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effect due to core polarization is sufficient to explain
the small observed values of the static moments. The
breaking of I forbiddenness accounts for the large
observed value of B(M1, (§)r—(£7)1). These results,
together with the similar results obtained for Sn!6 2
indicate the M1 observables as quantities sensitive to
the degree of configuration mixing in a strong but
regular way.

Essential agreement with experiment is obtained for
one-nucleon transfer reaction spectroscopic factors.
The ambiguity related to the two possible definitions of
spurious vectors for J*=0% indicates that calculations
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in a number conserving approximation to exact shell
model would be desirable.
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The reaction Be?(d, p)Bel® (at E4=3.25 MeV) has been used to investigate the decay of the 6.18-MeV
J*=0% level of Be¥. Both of the y-ray transitions 6.18—5.96 and 6.18—3.37 have been observed by means
of y-vy coincidence experiments using Ge(Li) and NaI(Tl) detectors. The mean life of the 6.18-MeV state
is found to be 1.1_9,5M- psec from a Doppler-shift measurement on the 6.18—5.96 transition. It is concluded
that the 6.18—5.96 transition takes place mainly to the J*=1~ component of the J= (17, 2t) 5.96-MeV
doublet and has an energy of 219.440.3 keV. The intensities of proton groups leading to levels of Bel®
in the (d, p) reaction at E;=23.25 MeV were determined with a Buechner spectrograph By combining the
present results with previous measurements on the 6.18-MeV EOQ,ground-state transition, the branching
ratios (in %) from the 6.18-MeV state to the states at 5.96 MeV (J*=17), 3.37 MeV (J*=2%), and
0 MeV (J*=0%) are found to be 4.63=1.5, 952, and 0.24-0.08, respectively. The significance of these
results is discussed. Incidental results are a value of 169.254-0.04 keV for the C18 3.85—3.68 transition and
a meanlife of 2.02:0.6 psec for the B! 2.15-MeV level.

I. INTRODUCTION

HE J==0% state at an excitation energy of 6.18

MeV in Be® is thought to be an interloper in the
1p shell; that is, one of those states which, although
of the “correct parity” (—)4, does not belong to the
(15)%(1p)4—* configuration. Other examples are the
Jr=0t states at 7.65 MeV in C®2, 6.59 MeV in CY,
and 6.05 MeV in O®%.! The Be state is thought? to
be predominantly (1p)4-%(2s, 1d)? as is the C! state.?

t Work supported under the auspices of the U.S. Atomic
Energy Commission.

1F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1
(1959).

2W. W. True and E. K. Warburton, Nucl. Phys. 22, 426
(1961).

3'W. W. True, Phys. Rev. 130, 1530 (1963).

The interloper states in even-even nuclei are almost
certainly considerably more complicated.4? One reason
for this is that 4-particle-4-hole states are energetically
favored in even-even nuclei considerably more than
in odd-odd nuclei.

Available evidence indicates that the well-known
enhancement of E2 transition rates between states of
(1p)4~* is present to about the same extent for tran-
sitions between interloper states in the 1p shell. An
example is the E2 transition between the J==5+t and
3+ states of N* at 8.96 and 6.44 MeV, respectively.
These states are identified as interlopers® involving

4G. E. Brown and A. M. Green, Nucl. Phys, 75, 401 (1966).
5 A. P. Zucker, B. Buck, and J. B. McGrory, Phys. Rev. Letters
21, 39 (1968).
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2-particle excitation from (1p)% into the (2s, 1d) shell.
The E2 transition between them has an experimental
strength of about 8.5 W.u.® (Weisskopf units, using
r0=1.2 F throughout this paper) which is about 4
times the strength? deriving from True’s® 2-particle-
2-hole wave functions. This is just the same factor
as that by which the (1p)4—* wave functions typically
fail to describe the E2 transitions between the states
whose relative excitations are well described by those
wavefunctions.

This E2 enhancement is one of the puzzles which
must be better understood before we can claim an
understanding of light nuclei. Another puzzle is the
appearance at quite low excitation energies of states
of the “wrong parity,” (—)4*!, and the connected
appearance of the interloper states already referred to.

The great success of the (1p)4~* picture in accoun-
ing for so much of what we know about the 1p shell
has led us to hope that our two puzzles can be under-
stood by some process of patching up the simple
“spherical” (1p)4~* wave functions. An attractive
possibility is that a successful “patching” may consist
of introducing, through a Hartree-Fock minimization
procedure, a quadrupole deformation which, in turn,
lowers the excitation energies of the (1p)475 (2s, 1d)
states and of interlopers of the “correct parity” and
introduces the AN =2 admixtures necessary to explain
E2 enhancements,® those enhancements being qualita-
tively understood in terms of rotations of the de-
formed states. In order to test this hypothesis, we
need more experimental information on matrix ele-
ments connecting the (1p)4* states with the inter-
lopers. These matrix elements, which are particularly
scarce deep within the 1p shell, can provide informa-
tion on the degree of mixing of the interlopers and
the (1p)4—* states. E2 matrix elements connecting
interloper states with each other will also provide
tests of current ideas on E2 enhancements.

As yet very little is known about E2 transitions
involving interlopers in the 1p shell and the (1p)4—*
states; some discussion is given later. A prime ob-
jective of the present work was to measure the speed
of the E2 transition from the J7=0% interloper in
Bel at 6.18 MeV to the J7=2t+ (1p)8 state at 3.37
MeV, which itself has an E2 strength for its ground-
state transition of 7.540.8 W.u.® Companion objec-

16 A7. Gallmann, F. Haas, and B. Heusch, Phys. Rev. 164, 1257
( "9'61‘}3e equation for the E2 strength of this transition given in

Ref. 6 did not properly take into account antisymmetrization
of the wave functions. It should be, in the notation of Ref. 6.

A (EZ) =2[C55/2,5/2(1.414C31/2,5/2+0.5000C33/2.5/2
—4-0.5774C3)2,572) v 2(1-4-28)2.

8D. Kurath, in Nuclear and Particle Physics, edited by B.
Margolis and C. S. Lam (W. A. Benjamin, Inc., New York,
1968), pp. 199-272.

9 T. R. Fisher, S. S. Hanna, D. C. Healey, and P. Paul, Phys.
Rev. 176, 1130 (1968).
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tives were the measurements of the E0 width with
which the 6.18-MeV state deexcites to the ground
state and the E1 width of the transition that takes
it to the Jm=1~ component of the J7=1-, 2+ doublet
at 5.96 MeV01; the latter state has a large s-wave
neutron width for the ground state of Be?% being one
of the class of “wrong parity’” states that may have
configurations close to (1p)47% (2s, 1d).

These objectives demand a determination of the
lifetime of the 6.18-MeV state and a determination
of its branching ratios; this has been accomplished
following the population of the level by the reaction
Be?(d, p)Bel.

II. EXPERIMENTAL METHODS

The choices of target characteristics and beam energy
used in most of the present studies on the 6.18-MeV
level of Bel, excited in the Be%(d, p) Bel reaction,
were made on the basis of earlier work in which the
6.18—0 transition was first observed? and its multi-
polarity determined!® as E0. Since those measurements
were carried out with a 3.7-mg/cm?thick Be target
and a deuteron beam energy of 3.25 MeV, the same
target material and beam energy were used for the
present coincidence experiments.

¥~y coincidence measurements were made with a
conventional arrangement consisting of a 5X6-in.
NaI(Tl) detector at 90° to the beam on one side of
the target and a Ge(Li) detector on the other side.
Pb, §-in. thick, was placed between the target and
the NaI(Tl) detector in order to reduce the coinci-
dence yield of low-energy Compton-scattered v rays
in the NaI(TIl) detector. Several sizes of Ge(Li) de-
tector, with volumes ranging from 8-30 cc, were em-
ployed depending on the particular experiment. The
Ge(Li) detector was placed at 90° to the beam and
close to the target for branching-ratio measurements,
or was moved back to a distance of 7 cm from the
target for the Doppler-shift lifetime measurements at
30° and 127° (to be described later). Pulse-height
spectra from the Ge(Li) detector, in coincidence with
one or more pulse-height windows imposed on the
spectrum from the NaI(Tl) detector, were recorded
in separate 1024-channel sections of a 16 384-channel
analyzer by the use of a “spectrum sorter.”

For the Doppler-shift measurements on the 6.18—
5.96 transition, reference y-ray lines were needed. In

© F. C. Young, P. D. Forsyth, M. L. Roush, and W. F. Hornyak,
in Nuclear Spin-Parity Assignments, edited by N. B. Gove and
R. L. Robinson (Academic Press Inc., New York, 1966), p. 179;
M. L. Roush, F. C. Young, P. D. Forsyth, and W. F. Hornyak,
Nucl. Phys. 128, 401 (1969).

1 E. K. Warburton and D. E. Alburger, in Nuclear Spin-Parity
Assignments, edited by N. B. Gove and R. L. Robinson (Academic
Press Inc., New York, 1966), p. 224.

12E. K. Warburton, D. E. Alburger, and D. H. Wilkinson,
Phys. Rev. 132, 776 (1963). )

B E. K. Warburton, D. E. Alburger, A. Gallmann, P. Wagner,
and L. F. Chase, Jr., Phys. Rev. 133, B42 (1964).
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FIGURE 1

F1c. 1. Doppler-shift measurement of the Bel® 6.18—5.96
t ransition. The figure shows portions of Ge(Li) y-ray spectra
observed at 30° and 127° to the deuteron beam (E;=3.25 MeV)
and 7 cm from the target. The spectra were observed in coin-
cidence with vy rays viewed by a 5X6-in. NaI(Tl) crystal at 90°
to the beam and 3 cm from the target. The center spectra (Be!
peak) were observed in coincidence with vy rays with 5.3<
E,<6.1 MeV; and the other two spectra in coincidence with v
rays with 2.9< E,<3.8 MeV. The deuteron beam impinged on a
split target, one-half of which was Be® and the other half C®.
The CB 3.85—3.68 transition arises from Cjs+d and the Bel
and BY peaks from Be?+-d. The solid curves drawn through the B
peaks are least-squares fits (see text) with the assumed back-
grounds which are indicated by the dashed lines. For each peak the
full (kinematical) Doppler shift is indicated by AE. The un-
certainty on AE arises from the kinematics of the reaction (see
text). The actually observed Doppler shift, extracted from the
centroids of the peaks, are indicated by FAE. Lifetimes are
extracted from F(=FAE/AE), as discussed in the text.

the Be*+d reaction the 411-keV line occurring in the
B! 5.16—2.15—1.74 cascade following the Be®(d, #) B
reaction served as one such line. In order to generate
another reference y-ray line at an energy lower than
the Bel® 219-keV transition, the C2(d, p) C®® reaction
was used to produce the 169-keV ¥ ray occurring in
the C1 3.85—3.68—0 cascade. These simultaneous
measurements on the Be4d and C2(d, p) C® reactions
were accomplished by the use of a split target con-
sisting of a 1-mm-thick slice of graphite attached to
the target holder adjacent to a Be foil. An external
screw allowed the position of the target holder to be
varied so that the 3-mm-diam collimated beam could
strike the adjacent edges of both samples at the same
time. Relative intensities of radiations from the two
targets were adjusted as desired.

Some of the calculations of branching ratios re-
quired a knowledge of the efficiency-times-solid-angle
for detecting low-energy v rays in the Ge(Li) detector.
For this purpose a carbon target by itself was used
to make efficiency measurements on the 169-keV « rays
occurring in the C2(d, p)C® reaction.

It was also found desirable to determine the energy
of the CB 169-keV vy ray more accurately than had
been reported in the literature. An accurate energy
value was obtained for this v ray by intercomparisons
with reference v rays emitted from a source of Ta®2,

The 6.18—3.37 transition was detected by means
of y-y coincidence measurements using the general
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arrangement already described. When several previous
and unsuccessful attempts had been made to observe
the 6.18—3.37 transition, it was believed that inde-
pendent measurements of relative proton-population
intensities would be needed in order to assign limits
to the various branching ratios from the 6.18-MeV
level. For this purpose magnetic analysis measure-
ments were made on the Be®(d, p)Be! reaction by
means of a Buechner-type spectrograph.

III. EXPERIMENTAL RESULTS AND ANALYSIS
A. Observation of the 6.18—5.96 Transition

When the present work was started, it was known0:11
that the 5.96-MeV level of Be! actually consists of a
doublet (separation 1.640.5 keV) having spin parities
of J7=1~ and 2*; the J™=1~ (upper) member decays
predominantly to the J*=0% ground state, whereas
the J7=2% (lower) member decays predominantly to
the J7=2*+ 3.37-MeV first-excited state. It was ex-
pected that the 6.18-MeV J7=0% level would decay
preferentially by an E1 transition to the J™=1—
member of the 5.96-MeV doublet rather than by an
E2 transition to the J™=2* member. In the initial
search for the 6.18—5.96 transition, the output of an
8-cc Ge(Li) detector was displayed in coincidence
with a pulse-height channel encompassing the full-
energy and one-escape peaks of the 5.96-MeV v rays
in the spectrum from the 5X6-in. NaI(Tl) detector.
A weak 219-keV coincidence line was observed.

In a second experiment five pulse-height gates were
set on the y-ray spectrum from the 5X6-in. NaI(Tl)
detector, and the Ge(Li) spectrum in coincidence
with each was displayed. The 219-keV line was again
observed, but only in coincidence with the 5.96-MeV
v ray. However, the 3.37-MeV v ray from direct
feeding of the 3.37-MeV level in the Be(d, p)Be®
reaction was too intense to allow a significant limit
to be placed on the intensity of 6.18 (J*=0%)—5.96
(J7=2+)—3.37—0 cascades relative to 6.18 (J7=0+)—
5.96 (Jm=17)—0 cascades. Thus, this limit was in-
ferred from the lifetime measurement described below.

B. Lifetime Measurement

The lifetime of the Be® 6.18-MeV level was meas-
ured by observing the Doppler shift of the 6.18—5.96
transition. As shown in Fig. 1, the full-energy peak
of this transition was observed in the Ge(Li) detector
at 30° and 127° to the 3.25-MeV deuteron beam in
coincidence with a channel on the 5.96-MeV full-
energy and one-escape peaks in the NaI(Tl) detector.
By using the “spectrum sorter” and the split-target
technique described earlier, the C8 169-keV transition
and the B! 411-keV transition were recorded in co-
incidence with the region 2.9<E,<3.8 MeV. These
transitions arise from the C® 3.85—3.68—0 and BY
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5.16—-2.15—1.74 cascades, respectively, and are also
shown in Fig. 1 for both detector angles.

The full (kinematical) Doppler shifts for these three
transitions were calculated assuming angular distribu-
tions for the reactions involved characterized by
(coso.m.)=0.0420.33, where 0o, is the angle to the
beam of the reaction products. The values of AE
shown in Fig. 1 result from these calculations. Any
possible y-y correlation effects were neglected since
the geometry was such that they were not expected
to be important. The actually observed Doppler shifts
were obtained from the shift in the centroids of the
peaks. For this purpose the background under the
peak was assumed to be given by a least-squares fit
to the region, either side of the peak assuming an
exponential form. These fits are shown by the dashed
lines in Fig. 1. The observed centroid shifts calculated
in this manner are indicated by FAE in Fig. 1. The
ratio of observed to calculated shifts, F=FAE/AE,
from this procedure are

F(C)=0.01=-0.05,
F(Bel) =0.30=0.06,
F(BY) =0.14--0.03.

These were analyzed using the procedure of Warburton
el al* to give mean lifetimes:

7(C®) >2.3 psec (two standard deviations),
7(Be) =1.1_¢ 51+ psec,

7(B1) =2.040.6 psec.

The B9 and C® results are in good agreement with
previous work ¥ while the result for the Be! 6.18-
MeV level is consistent with the previous limit,?2
7>0.5 psec. The solid curves shown in Fig. 1 for the
Bel 6.18—5.96 full-energy peaks are the expected line
shapes* for a 1.1-psec lifetime. These curves agree
with the data within the statistical uncertainties.

The Weisskopf estimates for 219-keV E1 and E2
transitions in Be! are 7=2X10"1 and 1.2)X10° sec,
respectively. Thus the observation of a Doppler shift
is incompatible with any observable 6.18 (J*=0%)—
5.96 (Jm=2%) contribution, and the 219-keV v ray is
assigned to the 6.18 (J*=0%)—5.96 (J=1") transi-
tion, as was expected.

C. Energies of the Be!? 6.18—5.96 and C1 3.85—3.68
Transitions

Additional information which may be obtained from
the Doppler-shift data described above is the energy

“ E. K. Warburton, J. W. Olness, and A. R. Poletti, Phys. Rev.
160, 938 (1967).

18 F. Riess, P. Paul, J. B. Thomas, and S. S. Hanna, Phys. Rev.
176, 1140 (1968). )
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of the 219-keV transition corresponding to the un-
shifted position of the peak, as indicated by the
vertical dashed lines in the upper and lower parts
of Fig. 1. The 169-, 411-) and 511-keV (not shown)
lines served to establish the energy scale. The C'
169-keV «y-ray energy was reported! previously as
169.540.4 keV. It was felt desirable to establish its
energy with greater accuracy before using it as a
standard for the Bel® 219-keV transition energy.

The 169-keV line from the C2(d, p) C'3 reaction was
measured in a Ge(Li) detector at 90° to the beam
in a separate experiment when a source of Ta'® was
superposed. Numerous v rays are present in the Tal®
spectrum and the energies of several of these are
known!® with very high accuracy. For the present
purposes the y-ray lines at 152.4354-0.004 keV and
179.39340.003 keV were the most useful. The deu-
teron beam current was adjusted so that the C®
169-keV line intensity was about the same as that of
the Ta® 179-keV line. The spectrum of the Ta'®
source alone was also recorded. In the latter case it
was noted that a weak peak corresponding to a v ray
of about 167.6 keV is also emitted from the source.
Since in the combined spectrum this line was not
resolved from the C®¥ 169-keV peak, it was necessary
to first subtract the normalized 167.6-keV peak (~10%
as strong as the C® 169-keV peak) from the total
spectrum before making the centroid analysis on the
169-keV line. An additional Ta'®? line at 222.110+
0.003 keV was also fitted in order to check the over-all
linearity of the analyzing system. The analyzer dis-
persion for these measurements was about 0.22 keV
per channel. As a check on local nonlinearities in the
system, a similar experiment was done at a slightly
different amplifier gain setting. Nonlinearities were
found to be completely negligible.

The final result for the energy of the v ray due to
the C 3.85—3.68 MeV transition is 169.254-0.04 keV.
This is in agreement with the earlier measurement,!
but is very much more accurate. Because of its very
small Doppler shift and the ease of producing this
v ray, it can serve as a useful low-energy standard.
Since the recoil energy in the emission of the 169-keV
v ray is only 0.001 keV, and therefore negligible, the
energy of the v ray is also the separation energy
between the 3.85- and 3.68-MeV levels in C..

There have been several accurate measurements of
the energy of the C® 3.68-MeV 4 ray emitted in the
C2(n, v) C® reaction. Prestwich et al.” obtained a y-ray
energy of 3683.94:0.17 keV, which corresponds to a
level energy of 3684.50-:0.17 keV when corrected for
recoil. More recently, Spilling ef al.’® reported a level

16 J, B. Marion, University of Maryland Technical Report No.
656 (revised), 1967 (unpublished).

17W. V. Prestwich, R. E. Coté, and G. E. Thomas, Phys. Rev.
161, 1080 (1967).

18P, Spilling, H. Gruppelaar, H. F. De Vries, and A. M. J,
Spits, Nucl. Phys. A113, 395 (1968).
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F1c. 2. Pulse-height spectrum from a 30-cc Ge(Li) detector
recorded in coincidence with a pulse-height channel on the full-
energy peak of 3.37-MeV v rays detected in a 5X6-in. NaI(Tl)
scintillator. Thepeaks are due to the Be! y-ray cascade transitions
indicated following excitation of the levels in the Be?(d, p)Be!®
reaction at Eq=3.25 MeV.

energy of 3684.2840.14 keV. We adopt a weighted
mean value of 3684.3724-0.14 keV for the C* level. By
adding this to our value for the energy separation
between the 3.85- and 3.68-MeV levels, we obtain a
value of 3853.62+40.15 keV for the energy of the
third excited state of C,

Based on the above result for the C®¥ 3.85—3.68
MeV « ray, the analysis of the Doppler-shift data of
Fig. 1 leads to a value of 219.4+0.3 keV for the Be!
transition energy between the J7=0% 6.18- and J*=1-
5.96-MeV states.

D. Observation of the 6.18—3.37 Transition

The arrangement for observing the Be!® 6.18—3.37
transition was similar to that used for finding the
219-keV transition, except that a 30-cc Ge(Li) de-
tector with a resolution of ~3 keV for Co® v rays
was employed. Figure 2 shows the spectrum in co-
incidence with a pulse-height channel placed on the
photopeak of the 3.37-MeV v rays occurring in the
spectrum from the 5X6-in. NaI(Tl) detector. In addi-
tion to the strong peaks corresponding to the cascade
decays of the 5.96(2%)- and 6.26-MeV states to the
3.37-MeV level, the sought-for 6.18—3.37 y-ray peak
is also present, as well as the one-escape peak of the
3.37-MeV v rays resulting from random coincidences.

The expected position of the 6.18—3.37 peak was
calculated from the positions of the 5.96—3.37 and
6.26—3.37 peaks in Fig. 2, together with the values
for the excitation energies of the Bel levels (given
in Fig. 3 and discussed later). As may be seen in
Fig. 2, the observed peak agrees very well with the
position, indicated by an arrow, calculated for the
6.18—3.37 v ray. The calculated position of the 3.37-
MeV one-escape peak is also shown by an arrow and
serves to confirm the identity of this line.

The solid curve in Fig. 2 is a hand fit to the data
and the dashed lines are estimates of the underlying
backgrounds. A qualitative feature of the spectrum is
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that the 6.18—3.37 peak has a full width at half-
maximum only about half as great as the half-widths
of the other three peaks. Although no detailed cal-
culations have been carried out on the Doppler broad-
ening expected for the various v rays, the data are
consistent with previously determined lifetime infor-
mation®®2 on the 5.96- and 6.26-MeV states, together
with the measurements reported above on the life-
time of the 6.18-MeV level.

E. Branching Ratios from the 6.18-MeV State

The following sequence of measurements and cal-
culations was followed in order to determine the
relative intensities of the three branches from the
Bel® 6.18-MeV level:

(a) From the coincidence measurements described
in Sec. IIT A, the ratio of intensities of 219-keV and
5.96-MeV v rays was determined. This required sup-
plementary experiments on the C2(d, ) C® reaction
in order to establish the Ge(Li) efficiency times solid
angle for detecting the 219-keV v rays.

(b) The data discussed in Sec. III D were analyzed
to find the relative intensities of the three cascade
transitions to the 3.37-MeV level, which are indicated
in Fig. 2.

(¢) A supplementary experiment was performed
with a NaI(TIl) detector in order to determine the
intensity ratio of the 5.96—3.37 and 5.96—0 tran-
sitions.

(d) By combining the results of steps (b) and (c),
the intensity ratio of the 6.18—3.37 and 5.96—0 v rays
was found.

(e) Previous pair-line measurements'® on the 6.18—0
and 5.96—0 transitions were corrected for spectrometer
transmission? to obtain the intensity ratio of these
two transitions.

(f) Having established the intensity of each tran-
sition from the 6.18-MeV state relative to the number
of 5.96-MeV v rays, measured in every case with the
same target and beam energy, the results of steps (a),
(d), and (e) were combined to determine the relative
intensities of the 6.18—5.96, 6.18—3.37, and 6.18—0
transitions, respectively. Fractional transition inten-
sities from the 6.18-MeV level were then derived.

In step (a), the supplementary experiments on the
C22(d, p) C* reaction were done in the same geometry
as had been used for the measurements of the Be!®
219-keV v rays in coincidence with 5.96-MeV v rays.
A 550-pg/cm2-thick carbon target was installed, and

B E. K. Warburton, J. W. Olness, K. W. Jones, C. Chasman,
1({1.9 ?6) Ristinen, and D. H. Wilkinson, Phys. Rev. 148, 1072

20H. Lancman, F. S. Rosenthal, J. Beyea, M. Nessin, and L. J.
Lidofsky, Bull. Am. Phys. Soc. 13, 606 (1968).

2 D. H. Wilkinson, D. E. Alburger, E. K. Warburton, and R. E.
Pixley, Phys. Rev. 129, 1643 (1963).
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the deuteron beam energy was set at 2.51 MeV, since
the various characteristics of this reaction have been
throughly investigated? under these conditions. The
efficiency times solid angle for detection of the 169-keV
v rays in the Ge(Li) detectors was determined in two
ways. In the first the singles spectra in the Ge(Li)
and NaI(Tl) detectors were recorded during the same
bombardment time. From the area under the 3.85-
MeV full-energy-loss peak in the NaI(Tl) spectrum,
the total number of 3.85-MeV v rays emitted from
the target was found by correcting for peak-to-total
ratio, total efficiency at the target-to-crystal distance
used, absorption, and analyzer dead time. The known
branching?® of the C®® 3.85-MeV state, i.e., (3744)9%
for the 3.85—3.68 transition and 63%, for the ground-
state transition, was used to calculate the corresponding
total number of 169-keV v rays emitted from the
target. Together with the area under the 169-keV peak,
this led to a value for the efficiency times solid angle of
the Ge(Li) detector at 169 keV.

In the second method the 169-keV y-ray peak was
measured in coincidence with a channel on the NaI(T1)
detector including the photo-peaks of the 3.68- and
3.85-MeV v rays. An analysis of the pulse-height
spectrum within the channel gave that fraction of
total counts in the channel corresponding to 3.68-MeV
v rays, and also gave an intensity ratio of the two v rays
which agreed very well with the work of Poletti ef al.2
By using the branching ratio data® on the 3.85-MeV
state, the fraction of the total 3.68-MeV + rays that
follow the 3.85—3.68 transition was obtained. Finally,
from the area under the 169-keV peak the number
of coincidences per 3.68-MeV cascade vy ray was cal-
culated; this is simply the efficiency times the solid
angle.

Results from the above two measurements agreed
within their errors, and their average was 0.0158
(£119%,) for the efficiency times solid angle for de-
tecting 169-keV v rays in the Ge(Li) detector. A pre-
viously determined? curve of efficiency versus vy-ray
energy for this particular Ge(Li) detector was then
used to obtain an efficiency-times-solid-angle value of
0.0108 (£129%,) at 219 keV. The ratio of 219-keV
v rays to 5.96-MeV v rays was then calculated from
the results of step (a) in a straightforward manner
based on the total number of counts in the channel
on the 5.96-MeV v rays, suitably corrected for back-
ground. The result for the intensity ratio of 219-keV
to 5.96-MeV v rays is (1.7240.3) X 1072,

In the analysis of the data in Fig. 2, the areas
under the 5.96—3.37, 6.18—3.37, and 6.26—3.37 peaks
were corrected according to the curve of efficiency

22 A. R. Poletti, J. W. Olness, and E. XK. Warburton, Phys.
Rev. 151, 812 (1966).

% S. Gorodetzky, R. M. Freeman, A. Gallmann, and F. Haas,
Phys. Rev. 149, 801 (1966).

24 S. Hechtl (private communication).
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versus y-ray energy obtained? at Chalk River for a
25-cc Ge(Li) detector. The ratio of transition inten-
sities was found to by 0.015940.003 for the (6.18—
3.37)/(5.96—3.37) ratio [step (b)], and 0.0274-0.006
for the (6.18—3.37)/(6.26—3.37) ratio.

The v-ray singles spectrum from Bed-d at E;=
3.25 MeV, measured with the 5X6-in. NaI(TI) de-
tector, was analyzed to find the intensity ratio (5.96—
3.37)/(5.96—0) [step (c) ]. This was done by correcting
the intensities of the 2.59- and 5.96-MeV full-energy-
loss peaks for the relative peak efficiency.?® The meas-
ured ratio was (5.96—3.37)/(5.96—0) =2.20. By com-
bining this with the result given in the preceding
paragraph, the intensity ratio (6.18—3.37)/(5.96—0)
was found to be 0.0352£0.007 [step (d)].

The ratio of the intensities of the 6.18—0 to 5.96—0-
MeV lines measured®® earlier in the magnetic spec-
trometer was (3.540.7) X 102, According to the trans-
mission calculations,® the spectrometer efficiencies for
normal operation are in the ratio (6.18 E0)/(5.96 E1)
=392. This leads to a value of (0.89-40.20) X 10~ for the
intensity ratio of the 6.18—0 and 5.96—0 transitions
[step (e)].

All of the above results may be combined to obtain
branching ratios (in %) from the 6.18-MeV level to
the levels at 5.96 MeV (Jr=17), 3.37 MeV (J7=2%),
and 0-MeV (J™=0%) levels of 4.641.5, 9642, and
0.244-0.08, respectively.

Since the intensities of the various transitions from
the 6.18-MeV level were all measured with respect
to the number of 5.96-MeV « rays, the relative proton-
population intensities of the 6.18-MeV level and the
5.96-MeV doublet may be calculated. This was done
by combining the data on the above branching ratios
with the singles results on the 5.96- and 2.59-MeV
y-ray intensities mentioned earlier and with the branch-
ing information! on the two components of the 5.96-
MeV doublet. The relative population intensities of
the 6.18- and 6.26-MeV levels may be obtained di-
rectly from the analysis of Fig. 2, since it is known!
that the 6.26-MeV state decays 1009 by v decay to
the 3.37-MeV level. If the population intensities are
designated as ps, ps, ps, and ps, for the J==2%+ 5.96-,
Jr=1- 5.96-, J*=07% 6.18-, and J*=2~ 6.26-MeV lev-
els, respectively, then we find that ps/(patps) =
0.011640.002 and $4/ps=0.02820.006.

F. Buechner-Spectrograph Measurements

Measurements on the Be(d, p)Be® reaction were
carried out with a Buechner-type magnetic spectro-
graph in order to determine the relative proton popu-
lation intensities of the various Be' levels. This was
done prior to experiments in which the 6.18—3.37

25 T, K. Alexander (private communication).
26 T, ' W. Olness (private comnmuication).



1248

W[ 6263.3£5 2"
-
S + o*
S16179.3207 1
e 4'6f|'5
5[ 5959.9+0.6 -
Z\5958.3+0.3 2*
952
3368.0+ 0.2 2t
0.24 +0.08
°+
Be'©

F1e. 3. Energy-level diagram of Be! showing the branching
ratios (in %) from the 6.18-MeV level as obtained in the present
work. Results reported in the literature as well as in the present
paper were combined to derive the excitation energies (in keV)
shown for the bound levels of Bel0.

transition was finally detected, as described in Sec.
III D.

The target used in the spectrograph was a 30-pg/cm?-
thick Be layer evaporated onto a 15-ug/cm?-thick
carbon backing. The beam energy was 3.25 MeV, and
spectra were recorded at 30° and at 60° to the beam.
Because of its low intensity, the 6.18-MeV proton
group could be observed only in long exposures—
which resulted in saturation of the strong groups.
Short runs were therefore made to measure the in-
tensities of the strong groups; the runs were nor-
malized according to the total yields observed in a Si
proton monitor counter mounted so as to view the
target.

Results for the ratio ps/ps, where in this case p
represents a differential cross section rather than a
proton-population intensity and where the subscripts
4 and 5 correspond to the J7=0+ 6.18-MeV and

T=2" 6.26-MeV levels, respectively, were 0.007%
0.002 at 30° and 0.031+0.004 at 60°.

It is evident from these results that the angular
distributions of the protons leading to the 6.18- and
6.26-MeV states differ considerably, and hence an
accurate ratio of the proton population intensities
probably cannot be obtained on the basis of these
measurements. However, the ratio pi/ps=0.028 de-
rived in the preceding section lies between the two
spectrograph results quoted above. We may therefore
consider the spectrograph measurements as giving a
rough confirmation of the relative proton population
intensities as derived from the y-y coincidence work.
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G. Summary of Branching Ratios from the
6.18-MeV Level—Energies of States of Bel?

Figure 3 summarizes the branching ratios of the
6.18-MeV level based on the present work.

Accurate values for the energies of the Bel® 3.37—0
and 5.96 (2+)—3.37 transitions have been reported by
Greenwood.” His results, including recoil corrections,
are 3368.0-£0.2 and 2590.34-0.25 keV, respectively,
for these two transition energies. Other information
that may be combined with Greenwood’s results to
derive energies for various levels of Be® include the
5.96-MeV doublet separation®® of 1.64-0.5 keV, our
present result of 219.440.3 keV for the 6.18—5.96
(J™=17) transition, and the separation between the
6.26- and 6.18-MeV levels obtained by Jung and
Bockelman.?® According to their Q values, the separa-
tion between the 6.18- and 6.26-MeV levels is 84 keV.
Since no error has been given on the separation energy,
we have estimated this as &5 keV. The energies of the
first five excited states of Be®® are shown in Fig. 3.

IV. DISCUSSION

Before entering into a consideration of the radiative
widths resulting from the present measurements, a
short discussion of the level energy spectrum of Bel®
is worthwhile. As well as the bound states of Bel®
shown in Fig. 3, the four lowest unbound states are
also of some interest to the present discussion. These
are a J™=3" level at 7.38 MeV, a J7=2+ level at
7.55 MeV, and probable J*=4~ and 2+ levels at
9.27 and 9.4 MeV, respectively.?® It is probable that
the J7=3~ and J™=4~ levels are predominantly com-
posed of 1dss neutrons coupled to (1p) states of Be?,
and so are rather similar to the J=1~ 5.96- and

=27 6.26-MeV levels which, from Be®(d, p)Be®
results, are at least partially (Be%ys. X 2s1s).1029

The effective interaction calculations of Cohen and
Kurath® predict the three lowest (1p)¢ levels of Bel®
above the J*=07% ground state all to be J7=2+ states
with excitation energies of 4.16, 5.81, and 9.16 MeV.
The first is identified with the 3.37-MeV level. The
second is almost certainly identifiable with the J==2+
member of the 5.96-MeV doublet.

How do the observed electromagnetic decay modes
of the Jm=2% 5.96-MeV level agree with the pre-
dictions of Cohen and Kurath? The radiative widths
predicted by the (8-16) POT form® of the effective
interaction for the decay of the lowest two 4= 10,

m=2%, T'=1 states are presented in Table I. In this
table 7= (N—2Z2)/2, ¢(AT) is the enhancement of the
AT=0 (isoscalar) and AT=1 (isovector) parts of the
E2 matrix elements, and the transition strengths were

27 R, C. Greenwood, Phys. Letters 23, 482 (1966).

% J. J. Jung and C. K. Bockelman, Phys. Rev. 96, 1353 (1954).

( 29 F) Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 78, 1
1966).

#S. Cohen and D. Kurath, Nucl. Phys. 73, 1 (1965).
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TasLE I. The (8-16) POT results of Cohen and Kurath® for the decay of the lowest two (J*, T') = (2%, 1) states of (1p)8.

Multi- Transition strength? T, (meV)
Transition polarity W.u.) for Be!?
(2%, 1) (2%, 1), M1 [0.00444-0.38247, 54.61
(2%, 1)—> (2%, 1), E2 [1.8518¢(0) —0.1174T ,e(1) 2 1.58
(2%, 1) (0%, 1), E2 [—0.0948¢(0) +1.1566T .¢(1) ] 7.41
(2+,1);1—>(0%, 1) E2 [1.5925¢(0) +0.05847 ,¢(1) T2 4.81

& Calculated from the results of Ref, 30 by Dr. I. S. Towner.

b The phase convention is that of Rose and Brink [H. J. Rose and D. M. Brink, Rev. Mod. Phys. 39, 306 (1967)].

calculated using (1p | 72| 1p)="7.06 F2 In calculating
the Be® E2 rates, we have taken €(0)=2, e(1)=1,
which would result from an effective-charge formalism
with e,= (140.5)e, €,=0.5¢. The transition energies
used were those of Fig. 3. From these results the
branching ratios of the J7=2* Bel 5.96-MeV level
are predicted to be 88%, to the 3.37-MeV level and
129% to the ground state. The predicted lifetime is
1.0X10* sec and the predicted E2/M1 mixing ratio
in the 5.96—3.37 transition is 40.17. By comparison,
the observed ground-state branching ratio is <10%?
and the lifetime is less than 8X 107 sec.® The former
is not a strong disagreement, especially since the iso-
scalar part of the (2+,1);—(0%, 1); E2 rate is small
and therefore probably rather uncertain.

The third J7=2+ (1p)® state, expected at 9.16 MeV,
we tentatively identify as that observed at 9.4 MeV.
Thus, we are left with the J7=2%+ 7.55-MeV level as
an interloper.3% This identification is rather specu-
lative; however, we certainly expect a J*=2+ state
to be associated with the J*=0% 6.18-MeV level and
to lie within several MeV above it.

In the Introduction we gave as a major purpose
of these experiments the determination of the E2 rate
between the interloping non-(1p)% J7=0t 6.18-MeV
state and the Jr=2+* state at 3.37 MeV. This tran-
sition is of particular interest for the E2 enhancement
problem, as well as for a measure of the mixing be-
tween the interloper states and the (1p)® states. The
problem is, of course, that these two points are in-
tertwined and difficult to separate. Certainly not much
can be said without a detailed theoretical study.
However, a brief and crude comparison of this E2
rate with expectation and with the similar E2 rate
in C® is of some interest. An extremely crude estimate
of the degree of mixing goes as follows: If an inter-
loper of a given J mixes with the (1p)4—* states of
the same J with amplitude ¢ (1), and if the in-
band matrix elements for the interloper’s E2 transi-
tions are f times those for the pure intra-(1p)4—* E2

3 The very small neutron reduced width observed for this
level (Ref. 29) cannot be used as an argument for this assign-
ment since Cohen and Kurath (Ref. 32) predict a small neutron
reduced width for the third J*=2*, T'=1 state of (1p)¢.

3 §. Cohen and D. Kurath, Nucl. Phys. A101, 1 (1967).

transitions, then the mixing will enhance the intra-
(1p)4*radiative widths by a factor of about (14fe?)2—
assuming that there is no transition between the pure
interloper and pure (1p)4~* states. The E2 transitions
between the interlopers and the (1p)4—* states will
then be expected to have speeds of order e(1—f)?in
terms of those of the “pure” intra-(1p)4—* transitions.
Now, from the considerations advanced in the Intro-
duction, our speculation is for |f|~1 to pertain on
the average, so that (14fe?)21 and the intra-(1p)4—
E2 transitions are usually not much affected by
mixing with the interlopers. On the other hand,
€(1—f)2~4e or 0, depending on the sign of f. An
example of the effect of the ambiguity in the sign
of f may be that involving the N E2 transitions
from the J7=3* interloper at 6.44 MeV to the J7=1+
(1p) ground-state and 3.95-MeV level. These E2
strengths are ~4.5X1072 and ~1.4 W.u., respec-
tively.33:3 The large difference in these two strengths
could conceivably result from destructive and con-
structive interference, respectively, as outlined above.

The E2 6.18—3.37 transition of 3.1240.9 W.u. (see
Table II) is to be compared to the 7.540.8 W.u. for
the E2 3.37—0 transition. However, we first divide
the former by 5 in order to express it as a J™=2+—
J7=0% strength. The resulting ratio is 0.08. We then
find €~0.08/4=0.02 (we discard the other solution
as unreasonable) and the strength of the Be'® 6.18—3.37
transition is consistent with mixing between the inter-
loper and (1p)4~* states of the order of a few percent.
Let us compare this result to the similar case of C2.
The E2 transition from the J7=0% interloper at 7.65
MeV in C*2 to the J7=2+,4.43-MeV level has a strength
of 642 W.u. as compared to 5.040.2 W.u. for the
ground-state transition from the J7=2% state. Thus,
4~ (1/5) (6£2)/(5.040.2), and €~0.06, which is
somewhat larger than but of the same order as the Bel®
case. This crude estimate of the mixing in Be!® and C®2 is
of the same order as found by True® for the mixing
in N* between the (1p)¥ states and interlopers of
the type (1p)% (2s, 1d)2.

L J.) A. Becker and E. K. Warburton, Phys. Rev. 134, B349
(1964).

3¢S, Gorodetzky, R. M. Freeman, A. Gallmann, and F. Haas,
Phys. Rev. 149, 801 (1966).
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TasirE II. Radiative widths and transition strengths for the decay of the Bel® J*=0% 6.18-MeV level.

Measured
Transition branching ratio  Multi- Ty Ty(s.p.)*  Transition strength®
(MeV) (%) polarity (10~teV) (10~*eV)  (single-particle units)
6.18—5.96 4.6£1.5 El 0.28-+0.12 33.6 (8.3+£3.6) X107®
6.18—3.37 9542 E2 5.741.7 1.9 3.14+0.9
6.18—0 0.24-+0.08 E0 0.014-£0.006 0.061 0.23

3 For the E1 and E2 transitions the single-particle radiative widths and transition strengths are from the Weisskopf estimate. The single-particle unit

for EQ transitions is discussed in the text and in Ref. 35.

The confrontation of the E2 transition rate from the
6.18-MeV state with our crude expectation invites an
examination of the strength of the EO transition con-
necting the J7=0% interloper with the J7=0+(1p)4~*
ground state. In Table II the transition strengths for
the E1 and E2 decays are in Weisskopf units, while
the EO strength is expressed in a unit defined similarly
to the Weisskopf unit as follows®: The unit is defined
as that of a 2s—1s transition in an infinite spherical
square well. The size of the well is adjusted so that
the matrix element M for such a transition approxi-
mates that to be expected for the dominant single-
particle EQ transition in the range 4 <100 or so.
This yields | M | =0.65X 42%3 F? as the single-particle
unit. We may note that the nearby FEO transitions
in C2, C% O and O%, involving the interlopers at
7.65, 6.59, 6.05, and 3.63 MeV in the four nuclei,
respectively, have strengths of roughly 2.7, <0.9, 0.9,
and 0.7 such single-particle units. These strengths are
somewhat greater than our present one of 0.23, again
indicating that the mixing may be somewhat smaller
here than, say, in C!2. We note that the EO rates in
the T,=0 nuclei, C? and O, are larger than those
in the T,=1 nuclei, Be?, C¥ and O®. This may
reflect the fact that the valence particles are pre-
dominantly neutrons in these latter cases. That is, in
so far as neutrons cannot contribute to the EO tran-
sitions, we expect @ priori the EQ rates to be smaller
in these nuclei.

As was implied in the Introduction, it seems prob-

3 D. H. Wilkinson, Nucl. Phys. A133, 1 (1969).

able that a considerable fraction of the Be! 6.18-
MeV level wave function arises from (1p)%(2s, 1d)2,
while the J7=1— 5.96-MeV level arises mainly from
(1p)%(2s, 1d). Assuming this is so, the E1 transition
between these components is allowed, while the EO
and E2 decays to the (1p)% ground, and first-excited
states are forbidden in first order, as has been as-
sumed. We now consider this £1 decay. As a standard
of comparison for the observed strength, we use the
decay between the two hypothetical states [Beb,.s.
X (2s12)% ot and [Be%.s. X (2s12) Ji-1 with Be%.s.
=a[Bed; . X (P3s2) Jsj2.1/2 plus other terms. The overlap
factor o® we take to be 0.58, this value being taken
from the (8-16)POT predictions of Cohen and Ku-
rath.® We also assume an effective neutron charge
of —(4/10)e and a radial integral (2sis|7 | 1ps2) of
—1.68 F. The resulting transition strength is 0.27 W.u.
The observed strength of the 6.18—5.96 transition is
smaller than this by a factor of 33; thus it appears
that the wave functions of the two states are more
complicated than the simple ones used in this cal-
culation, which is certainly not surprising. The situ-
ation here is similar to that in CY%, where the J7=0%
interloper at 6.59 MeV decays mainly by an E1 tran-
sition to the (1p)? (2s, 1d) J™=1 state at 6.09 MeV.
In this case the observed E1 strength is at least three
times weaker than the strength predicted for a tran-
sition between [C%2% 5 X (2s12)% o1 state and a
[C2.o. X (1p1722512) T~ state.

3% D. E. Alburger, A. Gallmann, J. B. Nelson, J. T. Sample,
and E. K. Warburton, Phys. Rev. 148, 1050 (1966).



