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Near threshold three-body final states in’Li+’Li reactions at E,,=34 MeV
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Reactions of’Li+’Li at E;,=34 MeV, which lead to charged particle decaying excited state¥Bé,
have been studied by use of a detection system sensitive to decay energies of a few hundred keV. The
a-particle branching fractions if%Be* —*He+ °®He have been measured for excited stateB,at7.542 and
~9.6 MeV. For the 7.542 MeV state an unusually large separation radius is required to explain the observed
branching fraction of", /T'=(3.5+1.2)x 10 3. This result is interpreted in terms of the energy level structure
of 1°Be as related to analogous states'#6 and to the recent molecular orbital calculations. A rEw 0~
state is observed in the decd}Be* —7Li* (0.478 MeV)+t.
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. INTRODUCTION for 1%Be* —“*He+°®He have been determined féfBe ex-
cited states aE,=7.542 and~9.6 MeV. The branching
Charged particle decays of excited states mshell nu-  fraction obtained for the 132 keV decay of the 7.542 MeV
clei often have astrophysical significance when those statesiate represents the smallest branching fraction ever mea-
are near the decay threshold. Decay energies of a few hugured by this method. Although the branching fraction is
dred keV or less are in the region of the stellar Maxwell-very small, it represents a large reduced width. This result is
Boltzmann distribution where nuclear reaction rates andised to infer properties of the state relevant to structure mod-
compound scattering rates compete in light element formaels for 1%Be. Correspondence with calculated energy level
tion. a-particle decays can also provide cluster structure instructure also allows reasonable speculation regarding pos-
formation for the decaying states. Direct measurements ofible J™ assignments and the promise of future experimental
resonance reactions are extremely difficult at such low enefesults.
gies because of the masking effect of Coulomb scattering.
The metho_d used for measgringparticle decays in the cur- Il EXPERIMENTAL METHOD
rent work is resonant particle decay spectroscGrRPDS
[1]. Charged particle nuclear reaction fragments are identi- The details of the RPDS method have been thoroughly
fied in time coincidence in twa-y-position sensitiveE-AE explained in our previous publicationg,4]. Here we will
counter telescopes, determining the particles’ masses, chargaly review the detector geometry and other features specific
numbers, kinetic energies, and emission angles. This inforto the current experiment. A schematic velocity addition dia-
mation provides complete kinematic identification when thegram along with the detector geometry and equations perti-
reaction is a three-body final state. Conservation of lineanent to the method are shown in Fig. 1. Each of the counter
momentum is used to determine the energy of the third parelescopes 1 and 2 consistdE andE detectors of nominal
ticle from which an experimentally determined three-bodythickness of 67 and 100@.m, respectively. Each detector
Q-value spectrum is obtained. A well defined peak in thehas an active area of 12 mi2 mm which is collimated
Q-value spectrum identifies the three-body final state reacto 11 mmx 11 mm at a distance of 150 mm from the target.
tion of interest. The relative energy between two of the threerhe eight-degree detector separation shown in Fig. 1 is a
particles is the decay energy of a resonant state involvingominal value. The actual separation is a measurement be-
that pair when the reaction’s final state proceeds by two-bodyween the centers of position grids placed in front of the
sequential decay. In previous wdrk], the method has been detectors during calibration and is accuratet0.05°. The
used to determine am-particle decay branching fraction for angle 4, is set at 15°. Although the diagram depicts planar
a 444 keV decay in®N* and the result agreed with a direct decays, out-of-plane decays are also detected for a limited
“He+ 1B resonance scattering result of Waeigal. [3]. angular range since theE detectors are position sensitive in
The current work reports on near threshold charged parthe reaction plane shown, while tledetectors measure the
ticle decays resulting from reactions induced by 34 M&V  position perpendicular to this plane. All nuclear charges and
ions bombarding’Li targets at the Florida State University massesZ and A are clearly identified in the counter tele-
Tandem-LINAC accelerator laboratory. Branching fractionsscopes up through the beryllium isotopes.
Relative ’Li target thicknesses are determined by use of
energy detectors above the exiting beam at angles of 16° and
*Present address: School of Physics and Astronomy, University 020°. Energy spectra of 24 MeVPO particles scattered from
Birmingham, Edgbaston, Birmingham B15 2TT, United the targets can easily separate elastic scattering fromlihe
Kingdom. 2C, and®0 components of the target. The relati{le con-
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FIG. 1. A velocity addition diagram for three-body final state 5 2501 () Li+t Yo
reactions which proceed by sequential two-body decays, equations £
for the process, and a schematic of detector placements. ‘6“ 2007
’g 1501
tent of targets is essential to determining relative two-body
and three-body final state cross sections needed for § 100
branching-fraction determinations. A secondary gold target 8 5o
and silicon detector, located approximately 40 cm down-

stream from the primary target, are _used to make direct mea- 020 o5 30' 35 40 45 50
surement of the beam energy loss in the primary target. Tar-
get oxidation and carbon buildup are thereby continuously
monitored. The’Li targets used corresponded to about 200
keV energy loss to the incident beam.

E, =E, +E, + E, (MeV)
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FIG. 2. ExperimentaQ-value spectra for coincidence pairs of
(@ a+a, (b) a+°He, and(c) “Li+t. The actualQ value is given
approximately byE,,—34 MeV.

Ill. EXPERIMENTAL RESULTS
o _ _ 8Beg_s_. Such a spectrum is shown in Fig. 3. The decay en-
Comudepcg data were collected for five dayshwt6 nA gy resolution in Fig. 3 is significantly worse in the present

uniquely, a variety of states corresponding to different excount rates and radioactive source calibration energies. With
cited nuclei and fragment pairs can be investigated. Shown

detected fragment pairs @8) a+a, (b) a+°He, and(c) 7|_i(7|_i,8|3egls — 20)°He
"Li+t. In Figs.. 2a) and 2b) the peaks near 41 MeV rep- | E,=91.8keV
resent a three body final state of2 ®He with all particles 1600 7

in their ground states. Several other peaks appear in . 2
corresponding to the undetected particle in excited states~
The ®He produced in the first excited state is, of course, from =
the “Li content in the target, while several excited states of &

12001

Counts per 2 keV

1B appear from thé?C content in the formvar target back- 800T I'=10.1 keV

ing and from carbon buildup on the target during the experi-

ment. In Fig. 2c), the detected pair iSLiys+t. The first

excited state of’Li appears in theE,, spectrum since 4007

’Li* ydecays, butit is detected &kig s with the introduc-

tion of very little change in the emission angle and kinetic 0 t " ' t 7 ' '
energy of the originally emittedLi*. This is discussed later 60 70 80 90 100 110 120 130 140
in the context of'°Be* — ’Li+t decays. E,, (keV)

If we select those events in Fig(é?, which have®He in
the ground state, then the relative energy between the two FIG. 3. Decay energy spectrum for the breakup °@fe,s,
detected particles will yield a decay energy spectrum forshowing the calibration and resolution observed in this experiment.
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FIG. 5. Excitations in'°Be as calculated for each eventBg,
+Ey, for the reaction ’Li+’Li—“*He+%He+*He. The smooth
-180 1 ; i 1 curve represents the total effective solid anflg; (msn for the
7.0 7.5 8.0 8.5 9.0 9.5 detection of'%Be* decays as calculated by a Monte Carlo simula-

Excitation in "°Be (MeV) tion. For this restricted range oFg, the effective solid angle at
E,=7.542 MeV is (0.720.01) msr. The natural width of the 9.6
FIG. 4. Event plot of the relative energy between detected parMeV state is 14+ 10 keV[7].
ticles @ and ®He vs the angle between their decay axis and the

emission direction of the excitet!Be nucleus. The decay threshold - L . .
energy 7.410 MeV has been added to the horizontal axis to conveIn |\PB| which is shifted to larger values from those of region

I .
it to excitation energy int°Be. The regions A and B are dominated '& I_eavmgioa I:’:lrger angular range for the unobscured obser-
(71T BRek )6 vation of “'Be*(7.542 MeV).
by the reaction’Li( ‘Li, °Be*)°He. . 100 % 4 5 . .
The yield of *"Be* —“He+ °He decay events is plotted in
— Fig. 5 vs excitation energy in%Be for the decay angular
the large number of events in Fig. 3 we can observe th‘?ange—105°<\lf3<0°. The smooth curve and the scale on

_effects of detector energy res_olution and pos_ition resolutioqhe right of the figure represent the total effective solid angle
independently by selecting different ranges in decay angleﬁor detection of °Be* —*He+ SHe decay as determined by

W¥g. From this information we deduce an expected decay:-
' use of the Monte Carlo cod#eAST [6]. It appears that some
gnergy rr]esolutlon foﬁZB;z*(?.SﬁZ ;\ASeé\l/Z) (lz/lf 1\/2 to 13 _keV.6 3of the background due t8Be* decay still remains in the
ince the energy width of the 7. eV state is (6. region ofE,=7.5 to 7.8 MeV, however, a significant yield in

+0.8) keV[5], we would expect to observe theparticle sin o
X ) gle channel (20 keVichannel clearly indicates
decay of the 7.542 MeV state with an energy resolution of 1§-particle decay of the 7.542 MeV state &fBe. The ex-

kev or 1loess. At greatly decreased detection efficiency, t.hepected observable energy resolution at this excitation is less
state in—"Be nearEx=_9.6 MeV can be observed at an esti- than 15 keV. Decay energy calibration and resolution are
mated energy resolution of about 60 to 80 keV. excellent near threshold, since there they depend primarily
on position resolution of the detectors. At excitation near 9.6
A. a-particle decay and the branching fractionT' /T MeV, where position resolution has little effect, both the ac-
. 4 6 curacy of the energy calibration and resolution deteriorate.
To observe the decaySBe* — He+ "He we select those  £or this reason we do not regard the apparent yield near 9.7
events in the peak nedfi =41 MeV in Fig. 2b). The ex- e\, which persists in a spectrum ungatedlig , as a sepa-
citation energy spectrum fa’Be* decays is encumbered by rate state.
partial detection of the reactiodLi+'Li—Be* +°He in The branching fraction for-particle decay of the 7.542
which we detect the’He in coincidence with one of the ey state depends on the yield extracted from Fig. 5 (22
decaye particles from®Be*. This problem is illustrated in  + ¢ events, and the yield from a similar spectrum for 0°
Iz(i)g. 4 showing an event plot oF g vs excitation energy in <Wg<105° (14+8 events where the®Be background is
Be (Ex=ErtEw). The clusters of events in regions A higher by nearly a factor of 3. A combination of these two
and B are primarily due FéBe* decay from an excitation of yje|ds, which correspond to different ranges of the correla-
7 to 10 MeV. The negative values 8fg correspond to de- tjon angleV,, is used as the teriN, in Egs.(3.2) and(3.3)
tecting the alpha particle in detector 1 and fiite in detec-  pelow, In the reaction/Li( ’Li, &) 1%Be* (\), resulting in the
tor 2. For the®Be-decay events in region B of Fig. 4, this formation of 1%Be in the excited state, the differential cross
leads to a smaller production angle for the excitée and it  section in the center of mass can be written in terms of a

also leads to @Be-decay energy closer to the center of theconstantk and the number ofr particles detected in the
broadJ™=4" state at~11 MeV. Each of these effects gen- two-body reactiorN,, as

erate a greater intensity of detectéBe decay, which is evi-
dent in region B of Fig. 4. Region B of Fig. 4 covers a range do(6m)/dQ=KN,/[Q,T,AQ,(c.m)]. (3.1
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This can also be written in terms of the numbbsi, , of 400
excited 1°Be nuclei detected by their subsequent two-body 250 Li(Li,'Lit) He
decayr— a+°%He as
300t
do (0. m)/dQ=KN,(I'/T )I[Q\T\AQ,(c.m)]. 3
(3.2 S 2507
=
Equating these cross section equations gives an expressiog 200T Qu
for the branching fraction: 8 2
€ 1507
Q
/T ={Ny /N, (Q,/Q)(T,/T)y) © 100+ Q°°\
X[AQ,(c.m)/AQ,(c.m)]. (3.3 504 A / ',\ W
The ratioQ,/Q, is the ratio of beam charge collected in the 0 // . A :\ \\ .
two-body and three-body measurements, whilg T, is the 29.5 300 805 310 815 32.0

ratio of target thicknesses as determined by @ scatter- Ei+ B, + By = By + Qg (MeV)
ing into the out of plane detectors. The solid angle for the
three-body reactiom (), (c.m.) is calculated by a Monte
Carlo code for the appropriate angular range¥i. For the
negative values o¥ g, the weighted mean value éf(c.m.)

is ~33.13°, as determined in the Monte Carlo calculation, . )
corresponding to#, (lab)=14.2°. Since for¥z<0, 6, tion [5]. We have attempted to observe these and possibly
> foe, the 19Be* angle is always less thafy=15°. Since ~ Other states in‘Li+t decay of 1%Be* formed in the ‘Li

the reactions involve two identical particles in the initial + 'Li reaction atE(lab)=34 MeV. TheQ spectrum of Fig.
state, the cross sections are symmetric alsgatm.)=90°, 2(¢) has been expanded and described by Gaussian line
therefore both ther particle and'°Be yields can be deter- shapes and the result is sh_own in Fig. 6. Restricting the
mined at forward angles in the laboratory. The corresponding/idths of the two Gaussian line shapes to be the same, we
laboratory angle for the two-body reaction is 21.8°, and the®btain aQ-value resolution of (40811) keV and peak
yield of « particles is an interpolated value between mea-Separations oAQ=(470+14) keV. Since the first excited

surements at 20° and 25°. Similar determinations are madgiate of Li is at 478 keV, the lower energy peak can clearly
for yields for positive values oW . be identified as coming from the three-body final state of

7 . - . .
The resulting branching fraction for the state Bf Li* +t+a. Of course the/Li* is detected asLi, ¢ follow-

=7.542 MeV isl', /T =(3.5-1.2)x 10”3, A similar appli- N9 ¥ decay. The emission of & ray causes only & 0.05°
cation to the yield neaE,=9.6 MeV givesl',/T'=(0.16 SPread in the’Li-emission angle and about 40 keV in
+0.04). In both cases the majority of the quoted uncertaintyF€rdy spread. These values will have very little effect on
is from the poor yield in the three-body reaction. There is arfl€cay energy calculations or on the obs7er_ved widths.
inherent error in this application of Eq3.3). The yields In an attempt to isolate tha-' +tand 'Ligs+t decays,
divided by the effective solid angles, /dQ, (c.m.) do not e have formed the excitation spectra fdBe by gating on
represent an exact average value over the entire angular cd£9ions A and B of Fig. 6. These spectra are displayed as
relation angle¥, . In the case of decay of the state at 7.542F19S. 1&) and Kb); respectively. The effective solid angle for
MeV, J7=2" the angular correlation would be of the form detection of the’Li+t decay has a decay-energy depen-
of Eq. (3) of Ref.[7], with considerablen=1 contribution dencg very §|m|lar to that shown in Fig. 5, with a maximum
due to the nonzero production angle ‘9Be*, in addition to ~ €ffective solid angle of~4.3 msr atE,~17.4 MeV and
them = 1 contribution due to nonzerbvalues in the initial  @lling to one tenth the maximum value about 800 keV

; ; higher in excitation. The effective solid angle for detection of

;’;ate[lﬂ. The FﬁECt WOUld be t(-) reduce t_he a_mlsotropy " the7Li* +t is nearly identical but shifted to higher energy by
gular correlation function. Since the yield is extracted over 2 , , .

nearly a 100° range ifW,|, we expect the error introduced the exqtatlc_)r_1 energy of the first excited state ‘dfi. The
to be significantly less than the 35% uncertainty alreadyP€aKs identified aE,=17.76 and 18.5 MeV have observed
quoted in the branching fraction. For the decay of the exciWidths of about 140 and 320 keV, respectively. The energy
tation near 9.6 MeV, our detector geometry samples Onb;esoluﬂon is expected to vary from about 20 keV near detec-
very limited regions of the correlation angi¥,| and there- uon threshold to about 60 keV at the high energy cutoff.

fore that branching fraction might easily have an uncertainty! N€S€ states are clearly identified with the kndhstates
twice the value of the quoted known uncertainties. atE,=17.79 and 18.55 MeV since our extracted widths are

consistent with currently accepted values of (£8%) and
~350 keV respectively. Our energy calibration differences
might arise from detecting high energy Li ions and tritons,
The decay threshold forl%Be* — ‘Li+t is at E,  while calibrating with He ions. An apparent new state is
=17.25 MeV. States aE,=17.79 and 18.55 MeV have observed in the®Be* —’Li* +t decay at an indicated exci-
been observed prominently in thai(t,n) resonance reac- tation of 18.11 MeV. Accepting the known excitation ener-

FIG. 6. Expanded) spectrum from Fig. @) for the reactions
"Li("Li, "Ligst) o and "Li( Li, Li*t) a. Regions A and B are used
for producing the decay energy spectra of Fig. 7.

B. Be—7Li+t decay nearE,=18 MeV
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FIG. 8. Energy level diagram fol’Be for excitations below 15

00 192 174 176 178 180 182 164 156 188 190 MeV, showing excitation energies and knowf values. The levels
Excitation in "*Be (MeV) indicated by dot-dash lines require further verificat{[@yl0]. The
excitation energies in parentheses are less certain. The columns
FIG. 7. Excitation energy in°Be as calculated fofLi* +t identified byK™ values are the results of a molecular orbital calcu-
decaysa), and f0r7Lig_S_+t decays(b). The continuum background lation [11]. Assoglat_lons between calqulated and gxperlmental en-
from a direct three-body final state should be virtually the same fo€r9Y levels are indicated by connecting dashed lines. Connecting
either decay branch, as shown approximately by dashed lines. THPtted lines are speculative assignme(stse text. The calculation
new excited state at 18.11 MeV has a calibration corrected energ{®" K7=0", J7=0" state has been energy normalized to tfie
of (18.15+ 0.05 MeV (see text ground state.

gies of 17.79 and 18.55 Melb], a corrected energy calibra- terminezd reduced widths are given b)_/ Lane_ and Th_o[rfna}s
tion places this new excited state aE,=(18.15 25 (a)°=1./(2R), where thea-particle widthI', is the
+0.05) MeV with a width ofl = (100+30) keV. The ab- natural width of the statE [5] times the measured branching
sence of any yield from this state in Figby is discussed in fracti_on. We use unpublished tables3] for the penetrability
Sec. IV. The single channel excess yield in Fig) &t 18.24 functionsP,, where thd value for the decay is=2 for both
MeV could be a few events from the 17.76 MeV peak beingEx— 7-542 and ~9.6 MeV. The experimental reduced

included in theA gate of Fig. 6 widths can be compared with the single particle reduced
o widths also given by Lane and Thomas ag°%?
_ 22 2 ; 2/ SRA2
IV. DISCUSSION AND CONCLUSIONS =hl(uyr?). The ratio (y,)/(y F) would be expected to

have a maximum value equal to the numberagparticle

Experiments completed in the last few years have greatlglusters in the decaying state, in this case two. Setting this
expanded our knowledge of the energy level structure ofatio equal to two for the 7.542 MeV state leads to a channel
10Be [7-10). These and earlier works, discussed in detail inradius for its decay of .~(8=1) fm. Smaller radii require
Ref.[7], result in the energy level diagram illustrated in Fig. even larger ratios of the reduced widths. For the decay of the
8 showing known excitations below 15 MeV. The four high- state atE,~9.6 MeV, the ratio of the experimental reduced
est energy states have been observed in two experimentgdth to single particle reduced width is only a few percent
[7,10] with poor statistics, so they require further verifica- (6 to 2% for channel radii of 3 to 8 fm. These values indi-
tion. Also in the figure are the results of recent molecularcate vastly different structures for these ta=2" states.
orbital calculations for the energy level structure'8Be as In previous work the close correspondence in the excita-
identified by theK™ bands. Dashed lines connecting calcu-tion energies of cluster states 1AC and °Be has been noted
lated and experimental energy levels indicate the correspondl7]. Excitation energies of states itfBe are very nearly
ing stateg11]. This diagram provides the framework for the given by multiplying *“C excitation energies by the mass
following discussion of branching fractions. ratio (10/12 for the low lying excited'“C-cluster states with

A discussion of the branching fractions determined in thisJ”=2*, 0%, and 3 . The first excited 0 state in '%C is
work is facilitated by converting them to reduced widths, known to resemble a linear chain of particles. The corre-
because of the strong inhibiting effect of the Coulomb barrierspondingd™=0" state in'°Be is atE,=6.179 MeV. In the
on a-particle decay near threshold. The experimentally dedescription of Itagaki11], this state is the band head for the
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K7™=0, band. The)”=2"* band member is the 7.542 MeV  TABLE I. Calculated yieldN, for °Be*(18.15 MeV)-'Lig
state for which we have measured thedecay branching +t vs assumed™ of the decaying state indicating #r=0" as-
fraction. In analogy with thé?C structures, if we assume the Signment.

1%Be bands ofk™=0* and 0, have triangular and linear

arrangements, respectively, of the2n-a clusters, then us- Jﬁ i  min (Pi/PF) Na

ing the energy-level spacings in these bands one can show g+, 1+ 2+ 1 1 1.81 33
that thea-®He separation is nearly twice—<(1.88) as large 0~ 0 2 0.40 7
for theK™=0, band as it is in th&k™=0" band. The very 1- 0 0 157 29
large separation radius required by our branching fraction »- 2 0 12.5 ~220
measurement therefore supports the assignment of Itagaki 3- 2 2 3.19 58
[11] of the E,=7.542 MeV state to th&™=0, band. 3+ 3 1 45 800

All 1%Be excitations shown in Fig. 8 fdE,>9.5 MeV
have been observed im-particle decay{7,9,10 and there-
fore must have natural parity. The calculated bands withation. The penetrabilitie®, and P, are for the minimum
K7=0" and K"=0; are nearly perfect rotors£;—Eq  allowed | values and for a channel radius pf=r (AL
=J(J+1)%%/21. We can therefore speculate as to the loca- AY®) with ro=1.5 fm. Comparing the results in Table |
tion of J7=4" states from the known excitation energies of with the data in Fig. ®), we can firmly conclude thal™
theJ7=0" and 2" states in these bands. The result is ass0x< 1 - >+  hut most probably™=0". This state has not been
ciating the E,=11.2 MeV state with the 4 state of the  gpserved in’Li+t resonance works]. This could be be-
K7=0" band, and thee,=10.57 MeV state with the 4 cause of lacking the requireld=2 strength forJ”=0" at
state of theK™=0, band. An earlier speculation had placed |y bombarding energy. The statesBt=17.79 and 18.55
the first 4" state at 11.76 Me\[8]. A measurement of the MeV have been observed in tHei(t,n) resonance reaction.

a-particle decay angular correlations for these three (_excitewith tentativeJ™ assignments of 2 [5], the resonances can

which if any are the missing 4 states. Determination of the =18 15 MeV could also be formed bly=0 if it had J”
reduced widths by this method could also possibly distin-—1- pyt it is not observed irfLi(t,n), argues against that
guish between the tw&-band assignments because of theassignment for the new state and in favorJi=0".

large difference in the-°He channel radius required in these T4 summarize, we have measured branching fractions for
bands. Obviously a reaction for populating these states morge decay of'%Be* at excitations of 7.542 an¢-9.6 MeV
abundantly than the current one must be found to make thesgio 4He+ SHe. The results clearly associate the 7.542 MeV

measurements. o state with theK =0, band of Itagak{11]. Because of the
The existence of a new state at an excitation of (18.1%,,4e correspondence of th&=0" and G} bands to simple
£0.05) MeV (see Fig. 7 and its captigpresents an inter- rotations, we speculate that the fi&T=4" state is atE
esting situation, since it is observedbi* +t decay and not _ 10.57 MeV. associated with thé™= 0~ band. and the
- . ’ — VY2 ’

. 7 . + .
n the "Lig+1 decay. The reason for this may_be due tOsecond 4 state is atE,=11.2 MeV, associated with the
different allowedl values for the decay and the differelit T At . _

7y ) . . K7=0" band. We have also determined a n&=0" state
values of ‘Li in its ground state and first excited state. Using.

10p % Ty % _
Eq. (3.2) and the expressions for the reduced widths for the'ﬂ the decay branch "Be*—'Li"+t, at E,=(18.15

wo decay channela—Li+t and \* —7Li* +t, the ex- +0.05) MeV with a total width of"=(100z+30) keV. Ex-

. . tension of a molecular orbital model similar to R¢fL1]
pected number of detected decays involving the ground ! - )
state of 'Li can be expressed as would prove useful in explaining the new states'#Be with

excitations above 11.2 MeV.

Ny =NF[(y) 2 (¥E)?IAQTAQS ) (PP ) (fglfa).
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