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FORM FACTORS AND DENSITY DISTRIBUTIONS
OF PROTONS AND NEUTRONS IN "Li AND "Be

Abstract. Form factors and density distribution of protons and neutrons in 'Li and "Be are investigated within a
microscopic two-cluster model. The model correctly treat the Pauli principle and make use of the oscillator basis to
expand wave function of two-cluster system. Dynamics of two-cluster system is totally governed by a semirealistic
nucleon-nucleon potential. We demonstrate that the model used correctly reproduces form factors for the ground state

Y : 7
of 'Li and 'Be.
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Introduction

Inthis paper we consider the form factor of the elastic scattering of electron and density distribution of
protons and neutrons in light nuclei 'Li and 'Be. In previous paper [1] we have investigated properties of
light nuclei “He, °Li, SLi, "Li, 'Be and *Be within a microscopic two-cluster model. This model is the
algebraic version of the resonating group method. In Ref. [1] main attention was paid to the spectrum and
wave functions of bound and resonance states in these nuclei, and also to phase shifts of the elastic two-
cluster scattering. It was shown in Ref. [1] that the two-cluster model used correctly reproduces the main
properties of light nuclei *He, °Li, °Li, "Li, "Be and *Be. The aim of the present investigations is to obtain
complementary information on structure of bounds states in light nuclei 'Li and 'Be. This

Table 1 - Main input parameters of calculations and energy of the ground state in 'Li and "Be.

Nucleus Potential b,fm m/u fis Egs, MeV
Li MP 1.3451 0.969 1.00 -2.468
MHNP 1.362 0.0002 1.00 -2.467
Be MP 1.3451 0.969 1.00 -1.630
MHNP 1.362 0.0002 1.00 -1.588

will be done within the same two-cluster model. It is well known that the form factor provides information on
distribution of charge in a nucleus. Values of the form factor in the region of small transferred momenta
allows one to determine the proton root-mean-square radius.

Details of calculations and results

As in previous paper [1], we represent 'Li and 'Be as two-cluster system a-+t and a+ He, respectively.
Weuse a common oscillator length b to discribe distribution of nucleons in each cluster.

Two semirealistic nucleon-nucleon interactions: the Minnesota potential (MP) [2], [3] and the modified
Hasegawa-Nagata potential (MHNP) [4, 5, 6] are employed in our calculations. As in Ref. [1] we select the
oscillator length b to minimize the two-cluster threshold. We also slightly modified the Majorana parameter m
of MHNP and the parameter u of MP to reproduce the energy of the ground state accounted from the two-
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cluster threshold. In Table 1 we display all input parameters of our calculations. In all our calculations we
make of 200 oscillator functions. This number of functions guarantees a good precision for the energy and wave
functions of bound states, even for weakly bound states. We have also checked that this number of oscillator
functions provides form factors and densities distributions with acceptableprecision.

Since we consider light nuclei 'Li and "Be within two-cluster microscopic model, wave function of bound
and continuos spectrum states is represented in the following form:

Vgye = A {01041, 50) 0 (42,52) | Wi @OV @) M

Notations which we are using here are identical to those of Ref. [1].

Since wave functions @; (44, s;) and @, (Az’sz), describing internal motion of nucleons inside each
T

cluster are known and fixed, thus we have to find the inter-cluster function W{; .s(@) by solving the
dynamic equations of the resonating group method (RGM). In the standard version of the RGM, they are
the integro-differential equation. In the algebraic version of RGM, whichweemploy,thedynamicequations
aretransformedinto asetoflinear algebraic equations. This is achieved by using a full set of the radial part
of oscillator functions{®,;(q,b)}. By expanding the inter-cluster function y/{;Ls(q) over oscillator

functions

Vs (@) = Zrizo Cnris P (4, b) 2)
orthe total two-cluster function ¥g; overcluster oscillator functions {| nL; SJ)}
Yg; = Xh=0CnL;sy| nL; SJ), €))
we arrive to a system of linear algebraic equations
2_o{(nL|H|AL) — E(L|AL)}Cpy,s5 = O. (4)

In real calculations, the infinite set of equations (4) can be reduced a finite set of equations. And thus to
find energies and wave functions of bound state, we need to obtain eigenvalues and corresponding
eigenfunctionsofthe N X N matrix

[{nL[A|RLM]

It worthwhile noticing that, by assuming that the wave function ¥ ;= of a bound state is obtained,
one has to calculate the matrix element

Ey(q) = (Vg || g m) 6))
F(q) = (WE]’Tllmij]") (6)

in order to determine the proton and neutron form factors, and one has also to calculate matrix elements

D,(r) = (st A B+ )80 — 1) | ,n>, Rl

D,(r) = <ny A B - £)80 — 1) | ,n>, ®)

to obtain the density distribution of protons D,,(r) and neutrons D, (r). Here the operators F;, and E, are
=~ 1 N .
B =32 (1 + t)exp {i(an)} ©)
—~ 1 n .
F, = 1A, (1 — £)exp li(ary)} (10)

1 . 1 . o
and the operators 5(1 + %;,) and 5(1 — T;,) are projection operators on proton and neutron state,

respectively. In equations (5), (6), (7) and (8), integration is carried out over all spatial, spin and isospin
coordinates.
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It is worth noticing that by calculating both proton and neutron form factor or densities we can easily
construct the matter form factors or densities from the relations

En(@) = F, (@) + Fu(@)
Dy (r) = Dp(1) + Dy (1)
Recall that the nucleon densities are normalized by the conditions
[drD,(r) =2, [drD,(r) =N, [drD,(r)=A4,

where Z is the total number of protons, N is the total number of neutrons, and the mass number A=Z+N.
Form factor
In section we consider form factor of elastic scattering of electrons.
The elastic form factors for ground 3/2 states of 'Li and 'Be are presented in Fig. 1. The form factors
are calculated with MHNP.

q, fm’’

Figure 1 - Form factors of the elastic electron scattering from the ground states of "Li and "Be.
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Figure 2 - Form factor F(q) of elastic electron scattering on the first excited 1/2~ states in 'Li and 'Be.
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In Fig. 2 we display form factor of electron elastic scattering from the excited 1/2 states in 'Li
and 'Be. These results are also obtained with MHNP.

On both figures 1 and 2 we use the logarithmic scale and indicate only an exponent of log (F (q)). We can
see that the form factors for the ground and first excited states rapidly turn to the zero with increasing of the
momentum transfer q. The form factor for the ground state of 'Li has a node at q=2.49 fm ', while for 'Be
the first node appear at ¢=2.03 fm . For the first excited 1/2 states, the position of a node slightly shifted
to small values of the momentum transfer q and equals to q=2.26 fm ' for "Li and equals to q=1.86 fm '
for 'Be.

The present results are in agreement with other microscopic model. For example, the form factors for
the ground state of "Li and "Be, presented above, are very close to those obtained in Refs. [7], [8], [9]
within the other realization of the resonating group method. There is also fairly good agreement with the
experimental data Ref. [10].

Density distributions

Now we turn our attention to the density distribution of proton and neutrons. The proton and neutron
density distributions for the "Li ground states are shown in Fig. 3. They are calculated with MHNP. As we see
the protons are mainly concentrated at small distances, while the neutron density distribution is more
dispersed in the space.

In Figure 4 we display the proton and neutron density distribution for the ground state of 'Be. This
nucleus is mirror to the nucleus 'Li, and thus we have inverse picture for proton and neutron density
distributions with respect to Fig. 3. Despite that the energy of the 'Be is smaller than the ground state
energy of 'Li, both nuclei have similar density distributions of proton and neutron.

Conclusion

We have applied a two-cluster microscopic model to study density distribution of protons and neutrons
in light atomic nuclei 'Li and "Be. We also have studied the form factors of elastic electron scattering from
these nuclei. The microscopic model which has been employed is the algebraic version of the resonating group
method. The later is using the full set of oscillator functions to expand wave functions of bound and scattering
states. Nucleon-nucleon interaction being a key ingredient of any microscopic model was represented by two
semirealistic potentials which are often used in two- and three-cluster microscopic models.

It was demonstrated that the present two-cluster model reproduces fairly well the elastic form factors of
’Li and "Be as a function of the momentum transfer. It was also demonstrated that our results are
compatible with results of other theoretical models.

D(r)

r. fm
Figure 3 - The proton and neutron density distribution in the ground state of "Li.
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D{r)

Figure 4 - The proton and neutron density distributions in the ground state of 'Be
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LI 5)KOHE 7BE SIIPOJIAPBIHJIAFbI IPOTOHJIAP MEH HEMTPOH/JIAP
TBIFBI3JILIFBIHBIH, TAPAJIYbI MEH ®OPM ®AKTOPJIAPHI

Annotanus. 'Li sxone 'Be sapoapbIHIaFsl HEHTPOHIAP MEH MPOTOH/AP THIFBI3IBIFBIHBIH TapaTybl MeH GopM
(hakTOpIapHl MUKPOCKOMHSIIBIK €Ki KJIaCTEpPIIiK MOJIeIb peTine 3eprrenini. by monens [aynu npuHuuniz eckepe
OTBIPBII, €Ki KJIACTEPJIIK )KYHEHIH TOJKBIHABIK (DYHKIHMACHIH XKIKTEY YIIiH OCHUUIITOPIIBIK HeTi3al Koinanaabsl. Exi
KJIacTepJliK JKYWEHIH JWHAMUKACHl TOJBIFBIMEH JKapThUIall pEaJMCTIK HYKJIOH-HYKJIOHABIK IOTEHINAIBIMEH
aubIKTaa6l. KONIaHBUIBIT OTHIPFaH MOJIENb 'Li %oHe 'Be sIpoNaphIHbIH HErisri Kyitiepi yuin dGopm-pakrop/sl
JIypbICc OepeTiH/IriH KepceTeMis.

Tyiiin ce3mep: eki kiacTepiik Kyie, ¢opMm Gaxropiap, THIFBI3ABIKTEIH Tapalybl, HYKJIOH-HYKJIOHIBIK
MOTEHIMAT XJHE T.0.
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®OPM ®AKTOPBI ¥ PACTIPEJIEJIEHHE IJIOTHOCTHU IMIPOTOHOB
M HEMTPOHOB B SI/IPAX LI M1 'BE

AnHotanus. ®@opM (QaKkTOpel W paclpeleieHHe IUIOTHOCTH TPOTOHOB W HEWTPOHOB B spax Li u "Be
HCCIICIOBAHBI B PaMKaX MHUKPOCKOIHYECKOW JIBYXKIACTEPHOH Mojenu. MoJiellb MpaBUIIbHO YYUTHIBACT HPUHIIHIT
[Maynu ¥ MCHONB3YyeT OCHMJUIATOPHYIO OCHOBY JUISI PAa3JIOKEHUS BOJHOBOW (DYHKIMU JIBYXKIACTCPHON CHUCTEMBEL.
JluHaMHMKa [BYXKJIACTEPHONW CHCTEMbI TMOJHOCTBHIO OMNPEACNSETCS IMOTYPEATUCTHYECKUM HYKIOH-HYKIIOHHBIM
MOTEHIUAIOM. MbI TMOKa3bIBA€M, YTO HCIOJb3yeMash MOJEb MPAaBHIBHO BOCIPOU3BOAUT (HOPM-GaKTOPhI st
OCHOBHOTO coctosiaus 'Liu 'Be.

KaroueBble cioBa: aByxkiacTepHas cucrema, (GopMm (akTopbl, pacrpeleseHue IUIOTHOCTH, HYKJIOH-
HYKJIOHHBII TOTEHIHAT U T.JI.
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