Unless precautions are
taken to reduce gain shift in the photomultiplier
tube, the calibration would be useless when the
high-rate P source was introduced. The gain shift
was first minimized by using emitter followers to
supply the current to the last four dynodes of the
photomultiplier tubes. With this aid, the Spectra-
stat could use the light pulser to hold the gain con-
stant for a very wide range of p counting rates.

The detector geometry and analyzing magnet are
shown in Fig. 2. The P detector was NE102 plas-
tic scintillator (Nuclear Enterprises, Los Gatos,
California) machined into a well shape to reduce
backscattering. A light pipe was used with the P
detector to provide a method of mounting the light
pulser. The light pipe and P detector were cover-
ed with titantium dioxide reflecting paint to re-
duce light loss. All optical contacts were made
with Araldite 502 bonding agent (CIBA Products,
Fairlawn, New Jersey). The energy resolution
with a RCA 8575 photomultiplier tube was 15%
full width at half maximum for the 624-keV con-
version electron of Cs"'. (The same detector
gave 13% resolution when the light pipe and pulser
were not used. ) One disadvantage of this shape for
the detector is that the opening to the well is small

(5/8 in. ) even though a 2-in. photomultiplier tube
is used. Other well shapes were used which had a
larger opening and which still provided adequate
reduction of the backs cattering. Unfortunately,
they gave poorer energy resolution.

The y detector used a 3 &&1.5-in. NaI(TI) crystal
with an RCA 8575 photomultiplier tube. A Lucite
light pipe (7 in. long) was placed between the crys-
tal and the photomultiplier tube so that the photo-
multiplier tube would be outside of the magnetic
field. The light pipe had an adverse effect on the
energy resolution of the y detector (18% resolu-
tion for the Cs'" y ray). However, good energy
resolution is not necessary for the scattered y
rays, and the light pipe helped reduce the effect
of the magnetic fields on the photomultiplier tube.
The effect of the magnetic field was further re-
duced by using magnetic shields and by placing a
compensating coil around the photomultiplier tube.
The coil was wired so that the magnetic field it
produced was opposite to the field produced by the
analyzing magnet on the photomultiplier tube.

The Co" source used in the testing of the in-
strument was prepared by the New England Nuc-
lear Corp. The source was electroplated on &-mil
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Mylar which had been coated with a 50-gg/cm'
film of copper. The source was then covered
with a 20-pg/cm' film of aluminum. Lanthanum
was obtained from the Nuclear Science and Engi-
neering Co. , Pittsburg, Pennsylvania. The
sources were prepared by evaporation to dryness
from HCl solution under a heat lamp. The source
strength was about 0.5 mCi, and the maximum
source thickness was estimated to be less than
3 mg/cm'. A new lanthanum source was used
every other day.

In the Co' part of the experiment, the y single
channel accepted all scattered y rays above 350
keV. P pulses for energies between 30 and 350 keV
were accepted. The decay scheme of La"' is
shown in Fig. 3. La'"-scattered y rays above
450 keV were accepted. All P energies above 100
keV were accepted. For both isotopes, y-y coin-
cidences were possible. These events were mea-
sured by stopping the P particles with an a.lumi-
num shield which was placed over the well detec-
tor opening.

There are two different types of data to be pro-
cessed in the experiment; the number of counts
recorded on various scalers, and the analyzer
output. Every 10 min, scalers recording P singles,
y singles, pure-accidental coincidences, and true-
plus-accidental coincidences were read out, and
the direction of the field was switched. A typical
run would consist of 15 h of P-y measurements
followed by 8 h of y-y measurements. The MCA
was read out after the P-y and after the y-y mea-
surements.

The sealer outputs were monitored to give an in-
dication of the stability and magnetic field depend-
ence of the instrument. The P and y singles count-

ing rates should be field independent, as should
the y-y coincidence rate. To test for stability, the
data were first corrected for source decay. Then
the data were checked for slow drifts with time.
The drift was usually less than 0.03% per day. The
random variations around the average rate were
also checked. A y' test was used for the coinci-
dence counting rates. The stability of the instru-
ment was quite good even though the P singles
counting rate was frequently higher than 5 &&10'

counts/sec. The average deviation of the singles
counting rates was typically less than 0.1%. The
difference in the average singles rates for the two
field positions was less than 0.1%. The true-to-
chance coincidence ratio was approximately 10:1.
Since the chance-coincidence rate was measured
simultaneously with an accuracy of better than 1%,
the accidental coincidences did not limit the accu-
racy of the experiment.

The analyzer output was treated in a straight-
forward manner. The data were corrected for
source decay and for the unequal amount of time
that P-y and y-y measurements were made. Ac-
cidental coincidences were removed from the P-y
and y-y numbers. Then the y-y background was
subtracted from the I3-y result. Finally, the rel-
ative difference in the number of actual J3-y co-
incidences was found for each channel. Statistical
uncertainties were propagated in the standard
fashion.

The P-y angular-correlation function for first-
forbidden transitions has the following form:

N(W, 8, S) =A, (W)+SA, (W)P, (8)+A, (W)P, (8)

+ SA, (W)P, (8) (1)

-57 83 4ph

E(MeV) log ft

l38, 45%,7.6 P
1.7I I0% 86P

2.20, 7%, 9.2Pi

MeV

2.92

" 2.52 2
2.4 I 3

2.086 4

1.596 2

where W is the total energy of the P particle and
0 is the angle between the directions of emission
of the P particle and y ray. The helicity pa, rame-
ter S is +1 and -1 for right-hand and left-hand
circular polarization, respectively. The coeffi-
cients Az(W) depend on the nuclear matrix ele-
ments, and P~(8) are Legendre polynominals. The
P-y circular polarization is defined by the expres-
sion

P(+S) N( S) A,P, +A,P,
~ X(+S)+X(-S) A, +A,P, (2)

1l 'lt 1P 0 0+
~I40

58 82

FIG. 3. Decay scheme of La 4 .

In its simplest form the relative difference in
counting rate 6 is related to the circular polariza-
tion P& by the efficiency of the analyzing magnet:

i5 =eP&.

However, this expression becomes much more
complicated when the finite solid angle of the p
detector and the circular-polarization analyzing
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magnet are included:

C,(W, y)-C (W, q)
C,(W, y)+ C (W, y)

e,A, (W)P, (y) + eQ, (W)P, (p)

A, (W)+ ~g, (WjP, (q)

The notation of Steffen and Fraunfelder" has been
used here except that a factor of 2 has been
dropped in the definition of 6 to make this expres-
sion consistent with the definition of P&. C is the
corrected coincidence counting rate, and p is the
angle between the symmetry axis of the P detector
and the symmetry axis of the analyzing magnet.
The efficiency parameters 6y and e, are functions
of the geometry of the experiment and the size of
the spin-dependent part of the Compton scattering
cross section relative to the spin-independent
part. The parameter &, depends only on the geom-

etry of the experiment.
The efficiency of the analyzing magnet was mea-

sured by observing the circular polarization of
the y rays emitted in the decay of Co". For this
allowed P transition, A, and A, are zero, and it
is theoretically predicted that A, /A, = ——,v/c. This
theoretical prediction for P& has been confirmed by
a large number of experimental measurements. "
Therefore the value of e, was determined from the
average value of the relative difference in count-
ing rate divided by v/c with q& equal to 180':

e, = 3(6/(v/c)) =0.0252 + 0.001.

After the efficiency of the analyzing magnet was
determined, the Co" data were analyzed to check
the ability of the instrument to measure the energy
dependence of P . A plot of the parameter D as a
function of the p-particle energy W;is shown in
Fig. 4:

(v/c) c,

Since the expected energy dependence (v/c) has
been removed, D should be constant. The data
were least-square-fitted to a function of the form

D =A+ BW.

It was found that A =0.32 and B =0.01 gave the best
fit to the data. This is in very good agreement
with the prediction that the energy dependence of

Pz is v/c for allowed P decay.
The efficiency factor obtained from the Co"

measurements cannot be used directly in evalu-
ating the La'" results. The Compton scattering
cross section is a function of the energy of the
incident y ray. Since the energy of the La"' y ray
(E =1.8 MeV) is different from the energy of the
Co" p rays ((E)= 1.24 MeV), the efficiency will be
slightly different. A computer program was used
to calculate the efficiency of the analyzing mag-
net by performing a numerical integration over
the scattering angles which were permitted by the
geometry of the experiment. The calculated effi-
ciency gave good agreement with the measured
efficiency, so the calculation was used to deter-
mine how the measured efficiency would change
as a function of the energy of the incident y ray.
The same program was used to calculate e, and

e, for use in the analysis of the La' data.
There is another difficulty which occurs in deter-

mining P& from 5 for a first-forbidden transition.
Experiments are frequently reported where P&
has been obtained by simply dividing 5 by e, . It
is obvious by comparing Eqs. (2) and (3) that this
procedure is not correct unless A, is much small-
er than A„and A, is much smaller than A, . The
ratio of A, to Ao can be determined by measuring
the P-y directional correlation. The ratio of A,
to A, can be determined by measuring 6 as a
function of p. However, when this measurement
is evaluated, the uncertainty in the ratio A, /A,
must be combined with the uncertainty in 6 in
order to set limits of error on P&. Therefore the
best procedure for extracting nuclear matrix ele-
ments is to use Eq. (3) and compare the theoreti-
cal prediction with 5 rather than with P&.

0.5—

0.4—

0.3—

02—

D=—I

3
III. RESULTS

The measured values of 5 as a function of P en-

ergy are shown in Fig. 5. The following values of
the efficiency factor e~ must be used to compare
these results with theoretical calculations:

O. I

I. I 1.2 l.3
W

I

I4
I

I.5

FIG. 4. Results for the energy-dependent P~ circular
polarization of Co . The quantity D is the circular po-
larization divided by e/c.

&] = 0.0276, &, = 0.724, E, = 0.0168

The parameter e, is much smaller than e, because
the solid-angle correction makes the average val-
ue of P, much smaller than the average value of

P,. It is evident that a large error can be made
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FIG. 5. Results for tne energy-dependent P-y circular
polarization of La . The quantity 4 is the relative dif-
ference in the P-y coincidence counting rate. The diffi-
culty in obtaining the circular polarization from 6 for a
first-forbidden transition is discussed in the text.

in determining P& from 5 if the relative size of
A, and A, is not known. The data for P energies
above 1.5 Mev were used in the matrix-element
extraction. This excludes P particles from all the
lower-energy transitions except for a minor con-
tribution from the transition with an end-point en-
ergy of 1.7 MeV.

There have been previous measurements of the
circular polarization for this transition by Singru,
Simms, and Steffen" and by Estulin and Petushkov. '
Both of these results are expressed in terms of
the circular polarization of the y ray, P&. The
P was obtained by dividing the observed differ-
ence in counting rate by e,. It was possible to es-
timate the relative sizes of A, and A, from Singru's
data since the measurement was made at several
angles. However, the measurement of Estulin
and Petushkov was made at only one angle, so it
was impossible for them to estimate the relative
sizes of A, and A, . If the results of the present
experiment are treated in the same fashion as the
other measurements by dividing by e„our ob-
served "P&" is somewhat larger than those quoted
previously. However, the statistical errors are
large enough to allow the three measurements to
overlap.

0.287 - Aczz(experimental) - 0.885.

Therefore it is now clear that Fujita's formula
does not agree with the experimental vector. -ma-
trix-element ratio for this transition in La' '.
Even though Fujita's method is very appealing be-
cause of its simplicity, this experiment demon-
strates that it cannot be used to predict the ratio
of first-forbidden matrix elements.

The failure of Fujita's formula does not neces-
sarily mean that the CVC theory cannot be used to
interpret the ratio of fn to f(ir)/p. Damgaard and
Winther' modified the calculation of Fujita by
using a more general treatment for the Coulomb
part of the Hamiltonian. An expression can be ob-
tained" which depends on a third-forbidden ma-
trix element:

A chic = Achro+ (0 8 rt) 2nrZ for p (5)

In this expression natural units are used; e is the
fine-structure constant; W, is the end-point ener-
gy of the P decay; p is the nuclear radius; and Z
is the atomic number of the daughter nucleus. Z
is taken as a positive number, and the upper and
lower signs are used for negatron emission and
pos&tron emission, respectively. For the La'
transition being condidered here. Fujita's predic-
tion gives the following value for Acvc in natural
units:

Ac~c(theoretical) = 0.55.

The results of previous experiments" were con-
sistent with values of Acvc which varied from 0.55
to 0.36. Therefore it was previously impossible to
confirm or reject Fujita's method for calculating
A~vc. When our energy-dependent circular-polar-
ization results are combined with the directional-
correlation and spectrum-shape measurements
which were used in the previous analysis, "much
better limits can be set on the CVC ratio:

IV. CONCLUSIONS where

A
+GVC

~ (iR/p

= +1.2aZ+(WG+2. 5)p for p'.

(4)

Results for the nuclear matrix elements were
extracted" by using the energy-dependent circular-
polarization data of this experiment, the energy
dependence of the shape correction factor, 4 and
the energy dependence of the directional correla-
tion parameter. ' Fujita' has used the CVC theory
to provide a simple method for calculating the
ratio of two of the first-forbidden matrix elements:

Jl r(r(p)'

It is evident that if A is a positive number greater
than 0.6, the theoretical CVC ratio will be reduced
from the value predicted by Fujita. In the case of
the La'~ transition considered here, it was found
that for A = 2.45 the experimental and theoretical
values of the vector-matrix-element ratio agree.
The matrix-element extraction and analysis which
lead to this result will be discussed in more de-
tail in the following paper. '
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Experimental data are used to determine the first-forbidden matrix elements for the 2.2-
MeV P transition of La~40. The results show that the matrix-element ratio (fn/f q'r) does
not agree with the usual theoretical prediction which assumes the Ahrens-Feenberg approxi-
mation. The size of the experimental vector-matrix-element ratio can be understood on the
basis of significant off-diagonal contributions in the Coulomb Hamiltonian. The theory of
conserved vector current is used to investigate impurities in the isobaric analog to the
ground state of La~ . In addition, the contribution of third-forbidden matrix elements to
the transition is investigated.

I. INTRODUCTION

For several years, the study of first-forbidden
P transitions has been a useful method of learning
some of the details of nuclear structure. Now that
the conserved-vector-current (CVC) theory has
been used to predict the ratio of two of the vector-
type first-forbidden nuclear matrix elements (fa/
fi r), these experiments ha, ve taken on the addition-
al value of being able to test the accuracy of the
CVC predictions.

The formula which has been widely used to pre-
dict the matrix-element ratio was derived inde-
pendently by Fujita' and Eichler. ' More recently
Damgaard and Winther' have modified the calcula-
tion to obtain an expression for the matrix-ele-
ment ratio which does not depend on the assump-
tion that the Coulomb Hamiltonian is diagonal. The
Damgaard and Winther approach de-emphasizes
the. CVC ratio as a useful tool in simplifying nucle-
ar matrix-element extraction and emphasizes its

role in supplying direct information on nuclear
structure.

Previous experiments' have shown that a mea-
surement of the energy dependence of the P-y
circular-polarization correlation of La' would be
useful in determining the matrix-element ratio
more precisely. This measurement has been per-
formed by Ohlms, Bosken, and Simms. ' Their re-
sults will be combined with other experimental da-
ta to show that the matrix-element ratio for La' '
agrees with the Damgaard-Winther formulation,
but it does not agree with the calculation of Fujita
and Eichler.

The formulas used in the matrix-element analy-
sis are those developed by Buhring. ' In these for-
mulas Buhring uses the exact electron radial wave
functions and takes into account the finite nuclear
size. In a later paper' he also treats the Coulomb
screening of the nuclear charge by the atomic elec-
trons. These formulas have been presented by
Simms' in such a way that the importance of the


