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The Doppler-shift-attenuation method was used to deduce lifetime information for electromagnetic
transitions in B, B1, B12, B13, C11, C¥, N4, N5 N6, N7, O, F18 Ne?, and Ne?. The combination of a
Ge(Li) y-ray detector and the use of lithium reactions permitted an accurate measurement of numerous
lifetimes as well as the setting of improved limits for very fast lifetimes. In addition, a number of transition

energies were measured with improved accuracy.

I. INTRODUCTION

HE relatively large recoil velocities characteristic

of residual nuclei produced in heavy-ion reactions
have long been recognized as an important advantage
in the measurement of nuclear lifetimes by the Doppler-
shift-attenuation method.! The analysis of Doppler-
shifted lines in lithium-induced reaction spectra ob-
tained with NaI(Tl) detectors was seriously limited in
the past by resolution and source identification diffi-
culties for the numerous lines observed.? The much-
improved resolution obtained using Ge(Li) detectors
has essentially removed these difficulties.

The lifetime information which can be obtained from
a study of y-ray singles spectra is, of course, limited to
the case of residual nuclei kinematically restricted to
stopping in the target and backing materials. In addi-
tion, a lifetime determination for a level populated by
y-ray cascade necessarily requires that the lifetimes of
the populating levels be known. Subject to these limita-
tions, singles spectra can still yield a considerable
amount of lifetime information.

The results reported in the following sections are for
nuclei produced in Li® and Li’ reactions with isotopes
of Li, Be, B, C, and O. The results are largely limited
to transitions in p-shell nuclei. Spectra containing
transitions from s-d-shell nuclei were generally too
complicated to study without recourse to coincidence
techniques. Transitions in NV were deemed of sufficient
interest to be investigated using rather limited proton-y
coincidence studies in the B1(Li?, )N reaction.

The relatively large recoil velocities obtained for
these lithium-induced reaction products [B=v/c~
(1.5-2.3) X10%] ensured that decays occurred pri-
marily in the velocity region for which electronic
stopping predominated. Effects due to nuclear stopping
and scattering were thus expected to have a relatively
small influence on the deduced lifetime results.
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II. EXPERIMENTAL PROCEDURE

Singly charged Li® and Li” ions of energy ranging from
5.1 to 6.3 MeV were obtained from the University of
Iowa 5.5-MeV Van de Graaff accelerator. The ion
source and operating parameters have been described
elsewhere.? After momentum analysis and deflection by
a switching magnet, the Li beam was brought to a
focus at the entrance to a collimating system located
29 ft from the switching magnet.

The first element of the collimating system was a
6-mm-diam canal in a 2-in.-diam by 2.25-in.-long
aluminum plug. This canal served the double purpose
of beam definition and isolation of the target-chamber
vacuum system. The target-chamber vacuum system
pumping elements consisted of an in-line 20-liter-sec
titanium-ion pump and a liquid-nitrogen cold trap
located in the bottom of the target chamber. The
chamber vacuum system was designed for minimal hy-
drocarbon contamination. It was found that although
carbon and oxygen were present as original target con-
taminants and some additional buildup of these con-
taminants did occur, the level of contamination was in
all cases small enough to contribute negligibly to the
y-ray spectra. The beam was further defined by a
3-mm-diam tantalum aperture separated by a 4-in.
lead spacer from an antiscattering aperture. This as-
sembly was located 48 in. from the 6-mm canal and
42 in. from the target chamber. The lead spacer was
designed to shield the Ge(Li) detector from ¥ rays
generated at the 3-mm aperture. The lead spacer com-
bined with the remote location of the apertures re-
duced aperture vy-ray background to unobservably
small proportions. The collimation system restricted the
angular divergence of the beam to a cone with a half-
angle of 0.2°. The beam-spot diameter on the target
was 5 mm or less, depending on focusing conditions.

The target chamber was a cylinder of 6.5-in. inside
diameter with a wall thickness of 0.125 in. and a height
of 7.25 in. The chamber top and body were constructed
of aluminum; the bottom plate containing the cold-
trap assembly was of stainless steel. The cylindrical

3D. W. Heikkinen, Ph.D. thesis, University of Iowa Report
No. 65-24, 1965 (unpublished) ; Phys. Rev. 141, 1007 (1966).
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TasLE I. Table of targets.

Thickness

at 45° to

Thickness 5.5-MeV
Backing at 45° Lis

Target (mg/cm?) (ug/cm?)  (keV)
LisF (99.3% Li¢) Al 20.2 156 275
Li"F (99.999%, Li") Al 20.2 156 275
Cu 45 156 275
Be (natural) Al 8.8 50 108
Cu 45 200 430
B (92,159, BY) Cu 45 86 219
B (98.059% B:) Cu 45 86 200
C2  (natural) Cu 45 40 87
Al 20.2 62 136
Al 10 33 73
cz  (~40%) Ni 0.45 120 243
+CB (~60%) +Cu 112

SiO  (natural) Al 20.2 312 150

symmetry of the chamber ensured that vy-ray absorp-
tion effects were the same at all angles of observation.

The 20-cm?® active volume Ge(Li) detectort and its
Dewar were clamped on a base plate which slid on
rails attached to a rotating trolley assembly. The pivot
of the trolley assembly was located at the center of a
S5-ft-square table inscribed with 15°-interval markings.
A ceiling bracket supported the beam line at a point
just behind the target-chamber inlet neck. Such a
supporting arrangement made it possible to adjust the
table position with respect to the chamber without
disturbing the alignment of the chamber and aperture
system.

The design of the detector mount system permitted
the detector angle with respect to the beam direction
to be varied from 0° to 150° on either side of the
beam axis. The radial distance from the target to the
front face of the detector was variable from 8.8 to
15.9 cm. The axis about which the Ge(Li) detector
rotated was made to coincide with the center of the
target chamber by moving the detector to the 8.8-cm
position where the detector housing touched the cylin-
drical chamber wall. The table position was then ad-
justed until the detector housing just touched the
chamber wall at all angles of rotation of the detector
trolley. Using this method of alignment, it is estimated
that the distance from the detector to the beam spot
could not vary by more than 3 mm, where most of
this variation was due to possible movement of the
beam spot with varying focusing conditions.

The angle markings on the table were aligned with
respect to the beam axis by requiring that the center
of the detector housing coincide with the correspond-

4 Princeton Gamma Tech, Inc., Princeton, N.J.
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ing angle markings inscribed on the chamber itself.
The estimated error in angular positioning with respect
to the beam direction was =2.5° Included in this
error estimate is an estimate of the possible noncoin-
cidence of the Ge(Li) detector axis and the axis of
the detector housing. The results of a scan of the
Ge(Li) detector with a Co% y-ray source collimated
to a 2-mm beam diam indicated that the active volume
of the detector was symmetrically distributed about a
point within 2 mm of the detector housing axis.

The detector-target distance at which all the data
were taken was 15.9 cm. For this distance, the angular
attenuation coefficient due to the finite detector solid
angle was estimated to be not less than 0.996. The
resulting attenuation of the Doppler shift was thus
sufficiently small in comparison with other sources of
error to be ignored. The error due to a possible angular
misalignment of +2.5° was +1.19%, for a 0°-to-150°
shift measurement and =+4.5% for a 0°t0-90° shift
measurement. For a 30°-to-150° shift measurement
symmetric about 90°), the error due to possible angular
misalignment was zero in first order.

The target and backing materials, as well as target
thicknesses used, are listed in Table I. The targets were
prepared by methods which have previously been de-
scribed.?:5-% The LiF and boron target thicknesses in
pg/cm? were calculated from measurements of the
evaporation apparatus geometry and weighings of the
material to be evaporated. The beryllium, carbon, and
SiO target thicknesses were measured by observing the
shift of either the Al?’(p, v)Si?® 991-keV resonance for
aluminum-backed targets or the Cu®(p, #)Zn% 2165-
keV threshold for copper-backed targets. The proton-
stopping-power data of Whaling® were then used to
calculate the target thicknesses in ug/cm?. The final
column of Table I lists the target thicknesses in keV
to a 5.5-MeV Li® beam, where the energy loss to the
Li® beam was calculated from extrapolated stopping-
power data of Allison et ¢l.° and of Northcliffe.!! These
are typical energy-loss values; the actual values differed
from these slightly, depending on the bombarding
energy and type of beam. The accuracy of the target-
thickness measurements is estimated to be 4=25%. In
all runs the target was oriented at 45° with respect
to the beam such that the Ge(Li) detector viewed the
front face of the target when placed at 90° with respect
to the beam axis.

5 K. G. Kibler, Ph.D. thesis, University of Jowa Report No.
66-30, 1966 (unpubhshed) Phys. Rev. 152, 932 (1966).
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1967 (unpublished) ; Phys. Rev. 160, 809 (1967).

V. P, Hart, Ph.D. thesis, Umversxty of Iowa Report No.
64—26 1964 (unpubhshed)
SR, B. Parsons, M.S. thesis, University of Iowa Report No.

66-35, 1966 (unpubhshed)

SW. Whaling, in Handbuch der Physik, edited by S. Fliigge
(Springer-Verlag, Berlin, 1958), Vol. XXXIV, p. 193.
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For purposes of spectral analysis and source identi-
fication, the y-ray energy-dependent response of the
Ge(Li) detector was parametrized in terms of the
two-escape to full-energy peak ratio, the two-escape to
one-escape peak ratio, and the absolute detector effi-
ciency, for a 15.9-cm source-detector distance. The
escape-peak-ratio determinations were based on meas-
urements with routinely available y-ray sources as well
as for spectra containing intense lines with clearly
identifiable escape and full-energy components. The
detector-efficiency curve was constructed from a set of
relative efficiencies for pairs of y-ray lines, where the
relative intensities of the lines were well known. Such
pairs spanned the energy range 280 keV-8.6 MeV, and
included those from sources such as Na??, Na%*, and
Co%.12 35 well as those from reaction-produced residual
nuclei for which branching ratios have been determined
with some accuracy, such as B!, N4 and N?6,13-15

The electronics system consisted of the Ge(Li) de-
tector, a low-noise FET preamplifier and main ampli-
fier with variable time constants,'6 and a 4096-channel
analog-to-digital converter (ADC) .1 The amplifier time
constants were selected for optimum +y-ray resolution,
which ranged from 5.5-keV full width at half-maximum
(FWHM) for a 1.33-MeV full-energy peak to 9.5-keV
FWHM for a 5.1-MeV two-escape peak. For the am-
plifier time constants used, the counting rate was kept
to 2000 cps or less to prevent loss of resolution due to
pileup effects.

For runs of longer than 2-h duration it was found
necessary to stabilize the gain of the electronics system.
This was accomplished by injecting the output from
a high-stability pulser'® into the preamplifier input
section. The resulting pulser peak, set at the high-
energy end of the pulse-height spectrum, was the ref-
erence line for a digital stabilizer!” which supplied gain
correction signals to the ADC. The gain stability of
the resulting system was found to be ==1 channel
in 3700 in a 24-h period. The system was not stabilized
against zero-level drift but the presence of intense
low-energy lines such as 511-keV annihilation radiation
made it possible to monitor and correct for such a drift.

A limited particle-y coincidence study was carried
out for the BU(Li?, p)N¥ reaction. The particle de-
tector was a lithium-drifted silicon detector with an
active area of 500 mm? and a depletion depth of 3 mm.?®
The detector was mounted on a clamp connected to
the cold-trap assembly and was operated at liquid-

12W. R. Kane and M. A. Mariscotti, Nucl. Instr. Methods 56,
189 (1967).

13J. W. Olness, E. K. Warburton, D. E. Alburger, and J. A.
Becker, Phys. Rev. 139, B512 (1965) .

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

1 J. M. Freeman and R. C. Hanna, Nucl. Phys. 4, 599 (1957).

16 Tennelec, Inc., Oak Ridge, Tenn.

17 Nuclear Data, Inc., Palatine, Ill.

18 Berkeley Nucleonics Co., Berkeley, Calif.

19 Simtec, Ltd., Montreal, Quebec.
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nitrogen temperatures. The particle detector was lo-
cated at 140° and subtended 45° in the lab, so that
individual proton groups corresponding to levels in
N could not be resolved. The Q values for charged
particles from the B1(Li7, p) reaction were such that
a 20-mg/cm? Al foil in front of the particle detector
stopped all excited-state charged-particle groups except
protons. The accumulated coincidence spectrum was
therefore a spectrum of y-ray transitions resulting
from the population of many N states. Standard
fast-slow coincidence electronics were used to generate
an ADC gate signal whenever a fast (2r~100 nsec)
coincidence occurred between events above discrim-
inator levels in both the v and particle detectors.

During data acquisition, pulses were digitized by the
ADC and stored in the 8190-word memory of a digital
computer. The computer was programmed for the
storage of a 3967-channel pulse-height spectrum in the
double-precision mode, so that up to ~16X10¢ counts
per channel could be accumulated before overflow
occurred.

III. DATA REDUCTION

A. Source Identification and Background Subtaction

A preliminary energy calibration was made using
calibration points from ThC’’ and Co% spectra taken
at intervals between groups of runs. Additional cali-
bration points included those for several lines of well-
known energy in the spectra under study. A least-
squares fit using a polynomial of the form

N
E,= ) A,

=0

where # is the channel number, and N was varied from
1 to 4, was performed for such calibration points. Such
a fit was found to be accurate to &7 keV over most of
the usable range of analyzer channels. This accuracy
was sufficient for the identification of the sources of
most observed lines. The sources considered included
possible transitions in the residual nuclei produced in
the reaction under study and also in lithium-oxygen
and lithium-carbon target contaminant reactions. The
lithium-oxygen and lithium-carbon reactions were
themselves investigated, so that the lines from these
contaminant reactions were known in both energy and
relative intensity. Other sources considered included
levels in germanium and aluminum which were excited
by reaction neutrons inelastically scattered from the
Ge(Li) detector and nearby aluminum.? No neutron-
induced lines were observed above 2.2 MeV. In addi-
tion, it was found necessary to consider lines due to
lithium reactions with the aluminum target backing

20 C, Chasman, K. W. Jones, and R. A. Ristinen, Nucl. Instr.
Methods 37, 1 (1965).
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used in some runs and with the fluorine in LiF targets.
Finally, long-lived B emitters left over from previous
runs were considered as possible sources; prominent
among these was Na? formed in the reaction
F®(Li’, d)Na?* with a 15-h half-life.

The determination of possible sources for observed
lines was based on recent compilations of level energies,
branching ratios, and lifetime information for Z=
2-10 2% and Z=10-20.2¢

Doppler-shift and -broadening analysis required the
subtraction of background underneath peaks of interest
and determination of peak centroids. The background
subtraction was performed by generating a least-squares
fit to selected portions of the background spectrum on
either side of a particular peak. In this method, the
background underneath a peak was assumed to be
accurately represented by a smooth extension of the
background on either side of a peak. It was found that
most types of background encountered could be ade-
quately fitted by a polynomial of the form

N
Vi= 20 Aj(x:),

=0

where Y; is the fitted number of counts in channel z,
x; is the channel number of the sth channel, and the
Ajs are the coefficients of the fit. The polynomial
order N was increased until an acceptable x? was ob-
tained. A value of IV greater than 2 or 3 was usually
not necessary except for fits to rapidly varying back-
ground, such as that near a Compton edge. It was
found that acceptable background fits could be ob-
tained as long as the region to be fitted was confined
to a reasonably small region on either side of the peak
of interest.

An estimate of the possible error in the location of
the peak centroids was made by varying the extent
and location of the region used in the background fit.
It was found that in most cases the variation of the
peak centroid with choice of background region was
<0.3 channel for well-localized peaks. The possible
error was larger for cases in which the background
was not smoothly varying in the region of interest
(for example, near a Compton edge).

An incidental result of the present work was an
accurate determination of a number of y-ray transition
energies. A determination of such transition energies
was undertaken only for those cases in which the
accuracy was a significant improvement over that of

21 Nuclear Data Sheets, compiled by K. Way ef al. (Printing and
Publishing Office, National Academy of Sciences-National Re-
search Council, Washington, D.C. 20025), NRC 60-1-22.

(129251;. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1
).
(12936’6{‘5 Lauritsen and F. Ajzenberg-Selove, Nucl. Phys. 78, 1

2 P. M. Endt and C. Van der Leun, Nucl. Phys. 34, 1 (1962).
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previously reported determinations. The method of
energy calibration for the spectra was similar to that
described previously for the preliminary calibration.
The energies of lines of interest were determined from
the 90° (unshifted) spectrum, using other lines of well-
known energy in the same spectrum as calibration
points.2s This method of internal calibration was a
necessity for high-energy transition measurements,
since no natural sources of high-energy v rays were
available. Further, the use of internal calibration points
avoided the problems associated with gain and zero
shifts which could occur between the accumulation of
calibration and reaction spectra. Since the high-energy
transition determinations employed nearby lines as
calibration points, any error contributed by system
nonlinearities was minimized. The estimated error due
to system nonlinearities was generally small compared
to other sources of error such as that due to uncertainty
in the peak-centroid location.

A significant source of error in the energy of Doppler-
broadened lines detected at 90° to the beam axis was
that due to possible angular misalignment of the de-
tector. This error was =+4.5%, of the 0°-t0-90° shift,
or in some cases as much as 7 keV. The weighted
average from a sufficient number of determinations
was not expected to be seriously affected by this random
source of error. Results based on only one or two meas-
urements were assigned appropriately large errors.

The energy of a Doppler-broadened line measured
at 90° to the beam axis equals the transition energy
only if terms to second order in 3 can be neglected in
the Doppler-shift relation.?® For the largest values of
B encountered in this work, the expected difference
between the 90° energy and the transition energy was
less than 2 keV. This was not significant compared to
other sources of error.

B. Doppler-Shift-Attenuation Method

The average y-ray energy emitted from nuclei m,*
produced in the reaction my+me—m+m*+Q is, to
first order in B=1v/c,

(Ey)= E,[14F(7) (8(0) ) cos, ], (1

where E,, is the y-ray energy for m* decaying at rest,

26 Calibration energies were based on a variety of published
results. Of particular value were energies from the following
compilation: J. B. Marion, Nucl. Data 4, 301 (1968). Also used
were recent Ge(Li) results for N¥: D, E. Alburger, A. Gallmann,
J. B. Nelson, J. T. Sample, and E. K. Warburton, Phys. Rev.
148, 1050 (1966) ; N®5: E. K. Warburton, J. W. Olness, and D. E.
Alburger, :bid. 140, B1202 (1965) ; and Ne®: D. E. Alburger and
K. W. Jones, sbid. 149, 743 (1966). In addition, the magnetic-
spectrometer results of the Notre Dame group were used for
Bu: C. P. Browne and F. H. O'Donnell, ibid. 149, 767 (1966);
and O%: C. P. Browne and I. Michael, 7bid. 134, B133 (1964).

26 T, K. Alexander, A. E. Litherland, and C. Broude, Can. J.
Phys. 43, 2310 (1965).



179

{8(0) ) is the average component of the initial (¢=0)
my* recoil velocity projected along the m; beam axis,
0, is the angle of observation of v radiation with respect
to the beam axis, and F(7) is the Doppler-shift-atten-
uation factor.?” (8(0) ) may be evaluated from

(ﬂ(o) >= (Bo.m.(o) +ﬂr(0) Cosoc.m.>

=Bc.m.[1+R (Cosoc.m. >], (2)
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with

_R=

b _[mm(, mbm OV

Bo.m. mamy me Ep

where B... is the lab velocity of the c.m. system, 8,
is the m,* recoil velocity in the c.m. system, and Ejp
is the incident #; lab energy. Note that for R<1,
the maximum m* recoil angle is just sin"'R. The
average projected m,* c.m. angle is

<C050c_m, >= (/ U(ao.m.)W(oc.m.; ¢; e'y) c0S0o.m. Sinoo.m.dﬂo.m.)//. a'(ao.m.)W(oc.m.; ¢, o'y) Sinac.m.dgc.m., (4)

where ¢(6o.m.) and W (lo.m., ¢, 6,) are the m,* c.m. angu-
lar distribution and angular correlation functions.

The Doppler-shift-attenuation factor was determined
experimentally through a measurement of (£,) at
two angles with respect to the beam axis, 6,1 and 6,5 %:

’_ <E71 )"' <E~/2 )
Bo.m.(14+ R {cosbe.m. )) (cOSB,1— COSBy2)

®)

The mean lifetime of the y-decaying state was that
for which F(7) equaled the experimentally determined
F’, where

F()= (B)/ (8(0))
=[r ((0) )] <-/‘°D exp(—t/7)v(t) {cos®(v) )dt> .
o
(6)

B is the average velocity at which m* decay occurs
and » is a convenient dimensionless velocity parameter
defined as v/v, where v=¢/137. The brackets refer to
an average over the kinematically allowed distribution
of m,* lab. »’s projected on the beam axis and weighted
by ¢(c.n.) W (Oo.mm., }, 0y) Sinbgm.. The (cos®(v)) term is

27 Equation (1) and those following are derived on the assump-
tion of an azimuthally symmetric distribution of m4* nuclei. Then
the average projected m.* velocity vector (8(0) ) is directed along
the beam axis. The derivation is also based on a second assump-
tion, namely, an azimuthal symmetry of the target and backing
stopping media about (8(0) ). Then (8(0) ) and (8 ), the average
velocity at which decay occurs, are collinear. The two assumptions
taken together require that the target material in which the
nuclei stop be the same for all azimuthal directions, a condition
not always met in the present work. An estimate of the error
introduced by a distribution of stopping media not symmetric
about (B(0) ) is discussed in Sec. III D.

28 The denominator of Eq. (5) should be written

Bo.m.[(14R {cOS8o,mm. 1) COSOy1— (14 R (COSBo.1m, )2) COSB,2],

where the subscripts 1 and 2 on (cosf,.m, ) refer to evaluation
of W at 6, and 6,.. See, for example, P. Paul, J. B. Thomas, and
S. S. Hanna, Phys. Rev. 147, 774 (1966). Since W and ¢ were
generally not known for the reactions studied in this work, the
uncertainty in (8(0) ) was collected in the (cosfom.) term as
written in Eq. (5). Equation (5) is, of course, correct for an
angular correlation function W isotropic in 8,.

the average nuclear scattering projection factor as de-
termined from the formalism of Blaugrund.”®

The function »(#) was determined from integration
of the relation

dE/dX———‘ mwo(du/dt) y (7)

where dE/dX is the stopping power of the target or
backing material for the ion of mass m,.

The line shape is determined in part by the distri-
bution of shifts

N /it
dv/dt

= (mgo/7) exp(—1t/7)[AE(v)/dX T, (8)

with N=N,exp(—1¢/r) (No=1), where dN (¢) /dv is the
distribution of decays over the range »(0) to »(¢)=0.
For each element dv of the above distribution, the
velocity vector »(Z) (cos®(v) ) has a distribution of
kinematically allowed directions in space. Thus an
additional distribution of y-ray energies arises from the
projections of »(¢) (cos®(v) ) along the direction of
observation 6,, weighted by the angular correlation
function W. The sum of such distributions, each corre-
sponding to an initial velocity »(0) and weighted by
the angular distribution function ¢, constitutes the
line shape for a particular 7.

The maximum kinematically allowed line broaden-
ing AE, is, from Eqgs. (1) and (2),

AE-y= zﬁrE-yg- (9)

An estimate for the lifetime of a state can be made by
comparing the maximum kinematically allowed broad-
ening with the observed linewidth (for example, the
FWHM). Since the observed linewidth is also modu-
lated by the angular distribution and angular correla-
tion functions, the deduced lifetime is in the nature of
an upper limit.

The stopping-power data necessary for the evalua-
tion of F(r) and the determination of line shapes were
obtained largely from the electronic-stopping-power

dN(t) /dv=

9 A, E. Blaugrund, Nucl. Phys. 88, 501 (1966).
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results of Porat and Ramavataram,® which span the
velocity range and variety of stopping materials for
the nuclei studied in this work. In the case of B and F
ions stopping in various materials, it was necessary to
extrapolate from data for ions of nearby atomic num-
ber, such as C and Ne. The extrapolation procedure
followed for the electronic stopping power was that
described by Northcliffe.!* Since the data of Porat and
Ramavataram did not extend below »=1, these data
were linearly extrapolated to »=0 in accordance with
the predicted linear dependence of dE/dX on » for
v< Z?3 where Z is the atomic number of the m, ion.!
Where comparison of the extrapolated data for »<1
was possible, good agreement was obtained with the
results of Ormrod and collaborators.®® The nuclear
stopping power was calculated using the analytical ex-
pressions of Blaugrund® and of Baker® based on the
theory of Lindhard et al.3*

In general, very little information was available
regarding either the angular distribution or angular
correlation functions for reactions producing the nu-
clear states studied in this work. It was therefore
necessary to determine a set of limits within which
{cosfc.m.) could be expected to fall. Assuming an iso-
tropic angular correlation function, {cosf,.m.) was eval-
uated for 35 charged-particle angular distributions from
the Li®4-Li7, Li’+Be® and Li®+ C reactions.?:34% The
average value of (cosfom.) is 0, and in all cases falls
within the limits 40.25. Under the reasonable assump-
tion that ¢ and W are similar in character and un-
correlated, the value for (cosf,.m.) becomes 0.020.35.
Note that the limits are essentially two-standard-
deviation limits. For reactions involving identical in-
coming nuclei, such as Li®+4Li® and Li"4Li7, {cosfo.m.)
is, of course, identically zero.

The calculations necessary for the determination of
F(7) and the line shape were performed by a computer
code written for the purpose. The input consisted of
the electronic-stopping-power data for the m,4 ion stop-
ping in the appropriate target and backing materials,
as well as angular-distribution data when available.
The essential function performed by the computer code
was the detailed averaging necessary for the rather
extensive velocity distributions kinematically allowed
for the reactions under study.

Not all peaks observed in the spectra could be
unambiguously analyzed for a lifetime or lifetime limit.

% D. I. Porat and K. Ramavataram, Proc. Roy. Soc. (London)
A252, 394 (1959); Proc. Phys. Soc. (London) 77, 97 (1961);
78, 1135 (1961).

3 J. Lindhard, M. Scharff, and H. E. Schigtt, Kgl. Danske
Videnskab. Selskab, Mat.-Fys. Medd. 33, No. 14 (1963).
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A peak was considered suitable for analysis if the
following requirements were met:

(a) The reaction kinematics were such that R=
Br/Bo.m.<0.707. This requirement ensured recoil of the
decaying nucleus into the target and backing material
for the usual case of the target normal inclined at 45°
with respect to the beam axis.

(b) No feeding of the state of interest via vy-ray
cascades from higher-bound excited states unless such
states were known to have lifetimes much shorter or
much longer than the state of interest. An estimate of
the extent of cascade feeding from higher states as
well as their approximate lifetimes could be made by
examining the magnitude and shift of the cascade peaks
in the spectrum under study.

(c) No contamination of the line of interest by other
transitions of nearly the same energy. The presence of
such contamination was checked for by examining the
6,=90° peak for nonsymmetrical shape. In addition,
a tabulation was made of all possible transitions in the
residual nuclei produced in all the reactions studied.
This tabulation was always examined for a possible
energy coincidence between the transition of interest
and some other possible transition.

The following sections contain examples of the anal-
ysis of data for the first excited state of B? for several
excited states of B!, and for the first excited state of
Ne®. These examples substantially cover the range of
lifetimes encountered in this work.

C. Lifetime of the B!? First Excited State

The decay of the B!? 953-keV first excited state was
observed in the Li"+Li" y-ray spectrum (Fig. 1).
Spectra were observed for an aluminum-backed 110-
pg/cm? Li'F target at y-ray angles of 0°, 90°, and 150°
with respect to the beam axis, at an incident energy of
5.42 MeV.

In order to determine the distribution of initial B2
velocities, it is necessary to consider the possible ways
in which the B2(953) state may be formed. The im-
portant modes of formation are

(1) Li+Li—B2(953)+d, 0=2.353 MeV
) B2(953)+p4n,  0=0.129 MeV
3) —5B2(2621) 44, 0=0.685 MeV
@) B2(2621) 4 ptn,  Q=—1.539 MeV.

Reactions 3 and 4 lead to the population of the 953-keV
state through a 2621—953-keV 809, branch® (see the
B2 decay scheme in Fig. 1). Population of the 2621-keV
level through reactions 3 and 4 also leads to a 948-keV
line due to a 2621—1674-keV 149, branch, which, if

% J. W. Olness and E. K. Warburton, Phys. Rev. 166, 1004
(1968).
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Fi1c. 1. Portion of the Li’+4Li” spectrum, showing the B2 953-keV line as a function of 6,. The B decay scheme is from Ref. 36.
The solid curves on either side of the B!2 953-keV peak are the best fit to the background region. The dashed line under the peak rep-
resents the background interpolated from the fit on either side of the peak. The arrows underneath each peak indicate the location of

the peak centroid.

present, could not be easily separated from the 953-keV
line of interest.

Charged-particle angular-distribution results have
been reported for the Li’4-Li” reaction at incident Li’
energies near those of the present work.®” The relative
contributions of the above four reactions to the popu-
lation of the B2(953) level were deduced from the
angular-distribution data combined with the efficiency-
corrected observed intensities of expected lines in the
Li'Li" spectrum. Expressed in percentages, these
contributions were determined to be: reaction 1
(35+10), reaction 2 (42410), reaction 3 (20=10),
and reaction 4 (<6). In addition, the 948-keV line
from decay of the B!? 2621-keV state contaminated
the 953-keV line to a negligible extent (~39%).

The value of (C0S6c.m.), necessary for a determina-
tion of F’, is zero for the Li’"+Li’ reaction (identical

¥ H. W. Wyborny, University of Iowa Report No. 67-44, 1967
(unpublished). .

incoming particles). Thus, no knowledge of the angular
distribution for reactions 1-3 is required in determin-
ing F’. The detailed distribution of initial velocities
will, of course, be expected to influence the value of
F(7). In the approximation of a linear stopping-power
curve, F(7) does not depend on the initial m,* velocity.
The range of initial velocities for reaction 1 and the
stopping-power curves used for B stopping in the
target and backing materials are shown in Fig. 2. The
stopping-power curve is not far from linear over most
of the range of initial velocities (note that reaction 1
has the greatest variation in initial velocities), and for
the lifetime being measured (~3X10~ sec) most
decays occur before the nonlinear nuclear stopping
and scattering region is reached.

A quantitative estimate of the variation of F(7) over
the range of B2 initial velocities was obtained by com-
paring the F(7)’s for each of three reactions contribut-
ing to the population of the B12(953) state. The varia-
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Fi1c. 2. Stopping power versus » for B! ions stopping in LiF,
Cu, and Al. The curve for B2 in Cu shows the electronic stopping
power dE/dx |g, the nuclear stopping power dE/dx |, and the
total stopping power dE/dx | 7.

tion in F(7) among reactions 1-3 listed above, for a
lifetime of 3X10~8 sec, is 4219, (assuming reaction 2
to be isotropic or nearly so). It is clear then that
+109% error quoted above for the relative reaction
amplitudes will lead to a completely negligible error
(<£1%) in F(7).

The observed centroid shift (0°-150°) of the 953-keV
line was found to be 8.5040.30 channels, after a zero-
shift correction of 0.140.2 channels was made. The
zero shift was determined from a measurement of the
0°-150° centroid shift of the 511-keV annihilation and
Ne?! 351-keV contaminant lines. A check on the shift
measurement and background subtraction under the
peak was made by comparing the 0°-90° and 90°-150°
shifts. The ratio of the 90°~150° to the 0°-90° centroid
shift is expected to be 0.866 for the Li’+4Li? reaction.
The measured centroid-shift ratio was found to be in
excellent agreement with the expected value.

The shift in keV was determined using the disper-
sion (keV/channel) in the 953-keV region obtained
from calibration lines in the Li’4Li’ spectrum plus
lines in Co% and ThC” spectra accumulated immedi-
ately after the last Li’+Li’ spectrum. The resulting
value of F’, and the comparison with F(r) to obtain
a lifetime, is shown in Fig. 3. The value obtained for
the mean lifetime of the B2 953-keV first excited state
was

Tm=(2.9540.37) X 1013 sec.
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There are two major contributions to the error in
the result. The first is from the centroid-shift measure-
ment error of 4=3%,, which propagates to an error of
#4109, in 7., as shown in Fig. 3. The second source is
the error in the stopping-power data used. Since most
B2 decays occur while stopping in the backing and in
the range of v for which electronic stopping predomi-
nates (Fig. 2), the major error is that for the electronic
stopping power of B ions stopping in Al. The B in Al
stopping-power data were generated by conversion
from data for C ions stopping in Al, which has a
quoted error of £35%.3 The estimated error of the
conversion procedure is also £=5%. These error esti-
mates appear to be reasonable, since an extrapolation
to low values of » of the B stopping in Al data generated
by conversion is in good agreement with data for B
ions of velocity »=0.1-0.3 stopping in Al

Negligible sources of error include that due to the
previously mentioned inexact knowledge of the dis-
tribution of initial velocities (~==19%,). The calcula-
tion of F(r) was based on an assumption that the
F(r) for B!? formation at the center of the target
layer accurately represented the average F(7) for B!
formation throughout the target layer. The error in
F(r) due to such an assumption is less than 419,
Another negligible source of error is that due to possible
angular misalignment of the y-ray detector (<=41.1%
for a 0°-150° measurement).

10F FIT) vs. T n
FOR
B'2 STOPPING IN LiF(80ug/cM?) + Al

F'=.668%.024

F(T)

Ar T+(2.95% .37)-10"13sEC, E

1 il
o4 2 4

Ll ) s TR R L bl

6 s8I0 2 4 681012 2 4 6 gio!
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FiG. 3. F(r) versus 7 for B2 ions stopping in Li’F (80 ug/cm?)
plus Al backing. The error bars on the solid curve refer to the
uncertainty in F(r) due to the 479, error estimate for the stop-
ping-power data used.
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Another possible source of error is that due to an
assumption of an isotropic ms-y angular correlation
and an isotropic angular distribution for reaction 2.
A check on these assumptions, the angular distribu-
tions for reactions 1 and 3, and the lifetime result
can be made by comparing the observed line shape
with those calculated from the measured lifetime and
angular-distribution data, with detector resolution and
dE,/d#, broadening folded in. The comparison is shown
in Fig. 4. The line shape is strongly influenced by the
angular distribution and correlation because of the con-
siderable kinematical broadening present (R=8,/Bc.m.=
0.55 for reaction 1, for example). This may be seen
from the almost identical 0° line shapes for lifetimes
of 2.0, 3.0, and 4.0)X 10~ sec. The 0° calculated line
shape for 3.0X 1013 sec is in excellent agreement with
the data. At 90° the fit is not as good, but the line
broadening at 90° is relatively more sensitive to the
detector resolution function, which was not well known
for a 950-keV line in these spectra. The fit at 150°
is good except for three rather badly scattered data
points. It is, in fact, not possible to generate a fit to
the 150° data which would be significantly better than
that shown in Fig. 4. This follows from the fact that
the Doppler broadening due to the lifetime is suffi-
ciently extensive such that only a smoothly varying
line shape can be expected, where a rapidly varying one
is required for a better fit. The reasonably good fits
obtained (Fig. 4) indicate that the assumptions of an
isotropic angular correlation and isotropic angular dis-
tribution for reaction 2 are reasonable.

Finally, note that the lifetime result depends on the
assumption that the lifetime of the B!? 2621-keV state
is much shorter than that of the 953-keV state. It will
be shown in Sec. IV that the 2621-keV-state lifetime
is at least six times shorter than that of the 953-keV
state. Such a limit on the 2621-keV-state lifetime, plus
the fact that the 2621—953 transition provides only
(20£10) 9% of the 953-keV-state population, indicates
that the lifetime of the 2621-keV state is sufficiently
fast to have a negligible effect on the 953-keV-state
lifetime measurement.

A preliminary result [7,,= (2.620.4) X 10~ sec] was
reported previously.® This result was calculated ne-
glecting the detailed distribution of initial velocities
and nuclear scattering effects. Thus the result quoted
above, 7= (2.9540.37) X101 sec, is to be taken as
the more reliable result.

The present result is in good agreement with, and
substantially more accurate than, two previous deter-
minations.? The averaged experimental value for the
B2(953) state lifetime has been compared elsewhere
with several theoretical predictions.

D. Lifetimes of the B!! 6.79- and 7.30-MeV States

B transitions from the 6.79- and 7.30-MeV states
were observed in the Lif+4Lif Lif4-Li%, and Li"4-Li’

# M. J. Throop, Bull. Am. Phys. Soc. 12, 484 (1967).
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FiG. 4. Line shapes generated for the B2 953-keV line from
the Li’4Li? spectrum. The shapes were calculated using the
relative reaction contributions and angular distributions outlined
in the text, assuming an isotropic angular correlation function.
The shapes calculation for 90° and 150° are for a lifetime of 3.0X
1071 sec. The 0° line shapes are for lifetimes of 2.0, 3.0, and 4.0X
10718 sec. In the 0° case, the centroids of all three line shapes have
been made to coincide with that of the data, for ease of compari-
son. The 2.0 and 4.0X10-sec line-shape centroids actually
would be expected to fall 0.8 channel above and below the 3.0X
10~1-sec line-shape centroid.

spectra. These spectra were accumulated for a variety
of incident energies, backings, and vy-ray detector
angles with respect to the beam axis. A particular case
will be discussed here—the Li®+Li? spectra for a Li¢
incident energy of 5.10 MeV, on a copper-backed
110-ug/cm? Li’F target, with y-ray detector angles of
0° and 90°. The regions of interest in the Lis4Li?
spectra are shown in Fig. 5.

The possible reactions leading to the population of
the B! 6.79- and 7.30-MeV states are

(1) Li4Li%—B1(6.79, 7.30) +d,

0=40.400, +0.110 MeV
—BU(6.79, 7.30) +p+n,

0=—1.825, —2.115 MeV.

The maximum kinematically allowed line broadening
was considerably greater for reaction 1 (128 keV for
the 7.30-MeV level) than for reaction 2 (48 keV for
the same level), since the incident Li® energy was so
near threshold for reaction 2. The observed broaden-
ings of the 6.79- and 7.30-MeV lines are, in fact,
approximately equal to those expected for reaction 1.
Since ~809%, of the counts in the 6.79- and 7.30-MeV
lines fall outside the limits of broadening for reaction
2, at least 80% of the population of the corresponding
levels is due to reaction 1. In addition, the observation
of approximately full broadening for the 6.79- and

(2
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Fi6. 5. Portion of the Lif+4-Li? spectrum at 6,=0° and 90° showing lines due to decay of the BM 6793-, 7300-, and 8570-keV levels.
The solid cruves on either side of the peaks are the best fit to the background region. The dashed lines under the peaks represent the

background interpolated from the fit on either side of the peaks.

7.30-MeV lines implies lifetimes small compared to
the stopping time of B! in Li’F and Cu.

The short lifetimes involved require accurate meas-
urements of the nearly full shifts to be expected, and
hence a careful subtraction of background underneath
the peaks of interest. Some typical background sub-
traction problems are apparent upon examination of
Fig. 5. These problems are of two types—those asso-
ciated with a background which does not vary smoothly
underneath the peak of interest and those associated
with the correct separation of the peak (with possible
tail) from the surrounding background.

Referring to Fig. 5 for an example of the first type
of problem, it is seen that the 7.30-MeV two-escape
peak has as part of its background the one-escape
Compton edge of the 6.79-MeV line and the full-energy
Compton edge of the 6.45-MeV line. The 7.30-MeV
two-escape peak also has an energy nearly identical
to that of a weak 6.79-MeV one-escape peak. The
6.79-MeV two-escape peak is sufficiently broad to be
unresolvable from a relatively weak B! 6.74-MeV-
transition two-escape peak. It is clear that the back-
ground underneath the peaks of interest cannot simply

be assumed to be flat. However, all the lines contrib-
uting to the background show approximately full
Doppler broadening, so that the associated Compton
edges, one-escape, and full-energy peaks are all broad-
ened into a smoothly varying background. Also, the
observation of approximately full Doppler broadening
for all the transitions involved implies that to a good
approximation the background shifts along with the
peak of interest.

The background region used for subtraction purposes
should ideally be outside the distribution of possible
y-ray energies for the the line of interest. Such a choice
of background can be unduly restrictive for the case
of very fast lifetimes. It is clear from the 0° spectrum
of Fig. 5 that the background chosen for the peaks
of interest extended into the region of possible decay
energies. Such an extension was justified by the obser-
vation, for the peaks of interest, of approximately full
Doppler broadening. For example, the 7.30-MeV line
at 0° showed 1009, of the kinematically allowed broad-
ening within errors, implying a two-standard-deviation
limit lifetime of <0.28X10~ sec. Line shapes calcu-
lated for such a short lifetime were found to have a
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low-energy tail which fell off very rapidly, leaving an
insignificant fraction near the unshifted energy E,,.
This is to be expected for the initial ms* velocities
encountered in this work; a low-energy tail on the 0°
line shape would be expected only if nuclear stopping
and scattering were significant.

Note that the tails on the line shapes of Fig. 5
(both 0° and 90° spectra) are primarily due, not to
lifetime effects, but to a detector resolution function
which included an exponential tail. In practice, for
lifetimes known to be fast from a broadening measure-
ment, the background used extended up to the point
where statistically significant deviations from the
smooth trend of background points took place (Fig. 5).

That this subtraction procedure was correct for life-
times <5X 10~ sec was also verified in a measurement
of the shift of the B! 4.44-C®2 4.43-MeV line in the
Li’4Li” spectrum. From charged-particle cross-section
data it is known that the B! 4.44-C'? 4.43-MeV doublet
is primarily due to the C'? transition. An attenuated
shift was observed for this line, and the deduced C'?
4.43-MeV-level lifetime was in good agreement with
the compiled value.

The soundness of the error estimates for the peak
position due to background uncertainties was verified
by observing that numerous transition energies (deter-
mined from the 90° spectrum) and Doppler-shift re-
sults showed a scatter entirely consistent with that
expected from the error estimates.

The shifts observed for the 6.79- and 7.30-MeV
transitions were 136.84+5.2 and 133.842.7 keV, re-
spectively, leading to attenuation factors of 1.0363
0.130 and 1.0034-0.120. These factors were determined
using R {cosf,.m.) values extracted from angular-dis-
tribution data reported for reaction 1 at the same
incident Li® energy.® The attenuation-factor errors in-
clude an error due to the unknown angular correlation
function (+0.122 for the 6.79-MeV transition and
0.110 for the 7.30-MeV transition), as well as an error
estimate due to possible angular misalignment of the
y-ray detector (4-0.045 for a 0°-90° shift determina-
tion). The attenuation of the shift due to a finite
detector solid angle was completely negligible compared
to the above sources of error. The line-broadening
attenuation factors were also determined from the 0°
spectrum line shapes; these were 1.0363-0.027 for the
6.79-MeV transition and 1.0394-0.026 for the 7.30-MeV
transition.

The portions of the Li®4-Li? spectra shown in Fig. 5
then provided the following lifetimes from shifts:

BU(6.79):  7m=(0.00_g.5"°-54) X 10~ sec

B1(7.30): 7= (0.00_9.06"°-%) X101 sec.

The lifetime limits deduced from line-broadening meas-
urements were consistent with these results.
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Two additional sources of error in the lifetime result
must be considered—those due to uncertainty in the
stopping-power data and target thickness. The stop-
ping-power-data uncertainty for the target and backing
materials was =79%,. This propagates to a 3=7% life-
time uncertainty. Several calculations for a range of
target thicknesses showed that a 4259, variation in
target thickness propagated to a +=4.5% error in the
lifetime result. Both these sources of error contrib-
ute negligibly to the lifetime error compared to the
(cosf,.m.) uncertainty.

It was noted previously that the calculations for F’
and F(r) did not include effects due to an azimuthally
asymmetric distribution of the stopping media about
the beam axis, where the distance traversed in the
target material varied with the m* azimuthal angle.
These effects were largest for lifetimes ~0.3X 10713 sec,
for which decays occurred about equally in the target
and backing materials. For this range of lifetimes, the
error introduced in the lifetime determination through
neglect of asymmetric stopping effects was <=44%.
This error is again negligible compared to that intro-
duced in the lifetime through the {cosf...) uncertainty.

The lifetime results given above for the BM 6.79-
and 7.30-MeV states are typical of those obtained for
a variety of reactions, y-ray angles, and backings. An
error-weighted average was performed for all the shift
measurements. The line-broadening lifetime limits were
used only as a check on the shift results and were not
included in the averaging procedure. The final aver-
aged lifetime limits and their significance are discussed
in Sec. IV B.

E. Lifetime of the Ne?® First Excited State

The decay of the Ne?® 1632-keV state was observed
in the Li®4-O spectra (Fig. 6). Spectra were accumu-
lated for y-ray detector angles of 30°, 90°, and 150°
with respect to the beam axis at an incident Li¢ energy
of 5.86 MeV. The target was 220-ug/cm? SiO evaporated
on an aluminum backing. Angular-distribution data
for deuteron groups to levels in Ne? have been reported
for the Li®4-O reaction at an incident energy of 5.88
MeV .2 The possible modes by which the Ne% 1632-keV
level may be populated are

(1) Lis401—Ne2(1632)+d, 0=1.627 MeV

(2) —Ne0(1632)+p+n,  Q=—0.597 MeV
3) —Ne20(4250)+d, 0=—0.791 MeV
(1) —Ne20(4250)+p+n, Q=—3.015 MeV
(5) —Ne20(4970)+d, Q0=—1.511 MeV
(6) —Ne2(4970)+p+n,  Q=—3.735 MeV.

The 4250- and 4970-keV states decay 1009 through
the 1632-keV state. Note that F?, which 8 decays to
the Ne? 1632-keV level, cannot be formed at the
incident Li¢ energy used. Reactions 4 and 6 are ex-
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F1G. 6. Portion of the y-ray spectra observed at 6,=230° 90°,
and 150° in the 5.86-MeV Li® bombardment of a SiO target. Lines
due to inelastic neutron scattering from Ge and Al are identified
by the appropriate (#, n’) reactions and the transition energy.
Other lines in the 6, =90° spectrum are identified by the residual
nucleus responsible for the transition and the energies of the
initial and final states of the transition. The transition energy
(minus 511 keV for one-escape peak, 1022 keV for two-escape
peaks) is additionally listed for those lines due to the Lié4O%
reaction. Lines which are not due to the Li®+4O? reaction are
considered contaminant lines and are denoted by the abbreviation
CONT. Numerous transition energies (denoted by an underlined
number) have previously been determined with some accuracy
by other workers; many such energies were used as calibration
points in a determination of the energies of other lines of interest.
Full-energy, one-escape, and two-escape peaks are identified by
(0), (1), and (2), respectively.

pected to be strongly suppressed relative to the others
listed above, since only 1.2 and 0.5 MeV, respectively,
were available to penetrate the 3.1-MeV Coulomb
barrier for the p-Ne? or p-Ne system.

The relative contributions to the population of the
1632-keV state were deduced from an analysis of y-ray
intensities, assuming that reactions 4 and 6 were of
negligible magnitude, and using the available charged-
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particle reaction cross-section data. It found that reac-
tion 1 contributed 89, reaction 2 contributed 889,
reaction 3 contributed 1%, and reaction 5 contributed
39, to the population of the 1632-keV state. The errors
on the reaction contributions are 4-57%,.

No angular-distribution or -correlation data are avail-
able for the predominant reaction 2, so that some
uncertainty was introduced in the calculated F’ and
F (7). An estimated upper limit of <0.35 for {cosfo.m.)
was given previously. This result led to a =169, upper
limit variation in F’ due to uncertainty in the distri-
bution of initial velocities.

Rather large zero shifts were encountered in the
Li®+0O spectra. They were approximately as large as
the centroid shift of the relatively long lived Ne?
1632-keV state. The zero-shift correction was deter-
mined from a linear interpolation between the shifts
of the 511-keV annihilation radiation line and the
pulser peak. The corrected 30°-90° shift was +2.33
0.56 channels and the 90°-150° shift was -2.554-0.56
channels. The two results agree well within the quoted
errors, as expected from the shift symmetry about
6,=90°. ,

The centroid-shift result was then corrected for the
contribution to the 1632-keV line from reaction 5.
The 4970—1632-keV cascade y-ray line was found to
show no measurable shift. Thus it was possible to
subtract the efficiency-corrected cascade peak from the
channels centered about 1632 keV in the 30° and 150°
spectra. This subtraction resulted in a 3%, correction
to the 1632-keV peak centroid shift.

The corrected 30°-150° shift was then obtained in
keV using the dispersion (keV/channel) in the 1632-
keV region determined from calibration lines in the
Co® and ThC” spectra accumulated immediately after
the last Li®4 0 spectrum. F(r) was calculated using
the appropriate contributions for reactions 1 and 2
previously listed (reaction 3 was considered negligible
and reaction 5 was corrected for as outlined above).
Both F' and F(r) were calculated assuming an iso-
tropic angular distribution for reaction 2. The resulting
lifetime, deduced from the centroid-shift measurement,
was 7n=1.55_9.41052X 1012 sec, where the error is
largely due to an inexact knowledge of (cosfe.m. )-

A second more accurate determination of the Ne?
1632-keV-state lifetime was based on a fit to the ob-
served line shape. Such a determination does not de-
pend on the accuracy of the zero-shift correction, and
thus provides a check on it. In addition, for long life-
times the line shape is relatively independent of the
angular distribution and angular correlation functions.

Figure 7 is a comparison with the data of line shapes
calculated for r=1.0, 1.2, and 1.6 psec, based on the
relative amplitudes of reactions 1 and 2 listed pre-
viously, and assuming an isotropic angular distribution
for reaction 2 as well as an isotropic angular correlation
function for both reactions 1 and 2. It is clear from
Fig. 7 that the centroid-shift-measurement result, 7~
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F1c. 7. Line shapes generated for the
Ne 1632-keV line in the Li®40* spec-
trum. The line shapes were calculated
using the relative reaction contributions
and angular distributions outlined in the
text, assuming an isotropic angular
correlation function. The line shapes for
lifetimes of 1.0, 1.2, and 1.6 psec are
shown with the 0, = =30° and 150° data.
The centroids of the three line shapes
have been made to coincide with that
of the data for ease of comparison. The
centroid shift at 6,=30° and 150° should
actually be increased by 1.8 and 1.0
channels for the 1.0- and 1.2-psec line
shapes. At 6,=90° only the 1.2-psec line
shape is shown; the 1.0- and 1.6-psec
line shapes are virtually identical to the
1.2-psec line shape.
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1.6 psec, leads to a line shape which fits the data poorly.
In fact, because the line shape is nearly independent of
the angular-distribution—angular-correlation function, it
was not possible to find a reasonable angular distribu-
tion which, together with a 1.6-psec lifetime, gave a
good fit to the data. Such an inconsistency implied an
inaccuracy in the zero-shift correction to the centroid-
shift measurement.

An excellent fit to the data was obtained for a 1.2-psec
lifetime and an isotropic angular distribution for reac-
tion 2 (as shown in Fig. 7). A search was made for
other lifetime-angular-distribution combinations which
might also fit the data. Satisfactory fits were obtained
for a lifetime of 1.0 and 1.4 psec, assuming reaction-2
angular distributions corresponding to the most ex-
treme backward and forward peaking, respectively,
allowed by the (cosf.m.) limits.

The resulting Ne? 1632-keV-state lifetime, from anal-
ysis of the line shape, is 7,= (1.202:0.20) X102 sec,
where the error limits correspond to the range of life-
times over which an adequate fit to the data could be
achieved, assuming reasonable angular distributions.

For long lifetimes the line shape is strongly influenced
by the detector resolution function, which may include
broadening due to zero- or gain-shift effects. Thus the
detector resolution function must be accurately deter-
mined for each spectrum. The Lif4 O spectra contain
several strong lines due to long-lived states, for exam-
ple, the 07 871- and F'8 937-keV lines, as well as anni-
hilation radiation. It was found that a Gaussian func-
tion with a FWHM of 7.12 keV gave an excellent fit
to the sharp lines for all three angles of y-ray observa-
tion. That the detector resolution function was cor-
rectly determined may be seen from the good fit ob-
tained for the 1632-keV peak at 6,=90°, where the
peak shape is more sensitive to the detector resolution
function than to lifetime effects.

Other sources of error which can be considered negli-
gible are those due to a £59% quoted error for the

electronic stopping power of Ne* in Al and a =209,
uncertainty in the nuclear stopping power.®® Each of
these uncertainties leads to a =449, variation in 7,
which is small compared to the error in 7 due to the
lack of knowledge of the angular distribution for
reaction 2. The variation of the results of the centroid-
shift measurement or the line-shape fit with the choice
of region used in the background fit was found to be
negligible. The effect of a possible 4259, variation in
the target thickness on the lifetime result was com-
pletely negligible, since the long Ne*® lifetime ensured
that most decays occur in the backing and, in addition,
the SiO target and Al backing had nearly identical
stopping-power characteristics.

Since the centroid-shift and line-shape lifetime re-
sults overlap, the weighted average has been taken,
giving 7,,=1.2620.24 psec.

IV. RESULTS
A. B

Transitions were observed in the Li®+Li¢ (Fig. 8)
and Li+Li? spectra. The lifetime of the 2.15-MeV
level was determined from the shift of the 0.414-MeV
branch to the 1.74-MeV level (not shown in Fig. 8).
A weighted average of two measurements gave a
result of 7,,=1.27_431%% psec. This result is in fair
agreement with that reported by Donohue and co-
workers?® and in poor agreement with that of Fisher
and co-workers.*

The lifetime of the 3.59-MeV level was determined
from both the 3.59—0- and 3.59—0.717-MeV tran-
sitions (see Fig. 8). The weighted average of three
measurements was 7,= (1.00240.30) X 10~ sec, which

#® A, E. Blaugrund, D. H. Youngblood, G. C. Morrison, and
R. E. Segel, Phys. Rev 158, 893 (1967)

# D, J. Donohue, M. J. Wozmak L. Hershberger, J. E.
Cummings, and J. A. Lonerga.n, Phys Rev. 165, 1071 (1968).

4T, R. Fisher, S. S. Hanna, and P. Paul, Phys Rev. Letters
16, 850 (1966).
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Fi1G. 8. Portion of the y-ray spectra observed at 8,=0° 90° and 150° in the 5.57-MeV Li¢ bombardment of a LiSF target. The presenta-
tion is identical to that of Fig. 6.

falls within the quoted errors of three previously re-
ported determinations.40—42

B. B!

Transitions were observed in the Li*+Li® (Fig. 9),
Li*4+Li? (Fig. 5), Li"+Li?, Li’+Be® (Fig. 10), and
Li®+-B10 spectra.

2 E. K. Warburton, J. W. Olness, K. W. Jones, C. Chasman,
R. A. Ristinen, and D. H. Wilkinson, Phys. Rev. 148, 1072 (1966).

Numerous shift and broadening measurements were
made for transitions to the ground and in some cases
to the 2.14-MeV state from the B! 6.74-, 6.79-, 7.28-,
7.98-, and 8.56-MeV states. Measurements of the shift
and energy at 6,=90° for the B! 8.92-MeV state were
also made. The results for this state are in agreement
with its known lifetime and excitation energy,** and
serve as a partial check on the methods used in the
present work.
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All the shift-attenuation-factor results fell well within
two standard deviations of unity (full shift). The re-
sulting error-weighted average lifetime limits are, to
two standard deviations,

B! 6.74 MeV,  7,<2.1X107% sec,
6.79 MeV, <0.35X 1071 sec,
7.28 MeV, <0.23X 1013 sec,
7.98 MeV, <0.66X 10713 sec,
8.56 MeV, <0.60X 10713 sec.
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CHANNEL. NUMBER

Each result is based on at least five measurements.
The limit obtained for the 6.74-MeV state is compar-
able to the three-standard-deviation limit of 3.0XX 108
sec reported by Warburton e/ al# A limit has not
previously been reported for the 6.79-MeV level. The
limits for the last three states listed above are con-
siderable improvements over the previously reported
limits of <1.0X 1013 sec for the 7.28-2and <5.0X10-18
sec for the 7.98- and 8.56-MeV states.?? y-ray decay
widths from inelastic electron scattering have been re-
ported for the 7.28- and 8.56-MeV states.®4 Although

# R, D. Edge and G. A. Peterson, Phys. Rev. 128, 2750 (1962).
# E, Spamer, Z. Physik 191, 24 (1966).
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Fic. 10. Portion of the y-ray spectra dbserved at 6,=0° 90°
and 135° in the 5.66-MeV Li? bombardment of a Be target. The
presentation is identical to that of Fig. 6.

implying much lower limits than the present work, the
inelastic electron scattering results are somewhat model-
dependent. The 6.79- and 7.28-MeV-state limits listed
above are lower than the <0.4X 10 13-sec three-stand-
ard-deviation limits given in a preliminary report of
this work.®® In the case of the 7.98-MeV state, the
limit reported here is somewhat larger, primarily be-
cause of more conservative error estimates.

The limits reported here do not lead to any revisions
of spin and parity assignments or new values for tran-
sition multipolarities in B!; however, they are useful
for planning further lifetime measurements.

Recently precise measurements of level energies in
B! belew 7 MeV 4 resulted in excitation energies
10-20 keV lower than previously compiled energies.?
In the present work, y-ray energies (which can be con-
verted to excitation energies by adding the nuclear

4% C. P. Browne and F. H. O’'Donnell, Phys. Rev. 149, 767
(1966).
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recoil correction of a few keV) were measured for the
7.28-, 7.98-, and 8.56-MeV levels of B!. The energy
calibration used depended on the accurate excitation
energies reported for levels below 7 MeV.# As is clear
from Table II, the summarized y-ray energy results
for levels in B! above 7 MeV continue the trend of
being 10-20 keV less than the previously accepted
values.

C. B2

Transitions were observed and analyzed for the Li"+
Li? spectra (Fig. 1). The determination of the B
953-keV-level lifetime was outlined in some detail in
Sec. III. The only other B*? transitions observed were
the ground-state decay from the 1674-keV level and
decay from the 2621-keV level via the 2621—953-keV
branch. These two Doppler-broadened lines (1668 and
1674 keV) were unresolved. An analysis of charged-
particle and vy-ray intensity data as outlined in Sec. IIT
showed that the two members of the unresolved doublet
must be about equal in intensity. Recent measure-
ments® for the B2 1674-keV state indicate a lifetime
of <20 fsec. This upper limit is sufficiently short to
allow the limit derived from the doublet shift to be
referred entirely to the lifetime of the 2621-keV level.
The resulting lifetime limit (to two standard devia-
tions) is 7,,<0.48X 10712 sec. This is short enough to
ensure a negligible effect on the lifetime of the 953-keV
level through cascade feeding from the 2621-keV level.

Comparison of the experimental lifetimes and limits
(including the results reported here) with theoretical
predictions for B! transitions have been made else-
where.%

D. B

Transitions observed in the Li’+Li7 spectra (Fig. 11)
were the ground-state decays from the 3.53-, 3.71-
and 4.13-MeV states. Only the 4.13-MeV line was
sufficiently well defined to permit a quantitative life-
time measurement; for the 3.53- and 3.71-MeV levels
limits of >3.0 and <3.8%X10°18 sec were set. The
4.13-MeV level may have a measurable lifetime [7,,=
(0.624-0.50) X103 sec weighted average over two
measurements ], although the rather large errors in the
results do not preclude a very fast lifetime. Possible
spins of 12—, -, and ¥~ have been suggested for the
4.13-MeV state from B! (4, p) angular-distribution
data.4” Although spins of £ or § cannot be ruled out, the
shift-measurement indication of a lifetime not much
faster than 10~ sec, combined with the reported 259,
branch to the 3.48-3.53-MeV doublet in competition
with a 759% ground-state branch,’® suggests a spin
assignment of % for the 4.13-MeV level, given a ground-
state spin of §~. Spins of >Z for the 3.53- and <$§

4% M. J. Throop (to be published).
4 R. Middleton and D. J. Pullen, Nucl. Phys. 51, 50 (1964).
8 R, R. Carlson and E. Norbeck, Phys. Rev. 131, 1204 (1963).
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for the 3.71-MeV states are consistent with the life- TaBre II. Summary of lifetime and
time limits obtained. transition-energy measurements.

Transition energies for 3.53- and 4.13-MeV-level

ground-state decays were determined (see Table II). N‘ﬁg‘;}ls’ (10~ sec) By
The results are in good agreement with values deter-
mined from B!(Z, ) measurements.¥? B1(2.15) 12,7058 e
E, ot B1(3.59) 1.00-£0.30
B1(6.74) <2.1
Transitions were observed in the Li®4-Li® spectra B"(6.79) <0.35
(Figs. 8 and 9). An estimated two-standard-deviation B"(7.28) <0.23 7284.612.2
limit of 5X 10~ sec was made for each state contrib- B¥(7.98) <0.66 7978.5+2.7
uting to the unresolved C! 6.34-6.48-MeV doublet. B(8.56) <0.60 8556.543.3
Except for the 7.50-MeV-state transitions to the ground ~ B*(0.953) 2.95+0.37 ee
and first excited states, other observed transitions in B™(2.62) <0.48
C"! were members of unresolved C1'-B! doublets. Thus B*(3.53) >3.0 3536.3+4.2
the lifetime limits from shift measurements for the B®*(3.71) <3.8
C! 4.31- and 6.90-MeV levels are dependent on a B¥(4.13) 0.62£0.50  4133.4:£7.8
knowledge of the lifetimes of the B! 4.44- and 6.79-MeV ~ C%(4.31) <1.4 cee
states contributing to the B! members of each doublet. C'(6.90) <0.69 coe
Since the limits on the lifetimes for the B states (see C%(7.50) <0.91 75058
Sec. IV B) are much smaller than the limits obtained C®(3.09) 3084.242.0
for the B1-C'* doublets, the doublet limits have been  C®(3.85) 3853.57:0.28
taken as applying to the C* lifetimes alone. C%(6.09) <3.2 6094.5£3.2
The weighted-average lifetime two-standard-devia- C¥(6.72) 6728.1:+1.4
tion limits obtained were C1(7.01) <1.2 7011.7+5.2
N*(3.95 vee 1631.3+1.3 (3.95-2.31
CU 431 MeV,  7u<14X107 sec, NCh ot POTNe )
6.34 MeV, <5.0X 1071 sec, N*(6.20) oo 3883.0£1.9 (6.20—2.31)
13 N#(6.44) 6.3+0.8 6443.7£1.8
6.48 MeV, <5.0X107% sec, N5(9.83) <1.9 4562.6:-4.0 (9.83—5.27)
6.90 MeV, <0.69X10-18 sec, N6(0.298) >7 297.6:£0.9
7.50 MeV, <0.91X 10~ sec. N*(0.398) >9 397.8:1.0
276.2-:0.8 (0.398—0.122)
Each result is based on at least two measurements. The w1, 37y <2 1370.740.8
limits established in this work are lower than those N¥(1.91) S5 1908.00.8
previously reported for the C1 4.31-, 6.90-, and 7.50- N
. (2.53) cee 619.9£3.5 (2.53—1.91)
MeV states'®# and higher than those reported for the N
6.34- and 6.48-MeV levels &2 (3.13) <3 1226.2+4.5 (3.13—1.91)
: N¥(3.22) >3 3222.0+7.1
F.CB N7 (3.67) vee 531.44+4.6 (3.67—3.13)
Transitions were observed in the Li®4Be® and Li’+ 0(8.87) 8.71.3 2740.4::1.0 (8.87-6.13)
BU (Fig. 12) spectra. No significant lifetime informa- 0%(1.98) 1982.3+0.8
tion was obtained for C3 levels. 0%8(3.55) 1571.94+2.5 (3.55—1.98)
Accurate transition-energy results were obtained for 0%(3.63) 1649.8+2.2 (3.63—1.98)
the 3.09- and 3.85-MeV levels. The result for the 0%(3.92) 1938.6+2.1 (3.92—1.98)
3.85-MeV level is based on 22 measurements of the Fs(4.36) <6.1 1297.44-2.5 (4.36—3.06)
energy difference between the 3.68- and 3.85-MeV  Nen(1.63) 12.74+2.4
ground-state transition peaks. The result for the 3.85-  Neu(s.33) <7
3.68-MeV energy difference was 169.630.23 keV, in  neu(5 62 <7
excellent agreement with a previous determination of Neti(5.77) <7
169.5+0.5 keV.22 The 3.85-MeV ground-state transi- Net(5.99) <7
tion energy (Table II) was obtained from the above .
difference and an accurate ground-state transition en- Ne®(6.26) <7
ergy reported for the 3.68-MeV level.# Ne®(6.74) <7 oo
49 W. V. Prestwich, R. E. Coté, and G. E. Thomaé, Phys. Rev. ® Unless otherwise noted, transition energy refers to ground-state

161, 1080 (1967). transition.
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G. CH4

Transitions were observed in the Li’+4Be? (Fig. 10)
spectra. Only the ground-state decays of the 6.09-,
6.72-, and 7.01-MeV levels were observed. The 6.09-
MeV line had a nonshifting component which could be
attributed entirely to a branch from the long-lived
6.72-% to the 6.09-MeV state. The sharp 6.09-MeV
component could thus be accurately subtracted from

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

the 6.09-MeV broadened line shape. The resulting
error-weighted average lifetime limits for the 6.09- and
7.01-MeV levels, to two standard deviations, were

C*6.09 MeV, ™m<3.2X 1071 sec,
C*7.01 MeV, 71,<1.2X1071 gsec.

Each result is based on four measurements. The life-
time limit for the 6.09-MeV transition is nearly the
same as one previously reported.®® No limit has pre-
viously been reported for the 7.01-MeV level. The
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F16. 12. Portion of the y-ray spectra observed at 8,=30° 90° and 150° in the 5.74-MeV Li” bombardment of a B! target. The presenta-

tion is identical to that of Fig. 6.

present limit is consistent with the probable spin and
parity assignment of 2+.% Certainly any higher spin
can be ruled out by the lifetime limit set here.

The 6.09-, 6.72-, and 7.01-MeV ground-state tran-
sition energies were also obtained. These were 6094.54=
3.2, 6728.1+1.4, and 7011.745.2 keV, and are in good
agreement with the values determined from compiled
excitation energies.?? A knowledge of the 6.09-MeV
excitation energy permits accurate excitation energies
to be obtained for the 6.59-, 6.89-, and 7.32-MeV

levels using the accurate energies® determined for the
transitions from these levels to the 6.09-MeV level.

H. N4

Transitions were observed and analyzed in the Li®-
Be?, Li"+Be® (Fig. 10), Li*4+B, and Li®4-C*? spectra.
The resulting weighted-average lifetime result for the
N 6.44-MeV level was

N 6.44 MeV, Tm=(6.32£0.8) X 1013 sec.
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The 511-keV annihilation radiation line is from accidental coincidences and the Ne?? 1274.6-keV line is from the O%(Li?, p) Ne?2(1274)
contaminant reaction. The transitions observed and the deduced energies of N7 levels are shown in the energy-level diagram on the
right. The bars above each peak show the maximum kinematically allowed Doppler broadening for the transition.

This result, based on 12 measurements, is in good agree-
ment with a previous determination of (5.941.2) X
101 sec for the 6.44-MeV level.%

Transition energies were also obtained. These were,
for the 3.95—2.31-MeV transition, 1631.34-1.3, for the
4,91—0-MeV transition, 4913.8+3.0, for the 6.20—
2.31-MeV transition, 3883.04=1.9, and for the 6.44—0-
MeV transition, 6443.74-1.8 keV. These results are in
good agreement with, but more accurate than, those
derived from compiled excitation energies.?? '

I N

Transitions were observed in the Li’4-C' and C®
spectra. The Q values for both the Li’4C* and Li’™4-C*
reactions were such as to permit large recoil fractions in
vacuum for most N® levels. A significant lifetime limit
was obtained for the N° 9.83-MeV level, for which the
vacuum recoil was nearly negligible. The relative con-
tributions of the Li’4-C'? and Li’4-C®® reactions were
not known, so that the lifetime limit was calculated
using the larger maximum kinematically allowed shift
for the Li’4C® reaction. The resulting two-standard-
deviation limit of <1.9X10~1 sec is somewhat faster
than a previously reported limit for the N* 9.83-MeV
level.?s The 9.83—5.27-MeV transition energy (Table
II) is in fair agreement with that deduced from previ-
ously reported excitation energies.?

J. Nt

Transitions from the 398- and 298-keV levels were
observed in the Li’+4-B! spectra. No consistent shift or
Doppler broadening could be observed for transitions
from these levels. Two-standard-deviation limits of
>0.9 and >0.7 psec were set for the 398- and 298-keV
levels. Lifetime limits have not previously been re-

(159‘ J.) A. Becker and E. K. Warburton, Phys. Rev. 134, B349
64) .

ported for the N6 398- and 298-keV levels. The present
limits are consistent with the known spins and branch-
ing ratios for these levels.??

The transition energies were determined by compar-
ison with the position of accurately known ThC”
calibration spectrum lines at 277 and 300 keV %2 after
correction for a small zero shift between the calibration
and Li"4-B" spectra. The zero-shift correction was
made by monitoring the position of the 511-keV line
appearing in all the spectra. The resulting N excita-
tion energies are 121.64-1.3, 297.64-0.9, and 397.84-1.0
keV. These results are in good agreement with, but
more accurate than, previously compiled values.??

K. N¥

Transitions were observed in the Li’4B! spectra.
Two types of spectra, singles (Fig. 12) and proton-y
coincidence (Fig. 13), were obtained.

The essential features of the coincidence geometry
were outlined in the Sec. II. The coincidence spectrum
was a spectrum of y rays coincident with proton groups
toall bound levels of NY, so that background due toy-ray
transitions in nuclei other than NV was supressed. The
reduction of background permitted the observation of
numerous weak N7 lines not discernible in the singles
spectra. The mean N7 recoil angle for the coincidence
geometry was 75° with respect to the y-ray detector
axis. Thus lines in the coincidence spectrum were
expected to be shifted somewhat from the E,, value,
depending on the lifetimes of the states contributing,
through direct population or cascade, to the transition.
Such possible shifts were, for example, a maximum of
=+6.7 keV for the 1.37—0-MeV transition and 415 keV
for the 3.22—0-MeV transition. Additionally, Doppler
broadening due to finite particle and +y-ray detector
solid angles could be expected for the fast transitions.

8 C, M. Lederer, J. M. Hollander, and I. Perlman, Table of
Isotopes (John Wiley & Sons, Inc., New York, 1967), 6th ed.
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The maximum allowed broadenings are indicated in
Fig. 13.

The assignment of observed lines to transitions in
N was based on a previous study of proton-y coin-
cidence spectra for NV produced in the BU(Li%, p)
reaction.’® Transitions from levels up to 3.67 MeV
in N*7 were of sufficient intensity to be clearly observed.

It is clear that results obtained from the analysis of
shift and broadening results were in the form of life-
time limits, since the shift and broadening of observed
transitions from the states below 3.67 MeV were deter-
mined in part by the lifetimes of levels possibly feeding
these states through transitions too weak to be ob-
served. The lower-limit lifetimes obtained for the
1.91—0- and 3.22—0-MeV transitions are based on the
lack of broadening observed for these lines in the two
types of spectra. The 1.91—0-MeV transition was not
broadened, even though fed by a broadened 3.13—1.91-
MeV transition. The 3.22—0-MeV transition was not
broadened, and no evidence could be found for feeding
from higher levels. The resulting lifetime limits, to two
standard deviations, were

N7 137 MeV, 7,<2X1071 sec,
1.91 MeV, >5X 1078 sec,
3.13 MeV, <3X 107 sec,
3.22 MeV, >3X 1071 sec.

The possible broadening was too small to detect for
transitions from the 2.53- and 3.67-MeV levels, and so
no lifetime limits were obtained.

The excitation energies obtained for N7 levels are
summarized in the level diagram of Fig. 13. The 531.4-
keV line observed in both the singles and coincidence
spectra could not be assigned to the possible 1.91—1.37-
MeV branch (537.3 keV expected), since the two
energies did not match, well outside the errors for each.
Thus the 531.4-keV line was assigned to the known
3.67—3.13 transition.® The possibility of a weak 537.3-
keV 1.91—1.37-MeV branch could not be excluded—
hence the dotted line in the N energy-level scheme of
Fig. 13.

The lifetime limits for the 1.37- and 1.91-MeV levels
permit spins of <4 and >% to be deduced for these
levels, given 3 for the NV ground-state spin.’* The
spin of the F7 T'=% analog of the 1.37-MeV state has
been determined as $+,% in agreement with this work.
A tentative spin assignment of £ has also been made
on the basis of a 2J41 dependence of total cross-
section data for Li+4 B reactions.®

8V, P. Hart, E. Norbeck, and R. R. Carlson, Phys. Rev. 137,
B17 (1965).

% M. G. Silbert and J. C. Hopkins, Phys. Rev. 134, B16 (1964).

% J. R. Patterson, H. Winkler, and C. S. Zaidins, Phys. Rev.
163, 1051 (1967).

% R. L. McGrath, Phys. Rev. 145, 802 (1966).
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L. O*

The 8.87—6.13-MeV transition was observed in the
Li’+ B! spectra (Fig. 12). The shift analysis took into
account the nature of the 1.7-MeV peak, which con-
sisted of a predominant two-escape peak from the 2.74-
MeV 8.87—6.13 branch plus a weaker 1.75-MeV peak
from the 8.87—7.12-MeV branch. The expected shift
of the unresolved doublet was determined using known
branching ratios for the 8.87-MeV level” as well as
relative efficiencies for the 1.75- full-energy and 2.74-
MeV two-escape peaks. The resulting weighted-average
lifetime, based on two measurements, was 7Tn=
(3.741.3) X101 sec. This is in poor agreement with
a reported result of 7,,= (1.9240.29) X 10~ sec.’® The
error in the present result is about equally due to the
{cosfo.m. ) uncertainty and to background subtraction
errors. The transition energy (weighted average) was
2740.4+1.0 keV, in good agreement with a value of
27395 keV deduced from accurate excitation energies
reported for O levels.?

M. O'8

Transitions were observed in the Li’+4C¥2 and C®
spectra. No significant lifetime information was ob-
tained. Transition energies for decay from the O®
1.98-, 3.55-, 3.63-, and 3.92-MeV levels were measured.
The results (Table II) are in good agreement with,
but more accurate than, values determined from com-
piled O excitation energies.?

N. F18

Numerous F!8 transitions were observed in the
Li¢+ 0 spectra (Fig. 6). The lifetime and branching-
ratio results reported by the Brookhaven group®-® for
levels in F8 were used to identify lines suitable for
lifetime analysis. Since many F®® levels were fed ex-
tensively by branches from higher levels, most observed
transitions were not suitable for analysis. In addition,
the Q value for many of the low-lying levels of F8 was
sufficiently large to permit large fractions of F® recoil
in vacuum. One transition found suitable for analysis
was that from the F8 4.36-MeV level. The resulting
two-standard-deviation lifetime limit obtained was
<6.1X 1018 sec, where the rather large limit is due to
an estimated error for a small recoil fraction in vacuum.
Possible spins of 0, 1, 2, and 3 have been delimited
from angular-correlation work for the 4.36—3.06-MeV
transition.®® If the spin of the 4.36-MeV level were 0,

57 D, H. Wilkinson, D. E. Alburger, and J. Lowe, Phys. Rev.
173, 995 (1968).

#8 R. E. Pixley and W. Benenson, Nucl. Phys. A91, 177 (1967).

® E, K. Warburton, J. W. Olness, and A. R. Poletti, Phys. Rev.
155, 1164 (1967).

©J, W. Olness and E. K. Warburton, Phys. Rev. 156, 1145
(1967).
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Fie. 14. Portion of the y-ray spectra observed at 6,=30° 90°, and 150° in the 5.86-MeV Li¢ bombardment of a SiO target. The
presentation is identical to that of Fig. 6.

the experimental limit would imply enhancements over
the Weisskopf single-particle estimate of at least 125
for the E2 and 270 for the M2 transition to the 2+
3.06-MeV level. The E2 enhancement is greater than
that permitted by the I',<Z2T,» sum rule.®! The M2
enhancement is much greater than those observed for
A<40 nuclei.’ Thus a spin assignment of 0 may be
ruled out for the F® 4.36-MeV level.

O. Ne20

Transitions from the 1.63-MeV level were observed
and analyzed for the Li®4+0% and Li"+O spectra.
The 1.63-MeV-level measurements and results for the
Li®4-0'¢ spectra were discussed in Sec. III. The re-
sulting lifetime for the 1.63-MeV level, based on an
error-weighted average over three shift and line-shape
measurements, was 7,,= 1.274-0.24 psec. Previously re-

%D, H. Wilkinson, in Nuclear Speciroscopy, edited by F.
A'zenb%r%—Selove (Academic Press Inc., New York, 1960), Pt. B,

ap. V.F,
3§, J. Skorka, J. Hertel, and T. W. Retz-Schmidt, Nucl. Data
2, 347 (1966).

ported lifetime measurements for the Ne? 1632-keV
state yield a weighted average of 0.9530.15 psec.t
The most accurate of the previously reported meas-
urements was 1.2320.12 psec.%

P. Ne2t

Transitions were observed in the Li®+4O® spectra
(Fig. 14). Numerous lines in the spectra above 5 MeV
were identified as due to transitions in Ne*, using com-
piled level energies?? for Ne? and noting that no other
residual nucleus from the Li®4-O' reaction was a pos-
sible source for lines >5 MeV in energy. The lines
assigned to transitions in Ne? were in all cases quite
weak, so that the most reliable lifetime results were
limits based on broadening measurements. For a
broadening-attenuation factor of Fg'>0.5, the two-
standard-deviation lifetime limit for the Ne? 5.33-,
5.62-, 5.77-, 5.99-, 6.26-, and 6.74-MeV levels was
Tm<7X 1078 sec. Since the Ne* lines were quite weak,

% H. C. Evans, M. A. Eswaran, H. E. Gove, A. E. Litherland,
and C. Broude, Can. J. Phys. 43, 82 (1965).
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and no well-known internal calibration lines were pres-
ent in the high-energy portion of the Li®4-O spectra,
no attempt was made to measure transition energies.

V. SUMMARY

Error-weighted-average lifetime results for the pres-
ent investigation have been summarized in Table II.
Errors for the lifetime measurements summarized in
Table II are one standard deviation error limits. In
the case of a limiting value for a lifetime, the limit given
in Table II is a two standard deviation limit. Com-
parison between the present results and previously re-
ported measurements has been made in the appropriate
subsections of Sec. IV.

An incidental result of this work was the determi-
nation with improved accuracy of a number of tran-
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sition energies for nuclei produced in the reactions
studied. The results are summarized in Table II. The
results are in good agreement with, but more accurate
than, transition energies determined from compiled
excitation energies,”? except for the case of B! transi-
tions, discussed in Sec. IV B.
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Reaction “C(He, d)*N and Stripping to Unbound States*
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Excitation functions of deuterons from the 12C (*He, d)N reaction over the bombarding-energy range
12-19 MeV were measured at several angles for the ground-state deuterons and at a laboratory angle of
40° for deuterons leading to the ground state, to the first excited state, and to the unresolved second and
third excited states. Detailed angular distributions were measured at 16, 17, and 18 MeV for the ground
state through the third excited state and at 19 MeV for the ground state through the seventh excited state.
The ground-state angular distributions were analyzed with the conventional distorted-wave Born approxi-
mation. For the excited states, all of which are unstable with respect to proton decay, a number of alternative
methods of calculation were attempted and the results were compared.

I. INTRODUCTION

N a continuing study of *He-induced reactions in
light nuclei,*® the reaction 2C(*He, d)®N has been
studied over the bombarding energy range 12-19 MeV.
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In BN, only the ground state is stable against emission
of a proton (Fig. 1), which is the captured particle in
a (®He, d) reaction. There has been recent theoretical
interest* in stripping to unbound states, with appar-
ently some success in applying this theory.’

Wegner and Hall® using 21.6- and 24.7-MeV He
particles, measured the angular distributions for the
2C(%He, d)®N reaction, leading to the ground state,
the first excited state, and the unresolved second and
third excited states of ¥N. The data show little change
for the 3-MeV change in bombarding energy. Their
results were analyzed with the use of the plane-wave
Born approximation (PWBA). They found that the
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