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Near threshold three-body final states in7Li¿7Li reactions at E labÄ34 MeV
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~Received 4 October 2001; published 4 March 2002!

Reactions of7Li17Li at Elab534 MeV, which lead to charged particle decaying excited states of10Be,
have been studied by use of a detection system sensitive to decay energies of a few hundred keV. The
a-particle branching fractions in10Be* →4He16He have been measured for excited states atEx57.542 and
;9.6 MeV. For the 7.542 MeV state an unusually large separation radius is required to explain the observed
branching fraction ofGa /G5(3.561.2)31023. This result is interpreted in terms of the energy level structure
of 10Be as related to analogous states in12C and to the recent molecular orbital calculations. A newJp502

state is observed in the decay10Be* →7Li* (0.478 MeV)1t.

DOI: 10.1103/PhysRevC.65.034317 PACS number~s!: 25.70.2z, 23.60.1e, 21.60.Gx, 27.20.1n
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I. INTRODUCTION

Charged particle decays of excited states in 1p-shell nu-
clei often have astrophysical significance when those st
are near the decay threshold. Decay energies of a few
dred keV or less are in the region of the stellar Maxwe
Boltzmann distribution where nuclear reaction rates a
compound scattering rates compete in light element for
tion. a-particle decays can also provide cluster structure
formation for the decaying states. Direct measurements
resonance reactions are extremely difficult at such low e
gies because of the masking effect of Coulomb scatter
The method used for measuringa-particle decays in the cur
rent work is resonant particle decay spectroscopy~RPDS!
@1#. Charged particle nuclear reaction fragments are ide
fied in time coincidence in twox-y-position sensitiveE-DE
counter telescopes, determining the particles’ masses, ch
numbers, kinetic energies, and emission angles. This in
mation provides complete kinematic identification when
reaction is a three-body final state. Conservation of lin
momentum is used to determine the energy of the third p
ticle from which an experimentally determined three-bo
Q-value spectrum is obtained. A well defined peak in t
Q-value spectrum identifies the three-body final state re
tion of interest. The relative energy between two of the th
particles is the decay energy of a resonant state involv
that pair when the reaction’s final state proceeds by two-b
sequential decay. In previous work@2#, the method has bee
used to determine ana-particle decay branching fraction fo
a 444 keV decay in15N* and the result agreed with a dire
4He111B resonance scattering result of Wanget al. @3#.

The current work reports on near threshold charged p
ticle decays resulting from reactions induced by 34 MeV7Li
ions bombarding7Li targets at the Florida State Universit
Tandem-LINAC accelerator laboratory. Branching fractio

*Present address: School of Physics and Astronomy, Universi
Birmingham, Edgbaston, Birmingham B15 2TT, Unite
Kingdom.
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for 10Be* →4He16He have been determined for10Be ex-
cited states atEx57.542 and;9.6 MeV. The branching
fraction obtained for the 132 keV decay of the 7.542 Me
state represents the smallest branching fraction ever m
sured by this method. Although the branching fraction
very small, it represents a large reduced width. This resu
used to infer properties of the state relevant to structure m
els for 10Be. Correspondence with calculated energy le
structure also allows reasonable speculation regarding
sibleJp assignments and the promise of future experimen
results.

II. EXPERIMENTAL METHOD

The details of the RPDS method have been thoroug
explained in our previous publications@2,4#. Here we will
only review the detector geometry and other features spe
to the current experiment. A schematic velocity addition d
gram along with the detector geometry and equations pe
nent to the method are shown in Fig. 1. Each of the coun
telescopes 1 and 2 consist ofDE andE detectors of nominal
thickness of 67 and 1000mm, respectively. Each detecto
has an active area of 12 mm312 mm which is collimated
to 11 mm311 mm at a distance of 150 mm from the targ
The eight-degree detector separation shown in Fig. 1
nominal value. The actual separation is a measurement
tween the centers of position grids placed in front of t
detectors during calibration and is accurate to60.05°. The
angleu0 is set at 15°. Although the diagram depicts plan
decays, out-of-plane decays are also detected for a lim
angular range since theDE detectors are position sensitive
the reaction plane shown, while theE detectors measure th
position perpendicular to this plane. All nuclear charges a
massesZ and A are clearly identified in the counter tele
scopes up through the beryllium isotopes.

Relative 7Li target thicknesses are determined by use
energy detectors above the exiting beam at angles of 16°
20°. Energy spectra of 24 MeV16O particles scattered from
the targets can easily separate elastic scattering from the7Li,
12C, and16O components of the target. The relative7Li con-

of
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tent of targets is essential to determining relative two-bo
and three-body final state cross sections needed
branching-fraction determinations. A secondary gold tar
and silicon detector, located approximately 40 cm dow
stream from the primary target, are used to make direct m
surement of the beam energy loss in the primary target.
get oxidation and carbon buildup are thereby continuou
monitored. The7Li targets used corresponded to about 2
keV energy loss to the incident beam.

III. EXPERIMENTAL RESULTS

Coincidence data were collected for five days with a 6 nA
beam of 7Li13 ions. Since detected nuclei are identifie
uniquely, a variety of states corresponding to different
cited nuclei and fragment pairs can be investigated. Sho
in Fig. 2 areEtot spectra (Etot5E11E21E35Q1EA) for
detected fragment pairs of~a! a1a, ~b! a16He, and~c!
7Li1t. In Figs.. 2~a! and 2~b! the peaks near 41 MeV rep
resent a three body final state of 2a16He with all particles
in their ground states. Several other peaks appear in Fig.~a!
corresponding to the undetected particle in excited sta
The 6He produced in the first excited state is, of course, fr
the 7Li content in the target, while several excited states
11B appear from the12C content in the formvar target back
ing and from carbon buildup on the target during the exp
ment. In Fig. 2~c!, the detected pair is7Li g.s.1t. The first
excited state of7Li appears in theEtot spectrum since
7Li* g decays, but it is detected as7Lig.s.with the introduc-
tion of very little change in the emission angle and kine
energy of the originally emitted7Li* . This is discussed late
in the context of10Be* →7Li1t decays.

If we select those events in Fig. 2~a!, which have6He in
the ground state, then the relative energy between the
detected particles will yield a decay energy spectrum

FIG. 1. A velocity addition diagram for three-body final sta
reactions which proceed by sequential two-body decays, equa
for the process, and a schematic of detector placements.
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8Beg.s.. Such a spectrum is shown in Fig. 3. The decay
ergy resolution in Fig. 3 is significantly worse in the prese
experiment than in earlier work@4#, which employed lower
count rates and radioactive source calibration energies. W

ns

FIG. 2. ExperimentalQ-value spectra for coincidence pairs o
~a! a1a, ~b! a16He, and~c! 7Li1t. The actualQ value is given
approximately byEtot234 MeV.

FIG. 3. Decay energy spectrum for the breakup of8Beg.s.,
showing the calibration and resolution observed in this experim
7-2
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NEAR THRESHOLD THREE-BODY FINAL STATES IN . . . PHYSICAL REVIEW C65 034317
the large number of events in Fig. 3 we can observe
effects of detector energy resolution and position resolu
independently by selecting different ranges in decay an
CB . From this information we deduce an expected dec
energy resolution for10Be* (7.542 MeV) of 12 to 13 keV.
Since the energy width of the 7.542 MeV state is (6
60.8) keV @5#, we would expect to observe thea-particle
decay of the 7.542 MeV state with an energy resolution of
keV or less. At greatly decreased detection efficiency,
state in10Be nearEx59.6 MeV can be observed at an es
mated energy resolution of about 60 to 80 keV.

A. a-particle decay and the branching fraction Ga ÕG

To observe the decays10Be* → 4He1 6He we select those
events in the peak nearEtot541 MeV in Fig. 2~b!. The ex-
citation energy spectrum for10Be* decays is encumbered b
partial detection of the reaction7Li17Li→8Be* 16He in
which we detect the6He in coincidence with one of the
decaya particles from8Be* . This problem is illustrated in
Fig. 4 showing an event plot ofCB vs excitation energy in
10Be (Ex5Erel1Eth). The clusters of events in regions
and B are primarily due to8Be* decay from an excitation o
7 to 10 MeV. The negative values ofCB correspond to de-
tecting the alpha particle in detector 1 and the6He in detec-
tor 2. For the8Be-decay events in region B of Fig. 4, th
leads to a smaller production angle for the excited8Be and it
also leads to a8Be-decay energy closer to the center of t
broadJp541 state at;11 MeV. Each of these effects gen
erate a greater intensity of detected8Be decay, which is evi-
dent in region B of Fig. 4. Region B of Fig. 4 covers a ran

FIG. 4. Event plot of the relative energy between detected p
ticles a and 6He vs the angle between their decay axis and
emission direction of the excited10Be nucleus. The decay thresho
energy 7.410 MeV has been added to the horizontal axis to con
it to excitation energy in10Be. The regions A and B are dominate
by the reaction7Li( 7Li, 8Be* )6He.
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in uCBu which is shifted to larger values from those of regio
A, leaving a larger angular range for the unobscured obs
vation of 10Be* (7.542 MeV).

The yield of 10Be* →4He16He decay events is plotted in
Fig. 5 vs excitation energy in10Be for the decay angular
range2105°,CB,0°. The smooth curve and the scale o
the right of the figure represent the total effective solid an
for detection of10Be* →4He16He decay as determined b
use of the Monte Carlo codeBEAST @6#. It appears that some
of the background due to8Be* decay still remains in the
region ofEx57.5 to 7.8 MeV, however, a significant yield in
a single channel ~20 keV/channel! clearly indicates
a-particle decay of the 7.542 MeV state of10Be. The ex-
pected observable energy resolution at this excitation is
than 15 keV. Decay energy calibration and resolution
excellent near threshold, since there they depend prima
on position resolution of the detectors. At excitation near 9
MeV, where position resolution has little effect, both the a
curacy of the energy calibration and resolution deteriora
For this reason we do not regard the apparent yield near
MeV, which persists in a spectrum ungated inCB , as a sepa-
rate state.

The branching fraction fora-particle decay of the 7.542
MeV state depends on the yield extracted from Fig. 5 (
66 events!, and the yield from a similar spectrum for 0
,CB,105° (1468 events! where the8Be background is
higher by nearly a factor of 3. A combination of these tw
yields, which correspond to different ranges of the corre
tion angleCz , is used as the termNl in Eqs.~3.2! and~3.3!
below. In the reaction7Li( 7Li, a)10Be* (l), resulting in the
formation of 10Be in the excited statel, the differential cross
section in the center of mass can be written in terms o
constantK and the number ofa particles detected in the
two-body reactionNa as

ds~uc.m.!/dV5KNa /@QaTaDVa~c.m.!#. ~3.1!

r-
e

rt

FIG. 5. Excitations in10Be as calculated for each event asErel

1Eth for the reaction 7Li17Li→4He16He14He. The smooth
curve represents the total effective solid angleVeff ~msr! for the
detection of10Be* decays as calculated by a Monte Carlo simu
tion. For this restricted range ofCB , the effective solid angle at
Ex57.542 MeV is (0.7960.01) msr. The natural width of the 9.6
MeV state is 141610 keV @7#.
7-3
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J. A. LIENDO et al. PHYSICAL REVIEW C 65 034317
This can also be written in terms of the number,Nl , of
excited 10Be nuclei detected by their subsequent two-bo
decayl→a16He as

ds~uc.m.!/dV5KNl~G/Ga!/@QlTlDVl~c.m.!#.
~3.2!

Equating these cross section equations gives an expre
for the branching fraction:

Ga /G5$Nl /Na%~Qa /Ql!~Ta /Tl!

3@DVa~c.m.!/DVl~c.m.!#. ~3.3!

The ratioQa /Ql is the ratio of beam charge collected in th
two-body and three-body measurements, whileTa /Tl is the
ratio of target thicknesses as determined by the16O scatter-
ing into the out of plane detectors. The solid angle for
three-body reactionDVl(c.m.) is calculated by a Monte
Carlo code for the appropriate angular ranges inCB . For the
negative values ofCB , the weighted mean value oful(c.m.)
is ;33.13°, as determined in the Monte Carlo calculatio
corresponding toul(lab)514.2°. Since for CB,0, ua
.u 6He, the 10Be* angle is always less thanu0515°. Since
the reactions involve two identical particles in the initi
state, the cross sections are symmetric aboutu(c.m.)590°,
therefore both thea particle and10Be yields can be deter
mined at forward angles in the laboratory. The correspond
laboratory angle for the two-body reaction is 21.8°, and
yield of a particles is an interpolated value between m
surements at 20° and 25°. Similar determinations are m
for yields for positive values ofCB .

The resulting branching fraction for the state atEx
57.542 MeV isGa /G5(3.561.2)31023. A similar appli-
cation to the yield nearEx59.6 MeV givesGa /G5(0.16
60.04). In both cases the majority of the quoted uncerta
is from the poor yield in the three-body reaction. There is
inherent error in this application of Eq.~3.3!. The yields
divided by the effective solid anglesNl /dVl(c.m.) do not
represent an exact average value over the entire angular
relation angleCz . In the case of decay of the state at 7.5
MeV, Jp521, the angular correlation would be of the for
of Eq. ~3! of Ref. @7#, with considerablem51 contribution
due to the nonzero production angle of10Be* , in addition to
them 5 1 contribution due to nonzeroJ values in the initial
state@7#. The effect would be to reduce the anisotropy in t
angular correlation function. Since the yield is extracted o
nearly a 100° range inuCzu, we expect the error introduce
to be significantly less than the 35% uncertainty alrea
quoted in the branching fraction. For the decay of the ex
tation near 9.6 MeV, our detector geometry samples o
very limited regions of the correlation angleuCzu and there-
fore that branching fraction might easily have an uncertai
twice the value of the quoted known uncertainties.

B. 10Be\7Li¿t decay nearExÄ18 MeV

The decay threshold for10Be* → 7Li1t is at Ex
>17.25 MeV. States atEx517.79 and 18.55 MeV have
been observed prominently in the7Li( t,n) resonance reac
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tion @5#. We have attempted to observe these and poss
other states in7Li1t decay of 10Be* formed in the 7Li
17Li reaction atE(lab)534 MeV. TheQ spectrum of Fig.
2~c! has been expanded and described by Gaussian
shapes and the result is shown in Fig. 6. Restricting
widths of the two Gaussian line shapes to be the same
obtain a Q-value resolution of (408611) keV and peak
separations ofDQ5(470614) keV. Since the first excited
state of7Li is at 478 keV, the lower energy peak can clear
be identified as coming from the three-body final state
7Li* 1t1a. Of course the7Li* is detected as7Lig.s. follow-
ing g decay. The emission of ag ray causes only a60.05°
spread in the7Li-emission angle and about640 keV in
energy spread. These values will have very little effect
decay energy calculations or on the observed widths.

In an attempt to isolate the7Li* 1t and 7Lig.s.1t decays,
we have formed the excitation spectra for10Be by gating on
regions A and B of Fig. 6. These spectra are displayed
Figs. 7~a! and 7~b!, respectively. The effective solid angle fo
detection of the7Li1t decay has a decay-energy depe
dence very similar to that shown in Fig. 5, with a maximu
effective solid angle of;4.3 msr atEx;17.4 MeV and
falling to one tenth the maximum value about 800 ke
higher in excitation. The effective solid angle for detection
7Li* 1t is nearly identical but shifted to higher energy b
the excitation energy of the first excited state of7Li. The
peaks identified atEx517.76 and 18.5 MeV have observe
widths of about 140 and 320 keV, respectively. The ene
resolution is expected to vary from about 20 keV near det
tion threshold to about 60 keV at the high energy cuto
These states are clearly identified with the known@5# states
at Ex517.79 and 18.55 MeV since our extracted widths a
consistent with currently accepted values of (110635) and
;350 keV respectively. Our energy calibration differenc
might arise from detecting high energy Li ions and triton
while calibrating with He ions. An apparent new state
observed in the10Be* →7Li* 1t decay at an indicated exci
tation of 18.11 MeV. Accepting the known excitation ene

FIG. 6. ExpandedQ spectrum from Fig. 2~c! for the reactions
7Li( 7Li, 7Li g.s.t)a and 7Li( 7Li, 7Li* t)a. Regions A and B are used
for producing the decay energy spectra of Fig. 7.
7-4



-

in

at
o

l in
ig.
h-
e
a-
la

u
on
e

hi
s

rie
de

g

d
ed

this
nel

the
d
nt
i-

ita-

s

e

fo
T

er

mns
u-
en-
ting

NEAR THRESHOLD THREE-BODY FINAL STATES IN . . . PHYSICAL REVIEW C65 034317
gies of 17.79 and 18.55 MeV@5#, a corrected energy calibra
tion places this new excited state atEx5(18.15
60.05) MeV with a width ofG5(100630) keV. The ab-
sence of any yield from this state in Fig. 7~b! is discussed in
Sec. IV. The single channel excess yield in Fig. 7~a! at 18.24
MeV could be a few events from the 17.76 MeV peak be
included in theA gate of Fig. 6.

IV. DISCUSSION AND CONCLUSIONS

Experiments completed in the last few years have gre
expanded our knowledge of the energy level structure
10Be @7–10#. These and earlier works, discussed in detai
Ref. @7#, result in the energy level diagram illustrated in F
8 showing known excitations below 15 MeV. The four hig
est energy states have been observed in two experim
@7,10# with poor statistics, so they require further verific
tion. Also in the figure are the results of recent molecu
orbital calculations for the energy level structure of10Be as
identified by theKp bands. Dashed lines connecting calc
lated and experimental energy levels indicate the corresp
ing states@11#. This diagram provides the framework for th
following discussion of branching fractions.

A discussion of the branching fractions determined in t
work is facilitated by converting them to reduced width
because of the strong inhibiting effect of the Coulomb bar
on a-particle decay near threshold. The experimentally

FIG. 7. Excitation energy in10Be as calculated for7Li* 1t
decays~a!, and for7Li g.s.1t decays~b!. The continuum background
from a direct three-body final state should be virtually the same
either decay branch, as shown approximately by dashed lines.
new excited state at 18.11 MeV has a calibration corrected en
of ~18.156 0.05! MeV ~see text!.
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termined reduced widths are given by Lane and Thomas@12#
as (ga)25Ga /(2Pl), where thea-particle widthGa is the
natural width of the stateG @5# times the measured branchin
fraction. We use unpublished tables@13# for the penetrability
functionsPl , where thel value for the decay isl 52 for both
Ex57.542 and ;9.6 MeV. The experimental reduce
widths can be compared with the single particle reduc
widths also given by Lane and Thomas as (gSP)2

5\2/(mar 2). The ratio (ga)2/(gSP)2 would be expected to
have a maximum value equal to the number ofa-particle
clusters in the decaying state, in this case two. Setting
ratio equal to two for the 7.542 MeV state leads to a chan
radius for its decay ofr c;(861) fm. Smaller radii require
even larger ratios of the reduced widths. For the decay of
state atEx;9.6 MeV, the ratio of the experimental reduce
width to single particle reduced width is only a few perce
~6 to 2 %! for channel radii of 3 to 8 fm. These values ind
cate vastly different structures for these twoJp521 states.

In previous work the close correspondence in the exc
tion energies of cluster states in12C and10Be has been noted
@7#. Excitation energies of states in10Be are very nearly
given by multiplying 12C excitation energies by the mas
ratio ~10/12! for the low lying excited12C-cluster states with
Jp521, 01, and 32. The first excited 01 state in 12C is
known to resemble a linear chain ofa particles. The corre-
spondingJp501 state in10Be is atEx56.179 MeV. In the
description of Itagaki@11#, this state is the band head for th

r
he
gy

FIG. 8. Energy level diagram for10Be for excitations below 15
MeV, showing excitation energies and knownJp values. The levels
indicated by dot-dash lines require further verification@7,10#. The
excitation energies in parentheses are less certain. The colu
identified byKp values are the results of a molecular orbital calc
lation @11#. Associations between calculated and experimental
ergy levels are indicated by connecting dashed lines. Connec
dotted lines are speculative assignments~see text!. The calculation
for Kp501, Jp501 state has been energy normalized to the10Be
ground state.
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Kp502
1 band. TheJp521 band member is the 7.542 Me

state for which we have measured thea-decay branching
fraction. In analogy with the12C structures, if we assume th
10Be bands ofKp501 and 02

1 have triangular and linea
arrangements, respectively, of thea-2n-a clusters, then us-
ing the energy-level spacings in these bands one can s
that thea-6He separation is nearly twice (;1.88) as large
for the Kp502

1 band as it is in theKp501 band. The very
large separation radius required by our branching frac
measurement therefore supports the assignment of Ita
@11# of the Ex57.542 MeV state to theKp502

1 band.
All 10Be excitations shown in Fig. 8 forEx.9.5 MeV

have been observed ina-particle decay@7,9,10# and there-
fore must have natural parity. The calculated bands w
Kp501 and Kp502

1 are nearly perfect rotors,EJ2E0

5J(J11)\2/2I . We can therefore speculate as to the lo
tion of Jp541 states from the known excitation energies
the Jp501 and 21 states in these bands. The result is as
ciating the Ex511.2 MeV state with the 41 state of the
Kp501 band, and theEx510.57 MeV state with the 41

state of theKp502
1 band. An earlier speculation had place

the first 41 state at 11.76 MeV@8#. A measurement of the
a-particle decay angular correlations for these three exc
states (Ex510.57, 11.2, and 11.76 MeV! could determine
which if any are the missing 41 states. Determination of th
reduced widths by this method could also possibly dis
guish between the twoK-band assignments because of t
large difference in thea-6He channel radius required in thes
bands. Obviously a reaction for populating these states m
abundantly than the current one must be found to make th
measurements.

The existence of a new state at an excitation of (18
60.05) MeV ~see Fig. 7 and its caption! presents an inter
esting situation, since it is observed in7Li* 1t decay and not
in the 7Lig.s.1t decay. The reason for this may be due
different allowedl values for the decay and the differentJp

values of7Li in its ground state and first excited state. Usi
Eq. ~3.2! and the expressions for the reduced widths for
two decay channelsl→7Li1t and l* →7Li* 1t, the ex-
pected number of detected decaysNl involving the ground
state of 7Li can be expressed as

Nl5Nl* @~gl!2/~gl* !2#~DVl /DVl* !~Pl /Pl* !~ f B / f A!.
~4.1!

The number of decays ofl* →7Li* 1t as determined from
Fig. 7~a! is Nl* . The ratio of effective solid angles for dete
tion in the two decay branches has a value of 0.40. The r
of reduced widths must be very nearly one, since both7Li
and 7Li* have unit spectroscopic factors fora1t clustering
@14#. The factor (f B / f A) is the ratio of the fractions of the
full Gaussians accepted in the gates A and B shown in Fig
The calculated values ofNl are given in Table I for different
assumed values ofJp for the 10Be state at 18.15 MeV exci
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tation. The penetrabilitiesPl and Pl* , are for the minimum
allowed l values and for a channel radius ofr c5r 0(A1

1/3

1A2
1/3) with r 051.5 fm. Comparing the results in Table

with the data in Fig. 7~b!, we can firmly conclude thatJp

<12,21, but most probablyJp502. This state has not bee
observed in7Li1t resonance work@5#. This could be be-
cause of lacking the requiredl 52 strength forJp502 at
low bombarding energy. The states atEx517.79 and 18.55
MeV have been observed in the7Li( t,n) resonance reaction
With tentativeJp assignments of 22 @5#, the resonances ca
be reached by l 50. The fact that a state atEx
518.15 MeV could also be formed byl 50 if it had Jp

512, but it is not observed in7Li( t,n), argues against tha
assignment for the new state and in favor ofJp502.

To summarize, we have measured branching fractions
the decay of10Be* at excitations of 7.542 and;9.6 MeV
into 4He16He. The results clearly associate the 7.542 M
state with theKp502

1 band of Itagaki@11#. Because of the
close correspondence of theKp501 and 02

1 bands to simple
rotations, we speculate that the firstJp541 state is atEx

510.57 MeV, associated with theKp502
1 band, and the

second 41 state is atEx511.2 MeV, associated with the
Kp501 band. We have also determined a newJp502 state
in the decay branch 10Be* →7Li* 1t, at Ex5(18.15
60.05) MeV with a total width ofG5(100630) keV. Ex-
tension of a molecular orbital model similar to Ref.@11#
would prove useful in explaining the new states in10Be with
excitations above 11.2 MeV.
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TABLE I. Calculated yieldNl for 10Be* (18.15 MeV)→7Li g.s.

1t vs assumedJp of the decaying state indicating aJp502 as-
signment.

Jp l min* l min (Pl /Pl* ) Nl

01, 11, 21 1 1 1.81 33
02 0 2 0.40 7
12 0 0 1.57 29
22 2 0 12.5 ;220
32 2 2 3.19 58
31 3 1 45 ;800
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