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Shell model structures of low-lying excited states ir®'Li
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Electron and intermediate energy proton scattering data fioimand “Li, both elastic and inelastic, have
been analyzed using wave functions obtained from shell model calculations involving spaces ranging from the
conventional @ w space to the (&2+4)hw one. The results, along with those of the static and dynamic
properties of the low-lying spectra of the nuclei, allow for a strict assessment of the wave functions, as well as
giving an indication of possible clusterlike behavior in those syst¢8@556-28137)00706-]

PACS numbgs): 21.60.Cs, 25.30.Dh, 25.40.Ep, 27.20.

[. INTRODUCTION ditions provide the renormalization to thé ® model space
one associates normally with core polarization corrections.
While the shell model is the most fundamental of nuclearin the case of-?C [6], analyses of such complementary scat-
structure models, states in light nuclei also have been ddering data using realistic wave functions gave very good
scribed successfully in terms of clusters. Indeed, Wildemuttagreement with experiment, without the need for any correc-
and Tang[1] have shown a correspondence between thédions to the wave functions obtained.
cluster and shell models, the clusters arising naturally as cor- A related question to the analyses of the scattering data is
relations out of the shell model Hamiltonian. For light nuclei, whether a distorted wave approximati@wWA) approach to
the cluster model reduces the many-body problem to a fewthe analysis of proton scattering data is sufficient to deter-
body one, with interactions occurring between the clustersmine the scattering properties independently of the use of
These interactions involve particle exchanges, since thany data from electron scattering. This is important for an
nucleons may still be considered somewhat freely movingunderstanding of the experimental results now available for
with their motion not strictly confined to the clusters them-the scattering of*'Li from hydrogen[7] and which, in the
selves. Such is the relation of the cluster model to the shelhverse kinematics, provides proton scattering data from that
model. For a realistic shell model then, one may expect somkalo nucleus. Similar experiments also are being planned for
evidence of clustering in the wave functions for those sysproton scattering from other exotic nuclei, for which electron
tems in which the cluster model is valid. scattering form factors are not attainable at pregaitttough
A good place to look for this behavior is in ti and  such experiments are being planned for RIKEBY).
’Li nuclei. Both of these have been described successfully in  The paper is organized as follows. The nuclear structure
terms of clusterd2], as a+d in the case of°Li (or as  and the nuclear wave functions are described in detail in Sec.
a+p+n in a three-body description3]), and e+t for  Il. The formalism for obtaining the electron and proton scat-
’Li, although other two-cluster configurations are possibletering observables is described in Sec. Ill. Results are pre-
[2]. The simple @& w-shell model descriptions of these nuclei sented in Sec. IV, while the conclusions are contained in Sec.
automatically contain such clustering: the-6éhell inert core V.
is the & particle, while the valence nucleons in thp 6hell
natu_rally form the other cluster. More recently, large space Il. MODELS OF STRUCTURE
multi-z @ shell models have been constructed for these nu-
clei [4]. Such are required if a shell model approach is to We consider shell model wave functions within the
model cluster effects realistical[]. 0w, (0+2)hw, (0+2+4)hw, and (0+2+4+6)hw
The purpose of the present work is to investigate to whatnodel spaces. However, within the largest of these, because
extent current shell model wave functions féiri and ‘Li  of the dimension of the space, only a calculation of the
exhibit “clustering” behavior, i.e., the extent of correlations ground-state properties has been made. The choice of model
which arise from the multizw configurations, and as may be space dictates the choice of interaction and, specifically, the
evident in electromagnetic and scattering properties. Thenes used weré) the Cohen and Kurath (616)2BME in-
wave functions are obtained in all the available modelteraction(CK) [9] for the complete B model spaceii)
spaces; from the w through to the (6-2+4)%w space. the MK3W interactior[10] for the complete (6-2)% w shell
Those wave functions then are used in calculations of thenodel space, andiii) the G-matrix interaction of Zheng
ground-state properties and in analyses of complementart al.[4] for the complete (8-2+4)% w (hereafter known as
elastic and inelastic electron and proton scattering dataZ4) model space. For the calculations of the ground-state
These provide a stringent test of the nuclear wave functionproperties only, wave functions were obtained using the in-
and, as highefi w excitations are added to the model spaceeraction of Zheng in a (8 2+4+6)%w model space.
allows for the investigation of clustering behavior. Such ad- The removal of center-of-mass spuriosity is straightfor-
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TABLE I. The low-energy spectra ofLi and “Li as calculated in the completei® (CK and Zheng
interactions, (0+2)%» (MK3W and Zheng interactionsand (0+ 2+ 4)% w (Zheng interactiopshell mod-
els. The measured energies were obtained from [Rdf. All energies are in MeV.

Expt. Ohw (0+2)hw 0+2+d)hw
T (CK) (Zheng (MK3W) (Zheng (Zheng
BLi 1+%;0 0.000
3*;0 2.186 2.144 2.991 2.645 2.876 2.521
0*:1 3.563 2.508 3.718 1.856 3.578 3.380
Li 3-.1 0.000
- 0.478 1.068 0.115 0.525 0.472 0.478
- 4.630 4.794 5.103 5.713 5.871 5.391

ward for calculations performed in complete shell modelcalculations. From those results, the importance of increasing
spaces. In all calculations presented herein, the removal dhe size of the model space is evident. For example, the
such spuriosity has been done by adding the appropriatenergy of the; ~ (0.478 Me\j state in’Li in the 0% w model
center-of-mass Hamiltonian to the shell model Hamiltonianspace is 0.115 MeV, obtained using the Zheng interaction.
before diagonalization and projecting the center-of-massnclusion of 2: w excitations in the model space gives 0.472
eigenstates upwards in the energy spectiisee, for ex- MeV for that same interaction, suggesting a convergence in
ample,[11)). the eigenvalue to the observed value. The inclusion of the

It should be noted that the MK3W interaction was de-4#% w excitations provides still better agreement, with the re-
signed only to treat the completei® and ¥iw spaces sult found using the Zheng interaction being in excellent
within the same basis. However, that interaction has beeagreement with the measured spectrum, and our results ob-
used with some success in calculations of the state€@f tained with the Zheng interaction agree well with those
within the complete (6-2)%Zw space[6]. We have made quoted by Zhenget al. [4]. Such is also the case with the
calculations also within the completei® and (0+2)hiw  other states, although it is true that the use of the MK3W
spaces using th&-matrix interactions of Zhenfl2] to com- interaction in the (6 2)% o space for theé’Li spectrum ac-
pare with the results found using the fittgghenomenologi- tually worsens the agreement with the experiment. In that
cal) interactions. All calculations of the wave functions andcase the 0;1 state is lower in excitation energy than the
of the one-body density matrix elements 3*;0 state, due in part to the use of the Cohen and Kurath
(OBDME), which specify the structure changes in inelastic(8 — 16)2BME interaction[9] for the Op-shell part of the
scattering events, were carried out using the cosBASH MK3W interaction.
[13]. There are other questions in regard to our calculations

The J™;T states considered in this study are the groundnade using the Zheng interactions. For example, the multi-
37:0(2.186 MeVj and 0";1 (3.563 Me\j states in®Li, and  valued nature of thé& matrix interaction[4] has not been
the ground; ;3 (0.478 Me\j andZ ;3 (4.630 Me\} states implemented as yet iroxBASH. The excellent agreement
in ’Li. The ground-state binding energies obtained from thewith experiment and with the values obtained using the full
(0+2+4)%hw calculation are—27.237 and—34.127 MeV G matrix[4], suggests that such is not a significant problem.
for ®Li and "Li, respectively, as compared to the measuredAlso, OXBASH is designed to work in bases encompassing the
values[14] of —31.966 and—39.244 MeV, respectively. complete (O-2+4)A o space, from the § up to, and in-
Both nuclei are less bound by about 7 MeV in the model agluding, the M1f2p shells(21 orbitalg. The higher shells
compared to experiment. The results obtained using the fullequired for a complete (62+4+6)Aw Space are not in-
G matrix [4] are —30.525 MeV for SLi in the full cluded. This may affect the results we obtain for the ground-
(0+2+4+6)%hw model space ang 37.533 MeV for’Li in State properties.
the full (0+2+4)Aw space. The relative binding energy  In the predictions of the ground-state properties and of
predicted in our (6-2+4)%w model is 6.890 MeV and is scattering, as in the nuclear structure information, one also
quite close to the measured value of 7.278 MeV. Theequires the specification of the single parti¢gP wave
ground-state wave functions in the {@+4)%Zw model functions. We have used SP functions of harmonic oscillator
space are (HO) and Woods-SaxofWS) form. The latter, which may

be most appropriate when analyses are made of scattering

|5Liy=76.629%40% w) + 11.93%2% w) +11.45%4%w) (1)  properties, were obtained as solutions to the Sdinger

equation with the potential
and

7Li)=74.01%0% w) + 14.16%42% ) + 11.83% 4% w), (2) V=Vo 1+2MI-sl| ) Ty

% )21 d}
——|f(r,R,a), 3)

indicating for both nuclei that the ground state is roughlywhere, withR=r,A3,
75% 0h w in character.

The excited states are listed in Table |, together with the f(r,R.a)= 1 (4)
excitation energies obtained from the various shell model ” l+exd(r—R)/a]’
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Both the oscillator energies and WS parameters were detethe case of-?C [6]. There are three essential ingredients one
mined from fitting longitudinal elastic electron scattering must specify to make such a calculation of the elastic and
form factors. For the unbound statéthose above the ® inelastic proton scattering. First the OBDME, as used in both
shel), wave functions of HO form were used. In the case ofthe the inelastic electron scattering calculations, are obtained
the calculations of the ground-state properties using thérom the selected nuclear structure. Second, the single par-
Zheng wave function§4], however, we have chosen to use ticle wave functions describing the nucleon bound states
HO functions using the oscillator energy specified by themust be chosen, and for our calculations these were the same

G-matrix interaction f w=14 MeV). as those used in the analyses of the electron scattering form
factors. Finally, an effective interaction between the projec-
IIl. ELECTRON AND PROTON SCATTERING tile nucleon and each and every nucleon in the target must be

) _ ) ~ chosen. That effective interactid6] is one whose double

The propriety of the various models considered herein ar@esse| transform accurately maps a set of nucleon-nucleon
tested by their use in analyses of electron scattering for NN) g matrices[20]. These density-dependegtmatrices
factors and of proton scattering data. The use of the OBDMBre solutions of the Brueckner-Bethe-Goldstone equations in
in analyses of the electron scattering form factors to each Qfyhjch a realistidNN potential defines the basic pairwise two
the states irf’Li complements those of the proton scattering nucleon interaction. For these we have used the PdNS
observables thus providing a stringent test of the wave funGpteraction[21]. Thoseg matrices, for a range of incident
tions from which the OBDME are determined. _ proton energies, are available elsewhg@2]. The complex,

The calculations of the fprm factors for electron scatterlngfu"y nonlocal optical potentials used in the nonlocal Sehro
are based upon the formalism of deForest and Walt®R  ginger equation codewea 91 [23], to obtain the differential
but we have modified their specification of the transversg,oss sections and analyzing powers, were obtained by fold-
electric operator by using Siegert’s theorem in the way indiemg| the ground-state OBDME with those samematrices.
cated by Friar and Haxtofi6] so that the effects of meson Recil of the target nucleus is an important feature of these
exchange IcurrentSMEC) are incorporated implicitly. We  qntical model calculations, as are the nonzero multipoles in
use theT® form for the operator effecting the transversethe elastic scattering as the target are not spin zero nuclei.
electric transitior{16,17]. That form, incorporating MEC in  Both effects have been included in all calculations.
the long wavelength limit, has been found to be the most As the optical potential is dependent on the OBDME
appropriate for use with®w structure wave functiongl7].  found using the ground state as both the initial and final
Also, where appropriate, bare charges and the one-body curmultiparticle states of Eq(7), the quality of the results of the
rent densities have been used to specify the one-body opergroton scattering calculations will be determined by the qual-
tors required in the calculations of the longitudinal and transity of the wave functions. Note that while most of such
verse form factors. We have neglected explicit MECOBDME effectively are nucleon shell occupancy values,
corrections to the transverse magnetic form factors, as thossff-diagonal element$when the principal quantum number
corrections are expected to have an appreciable effect onlyhanges must be taken into account. That there is excellent
for momentum transfers above 3 fm [18]. Thus the elec- agreement with both electron and proton scattering data
tromagnetic operators are all one body in character. when reasonable wave functions are used has been illustrated

To calculate the many-body matrix elements of one-bodyin the case of'?C [6], for both elastic and inelastic scatter-
operators, a cofactor expansion of the nuclear wave functioing.
is used, viz.,

2 IV. RESULTS

1
|‘P>:ﬁ 4 |§Dal,ml>aal,ml|q’>v (5)
ay,My

A. Ground-state properties of 57Li
wherea;={n; I;,j;.pi}, with p specifying either a proton or One can assess the clusterlike behavior of the shell model
a neutron. By summing the one-body operator over the indiwave functions by examining the ground-state properties

tor becomes moments, and quadrupole moments of the ground states of

SLi and “Li are compared with values predicted using the

) 1 . wave functions obtained from the completes®,
(31O3) =—= > (¢a,lO¢a,)Sarap, (6)  (0+2)hw, (0+2+4)hw, and the incomplete (62+4
V2l +lajay +6)%hw model spaces. The Zheng interactfdnl2] was used
. ) in all cases in Table Il, with SP wave functions of HO form
whereS, ., are the(singly) reduced OBDME, viz. (hw=14 MeV), to investigate the change in those observ-
_ ables with increasing the size of the model space only. The
Sajay=(Jillal, X3, 1'3:)- (7)  results obtained from the CK, MK3W, and Zheng interac-

tions in the complete Mw, (0+2)hw, and (0+2+4)hw
For the cases of interest the OBDME have been tabulatethodel spaces are shown in Table IlIl for comparison. The
[19]. data for the r.m.s. radii were taken from RE24], while
The calculations of the intermediate energy proton scatthose for the magnetic and quadrupole moments were taken
tering observables follow the fully microscopic ones done infrom Ref.[14].
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TABLE II. The r.m.s. radii, magnetic moments, and quadrupole momentsiaind “Li as calculated in
the complete Bw, (0+2)hw, (0+2+4)hw, and (0+2+4+6)hw model spaces. The Zheng interaction
[4,12] was used in each space. HO single particle wave functions were useflwitli4 MeV. The data are
from Refs.[14] and[24].

Nucleus Model space rems. (fm) u () Q (efm?)
BLi Ofhw 2.32 0.869 —0.264
(0+2)hw 2.27 0.848 —0.208
0+2+4)how 2.33 0.845 —0.012
(0+2+4+6) o 2.36 0.840 0.017
Expt. 2.57 0.822 —0.083
Li 0hw 2.33 3.024 -1.68
(0+2)hw 2.26 3.057 -2.43
(0+2+4)iw 2.30 3.039 —2.63
(0+2+4+6)iw 2.32 3.006 -2.85
Expt. 241 3.256 —4.06

For SLi and ’Li, the r.m.s. radius is predicted adequately [4]. While our result is not calculated in the complete space,
by all model calculations and generally is insensitive to thethis illustrates that large variations in the prediction of the
addition of higherkw excitations to the fw model space. (smal) quadrupole moment may be produced with small per-
The effect of increasing the size of the model space is moreurbations added to the shell model wave functions.
noticeable in the magnetic and quadrupole moments. There |n comparison, the result of the r.m.s. radius fii ob-
is a dramatic decrease in the calculated value of the magnetigined using the CK interaction, as shown in Table IlI is
moment in adding 2w excitations to the model space, from comparable to that obtained using the Zheng interaction in
0.869 to 0.848uy, compared with the experimental value of the 0% w model space. However, the results for the magnetic
0.822 uy. Proceeding from the (82)Aiw space to the and quadrupole moments differ significantly. The magnetic
(0+2+4+6)ho there is a steady decrease in the value oimoment predicted using the CK wave functions is closer in
the magnetic moment, but that change is more gradual. Theigreement to the measured value than that obtained using
is an additional correction to the (02+4+6)%w value of  those from the Zheng interaction, while the quadrupole mo-
0.840 uy of —0.007 y [25] due to higherhw core polar-  ment is much worse. The results for all three quantities pre-
ization effects ¢0.009 wy), meson-exchange currents dicted using the wave functions obtained from the MK3W
(0.033 wy), and relativistic effects £ 0.031 uy), giving a  interaction all differ markedly from the corresponding values
final value of 0.833uy, which is comparable to the experi- obtained using the Zheng interaction. The r.m.s. radius is
mental one. In the case of the quadrupole moment, the effeechuch closer to the measured value, although the agreement
of increasing the model space is most dramatic. There is littldetween the predicted and measured magnetic and quadru-
change to the result of 0.264 e fm?, obtained using the pole moments is much worse.

0% w space wave function, whenfz» excitations are al- In the ground state ofLi, as for 5Li, the effect of chang-
lowed. However, adding #w excitations gives a value of ing the size of the model space is most apparent in the cal-
—0.012e fm?, a correction of more than an order of mag- culation of the quadrupole moments. For the magnetic mo-
nitude, which, in comparison to the experimental value ofment, there is little change in the predicted value when the
—0.083 e fm?, actually overcompensates. This is exacer-size of the space is increased. Indeed, above the2(@ w
bated in the result obtained using the{@+4+6)hw  space, the additional core polarization corrections actually
space ground-state wave functions with which the calculatedive results which diverge away from the measured value of
moment is positive. This is due in part to the use of the3.256 uy. For the result obtained in the 2+4+6)Aw
incomplete space, which encompasses only six major shellspace, the additional correctiofi25] coming from higher
The results obtained in the complete space-3.06%&fm?  #w excitations 0.025 wy), contributions from theA

TABLE Ill. As for Table I, but using the CK, MK3W, and Zheng interactions in the compleie 0
(0+2)hw, and (0+2+4)ho model spaces, respectively.

Interaction
Nucleus CK MK3W Zheng Expt.
BLi Frms (fM) 2.33 2.51 2.33 2.57
w () 0.834 0.770 0.845 0.822
Q (efm?) -0.78 -1.98 -0.012 -0.083
L F'rms. (fM) 2.33 2.46 2.30 2.41
w () 3.171 3.192 3.039 3.256

Q (efm?) -1.84 -3.21 —2.63 —4.06
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TABLE IV. Harmonic oscillator energies and parameters for the Woods-Saxon potential for the single
particle wave functions irf"’Li.

Nucleus Model hw (MeV) Vy (MeV) ro (fm) a (fm) A
6L CK 14.53 -54.5 1.35 0.65 7.0
MK3W 15.06 -54.5 1.35 0.65 7.0
Z4 12.65 -43.0 1.70 0.65 7.0
Li CK 15.06 -54.5 1.35 0.65 7.0
MK3W 16.02 -54.5 1.35 0.65 7.0
Z4 13.39 -49.5 1.55 0.65 7.0

(0.014 uy), meson exchange curren®.095 ), and rela-  the 24, MK3W, and CK shell models, and with WS bound
tivistic effects (—0.091 uy), gives a total value of 2.999 state wave functions. The parameter values of the WS poten-
un- But it is in the calculation of the quadrupole momenttial used to obtain those single particle wave functions for
that we notice the most dramatic changes. None of the result_j (and for “Li) are given in Table 1V, along with the
from using the differing model spaces reproduce the meapscillator energies defining those of harmonic oscillator
sured value Of_4.066fm2, with the h w result glVIng the form. Concomitant with the quadrupo|e moment%ﬁ be-
worst value of-1.68e fm?. Adding 2% excitations gives a  ing small(see the discussion abdyghe C2 contribution to
value of —2.43e fm2 which represents the largest correction the form factor is orders of magnitude smaller than that of
to the Chw result. The result obtained in the {®+4)hw  Co. That is displayed in Fig. (b). Therein, the data are
space is—2.63 e fm?, as compared to-2.372efm? ob-  compared to the total form factor obtained using the Z4 shell
fcained usi_ng the complete muItivaIué_zjmatrix [4]. Increas.— model (solid line), and itsCO (dashed ling and C2 (dot-
ing the size of the model space gives further correctionsgashed lingcomponents. Hence, the results presented in Fig.
with a value of—2.85e fm? being obtained in théincom-  1(a) are just theCO contributions to the form factor. The
pletg (0+2+4+6)hw space. dramatic difference between the results found using the
As for °Li, the comparison between the results obtainedstrycture of the fitted models and using the structure based
using the fitted interactions and those obtained using@he on the G matrix, illustrated by the different single particle
matrix are interesting. In the case of the r.m.s. radiUS, th@vave function parameter sets, may be due to the differences

value obtained using the CK interaction is the same as thah the nuclear wave function influencing the choice of those
obtained using the Zheng interaction. However, that is not

the case when comparing the results obtained in the

(0+2)hw space. The r.m.s. radius obtained using the
MK3W wave functions is significantly larger than that ob- 107
tained using the Zheng wave functions, and is much closer to Fi 107
the measured value. Both the magnetic moments obtained %
using the CK and MK3W wave functions are larger than 10
those obtained using the Zheng interaction, including that
result obtained in the (62+4)Aw model space, and are 107
much closer to the measured value. In the case of the quad- F o a
. . . . L 10

rupole moment, the value obtained using the CK interaction P
is comparable to that obtained using the Zheng interaction, 10
while the value obtained from the MK3W interaction is
worse in comparison to the measured value. 107

Note that the single particle wave functions used in the B a
calculations of the ground-state properties are not the same ! 10_6
as from those used in the scattering calculations to be dis- 10
cussed later. However, using those alternate wave functions
(Table 1V) in the calculations of the ground-state observables
does not significantly change our results.

B. Scattering: SLi FIG. 1. The results of the calculations made for the elastic elec-

Il of the followind di | h . dtron scattering form factors fdiLi. (a) The longitudinal form factor
In all of the following diagrams, unless otherwise state 'data of Suelzlet al.[26] (circles and of Liet al.[27] (squaresare

the results obtained using the wave functions O_f thet:ompared to the results of the calculations made using thsditl
(0+2+4)hw, (0+2)iw, and Crw model spaces are given |ine) MK3W (dashed ling and CK (dot-dashed ling spec-
by the solid, dashed, and dot-dashed lines, respectively. {oscopies(b) CO (dashed lingand C2 (dot-dashed linecompo-

The elastic electron scattering form factors firi are  nents contributing to the longitudinal form factésolid line). (c)
displayed in Fig. 1. In Fig. (), the longitudinal elastic form The transverseM1 form factor data of Bergstronet al. [28]
factor data of Suelzlet al.[26] (circles and of Liet al.[27] (circles and of Lapika [29] (squaresare compared to the results
(squaresare compared to the results we have obtained usingf the calculations made as defined(a).
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FIG. 2. The differential cross sectidtop) and analyzing power
(bottom from the elastic scattering of 200 MeV protons from
8Li. The data of Glovert al. [30] are compared to the results of FIG. 3. Longitudinal inelastic electron scattering form factor to
calculations made using WS and HO single nucleon bound statthe 3";0 (2.186 MeV) state in°Li (a), and theB(E2|,q) value, in
wave functions, displayed by the solid and dashed lines, respecinits of e* fm?, as obtained from the form factéb). The data of
tively. The results shown in the left- and right-hand panels wereBergstromet al.[31] (circles, Yenet al.[32] (squarek Bergstrom
obtained using the MK3W and Z4 structure models, respectively. ahd Tomusia33] (crosses and Hutcheon and Capld84] (tri-

angle$ are compared to the results of the calculations made as

single particle wave functions to reproduce the longitudinaiefined in Fig. 1a). The B(E2]) value from the associated
elastic scattering form factor. y-decay ratg14] is displayed by the diamond data point(in.

The transvers®1 1 elastic electron scattering form factor
for ®Li is presented in Fig. (t) wherein the data of Berg- With the elastic electron scattering data, this suggests that the
stromet al. [28] (circles and of Lapika [29] (squaresare  ground-state wave functions obtained in the méli-spaces
compared to the results of our calculations made using thBave converged.
wave functions from the Z4, MK3W, and CK shell models. The longitudinal inelastic electron scattering form factor
The single particle wave functions used were those deteito the 3";0 (2.185 Me\) state is displayed in Fig.(8),
mined from the analysis of the longitudinal form factor, as iswherein the data of Bergstroat al.[31] (circles, Yenet al.
the case with the analyses of the inelastic scattering dat432] (squares Bergstrom and Tomusigl33] (crosses and
With all three models we are able to predict the magnitude oHutcheon and CaplafB4] (triangleg are compared to the
the form factor well, especially below the minimum at 1.3 results obtained from our calculations. The form factor, as
fm ~1, but the result obtained using the CK wave functionscalculated using all shell models, is dominated by @&
fails to reproduce the position of the minimum. Both the component, while th€€4 component is found to be negli-
MK3W and Z4 models reproduce that minimum well, but gible. With the MK3W and Z4 models, our calculated results
only with the Z4 model can we predict the shape of the formreproduce the magnitude of the measured form factor above
factor at higher momentum transfers adequately. 1 fm~1, as both contain strength from transitions outside of

The results of our calculations of the elastic scattering fothe Op shell which enhance th€2 strength. Such are miss-
200 MeV protons fromPLi are compared with the data of ing in the 0t w model. The (G- 2+ 4)% » model structure is
Gloveret al.[30] in Fig. 2. The cross sections are shown in most favored as there is almost exact agreement with the data
the top segments while the analyzing powers are given in thia that region of momentum transfer. However, BEE2)
bottom ones. The results for the {@)hw and value for the associated decay of this 3;0 state is
(0+2+4)hw models are given in the left- and right-hand 9.3+ 2.1e? fm* [14,32], and the values obtained by calcula-
panels, respectively. The single particle bound states weron using the CK, MK3W, and Z4 models of structure are
specified either as HQashed curvesor WS (solid curveg  significantly smaller. Those values are given in the top line
wave functions, identified by the parameter values given irof Table V. So far as they decay is concerned all calcula-
Table IV. The higher >0) multipoles that are possible in tions require a substantial renormalization to reproduce the
this scattering were calculated in the DWA usingiBA91 ~ measured value. That is confirmed by our predictions of the
[23]. This is in accordance with the calculations presented irelectron scattering form factor at low momentum transfer.
Ref.[30], and we find similar contributions to those calcula- Below 1 fm~? all of the calculated results are less than ob-
tions from the higher multipoles. Recoil corrections to theservation. Yet that degree of renormalization is not suggested
cross section and analyzing power have also been includday the results of the calculations of the form factor at higher
and when such is done with both the OBDME from the momentum transfer. While this suggests that the internal
(0+2)hw and (0+2+4)iw models, we find very good (nucleor) dynamics of the nucleus are well described by the
agreement with both the cross-section and analyzing poweanclusion of higheri w excitations in the model space, such
data. Taken together with the very good agreement achievezhnnot account for the asymptotics of the structure. At large



2832 KARATAGLIDIS, BROWN, AMOS, AND DORTMANS 55

TABLE V. B(E2|) values(in units ofe? fm*) for the transitions irf"’Li as listed. The HO single particle
wave functions used were those given in Table IV.

Ofw (0+2)hw
Nucleus Transition CK Zheng MK3W Zheng (0+2+4)hw Expt. [14]
5L 3*:0— g.s. 2.65 431 4.07 9:832.1
Li 37— gs. 3.04 2.51 8.00 6.21 7.23 16:4.0
I-— gs. 1.04 1.30 3.30 2.88 3.32 3.50,7.6.82

aReferencd41].

radii, which most influence scattering at low momentumcient. The larger space structures lead to cross sections al-
transfer, the clustering of the wave function is not repro-most an order of magnitude greater than that, apart from the
duced by the shell model in which up td 4 excitations are  region around 20° which is still too weak. This problem at
included. This deviation of all the calculated results awaylow momentum transfer is consistent with the analyses of the
from the data is illustrated further in Fig(t§ which displays inelastic electron scattering data to this state. Note that even
the BSEZLQ) value as a fU”_CtEO'? of momentum transfer for the predicted shape found using the simplest structure
the 37,0 (2.186 MeV state in°Li, as determined from the changes with increase in the space. The analyzing power
measured and predicted longitudinal inelastic form factorsygyies in a similar way with either large basis model calcu-
This is achieved by removing from the form factor most of |3tions well reproducing the data. We note that with the in-
the dependgnce_on the momentum tr_ansfer, gccordmg to tr}ﬁeases to the model space, the2 scattering amplitudes
transformation given by Brown, Radhi, and _\/Vlldent[taﬁ].. are most enhanced to give improved fits to the data.
Tir\]/eer?(bEZt#)e vzlgem?;ggla}[ted to the associatediecay is The transversé11 inelastic electron scattering form fac-
9 h y theq . pL. . . tor to the 0";1 state inSLi is displayed in Fig. 5. Therein,

The cross sections and analyzing powers obtained fro e data of Bergstronet al. (circles [31] and square£36))
the various shell models for the inelastic scattering of 20 ' . .

are compared to the results of our calculations made using all

MeV protons to the 3;0 (2.186 Me\j state in®Li are com- . X
pared to the data of Glovest al. [30] in Fig. 4. HO single three shell model interactions. Both the MK3W and Z4 cal-

particle wave functions were used to find the results showfulations are able to reproduce the form factor at low mo-

in the left-hand panels while those of WS form were used tgnentum transfer, and also the_posmon of the minimum at 1.4

obtain the results displayed in the right-hand ones. The crod§ - The CK model calculation, on the other hand, over-

sections displayed are the sum of all possible angular maPredicts the lowg data and places the minimum at too large

mentum transfers which may contribute. Consistent with thet value of momentum transfer.

analysis of the inelastic electron scattering form factor, the In Fig. 6, the cross sections and analyzing powers ob-

| =2 component is the most dominant. It is evident from Fig.tained for the excitation of the Q1 (3.563 Me\) state in

4 that the result found using the simplé ® model is defi-  °Li from the inelastic scattering of 200 MeV protons are
compared with the data of Glovet al.[30]. Single particle
wave functions of HO formileft-hand panelsand WS form

' ' ' ' (right-hand panelswere used as before. In this case, each
& 10 result is observably different and clearly the largest space
§ o calculations best reproduce the data.
g
T
B 10 _
= 10 ? ] T T
.o.....o. .......0. -3 |
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FIG. 4. The differential cross sectigtop) and analyzing power
(bottom) from the inelastic scattering of 200 MeV protons from
SLi exciting the 3";0 (2.186 Me\) state. The data of Glovest al.
[30] are compared to the results of the calculations made using HO FIG. 5. Transversdl1 inelastic electron scattering form factor
and WS single-particle wave functions as defined in the text, disto the 0";1 (3.563 Me\j state inbLi. The data of Bergstronet al.
played in the left- and right-hand panels, respectively. The results ofcircles[31] and square$36]) are compared to the results of the
the calculations made are as defined in Fig).1 calculations made as defined in Figa)l
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FIG. 7. The results of the calculations made for the elastic elec-

FIG. 6. As for Fig. 4, but for the excitation of the'01 (3.563  tron scattering form factors foiLi. (a) The longitudinal form factor
MeV) state in®Li. data of Suelzleet al. [26] (circles and Lichtenstadiet al. [37]
(squarepare compared to the results of the calculations made using
the Z4(solid line), MK3W (dashed ling and CK(dot-dashed ling
spectroscopiegb) CO (dashed linandC2 (dot-dashed linecom-

As for the diagrams fofLi, unless otherwise stated, the ponents contributing to the longitudinal form factsolid line), as
results obtained using the {®+4)Aw, (0+2)hw, and calculated in the (8- 2+ 4)% w model.(c) The transverse form fac-
0% model spaces are given by the solid, dashed, and dotor data of Lichtenstadet al. [37] (circles and van Niftrik [38]
dashed lines, respectively. The elastic electron scatteringpduaresare compared to the results of the calculations made as
form factors for’Li are displayed in Fig. 7. The longitudinal d€fined in(@). (d) M1 (dashed lineandE2 (dot-dashed linecon-
elastic scattering form factor data of Suelz¢al. [26] tnbutlpns to the total transverse form fact@olid line), as calcu-
(circles and of Lichtenstadet al. [37] (squares are com-  'ated in the (G-2+4)%w model.
pared in Fig. 7a) to the results of the calculations made - ,
using the WS single particle wave functiofEable IV). Al Model space, are shown in Figd), wherein the totaM 1
the calculations reproduce the form factor well, although thé?nd E2 components are displayed by the solid, dashed, and
data above 3 fmi! allow for some variation between the dot-dashed lines, respectively. The low momentum transfer
results which is appreciable. For this reason we restrict oup@rt of the form factor is dominated by tié1 component,

assessment of the models to be based upon the data at mfyile theE2 component dominates between 1 and 3fm
mentum transfers below 3 fit. Unlike SLi. there is a sub- Above that momentum transfer both components are compa-

stantial contribution from theC2 component of the form rable in strength. , ,

factor, as displayed in Fig.(B). This is due to the much Ths results for the ela_stlc scattering of 200 MeV protons
larger quadrupole moment for the ground state’of (see  TOM ‘Liare compared with the data of Glovet al. [39] in

the discussion aboyeNote that this component is necessary 19- 8 for which the specifications follow those set out in the
to achieve the fit to the form factor in the region between 2diScussion °6f Fig. 2. As with the results for the elastic scat-
and 3 fm~ L. Calculations of the form factors using HO wave tering from °Li, the contributions from the higher multi-
functions, as defined in Table IV, also reproduce the form
factor up to 3 fmi 1. At large momentum transfers, the form

factor is always underpredicted since the HO wave functions 5 10
do not contain realistic high momentum components. The
WS forms are better in that regard.

The transverse elastic electron scattering form factor for
’Liis displayed in Fig. c). Therein the data of Lichtenstadt
et al. [37] (circles and van Niftriket al. [38] (squarep are " ' ) t
compared to the results of the calculations made using the > . > .
three models of structure. All model calculations predict the

C. Scattering: "Li

(0+2+4)hw

do/dQ (mb/sr

form factor up to 2.5 fm1. At higher momentum transfers < 00 N \

the (0+2)% w model underpredicts the data. Théd and K_’, SN

(0+2+4)hw model results, however, are more consistent  —05 | T =

with the data. It should be noted that the results obtained , , , ,

using the Zheng interaction in ther@ and (0+2)hw 0 20 40 0 20 40 60
model spaces agree with those results based on the fitte 9., (deg)

interactions, and so are not displayed. Such calculations were

also made for the inelastic SCattering form factors with Very FIG. 8. The differential cross sectigtop) and analyzing power
similar results obtained in each model space using the disbottom) from the elastic scattering of 200 MeV protons from
parate interactions. The components contributing to th€Li. The data of Gloveret al. [39] are compared to the results of
transverse form factor, as calculated in thet@+4)i w calculations made as given in Fig. 2.
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10° T FIG. 10. The differential cross sectioftop) and analyzing
power (bottom) from the inelastic scattering of 200 MeV protons
10" exciting the%’ (0.478 Me\j state in’Li. The data of Gloveet al.
o 5 [39] are compared to the results of the calculations made using the
q (fm ) various spectroscopies. The curves displayed are as defined in Fig.

4.

FIG. 9. The inelastic electron scattering form factors to 3he
(0.478 Me\} state in ‘Li. The data of Lichtenstadet al. [37]  enstadtet al. [37] (circles and of van Niftrik et al. [38]
(circles and of van Niftriket al.[38] (squaresare compared iid)  (squaresin Fig. 9b). All of our results reproduce the mag-
to the results of our calculations made of the longitudinal formnpjtude and shape of this form factor up to 3 T with but
factor, and in(b) to the results of the calculations made of the 5 slight overestimation above 1 fm. This suggests that no
transverse form factor, both defined as in Fig)7TheM1 (dashed  renormalization is required with any of those wave functions.
line) and E2 (dot-dashed linecomponents of the total transverse The relative contributions from thé 1 andE2 multipoles to
form factor (solid line) are displayed in(c) as calculated in the ipic transverse form factor are shown in Figc)9 Therein,
(0+2+4)hw model. and only for the (G- 2+ 4)%A w model, the total form factor is

displayed by the solid line, while th#11 andE2 compo-
poles, calculated in the DWA, and recoil corrections havenents are displayed by the dashed and dot-dashed lines, re-
been included. This has resulted in the very good agreemespectively. TheM1 component dominates the form factor
observed with the data suggesting, as wfthi, that the below 1 fm !, above which theE2 component becomes
multi-A w wave functions for the ground state are appropri-much stlronger. Th&11l component dominates again above
ate. 2.5 fm -

The inelastic electron scattering form factors to te The results of our DWA calculations of the inelastic scat-
(0.478 Me\j state in’Li are displayed in Fig. 9. The longi- tering of 200 MeV protons exciting the~ (0.478 Me\}
tudinal form factor data of Lichtenstaét al. [37] (circles state in’Li are compared with the data of Glovet al. [39]
and of van Niftriket al. [38] (squaresare compared to the in Fig. 10. Therein, the cross sections are displayed in the top
results of the calculations made using the various shell modsegments and the analyzing powers are shown in the bottom
els in Fig. 9a). The result obtained in thef» space using ones. Again the results obtained by using HO wave functions
the CK wave functions fails to reproduce the magnitude ofare displayed on the left while those obtained using the WS
the data. The result obtained using the Zheng interaction imave functions are given in the right. For this transition, the
the 0h w space is similar to that obtained using the CK one(0+2)%iw and (0+2+4)Ahw structures give quite similar
indicating inadequacy with afw shell model description of results and are in best agreement with observation. This is
the state. Inclusion of higheiw components in each case due to the enhancement of the 2 multipole contributions
supplies the necessary strength to reproduce the data. Peithin the larger space structures; the multipole that domi-
q>3 fm !, MEC corrections to the charge density operatornates all calculated results above 15°. Thel amplitudes
may be required to reproduce those date, e.g., Ref40]). are changed little by the increase in the size of the model

The B(E2) value for this transition is 16.4°> fm* [14],  space but we note that they are important in the predictions
and the values obtained by calculation using the variousf the data at small scattering angles.
models of spectroscopy are listed in Table V. As with the The inelastic electron scattering form factors to the
B(E2) value of the 3 ;0 state infLi, a substantial renormal- (4.63 MeV) state in’Li are displayed in Fig. 11. The longi-
ization is needed in all of the models to reproduce the meatudinal form factor data of Lichtenstaét al. [41] (circles,
sure value. That is in contrast to the results of their use in ahlutcheon and Caplaf34] (squares and Bernheim and
analysis of the longitudinal form factor; a contrast that isBishop [42] (triangles are compared to the results of our
illustrated in the analysis of the transverse inelastic scatteringalculations in Fig. 1@). As with the longitudinal form fac-
form factor as well. The results of our calculations of thetor to the; ~ state[Fig. ¥a)], the 0& w model fails to match
transverse form factor are compared with the data of Lichtthe magnitude of the observations. Now, however, inclusion
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FIG. 11. The inelastic electron scattering form factors to the
%’ (4.630 MeVj state in’Li. The longitudinal form factor data of
Lichtenstadt et al. [41] (circles, Hutcheon and Caplari34]
(squares and Bernheim and Bishd@2] (triangles are compared
in (a) to the results of the calculations as defined in Fi@).7The
C2 (dashed lingand C4 (dot-dashed linecomponents leading to
the longitudinal form factofsolid line) are displayed irlb) as cal-
culated in the (@-2+4)A o model. The transverse form factor data FIG. 12. B(E2],q) for the %* (4.63 MeV) (@) and the%’
of Lichtenstadtet al. [41] are compared irfic) to the results of the  (0.478 Me\j (b) states in’Li. The data, as listed in Figs(8 and
calculations made using the various spectroscopies, whil@ithe  11(a), are compared to our results obtained using the various shell
E2, M3, E4, and M5 components, as calculated in the models. The measureB(E2]) value for the; ~ state in’Li [14],
(0+2+4)ho model, are displayed by the long-dashed, dot-dashedas determined from the-decay rate, is given by the diamond data
dotted, and short-dashed lines, respectively. The total form factor igoint.
given by the solid line.

. . . . resolve the remaining discrepancy with the quojedecay
of 24w admixtures gives the additional transition strength;aa

necessary to reproduce the data and additiorvias 4dmix- The transverse inelastic scattering form factor to fhe
tures does not further enhance the form factor. This is illusgigte is displayed in Fig. 1d). In this case, all of our calcu-
trated in Fig. 11b), wherein the data are compared to the ajons reproduce the peak magnitude and position of the
total form factor result obtained in the @+4)hw Space  ata of Lichtenstadet al. [41]. However, all of the results
(solid line), along with theC2 (dashed lineandC4 (dotted | ngerpredict the data above 2 frh This is due in part to the
line) components. The form factor is entirely dominated byfoym factor being dominated by th3 transition as is illus-
the C2 component, as is also observed in the«Dand  trated in Fig. 14d), wherein the components of the Z4 cal-
(0+2)hw model calculations. The addition of highéw ¢ation are displayed. T3 form factor dominates, with
admixtures into the model space act as the core polarizatiofe E2 contribution being a factor of 2 less. TIM5 form
corrections normally associated with calculations in theéctor is orders of magnitude below and, like 4 contri-
0% w space, and serve to enhance @& component.  pytion, may be neglected at low momentum transfer. Above
There is some doubt on the measulE2|) for this 3y -1 the M5 contribution becomes more important than
transition. From the quoteg-decay rate[14] this is 3.50  he g2 and the form factor is dominated purely by the mag-
e? fm* [14], however, the source of that measurement is NOhetic components. As such, MEC effects are expected to be-
given in the compilation. The value obtained from an analyome significant in that regime, and their neglect is reflected
sis of the longitudinal inelastic electron scattering form fac-py the underestimation of the form factor.
toris 7.5-0.8 e” fm* [41]. Therein, theB(E2) value for the The results for the excitation of the~ in Li by the
decay of the} ~ state is related to that for the state, which  scattering of 200 MeV protons are given in Fig. 13. Therein,
is well determined. The values obtained from the varioushe cross section and analyzing power data of Glateal.
shell models are listed in Table V. Our results obtained frony3g) gre comparedtop and bottom sectordo the curves
the (0+2)h o and (0+2+4)% w shell models lie very close jgentified with the same notation used in Fig. 6. As for the
to the value obtained from thedecay. TheB(E2|,q) value  |ongitudinal inelastic electron scattering form factor, the
is displayed in Fig. 1&), as obtained from the measured and ¢ross section is dominated by the 2 contribution, with the
predicted longitudinal inelastic scattering form factors. Theggntribution from the higher multipoles being negligible.
data and the results of our calculations are displayed as fof|so, thel =2 contribution is enhanced with the addition of
Fig. 11(a). A similar discrepancy of our results with data to pighers; «» admixtures to give good agreement with the data.
those observed for the'30 state in°Li [Fig. 3(b)] and the  \ye note that while thd =3 multipole contributions are
H3~ state in ’Li, displayed in Fig. 12b), is now also ob- small, they are little affected with increase in the space.
served, with the data suggestind3éE2) value of around 7 Higher multipoles do occur in the @2)hiw and
or 8 e? fm*. More accurate measurements of the form factor(0+ 2+ 4)% e calculations but have almost no influence in
for the 2 ~ state are necessary below0.5 fm~ 1 in orderto  cross-section predictions.
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T T r T (0+2+4+6)hw wave functions, while in the case of the
quadrupole moments, the results obtained are still far from
the experimental values. This inability to reproduce the
quadrupole moment ofLi is an indication that the shell
model wave functions still do not have enough of the corre-
lations defining the clustering.

The same is indicated especially in the analyses of the
electron scattering form factors and proton scattering observ-
ables from both nuclei. In the analyses of the longitudinal
inelastic electron scattering form factors and proton scatter-
ing observables for the 30 (2.186 Me\} state in°Li and
for the 1~ (0.478 MeV) and 1~ (4.63 Me\) states in’Li,
none of the results of our calculations made within all the
0 20 40 0 20 40 60 shell model spaces are able to reproduce the data at low

8, (deg) momentum transfer. This is associated with the underestima-
- tion in theB(E2) value of each transition of about a factor
of 2. Yet the high momentum transfer data for those scatter-
ings are well reproduced when using the miilé- wave
functions. This indicates that the internal nucleon dynamics
exciting theZ~ (4.630 MeV} state in’Li. The data of Gloveet al. are well described and that the asymptotics at large radius,

[39] are compared to the results of the calculations made using th\ghere clustering IS expected to appear, aré not well repro-
various spectroscopies as defined in Fig. 4. duced. That there is remarkable agreement between experi-

ment and theory in all of the transverse electron scattering
form factors, for the calculations using the large space mod-
els, is also indicative of a reasonable description of the in-
We have obtained shell model wave functions ¥dtiin ~ ternal nucleon dynamics.
0w, (0+2)hw, (0+2+4)hw, and (0+2+4+6)w Our DWA analyses of the inelastic proton scattering
spaces using existing phenomenological &chatrix inter-  data reveal the importance of having large space spectros-
actions. Beyond the simplefi@ picture of these p-shell ~ copy. Good fits to the low excitation state data were obtained
nuclei, elements of “clustering” may be introduced, as theWith the (0+2)A» and (0+ 2+4)7% o OBDME in all cases,
larger multi#iw spaces allow for interactiongarticle ex- save for the 0;1 excitation in°Li where the largest space
changé between the &-shell a particle and the clusters OBDME lead to the best results. From our results it is clear
formed by the valence shell particles. As such we have that the prime effect of increasing the size of the model space
used these wave functions in calculations of ground-statBas been to enhance the 2 multipole contributions to the
properties and in analyses of electron and proton scattering ;0 excitation in°Li and to thez ™ and 3~ excitation in
observables to determine to what degree this “clustering” is' Li. For those transitions, other multipole contributions usu-
present in those shell model wave functions. ally are small and little changed with structure. However, the
While the predicted r.m.s. radii for botfLi and “Li are ~ 0™;1 excitation in°Li is purely =1 and for this the best
insensitive to the size of the model space, and which adresult is that obtained from the (02+4)% » model space.
equately reproduce the measured values, it is in the magnetic
dipole and quadrupole moments in which we see dramatic ACKNOWLEDGMENTS
convergence towards the experimental values as the size of
the model space is increased. However, this convergence is This research was supported by NSF Grant No. PHY94-
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FIG. 13. The differential cross sectiofiop) and analyzing
power (bottom) from the inelastic scattering of 200 MeV protons
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