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We have used the P-y circular polarization correlation technique to measure the isospin-

forbidden Fermi matrix element for the p+ decay of Al to the 4+ T=1 state in Mg at
E„=8.439 MeV. The Al activity was produced by bombarding a natural Mg target with

18 MeV protons. The p-y circular polarization correlation was measured using a novel ap-

paratus which featured good energy resolution in both the y aud p arms. The circular po-

larization sensitive y-ray detector utilized a transmission-mode Compton polarimeter and a
12.7 cm X 15.2 cm NaI detector. The p detector was a telescope with a 700 p,m surface bar-
rier detector aud a 5.1 cm X12.7 cm plastic scintillator. The P-y circular polarization
asymmetry A [defined by W(8, r)=1+vv/cA cos8 where r is the photon helicityj was
found to be A =—0.145+0.030. After applying a correction for feeding of the 8.439 MeV
state from the analog state this value of A corresponds to a charge dependent matrix ele-

ment between the 9.5 MeV 4+ T= 1 and 8.4 MeV T=0 levels of
~

(4+;0
~
Hcu

~

4+;1)
~

=106+40 keV which is the largest matrix element of HcD ever ob-
served in P decay. For comparison the charge dependent matrix element between the 9.5
MeV state and the 4.1 MeV 4+ state, previously measured in Na decays is only 5.4+2.2
keV. Our exceptionally large value occurs because the 9.5 MeV T=1 and 8.4 MeV T=O
states have very similar space and spin wave functions. This matrix element is consistent
with predictions which ascribe the entire effect to Coulomb forces.

RADIOACTIVITY 24AI [from ~4Mg(p, n)]; measured Py CP corre1a-

tions; developed new apparatus; measured isospin forbidden Fermi ma-

trix element. Deduced isospin mixing matrix element.

I. INTRODUCTION

The Fermi P decay matrix element provides the
only rigorous, model-independent measure of the
isospin purity of nuclear states. The observation of
a nonzero Fermi matrix element between states of
nominally different isospin directly yields the iso-
spin nonconserving matrix element connecting the
two states. There now exists quite a body of data'
on the sizes of isospin-mixing matrix elements deter-
mined in this completely unambiguous fashion. The
results, for nuclei with A & 80, are shown in Fig. l.
The deduced matrix elements are typically very
small, say -10 keV, the two largest known values'
being 56+12 and 41.7+1.1 keV in Ni and Ga de-

cays, respectively.
Isospin admixtures can also be probed by less

rigorous, but far more convenient, techniques. Two
methods have found particularly wide application:
measurements of isospin-retarded electromagnetic
transitions, and the study of departures from the
Adair rules for nuclear reactions related by the iso-

spin symmetry. In several cases these electromag-
netic (EM} and strong probes of isospin mixing have
yielded very large values for

~
(HcD) ~. Notable

examples are the -140 keV matrix element ' con-
necting the 16.6 and 16.9 MeV 2+ states in Be, the
140+35 keV matrix element ' connecting the 12.7
and 15.1 MeV states of ' C, and the & 155+30 keV
matrix element connecting the 12.53 and 12.97
MeV states of '60. However, the EM and strong
probes of isospin mixing are model dependent. Al-
though measurements of isospin mixing by elec-
tromagnetic transitions use a well-understood in-
teraction, the extraction of ( ~HcD

~
) requires a

shell model calculation of the EM matrix element
for the isospin retarded transition. Strong interac-
tion probes of isospin mixing rely, in addition, on a
reaction model to distinguish "residual" effects (Q-
value differences, Coulomb interactions in the en-
trance and exit channels, etc.) from the "interesting"
effects due to isospin impurities.

The clear discrepancy between the large values of
~( ~

HcD
~
)

~

infe«ed from the model-dependent
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FIG. 1. Values for the off-diagonal isospin mixing ma-

trix elements
~
(

~
Hcn

~

)
~

. Results inferred from

isospin-forbidden Fermi matrix elements were taken from

Refs. 1, 3, and 4 and are denoted by solid dots and trian-

gles. Results inferred by less rigorous means {see Refs.
5—7) are denoted by crosses. The measurement described

in this paper is not shown in the figure.

ence in the sizes of ~(HcD
~
)

~

determined by the
two classes of probe lies in the structures of the
states involved. The Coulomb force, being a long-
range, spin-independent interaction, has large off-
diagonal matrix elements when the two states have
wave functions with very similar space and spin
structure. Those cases in which large matrix ele-
ments are observed do, in fact, all involve a pair of
states with very similar space and spin wave func-
tions. On the other hand, without exception, previ-
ous P decay experiments detected the mixing be-
tween the T& analog state and the lowest-lying T&

state having the same J as the analog state. In gen-
eral these low-lying states will not have a wave func-
tion which is related in a simple way to that of the
analog state and therefore are connected to the ana-

log level with small charge dependent matrix ele-
ments. This could explain the discrepancy between
the P decay and the other probes of isospin mixing.

In this paper we report the first measurement, us-

ing P decay methods, of a charge-dependent matrix
element for a case in which one expects' to find a
very large value —namely two states in a self-
conjugate nucleus which have very similar space and
spin structure. In particular we measure (see Fig. 2)
the Fermi matrix element for the decay of z4A1 to
the 4+ T=O level in Mg at E„=8439keV and ob-
serve the largest value of

~
(

~
HCD

~
)

~

ever detect-
ed in P decay experiments, 106+40 keV. The previ-
ously observed Fermi component for the decay of
"Na to the 4+ T=O level at E„=4123 keV corre-

Ks4
Al

EM and strong probes and the smaller values of
~
(

~
HCD

~
) (

determined by the model-independent
weak probe raises interesting questions. Is this
difference due to an invalid analysis of the model-
dependent probes or does it rather reflect some
physical difference between the systems studied by
the model-independent and the model-dependent
probes? What could these physical differences be?

The large values for
~
(

~
HCD

~
)

~

determined by
EM and strong probes all occur in self-conjugate nu-
clei. However, P decay experiments' have yielded a
value of 14+&4 keV for the charge dependent matrix
element connecting the 1.63 MeV 2+ T=O and
10.27 MeV 2+ T= 1 levels of Ne and a value of
5.4+2.2 keV for that connecting the 4.12 MeV 4+
T=O and 9.52 MeV 4+ T= 1 levels of Mg, so the
large matrix elements cannot be explained as a
consequence of T3 being zero.

A more likely possibility for the striking differ-

9516

930I
8439

4';I 37.0 3.5IO

4+iO 2.5 4 80
4+ I( I H I)I = l06+ 40keVCO

4+; IK=4
Na K=P

&IH l&I-54+22& V~

60IO 4;0 l.2 6.43

4;0 &.7 6.13
8R lag ft

0+;0

Mg

FIG. 2. Beta decays of the 4+ T=1 states in 2=24.
The ~ Al branching ratios and IoIJ't values along with the
E assignments are from Ref. 11. The values of

~
(

~
Hcn

~
)

~

from Na and ' Al decays are taken from
Ref. 1 and this work, respectively.



1246 C.D. HOYLE et a1.

sponds' to a matrix element of only 5.4+2.2 keV.
Our large value, and the small one for the 4123 keV
transition, are explained by quite simple considera-
tions. In the Nilsson model the Al ground state
and Mg (8439) both have K=4 while Mg (4123)
has E=O (see Ref. 11) so that the analog-8439 keV
mixing is E allowed while the analog-4123 keV mix-

ing is K forbidden. Our result thus indirectly sup-
ports the large values of

I
( I &cD I

)
I

obtained in
other nuclei by less rigorous means.

II. THEORY OF MIXED
FERMI-GAMOW- TELLER TRANSITIONS

Consider a general P-y transition with a nuclear
spin sequence

yJ—+J'~J" .
The nuclear matrix element for the P transition can
be expressed as

& J'I IgvMvllJ &+ &J'IIG~M~ I I J &

where V and A refer to the vector and axial-vector
weak hadronic currents. We define the Fermi to
Gamow-Teller (GT) mixing ratio as

&J'IIGvM, IIJ &

and restrict ourselves to the allowed approximation.
If the nuclear states are isospin eigenstates y=O un-

less the initial and final states belong to the same
isospin multiplet in which case

(J'IIMvllJ) =v'2T .

If we consider a T~T'=T —1 transition and in-

clude, to lowest order, the effects of isospin impuri-
ties, Mz al2T where a is——the amplitude of the

I

analog of the initial state in the final state. The P
decay half-life is given by

ft=
I &J'IIGvMvllJ& I'+1&J'IIG~M~IIJ& I' '

where E may be evaluated from the superallowed
0+, T = 1~0+, T= 1 Fermi transitions for which ft
is observed to be ft0=3088.6+2.1 sec and we as-
sume

(J'IIMvllJ)=v2.

Since the V and A matrix elements do not interfere
in the expression for ft it is clear that the ft value of
a predominantly GT transition will not in general
provide an unambiguous means of measuring a
small isospin forbidden Fermi matrix element.
Small values of a are best measured in experiments
which detect pseudoscalars and thus probe the V,A
interference. This is conventionally done by detect-
ing the P-y circular polarization (CP) correlation
k, k„kr &z where the k 's are propagation vectors
and Oz is the photon spin.

The P-y angular correlation for a CP-sensitive y-
ray detector will be

N ( H, 7 )= I +7 ( U I )AccosH,

A A
where cosH =kti kr, v is the p velocity, and r= + 1

(—1) for right (left) handed circularly polarized y
rays. Let the J'~J" y transition proceed via mul-
tipole order A, with a possible admixture of mul-
tipole order A, + 1. We define the multipole mixing
ratio

(J"Ild'(2+1)IIJ')

The asymmetry coefficient A is given'2 by

v 3, J'(J'+1)—J(J+1)+2 Fi(A, ,A,,J",J')+25Fi(A, ,A+1,J",J')+5 Fi(i+1,A+1,J",J')
6(1+y2) [J'(J'+ I)]' 1+5'

where the Fi coefficients are familiar from y-ray an-
gular correlation theory, and the upper (lower) sign
refers to P (P+} decay. The physical significance
of this expression is made clear by rewriting it as
A =A i (P)A i (y), where

~3 J'(J'+1)—J(J+1)+2
6(1+y2) &J'(J'+1)

is the vector polarization of the state J' produced in
the P decay and A i(y) gives the amount of CP car-
ried off by the y-ray deexciting a vector polarized

1

state (see Ref. 13).
Later we shall need the P-y CP correlation for a

pJ~J'~J"~J"'

transition in the case where the first y radiation, yi,
is unobserved and we instead detect the P-yi CP
correlation. Then the expression for A involves a
deorientation coefficient'~ U, (yi} to account for the
unobserved y~ transition

A =A l (P) Ul (1 1)A 1(Y2) .
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FIG. 3. Scale drawing of the P-y CP correlation ap-
paratus. The core of the circular polarimeter is construct-
ed of 2V-Permendur while the flux return is Armco iron.
The unit labeled SB is a totally depleted surface barrier
detector. The rabbit travels in and out of the plane of the
figure.

In the case of a J;T~J;T—1 transition the al-
lowed Fermi matrix element vanishes if the states
have good isospin. Charge dependent forces will in-
duce a small Fermi matrix element and, as discussed
below, (J;T —1

~ HcD
~
J;T ) can be inferred from a

measurement of y.

III. APPARATUS

The P activity was produced in the standard
fashion by bombarding thin targets mounted in bal-
sa wood "rabbits" which were shuttled between the
bombardment station and a well shielded counting
area. The rabbit was propelled to the counting area
by a blast of air and pulled back into the bom-
bardment station by a partial vacuum.

We measured A by observing coincidences of P's
emitted at —180' to y rays detected in a CP sensi-
tive detector. The analyzing efficiency il of the CP
sensitive detector, defined by

rI=(f~ fl. )/(fit +—fL, »
where fs and fL are the fractions of incident right
(left) handed y rays which are counted by the y
detector, can easily be reversed. We observed an
equal number of P decays with each sign of rl and
obtained A from the relation

A= N+ —N

N++N rI(v /c ) (cos(8) )

where N+ (N ) is the number of P, y coincidences
when the circular polarimeter preferentially accepts
right (left) handed y rays. The quantities ( v /c ) and
(cos(8)) are averaged over the range of accepted P
energies and detector solid angles, respectively.

Since we were interested in detecting the P-y CP
correlation of a transition to a highly excited state of
the daughter nucleus we had to develop an instru-
ment which differed significantly from previous ap-
paratus. The most important requirement was good

energy resolution in both the P- and the y-ray arms.
The P-y CP correlation apparatus is shown schemat-
ically in Fig. 3.

The polarimeter was one of four constructed at
Chalk River by McDonald for a measurement of the
parity violating CP of the 2.8 MeV y ray in 'Ne. '

It was well suited for the present experiment because
of its large solid angle. The current which excited
the polarimeter magnets was provided by a
constant-current supply which fed a full-wave
transistor bridge. The bridge circuit allowed a digi-
tal signal to reverse the current with essentially no
change in its magnitude. The polarimeter was
flipped after each cycle of the rabbit. For this ex-
periment two changes were made in the polarimeter.
The heavy metal cube which, in the 'Ne experi-
ment, collimated the y rays into the four polarime-
ters was replaced with a conical Pb collimator whose
aperture was filled with a Lucite plug, and the exci-
tation current was lowered from 4.5 to 2.5 A. The
Lucite plug stopped the high energy P's with
minimum bremsstrahlung. The reduced excitation
current was selected to minimize the stray 8 fields
from the polarimeter magnet. The current was
chosen by measuring the magnetization of the polar-
imeter core as a function of excitation current. The
excitation current was flipped once each second and
the magnetization detected by electronically in-
tegrating the output of a sense coil wound around
the polarimeter core. The reduction of the excita-
tion current from 4.5 to 2.5 A significantly reduced
the stray fields at the cost of diminishing the in-
tegrated sense coil output by 1.7% and increasing
the flipping time from 340 to 575 msec. Since the
polarimeter was flipped just after the rabbit was re-
tracted into its bombardment station the increased
flipping time was no disadvantage. The NaI detec-
tor was inside a magnetic shield. When the polarim-
eter magnetization was flipped the 8 at the photo-
tube changed by only 0.05 G. The measured gains
for the two polarimeter states differed by a factor of
only 10

The P detector was a b,E Etelescope. It consis-ted
of a 300 mm ORTEC surface barrier detector with
a thickness of 700 pm and a 12.5 cm diam by 5.1

cm thick plastic scintillator coupled to an RCA
4522 photomultipler. Electrons leaving the rabbit
target were roughly defined by a Ta collimator. The
hE detector was mounted in a Pb shield which re-
duced the probability for Pyy coincidences in which
a P and one gamma ray were summed in the plastic
scintillator. The entire P detector system was en-
closed in a cylindrical magnetic shield which at-
tenuated the stray field from the y-ray circular po-
larimeter. Electrons entered the detector through a
3.75 cm diam hole in the shield. This shield reduced
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FIG. 4. Schematic diagram of the signal processing
electronics. The numbers on the various units refer to
manufacturer's model numbers. Unless otherwise noted
the units with model numbers were manufactured by
Lecroy or ORTEC.

systematic errors from two sources —deflection of
the P particles and gain shifts in the scintillation
detector. When the polarimeter magnetization was
reversed the axial B field changed by 35 G at the
counting position of the target, by 18.5 G at the en-

trance hole in the magnetic shield, by 0.78 G at the
surface barrier detector, and by 0.06 G at the pho-
tomultiplier. We tested the effectiveness of the
shield by observing the changes in the rate of b,EE-
coincidences when the polarimeter was reversed. In
a perfect detector there should be no change since
we did not require coincidences with the y ray.
Without the magnetic shield in place the observed
hE-E coincidence rate changed by —1—2% when
the polarimeter was reversed. With the shield in
place this change was reduced to -0.05%. The y-
ray rejection efficiency of the p detector was mea-
sured using an encapsulated Na source from which
P+'s could not escape. The rate of surface barrier-
plastic scintillator coincidences was co~pared to the
singles rate in the plastic scintillator. The ratio of
the two rates was (1.5+0.1)X 10, which was ade-
quate for our needs.

The signal-processing electronics for our ap-
paratus is shown schematically in Fig. 4. For each
P-y coincidence five signals are recorded —the pulse
heights in the NaI, surface-barrier and plastic scin-

tillator detectors, the output of a time-to-amplitude
converter (TAC) which measured the P-y tiine
difference, and the integrated sense coil output
which recorded the instantaneous value of the mag-
netization in the polarimeter core. The TAC spec-
trum was routed two ways according to the state of
the signal which controlled the polarimeter magneti-
zation. This gave us an independent check that the
magnetization was reversing properly. Event-mode
data were written on magnetic tape by a PDP-11/60
computer which ran the MULTI program.

The electronics were required to handle very
high singles rates. For the 24AI-+24Mg(4+;8. 4
MeV)~ Mg(2+;1.4 MeV) decay sequence the ex-
pected value for the "true" fractional change in
counting rate upon flipping the polarimeter is
-4X10 . To obtain a statistical error of 1X10
in this quantity, approximately 10 true coincidences
are required. Combining this estimate with the at-
tenuation of y rays by the polarimeter, the branch-
ing ratios of the Al~ Mg(4+)~ Mg(2+) decay
sequence, and the photopeak efficiency of the NaI
detector, we find that the instantaneous singles rates
in the plastic scintillator and surface barrier detec-
tors must be ) 1 MHz to obtain a statistical error of
-1X10 3 in -10 d of running time. The singles
rate in the NaI detector will of course be much
lower (-30 kHz at a discriminator threshold of —1

MeV).
Because of the high singles rates in the P telescope

we used fast negative signals from the surface bar-
rier and plastic scintillator for the linear as well as
the timing functions. These fast negative pulses
were digitized by fast-gated integrating ADC s
(I.ECROY 2249A). The lower rate TA.C, NaI, and
sense-coil signals were digitized by conventional
ADC's. The discriminators were constant-fraction
units designed at Berkeley. All coincidence timing
was done using overlap units with the pulse-widths
adjusted so that the threefold (NaI 13I surface barrier

plastic scintillator) coincidence time was deter-
mined by the plastic scintillator. This allowed us to
start the TAC on the threefold coincidence signal
and stop it on the NaI signal. Compared to the con-
ventional scheme in which the TAC is started on a
singles pulse, our scheme gave much smaller dead
time losses in the TAC.

IV. CALIBRATION OF THE CIRCULAR
PQLARIMETER EFFICIENCY

The analyzing power, Tl, of a circular polarimeter
may be defined by

++++
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lux return
lead TABLE I. Measurement of

~
il

~

for 2.75 MeV gamma
rays.

Configuration'

e--- :-- core: —. ::::Na I crystal:::::

where Na+ and Na are the number of right-handed

y rays transmitted when the polarimeter B field is
antiparallel and parallel to k&, respectively. We
measured the square of rl for 2.754 MeV y rays us-

ing -40 rnCi Na sources prepared by irradiating
sodium fluoride powder at the University of
Washington reactor.

The efficiency measurement was performed using
two identical polarimeters as shown schematically in
Fig. S. The polarimeter P1, closest to the Na24

source, had a steady magnetic field and partially po-
larized the Na y rays. This polarization was
analyzed by the second polarimeter P2, whose mag-
netic field was reversed every 3.0 sec. In order to
reduce the time required to reverse B the current in
the polarimeters was kept at 4.S A, the value used in
the 'Ne parity mixing experiment. Counting was
disabled for 420 msec after each B reversal to avoid
switching transients. Transmitted y rays were
counted in the same NaI detector used in the P-y CP
correlation experiment. The high voltage of the NaI

~gl I

heavy metal
co I I imator lead '

lead

FIG. 5. Scale drawing of the setup used to calibrate the
24circular polarimeter efficiency using the 2.75 MeV Na y

ray.

NN
NR
RN
RR
Sum

(r —1)X 10'
24 +2.4
23 +3
26 k2.4
20 +2
23.0+1.2 3.39+0.09

detector was controlled by a gain stabilizer which
fixed the position of the 2.75 MeV photopeak. NaI
signals were fed into a fast pulse-height analyzer
and routed into two regions of analyzer memory ac-
cording to the direction of B in P2. Counting losses
were monitored using a repetitive pulser which in-
jected signals into the NaI preamp. The polarimeter
magnetization was controlled by the pulser, being re-
versed after every 10 pulses. Since the total number
of pulser events was known for each of the two rout-
ed NaI spectra we could correct for dead time and
pileup effects.

We obtained
~
il

~

from the expression

rj =(r —1)/(r +1)
where r =N~/N, and N~ and N, refer to the num-
ber of 2.75 MeV y rays transmitted when the mag-
netic fields in the two polarimeters were parallel and
antiparallel, respectively. Two small corrections

'RN, for example, refers to the configuration in which the
polarity of P1 is

'
eversed (R) and the leads to P2 are nor-

mal (N).

8000

7000—

5000—
N

4000—
0
U

3000—

2GOQ—

10GG—

1024
iI

I

256 512 768
CHANNEL

FIG. 6. Spectrum of y rays rom ecays.f f Al d Although the continuum contains y rays scattered by the polarimeter the
photopeak consists almost entirely of y rays which did not scatter in the polarimeter.
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FIG. '7. Spectrum of pulse heights in the plastic scintillator from Al decays.

1024

were applied to r; the first to account for the decay
of the Na source and the second (typically a few
parts in 10 ) to account for dead time and pileup
differences as mentioned above. Comparable
amounts of data were accumulated with both polari-
ties of the field in Pl and with the current carrying
leads to P2 in their normal and reversed configura-
tions. By summing the results taken with all four of
these configurations most of the potential systematic
errors in our measurement are greatly diminished.
The results from six Na sources are shown in
Table I.

The above data consisted of 16 runs. The 16 indi-
vidual values of r have a standard deviation which is
1.09 times that expected from statistical errors

alone, which indicates that nonstatistical fluctua-
tions are not important. There is some evidence that
the configurations with P2 reversed give somewhat
smaller values of r than those with P2 normal, but it
is hardly significant statistically.

We obtain the sign of i) from theory since
g=kul, where k is a negative constant which de-
pends on the polarimeter but not on E&, and O.

I is
the spin-dependent Compton cross section (defined,
for example, in Ref. 15) which is a function of E&.
We adopt the value

rl(E& 2.754 MeV)——=(3.39+0.09) &(10

After k has been determined for the particular value
of Ez 2.754 MeV i—t—is straightforward to coinpute

8000

6000—

U3
I—z~ 4000—
O
U

2000—

1

768
I l

256 512
CHANNEL

FIG. 8. Spectrum of pulse heights in the surface barrier detector from 'Al decays.

1G24
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FIG. 9. TAC spectrum for 'Al decays. One channel corresponds to 0.17 nsec.

1024

il for any other value of Ez using the known form
of oi.

cay process, but any uncertainties on these grounds
are completely insignificant for our purpose.

V. TEST OF THE APPARATUS
USING KNOWN TRANSITIONS

In order to have confidence in our technique for
detecting isospin mixing in Mg we verified the per-
formance of our apparatus and analysis by measur-
ing the P-y CP correlation of transitions for which
A could be predicted exactly. Of course, the "exact-
ness" of the prediction relies upon the validity of the
V-A theory and allowed approximation for the P de-

A. The P decay of ~sAI

Our first test case was the P decay of Al. This
isa

J=3~J'=2~J"=0
spin sequence so that both y and 5 are constrained to
be zero by the allowed approximation and angular
momentum conservation, respectively. In this case
we expect A = ——,. We chose Al as a test case be-2S

5000

400a

~ 3000
I—
z'

O~ 2000

1000

1024256 512 768
CHANNEL

FIG. 10. Total p energy spectrum for 2sAI decays (see text). The solid curve is the expected shape for an ideal detec-
tor.
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cause it has only one Py branch with a large value of
A, and because it was convenient experimentally.

We produced the Al activity by bombarding 25
pm Al foils with a 6 MeV deuteron beam. Al-
though the Al half-life is 2.24 min we used a 10
sec rabbit cycle (4.5 sec irradiation, 4.5 sec counting,
and 0.5 sec for each transit). The Al P decay has
an end point of 2.86 MeV and produces a 1.78-MeV

y ray. Typical spectra for the NaI, plastic scintilla-
tor and surface barrier detectors, and the TAC are
shown in Figs. 6—9. Energy calibrations of the
three detector signals were performed using radioac-
tive sources. The plastic scintillator calibration was
done using the high energy edges of Compton elec-
trons produced by a series of y-ray sources while the
surface barrier detector was calibrated using the
conversion electrons from a Bi source. With these
calibrations we could sum the surface-barrier and
plastic-scintillator signals to form a total P energy
spectrum which is shown in Fig. 10 along with the
shape of an allowed P spectrum. The finite detector
energy resolution and scattering of the P's causes the
measured spectrum to deviate somewhat from the
allowed shape but the qualitative agreement is
reasonably good. The surface-barrier signal is also
in qualitative agreement with the expected Landau
distribution.

The quantities N+ and N (the number of P, y
coincidences when the circular polarimeter preferen-
tially transmitted right and left handed y's, respec-
tively} were calculated from events in which the y
energy was in the top 15% of the NaI spectrum.
After subtracting random coincidences N+ and N
were normalized to the same number of decays and
dead time corrected. The normalization was done

with a sealer which counted the output pulses of a
single channel analyzer (SCA) with its window on
the photopeak of the 1.778-MeV y ray. To correct
for any difference in the number of decays and any
small gain shift in the NaI detector for the two
routes, N+ was multiplied by (Ns«)/(Nsc~+),
where Nsc~+ ~ ~

is the SCA sealer count for the +
( —) route. The dead time correction was done by
comparing the total number events recorded in each
route of the TAC spectrum to the corresponding
number of threefold coincidence gates registered by
the fast scalers. Using the corrected N+ and N
we obtained A using the relation

A= X+ —X
N+ +N g(U/c ) (cos(8) )

where (U/c ) is the average value of U/c for the be-
tas that pass through the surface barrier detector.
This was calculated using the allowed beta shape
and the stopping power of the surface-barrier detec-
tor. (v/c) =0.948. (cos(8)) is the value of cos(8)
averaged over the solid angle of the detector system.
(cos(8})= —0.938. ri is the polarimeter efficiency
for a 1.778-MeV y ray.

g =0.03090+0.00073 .

The asymmetry A was calculated for 19 separate
Al runs. Combining a11 runs we obtain

A = —0.318+0.025,

which agrees quite well with the predicted value of
The X per degree of freedom for these runs

1 2

was 0.60, which indicates that any fluctuating sys-
tematic effects are smaller than the statistical errors.
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FIG. 11. Plastic scintillator spectrum for Si decays. The bump at low energies is due to 511 keV y rays (see text).
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FIG. 12. Total energy spectrum (E+hE) for positrons emitted in Si decays. The smooth curve is the shape expected
in an ideal detector.

B. The P+ decay of ~~Si

The P+ decay of Si was used to check for any
differences between the detection of positrons and of
electrons. The Si P+ decay (beta end point ener-

gy=3.787 MeV) goes to the ground state of 7A1

99.8% of the time. Therefore, no circular polariza-
tion measurement was possible, but a comparison of
P+ and P spectra could be made.

The Si activity was produced via the

AI(p, n) Si reaction using a 7-MeV proton beam
and a 25 pm Al foil target. The plastic scintillator
and total P+ energy spectra for plastic scintillator-
surface barrier coincidences are shown in Figs. 11
and 12, respectively. The only qualitative difference
between the spectra for positrons and electrons is the
presence of a feature due to 511-keV y rays in the
positron scintillator spectrum. Such events occur
because a positron emitted into the solid angle sub-
tended by the telescope can scatter in the surface

16000—
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D
U 6000—
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1024
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FIG. 13. Spectrum of y rays from ~4A1 decay. Peak 1 is the 1.369 MeV y ray from the 1.369 MeV to ground state tran-

sition. Peak 2 {2') is the photo (first escape) peak for the 2.754 MeV y ray from the 4.123 to 1.369 MeV transition. Peak 3
{3'3 is the photo (first escape) peak for the 4.314 MeV y ray from the 8.437 to 4.123 MeV transition, Peak 4 (4'3 is the pho-
to (first escape) peak for the 5.392 MeV y ray from the 9.515 to 4.123 MeV transition. Peak 5 {5') is the photo (first es-

cape) peak for the 7.068 MeV y ray from the 8.437 to 1.369 MeV transition.
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FIG. 14. Spectrum of pulse heights in the surface barrier detector for ~4Al decays.

1024

barrier detector, miss the plastic scintillator, annihi-
late and emit a 511-keV y ray that is detected by the
scintillator. These 511-keV y rays result from real
twofold coincident events, and therefore are expect-
ed in all P+ spectra. The lead shield in the P tele-

scope was designed to minimize the number of such
events. The total energy spectrum for the Si decay
shown in Fig. 12 was generated by including only
those plastic signals above the Compton edge of the
511 keV y rays. The smooth curve is the expected
shape for an ideal detector.

C. The P+ decay of '40

A zero calibration of the apparatus was done with
the P+ decay of ' 0. The ground state of '~0 is a

0+, T= 1 state that decays 99.4% of the time to the
first excited state of ' N which is a 0+, T= 1 state
that emits a 2.313 MeV y ray. The 0+~0+ nature
of this decay ensures that the circular polarization
asymmetry must be zero.

The ' 0 was produced via the ' C( He, n)' 0 reac-
tion using a 10.5 MeV He beam. The 1835 keV end
point energy of the ' 0 decay is so low that most of
the P+ spectrum is below the 511 keV y ray Comp-
ton edge. The SCA window was on the photopeak
of the 2313 keV y ray.

A TAC spectrum for y rays with energies in the
upper 15% of the Nal spectrum was used to calcu-
late X+ and N for each run. The same random
background subtraction, normalization, and dead
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FIG. 15. Spectrum of pulse heights in the plastic scintillator for Al decays.

1024
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time corrections procedures used in the Al analysis
were employed. The ' 0 measurement yields

(Ni N—)/(N++N ) =0.00175+0.00262

for eight runs with a g per degree of freedom of
0.70. This agrees well with the expected value of
zero.

VI. MEASUREMENT OF THE FERMI MATRIX
ELEMENT FOR THE A1—+ Mg(8439)

TRANSITION

The most intense P+ branch in Al decay is to
the 8439 keV 4+ T=O level of Mg (see Fig. 2 and
Refs. 11 and 16). Since there is strong evidence that
the 8439 and the 9516 4+ T=1 states have very
similar spatial structure, we concentrated on
ineasuring the Fermi component of the transition to
the 8439 keV level by studying the

P y
Al(4+)~ Mg(4+;8439)~ "Mg(2+;1369)

P~ CP correlation. For this correlation we expect
A=(l+y )

'
(——„+&5/3 y) where we assume

that the 4+~2+ y transition is pure E2.
The Al activity was produced by bombarding

180 pm-thick natural magnesium targets with an 18
MeV proton beam. The ~ Al ground state has a
half-life of 2.07 sec, while the 439 keV isomer has a
half-life of 130 msec. We selected a 7 sec rabbit cy-
cle (3 sec bombardment, 3 sec counting, and 0.5 sec
for each transit) so that most of the 2~AI~ activity
would have decayed during the 0.5 sec transit period

(see Ref. 16}. Typical NaI, surface barrier, plastic
scintillator, and TAC spectra are shown in Figs.
13—16. We are primarily interested in the correla-
tion of P's with the 7.07 MeV y ray. The Ge(Li}
counter spectrum of y rays following Al decay
given in Ref. 15 shows that the full energy and first
escape peaks of the 7.07 MeV y ray in our NaI
detector do not contain appreciable contamination
from other y-ray lines.

We obtain A for the

P y
A]~ 4Mg(8439)~ Mg( 1369)

transition by requiring the P, y coincidences to satis-
fy the following conditions:

(1) The NaI pulse height lay within a window em-
bracing the full energy and first escape peaks.

(2) The plastic scintillator signal was above the
Compton edge of the 511 keV y ray.

(3) The TAC signal lay within the real peak.

N+ and N are computed using the same random
background subtraction, normalization, and dead
time corrections as were employed in the Al test
case. We extract A from the expression

N+ —N 1

N++N ri(v/c) (c-ose} '

where (cos8)= —0.938, the polarimeter efficiency
at E&——7.07 MeV is g=0.03054+0.00072, and we
compute (v/c}=0.970 by assuming an allowed
shape for the P spectrum and the nominal stopping
power of the surface barrier detector. Froin an
analysis of 88 separate data sets we obtain

BOOOO
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FIG. 16. TAC spectrum for Al decays. One channel corresponds to 0.17 nsec.
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A,„=0.145+0.030 with a X /@=0.91.
Our measured value A,„„cannot be directly com-

pared to a theoretical expression for A for the 8439
keV level because the 8439 keV state is also fed by y
decays of the 9516 keV level. Using the P and y
branching ratios of Ref. 11, we find that for each
time the 8439 keV level is directly produced in the
p+ decay of Al it is fed f=0.303+0.019 times by
p+ decay to the 9516 MeV state. Hence the p-y CP
correlation we actually observe A,„~ is given by

Wg+9(8, r)= [Wg(e, r)+fW9(8,r)]1
+ ! 1+f

= 1 +A e„p ( cosl9 ) ( v /c )r

-0.20—

-O. I 5

„, r
AI = 0.00

AI

where

Aesop= [Ag+fA9]exP
1+f

and the subscripts 8 and 9 refer to the 8439 and
9516 keV levels, respectively.

We analyze our A,„p as follows. I.et the unper-
turbed (good isospin) 8 MeV (T=O) and 9 MeV
(T=1) states be denoted by ~0) and ~1) with Fermi
and GT matrix elements of V, Ap, and A &, respec-
tively. We assume V=V 2 and evaluate Ap and A

&

from the experimental ft values. Now add the ef-
fects of a charge dependent interaction HcD with a
matrix element VCD ——(1~HCD ~0). This mixes the
wave functions to yield

[»=a [ I)+P[», a'+P'=I,
where VcD apbE with——

bE =(9516.2 —8439.3) keV .

The Fermi and GT matrix elements of the mixed
states become

Vg
———PV, Ag ——aAp —PAt,

yg
——PV/(PA ) —aAp), V9 ——a V,

A9 —aA] +pAp g9 =a V/(aA ] +pAp)

From the expressions given earlier, we obtain

1
Ag ——

g (C)+C~g)
1+18'

with C~ ———» and C2=~5/3,

U)
A9 —

~ (C~ + Czy9 ) and U& ——0.9500
1+F9

ftg ——6250 sec/(Vg +Ag ),
ft9 ——6250 sec/(V9 +A9 ),

A = -0.20
I I & I

0 -25 -50 -75 -IQQ-l25 -l50

vco ("'v)
FIG. 17. Predicted values of A,„~ as a function of Vco

(see text). The experimental result of this paper is shown
as the shaded band.

where the Ut coefficient for the unobserved
4+~4+ y ray was evaluated assuming the transi-
tion is pure M1.

From the experimental values for ftg and ft9 we
conclude that ~Ap~ is quite large, but that ~A~

~

must be very small. We shall see below that these
values are consistent with a simple Nilsson model
picture, a simple SU(3) calculation, " and with a
complete (2sld) (Ref. 8) shell model calculation'
which give 0, 0, and 0.137 for the A& matrix ele-
ment, respectively.

For any value of A ~ we can compute the expected
value of A,„p as a function of VcD with Ap always
adjusted to fit the experimental value of ftg. This
yields a set of curves for various values of A~ as
shown in Fig. 17. For A

&

—0 we infer
Vt.-D ———106+40 keV. The sign of VCD is deter-
mined by A,„p and the assumed sign of Ap. We have
taken the sign of Ap from the Nilsson model calcu-
lation discussed below. From the curves for
A

&

——+ 0.20 and A ] ———0.20 we see that the extract-
ed value of Vco is not particularly sensitive to the
presence of a small but finite value for A ~. It should
be noted that our A~=0 prediction for ft9 is
logft9=3 498 which i.s consistent with the value
logft9=3. 510+0.018 quoted in Ref. 11, while the
prediction for A ~

——+ 0.20 is logft9 ——3.481 which is
not consistent with the experimental value. Since A

~

is predicted to vanish by simple calculations and
these predictions are consistent with ft9 we quote
the A ~

——0 value as our result. Should a better value
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for A i become available the corresponding values of
VcD can simply be read off Fig. 17.

VII. DISCUSSION

The observation of large values of VcD is particu-
larly interesting because of the possibility that these
large matrix elements could provide unambiguous
evidence for small AT=1 and ET=2 components
of the short-range NN interaction which are predict-
ed by meson-exchange theories. ' Evidence for the
BT=2 force has been found in low energy NN
scattering' and in Ip shell ET=2 isospin multiplet
mass splittings. ' On the other hand there is no
clear evidence for the ET=1 component although it
has been suggested (see, for example, Ref. 20} that
such a force could explain the systematic underpre-
diction ' of b, T=1 mass splittings by calculations of
the direct electromagnetic effects. Hence it is in-
teresting to see if the large b T=1 matrix elements
observed in certain self-conjugate nuclei can be ex-
plained by Coulomb forces alone.

We begin by considering the isospin mixing in
Mg of the lowest 4+, T=l state, for which we

have measured
~

VzD
~

= 106+40 keV, and the
lowest 1+, T= 1 state, for which

~
VCD

~

=49+5 keV
has been inferred. ' This, of course, requires a
model of the nuclear states. Previous work (see, for
example, Refs. 11 and 22) has shown that the nuclei
around A =24 are strongly deformed and well
described in terms of the Nilsson model. In this
model the lowest-lying orbital around the ' 0 core
is number 6 with ~Q~ = —,, followed in order of in-

creasing energy by number 7 with
~

Q
~

= —,, number
9 with

~

0
~

= —,, and number 5 with
~

0
~

= —,. The
K=O Mg ground state band has filled the orbits
numbered 6 and 7. The lowest 4+ state at 4.123
MeV belongs to this X=0 band. I.ow-lying
"particle-hole" excitations occur by exciting nucleus
from orbit number 7 into orbit numbers 5 or 9. The
4+ state at 6.010 MeV belongs to a K=2 band
formed from the orbits numbered 9 and 7, while the
4+ state at 9.301 MeV belongs to a 2p-2h E=O
band. The 4+, T=1 state at 9.516 MeV and the 4+,
T=O state at 8.439 MeV are analog and antianalog
K=4 states formed by promoting a nucleon from
orbit number 7 (

~

0
~

= —, ) to orbit number 5

(~Q
~

= —,). This same excitation can also couple to
X=1. The T=1 state with this configuration is the
9.966 MeV 1+ level. The antianalog T=O strength
is probably split between the 1+, T=O states at
7.747 and 9.827 MeV. This simple Nilsson model
picture is quite consistent with the P decays of ~ Al
and Al . It explains the strong GT decay of Al
to the 8.439 MeV antianalog state. In the asymptot-
ic limit of the Nilsson model MoT ———( —, )' which

implies logft=3. 39 if we use free-nucleon GT mo-
ments. This compares reasonably well to the mea-
sured value" of 3.93+0.02 since we have ignored
any quenching of the GT moments. The model ac-
counts for the very small GT contribution to the de-
cay of "Al to the 9.516 MeV analog state' as well.
In the asymptotic limit MzT ——0, which, assuming
that MF ~2, implies logJ'i=3. 49. This agrees
with the measured value" of 3.510+0.018. The
model also accounts for the ratio of P decay
strengths to the 10.576 MeV (5+, K=4} and 8.439
MeV (4+, K=4) states. Although the decays of
24A1 (1+) are not as well studied the model gives a
qualitative explanation for these results (see Ref. 16)
as well. In this case the asymptotic Nilsson model
predicts a vanishing MoT for the antianalog transi-
tion and a large MoT for the analog decay, which is
consistent with the results' if one includes isospin
mixing.

Now we consider the isospin mixing matrix ele-
ments connecting T=1 analog and T=O antianalog
states —following closely simple arguments present-
ed in more detail in Ref. 10. If the charge-
dependent interaction, HCD, is the Coulomb force
{or, more generally, obeys, in the notation of Ref.
18, the symmetries Vii ——Vni and Viv ——0) then

( T =0
~
HCD

~
T = I ) can be expressed in terms of

differences of isovector single-particle energy C(i)
and C(j) and differences of isovector two-body in-
teractions C(ii) and C(ij), where i and j refer to the
active Nilsson orbitals. In particular, one finds that

~ T =1
I HCD I

T =0~

= —,[C(j)—C(i)+C(ij)—C(ii)] .

If one assumes that the C coefficients vary negligi-
bly as one changes A by +1 and have negligible
dependence on excitation energy, then our simple
model allows us to determine the C coefficients
from the measured mass splittings in the T= 1 mul-
tiplet in mass A and the T = —, multiplets in masses
A —1 and A+ 1. For example, using the simple
wave functions shown schematically in Fig. 18, we
obtain the relations

(4+ K=4,T=1 iHCD i4+ K=4,T=0)
[(25Al 25Mg) (23Mg 23Na)

—( Al —2* Mg*+ Na)]

=-71 keV,

where Al, Mg, Mg, Al, and Na refer to
ground state masses and Mg* to the mass of the
4+, T=1 analog state. The "prediction" of our sim-
ple model is consistent with our measurement of
—106+40 keV. On the other hand the simple
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25
No M 9

TABLE II. Measured isospin mixing matrix elements
compared to schematic model predictions.

IIp
CORE

I T = I /2, Tz= -I/2 &

R4
No

Iep
CORE

I T= le Tz= I &

pep
CORE

I T = I/2r Tz = I/2 &

l4p pep
CORE CORE

ANALOG I T = Ii Tz = 0)

'4Ai

)ep
CORE

Nucleus

'Be (2+)

12C (1+)

"O(2 )

Mg (4+)

Levels

16.6
16.9
12.7
15.1
12.5
13.0
8.4
9.5

( VcD )exp

—145 keV

( VCD )th

—88 keV'

—106+40 —71 keV

—130+26 keV —125 keV

& —155+30 keV —163 keV

'See text for references.
"Computed using model of Ref. 10 as discussed in text.
'In this case the T mixing is so large that we used the un-

perturbed mass of Be* in the schematic model prediction.

l4p
CORE

T = I/2i Tz I/2 &

Ip
CORE

I T = I /2i Tz = I /2 &

FIG. 18. Schematic Nilsson wave functions used to re-

late analog antianalog mixing to mass differences. In or-
der of increasing energy the orbits are numbers 6, 7, and
5.

model predicts that

(4+, E =4,T =1
i
H

i
4+, E =O, T =0)=0

since the matrix element is four times E forbidden.
This is qualitatively consistent with the observed
value' of 5.4+2.2 keV. By applying these same ar-
guments' to the 1+ states we predict that

K=I 2'=I IHcD I

1+ &=I 2 =0)
= —76 keV .

This is larger than the observed value' of
~ (HOD)

~

=49+5 keV for the matrix element con-
necting the 1+, T=1 state with the 9.827 MeV state.
However, as was noted above and in Refs. 11 and
16, a significant fraction of the 1+ antianalog
strength is located in the 7.747 MeV state. Thus one
expects the model to overestimate the matrix ele-
ment connecting the 1+, T=1 state to the 9.827
MeV level.

The success of our highly simplified model for
predicting (HOD) for analog antianalog mixing
leads us to apply the results to similar cases in A =8
(Refs. 5 and 6), 2=12 (Refs. 7 and 8), and 2=16
(Ref. 9). The predicted and measured matrix ele-
ments are shown in Table II. Considering the crude-
ness of our approximation, particularly the assump-
tion that the charge-dependent single-particle ener-
gies are independent of excitation energy and small
changes in mass number, the agreement is quite irn-
pressive. The agreement is poorest in A =8, which is
precisely where one expects these approximations to
be most artificial.

One could (and we do) interpret this agreement as
follows. Since our model, which assumes
Coulomb-like forces, is fairly successful there is no
clear evidence for non-Coulomb (i.e., short-range)
charge dependent forces from the isospin mixing
data. On the other hand we know from other
sources (see, for example, Ref. 19) that a b, T=2
short-range VH interaction having the same sign as
the Coulomb force is present. If a bT=1 short-
range interaction, also having the sign of the
Coulomb force, were present it would tend to
preserve the Coulomb symmetry of Vrr-Vrrr and
therefore not violate our simple relations. Note that
a Vru of this sign would tend to "explain" the
Nolen-Schiffer anomaly.

VIII. CONCLUSIONS

We have used rigorous methods to observe the
largest isospin mixing matrix element ever detected
in P decay. This matrix element !—106+40 keV)
arises from the mixing of analog and antianalog
X=4 levels. It is much larger than the previously
measured matrix element of 5.4+2.2 keV connecting
the X=4 4+, T=1 level with the E=O 4+, T=O
level. This clearly demonstrates the importance of
analog-antianalog mixing in isospin impurities. We
can account for this matrix element by using a sim-
ple model which assumes that the only charge
dependent interaction is the Coulomb force. From
the success of this simple model we draw the con-
clusion that it will be very difficult to learn about
(small) short-range charge-dependent forces from
isospin admixtures. Future work aimed at studying
such forces should probably concentrate on small ef-
fects in multiplet mass splittings since the mass data
are inherently more precise than isospin mixing re-
sults.
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