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Strong E 1 transitions in 98e, "Be, and '3C
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The Doppler shift attenuation method has been used to make two measurements of the mean life
of the "Be 320-keV level. The results are 150+30 fs from the Be(t,py) "Be reaction and 168+17 fs
from the H( Be,py) "Be reaction. The adopted value of 166+15 fs, from the present and previous
measurements, corresponds to an extremely strong E1 transition of 0.36+0.03 W.u. The adopted
energy of the ground state transition from this and previous measurements is 320.04+0. 10 keV. It
is shown that the magnitude of this E1 transition can be understood on the basis of shell-model cal-
culations only if realistic sing1e-particle wave functions are used. A similar theoretical treatment is
given for strong E1 transitions in Be and ' C.

NUCLEAR REACTIONS Be(t,py) "Be, E(t)=1.5—3.3 MeV, 'H( Be,py) "Be,
E( Be)=10—16 MeV; measured DSA; deduced ~("Be, 320-keV); calculated

B(E1), B(M2) from theory and compared to experiment for Be, "Be, ' C.

I. INTRODUCTION

Electric dipole transitions between bound nuclear levels
are almost invariably strongly hindered with respect to
single-particle estimates for the well understood reason
that most of the E1 strength associated with any given
level appears in the giant dipole resonance built on that
level. Exceptions occur in light nuclei, usually in the case
where the level of non-normal parity has dominantly the
structure of a single particle weakly coupled to a core
state. We consider the transitions of this type in Be, "Be,
and ' C shown schematically in Fig. 1. In these cases the
non-normal parity states involve mainly an s&&2 or d»z
neutron coupled to the 0+ ground state of the core. To
give an example, the —, ~ —,

' transition in "Be is the
strongest known F 1 transition between bound nuclear lev-
els.

The objectives of this paper are twofold. First, we wish
to confirm a previous measurement of, and to provide a
more accurate value for, the lifetime of the "Be —,

' 320-

8(EI) = 0.22 (9) W. u.

keV level. The fact that an initial calculation of the E1
rate, which used harmonic oscillator wave functions to
evaluate the single-particle matrix elements, missed the
previously measured lifetime by a factor of 30 provided
the initial impetus for remeasurement. The calculation
used shell-model wave functions which otherwise give a
good account of the 3=11 nuclei. Second, we wish to
demonstrate that the experimental 8(E1} values in all
these cases can be understood on the basis of shell-model
calculations if, and only if, the radial single-particle ma-
trix elements are evaluated taking into account the actual
binding energies of the single-particle orbits involved in
the transition. Calculations using harmonic oscillator
wave functions fail to describe the measured 8(E1}
values, most dramatically in the case of "Be.

In Sec. II we describe measurements of the lifetime of
the "Be —,

' 320-keV level using the Doppler shift at-
tenuation method (DSAM) applied to the 9Be(t,py) "Be
and H( Be,py)"Be reactions. In Sec. III we present the
results of shell-model calculations for Be, "Be, and ' C,
concentrating particularly on the evaluation of the single-
particle E 1 matrix elements with Woods-Saxon wave
functions.
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E1 transitions involving ~ levels in Be, "Be, ' C,

The previous measurement of the lifetime of the "Be
first-excited state utilized the Doppler shift attenuation
method (DSAM). The line shape of the —,

' ~ —,
' 320-

keV transition was examined at 0 to the beam in a singles
measurement of the Be(t,py) "Be reaction. Thin Be
films, 10—20 pg/cm, both self-supporting and evaporated
onto Au, provided line shapes for "Be recoiling into Au
and vacuum, respectively. From these measurements the
mean life could be deduced relative to the time scale pro-
vided by the stopping time of "Be ions in Au and Be.
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TABLE I. Parameters for the energy loss of Be ions in Be, Cu, and Au. The parametrization is given in the text.

Stopping
material

Au
CU

Be

0.0252
0.0482
0.0678

0.320
0.813
2.525

0.0000
0.0050
0.1049

V, /Uo

2.15
2.30

1.183
5.164

0.3486
—0.2027

0.0457
0.0258

1.78
1.17
0.04

Range'
of U/Uo

0.7—1.8
1.1—5.5
1.1—5.5

Norm.

0.978
0.980
0.940

E,(LS)'

0.244
0.641
2.280

'This is the only parameter which depends on the atomic weight of the stopping ion, The numbers are for "Be.
If a constant uncertainty of 5 is assigned to the tabulation of Ref. 7, then a normalized P of unity is obtained in the fit to Eq. (1).

'The region of v/Uo included in the fit for "Be.
The input data is that of Ref. 7 multiplied by Norm. For Cu the input data is that given in Ref. 7 for Ni multiplied by Norm.

'The Lindhard-Scharff (Ref. 9) estimate for E, .

for 0&v &v, a11d

—K3(v/uo) ( la)

dvz —dE—M ' = =2+B(u/uo) —C(u/vo) (lb)
dt d(px )

for v&u, . In Eq. (1) vo is the Bohr orbital velocity
(c/137), and p is the density of the stopping material; the
E„and K, terms represent the nuclear and electronic stop-
ping, respectively, while K3, A, 8, C, and v, are purely
phenomenological. The parameters of Eq. (1) are listed in
Table I for "Be stopping in Au, Cu, and Be. The input
data for the fits yielding these parameters are essentially
those of Northcliffe and Schilling, multiplied by the nor-
malization factor, Norm. , of Table I. However, for
v/vo &1.0, the parameters of Table I deviate somewhat

Our first priority was to confirm the previous result.
Accordingly, this measurement was repeated with special
attention being paid to those aspects where a large sys-
tematic error might have occurred. A second priority was
to obtain a more accurate value for the mean life, previ-
ously measured with a 33% uncertainty. The accuracy of
the DSAM applied to the 98e(t,py) "Be reaction (singles)
is limited because the Dopp1er shift of -3.5—4 keU is not
much larger than the detector resolution ( —1 keV) and
the kinematic broadening ( —1.6 keV) due to the (t,p) an-
gular distribution. A factor of 3 in the Doppler shift is
gained by inverting the reaction and operating at the same
center-of-mass energy. In addition, measurement by both
Be(t,py) and 3H(9Be,py) allows a useful check on the con-

sistency of the kinematics and stopping powers involved.
Accordingly, a DSAM measurement on 3H( Be,py) "Be
was also undertaken. We next consider the specific energy
loss of Be ions in Be, Au, and Cu necessary to the
analysis of the DSAM results.

There is no direct experimental data for the stopping of
Be ions in Be, Cu, or Au. The specific energy loss of "Be
in these materials was obtained by interpolation for both
incident ions and stopping material. In this interpolation,
major reliance was placed on the five effective charge pro-
cedures outlined by Warburton, Olness, and Lister. Con-
sideration was also given to the low velocity data present-
ed or reviewed by Warburton, Alburger, and Wilkinson
and by Fisher et aI. The specific energy loss is
parametrized by

dv—M = =E„(u/uo) '+K, (u/uo)
dt d(px )

fron1 this recipe. The nuclear stopping parameter E„ is
taken as 1.26 times the Bohr estimate evaluated at
v /vo ——1. The often-used Lindhard-Scharff estimate for
E, is also given in Table I.
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FIG. 2. Yield curves for various reactions induced by triton
bombardment of a beryllium target. The absolute cross sections
refer to production of the first-excited states of the final nuclei,
as measured by observation of the resultant y-ray deexcitation.
Data for E, & 3.5 MeV are from the inverse reaction, with ap-
propriate corrections for differing target thicknesses and energy
losses.

B. The Be(t,py) "Bemeasurement

This reaction was initiated by bombarding thin Be tar-
gets with 50—100 nA triton beams from the 3.5-MV Van
de Graaff accelerator. Gamma rays were detected by an
escape suppression spectrometer (ESS) mounted on a
goniometer which could be rotated about the target in the
angular range 0'&0&&120' with a relative precision of
0.1'. The ESS used a central n-type hyperpure Ge detec-
tor, of 20% efficiency with an energy resolution of 2.0
keV at 1332 keV, which was operated in an NaI(T1) an-
ticoincidence shield described in detail previously. '

Two types of targets were used: (1) a 15-pg/cm layer
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of Be evaporated onto a 50-pm gold backing, and (2) a
20-pg/cm self-supporting Be target placed in front of a
SO-pm gold beam stop. For convenience, we designate the
targets as Be-Au and Be-vac, respectively.

Yield curve measurements were made in the range
1.5 &E(r) & 3.3 MeV using the Be-Au target at a nominal
detection angle Oy

——90. The efficiency of the ESS as a
function of Ey was determined using sources of ' Ba,

Cs, ' Eu, and Th, which established an absolute cali-
bration over the range 122—2614 keV. The incident triton
flux was measured with a standard current integrator.
Figure 2 shows the absolute cross sections for production
of deexcitation y rays from the first-excited states of those
final nuclei formed most strongly in the triton bombard-
ment. The Be(t,p) "Be' (E„=320keV) reaction exhibits
a clear threshold effect, as expected from the negative Q
value" for formation of the 320-keV level: Q= —1.167
MeV. For comparison, the (t,a), (t,an), and (t,n) reactions
all have positive Q values"' and exhibit markedly dif-
ferent behaviors.

Additional spectra from the reaction were acquired at
Oy 90 (nominal) with a ' Ba source placed on the @-
detection axis. The energy calibration was subsequently
based on the ' Ba lines' at 302.858(5) and 356.014(9) keV
as well as on the '9 Au 279.01(1)-keV line' produced in
the Au backing. An energy calibration good to 0.02 keV
was established from the data. The mean energy of the
"Bepeak was found to be 320.42(4) keV.

However, the observed centroid energy of a Doppler-
shifted line is critically dependent on the actual angle of
observation 0& as given by the first-order relationship

(Er ) =E&(1+(P, )F( )crso8 )r.

Here E& is the unshifted transition energy, (P, ) =—( U, Ic )
is the mean z-component velocity (beam axis} of the en-
semble of recoil nuclei, and F(r) is the attenuation factor
which depends on the nuclear lifetime.

Careful measurement of the geometry determined that
the nominal 90' data actually corresponded to a mean
detection angle of 83.5(7)'. Aa independent measure of 8&
was obtained from the observed small shifts of the 478-,
981-, and 212S-keV lines (reactions identified in Fig. 2),
with the result Or

——82.8(8)'. This latter determination is
based on Eq. (2) using previously measured values"' for
E~ as well as the experimental restriction w(0. 1 ps,
which ensures that F(r)= 1 for all three cases.

The two determinations for Oy are in satisfactory agree-
ment, and we adopt the average result gr ——83.2(7)'. Using
the measured value for (Er) and the Product P,
&F(~}=0.0079 as determined in the following section,
Eq. (2) yields the value
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FIG. 3. Line shapes measured at Oy=0' for "Be nuclei stop-
ping in gold (top) and recoiling into vacuum (bottom). The cen-
troids of the peak distributions are marked by the arrows; the
unshifted energy Eyo is also indicated.

TABLE II. DSAM data on the "Be320~ 0 transition.

Two separate and complete sets of measurements were
undertaken at E(t)=3.5 MeV and 8&

——0 in order to
determine I'(v. ): the results are consistent and thus we
show the summed data in Fig. 3. Bombardment of the
Au backing (i.e., no Be) indicated an essentially featureless
"background" spectrum in the region of interest, which
was subsequently subtracted from the "Be spectra. The
remaining background was approximated by a first-order
polynomial fit to the data above and below the peaks.
This background was subtracted from the data before cal-
culating the centroid energies of the Doppler-shifted
peaks. The energy calibration, as described above, was
based on the ' Ba and ' Au lines. From Eq. (2) the
Doppler shift can be calculated as

E&——320. 10(10) keV .

The correction term is necessitated by the fact
0~90 amounted in this case to AE =0.32(4) keV.
present result for E& is in fair agreement with, but
accurate than, the previous value,

that
The

more

ey

90'
0
00

00

Target

Be-Au
Be-Au
Be-vac
Calc."

«„)
(kev)

320.04(10)'
322.42(4)
323.60{4)

AEy(0' —90 )

(keV)

2.39(11)
3.56(11)
3.82

0.671{36)

E~——319.8(2) keV .

We adopt the weighted average value

E~ ——320.04(10}keV (adopted value) .

'Adopted average value from this work and Ref. 2.
Calculated for Be(t,p) "Be at E,=3.25 MeV, allowing for tri-

ton and "Be* energy losses in the target layer and assuming an
isotropic (t,p) angular distribution in the c.m. system.
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AF =(E ) —E (3)

The results, specific to a given target-backing arrange-
ment, are summarized in Table II. The attenuation factor
for "Benuclei stopping in gold is then easily calculated as

0.5 0.4
I

H( Be, py) Be
320-keV y ray
E

TIME (ps)
0.3 0.2

( (

EB= I0.5 Me'Wt'

O. I

I

~ ~

1.7e'~ 1n(e+e)
1+6.8e+3 4e i (5)

where the universal unit of energy e and length p are de-
fined by Blaugrund. ' The result is

&=150+30 fs .

The uncertainty is composed of contributions in quadru-
ture of 15% from the measurement of I'(w), 12%%uo from
K„, and 15% from K, .

C. The H( Be,py) "Bereaction

The tritium target for this measurement consisted of
500 pg/cm of Ti on a thick Cu backing, with tritium ab-
sorbed into the Ti layer such that there were -0.75 H
atoms for each Ti atom. This target was bombarded with
Be ions from the BNL MP Tandem Facility. Gamma

rays were detected with the ESS spectrometer used also in
the 98e(3H,py) "Bemeasurements.

A yield curve was first obtained for 0&——90. These data
were combined with those from Be( H,py) "Be to pro-
duce the composite curve shown and discussed in Fig. 2.

Next, spectra were recorded at Oz ——0 for E( Be)=10.5
and 11 MeV, corresponding to E(t)=3.5 and 3.67 MeV in
the inverse reaction. For both spectra the integrated beam
current was -0.2 pC. The only structure in the back-
ground underlying the 0' 320-keV line shapes was that due
to the Compton backscattering peak from 511-keV radia-
tion, which was easily subtracted. [There was also an
unidentified contaminant peak very close to (but less than)
320 keV, but since the 0 320-keV line shape was confined
to higher energies there was no overlap with this contam-

b,E&(Be-Au)
F(r) =

bE&(Be-vac)

This expression is exact for identical Be target
thicknesses; in the present case, the effect of the small
difference is negligible in comparison to the statistical un-
certainties.

The asymmetry of the Be-vac data (Fig. 3) indicates
clearly that the (t,p) reaction is forward peaked, consistent
with the expectation that the J = —,

' "Be state will be
formed dominantly by I =2 stripping. For the Be-vac
case, F(r):1, so th—at these data define, via Eq. (2), an ex-
perimental value for the recoil "Be nuclei of P, (expt. )
=0.0111. From the kinematics one calculates, for an as-
sumed isotropic (t,p) distribution, P, (calc. ) =0.0119
(see Table II). The experimental value is only 93(2)%%uo of
the latter, providing some quantitative measure of the (t,p)
anisotropy.

Extraction of a value for the mean life ~ from the mea-
sured I'(~) follows the method of Blaugrund. ' The elec-
tronic stopping power was taken as K, (v/vo) with the
values of E, for Be stopping in Be and Au given in Table
I. The parametrization of the nuclear stopping power due
to Oetzmann' was used, i.e.,
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FIG. 4. Line shape observed for the "Be 320—+0 transition
following bombardment of a 500 pg/cm 'H-Ti target on a thick
Cu backing by 10.5-MeV Be ions. The theoretical curve and the
extraction of F(r) and ~ are explained in the text. A prompt
(~ 0) line shape is shown for comparison. The detector
response function represented by this curve is a convolution of
the detector line shape with kinematical broadening effects due
to the spread in the angle and energy of the recoiling "Be ions.
The energy dispersion is 0.132 keV/channel.

inant. ] The remaining background was approximated by a
quadratic function which was fit to the regions above and
below the 320 keV line shape. The line shape for
E( Be)=10.5 MeV with background subtracted is shown
in Fig. 4.

The theoretical fit to the line shapes was performed
with a program, described previously, ' ' which folds
the detector response and kinematical conditions and
corrections into a theoretical line shape based on the
pararnetrization of dE/dx given in Eq. (1). The fit to the
data shown in Fig. 4 yields a Doppler shift of 12.25(15)
keV. This is in close agreement with the kinematical
center-of-mass Doppler shift of 12.05 keV calculated for
an isotropic distribution. For a forward-peaked distribu-
tion of protons in the Be(t,p)

' Be reaction, there will be a
corresponding forward-peaked distribution of "Be ions in
the inverse H( Be,p) "Be reaction, and the fractional
change of the mean velocity of the "Be ions from the
center-of-mass velocity will be three times as large in
Be(t,p) and in the opposite direction. Thus, for the ob-

served ratio 12.25/12. 05 = 1.0166 from H( Be,p) we
predict a mean velocity 95%%uo [i.e., 100—3(1.66)j of 13,
at 3.5 MeV in the Be(t,py)

' Be reaction. This is in agree-
rnent with the previous result for E(t)=3.5 MeV, and
also with the result reported in Sec. IIB, performed at
E(t) =3.25 MeV, which gave (P, ) =(93+2%)P,

Were it not for the spread due to the target thickness,
there would be a one-to-one correspondence between chan-
nel number (y energy) and decay time in a y-ray line
shape. This is illustrated by the time scale at the top of
Fig. 4 for the average recoils, i.e., production of "Beat the
target midpoint. As discussed previously, ' ' a 8&——0'
line shape is clearly similar to a radioactive decay curve
with the detector response function (the dashed v.=0 curve
of Fig. 4) analogous to a prompt time resolution function.
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The least-squares fit to extract the mean life of the "Be
320-keV level was done in the same way as above but con-
fined to the energy region corresponding to times after all
the "Be recoils had left the target and entered the Cu
backing (& channel 262 in Fig. 4}. With this restriction
the uncertainty in the target composition had only
minimal effect on the final extracted mean life.

The results from the two line shape fits were
r = 167(20) and 170(20) fs for the 10.5 and 11.0 MeV data,
respectively. The errors include all known uncertainties
except that in dE/dx. Combining the two results and al-
lowing a 5% uncertainty in dE/dx, we obtain

&=168+17 fs

for the "Be320-keV level.

A —
I

r —R= —r
I A I, C

r = r; —RA-I

FIG. 5. Coordinate system for an A-particle nucleus.

D. Summary of experimental results

The two measurements of the mean life of the "Be
320-keV level, 150(30) fs from Be(t,py) and 168(17} fs
from H( Be,py), are in good agreement with each other
and with the previous value of 180(60) fs. The consisten-
cy of the three lifetime measurements, along with the
identity of the y ray as confirmed by the yield curves from
Be(t,py) and H( Be,py) establish the result beyond a

reasonable doubt. We adopt the weighted average of

~("Be 320-keV level) =166+15 fs

(adopted value). The adopted value for the lifetime corre-
sponds to a very large 8 (E 1) of 0.36(3) W.u.

III. SHELL-MODEL CALCULATIONS

A. The structure calculation

The wave functions used to calculate electromagnetic
matrix elements for Be, "Be, and ' C are obtained from
full Okapi and full 1Aco shell-model calculations for
negative- and positive-parity levels, respectively. The
Cohen-Kurath interaction' is used for the p shell and the
Millener-Kurath interaction' is used for the p-sd interac-
tion. The calculations for "Be and ' C have been
described previously (Refs. 3 and 20, respectively); the cal-
culation for Be differs from these only in that the
Cohen-Kurath (6—16) two-body matrix element (TBME)
interaction' is used in place of the (8—16) TBME interac-
tion.

In earlier work on ' C only harmonic oscillator wave
functions (HOWF's) were used and all three B(E1)values
for transitions between bound states were underestimated
by factors of up to 3. For the "Be —,

'
—,
' transition

the use of HOWF's led3 to an underestimate of the 8 (E 1)
by a factor of 30 while the use of Woods-Saxon wave
functions (WSWF's) gave a greatly increased B(E 1)
value. The principal purpose of Sec. III is to consider

I

carefully the use of realistic single-particle wave functions
(SPWF's) to compute the single-particle matrix elements
(SPME's) which enter into the E 1 transitions (in one case
an M2 transition). The E 1 transitions involving —, lev-

els and the relevant particle thresholds are shown in Fig.
1.

B. Relative coordinate description

In the standard shell model a many-particle wave func-
tion is an antisymmetrized product of single-particle wave
functions for each nucleon. When we use the standard
shell-model fractional parentage expansion the wave func-
tion of the separated particle is a function of the radial
coordinate relative to the origin of the potential well (r;
for i =A in Fig. 5). However, the SPWF's obtained by
solving the Schrodinger equation with a Woods-Saxon po-
tential are explicitly a function of the relative coordinate
between particle and core (r;, in Fig. 5). Consequently,
we require a different fractional parentage expansion in
which the wave function of the separated particle is a
function of the relative coordinate between the core and
the particle. In the harmonic oscillator model it is well
known (see, e.g., Ref. 21) that the spectroscopic amplitude
appropriate to the relative coordinate description is larger
than the standard shell-model spectroscopic amplitude re-
lating physical, i.e., nonspurious, A and 2 —1 particle
states by a factor (A /A —1)~~, where Q =2n +I is the os-
cillator energy of the separated particle. This means, e.g. ,
that in a p-shell nucleus the effective number of p-shell
particles is (A —4) X(A/A —1) while the number of s-
shell particles is 3X(A/A —1); the reduction below 4 in
the number of s-shell nucleons is a refIection of the ex-
istence of spurious 1%co shell-model configurations con-
taining s-hole components.

Consider the usual shell-model expression for the ma-
trix elements of a one-body operator 0 in terms of one-
body density matrix elements (OBDME's) and SPME's,

& JfTfMr~l I+I
I

J'T MT, & =
& Ti~T~TM'zT

I TfMT/ )

A

x 2 - &A 2 I I loll li21/» & JfTf Ill«, &J,)""Ill~ T &

J,j, 2 JhT
(6)

where AJ and hT are the space-spin and isospin ranks of the operator O. Equation (6) is obtained under the assumption
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that the wave functions of neutrons and protons are the same and do not depend on the core configuration to which they
are coupled. To take binding energies into account, a step back in the derivation of Eq. {6)is made to obtain

(JgTfMT
I
IOIIJ;T;MT )

U(JfJi Jj 2 Jc~J)(~fTfl ll~j, III~.~.T. &( —)
'

+C JC TCJ1J2 I

t tMT)
C

(T MT ~™tI TfM, &&™T,2
~t'

I ™T,& - &j~
—'~~ll0llj~ ~ ~t (7)

Particle coordinates are usually used in Eq. (6) in which
case the core-state sum, implicit in Eq. (6) and explicit in

Eq. (7), goes over all shell-model configurations, spurious
and nonspurious; in this case HOWF's are functions of
rz/bo where bo is the oscillator length parameter. To
work with relative coordinates the core-state sum in Eq.
(7) must be restricted to nonspurious configurations and

factors (A/A —1) and (A/A —1) must multiply
Q1/2 Q2/2

the normal shell-model spectroscopic amplitudes; for
HOWF's the appropriate length parameter would then be
b„j——(A/A —1)' bo For . WSWF's Eq. (7) is used with

a,J,T, labeling physical core states and the separation en-
ergies dependent on the specific core state. This is but a
prescription, albeit reasonable in that the SPWF's have the
correct asymptotic form, similar to that normally used to
analyze single-particle transfer reactions.

A —1
t, C

l

=Jr; —AR

g(r; —R) =

TABLE III. Root-mean-. square charge radii.

Nucleus bo (fm)' HO
(r'),'h' (fm)

Expt." WS' r (fm)

13C
12C

11B

'Be

1.684
1.669
1.653

1.617

2.54
2.52
2.45

2.33

2.45—2.51
2.45—2.47
2.42—2.47

2.46—2.52

2.47
2.46
2.39
2.45
2.28
2.35
2.46

1.4
1.4
1.4
1.47
1.5
1.6
1.75

467/~ ~—45+ 1/3 25+ 2/3 (Ref 24)
'Taken from the tabulations by Ajzenberg-Selove {Refs. 11, 12,
and 25 and references therein). A recent analysis (Ref. 26) of
muonic x-ray data gives (r &,'h =2.47+0.02 ('2C) and 2.48
+0.02 ('3C).
'ao ——0.65 frn, r, =1.6 fm, Vso ——0

C. Choice of Woods-Saxon parameters

We fix the radius parameter, R =ro(A —1)'~, of the
Woods-Saxon well so that the r.m. s. charge radii of Be,
"B, and ' C, computed using Cohen and Kurath's p-shell
spectroscopic amplitudes, fall within the range specified
by elastic electron scattering and muonic x-ray data; the
diffuseness parameter we fix at ao ——0.65 fm and we set
the spin-orbit potential to zero.

To calculate r.m.s. radii we write

I

where r;, is the core-particle relative coordinate and R is
the center-of-mass coordinate of the 3 particle nucleus
(Fig. 5). When HOWF's are used, Eq. {8) in the relative
coordinate description and Eq. (9) in the particle coordi-
nate description give the same results. For the charge ra-
dius Eq. (8) gives

'2

(2) 1 A —1
ch= z

Z 2
( 2 )

1

+ gC S(c)(r )p, +(r )p„,

(10)

where the last term refers to the charge radius of the pro-
ton (we take (r )~,=0 64 fm )., and

gC S(c)= (Z —2) .3 —1
(11)

2 —1 e g ~l, c 3l
t

{12)

D. The Be 2
—+ 2 transition1

— 1+

This transition has already been briefly discussed in a
paper on the P decay of "Be. In Table VI of Ref. 3 the
OBDME s appropriate to the particle description are list-
ed, as are the SPME's calculated with HOWF's. A com-
plete breakdown of the computation of the E1 matrix ele-
ment in the relative coordinate scheme is given in Table
IV. The enormous increase, by a factor of 50, in the
B(E1) for re =1.47 fm over the HO value can be mainly

In our calculations we bind the Os proton at 32—34 MeV
as suggested by (p,2p) experiments. In the p-shell contri-
bution the S(c) are the Cohen and Kurath spectroscopic
factors2' for each parent, denoted by c, and (r )~, is the
expectation value of r;, computed for the separation ener-

gy corresponding to that parent.
The calculated r.m.s. charge radii are given in Table III,

on the basis of which we choose ro ——1.4, 1.47, and 1.75
fm to calculate SPME's for ' C, "Be, and Be, respective-
ly. The SPME's for E1 and M2 transitions vary only
slowly with ro so that the choice of ro is not particularly
critical; for HOWF's the SPME's vary linearly with bo
and hence very nearly linearly with (r ),'( . The E 1

operator expressed in relative coordinates is

O(E1)=e/2 g (r; —R)&3;
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TABLE IV. 2 2 E1 transition in "Be.

Orbits'

J1J2

1$1/2 p 1/2

BE {MeV)
J1 J2 Jc

0.50 0.18 01
11.06 10.74 02+

—0.8992
—0.0353

—2.312
—0.951

—2.202
—0.908

SPME
OBDME' WS (r =1.47) WS (r =1.2) HO'

—0.743

d5/2 p3/2 3.87 3.S5
6.46 6.14
9.77 9.45

10.37 10.05

21
2+
2+
24

—0.2393
0.0140

—0.0124
—0.0164

2.699
2.518
2.373
2.353

2.445
2.277
2.144
2.124

2.229

1$1/2 p3/2

d3/2 p3/2

8.99 8.67 11+ —0.0725

3.87 3.55 21+ —0.0440
6.46 6.14 2+ 0.0122
8.99 8.67 1 1+ 0.0215

—1.419

—0.900
—0.839
—0.801

—1.356

—0.815
—0.759
—0.724

—1.051

—0.743

P 1/2 1/2

p 3/20$ 1/2

21 ~ 8 21.5

21.8 21.5

0.0276

0.0298

—0.958

1.355

—0.863

1.220

—0.910

1.287

X SPME && OBDME =M
B(E1) W.u.
( „2) 1/2

1.563
0.5S
2.45

1.519
0.52
2.25

0.245
0.011
2.45

'The d3/2 p1/2 contribution is negligible.
Binding energy of single-particle orbit in MeV.

'Small contributions from higher core states are included in the highest energy core state listed.
'&jiI IoIIj2)j ~

~~~ fo«= r R= "r- —
'bo ——1.6528 frn (see Table III).
B(E1)=(3/4n. )—,o M e fm, W.u. ={1/4m)( —) (1.2A '

) =0.3188e fm for A =11.

attributed to the large increase in the 1s»2 p»2 SPME for
neutrons loosely bound to the ground state of the ' Be
core. Particularly significant is the increase in the
1s»2p»2 SPME relative to the d&/2p3/2 SPME, where
the particles are coupled to higher core states with corre-
spondingly larger separation energies. The near cancella-
tion of the 1s»2p~/2 and d5/2p3/2 contributions in the
HO calculation is thus removed. We note that to obtain
the 1s»2 p»q matrix element for low binding energies it is
necessary to integrate out to large radii {35 fm to get the
numbers in Table IV); the B(E1) value of 0.21 W.u. given
in Ref. 3 is inexact because the range of integration was
not large enough. The B(E1) is relatively insensitive to

changes in ro since the 1s&/2p»2 SPME for very loosely
bound orbits is less sensitive to the size of the well than
the SPME for deeply bound orbits (see Table IV). Thus
the use of the proton well geometry to compute the wave
functions of loosely bound neutrons should not introduce
any significant error into the calculated 8 (E 1).

The 8(E1) calculated using WSWF's (ro ——1.47 fm) is
actually larger than the experimental value of 0.36(3) W.u.
by about 50%. While we consider the agreement between
theory and experiment to be good, it would be improved if
there were a larger d5/z component in the "Be ground
state wave function; if so there would also be improved
agreement between theory and experiment for the P decay

Orbits

OBDME'

TABLE V. 2 ~ 2 transition in Be.1+ 3—

BE ( 1$1/2 )

1s,/2 p, /2 d 3/2 p, /2 1s,/2 p 3/2 d 3/2 p 3/2 d 5/2 p, /2 p, /20s, /2 p 3/20s, /2 {MeV)

0.0028 —0.0642 —1.1395 0.1686 —0.1782 —0.0482 0.0248

SPME' HO —0.719
WS —0.842

1.607
2.070

—1.016
—2.224
—2.140
—2.037
—1.933
—1.814

—0.719
—0.926

2.1S6 —0.880
2.777 —0.931

1.245
1.316 0.5

0.2
0.1

0.05
0.02

0.621
1.826
1.730
1.613
1.494
1.358
Expt;

0.55
4.76
4.27
3.71
3.19
2.63

2.2+0.9

'See the footnotes to Table IV.
bo ——1.617 fm (see Table III). If bo is increased to give the same r.m.s. charge radius as the WS {ro——1.75 frn) calculation the B(E1)

increases to 0.061 W.u.
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Orbits

OBDME:b 1+ 1—

TABLE VI. Transitions in ' C.

d 5/2 P 3/2

—1.2869 0.0025 0.0196 —0.0366 —0.2030

1$1/2 p1/2 d3/2 p1/2 1$1/2 p3/2 d3/2p3/2 P 1/2 1/2 P 3/2 $1/2

0.0282 —0.0173

M
&(L)X10 '

W.u. '

SPME . WS
HO'

—1.174
—0.763

1.663
1.706

—1.196
—1.079

—0.823
—0.763

2.470
2.289

—0.919
—0.934

1.300
1.321

0.971
0.479

10.5
2.6

OBDME: 1+ 3— —0.0134 —0.0642 —0.6642 0.0298 —0.484 —0.0408 —0.0194
Expt. d 3.9(4)

SPME. WS
HO

—0.904 1.927 —2.259 —0.862 2.285 —0.919 1.300 1.250
0.496

8.7
1.4

OBDME: 5+ 3—
2 2

—0.1542 0.1027 —0.0282 0.0492 —0.3728(0+ )'

0.1440(2+)
0.0030 0.0172

Expt. " 4.0(4)

SPME:

HO

—1.132 1.942 —1.277 —0.764 3.138(0+)
2.605(2+)

—0.919 1.300
—0.403
—0.218
Expt. d

1.8
0.53
1.06(5)

OBDME: 5+ I—
2 2

d5/2 P 1/2

—0.8896 0.0027 0.1294 —0.1077 —0.2913 —0.0492

SPME: WS
HO

—2.486
—2.047

—0.408
—0.418

—1.716
—1.321

0.906
0.836

2.076
1.915

1.592
1.618

1.208
0.922

Expt. d

95
55

47(2)

'B (L ) =B(E 1) or B(M 2).
See the footnotes to Table IV.

'bo ——1.6844 fm.
Reference 20.

'The ' C core state for each contribution is given in parentheses.
Almost a pure neutron transition, ' orbital contribution =0 and the isoscalar spin matrix element scales with the dominant isovector

spin matrix element.

of "Be and the E1 decays of the "B analog of the "Be
ground state (see Table VI of Ref. 3).

in our calculation we do not dwell further on the 9Be
1+ 3—

transition.

E. The Be 2 ~ 2 transition1+ 3—
F. Transitions in ' C

The radiative width of the 1.68-MeV —, level of Be
has been measured by inelastic electron scattering. Since
the separation energy for a neutron is 1.665 MeV, the —,

'

level is slightly unbound. For the purposes of this paper+
we treat the —, level as bound and study the 1s»zp3/z
contribution to the E 1 matrix element as a function of the
binding energy of the 1s»z neutron. The OBDME's and
SPME's are given in Table V. For each OBDME the par-
ticles are assumed to be bound to the lowest possible core
state; in fact, the only important core states are the lowest
0 and 2 T=O levels. The 1s&/zp3/z SPME, and the
resultant 8 (E 1), are given for a range of ls»2 binding en-
ergies. The WS calculation gives a considerable enhance-
ment of the B(E1) over the HO calculation for reasons
similar to those which apply to the "Be transition; since
the experimental transition rate is relatively imprecise and
the unbound nature of the —, level is not properly treated1+

The E 1 and M2 transitions between the bound levels of
' C have been discussed previously. With HOWF's all
three E1 transition strengths are underestimated by fac-
tors of up to 3, whereas the M 2 transition strength is quite
well reproduced. With WSWF's all the transition
strengths are overestimated by about a factor of 2 as
shown in Table VI. In each case most of the difference
between the HO and WS results comes about from the in-
crease in the SPME's associated with the dominant
OBDME's where the ' C ground state is the major parent,
i.e., 1s»zP&/z, 1st/zP3/z, ds/zP3/z, and ds/zP»z for the
1+ 1

— 3 — 1+ 5+ 3— 5+ 1—
, and —, —, transi-

tions, respectively.
We do not attempt to discuss the corresponding transi-

tions in ' N (Fig. 1) since the excited levels are unbound
with respect to proton emission; we refer the reader to the
comprehensive treatment by Barker and Ferdous.
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G. Summary

It is clear from Tables IV—VI that, as one would ex-
pect, the single-particle matrix elements for loosely bound
particles are considerably larger than those calculated with
HO wave functions, particularly if the 1s&~2 orbit is in-
volved. The increases in the transition matrix elements
from this effect are amplified by changes in the cancella-
tion between p~ 1s and p~d contributions. Since the
HO calculations give matrix elements that are too small
compared to experiment, such increases are welcome, par-
ticularly in "Be, where the very small separation energies
for both the p and 1s orbitals lead to the largest effect.

The matrix elements with %'S wave functions are con-
sistently larger than the experimental values. Since the
matrix elements are very sensitive to small changes in the
1s&&2 and dq~2 content of the positive-parity wave func-
tions, the overestimates could be due simply to a deficien-
cy in the structure calculation. However, shell-model con-
figurations higher than 1%co should also be considered, as
should effects of the continuum.

Finally, we emphasize that while the procedure of using

a different separation energy for each core state is but a
prescription, and cannot be strictly correct, it nevertheless
clearly represents a physical effect. The transitions stud-
ied in this paper are excellent examples in which to look
for such effects since the E 1 matrix element receives two
large contributions of p~ 1s and p~d character. The
resultant matrix element is reduced by a cancellation be-
tween these two contributions. In contrast, if a matrix ele-
ment is small because all contributions from different
pairs of orbits are individually small the choice of the
single-particle wave function is essentially irrelevant.

We conclude that care must always be taken to use real-
istic single-particle wave functions in the calculation of
E 1, M2, and related matrix elements which enter into the
description of first-forbidden P decay and parity noncon-
servation in nuclei; such care is necessary before any state-
ment can be made about the presence of meson exchange-
current contributions in nuclear matrix elements.
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ence Foundation.

'P. M. Endt, At. Data Nucl. Data Tables 23, 3 (1979).
S. S. Hanna, K. Nagatani, W. R. Harris, and J. W. Olness,

Phys. Rev. C 3, 2198 (1971).
D. J. Millener, D. E. Alburger, E. K. Warburton, and D. H.

Wilkinson, Phys. Rev. C 26, 1167 (1982).
4E. K. Warburton, J. W. Olness, and C. J. Lister, Phys. Rev. C

20, 619 (1979).
5E. K. Warburton, D. E. Alburger, and D. H. Wilkinson, Phys.

Rev. 129, 2180 (1963).
6T. R. Fisher, S. S. Hanna, D. C. Healey, and P. Paul, Phys.

Rev. 176, 1130 {1968).
L. C. Northcliffe and R. F. Schilling, Nucl. Data A7, 233

(1970).
N. Bohr, K. Dan. Vidensk. Selsk, Mat. —Fys. Medd. 18, No. 8

(1948).
J. Lindhard and M. Scharff, Phys. Rev. 124, 128 (1961).

' J. Konijn, P. F. A. Goudsmit, and E. W. A. Lingeman, Nucl.
Instrum. Methods 109, 83 (1973).
F. Ajzenberg-Selove and C. L. Busch, Nucl. Phys. A336, 1

(1980).
F. Ajzenberg-Selove, Nucl. Phys. A320, 1 {1979).

~3Tables of Isotopes, 7th ed. , edited by C. M. Lederer and V. S.
Shirley (Wiley, New York, 1978).

' A. E. Blaugrund, Nucl. Phys. 88, 501 (1966).
H. Oetzmann, inaugural dissertation, University of Heidelberg,
1976.

E. K. Warburton, J. W. Olness, G. A. P. Engelbertink, and T.
K. Alexander, Phys. Rev. C 7, 1120 (1973).
E. K. Warburton, P. Gorodetzky, and J. A. Becker, Phys. Rev.
C 8, 418 (1973).

' S. Cohen and D. Kurath, Nucl. Phys. 73, 1 (1965).
' D. J. Millener and D. Kurath, Nucl. Phys. A255, 315 (1975).

E. K. Warburton, D. E. Alburger, and D. J. Millener, Phys.
Rev. C 22, 2330 (1980).

'M. Ichimura, A. Arima, E. C. Halbert, and T. Terasawa,
Nucl. Phys. A204, 225 {1973).
S. Cohen and D. Kurath, Nucl. Phys. A101, 1 (1967).
H. Tyren, S. Kullander, O. Sundberg, R. Ramachandran, P.
Isacsson, and T. Berggren, Nucl. Phys. 79, 321 (1966).

24J. Blomqvist and A. Molinari, Nucl. Phys. A106, 545 (1968).
F. Ajzenberg-Selove, Nucl. Phys. A360, 1 (1981).

26L. A. Schaller, L. Schellenberg, T. Q. Phan, G. Piller, A.
Ruetschi, and H. Schneuwly, Nucl. Phys. A379, 523 (1982).
H.-G. Clerc, K. J. Wetzel, and E. Spamer, Nucl. Phys. A120,
441 (1968).
F. C. Barker and N. Ferdous, Aust. J. Phys. 33, 691 (1980).


