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Abstract: The charge form factor of the ‘He nucleus is studied in the framework of
the non- anitary model operalor approaeh. An approvimate expression of the form factor
of light elosed- shell nuelet is firstly obiained by keeping the one and two-body parts of
the factor cluster expansion and using harmonic oseillator wave funciions in the initial
formuda of Clark and Ristrg. As corveloted relative wave functions are used those deri-
ved by means of the vartational principle and the separation condition. The resulls of
the ealculation are compared lo the experimental values of the charge form factor of “He.

1. Introduction

The “He nucleus is interesting for two reasons: firstly it appears
in many nuclear reactions due to its great stability and secondly it plays
an imporlant role in the construction of nuclear wave functions as a
unit of four almost spalially symmetric nuclecns. The mosl valuable
information about the 4He nucleus charge form factor has been extracted
from experiments on high energy scattering of electrons? tand nucleons
at a *He targei. Recently the elastic electron scattering form factor of
‘He has been measured [or higher values of the momentum transfer
q, namely for values ¢f the momentum transfer square q2 as high as
46 fm™2 1,

A considerable amount of theoretical work has been done in order
to reproduce the characteristics of Lhe *He charge form factor, especially
the pronounced diffraction minimum al q?~10.5 fm™, which is not
predicted by the harmonic cscillator shell model, which gives a *He form
factor of Gaussian shape.

This diffraction nipimum can be reproduced by including short -
range dynamical nucleon - nucleon correlations in the ground - state
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wave function of *He, This approach has been lollowed initially by Czyz
and Lesniaks who used a Jastrow-type wave function and also by others
who used the same or other cluster - expansion formalisms in caloulat-
iong for *He and heavier nuclei 4 814321730,

T this work the *He charge [orm [aclor is studied in the [ramework
ol the non - unitary model operator approach!®, Firstly, the derivation
of a general expression for the charge form [actor of a light closed - shell
nucleus 1s oullined.

2. The formalism.

In this analysis the charge [orm [aclor of a light, closed-shell nucleus
is caleulated in Born approximation by inclading in the nuelear ground
state wave [unction two - nucleon short range correlations by means
ol the non - unitary model operator: f*. This operator relates an eigens-
tate @ of the model system to an eigenslale

v_F o 1)
ol the true system.

Under a convenient choice of the operator 13‘, the uncorrelated
many - body wave function © may be well approximated hy a single
Slater determinant, the orbital parts of which are subsequently taken
to be harmonic - oscillalor wave funclions.

On the operator F several restrictions are unposed, as for example
that it depends only on the spins, isospins and relative coordinates and
momenta ol the particles in the system, 1t is a scalar with respect to
rotations ete?, However, I is not considered to be (left) unitary®®. Because

of the various restrictions on F, ¥ is no longer the true wave [unclion
of the system but it may only be considered as a trial wave functicn.
The correlation operator is determined hy varying the energy
expectation value keeping only the cne and two-body terms in the factor
cluster expansion*,
The charge [orm lactor in Born approximaiion, of a closed-shell
nucleus consisting of A nucleons, can be written:

1 <¥O> ~

Foulq) = [{Qlon(q)— —————— = 1 {qleulq) — <O> (2)
A <¥V|¥> A
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where

N A o
O— % ofi)= I elqr (3)

1= i=1

f,(q) is the proton form factor (the correction for the finite prolon size)
and feulq) the correction for the centre of mass motion.

In order to evaluate the expectation value of §)

. <¥0[F>
<0O» = E— {4)
<P¥>
consider first the generalized normalization intergral’:
I(a):<13®;e“031’.5cb>:<®|F‘+e”'01?|<1>> (5)
corresponding to the operator 0, from which
“ 3
<0» = Inlie) {6)
A a=0

For the cluster analysis ol (5) consider next the definilion of the sub-
normalization integrals [(«), I, {e), ... , for the subsystems of the A-
nucleon system and a factor cluster decomposition of these subnorma-
lization integrals. The expectation value of Lhe charge form factor opera-
tor may theo be written in the form of a factor-cluster or Van Kampen
type expansion

<6>:<6>1+<6>2+...+<6>A (7)
where
A9
<0>, = L —- Inl}
i=1l Ju o=
A GIF FexpliqrgBLfi> (8
) 1 &xplg Tyl )
=1 <i|F1+F1|i>
and

WYnoeiakn BiBAI0BAKN Oed@pacTog - TuAua MewAoyiag. A.lM.O.



210

R AT 1 ol 1 8L 1 ol 7|
<Opy= Z | — — -— — -— — | (9)
i<j L1y d L Fe I, da | |a=0
AT <ij[Fhto)+6@0 i - ji> o]
= X - <ifp()ii> - <jle@)j> | (10)
i<j L <ijFaFLl - jis |

and so on.

The cluster expansion (7) establishes a separation ol one-body, two-
body,...,A - body correlation effects on the form factor. Three and many-
body terms shall be neglected in the present analysis assuming that
their contribution to the expectation value of the form factor is small

Thus, in the (wo-body approximation <0> may be written
<6>z<6>1+<6>2 {11

The second and third matrix elements in (10} may be wrilten in terms

of the <6>1 which is well known. In order Lo calculate the numerator
N;, of the First term in (10), it is useful to make & transformation to re-
lative and centre of mass coordinates of the Lwo interacting nucleons.

Finally, [ollowing a procecure similar to that of ref. 2 and 13, using
also the properties of the spherical harmonics we derive the expression

0o~y "
N,= X b Cu]n Use  <nlS) Tp Jo (qr/2) Fn'lSx> {12)
nin’t'S v=0

where
-y 2l Ll 4y (13)
and the coefficienls C,,l,, sy 1volve Clebsch - Gordan  and Talmi -

Smirnov {(or Brody - Moshinsky) coefficients ? 121818 and matrix ele-
ments of the wave funclions of the centre of mass motion:

~

1j

C'nln’1'Sv = [% Smﬁogso + (8M51+ % 8Mgo + 3M5-1) ds1 ]

LA\ e o
(29 1) (ﬁ_) dWO0> T T KK
241 NLM )

N'L'm
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(QL’ 41

L2 ) o ’ ,
—2L+1) <NLjx(qR)N'L> <L/ MKOLM> <L 0KO[LO>

»<I'mvOlm> ¥ <ImLM[ag> <I'mI/MNp> <lmlm;jie>
Y

»<limlm, | p > <nlNLAninda> <o TNLA |nln )z >
e S SRR (14)

The denominator af the first term in (10} 18 known!s,

Du= B Ol <tanlbns> (15)
where

> = Fp/nlS>
and

L3

Cois = [ $9m,0850+ Onag + 480 T3w) 3o 1 [ 1A%

T <nliN Lrandnlx=>? <lmm;|ae>2 (16)

NLA

The structure of the expression of N;; is similar to analogous expressions
which enter in the charge form factor of light nuclei in lhe Jastrow?® or
the unitary model operator approach?®.

In the calculations of the form factor the wave functions of the
relative motion of two inleracting particles ¢, are derived by means
of the variational method. The variational method 1s applied te the ener-
gv expectation value and the resulting Euler equations are sclved nume-
rically for a given potenlial and harmonic oscillator parameter, by, using
also a separation condition. The wvariational Moszkowski and Scott
separation distance» is the one at which the wave function and also its
derivalive are continuous.

The calculation of the form factor of the *He nueleus using the pre-
viously described approach is quite simple. The result is the following:
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B (L _1_)J (i. L_)J } '
¢ I: N000+ NOUU+N001 000+ NDOITNODO"‘YNOUI oot ( )

where
Noos = <gos|boos> (18)
and
~{qr)
Foos = <tlgos o 7 |05 > {19)

3. Preliminary numerical ealculations for *He.

Numerical caloulations of the form factor of the *He nueleus have
been carried out on the basis of the prescribed procedure, using the first
expression for the energy expectation value described in ref. 13 and seve-
ral types of hard-core potentials. ¥or various values of the harmonic
oscillator parameter by, the theoretical values of the form factor ¥ . {q,)
given by (17) are compared to the experimental ones I, (q,). The value
of b, which minimizes the quantity

i (Eale) sty a0

G

{5, 15 the experimental error) is the «best [it» value of b,.
The results of the caleulations for the potentials of Kallio - Kolt-
veit!? (K-K) and Moszkowski - Scott!® (M-S) using also the proton form

factor of ref. 3 and the correction for the centre of mass motion e 92
8 are plotted in fig. 1 and 2 together wilh the experimental values.
The corresponding «hest fitn values of the parameter b, are 1.34 and
1.27 respectively. In the latter caze the resulls present a small discontli-
nuity in the derivative of the wave function. We are currently looking
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al a possible elimination of this difficulty. With the Kallio - Koltveit
potential, however, such a difficulty does nol appear. The fif is very
good al low momentum transfers hut there are quite large deviations
al the higher values of q. Il should be kept in mind, however, thal there
is only one parameter in fitting the dala, while in the case of correlation
functions there are at least two parameters.

The author would like to thank professor M. Grypeos for useful
suggestions and discussions. She would also like to thank the stafl of
the computing cenlre of the University of Thessaloniki for Lheir kind
cooperaticn.
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Fig, 1, The charge form factor of the ‘He nucleus with the first method and the K-K poten~
tial, as a function of ¢* (fm=2).
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Iig. 2. The churge form factor of the *He nucleus with the first method and the M-S poten-
tial, against g% (fm 2).
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TIEPIAHYH

O TTAPATONTAY MOPOHE ©OOPTIOY
TOT IITPHNA TOT “He
LTHN NMPOZEITIZH TOT MH MONAAIAIOY TEAEZTH
IIPOTYTIIOY

Grrh
E. II. NAZAINA
(Zmovdaoripio Bewpnrinic Pvovdic Havemctyplov Bsooalovienc)

Meretdtar 6 napdyovtas popgis poptiov 1ol mwugqve ol *He pt wh pé-
fBodo tol p¥ povadialon tehzoti mpomdmou. Alvetan doyind pid TPOCEYYIGTINT
Euppocy) Tod TapdyovTe (oppTs EAaoaldy TuoRvey WASIGTOV @roddv Pdost
TEv Bpwv &vdg nul §lo swupdtwv Tol TepryovTinol dvarTiyuaTos ATk GLa-
SwpeTOUaTE Kol pE T YONGLLOTOM0Y) KULATOCUVIPTCEWY XPUOYIROT To-
havteTh 610 oyeted wmo tév Clark xal Ristig. *Q¢ ddioovoyetiopbves
WA TOOUVRPTAGELS THS OYSTixTg »ivGzwmg 800 vouxhsoviwv, Yaroipomololv-
Tt adtég mod wpoximtony pd T Porlata T dpyiic TEv petaforddv xai ThHe
cuilipone Siyoplopol. Ta dmoteshéouxta cuyxplvavral pé Tig maloapatixdg
Tipdg Tolb Taodyovre poppFie.
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