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Is There an Excited State inllLi at E, = 1.3 MeV?
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Inelastic scattering data ofLi from hydrogen at68A MeV have been interpreted as the excitation
of a state in''Li at E, = 1.3 MeV, with an assignment of ™ = 2*. Analysis of those data in a
distorted wave approximation assuming transitions to three candidates obtaind@ in 2)iw shell
model suggests an alternative nuclear shakeoff mechanism. [S0031-9007(97)03915-X]

PACS numbers: 25.60.Gc, 21.60.Cs, 25.60.Dz, 27.20.+n

The understanding of the structures of the light haldby the folding of the scattering interaction with the nucleon
nuclei in terms of a spherical shell model has presentedccupancies and single-particle wave functions. When the
a challenge because of the very loose binding of thénalo single-particle wave functions are correctly specified
halo nucleons, which extend the matter distributions othat prescription of the optical potential appropriately takes
those nuclei to large radii. The measurements of transfdanto account the halo distribution.
reactions leading to excited states'tfi by Bohlenet al. An analysis of the data of Moot al.[5] has been
[1] suggest excited states iHLi at 2.47, 4.85, and performed by Crespet al. [8] assuming a few-body model
6.22 MeV. There have been few shell-model calculationgor the!' Li nucleus and specifically as a three-body system
presented of halo nuclei: e.g., those of Poppelier, Wood?Li + n + n). A Gaussian distribution model and a
and Glaudemans [2] for sevefgh-shell neutron-rich halo cluster model separately were assumed for 4fhiecore.
nuclei, those of Warburton and Brown [3], and those ofTheir calculations for the elastic proton scattering from
Sagawa, Brown, and Esbensen [4]. both’Liand ''Li underpredict the measured cross sections,

The measurements 6f!!Li scattering from hydrogen and hence they concluded that the microscopic structure of
taken by Moonet al. [5] at 60 and 62 MeYnucleon and  °Li was important. Such structure is included naturally in
by Korsheninnikowet al. [6,7] at 68 and 75 MeYnucleon the shell-model wave functions we consider herein.
provide elastic and inelastic proton scattering data from We have performed a complei@ + 2)/o shell-model
%HLj in the inverse kinematics. These data not onlycalculation for the negative parity states'éfi, and a re-
provide energy spectra, by which comparison may be madstricted(1 + 3)/iw shell-model calculation of its positive
with model predictions, but also cross section data withparity states, using the codxBaAsH [9]. A 0iw calcu-
which to test the wave functions. The inelastic scatterindation of the ground state spectrum “fi was performed
data atE, = 68 MeV of Korsheninnikowet al. [7] showa as well. The model contained all orbits from theup to,
peak aiE£, = 1.3 MeV and a broad distribution assumed to and including, thé@71p shell. Hence the restriction on the
represent other reaction mechanisms. A coupled-channél + 3)iZ» model space is only the exclusion of the single-
optical model analysis of the differential cross sectionparticle excitations up to tH&s 1d2s shell. The interaction
obtained from this peak suggested that the excitation issed was the WBP interaction of Warburton and Brown
dominantlyL = 1. For the ground statd,”; T = %*; % [3], while their P(5 — 16)T interaction [3] was used for

and so an assignment_b’f = %+ was made (a|though that the calculation OPLl in a pureOﬁw shell model. An en-
analysis also would allow assignments%df and of§+). ergy shift was applied to thi®iw and3/iw components in

This is the starting point by which direct comparison with €aCh case to account for the neglect of highercompo-
the shell model can be made. nents [10]. The energy shn:tls _vvemzﬁw = —2.00 MeV

A problem with the conventional optical model analysis@"dA3ie = —2.23 MeV for "'Li. [Those values are ob-
of those data lies with the specification of the optical potent@ined from the calculated shift of theiw configurations
tial. Korsheninnikovet al. [6,7] used a phenomenologi- d4€ t09th'e(n + 2)hw admixtures.]
cal optical potential of conventional Woods-Saxon (ws) For "Li, the ground and first-excited state (3.14 MeV

form that fitted the elastic scattering cross section found bjf! ©ur model calculation) agree with the experimental as-
Moon et al. [5] in an analysis of their 62 MeV data. Such Signments. The calculated energies a”% spin-parity assign-
a central mean field specification for the optical potentiamentslfor“'-' areIO(I”; I'=3":3),14967) 183 64

may be inappropriate for the scattering of protons from al.87 ), 2.68 &), and 3.25 MeV {*), of which the
halo nucleus. It may not take into account appropriatelysecond, third, and fourth states are likely candidates for the
the density extending to large radii arising purely from theexcitation of'!Li in the i.nelastic proton scattering experi-
distribution of the halo nucleons. An alternative prescrip-ment [7;. The calculation by Poppeliet al. [2] had the

tion is to use a fully microscopic optical potential formed excited5 ™ state at 21.96 MeV. Their result also showed
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an excited%* state at 2.68 MeV, é* state at 4.58 MeV, appropriate radial wave functions for transitions between
and a3 * state at 3.13 MeV. Itis important to note that all 00sely bound states has been illuminated (and resolved)

excited states it Li are broad continuum states, and their by Millener et al. [18] for the case of'Be. _
energies in our shell model are accurate to about 1 MeV. The predictions made for the elastic scattering of 62

The ground state wave function BiLi in our model is ~ and 68 MeV protons from'Li, and of 62 MeV protons
62.71%|0fiw) + 37.29%|2fiw). This wave function con- from °Li are shown in Fig. 1. Therein the data for
tains a substantial admixture f» components, of which 624 MeV [5] and 684 MeV [7] ''Li scattering from
19.62% come from the pu8d)? configurations and a fur- hydrogen are compared in the top panel of Fig. 1 to
ther 10.02% arise from the putés)? configurations. the result at 62 MeV made using tH@e WS wave

Our methods of analyses of the elastic and inelastic profLinctions (solid line), and also to that at 68 MeV (dashed
ton scattering data follow those we used in analyses of théne). The prediction of the scattering frofiLi made
elastic and inelastic scattering data from 200 MeV proton&t 62 MeV using harmonic oscillator$ (= 1.65 fm) is
on '2C [11] and on®’Li [12]. Those analyses are based displayed as the dot-dashed line. It overestimates the cross
upon an effective nucleon-nucledN-{) interaction in co- ~ section significantly, and illustrates the need for specifying
ordinate space that has been obtained from an accuratlee halo density distribution appropriately. The results
mapping of the I-N) ¢ matrices of the Paridl-N inter-  of the calculations using the WS single-particle wave
action [13] for infinite nuclear matter obtained from solv- functions are insensitive to changing the binding energy
ing the Bruckner-Bethe-Goldstone equations [14]. Thaof the halo orbits to as low as 50 keV. The data for the
complex interaction is both energy and density dependenelastic scattering 0624 MeV °Li from hydrogen [5] and
Folding the effective interaction with the target density ma-the predictions made using the WS wave functions are
trix elements then yields energy dependent, complex, angompared in the bottom panel of Fig. 1, wherein the results
nonlocal nucleon-nucleusl{A) optical potentials in which  obtained using théBe and’Li sets are displayed by
is contained the density dependence required to descriliee solid and dashed lines, respectively. There the use
well both elastic and inelastic scattering data [11]. Theof the °Be set of WS functions is closer in agreement
latter have been calculated in the distorted wave approxwith the data, although th&.i set provides a reasonable
mation (DWA) in which the same effective interaction is representation. In the case 0t., the results using both
the transition operator and the distorted waves are obtained
from the microscopic optical potentials. The interaction at
65 MeV also has been used in analyses of proton elastic
and inelastic scattering from diverse targets [15], wherein
very good agreement with cross section and polarization
data has been obtained. The cadesag1 of Raynal [16]
has been used to calculate all of the elastic and inelastic
scattering cross sections. Note that these calculations are
entirely parameter-free. There areaposterioriscalings
of the results obtained from the calculations in their com-
parisons with data, and so our results are purely predictive.
For complete details, see Refs. [11,12].

Specification of the single particle wave functions is
important in analyses of scattering data. This is especially
true for the scattering froml'Li, as that halo nucleus
requires single particle wave functions that reproduce the
density extending to large radii. Such is not the case for
°Li. We have used HO and WS single particle wave
functions in the calculations. As there are no electron
scattering data by which to set the wave functions, the 0, (deg)
WS parameter values were determined from fits to the

s ; ; FIG. 1. Elastic scattering of 60 and 68 MeV froltLi (top)
longitudinal elastic electron scattering form factors forand9Li (bottom). The data of Mooret al. [5] (circles) and

either “Li [12]9 (@ choice predmated on the similarity of Korsheninnikovet al.[7] (squares) are compared to our
of charge) or’Be [17] (a choice predicated on mass). predictions made using th® + 2)iw and (1 + 3)kie shell-
However, for the scattering with'Li the WS functions model wave functions. The predictions for the scattering from
were adjusted to define the halo nature of that nucleus.Li at 60 MeV used both théBe WS (solid line) and HO

£ ; ; indinq Single particle wave functions (dot-dashed line). The prediction
Specifically, we used WS wave functions with a blndlngat 68 MeV using the WS wave functions is displayed by

energy of 500 keV for the halo neutron orbits, namely thée "gashed line. The prediction for the scattering frdim
Op1/2 orbit and thedd1s and0f1p shells in the complete ysing the’Li set of WS wave functions is displayed by the
(0 + 2)hiw shell-model space. The problem of choosingdashed line.

do/dQ (mb/sr)
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WS sets are quite similar, and hence only {Be results tions in the continuum. Also, as the excited (continuum)
are displayed. The excellent agreement with experimergtates are broad, the excitation of many higher lying states
for both nuclei confirms the conclusion by Cresia@l. [8] may contribute to the inelastic cross section. Hence we
of the need for the specification of the full structure of thepropose a simpler, semiquantitative model, incorporating
°Li core. the excitation of the continuum as a whole.

The total nuclear elastic scattering cross sections from The basic process is elastic scattering of the proton
°Li and ''Li are 281 and 393 mb, respectively. This is from the’Li core [19]. The momentum imparted to the
in disagreement with Mooret al. [5], who interpreted halo in the new center-of-mass (c.m.) system entails a
their experiment as indicating a significant decrease imertain probability of breakup into the constituehits +
cross section froniLi to ''Li. Our result is due to the »n + n. Such processes commonly are encountered in
contributions made from the cross section values at thatomic physics, where they are referred to as “shakeoff.”
(unobserved) forward angles fétLi and is what should Another analogy is the recoilless absorption of photons
be expected: The larger size ULi leads to a narrower in the Mossbauer effect, where the probability that the
and more intense diffraction pattern. struck system remains in its ground state is referred to as

The data for the inelastic scattering of 68 MeV pro-the Debye-Waller (DW) factor.
tons from !'Li [7] are compared with our predictions  Since the''Li halo has no bound excited states, we may
in Fig. 2(a). Therein, the cross sections to t%é calculate the shakeoff probabilit], as unity minus the
(1.49 MeV), %+ (1.83 MeV), and%* (1.87 MeV) states DW factor. This is equivalent to a (non-energy weighted)
are displayed by the solid dashed and dot-dashed line§Um rule. Assume, for a simple estimate, that the spatial
respectively. The transitions to the negative parity state¥/ave function of the ground state with energy may
are mostlyE2 in character, while the transition to the P& Written as a product of two neutron wave functions
state is dominantf£1. However, in all cases, neither the (N€glecting the c.m. corrections and correlations), i.e.,
shapes nor the magnitudes agree with the data. It is A) = |1s)1]15); and that the momentum transferred to the

possibility that a problem may lie in our choice of wave LI core after elastic scattering of a protong@s In the
functions for the excited states. Itis also possible that ouf-M- System after the scattering, the change in momentum

approach does not guarantee proper treatment of excit@f each of the two neutrons isg = —0Q/(A + 2) and
that of the core ist24. In the sudden approximation, the
10° wave function after the scattering is
10" |0) = exp(—ig - 71 — ig - P2) [Ishlls). (1)
1()0 The DW factor is novﬂ(@l@}lz, the square of the elastic
-1 overlap amplitude, which has been evaluated with WS
) 10 wave functions for als state. Noting that the shakeoff
s 107 probability to lowest order iig is §<r2>q2, we adjusted the
g L WS potential to reproduce the experimental root-mean-
a e square radius of 7 fm for the halo and the corresponding
% 102 | N . (b) ] binding energy of each neutron is 0.56 MeV.
< N The differential cross section for shakeoff, shown in
10" F g ¥ ‘\\ ] Fig. 2(b), was calculated as the product B&f and the
\V/ ‘H*} Sl differential cross section for elastic scattering frdii.
10° LV \*\f\ sl - Its total amounts to 20 mb.
. S The energy spectrum for the shakeoff process is ex-
107 N . L . AN pected to show an asymmetric peak with a “tail” extend-
20 40 60 80 ing towards higher energies. It is possible to obtain an
0 (deg) estimate of the average excitation energy from the ratio
c.m.,

of the energy-weighted to the non-energy-weighted sum
FIG. 2. Comparison of the inelastic 68 MeV proton scatteringrule. The expectation value of the energy measured from
data [7] with (a) the re33u|ts of the calculations made as3suminghell|_i ground state iSQ|H|Q) — Ey = ¢*/m so that it
the transition to the;~ (1.49 MeV) (solid line), the;™  simply is increased by the amount that would be imparted
(1.83 MeV) (dashed line), and th%e* (1.87 MeV) (dot-dashed classically to the two neutrons (an example of Ehrenfest’s
line) states, and (b) the result of the calculation assuming theheorem). We now obtain the average excitation energy
shakeoff mechanism (solid line). The dashed line in (b) ISby dividing this result by the shakeoff probability, which

the same result scaled by a factor of 0.5 corresponding to the

strength associated with the 1.3 MeV peak in the spectrum'.n the perturbation limit as given above also scalegas

The elastic scattering of 68 MeV protons fréi is displayed | herefore the average excitation energy in this limit is in-
by the dot-dashed line. dependent of momentum transfer and hence of the angle.
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The resultis$i?/2m(r?) = 1.3 MeV, in qualitative agree- 1-2 MeV. Such states may be observed and interpreted

ment with the observation. (The energy should actually bén single-nucleon transfer experiments 8Be.

augmented by 20% from the recoil energy of the charged This work was supported by NSF Grants No. PHY94-

core; a contribution well below the accuracy of this esti-03666 and No. PHY95-28844.

mate. More accurate estimates ®f would furthermore

make the average excitation energy increase slowly with
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