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Decay angular correlations and spectroscopy for10Be*\4He¿6He

N. Curtis,* D. D. Caussyn, N. R. Fletcher, F. Mare´chal,† N. Fay, and D. Robson
Department of Physics, Florida State University, Tallahassee, Florida 32306-4350
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The Li(7Li, 10Be* →4He16He) reactions have been studied at bombarding energies of 34 and 50.9 MeV.
For 10Be* production near 0°, decay angular correlations are used to determine the previously unknown spin
values and more accurate excitation energies ofJ52 at Ex59.56 MeV andJ53 at Ex510.15 MeV. New
excited states are proposed at higher excitations. A triaxial rotor model calculation and other collective rotation
proposals all require aJ54 state in the vicinity of 9 to 11 MeV, which has not been found. Angular correlation
methods more general than have been used in the recent past are discussed.
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I. INTRODUCTION

As we continue to probe the structure of nuclei furth
from the line of stability, it becomes increasingly importa
that we understand quite thoroughly the structure of the m
stable next neighboring nuclei. This is particularly true
light nuclei where structure characteristics change so rap
and systematic changes are much more difficult to estab
In this work we look at a variety of attempts to explain t
energy level structure of10Be and report ona-particle decay
angular correlations from excited states of10Be in an attempt
to establishJp values in support of some of these structu
models.

The known energy level structure of10Be was first com-
piled by Ajzenberg-Selove and Lauritsen@1# over 40 years
ago. The most recent compilation@2# shows that very little
information has been added in the intervening years. T
paucity of new information extends beyond mere excitat
energies, spins, and parities of energy levels to the mo
for the 10Be structure. In the last few years some new e
periments have been performed and new structures h
been proposed, which serve as a further motivation for
present investigation.

A distinguishing feature of many collective structure po
sibilities for 10Be is the location of the first 41 state. In a
recent extensive study and distorted-wave Born approxi
tion ~DWBA! analysis of the7Li( a,p) reactions@3#, a ten-
tative assignment of 41 is given to the excited state at 11.7
MeV, and a rotational band structure is proposed built on
01 ground state. In a second recent work, similar to
present study only at much lower bombarding energy@4#, the
a-particle decay of excited10Be is observed. In both of thes
studies the previous 9.4 MeV state@2# is reported at 9.6 MeV
and a new state is observed at 10.2 MeV. This new stat
speculated by Soic´ et al. @4# to be the 41 member of a rota-
tional band built on the excited 01 state at 6.18 MeV. An-
other collective structure picture for10Be is obtained by a
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comparison with the 3a cluster states of12C @5# and specu-
lating that a similar structure might be obtained in
a-2n-a cluster structure in10Be. If we scale the first 21

excited state energies in10Be and 12C, the 01, 7.654 MeV,
and 32, 9.641 MeV, cluster states in12C correspond very
closely in energy with the 01, 6.179 MeV, and 32, 7.371
MeV, states in10Be. Extrapolation would then predict a 41

state in10Be near 10.7 MeV corresponding to the 41 cluster
state in 12C at 14.08 MeV. A similar three-cluster orthogo
nality condition model for10Be that includes triaxial and
quadrupole deformations was carried out some time ago@6#,
and it predicts the first 41 state at approximately 11 MeV in
excitation. The model gets the separations of the 01 ground
state and the first two 21 states approximately correct an
predicts a 31 state at about 9 MeV excitation, but overpr
dicts the energy of the excited 01, 6.179 MeV, state by 3
MeV.

II. TRIAXIAL MODEL FOR 10Be

Collective excitations based on rotations of a triaxia
shaped ground state might be anticipated because of the
dictedg deformation of mass 10 nuclei in a deformed sha
consistant oscillator model@7#. It is possible that triaxiality
for 10Be has not been pursued because of the well kno
expression@8# for the ratio of the excitations of the first tw
21 states for triaxial collective rotations. In terms of th
deformation parameter,g, the expression is given by

E2,2

E2,1
5

31A928 sin23g

32A928 sin23g
, ~1!

showing that the minimum excitation of the second colle
tive 21 state is twice that of the first. In10Be we have 21

excitations at 3.368, 5.958, and 7.542 MeV@2#. The pre-
dicted@7# value ofg distortion is 34.8°, implying an excita
tion of the second 21 state at 8.00 MeV. If we assume th
the 7.542 MeV state actually corresponds to the second1

triaxial collective state, the value ofg from Eq. ~1! is 33.8°,
which is very close to the predicted value. Pursuing this
pothesis, we have performed a rigid triaxial rotor calculati
based on the formalism of Allen and Cross@9#. The resulting
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FIG. 1. Excitation energies in
10Be. From left to right: excitation
energies for various particle deca
processes; energy level diagra
for 10Be from Refs.@2–4#; calcu-
lated b-rotational band as sup
pressed by theg deformation; ad-
ditional calculated rotationa
states due exclusively to theg de-
formation. The last two columns
are based on triaxially deforme
rigid rotor calculations.
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energy level diagram is compared with the compilation@2#
and the more recent results@3,4# in Fig. 1.

There are several intriguing features about this sim
model. The large energy gap between excited states f
about 11 to 17 MeV is reproduced. The energy positions
the two states just above the triton-decay threshold are ne
independent of theg distortion parameter, although thes
energies may be subject to significant change in a calcula
in which softness of the nucleus is introduced. The ene
position of the first 41 state is predicted to be near a regi
of several known excited states of unknown spin and pa
as was the case of the other proposals@3,4,6#. The triaxial
calculation does not describe several known states with
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citations of about 6 to 9 MeV, all of which have known sp
and parity assignments. It is interesting to note, however,
a single-particle excitation from the closed 1p3/2 neutron
shell to the 1p1/2 or 1d5/2 shells would produce negativ
parity states withJ51 through 4 and positive parity state
with J51 and 2. TheseJp values are all present in th
known spectrum except for a missing 11 state. Extra states
in the known spectrum are the 01 state at 6.179 MeV, which
has been identified as an intruder state from an early s
model calculation@10#, and the other 21 state at 7.542 MeV,
which we propose as the second triaxial 21 state. Lastly, the
triaxial rotor model predicts the existence of several h
spin states at high excitation energy. This feature alo
4-2
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DECAY ANGULAR CORRELATIONS AND SPECTROSCOPY . . . PHYSICAL REVIEW C64 044604
would provide the necessary impetus for further experim
tal study, although these high spin states may not hav
width narrow enough for observation, as has been the c
for high spin states in neighboring12C @11#. Clearly these
ideas require support from much more detailed realistic
culations. Our objective is to propose triaxiality as a possi
framework for further calculations, and by performing t
following experiment, attempt to clarify experimentally th
energy level spectroscopy of10Be.

III. EXPERIMENTAL METHOD AND PROCEDURE

The method of resonant particle decay spectrosc
~RPDS! is well known, and its details are well document
in our previous work@11–13# and references therein. Th
detector geometry, an explanatory velocity addition diagra
and the equations essential to the method are represent
Fig. 2. TheE-DE countertelescopes, position sensitive in t
horizontal reaction plane, are used to determine the kin
energy, angular position, and nuclear mass and charg
particles 1 and 2, which are detected in coincidence. F
this information and conservation of linear momentum,
energy of the third particle in a three-body final state react
can be calculated. The sums of the three-particle ener
minus the beam energy, for each event, are used to formQ
spectrum to be compared with a calculatedQ value for all
three particles in their ground states, thus identifying the
action of interest. A state in the intermediate nucleus,B* , for
sequential binary decay reactions, is identified by peak
the decay energy (Erel) spectrum. Since the vector additio
diagram shown in Fig. 2 is completely known for each ev
identified as a sequential decay through a state inB* , the
formation and decay angles (uc.m.* andC) are also known for
each event and a decay angular correlation can be forme
each excited state of10Be that can be clearly identified.

FIG. 2. A velocity addition diagram for three-body final sta
reactions that proceed by sequential two-body decays, equation
the process, and a schematic of detector placements.
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The present work is an expansion and update of an ea
preliminary conference proceedings report@14#. The beam in
this experiment was7Li at energies of 34 and 50.9 MeV
Natural-Li targets with energy thicknesses of 300 to 400 k
were vacuum deposited on thin formvar backings. The de
tor thicknesses were approximately 67 and 1000mm for DE
andE, respectively. Each detector has an active surface
of 10 mm by 50 mm. A rectangular 8 mm by 48 mm col
mator is placed in front of theDE detectors to limit edge
effects and charged-particle-induced radiation damage to
nondepleted region of the silicon wafer. The collimator
target distance is set at 120 mm. The detector centers w
nominally set at 18.5° for the 34 MeV experiment, which
designed to investigate the excitation region of about 9 to
MeV. These angles are increased to 23° for the 50.9 M
experiment in order to access a higher excitation region
10Be.

Detector calibration is critical in these experiments. Thea
particles from a228Th radioactive source were used for low
energy calibration. For the higher-energy range calibrat
the reaction12C(12C,a) was used at bombarding energies
25 and 45 MeV. During the energy calibrations, the posit
calibration is enacted as well by use of a grid of fixed geo
etry slits in front of the detectors. Monitor detectors are
cated above the reaction plane, 16° and 20° from the be
direction, to give measurements of7Li and oxygen content
in the target. A second monitor, downstream from the targ
measures scattering from a secondary gold target to mon
energy loss in the primary target. Each of the two bomba
ing energy experiments comprised nearly one week of be
on target. Beam current is limited to less than;6 nA such
as to preserve position resolution and to produce a true
accidental coincidence ratio of better than 10 to 1.

IV. EXPERIMENTAL RESULTS

A. Energy level spectroscopy of10Be

The reaction-identifying spectrum for three-body fin
states following7Li bombardment at 34 MeV is shown in
Fig. 3. The events near 41 MeV correspond to7Li17Li
→ 4He16He14He, whereas those just below 28 MeV a
due to the6Li content in the target and correspond to6Li
17Li→ 4He16He13He. The observed energy resolution
about 500 keV represents the net effects of target thickn
straggling, resolution in the four detectors, and position re
lution, which determines the accuracy with which the ene
of the third final-state particle, the recoil energy (Erec), can
be calculated. By selecting the events in Fig. 3 correspond
to the reaction of interest, and similarly for a spectrum
50.9 MeV bombarding energy, the excitation energy spe
are generated for states in10Be that are produced in th
reaction and then decay into4He16He. These spectra ar
shown in Figs. 4 and 5.

The excitations in10Be observed in the bombardment
7Li are shown in Fig. 4. The excitation energies of 9.56 a
10.15 MeV correspond with those recently identified in Re
@3,4# as 9.6 and 10.2 MeV. The other two states indicated
11.8 and 17.8 MeV in excitation have appeared

for
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the compilations@1,2# for some time. The data from 50.
MeV bombardment are shown at 200 keV/channel to
hance the observation of any broader structures. Clearly
search for new states in the energy gap between 12 an

FIG. 3. ExperimentalQ spectrum for the coincidence detectio
of 4He and6He. The calculatedEtot is the three-bodyQ value from
known masses plus the beam energy. Neglecting the target en
loss effects, the calculated values are 41.37 MeV for a7Li target
and 28.04 MeV for a6Li target.

FIG. 4. Excitations in10Be as calculated for each event asErel

1Eth for the reactions7Li17Li→4He16He14He at 34.0 and 50.9
MeV. Smooth curves represent the effective solid angles,Veff ~msr!,
for the detection of10Be* decays as calculated by a Monte Car
simulation. Excited state energies are indicated.
04460
-
he
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MeV and above 20 MeV excitation has not yielded statis
cally significant results in these spectra. This is in spite of
facts that a positive three-bodyQ value of over 7 MeV
makes these high excitations well within reach and the eff
tive solid angle for detecting the4He16He decay has been
ample, ranging from 1.2 to 0.5 msr at these excitations. T
continuum, observed in each of the spectra in Fig. 4, is lik
due to a combination of the direct production of the thre
body final state and sequential two-body decay throu
highly excited continuum states in8Be.

In the RPDS method the excitation energy resolution
the decaying nucleus improves as the excitation energy
creases approaching threshold. A Monte Carlo code tha
cludes all straggling and resolution effects has been use
determine the decay energy resolution at the location of
9.56 and 10.15 MeV states, and it yields about 68 and
keV, respectively. The experimental data for these state
Fig. 4 clearly show evidence of the natural width of the
states. The contributions to the observed widths are the n
ral widths of Lorentzian line shapes, the Gaussian width
the Monte Carlo energy resolution calculation, and a sli
centroid shift of the observed peak with decay angle (C), an
effect which is well known@13# but not well understood.
After extracting the shift contribution the experimental wid
values are matched with a convolution of the Gaussian
Lorentzian line shapes to yield natural widths of 1
610 keV for the 9.56 MeV state, and 296615 keV for the
10.15 MeV state. These widths are about 13 keV less t
the previous preliminary values@14#, a difference due to this
shift contribution.

The excitation spectra fora-particle decaying states in
10Be produced from6Li bombardment are shown in Fig. 5
At a 7Li energy of 50.9 MeV known states are indicated
10.15, 10.6, and 11.8 MeV, with a possible new state at 1
MeV. For higher-energy excitations the data are shown
200 keV/channel to enhance observation of states of gre
width. Here we observe three possible higher energy exc

rgy

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

1Eth for the reactions6Li17Li→4He16He13He at 34.0 and 50.9
MeV. Approximate excited state energies are indicated here
discussed in a later section. The 50.9 MeV data have been m
plied by a factor of 3 at 100 keV/channel, and by a factor of 3/2
200 keV/channel. The 34 MeV data are plotted at 50 keV/chan
4-4
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tions in 10Be. Freeret al. @15# have very recently reporte
similar observations. At 34 MeV bombarding energy, on
the 10.15 MeV state appears and its strong isolated y
makes it an excellent candidate for initiating our discuss
of decay angular correlations.

B. a-particle decay angular correlations

Each event identified as a specific state in10Be decaying
by a-particle emission is accompanied by the formati
angle and decay angle information. Figure 6 shows an e
plot for these angles,u* andC ~see Fig. 2!, for the decay of
the 10.15 MeV state formed in the6Li bombardment by the
34 MeV 7Li beam ~see Fig. 5!. Two lobes of data appea
corresponding to detecting the4He in the detector to the lef
or right of the beam in coincidence with detecting the6He
on the opposite side. The lobes have different shapes du
slightly different low-energy cutoffs in theDE detectors. A
prominently displayed feature of the data is the existence
maxima and minima in the yield, which exhibit a defini
slope,du* /dC, as indicated in the figure. This slope effe
was first described in a semiclassical explanation by Da
veira @16# for reactions in which all particles had zero spi
His result givesdu* /dC;J/ l o , whereJ is the spin of the
decaying state andl o is the outgoing orbital angular momen
tum in the formation of the state. The CHARISSA group@17#
has used this relationship extensively to assist in determin
spin values of decaying states, along with a projection of
data along this slope line onto theu* 50 axis and comparing
the resulting distribution to aPJ

2(cosC0).
The slope shown in the data of Fig. 6~S50.65! indicates

J53. In Fig. 7 we show the same data projected onto
u* 50° axis and compare it with the square of a Legen
polynomial, and that also indicatesJ53. Again the asymme-

FIG. 6. Event plot of the formation angleu* vs the decay angle
C for the decay of10Be* (10.15) formed by6Li bombardment by
34 MeV 7Li. The two lobes of data represent detection of thea
particle to the left or right of the beam, and their lack of symme
reflects a higher-energy threshold on one of theDE detectors. The
sloping line, du* /dC, is discussed in the text. The dotted lin
indicate the range of data accepted foru* '0° angular correlations
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try about 0° in Fig. 7 is due to different low-energy cutof
in theDE detectors and these yields have not been corre
for detection efficiency. These slope and Legendre comp
sons were formulated for reactions involving all spin-ze
particles, yet in our reaction with a variety of possible e
trance channel spins, both applications result inJ53 for the
10.15 MeV state. This consistentJ assignment is undoubt
edly due to the fact that the slope property is a limited g
eral property for any state decaying into two spin-zero p
ticles irrespective of the reaction mechanism by which it
formed @18# when using unpolarized beams and targets a
in the absence of strong external fields. It depends on
relationship between the modified spherical harmonics
Brink and Satchler@19#,

CJm~u,0!5ClmSAJ~J11!

l ~ l 11!
u,0D , ~2!

which holds forumu,2 and to orderu2 in a power series
expansion.

A theoretical expression for fitting the projected corre
tion ~Fig. 7! involving non-spin-zero particles is not avai
able, however foru* near 0°, the decay angular correlatio
versusC is given by@18#

WJ~C,u* ;0°!5A (
m50

6M

pm
J uCJm~C,0°!u2. ~3!

The magnetic substate populationpm
J is assumed to be

aligned and we approximate it by an exponential falloff inm
as

pm
J 5e2m2/2s2 Y (

m850

6M

e2(m8)2/2s2
, y5e21/2s2

. ~4!

In this parametrization y50 yields WJ(C,0)
5A@PJ(cosC)#2, andy51 yields isotropy. In the notation

FIG. 7. The events of Fig. 6 projected along thedu* /dC line
onto theu* 50° axis vsC05C2du* /dCDC. The resulting an-
gular correlation is compared withP3

2(cosC0). The data have not
been corrected for relative detection efficiency.
4-5



al

o
la

e

T
ith

i

-
nt
be
uu
ry
ia
rfe

t
v

r-

e
r

er

f
e

nt

pu-

se
nd

te

The
9.56
the
o-
oy

he

ction
of
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of Fig. 2, m[mB5mA1mT2m31(mi2mo), wheremi and
mo are thez components of incoming and outgoing orbit
angular momenta. These components are zero atu* 50°.
This leads to a maximum possible value of 3 form, for either
of the targets,6Li or 7Li. The summation overm in Eq. ~3!
is then limited toM<J,3. Application of these equations t
efficiency-corrected data of Fig. 5, for events in the angu
range,25°<u* <15°, also results in an assignment ofJ
53, but as can be seen from Fig. 6 the angular rang
small, making an assignment based on this6Li target data
supportive but not very convincing.

The experiment, designed originally for the7Li17Li re-
actions, results in a much broaderC range for the two
prominent states shown in the upper portion of Fig. 4.
obtain the angular correlation yields suitable for fitting w
Eq. ~3! we construct excitation energy spectra for events
10° intervals inC and for the 10° range inu* about 0°. For
each of these spectra background-subtracted yields are
tracted for the two states in10Be. Each yield is then cor
rected for detection efficiency as calculated by the Mo
Carlo code. Although it is possible to have interference
tween these prominent states and the three-body contin
background seen in Fig. 4~a!, we note that these data are ve
well represented by a smooth background plus Gauss
broadened Lorentzian line shapes without apparent inte
ence. The individual spectra, gated in 10° intervals inC and
u* , are of such limited statistical accuracy that attempting
determine interference between the small yields and an e
smaller continuum is impractical.

For thea-particle decay of the 10.15 MeV state, the co
rected relative yields are shown versusC in Fig. 8, along
with a two parameter fit using Eq.~3!. The parameters ar
the relative yield,A, and the magnetic substate mixing facto
y. Both lobes of data inu versusC space~similar to Fig. 6!
are used and the total relative yields are plotted versusuCu.
The near symmetry about 90° indicates very little interf
ence and the minimum yield at 90° indicates oddJ for the
state. The use ofJ51 or 5 resulted in very large values o
x2/D, whereD is the number of degrees of freedom. W
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conclude thatJp532 for the 10.15 MeV state, in agreeme
with all of the analyses of the6Li target data. The single
parametery determines the relative magnetic substate po
lations pm /po to be 0.276, 0.006, and;1025, respectively,
for m51, 2, and 3. The dominance ofm50 and 1 indicates
that a slope line similar to Fig. 6 would also describe the
data if it were not for the existence of a large backgrou
~Fig. 4! that would fill in the minima.

Data extracted in a similar fashion for the 9.56 MeV sta
are not symmetric aboutC590°, implying positive parity
and considerable interference with the 10.15 MeV state.
interference is expected to have a greater effect on the
MeV state because of the greater strength and width of
interfering state at 10.15 MeV. In a discussion of the tw
level interference angular correlation function, we empl
the notation ofE259.56 MeV,E3510.15 MeV,J2 andJ3
for the spins of the states. The correlation function for t
9.56 MeV state is given approximately as@18#

FIG. 8. 0° decay angular correlation for10Be(10.15 MeV)
formed by 34 MeV7Li bombardment of7Li. The relative yields
here and in Fig. 9 have been corrected for background and dete
efficiency ~see text!. The solid curve represents the application
Eqs.~3! and ~4! with J53 andy50.276.
WJ2J3
~C,u* ;0°!>WJ2

1F23WJ3
12AA2A3F23(

m50

61

Apm
J2pm

J3CJ2m~C,0°!CJ3m~C,0°!

3F cosdK ~E2E2!~E2E3!1 1
4 G2G3

A@~E2E2!21 1
4 G2

2#@~E2E3!21 1
4 G3

2#
L

DE2

1sindK 1
2 G2~E2E3!1 1

2 G3~E2E2!

A@~E2E2!21 1
4 G2

2#@~E2E3!21 1
4 G3

2#
L

DE2

G . ~5!
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The functionsWJ are the single level correlation function
of Eq. ~3!, and the termF23 is an integral determining the
relative amount of theJ3 correlation that lies within the en
ergy integration window,DE2, for the J2 correlation. The
remainder of Eq.~5! is the interference term in whichd
represents a relative phase between the resonances, ave
over energy and entrance channel spin. Since theumu50,1
terms dominate the single-level descriptions of the corre
tion data, the two-level interference correlation functions
appropriately limited toumu50,1 terms. The other integra
terms, ^ &DE2

, are also integrated over the energy windo

DE2 and they involve the natural widths, listed in Table I
The angular correlation function of Eq.~5! and a similar

one with subscripts 2 and 3 interchanged for the 10.15 M
state are used to describe both sets of data simultaneous
a five-parameter minimization ofx2/D. The parameters ar
the two relative amplitudes,A, two substate mixing param
eters,y, and the relative average phase. The description
the data are shown in Fig. 9 for spin values ofJ252 and
J353. Spin values other thanJ252 resulted in much large
values ofx2/D with a nearly isotropic description of the 9.5
MeV correlation. The relative substate contributions,p1 /p0,
given by the best fit values ofy250.183 andy350.257 for
the 9.56 and 10.15 MeV resonances, respectively, give
ther justification for limiting the summations toumu50,1
when using the parametrization of Eq.~4!, since the relative
substate populations are given bypm /p05ym2

.

V. SUMMARY AND DISCUSSION

The spectroscopic information deduced from this exp
ment at lower excitations of10Be is compared with recen
previous work@3,4# and the compilation@2# in Table I. The
Jp values of the 9.56 and 10.15 MeV excited states of10Be
have been unambiguously determined to be 21 and 32, re-
spectively, and their natural widths have also been measu
The excitation energies quoted are a combination of our
sults from measurements of the two-body reacti

TABLE I. Summary of 10Be spectroscopy,Ex59 to 12 MeV,
with recent references. For references prior to 1988, see Ref@2#
and text.

Ex ~MeV! Jp Gc.m. ~keV! Decay References

9.27 (42) 150620 n @2–4#
9.4 (2)1 291620 n @2#

9.6460.1 @3#

10.2 @3#

9.660.1 a (n) @4#

10.260.1 a @4#

9.5660.02 21 141610 a a

10.1560.02 32 296615 a a

10.57 n (a) @2–4#a

(11.2360.05) Nat.p 200680b (a) a

11.8 Nat.p 121610 a @2,3#a

aPresent work.
bObserved width, not corrected for system resolution.
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7Li( 7Li, a)10Be, and thea-particle decay of10Be excited
states. It is clear that these are the same excited state
ported in Refs.@3,4#. It is interesting to note that the 9.5
MeV state is not observed from the6Li target. This is likely
due to the large angular momentum mismatch in that re
tion. Our 32 assignment for the 10.15 MeV state mak
invalid the earlier speculation that it could be a 41 rotational
band member@4#. It does agree well with recent prediction
@20,21# of a 32 state near this excitation. Our tenuous obs
vation of the 10.57 MeV state does not appear convincin
in the a-particle decay of Figs. 4 and 5 or in Ref.@4#,
whereas it does have a strong neutron decay@4#. Observation
of the a-particle decay of the 11.8 MeV state and of a po
sible new state at 11.2 MeV indicates natural parity.

The excitation evergy region above 11.5 MeV is cons
ered in Table II, where we compare the recent result of Fr
et al. @15# and the present work. The values from this expe
ment are the result of fitting the data of Fig. 5 at 200 ke
channel with a smooth background plus Gaussian
shapes. The absolute error in our excitation energies is
pected to be about60.1 MeV. Even though the excitatio
energy uncertainties quoted by Freeret al. are much larger,
there is surprisingly good agreement for three of the fo
energies. It is disturbing, however, that the 13.85 MeV ex
tation is not observed in their work. Because of this and
small yields in both experiments, these higher excitatio

FIG. 9. 0° angular correlations for the decay of the 9.56 a
10.15 MeV states of10Be formed in 34 MeV7Li bombardment of
7Li. The solid curves are the result of simultaneous application
Eqs. ~5! and ~4! to both sets of data giving a total value ofx2/D
52.2 with J252, J353, y250.183, andy350.257.
4-7
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must still be treated as tentative new excited states in10Be.
The widths listed in Table II have not been corrected
system resolution and the errors are statistical only. If o
assumes that the 11.8 and 11.93 MeV excitations in Tabl
and II are the same state, then comparing their widths yie
a system resolution of 160665 keV at this excitation. How-
ever, this state indicated at 11.8 MeV in Fig. 5 may be
doublet of 11.76 MeV@2# and 11.95 MeV~see Fig. 5,E
550.9 MeV at 100 keV/channel!.

A definitive observation of a state at 9.4 MeV has n
appeared in recent work. In several experiments a bro
(>400 keV) unresolved yield has been observed that
compasses the possible excitations of 9.27, 9.4, and
MeV @4,22,23#. The original evidence for the 9.4 MeV sta
is the neutron resonance work of Bockelmanet al. @22#, but
even their introduction of this state failed to describe
magnitude of the observed cross section@22# although the
9.27 MeV state is clearly identified. A study of th
9Be(a,3He)10Be reaction@24# with an energy resolution o
80 keV also failed to resolve these states. Other publis
works resolve the 9.27 MeV state from a neighboring stat
higher excitation@3,25,26#. In the work of Andersonet al.
@25#, 9Be(d,p)10Be is the source of the width measureme
for states atEx59.27, 9.4, and 11.76~see Table I!. In their
Fig. 1, however, the separation above the 9.27 MeV s

TABLE II. Comparison of10Be spectroscopy,Ex.11.5 MeV.

Present worka Freeret al. @15#

Ex (MeV) b Gob (keV) Ex(MeV)

11.93 200680 c 11.9
13.05 2906130 13.2
13.85 3306150
14.68 3106140 14.8

16.1
17.2

aObtained from fittingE550.9 MeV data of Fig. 5 at 200 keV
channel.
bStatistical uncertainty >60 keV, absolute uncertainty
>100 keV.
cErrors shown are statistical uncertainties only. These values h
not been corrected for system resolution and therefore can onl
considered as upper limits~see Sec. V, second paragraph!.
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must yieldEx;9.6 MeV and not 9.4 MeV for the adjoining
member of the doublet@25#. In the proton pickup reaction
11B(d,3He)10Be @26#, a single peak is reported in this regio
at Ex59.6 MeV, yet it has been cited@27# as supporting
evidence for the 9.4 MeV state rather than being listed in
compilation as a new state. The absence of the 9.4 MeV s
in the proton pickup reaction from the 1p shell and the fact
that onlyJp501 and 21 are observed@26# indicate that if a
state exists at 9.4 MeV, it probably hasJ>3. It appears that
a neutron capture reaction followed by neutron decay, s
as 9Be(7Li, 6Li) 10Be* →n19Be, with energy resolution
equal to or better than the current work will be required
resolve questions remaining about an excited state of10Be at
9.4 MeV.

The measurements presented in this work do not prov
further support for a rigid triaxial rotor description of th
excited states of10Be. The recent molecular orbital mode
calculation@21# is particularly interesting, since it reproduce
many of the features of a triaxial calculation. We can ident
their Kp501 and 21 bands with theb and g rotations of
Fig. 1. Due to the increased number of degrees of freed
their model predicts new bands of excited states. The 9
MeV, 21 state is probably a member of theKp511 band
@28# and the 10.15 MeV, 32 state would belong to theKp

512,22 band. Higher excitations@21# may correspond with
some of the new higher-energy states reported in Table
Determination ofJp for the states atEx5(9.4) 10.57,~11.2!
11.8, 17.8, 18.5 MeV and a number of possible new sta
above 12 MeV will provide further insight into the applica
bility of this more general model calculation.
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