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The lifetime of the 981-keV state in Li® produced in the D(Li',p)Li®* reaction was mea-
sured by the two-backing variant of the Doppler-shift attenuation method. The resulting
mean life was 7,,=10.1+4.5 fsec. This result is in agreement with the shell-model predic-
tion of Cohen and Kurath, and also with that of Barker, The large error limits preclude a

FEBRUARY 1971

detailed test of either prediction.

I. INTRODUCTION

Radiative lifetimes of nuclear states may in
many cases be compared with specific theoretical
predictions for these levels and can provide a sen-
sitive test for the models on which such predic-
tions are based. We report here a measurement
of the lifetime of the Li® first excited state at 981
keV by means of the attenuated-Doppler-shift
technique and a comparison of the result with pre-
dictions of a shell-model calculation for the 1p
shell.! An upper limit of 35 fsec for this lifetime
has been previously reported.?

II. EXPERIMENTAL PROCEDURE
A. Doppler-Shift Measurements

The 981-keV (J*=1") first excited state in Li®
was populated with the D(Li", p)Li®* reaction [@
=-1.173 MeV, threshold at E(Li")=5.278 MeV]at
a bombarding energy of 7.40 MeV. Typical beam
currents of 40-80 nA of doubly-charged Li” ions
were obtained from the University of Iowa 5.5-
MeV Van de Graaff with the aid of an internal car-
bon stripper assembly.® The Li” bombarding en-
ergy was chosen to reduce the spread in angle and
velocity of the recoiling Li®*, yet still give an
adequate yield; the recoiling nuclei were confined
to a cone with a half angle of 6°.

The y rays were recorded in a 20-cm? coaxial
Ge(Li) detector having a resolution width of 5.5
keV for 1.33-MeV y rays. Spectra were recorded
in 2048 channels spanning the energy range from
500 to 1300 keV. The radiation from the target
was accumulated simultaneously with reference
lines* from Mn® (834.81 keV) and Zn®® (1115.40
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keV) sources. Zero and gain-shift corrections
were applied by a pair of digital stabilizers set
on the reference lines. A 1-in.-thick graphite

absorber was placed in front of the detector in
order to suppress background from the gdecay
of Li8,

The 981-keV y-ray transition observed at 0° to
the beam axis was expected to be shifted upward
in energy to 1017 keV (unattenuated shift). Since
the lifetime was known to be much shorter than
the slowing-down times typically obtainable with
solid materials, the attenuation was not expected
to exceed a few percent of the total shift. Thus
the method used by Blaugrund ef al.5 was em-
ployed. It involves an accurate measurement at
0° of the difference between the energy of the Dop-
pler-shifted y ray for a gas target (full shift - no
significant slowing down of the recoiling nucleus
before decay) and the energy of the Doppler-
shifted y ray for a solid target (attenuated shift —
target material chosen to maximize the slowing-
down time).

The attenuated shift obtained with a deuterated
Zr target® (113-ug/cm? Zr on a 10-mil Pt back-
ing) was compared with the full shift obtained with
a D, gas target at pressures of 12-18 Torr. The
experimental arrangement for the gas target was
identical to that for the solid target except for
pressurization with D, gas and substitution of a
beam stop consisting of an ~100-pug/cm? layer of
undeuterated Zr on a 10-mil Pt backing (Fig. 1).
The energy lost by the incoming 8.0-MeV Li”
beam as it traversed the 0.57-mg/cm? Ni entrance
window used in both target assemblies was calcu-
lated to be ~600 keV.

Two separate sets of measurements were made,
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3 LIFETIME OF 981-keV STATE IN Li®

in each of which runs with gas and solid targets
were alternated in order to avoid the effects of
systematic drifts. Typical spectra are shown in
Fig. 2. The Li® y-ray energy measured at 90°
was 981+ 1 keV. The value obtained at 0° with the
gas target (1017.0+ 0.5 keV) is in agreement with
that calculated from kinematics. In order to iden-
tify contaminant peaks, spectra were obtained for
C and O targets at a Li” energy of 7.4 MeV. In
Fig. 2, the peaks from the Li”+C reaction are
those at 871 keV (from the 0.871 - 0.0-MeV trans-
ition in O'7) and at 960 keV (the double-escape
peak from the 1.98 — 0.0-MeV transition in O'®).
Peaks from the Li"+0O reaction are those at 891
keV (the 0.891 — 0.0-MeV transition in Na?) and
1133 keV (the 2.86 —1.75-MeV transition in Ne?!).
The peak at 937 keV (the 0.937 - 0.0-MeV transi-
tion in F!8) is from both C and O reactions. The
remaining contaminant peaks, those at 842 keV
and 1.04 MeV, are associated with the A1?"(n, n’)
reactions, respectively.

In order to discover contaminant peaks in the
energy region of the Doppler-broadened Li® peak,
the y-ray spectra from the C and O targets and
from the D, gas target were measured with the
incident Li” beam energy below the threshold for
production of the 981-keV state in Li®, The only
peak found was a 1020.2+1.0-keV peak in the
spectrum from the C target; it was identified as
the 2.10-1.08-MeV transition in F'® (E,=1021.3
+1.2 keV, 33% branch”). The accompanying 2.10
-~ 0.94-MeV transition in F® was also observed
with about equal intensity, as expected. A third
set of runs with a 25-cm3-coaxial detector of im-
proved resolution and a freshly prepared ZrD
target was rendered unusable by the discovery of
an omnipresent strong 1014.8-keV peak, in addi-
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FIG. 1. Experimental arrangements used in measure-
ments with gas and solid targets. To keep the detector-
target distance the same for the gas- and the solid-target
assemblies, the Ge(Li) detector was moved along the
beam axis.
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tion to the one at 1021.3 keV. The 1014.8-keV
peak could be attributed only to a neutron-induced
reaction in the detector housing material.

The relative intensities of the 1020.2-keV peak
from F!® and the prominent 871-keV peak from
0" were determined from the spectrum obtained
with the C target. Hence a measurement of the
07 peak intensity in the spectra from gas and sol-
id targets could be used to determine the intensity
of the F*® peak, which was not resolved from the
Li® Doppler-shifted peak. The F!® transition con-
tributed about 8% of the observed Li® peak in the
spectra from the solid target and 0.3-3% in the
spectra from the gas target, the particular value
depending on the gas pressure and the level of
carbon contamination.

The background in the region of the reference
lines was checked by accumulating spectra for
the gas and solid targets with the Mn* and Zn®%
sources.absent. No peaks were seen in the spec-
tral region normally occupied by the Zn®® peak.
An 834.8-keV peak due to the Ge™(n, n’) reaction
was observed in the region normally occupied by
the Mn* peak. By suitable positioning of the
source, the Mn® reference peak was made suffi-
ciently intense that the Ge™(n, »’) had only an in-
significant influence on the centroid of the refer-
ence peak.

B. Target Composition

The deuterated Zr targets were found to contain
significant amounts of oxygen. These oxygen con-
tents were determined from that of a vapor target
consisting of D,O at a known pressure by compar-
ing their respective yields of the 1.28 -~ 0-MeV
transition in Ne?? —a prominent peak resulting
from the O'8(Li”, p)Ne?® reaction in oxygen targets.
The deuterium contents of the solid targets were
similarly determined by comparing the yields of
the Li® peak for the solid gas targets after cor-
rection for underlying contaminant contributions.
The solid target used in the two sets of measure-
ments contained 113 pg/cm? of Zr as determined
by weighing® before deuteration. On the basis of
this weight of Zr, the formula for the target ma-
terials could be written as ZrO, ;;Dq q¢ this cor-
responds to a total thickness of 140 ug/cm?

In view of the significant amount of oxygen dis-
covered in the target, it seemed worthwhile to
further check the composition and uniformity of
the target material and the possible presence of
other target contaminants. To this end, the spec-
trum of 5.0-MeV « particles backscattered from
the target layer and its Pt backing was compared
with the backscattered spectrum for a Pt backing
alone. Both spectra, measured at 150°, are
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3 LIFETIME OF 981-keV STATE IN Li? 539

shown in Fig. 3. The initial steep rise at the high-
est energies in each curve represents the onset
of backscattering at the front of the platinum.
Hence the difference AE 5, between the positions
of these rises represents the energy lost by the
a particles as they are slowed down in penetrating
and returning through the target layer —i.e., in
twice traversing the layer of Zr and contaminants.
The peak due to scattering in the thin Zr layer
is located at lower energies (on the flat portion
of the Pt spectrum) since more energy is lost in
scattering from a Zr nucleus than from the heav-
ier Pt. The width of the peak corresponds to the
difference between the energy losses of « particles
scattered from Zr nuclei at the front and back of
the target layer, so AE,, (corrected for detector
resolution) represents the slowing-down loss as
the « particles penetrate and return through the
Zr layer. It was found that AE,, is about 16 keV
less than AE 14, a difference attributable to the
slowing-down loss in a 10-pug/cm? carbon layer on
the Zr. The existence of the C layer was confirmed
by the shift in position of the leading edge of the
Zr peak (Fig. 3) compared to other Zr-on-Pt tar-
gets and by a comparison between the y rays pro-
duced in the target and those from a C target of
known thickness. In addition, when the energy
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FIG. 3. Spectrum of 5.0-MeV « particles backscattered
at 150° from bare Pt and from the 140-ug/cm? Zr target
with Pt backing. AEg g, represents the a-energy loss in
the Zr layer and in the contaminant layers present on the
Pt backing; AE,, represents the a-energy loss for the
layer in which Zr atoms are distributed. Note that AE,,
is less than AE g the difference is the slowing-down
loss in a C layer on the Zr,

loss for a target of this composition is calculated
from q-particle stopping-power tables,® the re-
sult agrees with the observed loss only if the car-
bon layer on the front of the target is taken into
account.

The width and shape of the Zr peak was consis-
tent with a uniform distribution of Zr and O
throughout the target layer. No conclusions could
be drawn about the distribution of deuterium
which (fortunately) contributed very little to the
stopping power of the target layer.

Possible uncertainties in the composition of the
gas target were associated with properties of its
beam stop, which was a Pt backed layer of un-
deuterated Zr in order to reproduce exactly the
background conditions resulting from use of the
solid target. When exposed to the gas, the stop
collected a small amount of deuterium, but this
produced a negligible shift in the energy of the Li®
peak.

III. DATA ANALYSIS

A. Measured Differences

The background was determined by least-
squares-fitting a polynomial to selected portions
of the background spectrum on each side of the
peak of interest. The background underneath the
peak was assumed to be a smooth continuation of
that on either side. The regions chosen for back-
ground fits to the Mn®, Li® and Zn®® peaks were
kept fixed for all the gas- and solid-target runs on
each set of measurements. The centroids of the
Li® peaks and the associated absolute peak ener-
gies were found to be somewhat dependent on the
choice of the region for the background fit. How-

1018.0
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- ® DEUTERATED Zr |
1015.0

FIG. 4. Differences between the y-ray energies mea-
sured at 0° for gas and solid targets. The weighted aver-
age energy difference (EyG—EyS) is shown for each set.
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ever, the energy difference between gas and solid
targets was found to be independent of the region
chosen for the background fit, so long as the fit
was over the same spectral region for both gas
and solid target. Typical background fits are
shown in Fig. 2.

The centroid energies of the Li® peak (Fig. 4)
were determined by linear interpolation from the
energies of the Mn* and Zn®® reference lines.
Differences between the absolute Li® energies in
the two sets of measurements are due to differing
experimental conditions. The Li® y-ray energy
for the gas target was consistently higher than
that for the corresponding solid target. The er-
ror-weighted averages of the differences (E,¢
- E,) between the energies for the gas and solid
targets in the two sets of measurements are listed
in Table I. Several corrections to the observed
gas-solid differences were necessary and are
discussed below.

B. Target-Thickness Correction

The mean Li” energy at which the D(Li" p)Li®*
reaction occurred was less for the relatively
thicker solid target than for the gas target. The
difference between the effective energies of the
reactions in the gas and solid targets results in a
difference between the recoil energies and a sig-
nificant correction to the observed energy differ-
ence between the energies of the Doppler-shifted
v rays.

A mean Li” energy loss for each target was
calculated from the stopping power and thickness
of the individual target constituents. The stopping
power of D, gas for Li was determined by extrap-
olation from lower-energy data for Li stopping
in H,.° Data for Li stopping in Zr, O, and Pt
were not available. (A knowledge of Li stopping
in Pt was not necessary in computing the mean
Li” energy but was necessary in calculating the
Li® lifetime from the observed difference in Dop-
pler shifts.) Stopping powers were calculated in
two ways — by extrapolation of data for Li stopping
in Ag, N, and C, and Au, respectively,® and by
multiplying data'® for proton stopping at an equiva-
lent velocity in Zr, O, and Pt by a velocity-de-
pendent average charge for the Li ion.'' The
values obtained by the two methods agreed well
within the estimated error of +15%. Calculated
dE/dx values for the ZrOD target and Pt backing
are shown as a function of velocity in Fig. 5.

The mean energy loss in each target determines
the mean Li” energy for the reaction. The deu-
terium was assumed to be uniformly distributed
throughout the target layer. Error limits on the
mean energy correspond to the assumption that

TABLE I. Averaged differences between the Li® y-
ray energies for gas and solid targets in two sets of
measurements. Also listed for each set are corrections
arising from differences between the gas and solid tar-
gets — differences in target thickness, in the geometric
distribution of target material, and in the amounts of
contaminant.

Set I Set 11

(eV) eV)
(Eyg ~Eys) 440+ 330 290+ 190
Target-thickness correction  —200+95 -170+100
Geometric correction +50 + 20 +50+ 20
Contaminant correction +300 + 140 +190:+ 110
Eyo—=Eyq) 590+ 370 360+ 240

430200

Weighted average

the deuterium was uniformly concentrated in either
the front or back half of the target layer. (The
calculated stopping power of the target is not af-
fected by the deuterium distribution.) Variation

in the D(Li", p)Li®* cross section is less than +6%
over the range of Li” energies in the solid target,*?
so any effect on the mean energy could be neglect-

ed.
The target-thickness corrections to the observed
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FIG. 5. Calculated stopping power vs velocity @ /v,
where vy=c/137) for Li stopping in the ZrOD target
layer and the Pt backing. Vertical lines at v/v(=6 indi-
cate uncertainty in the stopping power; the horizontal
line labeled v; indicates the kinematic spread in initial
Li®* velocities. An insignificant fraction of the Li®*
decays occurred in the velocity region of the dashed
portion of the curves, which are a simple linear extrapo-
lation from stopping power at higher velocities.
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differences in the energies of Li® y rays were
calculated for the different effective energies and
are listed in Table I. The correction includes a
40-eV contribution due to the ~10-ug/cm?* carbon
layer. The quoted error combines those arising
from the uncertainty in the knowledge of the stop-
ping power and of the deuterium distribution.

C. Geometric Correction

The distance from the center of the target to
the detector was 5.0 cm for all measurements.
Hence the first-order finite-solid-angle attenua-
tion of the Doppler shift was the same for the gas
and solid targets. The second-order effect due
to the finite length of the gas target (2.65 cm) was
calculated by integration over the active volume
of the detector. The resulting geometric correc-
tions are listed in Table I.

The position of the detector with respect to the
center of the target could be reset to an estimated
+1 mm. The resulting +40-eV uncertainty in the
Doppler-shifted energy was negligible compared
to other sources of error. A further +40-eV max-
imum uncertainty due to imperfect coincidence
between the axis of the detector and the beam
axis was also neglected.

D. Correction for Contaminant Peak

The contaminant peak at 1020.2 keV could not be
resolved from the Doppler-broadened Li® peak.
The centroid of the observed peak was related to
the centroid of the Li® and the contaminant peak
by

NpCp=N,Cp+N,C,,
with

Np=Ny*N,,

where N is the number of counts in a peak, C is
the centroid energy of the peak, and the sub-
scripts 7, L, and A refer to the total observed
peak, the Li® peak, and the contaminant peak, re-
spectively. The correction (C,~- C,) was deter-
mined for the gas and solid targets in each set of
runs.

The resulting contaminant corrections (those
due to the difference between the contaminant in
the gas and solid targets) are listed in Table L
Errors in these corrections are due about equally
to uncertainty in the energy and uncertainty in the
intensity of the contaminant peak.

E. Variation Over the Entrance Window

A significant difference could be obtained be-
tween two measurements if the beam were focused

on different portions of the Ni window, since a
20% variation in window thickness'® was equivalent
to a +120-keV variation in beam energy or to a
+300-eV variation in the Li® y-ray energy. This
variation was expected to have a random char-
acter, however, since the beam was refocused
for each measurement. The numerous measure-
ments in each set were made alternately with the
gas and solid targets, and each set employed a
different Ni window. Thus the errors in the ob-
served difference (E,; - E, ;) listed in Table I,
which were determined from the internal scatter
of the data (Fig. 4), include the error due to any
nonuniformity in window thickness.

F. Lifetime Determination

For each set of measurements the observed
energy difference E,; — E, s and the corrections
to this difference were combined (Table I) to ob-
tain a value of the corrected difference which, in
the notation of Ref. 5, is E,, - E,,. The average
of the two corrected differences, weighted by the
absolute errors in the numbers, is

E,.-E,,=430+200 eV,
and hence,
(E,,o - EM)/AE »=0.0122+0.0057,

where AE,, is the difference in energy between
the fully shifted and the unshifted y ray. The val-
ue AE,.=35.3+1.0 keV was calculated from kine-
matics and included a 2% reduction due to the fi-
nite solid angle of the y-ray detector. The error
is based on an estimate of the uncertainty in the
c.m. angular distribution of Li®* nuclei. The cal-
culated value of AE,, is in good agreement with
the measured shift of 36+ 1 keV between the mea-
surements at 0 and 90°.

The shift difference as a function of lifetime
was calculated by use of a computer code capable
of evaluating the Doppler-shift-attenuation inte-

TABLE II. Comparison of the experimental M1 tran-
sition strengths for the 0.981-MeV state in Li® and the
0.780-MeV analog state in B® with theoretical calcula-
tions. (See Refs. 1 and 15.)

Tm Transition strength B(M1)

State (fsec) Exp. (6-16)-2B (8-16)-POT
Li% (0.981) 10.1+4,5 6.0+£2.7 4.6 0.5
B? (0.870) 132 9 3.6 oo

ap, Paul, S. S. Hanna, T. R. Fisher, F. Riess, and
J. B. Thomas, in Symposium on Recent Progress in Nu-
clear Physics with Tandems, Heidelbevg, Germany,
1821 July 1966, edited by W. Hering (Max Planck In-
stitute for Nuclear Physics, Heidelberg, Germany,
1966), p. 71.



542 THROOP, YOUNGBLOOD, AND MORRISON 3

gral for lifetimes as short as 1 fsec. The shift
difference to be compared with that determined
experimentally was an average over the differ-
ences calculated for a number of Li®* starting
points in the target layer and included the possi-
bility of slowing down in the Pt backing. An ap-
propriate average was also taken over the spread
of Li®* angles and velocities on the assumption
that the Li®* velocities were distributed isotropi-
cally in the c.m. system. The stopping-power
curves (Fig. 5) were used in the calculation. The
effects of nuclear stopping and scattering were
included in the calculation, although these did not
affect the lifetime result by more than a few per-
cent owing to the high initial velocity of the re-
coiling Li®*. The density of the target layer was
taken as p=6.0+0.5 g/cm?, an interpolation be-
tween the densities of Zr (p=6.4 g/cm?®) and ZrO,
(p=5.5 g/cm?).

The resulting mean lifetime for the 981-keV
state in Li® is

7,-10.1£4.5 fsec.

The error includes the effects of the uncertainty
in the density of the target layer and a +15% un-
certainty in the data on the stopping powers of the
target layer and backing. This result supersedes
the earlier one'* which was based on a prelimin-
ary analysis of our results.

IV. DISCUSSION

In Table II this result for the lifetime of the
981-keV transition in Li® and the lifetime of the
780-keV analog transition in B® are compared
with the shell-model predictions of Cohen and
Kurath,*+*® who obtained effective interactions in
the 1p shell by fitting experimental level energies.
Experimental values of the transition strengths
B(M1) were obtained from the experimental life-
times by use of the relation %/7,=T,, =11.56

x107°E,® B(M1), where T, is in eV and E, is in
MeV.

The predicted transition strengths are sensi-
tive to the interaction chosen; the strength based
on the (8-16)-POT interaction! is well outside the
experimental limits for Li®, while that based on
the (6-16)-2B interaction® gives good agreement.
Although generally lower than the experimental
values, the theoretical results for the Li® and B®
states are sensitive to mixing of the two lowest
J=1°, T=1 states, since these have large M1
matrix elements to the ground state. If these
are mixed in phase, the theoretical values for the
(6-16)-2B interaction become 8.5 for Li® and 8.1
for B8 Such a mixing procedure has been neces-
sary to obtain agreement with experimental re-
sults for B transitions.®

The present Li® result also agrees within the
experimental limits with the theoretical value
B(M1)=4.47 obtained by Barker,'” who used shell-
model wave functions that correctly reproduced
the speed of the analog transition in Be®.

The rather large error limits on the present
result preclude a detailed test of either theoreti-
cal calculation. In the comparison with the pre-
dictions of Cohen and Kurath, for example, only
the choice of interaction is tested; the mixing
required to bring the theoretical transition
strengths into agreement with experiment cannot
be usefully estimated.
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A comprehensive survey of 21 (p,t) reactions for a wide range of 1p-shell nuclei is made
using zero-range distorted-wave Born-approximation codes and previously calculated two-
particle fractional parentage coefficients. Average optical parameters are used for the pro-
ton and triton potentials in an attempt to relate magnitudes of transitions in different nuclei.

A reasonable fit is obtained to the experimental data, but there remain discrepancies in strong
transitions for target nuclei with A=14, An effect of (2s-1d) admixture which acts differently
in L=0 and L=2 transfer is proposed as a likely explanation of this difficulty.

I. INTRODUCTION

In principle, the two-nucleon-transfer reaction
is a sensitive probe of nuclear structure. In prac-
tice it is also a sensitive probe of the nuclear-re-
action theory. Most properties of the nuclei be-
tween He* and O'® are well described in terms of
1p configurations for the nuclear wave functions.

A study’ of the (d, p) reaction in this region has
shown that the extracted spectroscopic informa-
tion is in good agreement with calculated 1p values
if average parameters are used in the optical-mod-
el calculations. It seemed worthwhile to us to per-
form a survey of the two-particle transitions in
the same spirit. Cohen and Kurath? have published
the structural ingredients of such a survey, the
two-particle fractional parentage coefficients
(c.f.p.’s).

A large number of two-particle-transfer reac-
tions have been measured in the 1p region. Most
experiments have been interpreted using some
form of distorted-wave Born-approximation
(DWBA) analysis. However, differential optical
potentials are used in the analyses, and often only
the shape of the angular distribution (and hence
the transferred L value) is determined. Certainly
no attempt has been made to relate magnitudes of
cross sections for states in different nuclei. The

possibility least fraught with complication is pre-
sented by 20 (p,t) transitions with incident proton
energy between 40 and 50 MeV and target mass
number A between 10 and 16. In analyzing these
transitions we have made extensive use of the
zero-range DWBA codes TWO PAR and DWUCK,
and are grateful to their respective authors, B. F.
Bayman and P. D. Kunz, for their kind coopera-
tion.

Our first concern is to see how well one can rep-
resent the observed angular distributions and mag-
nitudes of the cross sections with an average op-
tical potential containing a single normalization
parameter. Secondly, there is the possibility of
investigating the spectra of isobaric analog states
for which structure calculations often give large
amplitudes and distinctive state-dependent varia-
tion. Finally, should first-order agreement with
experiment be obtained, it may prove possible to
look for small admixtures of (2s-1d) components
in the nuclear wave functions.

Section II is devoted to a comparison of experi-
ment with calculations based on the 1p shell model
and to some comments on the results of this com-
parison. Section III contains a discussion divided
between a brief consideration of the validity of the
DWBA analysis and a calculation of the effects of
(2s-1d) admixtures.



