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Elastic electron scattering cross sections have been measured for ' Y at 180 for 0.72 & q & 2.67 fm
The M1 form factor has been extracted and a Fourier-Bessel analysis performed to obtain the ground-
state magnetization density. Calculations including effects of core polarization have been performed
within the framework of the finite Fermi system theory. These show a weakening of the strong repulsion
in the spin-isospin channel and are in overall agreement with the data.

PACS number(s): 25.30.Bf, 21.10.Ky, 21.60.Cs, 27.50.+e

I. INTRODUCTION

Elastic electron scattering using incident beam energies
of a few hundred MeV has allowed the ground-state
charge distribution to be thoroughly mapped out for a
number of nuclei. These experiments have provided a
stringent test for the many-body description of the nu-
clear ground state [1—4]. The current distributions, how-
ever, have been less systematically studied in heavy nuclei
because the small cross sections for magnetic scattering
are usually dominated by the large cross sections for
charge scattering, even at backward angles. For nuclei
with large ground-state spins, several rnultipoles can con-
tribute to the scattering cross section and the individual
multipole contributions cannot be easily separated. How-
ever, for nuclei with spin —, the scattering from the single
M1 component may be measured and details of the nu-
clear structure inferred [5].

Such an example is Y. As the ground-state spin is
jo= —,', elastic electron scattering from Y will contain
only CO and M1 contributions. In the extreme single-
particle model, the ground state of Y is described as a
single 2@I&2 proton outside of a closed Sr core. This is
the simplest case for magnetic elastic scattering. In this
model, the CO form factor arises mainly from the entire
static charge distribution, while the M1 form factor is
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determined mainly by the properties of the valence nu-
cleon. A more complete model of the nuclear structure
would include the effects of core polarization and short-
range correlations. As the ground-state spin is experi-
mentally observed to be jo= —,', the possible particle-hole
combinations contributing to the core polarization are
limited; such corrections to the simple model might then
be thought to be a small contribution to the measured
form factor.

In addition, the Ml form factor gives information
about the contribution of meson exchange currents
(MEC's). The measured magnetic moment [6]
p= —0. 137p„ for Y is only about half the Schmidt
value p= —0.26p„. As such discrepancies between one-
body calculations and the experimental values of the
magnetic moment have been generally attributed to
MEC's [7,8], there is reason to believe that these contri-
butions to the transverse scattering may be observable in
the present case. This should be especially true at high
momentum transfer, as the momentum transferred from
the virtual photon to the exchanged meson is shared be-
tween two separate nucleons. Previous experiments
[9,10] have shown the sensitivity of magnetic form fac-
tors to meson exchange currents as well as to core polar-
ization contributions.

This work describes the measurement of the transverse
elastic M1 form factor of Y. The data were taken using
the 180' scattering system [11] with the high-resolution
spectrometer [12] at the Bates Linear Accelerator Center,
in conjunction with a separate experiment on inelastic ex-
citations [13]. Data were taken over a momentum
transfer range of 0.72&q &2.67 fm ' by varying the in-
cident energy from 71 to 262 MeV at the fixed backward
scattering angle of 180. These data were corrected for
the charge scattering contribution in an o6'-line analysis
to determine the final M1 form factor from the ground
state. The final cross sections were further analyzed in a
Fourier-Bessel analysis code to extract the corresponding
magnetization current density J& &. Results are com-
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pared with calculations within the self-consistent finite
Fermi system (FFS) theory.

II. EXPERIMENT AND DATA REDUCTION

and

do a (A'c) cos (8/2)
4E; sin (8/2)

(6)
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where the form factor F is the Fourier-Bessel transform
of the nuclear ground-state charge density p(r),

F (q) = f p(r)jo(qr )r dr, (2)

and F, is the Fourier-Bessel transform of the M1 current
density. For A, =1 we have

F& (q)= f J& &(r)j&(qr)r dr . (3)

Here q is the momentum transferred to the nucleus which
for elastic scattering is given by

Scattered electrons were momentum analyzed with the
Bates high-resolution magnetic spectrometer system [12].
Typical resolutions were 75 —100 keV for the 180' data
taken in this experiment. The spectrometer focal plane
was instrumented with a vertical drift chamber for mea-
surement of the momentum coordinate and vertical angle
of the electron track, and a transverse array consisting of
two multiwire proportional counters for measurement in
the transverse direction [14]. System triggers were
defined by a two out of three coincidence between two
Lucite Cherenkov counters and the transverse array.
Histograms of scattered electrons consistent with good
scattering events were corrected for dead time and back-
ground, and then line-shape fitted to obtain the final cross
sections. For momentum transfers q(1.4 fm ', a 57.7-
mg/cm Y target was used in the data collection, while
a 121.9-mg/cm target was used for large momentum
transfers. Both had isotopic purities greater than 99%

Y. A detailed description of the experimental equip-
ment and the method for acquiring data are given in Ref.
[13]and the references therein.

The elastic differential scattering cross section for elec-
trons from a spin- —,

' nucleus is given in plane-wave Born
approximation (PWBA) by

where M, is the mass of the target nucleus.
At 180' the contribution from the M1 form factor is

maximized. Charge scattering is still present, however, in
all 180 systems, due to the finite acceptance of the spec-
trometer and straggling losses in the target. We rnea-
sured the charge scattering from neighboring spin-zero
nuclei at each momentum transfer point and compared
the measured cross sections with the cross section pre-
dicted in the distorted-wave Born approximation from
the data of Rothhaas [15]. This comparison gave a best-
fit value to the effective scattering angle of 178.4'+0. 1'
for the 119.7-MeV data, consistent with the value of
178.5' found from a measurement of the minimum of the
charge scattering parabola of ' C data using the prescrip-
tions of Rand [16] and Lapikas, Dieperink, and Box [17].
Effective target angles, spectrometer acceptances, and
target thicknesses used for each momentum transfer
point are given in Table I of Ref. [13].

The charge scattering contribution from Y was deter-
mined by the measurement of the charge scattering from
neighboring spin-zero nuclei. Data were acquired on a
target composed of a sandwich of zirconium and
molybdenum; the Zr-Mo target sandwich was composed
of a 20.2-mg/cm Zr foil on top of a 19.44-mg/cm

Mo metal foil, giving a target thickness approximately
that of the thin yttrium target. Cross-section rneasure-
ments were made under identical conditions at each
momentum transfer point on this target. Corrections
were made for target composition and the charge scatter-
ing differences between Y and the spin-zero targets.
This charge scattering contribution was then subtracted
from the measured Y data to obtain the transverse con-
tribution to the scattering. Errors from the subtraction
procedure were folded into the final cross sections to ob-
tain the transverse form factors shown in Fig. 1.

Extraction of the ground-state magnetization current
J&, has been performed with use of a Fourier-Bessel
analysis [18]. This analysis accounts for Coulomb distor-
tion of the scattered electron in a distorted-wave Born
approximation (DWBA) [19]. In Fig. 1 we have plotted
the form factor as a function of effective momentum
transfer

2E,. 0
q = sin-

fic 2
(4) 4zakc

q g q 1 +
;ro

for electrons of incident energy E; scattering through a
laboratory angle 0.

The nuclear recoil factor g and the Mott point cross
section have been factored out in this approximation and
are given by

2E;sin (8/2)
1+

Mc

where the radial parameter ro = 1.12 fm has been used for
the nuclear size. This largely accounts for the effect of
the Coulomb distortion on the electron plane waves.

Shown in Fig. 2 is the extracted ground-state rnagneti-
zation current density J& &(r). Errors shown in the figure
are statistical and incompleteness errors, as well as sys-
tematic errors from the Coulomb subtraction procedure.
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FIG. 1. (top) Transverse M 1 form factor ~Fr I for the ground
state to ' Y. Contributions from CO scattering have been sub-
tracted from the experimental data as described in the text. The
best fit in a Fourier-Bessel analysis is given as the solid line; the
single-component Woods-Saxon fit is given by the dotted line.
(bottom) Transverse M1 form factor with calculations from FFS
theory. The dashed curve (SP) is the single-particle contribu-
tion, while the dotted curve (FFS1) includes core polarization as
calculated in FFS theory. The dot-dashed curve (FFS2) is the
FFS calculation with p-meson exchange but without a modified
g', while the solid curve (FFS3) is the calculation with a q-
dependent g'.
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FIG. 2. (top) Current density J» for the M1 contribution to
the ground state. The solid curve is a single-particle Woods-
Saxon fit. {bottom) Experimentally extracted current density for
M1 contribution and predictions of FFS theory. The dotted
curve (FFS1) is a FFS including core polarization; the dot-
dashed curve {FFS2) is a FFS with explicit p-meson exchange
but without a modified g', the solid curve (FFS3) is the same
calculation with a q-dependent g'; the dashed curve (SP) is the
single-particle prediction.

III. CALCULATIONS ANQ INTERPRETATION

A. phenomenological parametri&ation

In an independent particle-shell model, the ground
state of Y is expected to have an unpaired proton in its
valence 2p&&2 orbit. We have thus performed calcula-
tions for the Ml contribution to the elastic scattering
cross section in Y with the assumption that the ground
state consists of a single 2p&&2 proton in a Woods-Saxon
central potential with a best-fit well radius of
(1.25+0.01)A'~ fm. The wave function of the 2p1&2
proton and the M 1 contribution to the elastic scattering
cross section in a DWBA were calculated using the code
FQUBES1 [20]. This model describes the shape of the ex-
perirnental Ml form factor fairly well, but considerably
overpredicts its strength. To fit the data, we allowed the
magnetic moment of the valence proton to vary as a free
parameter in the calculation of the magnetization current
contribution to the DWBA cross section. This method
has been shown to model the eFects of core polarization
and MEC's in the calculation of the Ml form factor of

Pb [10,21]. A value of (0.76+0.04)po was obtained in
this fit for the magnetic moment of the 2p&&2 proton in

Y, where p0=2. 79p„ is the magnetic moment of a free
proton.

The transverse form factor for the best fit to the mag-
netic moment in this single-particle model is shown as the
dashed line in Fig. 1, while the best fit in the Fourier-
Bessel analysis is shown as the solid line. The current ex-
tracted from the Fourier-Bessel analysis is displayed in
Fig. 2 as the shaded error band.

The fit to the data in the single-particle model is
reasonable above 1.5 fm ', but overpredicts the form fac-
tor by about a factor of 2 at low momentum transfers.
The large y of 6.2 per degree of freedom indicates that
important contributions to the cross section have been
left out in this description. The Fourier-Bessel fit, on the
other hand, gives a good description of the data, and thus
the extracted density from this analysis represents the
real density.

B. FFS theory

Microscopic calculations have been performed within
the framework of the self-consistent finite Fermi system
(FFS) theory [22] for both the charge and magnetization
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density of the ground state of Y. This method is, in
practice, equivalent to the density functional approach
with phenomenological effective forces. Calculations
presented here are carried out with a modified version of
the effective density functional of Ref. [23]. This
modification introduces a density dependence into the
finite-range forces of this functional. Its details will be
given in a separate paper [24]. Here we note only that its
parameters are fixed by fitting properties of several nuclei
( Ca, Pb, tin isotopes) and are not adjusted for the nu-
cleus under consideration. The ground-state charge den-
sity generated within this approach is shown in Fig. 3,
along with the experimentally extracted [25] density.
The agreement with experiment is very good, except at
the surface, where the calculation is somewhat enhanced
as compared to the experimentally extracted density.

For the calculation of the currents within FFS theory,
one should substitute the effective fields V[J& &. , (r)] for
the current operators in Eq. (3), where J (r) stands for
the single-particle model expression for the current
operator J. The effective field V[V ] arises in a nucleus
when an external field V is applied. It can be found by
solution of the random-phase-approximation-type FFS
equation, which can be written in symbolic form as

V[V ]=e V +VIV, (8)

where e is a quasiparticle local charge operator with
respect to the field V, V is the effective particle-hole in-

teraction, and A stands for the particle-hole propagator,
i.e., for the energy-integrated product of two quasiparti-
cle Crreen's functions. The first term of Eq. (8) (with

e~ =1) corresponds to the extreme single-particle model,
whereas the second term describes the core polarization
effects. It should be noted that short-range correlations
are implicitly taken into account in Eq. (8) by introducing
the effective interaction V and the local charge
operator e . In particular, contributions from
resonance —nucleon-hole virtual excitations can be treat-
ed explicitly [26] and reduced to a modification of e and
X In fact, we deal here with a projection
of the total Hamiltonian onto the space of particle-hole
configurations. The effective interaction V acting in this
space produces mainly long-range correlations which are

taken into account by solving the FFS theory equation
(8).

Magnetic electron scattering produces two types of
external fields. The first one corresponds to the orbital
current which is renormalized only by velocity-dependent
forces. As it is well known that the orbital part of the
magnetic moment in nuclei is very close to the bare one,
we expect the renormalization of the orbital current to be
small. Here we shall neglect the renormalization of the
orbital current.

The second field contains the spin operator
V„~y„o for neutrons and V ~y cr for protons

(y„=—1.913 and y~ =2.793 are the neutron and proton
magnetic moments in nuclear magnetons, respectively).
This field is strongly renormalized since the spin-
dependent components of V are large. The simplest FFS
ansatz for them in momentum space has the form

%=Co(g+g'r, .r2)o, crz+V (q) . (9)

Here Co=+ /mpF is the normalization factor (=300
MeVfm for a nucleon of mass m and average Fermi
momentum p~), r, z are the isospin Pauli matrices, and
V stands for the tensor force induced by one-pion ex-
change in the particle-hole channel [26]:

4m f (cr, q)(cr~.q)

m q +m +P&
(10)

where m is the pion mass, P& stands for the 6-isobar
term of the pion mass operator, and f„ is the pion-
nucleon coupling constant modified by nuclear medium
effects. According to the FFS prescription, f differs
from the bare coupling constant f by the factor
(1 —2g, ), where g, =0. 1 at small q ~pF. The Fermi
momentum is here given as pF ——1.3 fm

It is well known that this suppression of the spin-
isospin operator is also of importance for the theoretical
description of nuclear magnetic moments. Y, the nu-
cleus under consideration, is a good example of this. For
p&&z nuclei, core polarization, i.e., the integral term of
Eq. (8), does not significantly infiuence the values ob-
tained for the magnetic moment p [22]. By neglecting
this effect, we obtain

g I I I I
J

I I I I j I I I I
J

I I I I

2

4
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CL

0 L

0 2 4 6
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FIG. 3. Ground-state charge density for Y as determined in
Fourier-Bessel analysis. The FFS calculation is given as a solid
line.

At g, =0, one gets the Schmidt value of lsd, = —0.264.
This rather small p value arises because of the strong
cancellation between the orbital and spin contributions,
so that a small renormalization of the spin term may lead
to a noticeable change in the magnetic moment. For ex-
ample, we have p, i,

= —0. 185 at g, =0.05 and
p, i,

= —0. 107 at $, =0.1. By taking into account the in-
tegral term of Eq. (8), we get p, i,

= —0. 12 and
p, I,

= —0.04, respectively. Because of the high sensitivity
to various small corrections, these results should be con-
sidered to be in reasonable agreement with the experi-
mental value [6] of p,„,(89Y)= —0. 137.

As the p meson is the only other isospin-1 meson enter-
ing into the X-N interaction, we have also introduced an
explicit dependence on p-meson exchange into the spin-
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f =0.4fP
' P (13)

FFS theory deals mainly with phenomena at small q
(q ~pz), where one may consider the parameters g and g'
to be constant. The first of these parameters has a value
close to zero, whereas g', the Landau-Migdal parameter,
is about 1 [29—31]. However, the magnetic form factor is
measured in electron scattering experiments for large
q ~pz. For such large momentum transfers, the parame-
trization of V in the form Eq. (9) is not sufficiently well
motivated. In the present case, it is more reasonable to
consider the terms g and g' as q-dependent functions. It
should be noted that only the second parameter is impor-
tant in our calculations. Indeed, as g is small, the term
proportional to g mainly determines the renorrnalization
of the field

V+ = V + V„=( y~ +y „}o=0.88o,
whereas for the term proportional to g', the field

V =
Vz

—V„=(y~ —y„)o =4.7o,
which is larger than the first by a factor of 5.3. Therefore
we shall concentrate on the amplitude g' and introduce
the simplest q dependence in it as follows:

I

1+roq
(14)

considering ro as a new FFS theory parameter. A priori,
the absolute value of this parameter should be of the or-
der of r, , where r, is the radius of the repulsive core in
the N Ninteraction (-=0.4—0.5 fm}.

In the FFS equation for the effective field [Eq. (8)], the
particle-hole propagator A can be calculated exactly us-
ing coordinate representation [32,33]. This allows Eq. (8)
to then be solved numerically without any additional ap-
proximations.

It should be noted that the term V does not greatly
inhuence the magnetic form factor because of the trans-
verse nature of the magnetic field. Indeed, in the infinite
nuclear matter approximation, which is suf5ciently accu-
rate [34] for the solution of Eq. (8) at the large momen-
tum transfers considered in this experiment, one-pion ex-
change induces only a longitudinal field that is ~ (o"q).
Consequently, in exact calculations the only contribu-
tions from V are from momentum nonconservation
effects which cause a small mixing of the longitudinal and
transverse fields.

In Ref. [35] it was shown that positions of minima and
maxima of the form factor of magnetic elastic electron
scattering are highly sensitive to the single-particle wave

isospin channel of the effective interaction [27] P:

4mf (o, Xq)(ozXq)
(12)m' q'+m'

where m is the p-meson mass and f is the pNN cou-
pling constant modified by short-range NN correlations.
These contributions can be approximated [27,28] by mul-
tiplying the bare p-coupling constant f by a factor of
0.4:

function of the odd nucleon. Therefore magnetic scatter-
ing is a probe of the self-consistent theory used for calcu-
lation of this nucleon wave function. Here, to calculate
the proton 2p»z wave function for Y as well as the
propagator A we use the effective density functional dis-
cussed above [24].

Meson exchange currents (MEC's) modify the local
charge operator e . At q =0 modifications to the charge
operator were examined by Migdal [22], who showed that
for the spin field the local charge is e [cr]=1, whereas
for the spin-isospin field, e [o"~]= 1 —2g„with
g, ~0.05 —0. 10. At large q (~pz) the contributions of
MEC's are known to be larger. In Ref. [5] several models
for MEC's are considered. Their contributions to ~F, ~

are found to be positive and in most cases are of the order
of 20—50% (though in some models they could be
higher, even up to =100%). Large uncertainties in the
MEC contribution make it impossible to determine exact-
ly the value of the parameter ro in Eq. (10) from the
analysis of magnetic scattering. Here we omit all MEC
contributions completely by putting e~= 1 in Eq. (8).
With this restriction, the calculation contains only one
free parameter ro. An estimate of the contribution of this
q-dependent parameter can then be obtained from the
data, keeping in mind that MEC s provide an extra posi-
tive contribution at q( ~p~), which should be on the or-
der of 20—50%.

Other FFS parameters are taken in accordance with
Refs. [29—31]:g=0, g'= l. l. It should be noted that this
value of the Landau-Migdal constant g' is in good
correspondence with the Brown-Weise forces [36], which
explicitly incorporate the 6-isobar contribution with the
universality assumption g&&=gzz=gz&=0. 7 (for de-
tails, see Ref. [26]).

The bottom part of Fig. 1 shows a set of curves for the
form factor ~F& ~

calculated within the self-consistent
FFS approach (1) for the simplest single-particle (SP) ap-
proximation; (2) with core polarization taken into ac-
count through solution of Eq. (8) with the usual FFS
effective interaction V of Eq. (9) without introducing any
q dependence in g' (FFS1); (3) adding to V the term V in
the form given by Eqs. (12) and (13), which is equivalent
to introducing some q dependence in g' (FFS2}; (4) the
same as (3) but with additional explicit q dependence of g'
in the form of Eq. (14) with ro =0.40 fm (FFS3).

One can see that the single-particle model for the rnag-
netic elastic form factor provides a reasonable description
of the positions of the minima and maxima but overesti-
mates the absolute values. This argues in favor of using
the effective density functional for calculating the single-
particle wave functions, as core polarization and MEC
contributions will not strongly inhuence the positions of
the minima and maxima. The calculation with 2 in the
form of Eq. (9) with g' constant (FFS1) shows strong core
polarization effects; as noted in Ref. [5], MEC's though
highly model dependent, are found to make contributions
on the order of 20—50% to the transverse form factor.
As our data indicates a factor of about 2.6 difference be-
tween the core polarization calculation and the data at a
momentum transfer of 2.5 fm ', alternative explanations
for the excess strength should be explored. An alterna-
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tive method to reproduce this excess strength would be to
introduce a q dependence into the constant g', which is
equivalent to introducing a q dependence into the strong
short-range repulsion in the spin-isospin channel. In-
clusion of V leads to some weakening of the central part
of the spin-isospin repulsion at high q. Indeed, using the
vector identity

(o, Xq) ~ (tr2Xq) =(cr, .cr2)q —(cr, q)(tr2. q),
it can be easily seen that the addition of the term P~ into
Eq. (9) gives an additional contribution to the tensor term
[Eq. (10)] and is thus equivalent to the introduction of
some q dependence to the Landau-Migdal parameter g'.
As the second term is cc (cr.q), it introduces only a longi-
tudinal field, and just as in the case of the pion exchange
force V, it does not noticeably influence the magnetic
form factor. The first term, however, is negative, and
therefore the total effect of the introduction of an explicit
p dependence is to improve the fit to the data (curve
FFS2). However, the effect is not strong enough to give
an adequate description of' the data, especially at q ~2.5
fm . Finally, the introduction of an additional explicit
q dependence in g' of Eq. (14) with ro=0. 4 fm (FFS3)
gives a result which is consistent with the data in the re-
gion above q=1.5 fm ', leaving some room for MEC
contributions and other small corrections. These could
include a mixture of additional shell-model configurations
to the main, single-particle one as well as relativistic
effects, which are left out of the present calculation. It
should be mentioned that f'or low-q region, the MEC con-
tributions should suppress the theoretical curves for the
form factor by the factor of (1 —2g, ) =0.64.

An analogous set of curves is given in the bottom part
of Fig. 2 for the magnetic current density J& &(r) An ex.-

amination of these curves leads to similar conclusions for
the currents, though here the inAuence of the momentum
transfer dependence of the effective interaction is not as
transparent as above. It should be noted that the dimin-
ishing of the interaction strength g

' at large q is
confirmed also by the analysis of elastic electron magnet-
ic scattering from Pb, where the valence neutron is in
the 3p»2 state and in 'Ca [37]. This analysis also
confirms the above estimate for the parameter ro.

IV. CONCI. USIONS

Elastic electron scattering data have been acquired at a
180' scattering angle for momentum transfers
0.72&q &2.67 fm '. From these data, the magnetiza-
tion current density for the M1 component of the ground
state of Y has been extracted. The data were further
analyzed within a phenomenological shell model and
within a microscopic approach using the self-consistent
FFS theory. The phenomenological model describes the
ground state of Y as a single 2p&&2 proton outside of a
closed core. This model predicts the shape of the extract-
ed M1 form factor fairly well, but overpredicts its
strength. A quenching of the effective magnetic moment
of the valence 2p, &2 proton, introduced to model the
effect of core polarization and MEC contributions, pro-
vides the necessary reduction of the cross section above
1.5 fm ', but is found to be an inadequate model to de-
scribe the data, especially at low momentum transfer.

The FFS calculations take into account core polariza-
tion effects, but do not consider MEC contributions. If
the MEC's are relatively small (20—50%%uo), the analysis
demonstrates a weakening of the strong repulsion in the
spin-isospin channel (Migdal parameter g ') for q ~ 1

fm '. A q dependence for this interaction amplitude was
introduced with a new parameter ro, which can be inter-
preted as the effective radius of the interaction in the
spin-isospin channel. This parameter is estimated from
the analysis and found to be about 0.4 fm. With this ad-
ditional q-dependent term, the FFS calculations are
found to be in overall agreement with the data, leaving
some room for the MEC contributions and other small
corrections.
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