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Spectroscopy of thel%Li nucleus
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In an attempt to clarify the situation regarding the low-lying structuré®f, a spectroscopic measurement
of the structure of*’Li with the °Be(°Be,®B)'Li reaction atE(°Be)=40.1(1) MeV/nucleon was performed
using the S800 spectrograph at Michigan State University. The data are fit best with gsivegle resonance
at —S,=0.500(60) MeV with a width of"=400(60) keV. No higher lying states were observed and there
is no evidence of a state at250 keV in the data. An excess strength at threshold was observed, but cannot
be definitively attributed to a statES0556-281®9)05211-5

PACS numbds): 21.10—k, 25.70.Hi, 27.20+n

[. INTRODUCTION Op42 Or an 1s;,, neutron coupled to thepy,, proton, giving
rise to states with)™ assignments of (1,2%) or (17,27),

It is a well known effect of quantum mechanics that therespectively. Theoretical arguments have been made to show
wave function of a particle in a well can significantly pen- that the ground state dfLi might be ans-wave state. Barker
etrate the potential barrier if the separation energy is lowand Hickey predicted in 1977 that tHéLi ground state is a
This effect is observed in nuclei in which the last few va- Virtual s state[7], as is the case with its isotorféBe. Some

lence nucleons are weakly bound. In some cases, such g?ell-model calculationt8,9] suggest that thewave (')
' S

11 5 o - . ate is the ground state, while other calculati¢h8,11]
Li, the probgbll|ty of finding a valence neutron outside theSuggest that @-wave state (1) may be the ground state.
core nucleus is more than 90¢4]. Put another way, the

) I X o There is no consensus dfiLi structure based on experi-
valence rms radius fot'Li is 9.5 fm while the °Li core rms mental work[11-1§ (see Table )l and the difficulty of
radius is only 2.3 fn{2]. In this case the extent of the pen- studying this nucleus is well documented. Wilceixal. [12]
etrating wave function is much Iarger than the range of th%aw rough|y 30 counts with poor resolution in a peak iden-
nuclear force. This type of nucleus is called a halo nucleusified as the!’Li ground state unbound by 800 keV. Amelin
and represents a new form of nuclear matter, characterizest al.[13] observed a broad peak unbound by 150 keV which
by a central normal nucleus and a halo of penetrating wavevas identified as thé’Li ground state. Youngt al.[14] had
function. It is interesting to investigate how well standardroughly twice the number of events, and saw some evidence
nuclear models, such as the shell model, can describe tHer a low-lying, possiblys-wave state atc100 keV in addi-
properties of these nuclei. Certain cases such'’ag are  tion to a higher-lyingp-wave state at 540 keV. Bohlest al.
particularly interesting because here the last two neutrons afd5] have seen several structures, in particular resonances at
weakly bound. Hence the halo has two neutrons, and thé40 and 530 keV, attributed to-wave resonances. Kryger
interactions of these neutrons in the diffuse nuclear surfacét al-[16] and Thoennesseet al.[17] saw a narrow peak in
largely determine the properties &fLi [3]. a®Li-n relatlve vequty spectrum from thg fragmentation of
The nucleusLi has been the subject of much experi- 180, which may be mte_rpreted as a Iovv_—Iylng s-wave state at
mental study, primarily due to its importance for the study of50 keV or a higher lying state decaying to°ai excited
111 . It has been speculated that the best model*fts is a slta'Fe. Unfortunately, most spectroscopic measurements of
three-body system. Many authors have accurately calculatedi Structure to date have been hindered by poor statistics,
i properties with three-body modelgt—6]. However, POOr resolution, target contaminants, or some combination of

these attempts to understadtLi rely on the nature of the @&ll three. The fact that the states are unbound, broad, and
interaction between the two-body subsystemsp and asymmetric have also made experimental study difficult.
n-°Li. The n-n interaction is well known, but the-°Li Unfortunately, no definitve measurement &fLi has
interaction is not well understood. Information about theP®en made. With this in mind, we set out to measure the
n-SLi interaction is best obtained through experimental study©W-lying resonance structure dfLi using the newly com-
of the unbound nucleu¥Li. All attempts to compare three- Missioned S800 spectrograph at Michigan State University
body and standard models &Li rely on the 1°Li data, yet [19]. The gogl of thg experiment was to make a clean, .hlgh-
the existing experimental situation is unclear. resolution, high-statistics spectroscopic measuremertLof

It is most likely that the ground state dfLi is either a  N€ar threshold.

II. EXPERIMENT

*Present address: Argonne National Laboratory, 9700 S. Cass The spectrograph is designed to have an energy resolution
Ave., Argonne, IL 60439. of E/AE=10000, an angular resolution &f2 mrad, and a
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TABLE I. Previous measurements &fLi low-lying resonances. The energies, widths, and uncertainties
of the observed resonances belev,=1 MeV are listed as well as the year that the data were published,
and any assignment given by the authors.

Author Year Reaction -S, (MeV) I' (MeV) Assignment
Wilcox et al. [12] 1975 °Be(°BefB)MLi 0.80(25) 1.2(3) g.s.
Amelin et al. [13] 1990  B(#,p)Li 0.15(15) <0.4 S12 .S
Kryger et al. [16] 1993 %0 fragmentation ~ <0.15 g.s.

or~25 excited state
Young et al. [14] 1994  YB(7Li,%B)Li 0.54(6) 0.362) P12
<0.10 <0.23 S12 9.S.
Bohlenet al.[15] 1997 °Be(*3C,*2N)0Li 0.53(6) 0.308)
10Be(*2C,12N) 0L 0.24(6) P12
Zinseret al. [18] 1997 i breakup 0.215) 0.12+0.10-0.05
0.6210) 0.6(1)
Bertschet al. [6] 1998 i breakup? 0.052) S1/2 9.S.
0.254) P12
Thoennessert al.[17] 1999 %0 fragmentation  <0.05 g.s.

&This is a reanalysis of Zinser datas].

20 msr acceptance. It consists of a beam analysis line and tHé|j. This reaction was chosen because it is reported to have
spectrograph itself. The beam analysis line is very similar tqy reasonably large cross sectifd®]. Also, the 8B ejectile

the A1200 fragment separator at M$RO], but with larger  pas a much different rigidity than other competing reactions,

acceptance and better resolution. The spectrograph consig{#ich leads to a relatively contaminant-free focal plane. A

of a large, superconducting quadrupole doublet followed by, o of 40.41) MeV/nucleon °Be was used to bombard

two 70-ton superconducting dipole magnets. The detectors iﬂwree targets: 0.94(9) mg/énBe, 1.1(1) mg/crh carbon
the focal plane consist of two position tracking detectorsand 2 0.45(3) mg/chBe target c')n a formvar backing. T’he
separated by approximately one meter, an ion chamber fo‘iB and C reaction products were transported to the focal
energy-loss measurements, and three thick plastic scintill
tors for total energy measuremditl] (see Fig. L

The spectrograph was operated in dispersion-match
mode to cancel the 0.0B8% intrinsic beam energy spread.

Ray-tracing techniques were used to reconstruct the_en_er ove. The’C(°Be®B)™3B and ’C(°BeC)1%Be reac-
of the ejectile from the target. The measured magnetic-fiel

data were used as input to a particle optics codsy [22]. lons were used for energy calibratigthe ground-stat&)

cosy calculates a transfer map from the target to the foca alues are-28.1356 MeV and—11.9091, respectively
. P : 9 E24]). These reactions populated several known staté$Bn
plane under the assumption that the incoherent beam spot

S - 10,
small, and the dispersion matching is perfect. The transfe?‘nd two states irt'Be.
map is then inverted, and with measurement of horizontal

apSIane of the spectrograph, where the two transverse posi-

tions, angles, and total energies of the ions were measured.
he reaction scattering angles and energies were recon-

structed with ray-reconstruction techniqu@8] as described

Elastic and inelastic scattering of the incidélite beam

and vertical positions and angles in the focal plane, it isOff the targets provided calibration of the spectrograph bend-

possible to deduce the energies, angles, and vertical positioﬁnsq radius and scattering angle. The relationship between the

of the emerging nuclei from the reaction in the target usin elative bending radius of the spectrograph and the focal

the procedure described in Beeral. [23]. gpIane position was calibrated by sweeplng.the eIasucaIIy
. scattered peak across the focal plane by varying the magnetic
The S800 was used to make a spectroscopic measuremen .
00 9r - Beoy 101 : Co . field. The known central bend radius of the S800 and the two
of the Be(°*Be,°B)~"Li reaction in order to study states in . o : .
different energy calibration reactions were used to determine

the beam energy of 40.1) MeV/nucleon.

Obfe“ Quadrupole Doublet The small amount of hydrogen and oxygen contaminants
M. i ~ in the carbon target as well as the formvar backicgrbon,
Production N Inermediae Inage hydrogen, and oxygeron the thin beryllium target provide
Target Sextupole ) , excellent scattering angle calibration-(.05°). Figure 2
%@D‘P"ks J shows a kinematic energy spectrum of reconstructed scatter-
Quadrupole - _/ ing angle versus energy for elastic and inelastic scattering off
Triplet / Dipole - D1 the carbon target with hydrogen and oxyggmobably wa-
Target Chamber. - ter) contamination. Elastic lines from the three nuclei are
833‘3;;;{""6 2 meters clearly visible as are inelastic scattering to the 4.44(2
7.65(0), and 9.64(3) MeV states of'>C and the natural
FIG. 1. The S800 spectrograph. parity doublets at 6.09 and 7.02 MeV {f0. All lines drawn
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FIG. 3. *C (left) and B (right) energy spectra for all reactions
used in this experiment, ad,,,=3.5-8.3 degrees, kinematically
shifted to 0 degrees, and 4QL1 MeV/nucleon. The states if°B
labeled as-3.6 and~5.2 MeV correspond to groups of states that
were populated at those energies. THE states marked with an
asterisk are doppler broadened by in-flightecay.

o
=

_FIG. 2. Kinematic energy spectrum for elgstic and inelastic scatenergy for each angle shifted to what it would be at 0°. The
tering of the®Be beam off a carbon target with hydrogen and oxy- peaks in the*'C energy spectra come from populating states
gen contan‘!lngtlon. The horizontal axis is deflngd as the percentagg poth the residual nucleil?Be and 7He) and the ejectile.
energy deviation from the central ray. The solid, dashed, and dOtOnIy states in the residual nuclei appear in ﬁﬁespectrum
dashed lines are kinematics calculations for state¥@ %0, and . 88 .

14 respectively. Aligning the known kinematics with the data pro- PECaUSe the excited states '@ are particle unbound and
, resp y. Aligning the kno ematics e data pro- ~ . .
vides a scattering angle calibration accurate-10.05°. will break up before reaching the spectrograph focal plane
detectors. Ten known states from the ground state up through
: ; ; - 43 MeV in *B and the ground and first excited states in
2Eégi;|gxrir§§| l;‘gaet?;?it:% C;rlgféag?fgztrg??a%tdigée'\:eVEOBe were used for energ?/ calibration. Contributions to the
was added to all reconstructed scattering angles in order fPectra from oxygen or other target contaminants can be

align the spectrum with the calculations. ruled out due to the different kinematics.
The expected line shapes of the states9n have been

calculated by Youngt al.[14] and by Bertsclet al.[6]. The
lll. RESULTS AND DISCUSSION shapes of thep-wave states are well parameterized by a

Measured cross sections for all four reactions are listed irﬁnOOIified Breit-Wigner shape with an energy-dependent
width, I'~E®? [26]. The calculations of14] were fit with

Table Il. Uncertainties which are knowatatistics and target _, . s o o
thicknessels are combined in quadrature and listed in thethIS parametnzqtmn and one .frofﬁ],. this parametrization
table. An unknown but estimated 10—50% uncertainty onVa@s used as it fits the calculations slightly better. The param-
the iﬁtegrated beam current is not included Y Oetrization of thes-wave state used here was a Breit-Wigner

Figure 3 shows energy spectra of tAB and 1c par- shape with an energy-dependent widkh;- EY?, similar to
ticles following the 2C(°BefB)B, °Be(°Be ?B)ML] that of Thoennessegt al.[17]. The angular momentum bar-
12C(°Be 11C)%Be, and gBe(Q’Be 110,)7He reaétions ,at rier of the p-wave states causes their width to increase more
40.1(1) MeV/nucleon. The spectrograph was positioned tozl)?;\r']Ly I\g'tg rzessg nlflen\(;fwear\l/eergssiattf;a% tl::?i’g]\geztatfsha'\:/gra
accept reaction scattering angles between 3.5 and 8.3 degre\ﬁ%th paréund 100 keV. while as-wave state at the same
in the lab. The spectra were summed over all angles with thFocation would have a width well over 1 MeV.

i _ _ The *OLi spectrum(Fig. 3) was fit using a convolution of
TABLE II. Measured cross sections for four reactions used iNthe estimated line shape with the experimental resolution.

this experiment aE(°Be)=40.1 MeVinucleon. The experimental resolution was limited by kinematic broad-
. ening due to the finite primary beam emittance of
Reaction ianl 0) (ublsr) ~57g mmmrad in both trarF:svers)é directions and target
2c(°Be’B)'%B(g.5.) 0.427) thickness effects. Thé’C energy resolution was dominated
°Be(°Be BB)'%Li (lowest peak 0.263) by target thickness, while the kinematic broadening due to
2c(°Be,}'C)'%Be(g.s.) 12.812) the finite primary beam emittance dominated fi& energy
°Be(®Be,''C)"He(g.s.) 13.114) resolution. The shape of the resolution function was domi-

nantly Gaussian with a small Lorentzian component, deter-
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A I LA DL L BRI TABLE IlI. Different fits to the energy spectrum dfLi from
30k e °Be(’Be®B)'%Li data ] the °Be(®Be®B)™°Li reaction in the present work. The single
g - - ?as}(vzvgzrlggnd ] p-wave fit provided the best fit to the data. See text for details.
25k * e 2 P-WAVE E
F F s N O s-wave and p-wave . States included in the fit  Peak locatitkeV)  Width (keV)
g 20F . Onep wave 50060) 400(60)
5 : 1 Two p waves 10060), 52560)  50(50), 34560)
15 3 g Oneswave, onep wave <50, 50G60) <100, 40@60)
10F : A E,
- A mil . keV) and the uncertainties on the madskeV) and excited
s5E { { . states €7 keV) in B and °Be are included. The differ-
&{{_H}H{lh ] ential target thicknesses were measured using the elastically
0 f——e——— —_ scattered beam from the three targets. The absolute target

'
—
<
(O8]

thicknesses were determined byparticle energy-loss mea-
surement for two of the targets, and these measurements are
FIG. 4. 1%i energy spectrum for the reactictBe(®Be 2B)Li consistent with the differential measurements. Statistical er-

at ®,,,=3.5-8.3 degrees, kinematically shifted to 0 degrees. Thé0rs on the parameters dominate the uncertainties.

solid line is the best fit to the data using a singl&ave resonance Because the 500 keV peak is relatively narrow, we con-
shape at-S,=500(60) keV with a width of 40®0) keV, includ-  clude that it must be dominantly pwave state, based on
ing contributions from a constant plus a three-body backgroundprevious calculation$6,14]. However, one reference sug-
The dashed and dot-dashed lines represent fits withpwaves  gests that the spin-parity assignment of the state cannot be
and ones wave and one wave, respectively. Both produce fits extracted by line shape alori@6]. Clearly a measurement
which are statistically less significant than the singiwave reso-  sensitive to the quantum numbers of the states involved

1
E.n [MeV]

nance. should be performed.
mined by applying the fitting procedure to tHéle ground- IV. SUMMARY
state peak.

This measurement represents another data point for the
105 ; 8R) 10 ;
) . Li puzzle and supercedes the earl@Be(®Be 2B)1Li re-
from_ Presslt_el: ?IH [23]’ a?_d utsed ép fit th4e dhata u?;]ng thF action study by Wilcoxet al. [12] because of the improved
rbnra>t<|rcrj\umn rl elinoo i es r'{gaf[r?r' Eure nd‘isn O\%’ts Tﬁ call- statistics and resolution. The quantum numbers of the states
ated energy spectra a € correspo 9 s. The SPeGsmain an open question, as do the exact shapes of the states.

trum was fit from—1 to 3_MeV_ relative energy a_nd the peak The energy spectrum is almost identical to that of Young
parameters are summarized in Table Ill. Contributions from

et al. [14], except with~50% more statistics. This is quite
ﬁ]gﬁl résetgr::] F;'#: %tgrr]%eé?gdsmg?v%k?rﬁﬁﬁ Efef[ld']) WEre  remarkable considering that the experiments use different re-
An acceptable overall fit is achieved witgh a éinglwave actions with different net nucleon transfer. There is no evi-
state at —S,—500(60) keV and a width of T dence for a state at 250 keV in the present data. The ex-

— 400(60) keV(see Fig. 3 Combinations of ones wave cess of counts at threshold cannot be attributed to a state

nd oneo wave. and twao wav rovided fits which wer given the current experimental resolution and statistics, but
atat' (f[.ce;p” I‘Z € a n'f'c:ng]t daeetf) th(; .nf e Sed N Cmbee;‘f' he presence of a small enhancement is suggestive of one, as
staustically 1ess signii u increas u O the Younget al. [14] experiment. A different reaction or
parameters. Inclusion of the extra s-wave or p-wave shapfnh

- e same reaction made closer to zero degrees may populate
moved the 500 keV structure up 15 and 25 keV, respectively, : _
and reduced its width by 50 keV in both cases. No Othe'the swave state more strongly. It would be desirable to re

r : : .
) ) . o ; : . eat the Younget al. [14] experiment with better resolution
states in'°Li were identified in this experiment, either be- P @t al. [14] exp

cause they were not populated, or the experimental resoll‘l?vnd higher statistics, and the Bohlenal. [15] experiment
. ) - ' . vhich lated the 240 keV state.
tion was insufficient. The 500 keV peak is probably the peak 'ch popuiated the ev state
seen by Younget al. [14] and Bohleret al. [15]. ACKNOWLEDGMENT
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