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The effects of the consideration of the p-meson effective mass, proposed in a number of previous
papers, are investigated in medium nuclei by analyzing the electroexcitation of some low-lying mag-
netic states in Ca. It is found that the simple consideration of rn~/m~ as a constant does not work
properly in this nucleus, contrary to what happens in Pb. If, in addition, the f' is included as
given by the in-medium scaling law established by Brown and Rho, the available experimental data
can be reasonably well described, provided m~/m~ —f'/f = 0.91. This value difFers notably from
the one found for Pb which is of 0.79. As predicted, f does not strongly afFect the conclusions
drawn in lead for the m~ calculations, the only effect being an increase of the quenching factor
corresponding to the lower 12 state at 6.43 MeV up to a value near 0.9. The results obtained show
a rather clear dependence of the scaling with the nucleus considered.

PACS numbers: 21.60.Jz, 21.30.+y, 25.30.Dh

I. INTRODUCTION

A. The tensor part of the residual NN interaction

At present the investigation of the changes that envi-
ronment modifications, such as density and temperature,
produce in the difFerent nuclear phenomena can be con-
sidered as one of the most challenging new directions in
nuclear physics. Processes like relativistic heavy-ion col-
lisions are expected to give information about how nu-
clear matter behaves at high temperature and/or high
density. On the other hand, high-energy continuous wave
electron scattering will show the properties of the individ-
ual hadrons when they are embedded in the surrounding
matter which strongly interacts with them.

In principle one should be able to evaluate how the dif-
ferent observables change as the nuclear medium changes,
provided the fundamental theory of the strong interac-
tions is known. However, one can take advantage of the
fact that these effects have nontrivial implications in nu-
clear processes at low energy and thus it is possible to ob-
tain relatively clean information by analyzing some basic
nuclear properties such as, e.g. , excitation spectra, tran-
sition probabilities, and form factors for the scattering of
hadrons and leptons.

As an example we mention here the enhancement of the
p-exchange tensor interaction in the nuclear medium [1].
This modi6cation is analogous to that of the isovector
transverse form factor for electron scattering from nuclei
and is basically due to the necessity of replacing the nu-
cleon mass by the effective nucleon mass in the medium.
This gives rise to a reduction of the tensor part of the
nucleon-nucleon (NN) interaction and, as a consequence,
the calculated electromagnetic form factors of low-lying
magnetic states in 2osPb are appreciably modified [1,2].

Apart from the one just mentioned, some other mech-
anisms, such as core polarization efFects [3] and the
screening effects induced by two-particle —two-holes ex-
citations [4], have been proposed to explain how the NN

force changes by the presence of the nuclear medium. The
common feature between all of them refers to a decrease
in the strength of the tensor piece of the interaction.

However, the amount of this reduction has not been
fully established yet. In effect, random phase approxima-
tion (RPA) calculations with a residual interaction which
includes the vr + p-exchange potential show [2] that the
tensor piece must be reduced by a 30% in order to ob-
tain a simultaneous fit of the low-lying isoscalar 1+ state
and the two low-lying 12 states in Pb. Equally good
fits are obtained [1,2] if the tensor coupling of the p me-
son to the nucleon is enhanced by the factor s, suggested
by Brown and Rho [1], without additional modifications
of the pion terms.

On the other hand, RPA calculations similar to those
of Ref. [2] bring the reduction factor to 0.4 when the
observed quenching factors in (e, e') and (p, p') experi-
ments for the two 12 states mentioned above and the
14 state of osPb are put into agreement [5]. Calcula-
tions performed in the same scheme, and with the same
residual interaction, but for Ca show [6] that a rather
good description of the experimental information avail-
able can be accomplished if the reduction factor is taken
to be & 30% and ( 60%. Despite the disparate values
quoted for o Pb, these phenomenological investigations
point out the necessity of the reduction we are discussing
and, at the same time, provide a reasonable scheme to
work out these aspects for different nuclei. Besides they
are showing a possible dependence of the strength of the
reduction with the nucleus considered.

B. Mass scaling

In this work we focus our attention in the density ef-
fect and more speci6cally in the in-medium scaling law
proposed by Brown and co-workers [1, 7, 8]. This law
is satisfied by the nucleon and scalar and vector mesons
masses as
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and can be established [8] by starting from effective chi-
ral Lagrangians in which the scaling property of @CD is
taken into account. Here we want to investigate if this
scaling provides a framework valid for difFerent nuclei,
as the simple ad hoc reduction of the tensor piece previ-
ously described does. In this respect it is worth pointing
out that the introduction of m' affects the tensor and
spin-isospin pieces of the NN interaction. In fact the
reduction in f and the enhancement of the p contri-
bution by (mz/m~) lead to an overall decrease of the
isovector tensor interaction while the strength of the spin-
isospin interaction increases. It has been shown [5] that
such effects produce non-negligible modifications in the
nuclear reaction and structure aspects of the OsPb mag-
netic high-spin states, where evidences which support the
need for m' have been found. In fact the consideration
of (mz/m~) = 1.6 permits us to achieve a simultane-

ous description of the quenching factors of the two 12
and the 14 states of ~osPb for both (e, e') and (p, p')
experiments [5].

In what follows we investigate how the consideration
of the in-medhum scaling law affects the low-energy prop-
erties of medium nuclei. To do that we have studied the
excitation spectrum and the (e, e') form factors for mag-
netic excited states in 4sCa. In Sec. II the effects of the
consideration of m' are analyzed. In See. III we show the
results obtained when both m' and f" are considered si-
multaneously as given by the scaling law. In Sec. IV we
extend this calculation to the high-spin states of ~osPb

and discuss the consequences of the inclusion of f' which,
at least a priori, are expected to be small. Finally we give
a summary and conclusions in Sec. V.

II. mp SCALING

In previous works [9], an analysis of the magnetic ex-
citation spectrum of Ca has been carried out in the
RPA framework using the Julich —Stony Brook interac-
tion [10] as residual interaction. This interaction consists
of a zero-range part of Landau-Migdal type, which takes
care of the short-range piece of the NN interaction, while
the long-range component is given by the sr + p-exchange
potential. Some of the facts relevant for the present in-
vestigation and found in these calculations are:

(i) The RPA wave functions for the two lower 4 states
show con6gurations mixing of the two one-particle —one-
hole (1plh) dominant configurations which do not allow
for reproducing the experimental (e, e') form factor [11].
This situation is completely similar to that observed in
the high-spin 12 states in 0 Pb which makes these
states to be of special interest for our analysis.

(ii) The lower 2 state appears to be inverted with
respect to the 4 states which is in a clear disagreement
with the empirical finds [11,12]. It has been shown that
the excitation energy of this state is strongly affected by
modifications in the tensor part of the NN interaction [6]
and thus it can be expected that the consideration of m*

would produce a similar shift.
(iii) The state observed at 6.89 MeV, the assignment of

which has not been experimentally resolved [11,12], has
been ascribed as a 2 state after considering the effects of
meson exchange currents (MEC) in the (e, e') form factor
calculated with the wave function of the state obtained
at 7.27 MeV in the RPA calculation [9]. The manner in
which the introduction of m' will modify this conclusion
seems especially interesting because MEC contributions
are linked to the NN interaction via the continuity equa-
tion.

(iv) The strong (e, e') transition to the well-known 1+
state at 10.23 MeV has been nicely described [13] with-
out the inclusion of 6-hole configurations in the wave
function, provided the full RPA wave function, and not
only the dominant lplh component, is considered. Ob-
viously changes in the residual interaction should modify
the degree of mixing of the lplh components in the wave
function which can give rise to non-negligible modi6ca-
tions of the form factor.

With all these facts in mind and following the strategy
developed in Ref. [5] we define

pm,')
and use a residual interaction given by

(2)

V„, = Co(goer cr +goo cr ~ 7. ) +V +a V~(~).

In this way both the range and the strength of the p-
exchange potential are varied. Besides, we recover the
Julich —Stony Brook interaction for e = 1. Two points
deserve some comments. First no explicit density depen-
dence of m~/m~ has been considered, thus allowing for
a clearer analysis. This means that we are considering
for m'/m~ some average value at the surface. Second
we do not include any modification in the pion contribu-
tion. The in-medium decrease in this piece should not
be large [1] and, to be conservative, we have ignored it
in the first step.

Calculations have been performed for s = 1, 1.2, 1.6,
and 2. The values of go and go used in each of them are
the same fixed in Ref. [5] to reproduce the energies and
B values of the two 1+ states in 208Pb. These values also
give a good description of the experimental energies of
the low 3+ and 5+ states in 4sCa, as shown in Fig. 1.
It is worth pointing out that the value e = 1.6 is the
one allowing us to explain the experimental data corre-
sponding to the high-spin 12 and 14 magnetic states in
zosPb in both (e, e') and (p, p'), simultaneously [5]. Thus
we are interested to investigate if this value works also
in Ca. In Fig. 1 we compare the results correspond-
ing to the magnetic excitation spectra obtained for these
calculations with the experimental spectrum taken from
Refs. [11, 12]. Concerning the points previously men-
tioned we must state the following:

(i) The energy of the lower 2 is shifted towards higher
values and the inversion with respect to the 4 states
disappears.
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modification of the NN interaction produces the appear-
ance of a scattering minimum 1.5fm . As a conse-
quence, the data at the second peak are reasonably well
described by the three calculations other than the one
with e = 1. However, the experiment is underestimated
at the erst scattering maximum, where the best situation
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FIG. 1. Excitation energy spectrum of Ca. The first
four columns correspond to the RPA calculations performed
for e = 1, 1.2, 1.6, and 2, respectively, and considering only
the effect of m~. The last column sho~s the empirical data
taken from Refs. [11,12].
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(ii) The two lower 4 states do not change their exci-
tation energies too much.

(iii) The energy of the 1+ state remains practically
unchanged. The same occurs for the remaining positive
parity states. On the contrary the energy of the high-spin
6 and 8 states appears to be strongly e dependent.

These results point out the fact that the modification
of the NN interaction in the terms here considered al-
lows for a better description of the magnetic excitation
spectrum.

Now we proceed by investigating how the consider-
ation of the p-meson effective mass affects the (e, e')
form factors corresponding to the excitation of the mag-
netic states of interest. The results are shown in Fig. 2.
Therein solid lines correspond to e = 1, dashed lines to
e = 1.2, dotted lines to e' = 1.6, and, finally, dashed-
dotted lines to e = 2. All of them include the MEC
effects corresponding to the so-called seagull and pionic
currents [9, 14].

We start with the 2 state lying at 6.89 MeV. As shown
in Fig. 2(a), the calculations for both c = 1 and 1.2 are
given a rather good description of the data. We note
here that for these two values of e the MEC produce
an enhancement of the squared form factor bigger than
80%%up [9] which ensures the agreement with the experi-
ment. Values of e other than the two mentioned are in
full disagreement with the experiment, as we can see in
Fig. 2(a). Other calculations not shown in this figure and
performed for e & 1.2 produce form factors completely
out of range. Thus we can state that a modification of the
NN interaction with a value 1 & e & 1.2 is needed. This
differs notably from the value e = 1.6 found in Ref. [5]
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FIG. 2. The (e, e') form factors corresponding to (a) the
second 2 and (b) the first 4 states obtained in our cal-
culations are compared, respectively, with the experimen-
tal data of the states observed at 6.89 and 6.11MeV [11].
Solid, dashed, dotted, and dashed-dotted curves correspond
to e = 1, 1.2, 1.6, and 2, respectively. MEC effects are in-
cluded in the calculations. Only the effect of m~ has been
considered.
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is attained for s = 1.6. Additional calculations performed
for values around this one do not provide a better agree-
ment with the experiment in this peak. In any case it
is evident that the description of this state and the 2
previously discussed cannot be found simultaneously for
any value of the s parameter.

This result differs notably from the one found in
Ref. [6] concerning the tensor part of the NN resid-
ual interaction. Therein it is shown that a reduction

40% —50% of this piece of the interaction should per-
mit a good description of the experimental data for these
two states, which is not possible by introducing the rn .

Let us see Gnally what happens with the 1+ state at
10.23 Mev. In Table I (columns 2—5) we give the ampli-
tudes with which the dominant lplh components of the
RPA wave function are contributing to the corresponding
(e, e') form factor. As we can see the modification of the
NN interaction produces simpler wave functions in which
the bigger s is, the more dominant the v(1fs/q, 1fr/z)
configuration becomes. The role of the nondominant
lplh components is less important with increasing s and,
as a consequence, the corresponding (e, e') form factors
show strengths which grow with s at the first two peaks.
In this situation the well-known "quenching" factor ob-
served for this state, which appears to be q independent
for s = 1 [13], is not observed for the other values of
s, thus leaving room again for the contributions coming
from the inclusion of the 4-hole components in the wave
function [15].

The main conclusion one can draw from the results
of these calculations is that the in-medium scaling law
seems to be strongly dependent with the nucleus, in what
refers to the low-energy properties studied here. In this
sense it is important to point out that the consideration
of m' works, in 2osPb [5], in a similar way to that of the
reduction of the tensor piece of the NN residual inter-

action. However, and contrary to what happens in this
last case for 4sCa [6], the introduction of the p effective
mass is unable to explain the part of the empirical puzzle
which is well established in this nucleus.

A number of reasons can be argued to explain the situ-
ation found for the consideration of the rn~ scaling. First
one must be careful with the fact of the consideration of
rn" /m~ as a constant, that is at the surface. This could
restrict the feasibility of the results to q values around
1.5—2 fm i and, as we can see in Fig. 2, a coherent de-
scription of the data discussed here can be obtained for
s = 1.2. On the other hand, neglecting the modification
of the pion contribution via the f*, which seems to not
play any fundamental role in Pb [5], could be of great
importance in lighter nuclei as Ca. We investigate this
point in the next section.

III. ROLE OF f'

Now we deal with the analysis of the effects produced
by the simultaneous consideration of both m" and f"
consistently with the in-medium scaling law of Eq. (1).
With the definition of the s parameter given in Eq. (2),
the residual interaction we use in these new calculations
can be written as

V~, = Co (gp 0' ~ cr + gii 0' ET T ~ 7 ) + —V~ + s Vp(s)

(4)

and, again, the Jiilich —Stony Brook residual interaction
is recovered for e' = 1.

As for the preceding case, we have carried out calcu-
lations for e = 1.2, 1.6, and 2. Previously the values of
go and gii used in each of them have been fixed to repro-
duce the energies and B values of the two low-lying 1+

TABLE I. Amplitudes Aq(ph) = Ãq(ph) + (—1) Yq(ph) of the dominant 1plh components of
the RPA wave function corresponding to the 1+ state and obtained for the diferent calculations
performed by including only m~ and both m~ and f ss discussed in the text. Only those amplitudes
bigger than 0.05 in absolute value have been tabulated.

E (MeV)
rr(2pi/3, lp, /, )
~(2ds/3, 1d3/'3)

vr(1 fs/2, lp3/Q)
rr(lg7/3, 1ds/3)
v(3si/3i 23

v(2ds/3, 1d3/2)
v(1 fs/2 ~ 1p3/2)
v(1f3/3 ~ 1fr/2)
v(2 fs/3, 1fr/3)
v(2 fr/2) 1fr/2)
v(1g7/2 t 1ds/3)
v(lh9/2 i 1f7/2)
v(2h9/2i If,/3)

1.0
10.16

—0.098

0.054

—0.066
—0.153

—0.767
0.089

1.2
9.98

—0.069

—0.089

—0.848
0.078

mp
1.6

10.03

0.061

—0.923
0.051

2.0
10.20

0.090

—0.930

—0.055
—0.069

1.2
9.96

—0.057

—0.892
0.065

mp+ f'
1.6

10.18

0.070

—0.926

—0.060

2.0
10.28
0.071
0.080

—0.092
—0.061
—0.057
—0.067
—0.079
—0.857

—0.084
—0.081
—0.099
—0.060



348 ANTONIO M. LALLENA 48

states of 2osPb. In the next section we give some details
concerning the results obtained in this nucleus.

The excitation energy spectra we have found for the
new calculations are shown in Fig. 3, where the exper-
imental spectrum and the one corresponding to e = 1,
which coincide with the same in Fig. 1, are included for
comparison. In general we can state that the results are
rather similar to those of Fig. l. In particular the spec-
tra for e = 1.6 are very close in both cases. This points
out that the inclusion of f„' in the calculations does not
produce big efFects at the level of the energies of the ex-
cited states. In any case difFerences are observed for the
6 and 8 states, the energies of which are shifted by

0.5MeV when e goes from 1.6 to 2. This effect was
not found in the calculations performed by including only
m' and can be ascribed to the consideration of f'.

With this in mind we analyze if the inclusion of the
effective pion coupling constant changes or not the re-
sults quoted in the previous section in what refers to the
(e, e') form factors therein discussed. The correspond-
ing results are shown in Fig. 4 where solid, dashed, dot-
ted, and dashed-dotted curves have been obtained for
e = 1, 1.2, 1.6, and 2, respectively. As in the case of
Fig. 2, the effects of MEC have been included in the cal-
culations and, to be consistent, we have used f" instead
of f for these currents.

For the 2 state at 6.89MeV [see Fig. 4(a)] the calcu-
lations performed for e = 1 and 1.2 provide a reasonable
description of the experiment. On the other hand, the
two remaining calculations show a certain disagreement
with the data, even if the curve corresponding to e = 2
(dashed-dotted) roughly describes the high-q ones. In
any case, and for the values of e of interest, no big changes
are produced by the inclusion of f" in what refers to this
state.

However, the situation is quite different for the 4 state
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lying at 6.11MeV. As we can see in Fig. 4(b), and sim-
ilarly to what we found when only mp was considered,
the three calculations done for e & 1 describe rather well
the data at the second peak. The main difference now
is that also the first peak can be explained provided e
is taken to be 1.2 or 1.6, while the result corresponding
to e = 2 still underestimates the data at this scattering
maximum.

These results allow us to state that the simultaneous
consideration of both m" and f" permits a rather good
description of these states for e 1.2. It is worth point-
ing out that the agreement found in this case is similar
to that obtained in Ref. [6), where the tensor piece of the
interaction was reduced "by hand" by a factor between
30%%uo and 60%%uo. As noted therein, this reduction factor
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FIG. 3. Same as in Fig. 1 but for the simultaneous con-
sideration of both m~ and f' in the calculations.

FIG. 4. Same as in Fig. 2 but for the simultaneous con-
sideration of both rn~ and f in the calculations.
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shows a certain dependence on the nucleus considered,
because 60%%uo is needed in osPb [5]. This dependence ap-
pears now in a more clear manner when the value 1.2 for
the e parameter is compared with the 1.6 quoted in
Ref. [5] for lead.

Finally we come back to the 1+ state lying at
10.23MeV. In Table I (columns 6—8) we also give the
amplitudes of the dominant 1plh configurations of the
RPA wave functions obtained for the different values of
s. As we can see, the calculated excitation energies are
close to those found with m' only and the same is valid
for the amplitudes corresponding to s = 1.2 and 1.6.
However, the results for s = 2 difFer notably in both
calculations, thus following our findings concerning the
excitation spectra. In any case, similar conclusions to
those quoted in the previous section can be drawn for
8 = 1.2.
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Now we will study the influence of the inclusion of
f' in the zosPb nucleus. It has been predicted [1] that
the ~ part of the interaction should not be modified too
much by the medium in the lead region and in order to
see if this is so, we have analyzed how the consideration
of the efFective pion-nucleon coupling constant modifies
the results concerning the observed quenching factors for
the high-spin states which were investigated in detail in
Ref. [5].

Before going with this particular point we will brieHy
comment on the modification produced by f' in the pa-
rameters of the zero-range piece of the interaction. As
mentioned above, the go and go parameters have been
fixed in order to reproduce the energies and B values of
the two low-lying 1+ states in zosPb. The results ob-
tained as a function of e values are shown in Fig. 5.
Therein dashed (solid) lines correspond to calculations
performed with (without) the inclusion of f". As we can
see the main effect produced by the inclusion of the ef-
fective pion-nucleon coupling constant is to compress the
curves of go and go towards smaller values of e. The al-
most constant behavior of go with c is not modified too
much, while for go the minimum, which appears at e 2
if only rnid is included, is shifted by 0.5 when f" is
added. Thus f' imposes an additional reduction of go
for s ( 1.6 and an increase of it for larger values of the s
parameter.

Now we deal with the quenching factors observed in
the (e, e') form factors corresponding to the high-spin
12 and 14 states. To investigate the effect of f' we
have calculated the ratio

2.00
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208
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FIG. 5. Parameters of the Landau-Migdal piece of the in-
teraction used in our calculations as a function of e. Solid
lines correspond to calculations performed considering m~
only. Dashed lines also include f

0.75
1.4

of the squared form factors evaluated with,
I F(q) I

.+f. ,

and without,
I F(q) Iz ., the consideration of f' at the

P

first scattering maximum, where the quenching factors
for these states are measured. The results are given in
Fig. 6. As we can see, the effect of the inclusion of f'

FIG. 6. R ratio of the (e, e') squared form factors cal-
culated by considering m~ only and also including f' for
the three high-spin 12 (solid line), 14 (dashed line), and
12 (dotted line) states in Pb, lying at 6.43, 6.74, and
7.06 MeV, respectively.
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in the 14 (dashed line) and 12 at 7.06MeV (dotted
line) is, at most, 10%, a value which can be considered
of the same order of the error estimated for the mea-
sured quenching factors [5]. On the contrary, larger val-
ues are observed for the lower 12 state (solid line). In
fact the R ratio is maximal, A ~ 1.75, for s ~ 1.4 and
in the particular case of e = 1.6, the value determined
in Ref. [5] as the one working for this nucleus, R ~ 1.5.
Despite this, the modification is not at all negligible in
this state, it only produces a change in the slope of the
actual quenching factor, which moves, e.g. , from ~ 0.6 to
~ 0.9 for s = 1.6, without any additional effect, at least
in the (e, e') process we are discussing.

V. SUMMARY AND CONCLUSIONS

In this work we have analyzed how the in-medium scal-
ing law followed by the masses of the nucleons and scalar
and vector mesons afFects nuclear processes at low energy
in medium nuclei. In particular the magnetic excitation
spectrum of Ca as well as the (e, e') form factors corre-
sponding to the electroexcitation of three states which
are reasonably well known from the experiment, have
been used to focus the discussion. It has been found
that the simple consideration of m'/m~ as a constant
does not permit a good description of the empirical in-
formation in this nucleus, contrary to what happens in
2osPb. This situation is amended if, in addition, one
considers the efFective pion-nucleon coupling constant,

which also obeys the in-medium scaling law established
by Brown and Rho [1, 7, 8). In that case the available
experimental data can be reasonably well described by
using m*/m~ —f„"/f —0.91, a value which shows a no-
table difference with the one found for 2 Pb in Ref. [5].

We have also studied if the additional inclusion of
f' produces any modification concerning the results ob-
tained for the high-spin states of OsPb when only m'
is considered in the calculations. In this respect, the
only efFect to note is an increase of the quenching fac-
tor corresponding to the lower 12 state at 6.43MeV,
which reaches a value near 0.9 for e = 1.6. Though non-
negligible, this enhancement only afFects the slope of the
quenching factor and thus it is not expected to strongly
modify the conclusions drawn in lead for the m' calcula-
tions. In this sense the prediction concerning the small
in-medium decrease of f~ in the lead region [1] can be
considered as plausible.

In any case, the results obtained point out a rather
strong dependence of scaling with the nucleus considered.
First, the mandatory necessity of f* to explain the data
in 4sCa and not in 2 Pb and, second, the large difference
between the values of the e parameter working in both
nuclei, 1.2 for calcium and 1.6 for lead, seem to
clearly support this idea.
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