
PHYSICAL REVIEW C, VOLUME 62, 034318
One-body density matrix and momentum distribution in s-p and s-d shell nuclei
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Analytical expressions of the one- and two-body terms in the cluster expansion of the one-body density
matrix and momentum distribution of thes-p ands-d shell nuclei withN5Z are derived. They depend on the
harmonic oscillator parameterb and the parameterb which originates from the Jastrow correlation function.
These parameters have been determined by least squares fit to the experimental charge form factors. The
inclusion of short-range correlations increases the high momentum component of the momentum distribution
n(k) for all nuclei we have considered while there is anA dependence ofn(k) both at small values ofk and
the high momentum component. TheA dependence of the high momentum component ofn(k) becomes quite
small when the nuclei24Mg, 28Si, and32S are treated as 1d-2s shell nuclei having the occupation probability
of the 2s state as an extra free parameter in the fit to the form factors.

PACS number~s!: 21.45.1v, 21.60.Cs, 21.90.1f
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I. INTRODUCTION

The momentum distribution~MD! is of interest in many
research subjects of modern physics, including those re
ring to helium, electronic, nuclear, and quark systems@1–3#.
In the last two decades, there has been significant effort
the determination of the MD in nuclear matter and fin
nucleon systems@4–24#. MD is related to the cross section
of various kinds of nuclear reactions. The experimental e
dence obtained from inclusive and exclusive electron sca
ing on nuclei established the existence of a high-momen
component for momentak.2 fm21 @25–28#. It has been
shown that, in principle, mean field theories cannot desc
correctly MD and density distribution simultaneously@13#
and the main features of MD depend a little on the effect
mean field considered@16#. The reason is that MD is sens
tive to short-range and tensor nucleon-nucleon correlat
which are not included in the mean field theories. Thus, t
oretical approaches, which take into account short range
relations~SRC! due to the character of the nucleon-nucle
forces at small distances, are necessary to be developed

In the various approaches, the MD of the closed sh
nuclei 4He, 16O, and 40Ca as well as of208Pb and nuclear
matter is usually studied. There is no systematic study of
one body density matrix~OBDM! and MD which include
both the case of closed and open shell nuclei. This would
helpful in the calculations of the overlap integrals and re
tions in that region of nuclei if one wants to go beyond t
mean field theories@29#. For that reason, in the present wor
we attempt to find some general expressions for the OB
r(r ,r 8) and MD n(k) which could be used both for close
and open shell nuclei. This work is a continuation of o
previous study@30# on the form factors and densities of th
s-p and s-d shell nuclei. The expression ofr(r ,r 8) was
found, first, using the factor cluster expansion of Clark a
co-workers@31–33# and Jastrow correlation function whic
introduces SRC for closed shell nuclei and then was extra
lated to the case ofN5Z open shell nuclei.n(k) was found
by Fourier transform ofr(r ,r 8). These expressions are fun
tionals of the harmonic oscillator~HO! orbitals and depend
on the HO parameterb and the correlation parameterb. The
0556-2813/2000/62~3!/034318~7!/$15.00 62 0343
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values of the parametersb andb, which we have used for the
closed shell nuclei4He, 16O, and 40Ca, are the ones which
have been determined in Ref.@30# by fit of the theoretical
Fch(q), derived with the same cluster expansion, to the
perimental one. For the open shell nuclei12C, 24Mg, 28Si,
and 32S we provide new values for these parameters, wh
have been found to give a better fit to the experimental fo
factors than in our previous analysis@30#. It is found that the
high-momentum tail of the MD of all the nuclei we hav
considered appears fork.2 fm21 and also there is anA
dependence of the values ofn(k) for 2 fm21,k,5 fm21.
This A dependence of MD was first investigated consider
24Mg, 28Si, and 32S as 1d shell nuclei. Next we treated th
above nuclei as 1d-2s shell nuclei having the occupatio
probability of the 2s state as an extra free parameter in the
of the form factors. TheA dependence is quite small in th
second case.

The paper is organized as follows. In Sec. II the gene
expressions of the correlated OBDM and MD are deriv
using a Jastrow correlation function. In Sec. III the analyti
expressions of the above quantities for thes-p ands-d shell
nuclei, in the case of the HO orbitals, are given. Numeri
results are reported and discussed in Sec. IV, while the s
mary of the present work is given in Sec. V.

II. CORRELATED ONE-BODY DENSITY MATRIX
AND MOMENTUM DISTRIBUTION

A nucleus withA nucleons is described by the wave fun
tion C(r1 ,r2 , . . . ,rA) which depends on 3A coordinates as
well as on spins and isospins. The evaluation of the sin
particle characteristics of the system needs the one-body
sity matrix @34,35#

r~r ,r 8!5E C* ~r ,r2 , . . . ,rA!

3C~r 8,r2 , . . . ,rA!dr2•••drA , ~1!

where the integration is carried out over the radius vect
r2 , . . . ,rA and summation over spin and isospin variables
implied. r(r ,r 8) can also be represented by the form
©2000 The American Physical Society18-1
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r~r ,r 8!5
^CuOrr 8~A!uC8&

^CuC&

5N^CuOrr 8~A!uC8&

5N^Orr 8~A!&, ~2!

where C85C(r18 ,r28 , . . . ,rA8 ) and N is the normalization
factor. The one-body ‘‘density operator’’Orr 8(A), has the
form

Orr 8~A!5(
i 51

A

d~r i2r !d~r i82r 8!)
j Þ i

A

d~r j2r j8!. ~3!

The diagonal elements of the OBDM give the dens
distributionr(r ,r )5r(r ), while the MD is given by the Fou-
rier transform ofr(r ,r 8),

n~k!5
1

~2p!3E exp@ ik~r2r 8!#r~r ,r 8!dr dr 8. ~4!

If we denote the model operator, which introduces SR
by F, an eigenstateF of the model system corresponds to
eigenstate

C5FF ~5!

of the true system.
Several restrictions can be made on the model operatF

@36# and it is required thatF be translationally invariant and
symmetrical in its arguments 1••• i •••A and possesses th
cluster property@33#.

In order to evaluate the correlated one-body density m
trix rcor(r ,r 8), we consider, first, the generalized integral

I ~a!5^Cuexp@aI ~0!Orr 8~A!#uC8&, ~6!

corresponding to the one-body ‘‘density operator’’Orr 8(A),
from which we have

^Orr 8~A!&5F] ln I ~a!

]a G
a50

. ~7!

For the cluster analysis of Eq.~7!, we consider the sub
product integralsI i(a), I i j (a), . . . , for thesubsystems of
theA-nucleons system corresponding to the density opera
Orr 8(1),Orr 8(2), . . . . Thefactor cluster decomposition o
these integrals, following the factor cluster expansion of R
tig, Ter Low, and Clark@31–33#, gives

^Orr 8&5^Orr 8&11^Orr 8&21•••1^Orr 8&A . ~8!

Three- and many-body terms will be neglected in t
present analysis. Thus, in the two-body approximati
rcor(r ,r 8), defined by Eq.~2!, is written

rcor~r ,r 8!'N@^Orr 8&11^Orr 8&222^Orr 8&21#, ~9!

where ^Orr 8&15rSD(r ,r 8), the uncorrelated OBDM assoc
ated with the Slater determinant and
03431
,

-

rs

-

,

^Orr 8&225(
i , j

A

^ i j uF †~r 12!Orr 8~2!F~r 128 !u i 8 j 8&a . ~10!

The term^Orr 8&21 is as the term̂Orr 8&22 without the opera-
tor F(r 12). If the two-body operatorF(r 12) is taken to be the
Jastrow correlation function@37#, f (r i j )512exp@2b(r i
2r j )

2#, then

F †~r 12!Orr 8~2!F~r 128 !5Orr 8~2!@12g1~r ,r 8,r2!

2g2~r ,r 8,r2!1g3~r ,r 8,r 2!#,

~11!

where

g1~r ,r 8,r2!5exp@2b~r 21r 2
2!#exp@2brr 2#,

g2~r ,r 8,r2!5g1~r 8,r ,r2!,

g3~r ,r 8,r2!5exp@2b~r 21r 82!#exp@22br 2
2#

3exp@2b~r1r 8!r2#, ~12!

andrcor(r ,r 8) takes the form

rcor~r ,r 8!'N@^Orr 8&12O22~r ,r 8,g1!2O22~r ,r 8,g2!

1O22~r ,r 8,g3!#, ~13!

where

O22~r ,r 8,gl !5(
i , j

A

^ i j uOrr 8~2!gl~r ,r 8,r2!u i 8 j 8&a

5E gl~r ,r 8,r2!@rSD~r ,r 8!rSD~r2 ,r2!

2rSD~r ,r2!rSD~r2 ,r 8!#dr2 . ~14!

In the above expression ofrcor(r ,r 8), the one-body con-
tribution to the OBDM is well known and is given by th
equation

^Orr 8&15rSD~r ,r 8!

5
1

p (
nl

hnl~2l 11!fnl* ~r !fnl~r 8!Pl~cosv rr 8!,

~15!

wherehnl are the occupation probabilities of the statesnl ~0
or 1 in the case of closed shell nuclei! and fnl(r ) is the
radial part of the SP wave function andv rr 8 the angle be-
tween the vectorsr and r 8.

The termO22(r ,r 8,gl), performing the spin-isospin sum
mation and the angular integration, takes the general for
8-2
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O22~r ,r 8,gl !54 (
ni l i ,nj l j

hni l i
hnj l j

~2l i11!~2l j11!

3F4Ani l inj l j

ni l inj l j ,0~r ,r 8,gl !2 (
k50

l i1 l j

^ l i0l j0uk0&2

3Ani l inj l j

nj l j ni l i ,k
~r ,r 8,gl !G ,

l 51,2,3, ~16!

where

An1l 1n2l 2

n3l 3n4l 4 ,k
~r ,r 8,g1!5

1

4p
fn1l 1

* ~r !fn3l 3
~r 8!exp@2br 2#

3Pl 3
~cosv rr 8!E

0

`

fn2l 2
* ~r 2!fn4l 4

~r 2!

3exp@2br 2
2# i k~2brr 2!r 2

2dr2 , ~17!

and the matrix elementAn1l 1n2l 2

n3l 3n4l 4 ,k(r ,r 8,g2) can be found

from Eq.~17! replacingr↔r 8 andn1l 1↔n3l 3 while the ma-
trix element corresponding to the factorg3 is

An1l 1n2l 2

n3l 3n4l 4 ,k
~r ,r 8,g3!5

1

4p
fn1l 1

* ~r !fn3l 3
~r 8!

3exp@2b~r 21r 82!#V l 1l 3
k ~v rr 8!

3E
0

`

fn2l 2
* ~r 2!fn4l 4

~r 2!exp@22br 2
2#

3 i k~2bur1r 8ur 2!r 2
2dr2 . ~18!

In Eqs. ~17! and ~18! i k(z) is the modified spherical Besse
function, while the factorV l 1l 3

k (v rr 8) depends on the direc

tions of r and r 8.
The expression of the termO22(r ,r 8,gl) depends on the

SP wave functions and so it is suitable to be used for a
lytical calculations with the HO orbitals and in principle fo
numerical calculations with more realistic SP orbitals. E
pressions~15! and ~16! were derived for the closed she
nuclei with N5Z, wherehnl is 0 or 1. For the open she
nuclei ~with N5Z) we use the same expressions, where n
0<hnl<1. In this way the mass dependence of the corre
tion parameterb and the OBDM or MD can be studied.

It should be noted that Eq.~16! is also valid for the cluster
expansion of the density distribution and the form factor a
has been found in Ref.@30# and also in the cluster expansio
of the MD. The only difference is the expressions of t
matrix elementsA.

The MD for the above mentioned nuclei can be found
taking the Fourier transform ofr(r ,r 8). It takes the form

ncor~k!'N@^Õk&122Õ22~k,g1!1Õ22~k,g3!#, ~19!
03431
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where^Õk&15nSD(k) and the termÕ22(k,gl), as in the case
of OBDM, is given again by the right-hand side of Eq.~16!
replacing the matrix elementsAn1l 1n2l 2

n3l 3n4l 4 ,k(r ,r 8,gl), defined by

Eqs.~17! and~18!, by the Fourier transform of them, that
by the matrix elements

Ãn1l 1n2l 2

n3l 3n4l 4 ,k
~k,gl !5

1

~2p!3E An1l 1n2l 2

n3l 3n4l 4 ,k
~r ,r 8,gl !

3exp@ ik~r2r 8!#drdr 8,

l 51,3. ~20!

As in the case of the OBDM, expression~19! is suitable
for the study of the MD for thes-p ands-d shell nuclei and
also for the study of the mass dependence of the kin
energy of these nuclei. The mean value of the kinetic ene
is given by the right-hand side of Eq.~19! replacing^Õk&1

by ^T&1 andÕ22(k,gl) by T22(gl), where

^T&15
\2

2mE k2nSD~k!dk,

T22~gl !5
\2

2mE k2Õ22~k,gl !dk, l 51,3. ~21!

III. ANALYTICAL EXPRESSIONS

In the case of the HO wave functions, analytical expr
sions of the one-body terms^Orr 8&1 and^Õk&1 as well as of
the matrix elementsAn1l 1n2l 2

n3l 3n4l 4 ,k(r ,r 8,gl) andÃn1l 1n2l 2

n3l 3n4l 4 ,k(k,gl)

can be found@38#. From these expressions, the analytic
expressions of the termsO22(r ,r 8,gl) andÕ22(k,gl), defined
by Eq. ~16!, can also be found@38#.

The expressions of the one-body terms^Orr 8&1 and^Õk&1
have the forms

^Orr 8&15rSD~r ,r 8!

5
2

p3/2b3 F2h1s13h2s22h2s~r b
21r b8

2!

14h1pr br b8cosv rr 81
4

3
@h2s1h1d~3 cos2v rr 821!

3r b
2r b8

2#Gexp@2~r b
21r b8

2!/2#, ~22!

^Õk&15nSD~k!5
2b3

p3/2
exp@2kb

2#(
k50

2

C2kkb
2k , ~23!

where C052h1s13h2s , C254(h1p2h2s), and C4
5 4

3 (2h1d1h2s).
8-3



* is the
e

CH. C. MOUSTAKIDIS AND S. E. MASSEN PHYSICAL REVIEW C62 034318
TABLE I. The values of the parametersb andb, of the mean kinetic energy per nucleon^T&, and of the
rms charge radiîr ch

2 &1/2, for variouss-p ands-d shell nuclei, determined by a fit to the experimentalFch(q).
Case 1 refers to the HO wave function without SRC and case 2 when SRC’s are included. Case 2
same as case 2 but with the occupation probability of the state 2s taken to be a free parameter. Th
experimental rms charge radii are from Ref.@40#.

b @fm# b @fm22# ^T& @MeV# ^r ch
2 &1/2 @fm#

Case Nucleus HO SRC Total Theor. Expt.

1 4He 1.4320 15.166 15.166 1.7651 1.676~8!

2 4He 1.1732 2.3126 22.594 7.310 29.904 1.6234

1 12C 1.6251 17.010 17.010 2.4901 2.471~6!

2 12C 1.5190 2.7468 19.469 6.111 25.580 2.4261

1 16O 1.7610 15.044 15.044 2.7377 2.730~25!

2 16O 1.6507 2.4747 17.121 6.493 23.614 2.6802

1 24Mg 1.8495 16.162 16.162 3.1170 3.075~15!

2 24Mg 1.8103 4.2275 16.870 4.239 21.109 3.0948
2* 24Mg 1.7473 2.4992 18.109 6.505 24.614 3.0638

1 28Si 1.8941 16.099 16.099 3.2570 3.086~18!

2 28Si 1.8236 3.0020 17.369 5.564 22.933 3.2159
2* 28Si 1.7774 2.4440 18.283 6.922 25.205 3.1835

1 32S 2.0016 14.878 14.878 3.4830 3.248~11!

2 32S 1.9368 3.0659 15.891 4.976 20.867 3.4425
2* 32S 1.8121 2.6398 18.154 6.761 24.915 3.2822

1 36Ar 1.8800 17.273 17.273 3.3270 3.327~15!

2 36Ar 1.8007 2.2937 18.827 8.590 27.417 3.3343

1 40Ca 1.9453 16.437 16.437 3.4668 3.479~3!

2 40Ca 1.8660 2.1127 17.863 8.754 26.617 3.5156
-
h
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-
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of
o-
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ng to
The substitution ofAn1l 1n2l 2

n3l 3n4l 4 ,k(r ,r 8,gl) to the expression

of O22(r ,r 8,gl) which is given by Eq.~16! leads to the ana
lytical expression of the two-body term of the OBDM, whic
is of the form

O22~rb ,rb8!5 f 1~r b ,r b8 ,cosv rr 8!expF2
113y

2~11y!
r b

22
1

2
r b8

2G
1 f 1~r b8 ,r b ,cosv rr 8!expF2

113y

2~11y!
r b8

2

2
1

2
r b

2G1 f 3~r b ,r b8 ,cosv rr 8!expF2
112y

2

3~r b
21r b8

2!GexpF y2

112y
~rb1rb8!2G , ~24!

wheref l(r b ,r b8 ,cosvrr8), (l 51,3) are polynomials ofr b , r b8
(r b5r /b), and cosvrr8 which depend also ony5bb2 and
the occupation probabilities of the various states.
03431
The substitution ofÃn1l 1n2l 2

n3l 3n4l 4 ,k(k,gl) to the expression of

Õ22(k,gl) leads to the analytical expression of the two-bo
term of the MD, which is of the form

Õ22~k!5 f̃ 1~kb
2!expF2

112y

113y
kb

2G1 f̃ 3~kb
2!expF2

1

112y
kb

2G ,
~25!

where f̃ l(kb
2), (l 51,3) are polynomials ofkb

2 (kb5bk)
which depend also ony5bb2 and the occupation probabili
ties of the various states. Similar expressions have b
found for the mean value of the kinetic energy.

IV. RESULTS AND DISCUSSION

The calculations of the MD for the variouss-p and s-d
shell nuclei, withN5Z, have been carried out on the basis
Eq. ~19! and the analytical expressions of the one- and tw
body terms which were given in Sec. III. Two cases ha
been examined, named case 1 and case 2 correspondi
8-4
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FIG. 1. The charge form facto
of the nuclei: 12C ~a!, 24Mg ~b!,
28Si ~c!, and 32S ~d! for various
cases. Case HO1SRC* corre-
sponds to the case when the occ
pation probabilityh2s is treated as
a free parameter. The experimen
tal points of 12C are from Ref.
@41# and for the other nuclei from
Ref. @42#.
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the analytical calculations with HO orbitals without and wi
SRC, respectively.

The parametersb and b of the model in case 1 and fo
4He, 16O, 36Ar, and 40Ca in case 2 were the ones whic
have been determined in our previous work@30# by fit of the
theoreticalFch(q), derived with the same cluster expansio
to the experimental one. These values of the parameters
given in Table I. The values of the correlation parameteb
of the open shell nuclei which have been reported in R
@30# were quite large. That is the correlations for these nu
were quite small. The MD of the open shell nuclei, which w
found with these values of the parameters, had a high
mentum tail at values ofk larger than expected. As tha
seems to us quite unreasonable we tried to redetermine m
carefully the parameters of the model by fit of the theoreti
Fch(q) to the experimental one in order to obtain a better

The new values ofb andb for case 2 and for12C, 24Mg,
28Si, and 32S are shown in Table I. The theoreticalFch(q)
for these nuclei, which are shown in Fig. 1, are closer to
experimental data than they were in Ref.@30#. From the val-
ues ofx2, which have been found in cases 1 and 2 and a
03431
,
are

f.
i

o-

re
l
.

e

o

from Fig. 1 it can been seen that the inclusion of SRC
improves the fit of the form factor of the above mention
nuclei. Also, all the diffraction minima, even the third on
which seems to exist in the experimental data of24Mg, 28Si,
and 32S are reproduced in the correct place.

Although the values of the parametersb and b, for the
open shell nuclei, are different from those reported in R
@30#, their behavior, still, indicates that there should be
shell effect in the case of closed shell nuclei. This behav
has an effect on the MD of nuclei as it is seen from Fig.
where the MD, of the variouss-p ands-d shell nuclei cal-
culated with the values ofb andb of Table I for case 2, have
been plotted. It is seen that the inclusion of SRC’s increa
considerably the high momentum component ofn(k), for all
nuclei we have considered. Also, while the general struct
of the high momentum component of the MD forA54, 12,
16, 24, 28, 32, 36, 40, is almost the same, in agreement
other studies@2,4,12,39#, there is anA dependence ofn(k)
both at small values ofk and in the region 2 fm21,k,5
fm21. TheA dependence of the high momentum compon
of n(k) is larger in the open shell nuclei than in th
8-5
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closed shell nuclei. It is seen that the high momentum co
ponent is almost the same for the closed shell nuclei4He,
16O, and 40Ca as expected from other studies@2,4,39#.

In the previous analysis, the nuclei24Mg, 28Si, and 32S
were treated as 1d shell nuclei, that is, the occupation pro
ability of the 2s state was taken to be zero. The formalism
the present work has the advantage that the occupation p
abilities of the various states can be treated as free pa
eters in the fitting procedure ofFch(q). Thus, the analysis
can be made with more free parameters. For that reason
considered case 2* in which the occupation probabilityh2s

of the nuclei 24Mg, 28Si, and 32S was taken to be a fre
parameter together with the parametersb and b. We found
that thex2 values become better, compared to those of c
2 and theA dependence of the parameterb is not so large as
it was before. The new values ofb andb are shown in Table
I and the theoreticalFch(q) in Fig. 1. The values of the
occupation probabilityh2s of the abovementioned three nu
clei are 0.19982, 0.17988, and 0.50921, respectively, w
the corresponding values ofh1d , which can be found from
the values of h2s through the relationh1d5@(Z28)
22h2s#/10, are 0.36004, 0.56402, and 0.69816, resp
tively. The MD of these three nuclei together with the clos
shell nuclei4He, 16O, and40Ca found in case 2 are shown
Fig. 3. It is seen that theA dependence of the high mome
tum component is now not so large as it was in case 2.
Fch(q) calculated in case 2* is closer to the experimenta
data than in case 2, we might say that this result is in
correct direction, that is the high momentum component
the MD of nuclei is almost the same. We would like
mention that experimental data forn(k) are not directly mea-
sured but are obtained by means ofy-scaling analysis@28#
and only for 4He and 12C in s-p ands-d shell region. We
expect that the above conclusion could be corroborate
new experimental data are obtained in the future for MD

FIG. 2. The correlated momentum distribution for variouss-p
ands-d shell nuclei calculated with the parametersb andb of case
2 when the nuclei24Mg, 28Si, 32S, and 36Ar were treated as 1d
shell nuclei. The normalization is*n(k)dk51.
03431
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several nuclei and we carry out a simultaneous fit both
MD and to form factors.

Finally, in Table I we give the one and the two-bod
terms of the mean kinetic energŷT& of the variouss-p
and s-d shell nuclei calculated on the basis of Eq.~21!,
as well as the rms charge radii^r ch

2 &1/2 which are com-
pared with the experimental values. It is seen that
introduction of SRC’s~in case 2! increases the mean kineti
energy relative to case 1„(^Tcase 2&2^Tcase 1&)/^Tcase 2&…
about 50% in4He and 23% in24Mg. This relative increase
follows the fluctuation of the parameterb. Also the values of
the kinetic energy in percents, 100^TSRC&/^Ttotal&, as well as
the ratio^Ttotal&/^THO& follow the fluctuation of the param
eterb. In closed shell nuclei there is an increase of the ab
values by increasing of the mass number.

V. SUMMARY

In the present work, general expressions for the correla
OBDM and MD have been found using the factor clus
expansion of Clark and co-workers. These expressions
be used for analytical calculations, with HO orbitals and
principle for numerical calculations with more realistic orb
als.

The analytical expressions of the OBDM, MD, and me
kinetic energy for thes-p ands-d shell nuclei, which have
been found, are functions of the HO parameterb, the corre-
lation parameterb, and the occupation probabilities of th
various states. These expressions are suitable for the sys
atic study of the above quantities for theN5Z, s-p ands-d
shell nuclei and also for the study of the dependence of th
quantities on the various parameters.

It is found that, while the general structure of the MD
high momenta is almost the same for all the nuclei we h
considered, in agreement with other studies, there is aA

FIG. 3. The correlated momentum distribution for the clos
shell nuclei4He, 16O, 40Ca calculated as in Fig. 2 and for the ope
shell nuclei 24Mg, 28Si, 32S calculated with the parametersb, b,
andh2s of case 2* when they were treated as 1d-2s shell nuclei.
The normalization is as in Fig. 2.
8-6



-
tio

th

os
ript.

ONE-BODY DENSITY MATRIX AND MOMENTUM . . . PHYSICAL REVIEW C 62 034318
dependence onn(k) both at small values ofk and the high
momentum component. TheA dependence of the high mo
mentum component becomes quite small if the occupa
probability of the 2s state for the nuclei24Mg, 28Si, and32S
is treated as a free parameter in the fitting procedure of
charge form factor.
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