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Time-differential P-y angular correlations perturbed by the nuclear quadrupole interaction in a zinc single
crystal were used to extract a value of y = + 0.030+0.015 for the ratio C~MF/C„MGT of Fermi to Gamow-
Teller matrix elements in the allowed P decay from the 5/2+ ' 0 ground state to the 5/2+, 197 keV state
in "F. This leads to a figure of MF ——(4.7+2.4) )(10 ' for the isospin-forbidden Fermi matrix element.
Other parameters which can be derived from this number are a = (2.7+ 1.4) &( 10 ' for the admixture of
the analog of the ' 0 ground state in the '9P excited state and ~Hco( = 20+10 keV for the effective
charge-dependent matrix element. A value of coo ——+ 8.5+0.5 p,sec ' was determined for the nuclear
quadrupole interaction of the ' F excited state in a zinc single crystal. The calibration provided by the pure
Gamow-Teller decay to the 3/2+ 1.554 keV state in ' F was used to remove effects of the implantation
process, and data analysis was performed with a model which incorporated the effects of P's backscattered
by the thick crystal.

RADIOACTIVITY '9O; measured P-y (8) in Zn single crystal; deduced allowed P
decay matrix element, isospin mixing in F level, and (do sign for ieF level in Zn.

I. INTRODUCTION

The application of p-y time-differential perturbed
angular correlations (TDPAC) for measuring the
sign of the nuclear quadrupole interaction (NQI) in
single crystals has been reported by Haghavan et
ttf. ' ' Following this work, Rots et af.s utilized p-
y TDPAC to observe a magnetically induced NQI in
a ferromagnetic cubic lattice. In this paper we re-
port an experiment which employs p-y TDPAC to
obtain the ratio of Fermi. (F) to Gamow- Teller
(GT) matrix elements in the allowed P transition
from "0 to the first excited state of "F. This
quantity measures the isotopic spin mixing in the
nuclear levels involved in the decay.

Isospin mixing is of interest because of the infor-
mation which it can convey about charge-dependent
terms in the nuclear Hamiltonian. Isospin sym-
metry is broken by the Coulomb force and by the
charge dependence of the nuclear force. Allowed

p decay is an excellent probe for the existence of
isospin mixing in nuclear levels because selection
rules restrict the isotopic spin change (hT) to 0 in
F transitions and to 0 or +j. in GT transitions. As
a consequence, F decay between levels of nominally
different isospin can occur only if at least one of
the levels contains isospin impurities. In the p-
ease the predominant contribution generally is
from admixing of the analog of the parent ground
state into the level of the daughter nucleus to which

p decay proceeds. '
In the past, two techniques have been used to

measure matrix element ratios in allowed P decay:
the angular distribution of p particles from polar-
ized nuclei and the angular correlation of p parti-
cles and circularly polarized y rays. Because of
the difficulty of obtaining polarized nuclear
sources, most of the available data' have been ob-
tained with the latter technique, which suffers from
the low efficiency of the polarization measurement.
The P-y TDPAC technique eliminates the need for
a polarization measurement.

In the absence of external perturbations, for al-
lowed p decay the p-y angular distribution is iso-
tropic. For a pure F decay, if the intermedi-
ate state is perturbed by the axially symmetric NQI
in a single crystal the p-y correlation remains iso-
tropic. However, under the same perturbation, the
correlation for a pure GT decay becomes aniso-
tropic. In the case of a mixed decay, anisotropy
whose magnitude depends on the mixing ratio is
produced by interference between the two modes of
decay.

The magnitude of the observed perturbations also
depends on experimental conditions, only some of
whose effects can be calculated. Population of non-
equivalent sites in the single crystal and radiation
damage from the implantation process can alter
the perturbation; scattering within the source and
geometrical effects must be accounted for. In the
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case studied in this experiment, the perturbation
amplitude for a pure GT transition leading indirect-
ly to the same intermediate state is simultaneously
measured. This allows most of the extraneous ef-
fects to be eliminated, and the ratio of matrix ele-
ments in the mixed transition can be determined.

In Sec. II, isospin as it relates to p decay is dis-
cussed, and the information which can be obtained
from a measurement of the matrix element ratio is
described. The relevant perturbed angular corre-
lation formalism is given in Sec. III, and the ex-
perimental procedure and analysis appear in Secs.
IV and V. We conclude with a brief discussion of
the results in Sec. VI.

H. ISOSPIN MIXING IN P DECAY

Two matrix elements characterize allowed p de-
cay' '. the Fermi matrix element

and the Gamow-Teller matrix element

llj) and (fll are the initial and final states for the
decay, p, are charge raising and lowering opera-
tors, and 0 is the spin operator. The sum is taken
over all the nucleons. The selection rules for these
two modes of decay are summarized in Table I.

Since the Fermi decay operator for p decay, T,
cannot connect states of different isospin, the Fer-
mi matrix element vanishes for decay to states,
T&, of lowest isospin (T= T,). Charge-dependent
terms in the nuclear Hamiltonian, however, admix
into T other states of higher isospin which may
permit a nonzero Fermi matrix element. The larg-
est such admixture is generally from the analog &
of the parent ground state P. For an amplitude p
of the analog state admixed in ihe final state, the
Fermi matrix element becomes

M~ = ng: O', T, T, —IIIT II P:J', T, T,)
= a. [(T+ T,)(T —T, + 1)]'i'
= ~v'2g, when T= T, .

Treating the charge-dependent terms &co in the
Hamiltonian as a perturbation, the first order ex-
pression for the amplitude of the analog state in the
final state is

&T,ll& IIA)

aE
where 4E is the energy difference between p and
the analog state.

In p transitions between levels with the same
nonzero spin, where both F and GT components
may be present, the interference between the two
terms is measured by the ratio

C~MF
C~MGT

C~ and C„are the weak-interaction vector and ax-
ial vector coupling constants. Making use of the
comparative half-life, ff, of "superallowed" (0'- 0') p decays and the f t va. lue of the decay of in-
terest, the Fermi matrix element can be deter-
mined'.

superal lowed2,~t 2

1+ '
& "decay under study

Nuclear models can be used to calculate Hco;
which may be compared with the experimental val-
ue of y through Eqs. (3)-(6).

III. PERTURBED CORRELATION

The directional distribution of y rays from an
oriented source [one in which the populations p(m)
of the ~ states of a particular nuclear level are
unequal] is sensitive to the alignment, but not to
the polarization, of the source. Axially symmetric
oriented ensembles of nuclear states are aligned
[e.g. , P(m)=P( —m) eP(m')] if they are invariant
under reversal of the symmetry axis; these are
described in angular correlation formalism' by

I

TABLE I. Selection rules for Fermi and Gamow-Teller matrix elements.

Quantity Fermi decay Gamow- Teller decay

Angular
momentum

Parity

Isotopic
spin

hJ = IJ —Jyl

7I graf

ar = IT; Tql-
0, 1

0, 1
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statistical tensors of even rank. Polarized en-
sembles [e.g. , P(m) 4P(-m)] are not symmetric
under reversal of the symmetry axis and are de-
scribed by statistical tensors of odd rank.

Allowed p decay produces either polarization
(GT decay) or no orientation (F decay} of the state
to which decay proceeds; hence an allowed p-y di-
rectj.onal correlation is isotropic. If, however,
following allowed p decay the nucleus in a polarized
intermediate state experiences the perturbing ef-
fect of an axially symmetric NQI whose symmetry
axis is not collinear with the axis of polarization
(e.g. the interaction between the nuclear quadrupole
moment and the axially symmetric electric field
gradient in a noncubic single crystal), the nuclear
spin precesses about the symmetry axis of the in-
teraction. Nuclei in+~ and -~ states precess in
opposite directions, causing the initial polarization
to be converted into a time-varying alignment which
appears as an oscillatory anisotropy in the emis-
sion pattern of the deexciting y rays. In a time-
differential angular correlation, terms appear con-
taining factors of the form sinner, t, - where n is an
integer and ~, is the fundamental quadrupole fre-
quency. ' The experimentally observed sign and
frequency of (d, yield the sign and magnitude of the
NQI, while the amplitude of the terms is a function
of the mixing ratio y. Thus it is possible to extract
mixing ratios (and hence the charge-dependent ma-
trix element ([[&cD)()) by p-y TDPAC experiments.

The p-y perturbed angular correlation in a coor-
dinate system with the z axis parallel to the sym-
metry axis of the perturbation (in these experi-
ments the crystal c axis) is given by the expres-
sion'

( )Ix+»»AB q» A» qr
k~ k k~ k2

II ( ls»& f) Q Q [(2y I)(2 1)]g/»
N N

1 2 1

(7)
where g& are particle parameters describing the
p decay, A» are y-ray angular correlation coeffi-
cients, Q are attenuation factors which account
for the finite solid angles of the iwo detectors, Q(f)
are perturbation coefficients containing the effect
of extranuclear perturbations, and the p'~ are
spherical. harmonics. 8&, p.» and 8„,y„are polar
and azimuthal angles for the p and y emission di-
rections. For allowed p decay between levels I»
and g, the particle parameters have the form

+
~2; ~2 V.539

/2; /2 26.9 I s.

8
OI9

P I
6I 5% END POINT 3 2

P2 38.5%, END POINT 4.6
OXO

+ I 554

+I./2 0 IS7

J;T= ~2;4~( p
I + I

FIG. 1. Decay scheme for 0 ~SF. Spin-parity and
isospin assignments are shown. The level in ' F at
7.539 MeV is the analog of the '~O ground state.

2 p y&~(01I»l) +F,(11I»I) (8)+g
where y is the matrix element ratio [Eq. (5)], P
and E are the momentum and energy of the p, and

P, is defined in Ref. 8. The plus and minus signs
refer to negaton and positon decay, respectively.
The functional forms and properties of the other
factors in Eg. (7) have been discussed in the litera-
ture (see, e.g. , Ref. 2 for a review).

The expression for the correlation [Eq. (7)] must
be evaluated for each of the two p decays leading
from the "0ground state to the —,

"state in "F(Fig.
1).

The pure GT transition with 3.25 MeV endpoint
energy, p„ leads to the 1.554 MeV 2 state of "F,
which populates the 19'7 keV ~ state via a 1.36 MeV
y ray. The decay with an endpoint of 4.60 MeV, p„
feeds the 197 keV state directly and on the basis of
angular momentum anal parity may contain both F
and GT components, but F decay is forbidden by
isospin selection rules. Inserting the form for G(t)
which describes an axially symmetric NQI in a sin-
gle crystal' and performing the summations, the
angular correlation for each P can be written

g (k», R„, f}= 1+2 v'105Afgf sin8» sin8„cos8„sin(y„y8)-
X {f—Q$ ——Q»»(7 cos 8„.—2)] sin(got + [—Q» + —Q~(7 cos 8„—2)] sln2(go)) ~
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g (t) = 1+0.28A( sin2~, f . (10)

Reversing the p direction or changing 8„ to p-8„
changes the sign of the perturbation, as is evident
from Eq. (9). These geometrical symmetries can
be used to confirm that the perturbation is due to
the NQI.

The particle parameter for the p, branch must be
modified to include the effect of the unobserved
1.36 MeV y ray, which is pr'edominantly Ml in
character, " This is accomplished by multiplying
&& by an additional coefficient

, Ag

&& (I,IIL,m, II I,)',
where I and I, are the spins of the two levels in-
volved in the unseen y transition arid L„and z, are
the multipolarity and parity of the y. This expres-
sion includes a factor of (-1) & which is missing
from the standard definition' and is of significance

where A~~ is the appropriate particle parameter (in-
cluding the effects of any unseen y). The ampli-
tudes of the two time-dependent terms in this ex-
pression as a function of the y emission angle g„,
with (y„-y~) = 8~= 90, are illustrated for the case
of point detectors in Fig. 2. At g, -=40' with point
detectors the sin~, t term vanishes and the corre-
lation assumes the simple form

when the intermediate state is produced in a polar-
ized condition, requiring terms of odd g, in Eq. (7).

For p energies below 3.25 MeV, the perturbed
correlation displays a strong energy dependence,
reflecting the changing ratio of p particles present
from the two branches. This dependence can be
displayed by summing the correlations for both P
particles, which is formally equivalent to substi-
tuting in Eq. (9) the effective particle parameter

Af(E) =fq (E)Af'U, (p, —', )+fq (E)Aj~~ (12)

withfa (E)=fraction of decays to the —', state at a
p energy E, and f (E)= fraction of decays to the
—,
"state. The resulting dependence of the amplitude
of this total correlation on the p energy is shown in
Fig. 3 for various values of the mixing ratio y. The
amplitude of the correlation at highest p energies
is most sensitive to the mixing ratio; the lowest
energy p particles, which are dominated by the
pure GT transition to the ~ "F state, serve to nor-
malize the correlation, removing effects such as
those due to detector geometry and the implanta-
tion process, leaving only the dependence on the
mixing ratio.

IV. EXPERIMENT

The sign and magnitude of the NQI for the 197
keV state of "F in Zn single crystals has been
measured previously with Coulomb excitation
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FIG. 2. Dependence on p emission angle of coeffi-
cients of the sincuot and sin2uot terms in Eq. (9) with
solid angle factors and particle parameter set to 1.
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FIG. 3. Calculated amplitudes of the time-dependent
correlation [Eq. (9)] for a set of values of the mixing
ratio y. These curves, computed for the P„&-p~ geometry
in Fig. 4, include the effects of corrections discussed
in Sec.V.
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TDPAC methods. "" These dat:a, which could be
used to confirm the p-y TDPAC observations, led
us to adopt the same crystals for these measure-
ments.

A 35 MeV "0beam from the BNI MP6 tandem
van-de Graaff accelerator incident on a thin beryl-
lium foil produced the 26.91 sec "0activity" by
the 'Be("0,"0)'Be reaction. The "0 reaction pro-
duct emerging from the back of the target implant-
ed itself in a 1 cm diam, 1 mm thick zinc single
crystal mounted at 45' to the beam direction on a
Delrin block (rabbit) which was shuttled to a count-
ing site after activation. Narrow collimation of the
"0and continuous monitoring of the rabbit loca-
tion during irradiation insured that all activity was
restricted to the crystal surface. X-ray diffrac-
tion pictures taken prior to and following the ex-
periment established the absence of radiation and
mechanical damage to the crystal in the course of
the measurement. Irradiation and counting were
alternated within a 65-sec period.

At the counting site at a distance of 2 cm from
the crystal center, a 5.1 cm diam by 3.8 cm thick
plastic scintillator mounted on a fast photomul. ti-
plier tube detected p particles either above or be-
low the plane formed by the crystal z axis and the

y detector axe's. Two 7.6 cm x 7.6 cm integral line
NaI(TI) y detectors were located 7.25 cm from the
crystal at angles of 8 = 40' and 140' (see Fig. 4).
This choice of detector positions enabled us to ob-
serve the sign changes in the perturbation predicted
by theory (Sec. III), confirming unequivocally the
presence of an axially symmetric NQI. Standard
fast-slow coincidence electronics were employed
to store individual p-y (197 keV) time spectra for
a series of p energies ranging from 0 to 4.6 MeV.
Coincidences with each of the two y detectors were
stored separately, and runs were made alternately
with the P detector above and below the plane of the

y detectors.

V. ANALYSIS
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p-y time spectra were analyzed independently for
the two y detectors by subtracting constant back-
grounds (due to random events), normalizing runs
with p direction up to those with p direction down,
and forming the ratio

W(up) —W(down)

W(up) + W(down)

for each p energy bin to eliminate the exponential
decay. Frequencies of the time-varying perturba-
tion were extracted from each ratio spectrum by a
least squares fitting program. Owing to the small-
er amplitude of the sin~, f term (25% of that for the
sin2~, t term with our choice of detector positions
and solid angles) and limitations of our statistics,
only the higher frequency component could be iden-
tified in the data. The frequency was fixed at a
weighted average of the fit values, .and the ampli-
tude of the perturbation was obtained for each p en-
ergy bin by re-fitting the ratio spectra. Typical
data (for a, central p energy of 1.45 MeV) are shown
in Fig. 5. These clearly demonstrate the reversal
in sign of the perturbation with y detector angle
that is predicted by theory. A value of ~,=+8.5
+0.5 p, sec ' was obtained for the quadrupole fre-
quency, in excellent agreement with +7.9 +1.0 and
+8.73 p, sec ' from Coulomb excitation work. ""

The energy calibration for the p detector was ob-
tained using Compton spectra of y rays with ener-
gies up to 4.43 MeV. These spectra were fitted to
the Klein-Nishina formula folded with a Gaussian
resolution function whose width was allowed to vary
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FIG. 4. Detector-crystal geometry used in P-p
TDPAC measurements.

FIG. 5. Time dependence of ratio spectra [g (up)
—~(«wn)l /l W(up)+ W(down)l at a central p energy of
1.45 MeV, displaying reversal in sign of the nuclear
quadrupole perturbation for y emission angles ~y f=40' (right) and 0~ =140 (left). See Fig. 4.
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as the square root of its center energy. "
The analysis to extract the mixing ratio y from

experimentally determined energy-dependent per-
turbation amplitudes was performed in two parts.
First, the relative contributions of the "0decay
components which appear in the time spectra were
determined by careful analysis of the p detector
spectrum. Second, these components were used
to generate theoretical curves for the perturbation
amplitude as a function of energy and y which mere
then fitted to the experimental perturbation ampli-
tudes.

Specifically, in the first step of the analysis, a
best fit was generated to the energy spectrum of
events in the p detector in coincidence with a 19'I
keV y ray in one y detector by summing the spectra
of five types of events: p particles from each of
the tw'o "0 decay groups directly entering the de-
tector, p particles from these groups which have
been backscattered by the crystal, and the elec-
trons due to 1.37 MeV y rays Compton scattered in
the plastic scintillator. The spectra of the unscat-
tered P particles were derived from the branching
ratio and end point energies cited by Alburger pt
g&.
" The Klein-Nishina formula was employed to

reproduce the Compton spectrum.
A simple model was adopted to calculate the

spectra of p particles backscattered by the satura-
tion thickness zinc crystal. The backscatter ener-
gy distribution for monoenergetic electrons inci-
dent on a scattering surface depends rather weakly
on the primary energy and more strongly on the
angles of incidence and observation. A universal
curve" (taken with electrons incident on a thick Cu
target) representing an average scattering geom-
etry and energy for our experiment was used, and
backscatter energy distributions were generated
by folding the curve separately with the spectra
for the two unscattered p groups. In this process,
the total backscatter probability was taken to be in-
dependent of the primary energy. To estimate the
systematic error which might be introduced by this
method, a second curve with significantly dif-
ferent shape, "representing a much smaller p
scattering angle, was also tried. The tmo curves
are shown in Fig. 6, marked A and B, respective-
ly.

The energy distributions for scattered and un-
scattered p particles and Compton events subse-
quently were folded with the detector response
function and a fit was made to the experimental
spectrum. Provision was made for energy. loss by
p particles in the 60 mglcm detector covering and
for p-y summing (which was negligible). The ratio
of high to low energy end point P particles was
fixed at the branching ratio" for scattered as well
as unscattered spectra. Only the overall percen-

CL
IJJI-
'4 2
C3

4J

4J

0 0.2 0.4
E/Ep

0.6 0.8 1.0

FIG. 6. Energy distributions for monoenergetic elec-
trons backscattered from a saturation thickness
scatterer. The two curves shown correspond to differ-
ent scattering geometries, as discussed in the text.

tage of backscattered p particles (backscatter
fraction) and the Compton efficiency of the detec-
tor (defined here as a fraction of the number of
unscattered 3.25 MeV end point p particles) were
allowed to vary. Our ability to reproduce the data
using curve A (Fig. 6) for the backscatter distribu-
tion is illustrated in Fig. V. Also shown are the
individual components which comprise the spec-
trum prior to folding with the detector response
function. We obtain (51.3+2.5)% for the backscat-
ter fraction and (14.1+2.2)/q for the Compton ef-
ficiency. The fit achieved with curve 8 was poor-
er. The stated uncertainties include estimates of
possible systematic errors introduced by the
choice of shape for the backscatter energy distri-
bution and by uncertainties in the p detector win-
dow thickness. Our value for the backscatter frac-
tion corresponds well with a figure of approxi-
mately 45% for the same backscatter geometry
measured mith a "P source on a thick copper back-
ing."

In the second step in the analysis, each of the
component spectra mas multiplied by its appropri-
ate correlation and the results mere summed to
produce curves for the energy-dependent pertur-
bation amplitudes. Correlations for unscattered
p particles were calculated from Eq. (9) utilizing
formulas in Ref. 19 to compute solid angle correc-
tion factors for the p detector and tables in the
same reference to determine those for the y de-
tectors.

It was assumed that backscattered particles seen
by the p detector originated with equal probability
from all directions entering the crystal surface
(so-called diffuse backscattering '). The correla-
tions for backscattered p particles were then cal-
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FIG. 7. Experimental energy spectrum of events in
P detector coiricident with a 197 keV y ray. Best fit
is shown by a solid. line. - Components of the fit also
shown are unscattered P particles (Pz, and P H), back-
scattered P particles (PzL, and P&H), and the brompton
spectrum of 1.37 MeV y rays (y). Finite resolution
of the P detector is not included in the component spec-
tra.

culated separately for the two branches by inte-
grating Etl. (9) over all p emission angles pointing
into the crystal. Formally, this is equivalent to
deriving the correction factors for a detector sub-
tending the same solid angle. The explicit forms
of these correlations are listed in Table II. It
should be noted that for all values of y less than
0.169, the perturbation for the 4.60 MeV end point
group is opposite in sign to that for the 3.25 MeV
end point group. It can also be seen that the per-
turbation for backscattered p particles differs in
sign from that for unscattered P particles from
the same group, since the crystal normal in the
direction of the surface occupies the opposite hem-
isphere from the one defined by the p detector di-
rection, reversing the sign of the angle 4„—4».

All of the p-y correlations di'splay change in the
sign of the perturbation with reversal of the p di-
rection; each contributes time-varying terms to
the ratio spectra discussed earlier in this section.
In contrast, the 1.37 MeV-197 keV y-y correla-
tion is unaffected by change of direction of the first
radiation. It therefore attenuates the amplitude of
the perturbation observed in the ratio spectrum for
energies below' the Compton edge for the 1.3V MeV
y-ray.

A X' search yielded the best fit (X' per degree of
freedom= 1.58) displayed in Fig. 8, for a value of
y=+0.030+0.015. The error quoted here is one
standard deviation (+10). A plot of X' vs y appears
in Fig. 9. The value of y obtained using the alter-
native backscatter distribution, curve B, was
+0.036 + 0.016 (with )('/v= 1.39). From the overall

1

TABLE II. P -y correlations used in ~O-~~F P-&TDPAC experiment. P appeared in coincidence with a 197 keV y
ray in F. Solid angle correction factors are calculated for detector geometry discussed in text.

P group Perturbed correlation

1+ (P/E)sln8 sln8ycos8y sin((t)y '

Qp )
x{[0.110—0.0611(7cosp87 -3)] sinapt

+[0.137 +0.0305 (7 cos p8
7 -3)]sin2&upt)

P' 0.1952 —1.155y1-— '
. 2 sin8& sin8y cos8

y sin((Ie)y -Qp )E 1+y

x{[0.268 —0.149(7cost 8) —3)] sin(d pt
+ [ 0.335 +0.0745(7 cos 87 —3) ] sin2(gpt)

1+ (P/E)sln8p' sln8y cos8y sin(Py Q+ )
x{[0.0589- 0.0327(7cosp87 —3)] sin(opt

+[ 0.0734+0.0163(7cosP87 —3)] sin2&upt }
P . 0.1952 —1.155@1 —. &' s in8N sin8y cos8y sin (py f& )1+/

x{[0.144 —0.0798 (7 cos 287 —3)l sin&opt
+[0.180 +0.0399(7cos 8 —3)] sin2u&pt )

3.25 MeV end point; unscattered

4.60 MeV end point; unscattered

3.25 MeV end point; backscattered

4.60 MeV end point; backscattered

y

~P and E are the momentum and energy of the P prior to undergoing backscattering. 8& and (I|)& are the polar and
azimuthal angles of the crystal normal pointing into the sur&. ce.
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normalization, it can be determined that the num-
ber of nuclei 'stopping on sites where they experi-
ence the full axially symmetric NQI is approxi-
mately 35%. This figure may be compared with a
figure of 45% from the Coulomb excitation work. "
The smaller value could result from the effects of
recoil of the implanted nuclei caused by emission
of the p.

A summary of the quantities defined in Sec. II
which can be derived from the mixing ratio ap-
pears in Table III. The values ff,„,„, = 3088.6
+2.1 (Ref. 20) and logff= 5.4 (Ref. 15) for the
mixed decay were adopted for these calculations.
The location of the analog of the "0ground state
at 7.539 MeV in "Fwas taken from Ref. 21. Ref-
erence 6 contains a compilation of all experimen-
tally measured values of the isospin impurity n de-
duced from p decay experiments. Our measure-
ment is consistent with those for other nuclei in
this mass region.

FIG. 8. Amplitudes of the time-dependent perturba-
tion measured with y detectors 1 (open circles) and
2 (closed circles) as a function of P energy. Solid line
is the best fit (for y=+ 0.030). For illustrative purposes
the sign of the detector 1 amplitude has been reversed.
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IV. DISCUSSION

In our analysis we have ignored possible energy-
dependent effects which could be produced by nu-
clear recoil from the p and/or (in the case of the
lower end point branch} subsequent y decay. The
energy imparted to the nucleus in these processes
often is sufficient to overcome its binding energy
in the lattice (approximately 30 keV). The figure
we find for nuclei occupying good sites is slightly
lower than that observed in Coulomb excitation ex-
periments" (which directly populate the 197 keV
"Fstate during the implantation process} and may,
in fact, be evidence for the presence of recoil ef-
fects. However, our model. does provide a detailed
fit to the data without recourse to additional cor-

rectionss.

A number of theoretical calculations have been
made of isospin impurities in nuclear levels popu-
lated by allowed p decay (see Ref. 6 for an exten-
sive review}. These generally incorporate shell
or collective model wave functions and introduce
isospin mixing through the C'oulomb interaction.
In some cases an empirical charge-dependent non-
Coulomb potential has been added. Bertsch and
Wjldenthal and Yap 3 have jnvestjgated jsospjn
mixing in the g-d shell nuclei ' Ne and ' Mg; their

0 I

MIXING RATI0

FIG. 9. X for the fit to the experimental perturba-
tion amplitudes shown in Fig. 8 as a function of the
mixing ratio y.

0.030 + 0.015

M~ x 103

4.7 +2.4

u x103

2.7 + 1.4

l&col
(keV)

20+ 10

TABLE III. Quantities derived from measurement of
mixing ratio for 0($+) ~SF($+) P decay.
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calculations give order-of -magnitude agreement
with experimental results, but the predictions are
very sensitive to the wave functions chosen. For
the most part, they are unable to separate Cou-
lomb from non-Coulomb contributions to isospin
breaking. Kahana" finds it necessary to introduce
a short-range, charge-dependent interaction in a
shell model calculation in order to reproduce Cou-
lomb energy shifts in the A = 18 region. The mag-
nitude of the non-Coulomb charge-dependent poten-
tiat. usually is estimated to be a few percent, ' "al-
though we are unaware of any computations which
have been made of isospin mixing in "F.

This nucleus is particularly attractive theoret-
ically because in a simple shell model calculation,
with only one proton outside the closed core, the
Coulomb force among the valence nucleons van-
ishes, thus magnifying charge dependent effects
among these nucleons.

The P-y TDPAC technique outlined here provides
a valuable complement to the limited number of
methods available for investigating isospin impur-

ities in nuclear levels and, in conjunction with ac-
curate shell model calculations, such measure-
ments should add considerably to our understanding
of the charge dependence of the nuclear interac-
tion.
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