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Microscopic Calculation of ®Li Elastic and Transition Form Factors
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Variational Monte Carlo wave functions, obtained from a realistic Hamiltonian consisting of the
Argonne v two-nucleon and Urbana-1X three-nucleon interactions, are used to calculattiithe
ground-state longitudinal and transverse form factors as well as transition form factors to the first four
excited states. The charge and current operators include one- and two-body components, leading terms
of which are constructed consistently with the two-nucleon interaction. The calculated form factors and
radiative widths are in good agreement with available experimental data. [S0031-9007(98)07634-0]

PACS numbers: 21.45.+v, 25.30.Bf, 25.30.Dh, 27.20.+n

Calculations of théLi elastic and inelastic form fac- nuclei in a new regime—that gf-shell nuclei—and to
tors have relied in the past on relatively simple shell-modelerify to what extent the inability of reproducing simul-
[1-3] or a-d [4] cluster wave functions. These calcula- taneously the observed elastic and transition form factors
tions have typically failed to provide a satisfactory, quan-is due to the inadequacy of cluster or shell-model wave
titative description of all measured form factors. More functions.
phenomenologically successful models have been basedThe AV18/UIX model reproduces the experimental
on aNN [5-7] clusterization, on extensions of the ba- binding energies and charge radii ¥, *He, and*He in
sic spherical-cluster-d model in which the deuteron is numerically exact calculations, based on the Faddeev [17],
allowed to deform [8], or on large-space muitic shell-  pair-correlated hyperspherical harmonics [18], and Green’s
model approaches [9]. However, while these models ddunction Monte Carlo (GFMC) [16] methods. Fdr=
provide useful insights into the structure of the= 6 nu- 6 systems the GFMC results are somewhat underbound
clei, their connection with the underlying two-nucleon (andcompared to the experimental ground states, by 2% in
three-nucleon) dynamics is rather tenuous. ®Li and 5% in®He and®Be. The best variational Monte

The SLi form factor calculations we report on here are Carlo (VMC) energies are an additional 10% above the
within the context of a realistic approach to nuclear dy-GFMC results. However, the known excitation spectra are
namics based on two- and three-nucleon interactions—well reproduced by both VMC and GFMC calculations.
the Argonnev;g [10] and Urbana IX [11] interactions, These include, in order of excitation, the states with spin,
respectively, or AV18UIX model—and consistent two- parity, and isospin assignmentg™; T'), of (3*;0), (0*; 1),
body charge and current operators [12—14]. Up until2*;0), and ¢*; 1) [16].
very recently, calculations of this type were limited to the The variational wave function foA = 6 nuclei used
A = 2-4 systems, as reviewed in Ref. [15]. Indeed, thehere is the trial wave functionV'r, that serves as the
deuteron structure functions and threshold electrodisintestarting point for the GFMC calculations. It has the general
gration, the trinucleon charge and magnetic form factorsform
and « charge form factor have been the observables of
choice for testing the quality of interactions and associated |y} — [1 + Z 051]2/1} [5 l_[(l n Uij):| 1)),
two-body currents. However, the availability of realistic i<j<k i<j
six-body wave functions for the ground and low-lying ex- Q)
cited states ofLi [16] makes it now possible to extend and ~ TNI

test our understanding of the electromagnetic structure g¥NereUi; and Uy, are two- and three-body correlation
| operators and the Jastrow wave functjdry) is given by

vy =A7 T1 £ 1 fss<rl-,»>1‘[fsp<rk5>fsp<rk6>Z<ﬂLsf,e§<r56>|¢6<LSJMTT3>1234:56>>]. 2

i<j<k=4 i<j=4 k=4 LS

The S and A are symmetrization and antisymmetrization operators, respectively. The central pair and triplet correlations
fu(rij) and f; are functions of relative position only; the subscriptsdenote whether the particles are in ther p

shell. The|®¢(LSJMTTs5)) is a single-particle wave function with orbital angular momenturand spinS coupled to

total angular momentumi, projectionM, isospinT, and charge statg;:
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|D6(LSIMTT3)1234:56) = |P4(0000)1234 %" (Ras) D> (Rae6) (Y 1m, (Qaes) Yimy (Qae)iar, X Dxs(3m5) x6(3m) s bom
X [ws(313)ve(5t)]rr,) (3)

Particles 1-4 are placed in am core with only spin- | two-body GFMC densities are somewhat larger near their
isospin degrees of freedom, denoted dy(0000), while peak atr;; = 1 fm [16].

particles 5—-6 are placed prwave orbitaIqul%S(Rak) that The nuclear charge and current operators consist of
are functions of the distance between the center of mass afne- and two-body terms. We here summarize their most
the @ core and particlé&. Different amplitudesB,.s are  important features, and refer the reader to Refs. [15,21]
mixed to obtain an optimal wave function; for tie"; 0) for a listing of the explicit expressions. The two-body
ground state ofLi we mix Bo1, 810, andB,; terms, while  current operator has “model-independent” and “model-
both the(3";0) and(2*;0) states are “stretch” states and dependent” components, in the classification scheme of
use onlyB,;. Forthe(0"; 1) excited state th@y, and 3, Riska [22]. The model-independent terms are obtained
amplitudes contribute, and f@2*; 1) the wave functionis  from the charge-independent part of the AV18, and by con-

constructed fromB,y and B81; terms. struction [23] satisfy current conservation with this interac-
The two-body correlation operataf;; is defined as tion. The leading operator is the isovectar-tike” current
obtained from the isospin-dependent spin-spin and ten-
_ P P
Uij = Z l_'['fijk(rik’rjk) up(rij)Oij» (4 sorinteractions. The latter also generate an isovegter “
p£2f62’6_ k2L like” current, while additional model-independent isoscalar
where theO;; = =7, - 7j, 0 - 0}, 0y - 0,7, - 7j, Sij,  and isovector currents arise from the isospin-independent

and S;;7; - 7j. The six radial functionsf,(r) and
u,—26(r) are obtained from approximate two-body Euler-
Lagrange equations with variational parameters [19]. Th
fsp andflﬁlf correlations are similar t@,, for small sepa-
rations, but include long-range tails. The parameters useg},
in constructing these two-body correlations, as well ?s th
description of the three-body correlation operatéf isoscalarp 77y and isovectomw 7y transition currents as
and tDe opergtor—l.ndependent three-body correlatfons el as the isovector current associated with excitation of
andf;; are given in Ref. [16]. intermediateA-isobar resonances. Thery and wmy
Energy expectation values are evaluated using a Megouplings are known from the measured widths of the
tropolis Monte Carlo algorithm [19]. The VMC results (adiative decayp — 7y [24] and w — 7y [25], re-
for the ground and low-lying excited states &fi are  gpectively, while their momentum-transfer dependence is
compared to the GFMC and experimental energies [20] innodeled using vector-meson dominance. The MA
Table I. The ground state is underbound by nearly 5 MeVcoypling is obtained from an analysis ¢V data in the
compared to experiment, and is only 0.1 MeV more bounda -resonance region [26]. Monopole form factors are in-
than the correspondirfe calculation (26.9 MeV). This  troduced at the meson-baryon vertices with cutoff values
is above the threshold for breakup &fi into an « and a of A, =38 fm~! at the #NN and 7NA vertices and
deuteron; in principle, it should be possible to lower the A, = A, = 6.3 fm~! atthep NN andw NN vertices.
varia_tional energy at least to that threshold, but the wave \\/ile the main parts of the two-body currents are linked
function would be greatly spread out. We have choseng the form of the two-nucleon interaction through the
to constrain our parameter search to keep the rms pointontinuity equation, the most important two-body charge
nucleon radius for the ground state near the experiment&perators are model dependent, and should be considered
value of 2.43 fm. Despite the large energy deficit com- 55 re|ativistic corrections. Indeed, a consistent calculation
pared to the GFMC calculation, the VMC and GFMC one- o two-body charge effects in nuclei would require the
body densities ifiLi are virtually identical. However, the jnclusion of relativistic effects in both the interaction

- I models and nuclear wave functions. Such a program is
TABLE |. Binding energy,B, and excitation energyAE, of

®Li states in MeV. Numbers in parentheses are Monte CarIoIUSt at its inception for Sy.StemS .W'm = 3. There are
statistical errors. nevertheless rather clear indications for the relevance of

two-body charge operators from the failure of the impulse
JrT B VMC AE BGFMCAE B EXpt'AE approximation (IA) in predicting the charge form factors

. of the three- and four-nucleon systems [15]. The model
21;1 21.5(1) 5.5(1) 255(1) 5.7(1) 26.62 5.37 commonly used [13,15] includes the-, p-, and w-
270 226(1) 4.4(1) 268(3) 4.4(4) 27.68  4.31 meson exchange charge operators with both isoscalar and
(3)+f(1) giggg gg&; g;gg; ggg; gg'gg g'i’g isovector components, as well as the (isoscalar)y and
1+j0 27'0(1) 31 é(l) 31.99 ' (|sov_ector)a) 77y charge transition coupllngs, in add|t|_on to

. y y y the single-nucleon Darwin-Foldy and spin-orbit relativistic

and isospin-dependent central and momentum-dependent
interactions. These currents are short ranged and numeri-
&ally far less important than the-like current.

The model-dependent currents are purely transverse and
erefore cannot be directly linked to the underlying two-
ucleon interaction. The present calculation includes the

4318



VOLUME 81, NUMBER 20 PHYSICAL REVIEW LETTERS 16 MVEMBER 1998

corrections. It should be emphasized, however, that fo(though with a 50% statistical error) in absolute value than
g <5 fm~! the contribution due to the-exchange charge the measured value of0.08 fm?, but with the correct
operator is typically an order of magnitude larger than tha{negative) sign. Cluster models of thei ground state
of any of the remaining two-body mechanisms and onegenerally give large, positive values for the quadrupole
body relativistic corrections. moment, presumably due to the lack bf waves in the

We have calculated longitudindi; (¢) and transverse «, and the consequent absence of destructive interference
Fr(q) form factors of théLi ground state as well as transi- between these and ti2 wave in thea-d relative motion
tions from this to the first four excited states. The Coulomif7]. Forg = 3 fm~!, the C2 contribution becomes dom-
(CJ) multipoles contributing taF; (¢) are obtained from inant, and the shoulder seen in the data is entirely due to
matrix elements of the charge operatpfq), while the this component, which has frequently been omitted from
electric (EJ) and/or magneticNIJ) multipoles contribut-  cluster models.
ing to Fr(g) are obtained from matrix elements of the cur- The experimentalF;(q) is well reproduced by our
rent operatorj(q), using standard formulas [27]. calculations in the first peak at= 0.5 fm~!, but the zero

Our elastic form factor#; (¢) andFr(q) are compared comes a little too early and the second peak at 2 fm~!
with the experimental values [8,28—30] in Fig. 1. Sinceis somewhat overpredicted. Since thid ground state
theSLi ground state is("; 0), both CO and C2 multipoles has 7 = 0, only isoscalar two-body currents contribute
contribute taF; (¢), while only the M1 operator contributes to Fr(g); the associated contributions are small at lpw
to Fr(g). The results obtained in both IA and with in- but increase witly, becoming significant fog > 3 fm~!,
clusion of two-body meson-exchange contributions in thebeyond the range of present data. The calculated magnetic
charge and current operators (KA MEC) are displayed, moment is0.829uy in IA and 0.832uy with two-body
along with the statistical errors associated with the Monteurrents, about 1% larger than the experimental value,
Carlo integrations. Thé ', (g) is in excellent agreement which is close to that of a free deuteron.
with experiment; in particular, the two-body contributions The calculated longitudinal inelastic form factor to the
(predominantly due to the-like charge operator) shift the (37;0) state is found to be in excellent agreement with
minimum to lower values of, consistent with what has
been found for the charge form factors of the hydrogen -

and helium isotopes [15]. The C2 contribution is much 30 © Main 20 olA
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FIG. 1(color). Calculated longitudinal and transverse elastid=IG. 2(color). Calculated longitudinal and transverse transi-
form factors of the®Li ground state are shown in impulse tion form factors to the first fourJ(";T) excited states of
approximation (IA) and with two-body charge and currentLi are shown in impulse approximation (IA) and with two-
operators added (IA- MEC) as filled symbols with Monte body charge and current operators added {AMMEC). The
Carlo statistical error bars. The Coulomb monopole (C0) andargest form factor in each case is shown as a point with its
quadrupole (C2) contributions to the longitudinal form factor statistical error bars; the smaller form factor (if any) is shown
are also shown by the dashed (IA) and solid (AMEC) lines. by dashed (IA) and solid (IA+ MEC) lines. Data are from
Data are from Refs. [8,28-30]. Refs. [3,4,29,31-33].
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is induced by C2 and C4 operators, and thus the associats@n, under Contract No. W-31-109-ENG-38, and that of
form factor F; (¢) behaves ag* at lowg. The two-body R.S. by the U.S. Department of Energy.
contributions become important only for> 2 fm~!, but
do improve the agreement with data. We also show our
prediction for the much smaller transverse form factor [11 T-W. Donnelly and J.D. Walecka, Phys. Le#4B, 330
Fr(g). The c:a4lcula.ted radiative Width of th&'(; 0) state is 2] .(]:.I-QD??\)Bérgados, Nucl. Phys220, 259 (1974).
3.38(9) X 10~ eVinboth IA and with MEC, compared to :
. a [3] J.C. Bergstrom, I.P. Auer, and R.S. Hicks, Nucl. Phys.

the experimental value @¢#.40 + 0.34) X 10~ eV [33]. A251, 401 (1975).

Good agreement is also found with the experimental val-[4] 3. c. Bergstrom, Nucl. Phy#327, 458 (1979).
ues [3,32] for the transverse inelastic form factor to the [5] A. Eskandarian, D.R. Lehman, and W.C. Parke, Phys.
state 0*;1), as shown in Fig. 2. This is an isovector Rev. C38, 2341 (1988).
magnetic dipole transition and, as expected, is significantly[6] V.I. Kukulin, V.T. Voronchev, T.D. Kaipov, and R.A.
influenced, even at low values gf by two-body contri- Eramzhyan, Nucl. Phy#\517, 221 (1990).
butions, predominantly by those due to theike current  [7] G.G. Ryzhikh, R.A. Eramzhyan, V.l. Kukulin, and
operator. The predicted radiative width is 7.49(2) eV in __ YU.M. Tchuvil'sky, Nucl. PhysAS63, 247 (1993).
IA and 9.06(7) eV including MEC, compared with the ex- [8] J.C. Bergstrom, S. B. Kowalski, and R. Neuhausen, Phys.
perimental valug.19 =+ 0.17 eV. Thus the isovector two- Rev. C25, 1156 (1982).

oo . . 0 [9] S. Karataglidis, B.A. Brown, K. Amos, and P.J. Dort-
body current contributions increase thevidth by 20%. mans, Phys. Rev. 65, 2826 (1997).

The calculated longitudinal and transverse ineIasticfornTlo] R.B. Wiringa, V. G. J. Stoks, and R. Schiavilla, Phys. Rev.
factors to the Z*;0) state are also shown in Fig. 2. The C 51, 38 (1995). ' ’

contributing multipole operators are C2 for the longitu-[11] B.S. Pudliner, V. R. Pandharipande, J. Carlson, and R.B.
dinal transition, and M1, E2, and M3 for the transverse Wiringa, Phys. Rev. Let{74, 4396 (1995).

transition. TheF.(g) is comparable in magnitude to that [12] R. Schiavilla, V. R. Pandharipande, and D. O. Riska, Phys.
for the 3*;0) state, but has not been measured to date; Rev. C40, 2294 (1989).

the Fr(g) is again much smaller. The correspondimg [13] R. Schiavilla, V. R. Pandharipande, and D. O. Riska, Phys.
width is calculated aB.0(5) x 1073 eV both in IA and Rev. C41, 309 (1990). o N

with MEC. This result just overlaps the experimental valuel14] J- Carlson, D.O. Riska, R. Schiavilla, and R.B. Wiringa,

of (5.4 + 2.8) X 1073 eV [33]. Phys. Rev. CG42, 830 (1990).

Finally, we show the inelastic form factors to the [15] gigggglson and R. Schiavilla, Rev. Mod. Phy&), 743

_(2+; 1) state. For this isovector transmqn, ther () [16] B.S. Pudliner, V.R. Pandharipande, J. Carlson, S.C.
is much larger than thé'.(¢). The experimental data Pieper, and R. B. Wiringa, Phys. Rev.56, 1720 (1997).
[4,32,33] are well reproduced by the calculation, with[17] A. Nogga, D. Hiiber, H. Kamada, and W. Gléckle, Phys.
the two-body currents contributing significantly at all Lett. B 409, 19 (1997).

values. However, the calculatedwidth of 0.050(9) eV  [18] A. Kievsky, M. Viviani, and S. Rosati, Phys. Rev. %2,

in 1A and 0.075(26) eV with MEC is several times smaller R15 (1995).

than the reported experimental value0at7 = 0.05 eV. [19] R.B. Wiringa, Phys. Rev. @3, 1585 (1991).

To summarize, we have presented the fitstinitio mi-  [20] F. Ajzenberg-Selove, Nucl. Phys490, 1 (1988).
croscopic calculations ofLi elastic and transition form [21] g"4 \ég/;,apllbgé)scmaw”a' and A. Kievsky, Phys. Rev. C
factors, based on six-body VMC wave functions obtaine : : .
from realistic interactions and a consistent, realistic nucle gg] D.O. Riska, Phys. Re81, 207 (1989).

. ] D.O. Riska, Phys. ScB1, 471 (1985).
electromagnetic current operator. We do not expect th 4] H. Berget al., Nucl. Phys.A334, 21 (1980).
USE-Of the more accurate GEMC Wavg functions will lea 25] M. Chemtob and M. Rho, Nucl. Phy&163, 1 (1971);
to significantly different predictions, since the VMC and A212, 628(E) (1973).
GFMC one- and two-body densities have been found to bf6] C.E. Carlson, Phys. Rev. B4, 2704 (1986).
quite close [16]. Inclusion of the contributions from two- [27] T. deForest and J. D. Walecka, Adv. Ph¢5, 1 (1966).
body charge and current operators brings theory into sig28] L. Lapikas, inProceedings of the Conference on Modern
nificantly better agreement with the experimental data.  Trends in Elastic Electron Scatteringdited by C. De
Thus nuclear many-body theory appears to provide a quan- _ Vries (NIKHEF-K, Amsterdam, 1978). ,
titatively satisfactory description of the electromagnetict2®] G. C. Li. I. Sick, R.R. Whitney, and M.R. Yearian, Nucl.

i i - , Phys.A162, 583 (1971).
structure of boths- and p-shell nuclei for a wide range [30] R.E. Rand, R.E. Frosch, and M.R. Yearian, Phys. Rev.
of momentum transfers.

144, 859 (1966).
The authors thank J. Carlson, D. Kurath, V.R. Pandy3q] 5 ¢ Bergstrom and E.L. Tomusiak, Nucl. Phys262

haripande, and S.C. Pieper for many useful comments. ~ 19¢ (1976).

Computations were performed on the IBM SP of the[32] j.c. Bergstrom, U. Deutschmann, and R. Neuhausen,
Mathematics and Computer Science Division, Argonne  Nucl. Phys.A327, 439 (1979).

National Laboratory. The work of R.B.W. is supported [33] F. Eigenbrod, Z. Phy228 337 (1969).

4320




