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New highly excited states of10Be observed in charged particle decay
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Highly excited states of10Be are formed by the bombardment of7Li targets by7Li beams at 34 and 50.9
MeV from the Florida State University Tandem/LINAC accelerator facility. The states are observed in three-
body final state reactions by coincidence measurement of the vector momenta of two of the three particles and
reconstruction of the decay energies. We observe decays involving7Li, 8Li, 9Li, and 6He in their ground
states, first excited states, and in some cases second excited states. Fifteen of the 18 excitations observed are
proposed as possible new states of10Be. A few a-particle decays of excited boron isotopes are also reported.
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I. INTRODUCTION

The energy level structure of10Be is now fairly well un-
derstood for excitations below 11.5 MeV. A molecular orbi
model @1# seems to provide good correspondence betw
the calculated excitations and all known excitations up to
energy@2,3#, although some predicted unnatural parity sta
are still missing from the experimental data. The molecu
orbital model is a model for the rotational bands, identifi
by theirKp values, of various cluster configurations of twoa
particles plus two neutrons. Although additional refinem
of the calculations might provide better agreement w
known excitation energies@3#, some recent key measure
ments @2,4# have provided the connection between kno
excitations and the characteristics of some of the mo
states. Ana-particle decay branching fraction measurem
of the Jp521 state at 7.542 MeV, only 132 keV above th
a-decay threshold, has identified that state as theJp521

member of the secondKp502
1 rotational band. That band, i

the model of Itagaki and Okabe@1# has a cluster structure o
a ‘‘stretch’’ state arrangement,a-2n-a. An a-particle decay
angular correlation from the state atEx510.15 MeV has de-
termined that state to haveJp532, identifying that state as
the second 32 state of the negative parityK band. The first
32 state of that band is thea particle bound state atEx
57.371 MeV. It had been speculated earlier that the 10
MeV state was the firstJp541 state@5#. The identification
of the 41 states, which have yet to be determined, is ess
tial to the final understanding of the low energy level stru
ture of 10Be.

Our past work on the energy level structure of10Be has
concentrated on thea-particle decays of unbound state
@2,4#. Those studies and the present work have used

*Present Address: IReS, BP 28, F-67037 Strasbourg Cedex
France.
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method of RPDS@6# ~resonant particle decay spectroscop!
to investigate three-body final state reactions induced
7Li17Li at bombarding energies of 34 and 50.9 MeV by u
of the Florida State University Tandem/LINAC accelerat
facility. We have also reported decays of10Be* into 7Li1t
near the triton decay threshold@2#. The current work is an
extension of the earlier analyses@2,4# to include 10Be*
→9Li1p, 8Li1d, 7Li1t, including many decays involving
first and second excited states of the lithium isotopes, and
additional high energy decays of10Be* →4He16He, 4He
16He* (1.80 MeV). All of these new excited states of10Be
are outside the scope of the current molecular orbital mo
The lithium decay channels require breaking one of
a-particle clusters, and the newa decays are from states a
higher excitations than have been considered in the mo
calculations@1,3#.

Resonance reactions initiated by7Li1t have been ob-
served by conventional means@7#, however a newJp502

state was found by the current method@2# as a resonance in
7Li* (0.48 MeV)1t. Similarly 8Li1d, 9Li1p, 4He16He
resonances could be observed by use of RIB~rare isotope
beam! facilities, but resonances involving excited states
these isotopes still must rely on something similar to RP
of three-body final state reactions. An exception to t
would be resonance reactions such as7Li( t,p)9Li* @8#. This
requires simultaneous resonances in10Be* for both 7Li1t
and 9Li* 1p, and a resonance can often be masked by
direct reaction nature of the process.

The present work shows that resonances involving r
isotopes and even their excited states can be investigate
conventional beam facilities, and by use of convenient bo
barding energies of less than 10 MeV per nucleon. We rep
many new decay channels for excitations of10Be from 17 to
28 MeV. All of our charged particle decay work on the e
ergy level structure of10Be is summarized and compared
other studies of particle unbound states@3,8–13#, which have
appeared in literature since the 1988A510 compilation@7#.
It is noted that an updated compilation forA58,9,10 is in
2,
©2003 The American Physical Society16-1
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progress@14#. The recent model calculations@1,15# do not
address the excitation energy region of the current exp
mental results.

II. EXPERIMENTAL METHOD

All of the results reported in this work are the cons
quences of analysis of data acquired in the previous
experiments@2,4#. The experimental conditions are therefo
identical to those already discussed. Detector geome
used and simple forms of the equations used in data re
tion are shown in Fig. 1. All detectors used are positio
sensitiveE-DE counter telescopes with position resolutio
between 0.5% and 1% of the position-sensitive dimension
the detector. The geometry shown in the upper portion
Fig. 1, the wide angle geometry@4#, used detectors 5 cm in
length, located;12 cm from the target, and withu0
'18.5° for 7Li bombarding energy of 34 MeV and'23°
for the 7Li bombarding energy of 50.9 MeV. The small ang
geometry experiment@2#, also at 34 MeV, made use of 1
mm square detectors arranged forx andy position informa-
tion. These detectors were located;15 cm from the target
and withu0 equal to 15°. All isotopes withA510 or less are
separated in the counter telescope spectra. The sys
therefore provide measurement ofA, Z, E, and u for any
charged particle involved in10Be decay. When two particle

FIG. 1. Velocity addition diagrams for three-body final sta
reactions, which proceed by sequential two-body decays, equa
for the processes, and schematics of detector placements. The
angle geometry is shown at the top, and the small angle geome
shown at the bottom.
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are detected in coincidence, their linear momenta allow
determination of the linear momentum of the third partic
when only three particles are involved in the reaction. Co
struction of anEtot spectrum (Etot5E11E21E3) then deter-
mines the experimental value of the three-body reactionQ
value.Q000 in Fig. 1 indicates all three particles are in the
ground states. TheEtot spectra would show lower energ
peaks for one or more particles in an excited state.

Figure 1 illustrates what we will call direct detection o
the decay, B* →112, that is, the decay products of B* are
the particles detected in time coincidence. In an import
segment of this work, which we call indirect detection, pa
ticle 3 is detected in coincidence with either particle 1 or
and the reconstructed energy and angle of the undete
decay particle is used to calculate the relative energy
tween decay particles 1 and 2. The equations shown in Fi
illustrate how the relative energyErel is determined. The
relative energy is of course the decay energy of the st
which when added to the decay threshold energy yields
excitation energy of the unbound state. We have searched
data for charged particle decays of10Be* involving He and
Li isotopes in both direct and indirect detection, and in bo
the wide angle geometry@4#, at bombarding energies ofEA
534 MeV and 50.9 MeV, and the small angle geometry@2#,
EA534 MeV.

III. EXPERIMENTAL RESULTS

A. Direct detection of Li-isotope decays of10Be

Decays of excited states of10Be into 9,8,7Li1p,d,t are
observed by first selecting the areas from the counter t
scope spectra corresponding to the Li isotope of interest
the appropriateZ51 particle. The energy and direction in
formation is used to calculate the energy of the third partic
the Etot spectrum, and ultimately the decay energyErel and
the excitation energy of the10Be. When an excited state o
Li is involved in the decay, it is detected as Li in the grou
state followingg decay. The momentum of the emittedg ray
introduces very little spread in the energy and the angle
the emitted Li nucleus and therefore has only a small eff
on the subsequently generated spectra. This point is
cussed quantitatively in Ref.@2#. Since theg-ray energy is
lost, the value ofEtot for events involving an excited state o
the lithium isotope is reduced by theg-ray energy.

1. Wide angle geometry results

For EA550.9 MeV, theEtot spectra for three-body fina
states of9Li1p1a and 8Li1d1a are shown in Figs. 2~a!
and 3~a!. The total system energy resolution shown in t
Etot spectra is'800 keV, which is largely influenced by th
LINAC resolution. The shaded regions of parts~a! indicate
the areas ofEtot gated upon to form the excitation spectra
parts~b! and~c!, where possible new excitations in10Be are
indicated. Some of the events in these figures can be f
the a-particle decay of5Li and 6Li. These decays can pro
duce some background in theEx(

10Be) spectra, but they can
not produce sharp lines, since the appropriate Dalitz plots
rather oval in shape, unlike those we present later in S
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III B 2. With the poor statistical nature of the data of Figs.
and 3, it was not useful to try to gate out these possibilit
The shape of the continuum in parts~b! and ~c! of these
figures tends to indicate the shape of the detection efficie
functions. Examples of these functions have been shown
the direct detection ofa decay of 10Be in Fig. 5 in Ref.@2#
for the small angle geometry and in Fig. 4 in Ref.@4# for the
wide angle geometry. Figures 2~b! and 2~c! show that the
accessible energy ranges are only about 3 MeV. This is
tated by the detector geometry and by the kinematics of
method. Since the first excited state of9Li is at 2.69 MeV,
the accessible range inEx(

10Be) is shifted by this amount
thus providing almost no energy overlap in the two exci
tion spectra of Fig. 2. This lack of overlap frequently pr
vents comparison of different decay modes of particular
citations. In Figs. 3~b! and 3~c! there is considerable energ

FIG. 2. Direct detection of10Be* decays using the wide angl
geometry,EA550.9 MeV. ~a! Etot spectrum showing shaded gatin
regions for9Li(g.s.) and9Li* (2.69 MeV) decays.~b,c! Spectra of
Ex(

10Be) for the gating regions shown in~a!.
02431
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overlap, and some of the excitations appear in both spe
~24.8, 25.0, 26.0, and 26.3 MeV! and some do not~24.25,
24.6, and 27.4 MeV!. Many possible new excitations of10Be
will be presented, and a summary based on the frequenc
occurrence and strength of candidates will determine wh
are finally considered new states of10Be.

Direct detection of10Be decays into7Li1t at a bombard-
ing energy of 50.9 MeV is difficult for two reasons. Firs
since the three-body reaction is7Li17Li→7Li1t1a, there
is a very large contaminating reaction in which one of t
initial state 7Li particles spontaneously breaks up intot
1a. We can gate out much of this contaminating reaction
forming a Dalitz plot ofEx(

7Li) vs Ex(
10Be) for each three-

body event analyzed as either reaction. Even after gating
much of the 7Li continuum, considerable background st
persists in theEx(

10Be) spectrum. The second difficulty i
perhaps more serious. TheEtot energy resolution for this par

FIG. 3. Direct detection of10Be* decays using the wide angl
geometry,EA550.9 MeV. ~a! Etot spectrum showing shaded gatin
regions for8Li(g.s.) and8Li* (0.98 MeV) decays.~b,c! Spectra of
Ex(

10Be) for the gating regions shown in~a!.
6-3
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of the experiment is'800 keV, while the separation of th
7Li and 7Li* peaks in this spectrum is only;480 keV. It is
clear from the shape of theEtot spectrum that ground stat
events occur three to four times more frequently than
excited state events. Gating on the extreme upper end
sures predominantly ground state events, and the resu
Ex(

10Be) spectrum identifies excitations at 24.25, 24.0 Me
and possibly at 23.65 and 23.35 MeV. Trying to extract10Be
excitations from the7Li* region of theEtot spectrum proved
to be much too unreliable.

The energy resolution in theEtot spectrum measured at
bombarding energy of 34 MeV is under 600 keV, making
slightly improved gating for the detection of7Li ~g.s.! and
7Li* ~0.48 MeV! events. There are several thousand eve
in both regions of the spectrum; however, after gating onEtot
and reconstructing10Be* spectra no features indicating ide
tifiable states are found. It appears that spectra are o
whelmingly populated by direct three-body final states
7Li1t1a and 7Li* 1t1a without appreciable presence o
sequential binary decay through excited resonant state
either 7Li or 10Be. The decay events10Be* →8Li1d were
observed with little background and the results are show
Fig. 4. Excitation in10Be at 23.35 MeV is supported by th
8Li (g.s.)1d decay spectrum, but nothing of significan
results from our analysis of8Li* 1d at this bombarding en
ergy. Similarly, 10Be* decays to9Li (g.s.)1p show a well

FIG. 4. Direct detection of10Be* decays using the wide angl
geometry,EA534 MeV. ~a! Etot spectrum showing shaded gatin
regions for8Li(g.s.) and8Li* (0.98 MeV) decays.~b! Spectrum of
Ex(

10Be) for the gating on8Li(g.s.) region shown in~a!.
02431
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isolated state atEx(
10Be)521.0 MeV, which is supported by

an a decay reported later in this work. There are no resu
for decays involving excited9Li.

2. Small angle geometry results

For the small angle geometry experiment at 34 MeV,
have already reported the results for7Li1t decays@2#. That
result showed energy resolution inEtot of ;400 keV so
separation of7Li ground state and first excited state even
was adequate, however, the accessible range of10Be excita-
tion is only about 1 MeV. For8Li1d and 9Li1p decays the
separations inEtot of ground state and excited state deca
would be even greater, but no8Li* or 9Li* decays were
observed in this part of the experiment. The number
ground state decays observed is extremely small. Only
event observed in8Li1d coincidence occurred at an excita
tion of 21.7 MeV when analyzed as a10Be* decay. When
analyzed as an indirect detection of a6Li* →a1d decay,
that one event would indicate a6Li excitation of 5.54 MeV,
which does not correspond to a known state, thus elimina
this process from consideration. There were 11 events
9Li1p coincidence. Analyzed as10Be* decay, nine of the
events were well localized atEx(

10Be)519.8360.03 MeV
with an estimated width ofG;50 keV. Although the energy
spread observed is much less than the 700 keV expe
range of accessibility expected, claiming this peak as a n
excitation in 10Be must still be considered uncertain. Th
excitation is just;200 keV above the9Li1p decay thresh-
old where the small angle detection efficiency is near ma
mum ~see, for example, Fig. 5, in Ref.@2#!.

B. Indirect detection of Li-isotope decays of10Be

1. Wide angle geometry results

In the indirect detection of10Be decays from7Li17Li
reactions, we measure in coincidence either the Li1a pair or
the a1(Z51) pair. In general the wide angle geometry
better suited for direct detection decays rather than the i
rect detection, a conclusion which will be substantiated
low. For the 50.9-MeV data the energy resolution inEtot
spectra is often nearly 1 MeV fora1Li coincidences and
less than 600 keV fora1(Z51 particle! coincidences. In
spite of the poor energy resolution fora1Li coincidences,
9Li and 8Li are still adequately resolved from their first ex
cited states for gating purposes, and high and low ene
regions of theEtot spectrum fora17Li can be used. Recon
structed10Be spectra fromEtot gates on the9Li (g.s.) region
indicate 10Be excitations at 32.4, 34.0, and 35.0 MeV, ho
ever, without verification from other spectra we do not i
clude these as new excitiations in our summations. No us
10Be excitation information is obtained for any other gat
on Etot spectra fora1Li coincidences. The useful informa
tion from these coincidence data are for the direct detec
of the competing decays of boron isotopes,13,12,11B
→9,8,7Li (g.s.)1a. Excitation energy spectra for thea de-
cay of boron isotopes are shown in Fig. 5. Only unambig
ous strong decays are labeled. The new state in13B at Ex
513.6 MeV may be accompanied by several higher ene
6-4
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NEW HIGHLY EXCITED STATES OF10Be OBSERVED . . . PHYSICAL REVIEW C68, 024316 ~2003!
states, but poor statistics prevent their substantiation.
states in12B indicated at 13.2 and 15.5 MeV are probab
the known@16# states at 13.33 and 15.5 with 14.0 being
new excitation. The nucleus11B is well studied@16#, and all
states indicated in Fig. 5~c! have been previously observe
Some of the yields for B→Li1a decays seem to be suffi
cient to pursue an angular correlation analysis as in Ref.@4#;
however, the combination of limited data foru(B* );0° and
the nonzeroJ values of theZ51 andZ53 decay products
would preclude an unambiguous spin determination of
boron excited state.

Coincidences ofa1p in the 50.9-MeV data produce ex
cellent resolution in theEtot spectrum, and yield10Be* de-
cays atEx522.3, 24.3, and 25.7 MeV for9Li (g.s.) decays
andEx526.4 and 27.3 MeV for9Li* decays. Coincidence
of a1d for the indirect detection of8Li decays show

FIG. 5. Direct detection of boron isotope decays into Li(g.
1a using the wide angle geometry,EA550.9 MeV. Prominent de-
cay energies are labeled. Other possibilities are easily discerne
02431
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Ex(
10Be)524.8, 25.6, 27.0, and 27.5 MeV for8Li (g.s.) de-

cays and 26.2 and 27.0 MeV for8Li* (0.98) decays. No
useful information comes froma1t coincidence data in
spite of good resolution in theEtot spectrum. This channe
seems to be dominated by direct breakup of7Li without the
formation of excited states.

At EA534 MeV the only case among Li1a coincidences
that produces a satisfactoryEtot peak is for7Li and it shows
an Etot resolution of about 550 keV. Although7Li (g.s.) is
not completely resolved from7Li* (0.48), the gate in the
higher end of theEtot peak yields evidence for10Be excita-
tions at 27.2, 27.7, and 28.6 MeV. Gating on the7Li* region
of Etot yieldsEx(

10Be)527.2, 27.8, and 28.6 MeV. All of the
a1(Z51)Etot spectra have resolution of less than 400 ke
For thea1p coincidences we find10Be* →9Li1p decays
supporting excitations at 21.7, 22.3, 23.1, and 24.3 MeV.
thea1d segment of this work even though there are seve
thousand events there is no significant information on10Be*
decays. For thea1t coincidences both the7Li(g.s.)1a1t
events and the7Li* (0.48)1a1t events are dominated b
the direct detection of7Li* →a1t at Ex(

7Li) 54.63, 6.68,
and 7.47 MeV. Because of good statistics in these spectra
can obtain a width measurement for the 6.68-MeV state
750–850 keV, depending on the background selection. T
is in good agreement with the literature@7# value of
875(2100

1200) keV.

2. Small angle geometry results

Coincidence detection of Li1a produces no real-
coincidence three-body final state events, since the rem
ing Z51 particle cannot carry off sufficient linear mome
tum perpendicular to the beam axis. Fora1(Z51 particle!
detection the efficiency for indirect detection of Li-isotop
decays of10Be from the small angle geometry experime
provides data on the decay of high-energy states of10Be,
unlike direct detection for which the geometry has very hi
efficiency for near threshold decays. Shown in Fig. 6 are
Etot spectra for the three-body final states of8Li1a1d and
7Li1a1t for coincidences between the light particle pai
Energy resolution is;250 keV, providing excellent separa
tion of the final states of8Li and 7Li. Impurity reactions
identified near the high-energy end of these spectra oc
because of the carbon and6Li content in the target and du
to gates on theZ51 area of the counter telescope spectru
which included some events from the neighboring m
number. In anEtot spectrum for the9Li1a1p final state
~not shown!, a well-defined peak of;180 counts per chan
nel, occurring at'29 MeV, is identified as the ground sta
9Li events. This peak sits on a background of;60 counts
per channel, which rapidly rises at lower energy, similar
the background increases in Fig. 6 at this energy, obscu
any hope for observing the9Li excited state at 2.69 MeV
Eighty percent of these9Li1p decays are found by detec
ing the a in detector 1~see lower part of Fig. 1! and the
proton in detector 2. This will be designated asa(1), p(2)
detection, a notation that will be used through this secti
The higher yield fora(1), p(2) detection is likely due to the
fact that the resulting10Be* axis is much closer to the beam

.

6-5



du

te
n

e
o

n
-

en

o
is
-

ci-
o

g
.

se
s

f the

the

ith
ota-

FLETCHER, CAUSSYN, MARE´CHAL, CURTIS, AND LIENDO PHYSICAL REVIEW C68, 024316 ~2003!
axis, where yields might be expected to be higher, partly
to kinematic focusing. The10Be excitation energy spectrum
resulting from gating on the9Li (g.s.) for a(1), p(2) coin-
cidences is shown in Fig. 7. All excitation energies indica
in the figure are substantiated by other observations show
this paper except for the excitation of 23.0 MeV.

Forming 10Be excitation spectra by gating on the8Li
peaks of Fig. 6~a! is complicated by the fact that thea1d
coincidences can also result from the decay of6Li* in the
reaction 7Li @7Li, 6Li* (2.186 MeV)→a1d#8Li. The prob-
lem is illustrated in Fig. 8, which shows Dalitz plots for th
a1d coincidence events analyzed as indirect detection
10Be* decays and as direct detection of6Li* decays. The
locus of points for any particular final state of8Li forms a
near parabolic shape, which moves vertically for differe
excitations in 8Li and for swapping particle detection be
tween detectors 1 and 2. Since the relative energy betwea
andd from the first excited state of6Li remains fixed corre-
sponding toEx(

6Li) 52.18 MeV~horizontal scale!, the 6Li*
decay events can obscure10Be* decays over much of the
10Be excitation energy range of 23–30 MeV as the locus
points in the Dalitz plot migrates vertically. A solution to th
difficulty is to plot all of the 10Be excitation spectra sepa

FIG. 6. Etot spectra for~a! a1d detection and~b! a1t detec-
tion, using the small angle geometry,EA534 MeV. Target impurity
peaks and those resulting from a generous mass gate on theZ51
portion of the counter telescope spectrum are also labeled.
02431
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rately. This is done in Fig. 9 in which several possible ex
tation energies in10Be are indicated. In Fig. 9 the yields g
off scale at energies where the6Li* decays interfere. A simi-
larly constructed figure fora1t coincidences, reconstructin
excitations in 10Be as 7Li1t decays, is shown in Fig. 10
Only possible excitations at 22.2, 26.2, and;27.2 MeV are
indicated. An added note of caution: when projecting the
Dalitz plots onto theEx(

10Be) axis, even when excited state
on the horizontal axis are not possible, the mere shape o
curve~locus of points in the Dalitz plot! may tend to produce
broad maxima at the upper and lower energy ends of

FIG. 7. Ex(
10Be) spectrum for9Li(g.s.)1p decays indirectly

detected, small angle geometry,EA534 MeV. The notationa( i ),
p( j ) indicates that thea particle is detected in telescopei and the
proton is detected in telescopej.

FIG. 8. Two examples of Dalitz plots,Ex(
10Be* →8Li1d) vs

Ex(
6Li* →a1d) a1d coincidences, small angle geometry,EA

534 MeV. The first excited state of6Li is detected at;2.18 MeV,
obscuring excitation energy ranges for10Be* decay. The vertical
and horizontal scales for this display are channel numbers w
suppressed zeros for their corresponding energy values. For n
tion see the caption of Fig. 7.
6-6
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NEW HIGHLY EXCITED STATES OF10Be OBSERVED . . . PHYSICAL REVIEW C68, 024316 ~2003!
Ex(
10Be) spectrum. These maxima usually are due to cha

ing 10Be* detection efficiency rather than10Be excitations.

C. 10Be*\4He¿6He, and 4He¿6He*

The direct detection experiments for10Be decays into
4He16He have been reported extensively in our earlier w
@2,4#. Direct detection of4He16He* (1.80 MeV) is not pos-
sible by simple means, since the excited state6He is neutron
unstable with an extremely short half-life. Indirect detecti
of these decays is effected by detecting twoa particles and
reconstructing the6He momentum, and hence the relati
4He-6He energy. A typicalEtot spectrum for this process i
shown in Fig. 11 for the wide angle data atEA534 MeV.

FIG. 9. 10Be excitations froma1d coincidences gated on th
8Li, 8Li* , 8Li** peaks of Fig. 6~a!. The off scale yields corre-
spond to decays6Li* (2.18 MeV)→a1d. For notation see the cap
tion of Fig. 7.
02431
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The unlabeled peaks are all identified as originating from
12C content of the target backing with some smaller pe
due to surface oxygen. ForEA550.9 MeV theEtot spectrum
is similar, but the yields of interest are reduced by abou
factor of 5 and the background continuum has increased.
Etot spectrum for the small angle geometry has been
played as Fig. 3~a! of Ref. @2#.

The wide angle geometry has its maximum coinciden
efficiency for a relative energy between thea particles of
about 3 MeV, where8Be has its broad first excited state. F
this reason 8Be* detection dominates the spectra reco
structed for10Be* decay atEA534 MeV and even more so
at 50.9 MeV. We show one such spectrum, Fig. 12,
Ex(

10Be) formed by gating on the6He* peak of Fig. 11.
Although the prolific background and statistical consid
ations make it difficult to unambiguously identify new exc
tations in 10Be from this spectrum, it is interesting to no
several labeled peak energies which are at or near resona

FIG. 10. 10Be excitations froma1t coincidences gated on th
7Li, 7Li* , 7Li** peaks of Fig. 6~b!. For notation see the caption o
Fig. 7.
6-7



ha

r

.

rg

in
.8
er.

cle

m-
de-
. All

a-
tify
x-

cita-
‘nf’’
call
.9
the
dif-
e
le,
e a

f 50
ly
om

e
e
d

th
n

FLETCHER, CAUSSYN, MARE´CHAL, CURTIS, AND LIENDO PHYSICAL REVIEW C68, 024316 ~2003!
identified elsewhere in this work. This is the evidence t
those states do indeed have a4He16He* decay branch.

The small angle geometry has maximum efficiency fo
relative energy betweena particles of about 200 keV. This
provides very efficient detection of8Be in the ground state
The energy resolution for the8Be ground state is;10 keV
and it is easily gated out of a spectrum of relative ene

FIG. 11. Etot spectrum fora1a coincidences using the wid
angle geometry,EA534 MeV. The large unlabeled peak is from th
reaction 12C(7Li, 15N* →a111B)a. Other small peaks correspon
to excited states of11B and reactions on the16O component in the
target.

FIG. 12. 10Be excitation energies froma1a coincidences gated
on the 6He* peak of Fig. 11, usinga(2)16He* in the reconstruc-
tion, wide angle geometry,EA534 MeV. All excitation energies
labeled are excitations found in the other decay channels from
work. The large background is from the reactio
7Li( 7Li, 8Be* )6He* .
02431
t

a

ybetween detecteda ’s. The remainder ofa-particle coinci-
dence pairs can be used to reconstruct the4He16He and
4He16He* decays of 10Be* . These spectra are shown
Fig. 13. The only new excitation in this spectrum is at 20
MeV. All others are also presented elsewhere in this pap

IV. SUMMARY AND DISCUSSION

In this work we have investigated the charged parti
decays of excited states of10Be in 7Li17Li induced reac-
tions at two bombarding energies, using two detector geo
etries for both direct and indirect reconstructions of the
cay, and we have observed ten different decay channels
of this makes for a very confusing presentation. To summ
rize the observations, we present Table I in which we iden
the figures illustrating each decay branch for all of the e
cited states observed. Uncertain observations of the ex
tions are identified by parentheses, and the designation ‘
indicates no figure is presented for this observation. Re
that the ‘‘no figure’’ designations for the excitations at 19
and 21.8 MeV are due to very few events, and those from
triton decays in the 50.9 MeV data are because several
ferent gates on theEtot spectrum were required to determin
appropriate excitations. In the left-hand column of the tab
the excitation energies listed to the nearest 100 keV hav
probable error of 100 keV. Others have a probable error o
keV with the exception of the highest excitation. It is like
that the excitation listed at 27.2 MeV is several states fr

is

FIG. 13. 10Be excitation energies froma1a coincidences and
gates on the6He and 6He* peaks of anEtot spectrum from the
small angle geometry data,EA534 MeV ~see Fig. 2~a!, Ref. @2#!.
6-8
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NEW HIGHLY EXCITED STATES OF10Be OBSERVED . . . PHYSICAL REVIEW C68, 024316 ~2003!
;27.0 to;27.4 MeV. Due to limited statistics it is nece
sary to present some data at 200 keV/channel, which res
in peak energies, which do not quite agree with other ob
vations. Many of the excitation energies that are listed in

TABLE I. Summary of evidence from this study for variou
charged particle decays of10Be* ,( )5uncertain, nf5no figure, see
text for details.

Ex(
10Be) Figure showing evidence for charged particle deca

~MeV! p p1 d d1 d2 t t1 t2 a a1

17.8 13
~19.8! ~nf!
20.8 13
21.8 2, 7 ~nf!
22.4 2 10 ~10!

23.0 7
23.35 7 ~3!,4 ~nf! 12
23.65 2 ~nf! 13 13
24.0 3 nf 12
24.25 ~7! 3,9 ~9! nf 13 13
24.6 2 3
24.8 7 3,9 3
25.05 3 3 12
25.6 ~7! 9 13
25.95 3,9 3
26.3 3,9 3,9 ~10! ~10!

26.8 7 9 9 9 12
27.260.2 7 9 3 9 10 10 13 12,13
02431
lts
r-
e

text do not appear in Table I. Sometimes this is becaus
the lack of supportive evidence, but often it is because e
tations determined for different bombarding energies, de
tion geometries, or reconstruction techniques can vary b
much as 100 keV. For example, 26.3 MeV appears in Fig
for direct detection of deuteron decay atEA550.9 MeV,
while 26.2 MeV appears in Fig. 9 for indirect detection
deuteron decay atEA534 MeV, and only the 26.3 MeV
value is included in the tables. Excitations above 28 MeV
not included because of the lack of confirming observatio

In Table II we present a comparison of our current resu
and our previous results from Refs.@2,4#, with the 1988 com-
pilation @7# and several other recent experimental wor
@5,9–13# for excitations below 19 MeV. There is gener
agreement on the excitations up to 11.8 MeV. It is disturbi
however, that there is not agreement on excitations betw
11.8 and the well-known state at 17.79 MeV. Certainly t
evidence presented by Bohlenet al. @13# for states at 13.6
and 16.9 MeV is convincing. There are four to five excit
tions reported in the region between 11.8 to 17.3 MeV, wi
out any consistent pattern of agreement amongst three di
ent authors@4,11,13#. Clearly this energy region require
more work. An interesting curiosity occurs for the 18.1
MeV, Jp502 state found to decay byt17Li* (0.48 MeV)
@2#. In Fig. 8 of Ref. @9# a small anomaly occurs betwee
prominent resonances at 17.79 and 18.55 MeV, at an en
of 18.16 MeV. The authors state that the peak does not p
sess the proper kinematics for a true resonance; howe
such a small effect may be difficult to track. The observ
widths of the anomalies are also comparable. From Ref.@2#,
TABLE II. Energies and particle decays of unbound states of10Be(Ex,19 MeV); comparison of results.

Present work and Refs.@2,4# Ref. @7# Ref. @9# Ref. @5# Ref. @10# Ref. @11# Ref. @12# Ref. @13#

Reaction or

Ex ~MeV! Decay Ex Decay Ex Jp Ex Decay Ex Decay Ex Decay Ex Decay Ex Reaction

7Li( a,p)10Be 12C(15N,17F)10Be
7.542 a 7.542 n 7.542 21

9.27 n 9.27 (42)

~9.4! n ~9.4! n

9.5660.02 a 9.64 9.6 a,n 9.7 a1 9.55

10.1560.02 a 10.2 10.2 a 10.2 a 10.2 a,a1

10.57 a 10.57 n 10.57 10.6 a 10.5

11.2360.05 a ~11.2! a

11.76 a 11.76 (41) ;11.8 a,a1 11.8

(11.9360.1) a 11.9 a

13.0560.1 a 13.2 a

13.6

13.85 a

14.6860.1 a 14.8 a

15.3

16.1 a

17.12 17.2 a 16.9

17.79 t,a 17.79 g, n,t 17.79

18.1560.05 t1 ~18.16, see text!

18.55 t1 18.55 n,t 18.55
6-9
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TABLE III. Energies and particle decays of unbound states of10Be (Ex.19 MeV); comparison of
results.

Present Work Ref.@7# Ref. @8#

Ex ~MeV! Decay Ex ~MeV! Decay Ex ~MeV! Reaction or decay

~19.8! p
20.860.1 a

~21.22! n,p,t 21.207 7Li( t,p)9Li
21.860.1 p,(d)
22.460.1 p,t,(t1)
23.060.1 p 23.15 7Li( t,p)9Li

23.3560.05 p,d,(t), a1

23.6560.05 p1 ,(t),a,a1

24.060.1 d,t,a1 ~24!

24.2560.05 (p),d,(d1),t,a,a1

24.660.1 p1 ,d
24.860.1 p,d,d1

25.0560.1 d,d1 ,a1

25.660.1 (p),d1 ,a1

25.9560.05 d,d1

26.360.1 d,d1 ,(t1),(t2)
26.860.1 p,d,d1 ,d2 ,a1

27.260.2 p,d,d1 ,d2 ,t,t1 ,a,a1
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da-
G5(100630) keV, whereas Fig. 8 of Ref.@9# yields G
;60 keV. The yield for aJp502 state resonance would b
expected to be small because of the large angular momen
mismatch.

The only other comparisons possible between the lite
ture and the present work are presented in Table III. T
resonance at Ex523.150 MeV is observed in the
7Li( t,p)9Li reaction @8#, and the tentatively identified stat
at 24 MeV @7#. We observe a possible expression of t
23.15-MeV state in the proton decay spectrum of Fig. 7, a
we observe definite9Li1p and 4He16He* decays atEx
524 MeV. We have no confirmation of theJp522, T52
resonance at 21.22 MeV@7,8#, and such is not expected i
these reactions.

V. CONCLUSIONS

The method of RPDS has been shown to be a powe
method for the discovery of charged particle decays
highly excited states in the neutron rich nucleus10Be. It is
particularly useful for finding decays that involve dec
products in excited states, since those cannot be observ
resonance reactions even with the use of RIB facilities.
T

ay
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have identified 15 new excitations of the10Be nucleus in
many different decay channels. In these three-body fi
states, theEtot spectrum has been shown to demonstr
much better energy resolution when particles with smallesZ
values are the detected particles. In our case this allowed
t1a17Li* final state to be clearly resolved@see Fig. 6~b!#.
This is probably due to smaller straggling effects when
highestZ particle is left undetected, better intrinsic ener
resolution directly proportional toZ2 @17#, and also due to
the lack of an energy and angle spread induced by the
sequentg-ray emission. The improved energy resolution
Etot obtained in indirect detection of decays points to a p
sible improvement in future experiments.
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