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Proton total reaction cross sections for 700 MeV protons on ' ""Ca have been measured by detecting
inelastically scattered particles at angles greater than 10' {lab). The measurements were performed with

overall uncertainties of +6.2% and relative uncertainties of +2,5%%u&. These measurements yield the values of
o z(' Ca) = 614 mb, cr„( Ca) = 643 mb, and cd( 'Ca) = 736 mb. .Matter radii differences

A(44 —40) = (0.05+0.09)fm and 6(48—40) = (0.36+0.09)fm were extracted based on a theoretical
calculation which takes advantage of the geometrical nature of the cross section. The results are compared to
other available measurements of total reaction cross sections on medium-weight nuclei at medium energies
and to other determinations of the matter radii differences for the calcium isotopes.

NUCLEAR STRUCTURE ~4 ~4 Ca; measured proton total reaction cross sec-
tions, E=700 MeV. Deduced matter radii differences.

I. INTRODUCTION

We report here measurements of the total reac-
tion cross sections for 700 Me& protons incident
upon "Ca, "Ca, and "Ca nuclei. Besides pro-
viding further tests of the various nucleon-nu-
cleus reaction models, new measurements of total
reaction cross sections may also serve to de-
termine the change in nuclear-matter radii of
different isotopes of an element. Medium. - and
heavy-weight nuclei are known to be strongly
absorbing for medium-energy projectiles, ' and
earlier experiments have demonstrated convinc-
ingly that a description of nucleon-nucleus scat-
tering in terms of an "opaque disk" model is
amazingly accurate, especially for describing the
total reaction cross section. ~' Because nuclei
a,re so strongly absorbing and because the de
Srogkie wavelength of a medium-energy nucleon
prejecti. -le is small compared to the average in-
ternucleon spacing in a nucleus, the total reaction
cross section of different isotopes of the same
element will vary to a first approximation as the
square of the radius of nuclear matter, R . This
simple R ' dependence has been observed as a
general trend over the entire range of the periodic
table in earlier experimental results. ~'

The relation of the total reaction cross section

to nuclear size in Refs. 2-5 was derived using
optical arguments. Such a relationship is more
general, however, and arises also from the ap-
proach of Qlauber. ' or from the use of an optical
potential together with an eikonal approximation
for the propagator. ' These latter approaches,
which allow one to make corrections to the results
of Refs. 2-5 for the finite size of the nucleon-
nucleon interaction and recent advances in sys-
tematically estimating corrections to eikonal ap-
proximations, ' allow one to relate the total reaction
cross section to the rms matter radius of the tar-
get nucleus in a quantitative way. Even though
this relation may be somewhat model dependent,
one feels particularly confident in using such
measurements to look for changes in nuclear
sizes. To this end, we have performed measure-
ments of the total reaction cross sections for
three isotopes of calcium. Although measure-
ments of total reaction cross sections for medium-
energy protons on various nuclei have been re-
ported earlier, ~' they have been performed only
with natural targets or only for one isotope of an
element. We believe this experiment represents
the first measurements of the total reaction cross
section on more than one isotope of an element
for medium-energy protons.
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II. EXPERIMENTAL PROCEDURE

A-floor plan of the experimental arrangement
is shown in Fig. 1. The external proton beam
(EPB) from the Los Alamos Meson Physics Fac-
ility (LAMPF) with an energy of 800 MeV (+8 MeV)
wag focused on a 2-cm-long liquid hydrogen tar-
get to a spot size approximately 3 mm in diameter
and with an emittance less than 1 mrcm. After
passing through the target, the beam proceeded
some 20 m downstream to a Faraday cup/beam
stop. An ion chamber or secondary emission
monitor could be introduced to intercept the beam
about 8 m downstream from the target. The liquid
hydrogen target cell was made of 0.051 mm Kap-
ton and was enclosed in a scattering chamber with
0.051 mm Mylar windows.

Protons elastically sca.ttered by hydrogen nu-
clei in the target to an angle of 17.5'with an en-
ergy of 700 MeV (+ 7 MeV) were collimated by a
5 cm &&5 cm aperture in 40 cm of lead and allowed
to strike a calcium target 4.1 m from the center
of the liquid hydrogen target. The elastically
scattered protons were detected by a pair of multi-
wire proportional chambers 16 & 16 cm' imme-
diately in front of the calcium target in coincidence
with the conjugate protons scattered at an angle
of 65.5'detected by another pair of multiwire
chambers 16 && 16 cm at a dista, nce of 2.6 m from
the center of the liquid hydrogen target. Both pairs
of multiwire chambers had anode wire spacings of
2.5 mm and provided identification of the elastic-
ally scattered protons to better than 0.2' in both
opening angle (8) and for coplanarity (Q). The
method used here to identify elastically scattered
protons was used earlier to measure the absolute
differential cross sections for proton-proton scat-
tering at 647 and 800 MeV, ' where the experi-
mental apparatus and techniques are described
in more detail,

The number of 700 MeV protons incident on a
calcium target was just the sum of events inside
the 8-P windows set around the elastically scat-
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tered peak. Thus, the incident protons were
counted individually. The calcium targets were
3.18 cm in diam. and about 0.9 cm t;hick. About
1% of the incident protons interacted inelastically
and scattered in the calcium target. Any charged
particles produced in such an interaction were
then detected by a third pair of multiwire cham-
bers 32 ~32 cm' located about 12 cm behind the
target. The experimental measurements were
of angular distributions of all emitted charged
pa.rticles within the solid angle (& 60') subtended
by the multiwire chambers behind the target.
Because the time resolution of the multiwire
chambers was only about 30-40 ns, multiple
charged-particles from one incident proton could
not be resolved. Such multiple events were tagged
electronically by the data-acquisition system,
before the event was stored on magnetic tape.
Proton interactions in the calcium target which
produced only a neutral particle could not be
counted with this apparatus. The single reaction
channel which produces only a neutral particle
in the final state is the (P, n) reaction and has
been estimated by Bertini et al. ' to be about 2%
of the total reaction cross section for 660 MeV
protons on medium-weight nuclei. Thus, the in-
ability to detect this one channel will introduce
a small error in the absolute values for the total
reaction cross sections, but will not significantly
affect the comparisons between the different iso-
topes.

A. Scaling incident protons

Since the number of incident protons is actually
determined by events seen with the multiwire
chambers in front of the calcium target in coin-
cidence with the conjugate particle chamber pair,
any inefficiencies in these chambers, or deaf
time of the system to events closely spaced in
time, serves only to reduce the number of accepted
incident protons. Scattered particles produced
in the calcium ta, rget by incident protons not
counted for these reasons, will not be analyzed
since the system is gated on only when a valid
incident proton is accepted.

IN BEAM DUMP

MWPC t AT 2.6m )

FIG. 1.. Floor plan of the experimental arrangement.

B. Data acquisition

The design and operating characteristics of the
multiwire proportional chambers have been de-
scribed elsewhere. " A digital readout system for
the multiwire chambers which had originally been
developed for measurements of proton-proton
scattering was extended for these measurements. "
Events with multiple wires firing in a chamber
could be located and read out -or just tagged. Only
events with single hits in the two pairs of multi-
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wire chambers used to identify elastically scat-
tered protons from the liquid hydrogen target
were considered. This eliminated any uncer-
ta, inty about the position of a proton incident upon
the calcium target (to within the wire spacing of
the chambers) and only slightly reduced the in-
cident proton rate. Compound events in the larger
chamber pair behind the calcium target were
tagged and sorted out later as described below.

In order for an event to be valid, it had to be
detected in'the larger pair of multiwire chambers
behind the target as well as be inside the 8-Q
windows determined by the other two pairs of
chambers. This requirement was valid both for
events which produced a scattered charged par-
ticle in the calcium target and for unscattered pro-
tons. Since the efficiency of the large pair of
chambers was slightly less than unity, this re-
quirement again slightly reduced the valid count
rate, but. had the strong advantage of eliminating
the uncerta, inty in knowing the exact efficiency
for the large chambers. This requirement also
allowed for a tighter coincidence time between all
three pairs of chambers to minimize the accidental
coincidence rate. Finally, requiring that an event
be detected in all three pairs of chambers in order
to be valid also eliminated any correction for
dead time. Incident protons were completely ig-
nored if the entire system was not ready to de-
tect particles.

Events which satisfied the coincidence require-
ments had their addresses encoded and stored
in input register CAMAG modules. Data in the
input registers were transferred to a buffer in
the CAMAS microprogrammed branch driver
(MBD) and then through priority interrupt to the
PDP-11/45 computer for storage on magnetic
tape. Between events the computer accumulated
and displayed histograms of chamber counts,
distributions in the opening angle 0 and coplanarity
Q, and the angle of scatter in the calcium target.
The chamber histograms allowed each chamber
to be continuously monitored for bad wires, noisy
spots, and relative efficiencies. The scattering
angle histograms provided a simple on-line anal-
ysis to monitor the quality of the data.

C. Data taking

The total number of incident protons varied
from 1.5 to 1.V x 10' for each of the three isotopes
of calcium studied. Total target-in run times of
about 12 hours were required for each target.
Target-out runs were performed for each target
for about one-half the number of incident protons
as for target-in runs. The data for each isotope
were accumulated in six or seven separate ex-

perimental runs each, with target-out runs per-
formed between the target- in runs.

III. DATA REDUCTION

'The total reaction cross section for each isotope
was determined in these experiments by integrating
over angle the measured angular distribution of
inelastically produced charged-particles. Since
elastic-scattering dominates at small angles, the
measurements of inelastic particles could only be
performed reliably from about 10'(lab) outward
and the integration of the reaction cross section
had to be extrapolated to O'. This extrapolation
and its uncertainty are discussed more fully be-
low. The number of particles N~(8) scattered
at angle 8 into an interval of solid angle 4~, by
a target of n, nuclei per cm', is related to the
total number of incident protons A'; by the dif-
ferential cross section cr(8) in the usual way:

X,(8) =X,n, o(8)~~,

where the cross section average is taken over the
finite solid angle interval set by the experimental
conditions. The measurements of all parameters
required to calculate the differential cross sections
together with the integra, tion and extrapolation to
obtain the total reaction cross sections are dis-
cussed in the following subsections.

A. Incident number of protons N,.

The dominant uncertainty in the number of in-
cident protons ¹ is due to the conta, mination of
the valid events accepted as incident protons by
other particles or protons of other energies. The
high spatial resolution. of the multiwire chambers
combined with the small spot size of the 800 Me&
proton beam on the liquid hydrogen target, pro-
vides a very sharp peak with very little background
in the spectrum of opening angle 9 versus cop-
lanarity Q for the forward and conjugate scat-
tered protons. Essentially all background events
that were not just proton-proton scattering were
eliminated by narrow windows on the 8-P peak.
The majority of the background in the acceptance
region is protons from quasifree scattering of the
proton beam with nucleons inside heavier nuclei of
the liquid-hydrogen target walls, which should
have very close to the same energy (VOO 1VfeV)

under the 8-P peak as free proton-proton scat-
tering. Since the background under the elastic-
scattered peak was observed to be about 1/p of the
peak area, we estimate the contamination to be
less than+0. 5'Pq and take this to be the uncertainty
in the number of incident protons.



B. D. ANDERSON et al.

B. Target thickness n,

Each calcium target mas 3.I8 cm in diameter
by about 0.9 cm thick, covered with a 397 p, g/cm'
layer of aluminum to prevent oxidation. The areal
density of each target was determined from mea-
surements of their dimensions and by weighing
to an accuracy of +0.5%. The enrichments of the
three targets were: "Ca—99.96%, "Ca—98.44%,
and "Ca—94.47% with isotopic purities accurate
to a0.05%. Essentially all of the impurity in the
"Ca and "Ca targets was "Ca. The isotopic and
spectrographic analyses mere provided by the
Isotope Sales Division of the Oak Ridge National
Laboratory and the measurements of sizes and
weights were performed at the Los Alamos Scien-
tific Laboratory.

C. Solid angle hQ

The solid angle interval 4O. within which the
reaction products from proton interactions in the
calcium targets were counted mas determined by
setting windows on the radius of scatter observed
in the large pair of multiwire chambers located
behind the target. The alignment of the pair of
chambers behind the target to the pair of chambers
immediately in front of the target was performed
empirically to better than one-half of a wire
spacing (i.e., to better than 1.2 mm) by noting
the correspondence of proton events in the two
chamber pairs with no calcium target ig the holder.
The difference in%' and Y coordinates (LVC, AY)
between the chamber pair in front of the target and
the large chamber pair 12 cry behind the target
were determined for each event and the radius of
scatter calculated. The data were binned for
analysis by this radius of scatter parameter,
IBAD. If a proton was unscattered by the calcium
sample, the radius of scatter was zero and IRAD
=1. The largest scattering angle which could be
detected (62') was to a corner of the large multi-
wire chamber pair and had a radius of scatter of
22.6 cm or IBAD=45. .The angular resolution
varied from about 1.3' at a scattering angle near
0' to about 0.6' at a scattering angle near 60 .

The uncertainty in the solid angles subtended
arises from the uncertainties in the distance from
the point of interaction in the calcium target to
the anode wire locati:ons in the large multiwire
chamber pair behind the target and from the vari-
ation in wire spacings across the chambers. Since
a large number of wire spacings are included for
the calculation of 4O for each value of IBAD, and
since the incident protons will interact uniformly
across the thickness of the calcium target, both
of these uncertainties average out. The appropri-
ate distances mere measured to an accuracy of

+0.0$ cm and, the resultant uncertainty in the solid
angles is about 0.4%.

D. Number of scattered particles Nz(8)

The number of scattered particles Nz(8) is the
total number of events recorded in each bin of
IBAD, the radius of scattering parameter. The
value of IBAD mas determined for each event from
its ~ and 4F coordinate values. Inspection of the
~-.4F plane for scattered events, even after
target-out run subtractions, revealed certain
difficulties.

First, if tmo or more charged particles were
produced by one incident proton in a calcium tar-
get, two or more X and F wires would be triggered
in the large multiwire chamber pair behind the
target. Since the chambers were always read out
in the same direction, the lowest number wires
in the X and F planes mere always read out first
and taken to be the coordinates of scatter. The
first quadrant of the ~-4F plane was overpop-
u4. ted from events which produced hvo or more
charged particles and the read-out system pro-
vided a biased resolution of the ambiguity re-
garding which 4X-AF set of coordinates to assign
to such multiple events. The important criterion,
however, for the integrated total reaction cross
section is just that the event be counted somewhere
(and "only once).

The ~—~F spectra also revealed "roots" along
the axes corresponding to ~=0 or AF =0 for one
qf the scattering-coordinate values. These events
were tagged as multiple-hit events and- represent
events where one of the tmo particles detected
corresponds to an unscattered event. Inspection
of the various combinations .of ~—4F coordinates
for these events show that many of thes|. events
had a combination which corresponded to an un-
scattered event. That some of the remaining
events in these roots did not have a combination
which corresponded to an unscattered event was
apparently due to the fact that many particles
traversing a chamber will do so somewhat obliq-
uely and will fire tmo or more adjacent wires.
Unfortunately, our system tagged such events
as multiple-hit events and would read out only
those first two adjacent mire locations for that
chamber. If the event was also a true multiple
event, the correct wire address for the second
event was not recorded (since only two addresses
from each chamber were recorded) The events.
remaining in the "roots" of the ~- hF spectra
were determined to be unscattered protons plus
& rays (scattered electrons) from the calcium
target. Those events in the roots mith no coordinate
combination corresponding to an unshattered pro-
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ton were 5 rays which fired two (or more) adjacent
wires in one of the two planes of the large multi--
wire chamber pair These &-ray events were
rejected in the data analysis by eliminating the
root regions in the ~-4F plane before forming
the angular distributions. This was performed
for several different sized root regions in order
to verify that the final determination of the total
reaction cross section remained constant once
the roots were made large enough.

There remained one more difficulty in-the de-
termination of N~(8) from the AX-sl' spectra
due to the presence of & rays. Part of the over-
population in the first quadrant could also be just
6 rays and not necessarily a true multiple event.
The first quadrant couM not simply be eliminated
from the analysis since that would result in the
loss of many true multiple events.

'

The differences
in the total reaction cross sections determined
with and without including the first quadrant of the
bX —&& plane were typically 2'. By studying
the relative populations of the four different quad-
rants and the root regions, we estimate that about
one-half of the increase is due to true multiple
events from proton interactions in the calcium
targets and about one-half is due to events of a
6 ray associated with an unscattered proton. The
final value for the number of scattered particles
in each bin was taken as the average of the results
obtained by including and not including the first
quadrant of the ~—4F plane, with an uncertainty
estimated to be about + 4/p in the absolute values
of the total reaction cross sections. By a cal-
culation following the expressions of Cverna, "w' e
determined that the difference in number of 4 rays
produced in the three different calcium targets
is only 2-4%. Since about lo%%uq of the observed
yield is estimated to be 5 rays (when including
the first quadrant), there is only a relative un-
certainty of about +0.4/q due to & rays for the three
different total reaction cross-sectiori measure-
ments.

E. Extrapolation of integrated cross sections

The total reaction cross sections were obtained
by integration over a,ll angles of the inelastic dif-
ferential cross section and by extrapolation of
those cross sections to zero degrees as shown
in Fig. 2. The integration was performed as a
function of the scattering radius parameter IRAX)
by summing all observed scattered events for
IRAD greater than or equal to each value. Only
the cross section from 18&D=5(8,a~= 10') and
larger were used tO determiiie the extrapolated
values of the total reaction cross sections. The
Cdulomb plus nuclear elastic scattering cross
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FIG, 2. Integrated reaction cross sections for the cal-
cium isotopes versus the radius of scatter parameter
IBAD (defined in the text). The total reaction cross sec-
tions determined by extrapolation to 0' (IBAD =1) are
shown.

sections are very forward peaked at these ener-
gies and were negligible at angles greater than
10'as shown in Fig. 3. Because the solid angles
subtended at the more forward angles are con-
siderably smaller than those subtended at larger
scattering angles, the yield from elastic scat-
tering is found to contribute less than 0.1$& to the
total integrated observed yield for each of the
three isotopes.

The angle-integrated cross sections presented
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FIG. 3. Inelastic differentia1. cross sections for the
calcium isotopes from this experiment plus the elastic
scattering cross section for 40ca at 1.04 GeV. from Alka-
Eov et al. (Ref. 13). Belative uncertainties are shown
fo'r the 40ca data points only, but are typical for all three
isotopes.
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in Fig. 2 are fit very well by straight lines on a
semilog plot. Earlier workers~-' who have mea-
sured total reaction cross sections on medium-
weight nuclei have assumed that the angular dis-
tribution of inelastic products is approximately
Gaussian, with a FWHM of about 25'-35' to extra-
polate their data to zero scattering angle. Our
differential cross sections (Fig. 3) appear more
like two Gaussian peaks with FWHM values of
about 20' and 40', respectively, plus some definite
forward-peaked yield. Because the solid angles
at very forward angles become quite small, the
total reaction cross section is dominated by the
observed yield outside 10' (see Fig. 2). Rather
than assume any specific shape for the angular
distributions, we have chosen simply to fit the
observed integrated cross sections with that func-
tion which goes through the experimental points
most precisely. This is similar to the procedure
adopted by Renberg et al. ' to extrapolate their
integrated inelastic cross sections to obtain total
reaction cross sections on other medium-weight
nuclei at incident proton energies of 220-570
MeV. Our extrapolations to zero angle are esti-
mated to be accurate to +4.0%%uc for the absolute
values and to +2.0% for the relative values of the

total reaction cross sections. The yield outside
the solid angle subtended by the large pair of
multiwire chambers behind the target was esti-
mated by extrapolation of the observed angular
distributions to be less than 0.3%%uc of the total yield
for all three isotopes.

The various contributions to the relative and
scale uncertainties are listed in Table I, The
counting statistics are those of the total number
of observed scattering events in the target-in and

target-out runs after all of the various coincidence
requirements and criteria had been satisfied. The
total number of observed scattering events was
about 9000 for each isotope, after subtracting
ta, rget-out backgrounds of about 20—30%%up.

TABLE I. Uncertainties.

TABLE II. Results.

Isotope Total reaction cross section

'4Ca

4'Ca

614 mb

643 mb

736 rnb

IV. RESULTS

800 —48Co

44
Ca

4cco(
600—

The total reaction cross sections obtained from
the extrapolations shown in Fig. 2 are listed in
Table II. Although there are no other available
measurements for the calcium isotopes at medium
energies, we can compare our results with mea-
surements for other medium-weight nuclei by
using the simple A' ' dependence for the cross
section which has been observed~' to be generally
valid for measurements on targets over a wide
range of the periodic table. Our result for ' Ca
agrees with the result of Chen et a/. ' for Cu at
860 MeV to within 10/o and with the more recent
result of Renberg et al. ." for Fe at 570 MeV to
within 5%%uo. A simple energy dependence for the
cross sections, based on a theoretical calculation
discussed below, was assumed to make these
comparisons.

In order to extract nuclear matter radii dif-
ferences, we have performed theoretical cal-
culations which take advantage of the geometrical
nature of the cross section. These calculations
were developed by one of us (D.J.E.) and are de-
scribed in detail elsewhere. ' Basically, an eikonal
propagator is used to solve the Lippman-Schwinger
equation for scattering from an optical potential
which is expressed to first order in the impulse
approximation. Although the approximations of

Scale

1. Incident number of protons
2. Target thickness
3. 6-ray subtraction
4. Extrapolation to zero

Relative

1. Counting statistics
2. Extrapolation to zero
3. 6-ray differences
4. Dead-time loss es

Total: (rms)

+ (0.5) %
+ (0.5) %
+ (4.o) %
+ (4.0)%
+ (5.7) %

+ (1.5) %
+ (2.o) %
+ (0.3)%
+ (o.o) %
+ (2.5) %

+ (6.2) %

E

K
b

400—

200—

200
I I

400
E ( MBV)

I

600
I

800

FIG. 4. Total reaction cross sections for the calcium
isotopes. The solid lines represent calculations utiliz-
ing the Hartree-Fock densities from Negele (Ref. 14)
and the dashed lines use densities from Varma and
Zamick (Ref. 15).
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the model rely on the short wavelength (0.7 fm) of
the 700 MeV incident protons and the short mean-
free-path of the protons in nuclear matter (about
1.3 fm), the model calculations have been found
to be surprisingly accurate when compared with
other available experimental measurements of
total reaction cross sections for "C, "O, and
"'Pb targets at energies down to 100 MeV. ' The
results of calculations with this model using
nuclear matter density functions derived from a
Hartree-Fock calculation" and from analysis"
of 1 GeV proton elastic-scattering data are shown
for "Ca, "Ca, and ~ca in Fig. 4 compared with
the experimental results for "Ca of Kirby et al. "
at 90 MeV, Johansson et al."at 160 MeV, and our
results at 700 MeV. It is seen that our results for
"Ca and "Ca are reproduced accurately by the
calculations based on the density function obtained
for Varma and Zamick" from their analysis of 1
Qe7 proton elastic scattering data for those two

isotopes. However, the calculation underesti-
mates our result for "Ca. The results for the
nuclear matter rms radii differences obtained
by adjusting the radius parameter in the theoretical
calculations in order to reproduce our experi-
mental results are presented in Table III.

'The matter radii difference for "Ca-"Ca is
consistent with the recent analysis performed by
Varma and gamick of the 1 QeV proton elastic-
scattering data, the Qa-' Ca matter radii dif-
ference is about twice as large as the 0.16 fm dif-
ference extracted by Varma and Zamick from the
proton elastic scattering data. Although there
have been earlier experimental measurements

TABLE III. Matter radii differences.

bR(44-40) = (0.05+0.09) fm
AR(48 -40) = (0.36+0.09) fm

with 20-40-MeV "0 ions' and low-energy polar-
ized protons" which have implied even larger
radii differences for "Ca-'"Ca than do our mea-
surements, this rather large result is somewhat
puzzling. In pef. 6 i.t is shown that reaction cross
sections are determined by the density near a
radius R,«given by o„=vR,«'. (Our measured
cross sections give R,«=4.42 fm, 4.51 fm, and
4.84 fm for '.Ca, "Ca, and 'SCa, respectively. )
In order to reproduce the measured cross sec-
tions, we find that the density at A =A, «must be
approximately 15/& of the central density. There-
fore, more than anything else, our results imply
a greater neutron density in "Ca near 4.84 fm
than does the elastic scattering analysis. Because
of the strong interest in knowing the nuclear sizes
of the calcium isotopes, it would be worthwhile
to see these measurements verified in another
experiment.
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