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Lifetime of the lowest 0+, T =1 state of Na

MARCH 1987

B.T. Neyer, * D. L. Clark, J. S. Dunham, ~ W. A. Scale, ~ J. L. Thornton, *'
R. T. Westervelt, and S. S. Hanna

Department o~Ph sif ysics, Stanford Uniuersity, Stanford, California 94305

B. A. Brown
IVational Superconducting Cyclotron Laborator Michia oratory, ichigan State University, East Lansing, Michigan 48824

B. H. Wildenthal
Department of Physics and Atmos "mospherrc Science, Drexel University Ph'l d l h, Pi a ep ia, ennsylvania 19104

(Received 17 November 1986)

The lifetime of the lowest 0+, T=1 state of N h h d
h b db h '1

a, w ic deca s100 oto +

e y e recoi -into-plunger Doppler method. The rpp o . he result, ~=29.3+1.0 ps, gives
ge ~= . + . ps when combined with an earlier result. A corn ari

tracted from this lifetim 'th h Gime wi t e amow-Teller stren th for the
comparison of the 8 (M1) ex-

state of Mg to the same 1+ T =0 state in
g or the analog P decay from the ground

is greatly enhanced relative to the s in Th
g o t e same 1, T =0 state in Na shows that the orbital part of the Mlr o e y transition

shell-model calculations for sd-shell nuclei
o e spin part. These results are inter reted in thep e context of realistic

We report the measurement of the lifetime of the
second excited state of Na. This 0+, T= 1 state at 657
keV decays to the 1+, T=O state at 583 keV by an M1
transition. Thus, the transition is the isobar analog of the
Gamow-Teller (GT) P decay of the 0+, T= 1 ground state

transition involves both spin and orbital angular momen-
tum and the 13 de13 decay involves only sprn, a comparison of~ ~

he two transition rates allows one to determine the im-
portance of the orbital angular momentum in the Ml
transition.

The recoil-into-plunger Doppler method, which is suit-
e to the expected lifetime range, was used to measur th
i ctime. The plunger (stopper) apparatus has been
escribed earlier. ' The reaction ' F(a ) N da,n a was used to

produce the state. The target consisted of 100 pg/cm of
CaF2 evaporated onto a tightly stretched 1 l / N
oi . good reaction yield was obtained at a beam energy

of 4.3 MeV, which was equivalent to 3.7 MeV at the tar-
get 1ayer after passage through the Ni foil. This energy is
ow enough to prevent feeding of the 0+ state from higher
evels. A "singles" experiment was possible for this reac-

tion because the negative Q value of the reaction and the
low beam energy ensured that the nuclei recoiled in a nar-
row forward cone.

Because the 657 keV state decays 100% to the 583 keV
state, the only gamma ray available for the lifetime mea-
surement has the low energy of 74 keV. Hence we used a
it ium drifted silicon, Si(Li), detector This prov. ided

much better energy resolution (less than 0.5 keV) than a
Ge(Li) detector (over 1 keV) and good efficiency for low
energy y rays. Since the recoil velocity in this experiment
was less than 1% of the speed of light, the better energy
resolution of the Si(Li) detector, which was mounted at 0,
was crucial to the experiment. Data were accumulated in
the usual way, the plunger being moved in steps of 4—12
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FIQ. 1. Two -line fit to Na spectrum with stopper set at a
distance of 33 pm corresponding to a time of 18 ps. As is a-p, distance corresponds to approximately one half-life.arent the di

eo ps. S ls ap-

pm, with the larger steps taken at the larger target-to-
stopper distances.

In a normal plunger experiment, the stopped and
Doppler-shifted peaks are separated and it is then a sim-
ple matter to determine the number of cou t hcoun s in eac o

ese pea s. However, because of the low energy of the
gamma ray and the small Doppler shift in this experiment
t e stopped and shifted peaks could not be visually
resolved. Nevertheless the resolution

'
th

'
n in e y-ray energy

spectra still was sufficient to allow determination of each

One approach to determining these intensities is to use
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the centroid method, since it is possible to relate the cen-
troid energy of the unresolved peak to the ratio of the
counts in the stopped and shifted peaks. Fifield et aI.
used this method on peaks obtained with a Ge(Li) detector
to measure the lifetime of this state. However, this
method has the disadvantage that any small unmonitored
gain shift present in the experiment could lead thereby to
an incorrect lifetime. To correct for such shifts in our
work, both the 197 and 109 keV transitions produced in
' F by a bombardment, as well as the 32.1 keV line of a

Cs source, were monitored. Oscillations in the cen-
troids of magnitudes 0.05—0.1% with periods of approxi-
mately 24 h were observed in all three of these calibration
peaks. The centroid shifts were corrected for these gain
changes. However, this procedure increases the uncertain-
ty of the measurement.

To overcome this uncertainty we also employed an al-
ternate technique to determine the intensities. We took
advantage of the better resolution of the Si(Li) detector
and fitted each spectrum with a combination of two over-
lapping Gaussian peaks and a background curve to obtain
the counts in the stopped and shifted peaks. The parame-
ters of the Gaussian curves were obtained by summing all
the data to obtain good statistics and fitting the summed
data with two Gaussians plus background. The parame-
ters that gave the best X fit were selected for the analysis
of the individual measurements. A typical fit is shown in
Fig. 1.

The numbers of counts in the stopped and shifted
peaks, No and X&, respectively, were used to compute the
ratio R =Np/(Np+Ns) for each target-to-stopper dis-
tance D. These values were then fitted to the equation
given by Jones et al.

Q2 g4
R =e ' 1+a2(D/Vr) +a4(D/Vr)

where r is the mean life, V the average forward com-

ponent of the velocity, and b, the spread in velocity; the
functions az and a4 represent slowly varying functions
which have magnitudes of the order unity. The velocity
spread 5 is known from kinematics to be in the range
0.3—0.6% of c. Fitting the data with 6 varying from
0.0% to 0.6% resulted in lifetime values consistent to
+2%. Fitting the final data with b, free, as shown in Fig.
2, resulted in the value of ~=29.3+1.0 ps. Corrections
were applied to account for the finite size of the detector
in determining the recoil velocity and for the changes in
detector efficiency. The value obtained is in agreement
with the value of 27.1+1.2 ps measured by Fifield et al.
Combining the two measurements yields the value
28.3+0.8 ps.

This value of the lifetime of the J =0+,
T = 1~J = 1+, T=O, 657 keV~583 keV transition in

Na yields a value of B(M1)=49.7+0.14 pN. The exper-
imental logft value for the corresponding Gamow-Teller
f3 decay of the analog of the 0+ state, the ground state of

Mg, to the same 1+ level yields a value of
B(GT)=1.38+0.04. The implications of these experi-
mental values for the nuclear structures of the two states
and for the general properties of Ml and Gamow-Teller
transitions can be discussed in the context of predictions
of realistic shell-model calculations. In Table I we present
the experimental values and several sets of corresponding
theoretical values. All of these predictions are based on
the complete d5/2 s]/2 83/2 model wave functions ob-
tained by diagonalizing the effective Hamiltonian
described in Ref. 6. This Hamiltonian has been shown to
generate wave functions which give a generally good ac-
counting of nuclear properties throughout the sd shell.

The initial predictions shown in Table I are obtained by
using these wave functions to evaluate the matrix ele-
ments of the "free nucleon" M1 and Gamow-Teller opera-
tors. The coupling constants in these operators are taken
from the magnetic moments of the free neutron and pro-
ton and the lifetime of the free neutron, respectively.
These "free nucleon" predictions are appreciably larger
than experiment in each case, with the
theoretical/experimental ratio for the Gamow- Teller
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Experiment 4.97(14) 1.38(04)
Free nucleon operators 7.54 2.96
Towner and Khanna renormalizations' 6.91 2.12
Brown and Wildenthal renormalizations 6.56 1.81
Brown and Wildenthal renormalizations

with remixed wave functions 5.15 1.29

TABLE I. Experimental 8(M1) and B(CxT) values of the
0+, 1~1+,0 transitions for A =22 compared with various
theoretical values. The experimental B(M1) value is the aver-

age of this and one previous work (Ref. 2).

8 (M1) 8(GT)
0+ 1+ 0+ 1+

(mm)

FIG. 2. Ratio of counts from stopped nuclei to total counts
as a function of stopper distance. The solid curve is a least
squares fit of Eq. (1).

'Based on an interpolation of the effective single-particle matrix
elements calculated by Towner and Khanna (Ref. 10) for 3=17
and 39.
Based on the effective single-particle matrix elements obtained

from fits to moments (Ref. 8) and GT P decay (Ref. 5).



892 B. T. NEYER et al. 35

values being significantly larger than that for the M1
values. These results are consistent with the relationships
between measured Gamow-Teller and M1 strengths and
the predictions of this family of wave functions for other
sd-shell nuclei.

A survey of all Gamow-Teller data in the sd shell indi-
cates that experimental strengths are approximately 0.60
as large as those predicted with a free-nucleon normaliza-
tion for the operator. There is considerable evidence from
(p,n) reaction experiments that this "quenching" of exper-
imental strength is a universal phenomenon in complex
nuclei. Studies of Ml data in the sd shell ' do not re-
veal a need for such a simple renormalization of the mag-
netic dipole operator as the global quenching found for
Gamow-Teller transitions. However, the M1 operator is
more complex than the Gamow-Teller operator, because
of the presence of the orbital as well as the intrinsic angu-
lar momentum term. A renormalization of the M1 opera-
tor clearly improves the absolute agreement between ex-
periment and the present shell-model theory and in the
typical case this renormalization also reduces the predict-
ed strength.

The renormalization of shell-model operators is a corol-
lary of the highly truncated basis which must be em-
ployed even in relatively realistic, complete-major-shell,
calculations such as those of Ref. 6. The "free nucleon"
forms of the operators must be corrected for the effects of
truncating the nucleon configuration space to a few she11-
model orbitals and for ignoring mesonic and nucleon-
excitation degrees of freedom entirely. A particularly
complete set of predictions of these renormalizations for
M1 and Gamow-Teller operators in light nuclei has been
given in Ref. 10. The second set of predictions in Table I
is obtained by using the same shell-model amplitudes and
the effective operators of Ref. 10, as formulated in the
3-dependent averages of Ref. 8. These "effective-
operator" predictions are closer to the experimental values
than the "free-nucleon" predictions by significant
amounts, but they are still too large.

The third theoretical entries in Table I are obtained by
again using the same shell-model amplitudes of Ref. 6,
this time to evaluate the matrix elements of effective Ml
and Gamow-Teller operators empirically determined in
Refs. 8 and 5 by analyses of large sets of sd-shell data.
These empirical analogs of the effective operators theoret-
ically derived in Ref. 10 yield slightly smaller strengths
still, but theory is still appreciably larger than experiment
in both cases. These remaining discrepancies must be at-
tributed to the shell-model wave functions for the particu-
lar states involved in this transition.

In the simple jj-coupling limit of the shell model, the
lowest 0+, T=1, state of 3=22 would have a wave func-
tion consisting of (ds&z) with seniority equal to zero.
This 0+, T=1 configuration is connected by the spin and
orbital angular momentum operators to T=O configura-
tions characterized by (ds&z), seniority equal to two, and
(dsg2) (d3/2)'. In the actual configuration-mixed wave
functions used in the present calculations these simple
components are heavily mixed with other sd-shell config-
urations. The lowest 0+, T=1 state is dominated by the
(ds~2) component but fragments of the two T=O com-

ponents noted above which connect to it are widely dis-
tributed.

The Gamow-Teller data suggest that the failure of the
present wave functions in predicting too large strengths
for the transition of interest here is correlated with their
predicting transition strengths which are too small to the
second 1+, T=O level. It appears that the components
of the 1+ wave functions which yield Ml and Gamow-
Teller strengths are slightly misdistributed, so that the
lower state has too much and the upper state too little
strength. This type of defect, in which the total amount
of strength predicted for two adjacent levels of the same
spin is roughly correct but the predicted ratio between the
levels is incorrect, is the most common problem with
shell-model calculations of the present type.

This hypothesis can be tested by generating slightly
"rotated" shell-model wave functions in which the ampli-
tudes of the two adjacent levels are mixed according to

and

I

1+ &+b
I

12 &

When the first two 1+, T=O levels calculated for Na
with the Hamiltonian of Ref. 5 are mixed so as to gen-
erate the experimentally observed ratio of Gamow-Teller
strength to these two levels, the values of a and b are
0.987 and 0.154, respectively. These remixed wave func-
tions, together with the empirically renormalized opera-
tors of Refs. 5 and 8, are used to obtain the final theoreti-
cal estimates in Table I. The mixing amplitudes fixed by
the Gamow-Teller strength ratio suffice to yield M1 and
Garnow-Teller strengths for the lowest 1+, T=O state
which agree with experiment.

The free-nucleon isovector g factor is an order of mag-
nitude larger than the orbital g factor. It is hence expect-
ed that the spin component of the M1 operator dominates
M1 strengths. The renormalizations of the M1 operator
reduce the spin coefficient and enhance the orbital coeffi-
cient, '' but the qualitative dominance of spin is un-
changed. Under the assumption of specific values for the
g factors and the Gamow-Teller coupling constant, the
strengths of analog M1 and Gamow-Teller transitions can
be combined to yield a value for the ratio of the orbital
and spin matrix elements. " With the free-nucleon opera-
tors this relationship is given by

B (M 1)=1.88(1+0.106(l ) /(s ) ) B(GT) .

The experimental values of Table I yield the values of
(l)/(s) =3.60+0.18 and —22. 5+0.18. This exceptional
dominance of orbital over spin, while atypical of the gen-
eral run of M1 phenomena, is not unique.

Similar situations have been reported for the 3=9 and
20 systems, "' for example. It is also not unexpected in
the context of the shell-model wave functions. Many M1
transitions between low-lying levels in light sd-shell sys-
tems are predicted to have dominant orbital (dsq2~dsqq)
components. The transition treated in this work is one
such example. The strengths predicted from the free-
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nucleon operators yield a ratio of 1.55, while the final,
'remixed" wave functions, together with the empirical

operators, yield detailed agreement with the data and
hence agreement as well with the ratio of (1)/(s) ex-
tracted from them.
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