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Neutron total cross section of Ca and cross section difference of Ca —Ca
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We have used a 100-MeV electron linac and neutron time-of-flight facility to measure the neutron

total cross section of Ca and the cross section difference of Ca —Ca for incident neutron ener-

gies of 6—60 MeV. Optical model calculations of Ca o.T have been made and compared to the

data. Modifications of a global set of optical model parameters necessary to fit the Ca —Ca
difference data are discussed. Using these parameters we calcu1ated A=(r')44' —(r')~0' for the

real part of the potential and found a value of 0.16+0.05 fm. The value of 5 is sensitive to the
difference in the matter distribution of the Ca and Ca nuclei and our result is consistent with the
same quantity determined from lo~ energy alpha particle scattering.

I. INTRODUCTION

Calcium isotopes have been studied in scattering experi-
ments using a variety of probes. ' The optical potentials
derived from these studies can be viewed as convolutions
of the effective interaction between the probe and target
nucleons and the nucleon density of the target nucleus.
For electromagnetic probes, the interaction is the
Coulomb force and the density being probed is the charge.
For hadronic probes the effective interaction is more com-
plicated. Simple arguments predict that neutrons will be
most sensitive to the proton density and protons to the
neutron density. A conference' reviewing the state of
knowledge of nucleon distributions in calcium isotopes
contained no reference to neutron experiments.

We have carried out an absolute neutron total cross sec-
tion (t7r) measurement on Ca along with a neutron total
cross section difference (b,crT) measurement for

Ca — Ca over the energy range 6—60 MeV. The
method and purpose of this work is similar to that which
is described in a previous publication. Namely, we use
an optical model analysis of the absolute az data to fix
the parameters of an optical potential and then change the
parameters of the potential in order to fit the cross section
difference data. Through this analysis we try to learn
about differences between nuclei which differ by a few nu-
cleons. In Ref. 3 we reported a o T measurement of ' Ce,
and b,o.T measurements for ' La —' Ce, ' 'Pr —' Ce,
and ' Ce —' Ce from 3 to 60 MeV. We found that the

La —' Ce and ' 'Pr —' Ce data could be fitted well by
making the small changes in the geometrical parameters
and isospin term of the potential implied by the removal
or addition of a single proton to ' Ce. The fit to the

Ce —' Ce data required a more abrupt change of the
optical potential parameters. This is reasonable consider-
ing the fact that ' Ce differs from ' Ce by the addition
of two neutrons beyond the closed X =82 neutron shell.

In the analysis presented here we examine the changes to
an optical potential, which fits the o T data, required to flt
the Ca — Ca b,crz data where four neutrons have been
added to the doubly-closed-shell Ca nucleus. We corn-
pare this study using the neutron as a probe to other stud-
ies of the calcium isotopes which used different probes.

II. EXPERIMENTAL DETAILS

A 110-MeV electron beam from the Lawrence Liver-
more National Laboratory linear accelerator struck a Ta-
Be target producing a white source of neutrons whose en-

ergies were determined using the time-of-flight technique.
The neutron-producing target was viewed along 15 and
250 m flight paths. The 15 m flight path was used to
monitor the neutron flux, and the neutron detector for the
total cross section measurements was located at 250 m.
The 250 m detector consisted of an array of 16 separate
scintillators 25.4)&25.4X5. 1 cm thick placed directly in
the neutron beam. Each scintillator was viewed by two
phototubes operating in a coincidence mode. The ac-
celerator was operated at 1440 pulses per sec with a 12-
nsec beam-pulse width and an average current of 55 pA
on the Ta-Be neutron producing target. The number of
neutrons detected was stored by arrival time in spectra
whose channel widths varied from 4 nsec at the highest
energies to 64 nsec at low energies. A detailed description
of the time-of-flight facility, neutron production target,
detector, and data acquisition system used for these mea-
surements is given in Ref. 3.

III. CROSS SECTION MEASUREMENTS

A. Total cross section measurement

One of the reasons for making an accurate measure-
ment of the Ca neutron total cross section was to obtain
quality data over the energy range of interest to which an
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Sample

CaCO3
CaCO
Caco
caco,

-C.CO,
'

"CaCO,
CaCO3
CaCO)

"CaCO,

Element

Ca
Ca
ca
C
0
Ca

"ca
C
Q

{atoms/barn)

0.1397
0.0001
0.0001
0.1399
0.4196
0.0019
0.1380
0.1399
0.4198

TABLE I. Number of atoms/barn, n, for each element in our

samples.
3% at low energies and 2.5% at high energies. These un-

certainties are somewhat larger than those reported in
Ref. 3 for the ' Ce o T measurement. There are two prin-
cipal reasons for this increase. First, the calcium samples
were in the chemical form CaCO& (compared to CeOq)
and, consequently, required a larger a„~ correction for the
open (H20) sample. Further, the calcium cross section is
a factor of 2 smaller than the Ce cross section and is
therefore more sensitive to experimental uncertainties.
Table II lists the Ca total neutron cross section and sta-
tistical uncertainty as a function of neutron energy. To
within the quoted errors our measurement is in agreement
with other data at low ' and high energies.

B. Cross section difference measurements

optical model fit could be made. Several measurements '

of crT for natural Ca (96.94% Ca) exist below 30 MeV,
but above 30 MeV few published measurements are avail-
able.

The Ca sample, which contained 99.87% Ca, was in
the chemical form CaCO3 and was placed in a cylindrical
container with an inner diameter of 15 mm. Table I lists
the thicknesses in units of atoms per barn for all our sam-
ples. The sample-in/sample-out technique was used to
measure the cross section. The sample-out consisted of
two separate samples, H20 and C, with the number of ox-
ygen and carbon atoms matched to that of the ~Ca sam-
ple. The neutron beam was collimated down to 10 mm
and the samples were placed 7 m from the Ta-Be target.
As described in Ref. 3, the effect of hydrogen on the mea-
sured transmission was unfolded analytically. The uncer-
tainty in our Ca measurement receives its major contri-
bution at low energies from the assumed 1% uncertainty
of the n,p cross section. At the highest energy, the back-
ground subtraction contributed a 2% uncertainty. The
net systematic uncertainty, 5(oz ), due to normalization
errors, background subtractions, and 0„~ corrections, is

TABLE II. ~ca experimental neutron total cross section and
statistical uncertainty as a function of neutron energy.

The cross section difference (i.e., the transmission ratio
of the samples) for nuclei which differ by a few nucleons
can be measured very accurately. The important errors
arise from run to run normalizations and sample thick-
ness errors. Since the backgrounds of the two samples are
similar, their effect on hcrT cancel to a high degree.

After dead time corrections and background subtrac-
tions were made, the experimental transmission, T~, was
calculated. The cross section difference ArrT oT——crz- .
can be expressed in terms of TR and the constituents of
the sample as

bar ——
q4 ~0 [in' (n 40+—n44)o'r44 CO

7l 44 —Pl ~

+ ( n 40 +n gp +n 44 )rr r

—(n, —n, )o'r —(n,„—n„)0'r"], (1)

where the symbol n 40 means the number of Ca
atoms/barn in the Ca sample, etc. Table III lists the

Ca — Ca neutron total cross section difference data as a
function of neutron energy calculated using Eq. (1).

E
(MeV)

50T
(b)

TABLE III. ~ca —~Ca experimental neutron total cross sec-
tion difference and statistical uncertainty as a function of neu-
tron energy.

5.940
6.712
7.456
8.331
9.371

10.62
12.14
14.01
16.37
19.40
23.29
28.41
33.17
37.38
42.49
48.76
56.57

3.199
3.005
2.917
2.761
2.658
2.468
2.287
2.120
2.045
2.017
2.072
2.136
2.182
2.210
2.190
2.136
2.075

0.027
0.019
0.017
0.019
0.020
0.014
0.015
0.016
0.020
0.019
0.018
0.021
0.017
0.019
0.023
0.024
0.046

5.09
6.18
7.18
8.39
9.74

11.56
13.98
17.23
21.80
28.07
34.22
40.31
48.29
58.99

44 4040.T ——a T —OT
{mb)

183.8
198.9
127.4
173.5
127.0
157.8
179.7
169.4
146.7
171.3
185.4
193.3
246.3
247.3

5(50 T)
(mb)

19.5
10.1
8.5
9.1

6.5
6.4
7.2
6.5
6.9
8.4

12.4
17.4
24.0
52.8
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In addition to the statistical uncertainty listed in Table
III, Aoz has a systematic uncertainty. The major contri-
bution to the systematic uncertainty was due to normali-
zation errors and was found to be 30 mb by comparing
our ho. z values for two separate runs. This is larger than
the corresponding error for our b,or data of Ref. 3 and
implies poorer beam stability during our calcium runs.
This error combined with the sample thickness uncertain-
ties (5n/n =7&(10 ) resulted in a net systematic uncer-
tainty of 33 mb (-20%).

Ca data40

Optical model
fits

IV. OPTICAL MODEL CALCULATIONS

A. Total cross section calculations

In performing our optical model analysis, we first fitted
the Ca neutron total cross section over the energy range
(6—60 MeV) of our experiment and then, the parameters
of the potential were altered in order to fit the Ca — Ca
ho. z- data. Two potentials were used in order to examine
the sensitivity of our results to the particular optical po-
tential employed. We used the Ohio University (OU) glo-
bal neutron potential of Rapaport et al. (parameter set
A), and an alternative potential also possessing both sur-
face and volume absorption (SV) which is described in the
Appendix. The calculations were performed with the
code QPTIcAL.

In Ref. 3 the OU potential was used to fit the ' Ce 0 z.

data between 3 and 60 MeV. Although the OU potential
fit the ' Ce total cross section well up to a neutron energy
of 25 MeV, it was necessary to modify the potential in or-
der to achieve a satisfactory fit above 25 MeV. Specifical-
ly, the strength of the volume absorption which increased
linearly with neutron energy was changed to remain at the
constant value of 5.2 MeV for neutron energies above 25
MeV. This slightly modified OU potential gave a good fit
to the Ca total cross section when the geometrical and
strength parameters appropriate for Ca were used. The
results are shown in Fig. 1, where the solid line represents
the OU potential and the dot-dashed line is the fit ob-
tained with the SV potential as described in the Appendix.
The fits to the data with each of these potentials are of
good quality.

It is interesting to note that two equally good fits to o' r
data„using two different optical potentials, do not imply
good agreement in the calculated reaction cross section,
ox. We have plotted ax vs neutron energy for Ca in
Fig. 2. The solid and dot-dashed lines are calculations us-
ing the OU and SV potentials and the two data points are
from Zanelli et a/. It is clear that the data lie between
the different values of orat predicted by the OU and SV
potentials.

1.0

10

E„ (MeV)

l0

FIG. 1 The measured Ca total neutron cross section as a
function of energy. Statistical errors for these data are less than
the size of the plotting symbol. The solid and dot-dashed lines

represent optical model fits to the data using the OU and SV po-
tentials as described in the text.

9.0

40
Ca react, ion cross

section data

Optical model
calculations

~ ~ ~

each data point were lowered by our systematic uncertain-
ty of 33 mb. The dashed line represents the calculated
Ear where A was increased from 40 to 44 but where the
(N —Z)/A term in the real part of the potential was kept
at the Ca value, i.e., zero. The dotted curve was ob-
tained by keeping the size of the nucleus fixed at the
A =40 value, but letting the (X—Z)/A term in the real
part of the potential assume the Ca value. The dashed
and dotted curves of Fig. 3 illustrate the opposing effects
which result in the solid line having a shape that more
closely resembles the data. Similar results were found
with the SV potential.

B. Optical model fit to the difference cross section

Having obtained good fits to cri- vs neutron energy for
Ca, we next investigated those changes required in the

potential to reproduce the experimentally observed
Ca —Ca difference cross section. The solid line in Fig.

3 is Ao.~ calculated using the OU potential by changing
just X and A from Ca to Ca values. The calculated
Aor does not fit the data and would still not fit even if

10

K„ I M( 3')
10

FIG. 2. Calculation of the Ca reaction cross section as a
function of neutron energy. The solid and dot-dashed line
represent the calculated Ca reaction cross section using the OU
and SV optical potentials. The data points are from Ref. 6.
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part of the potential which has the form
(22.7 —0. 19E) was changed to (30—0.19E). This implies
a stronger asymmetry term for Ca than global fitting
would imply. Although the highest energy data points of
Fig. 4 have larger statistical uncertainties, the data clearly
suggest an increasing ha~ above 40 MeV. The increase in
the calculated ho.r at higher energies was achieved by de-
creasing, linearly with neutron energy, the strength of the

Ca volume absorption from the value of 5.2 MeV at
E =25 MeV to 3.0 MeV at E =50 MeV. The necessity of
having to increase the diffuseness of the real and imagi-
nary parts of the potential to fit the Ca — Ca data is
the same as the changes required to fit the ' Ce —' Ce
data of Ref. 3. Both Ca and ' Ce have closed neutron
shells, and the additional neutrons will be found in new
single-particle levels.

Figure 4 shows our final fit to the difference data for
both the OU and $V potentials. The changes required to
fit the cross section difference were quite similar for both
potentials. For the OU potential the diffuseness of the
real, volume absorptive, and surface absorptive potentials
were increased from 0.663 to 0.693 fm, 0.59 to 0.63 fm,
and 0.59 to 0.63 fm, respectively. In addition, the stan-
dard OU potential strength for the (N —Z)/A term in the

350

200

l

150

100

50
10 10

E„ (MeV)

FIG. 4. The solid and dot-dashed lines represent the final fit
to the Ca —Ca difference data using the OU and SV poten-
tials. For both calculations it was necessary to increase the dif-
fuseness of the real and absorptive parts of the potentials.

FIG. 3. The total neutron cross section difference of
~Ca —~Ca as a function of neutron energy. Using the OU po-
tential the dashed line was calculated with A increased from 40
to 44 but with the (N —Z)/A term in the real potential set
equal to zero. Thus the dashed curve reAects the behavior of
ho T due to the increased size of the Ca nucleus. The dotted
curve was obtained by keeping the size of the ~Ca nucleus equal
to that of Ca, but letting the (N —Z)/A term in the real po-
tential assume the Ca value. The solid line was calculated
with both the increase in the size of the Ca nucleus and the in-
clusion of the (N —Z)/A term in the potential. It is clear that
the line is the result of the two opposing effects.

V. DISCUSSION

If the proton number of the target nucleus being stud-
ied is changed, the neutron total cross section difference
data are most sensitive to the change in the proton distri-
bution. On the other hand, if the neutron number of the
target nucleus is changed, the neutron difference data can
be sensitive to the change in both the proton and the neu-
tron distributions.

We have carried out a phenomenological analysis to
compare our results with those of others. We have calcu-
lated the rms radius (r )'~ for Ca and Ca, where
(r ) is

(r ) = J r V(r)dr I V(r)dr,

and V(r) is the real part of the potential. Letting
h=(r )44 (r )40 w—e find that 5=0.15 fm and 0.17
fm for the OU and SV potentials. The 33 mb uncertainty
of the difference data leads us to an uncertainty in b, of
+0.05 fm. Thus our final value for the difference in rms
radii for Ca and Ca is b, =0.16+0.05 fm. We note
that b, is sensitive to the difference between the neutron
and proton distributions of Ca and Ca. An optical
model analysis of low energy alpha particle scattering, 9

carried out in a manner similar to ours, yielded a value of
the difference in rms radii for Ca and Ca of 0.11+0.06
fm. This agreement is satisfactory considering the errors
in both measurements and the uncertainties associated
with an optical model analysis.

A similar result was obtained from proton scattering'
where values of the difference in rms radii for Ca and

Ca of 0.11 fm and 0.16 fm were obtained by two dif-
ferent optical model analyses of the same data. Elec-
tromagnetic probes" give a smaller difference ( -0.04 fm)
for these two isotopes and indicate that the charge distri-
bution has changed slightly. The proton, alpha-particle,
and neutron difference data, which are sensitive to
changes in the neutron and proton distributions, suggest a
larger change in the neutron distribution than the proton
distribution. However, to extract the change in the distri-
butions from Ca to Ca, a microscopic analysis which
incorporates the details of the effective interaction will be
essential.
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VI. SUMMARY

%'e have measured the Ca total cross section over the
energy range 6—60 MeV with a systematic uncertainty of
-3%. %'e have also measured the Ca — Ca total cross
section difference over the same energy range with a sys-
tematic uncertainty of -20%%uo.

Optical model calculations of Ca oT, using two dif-
ferent potentials, are in good agreement with the o T data.
However, minor and reasonable changes of the optical po-
tential parameters did not yield a satisfactory fit to the

Ca —Ca difference data using either form of the poten-
tial. To reasonably fit the difference data, the diffuseness
of the real and imaginary parts of the Ca potential had
to be increased. A similar increase was needed for the

Ce —' Ce cross section difference analyzed previously
(Ref. 3). In both cases neutrons are being added beyond
closed neutron shells (iV =20 and iV =82), implying both

Ca and ' Ce might not be as spherical as their respec-
tive closed-shell isotopes. Our calculated value for the
difference in rms radii for Ca and Ca is in agreement
with that calculated from low energy alpha particle
scattering.
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APPENDIX

In order to examine the sensitivity of our optical model
results to the form of the potential used, we have fit our
total cross section and difference data with another poten-
tial (referred to as SV in the main text) of the form

U(r)=Vtt f(r)+iWt f(r)+iWDg(r)

fi 1 df
mc r dr

Vg ———52.0+0.34E;

Wy ——0.0, E &7.5 MeV,

8 p ——1.2—0.16E, E & 7.5 MeV;

8 D
———3.325 —0.67E, E & 11.5 MeV,

8'D ———11.03, E) 11.5 MeV;

Rg ——1.2333 ', ag ——0.70,

R p
——1,2333 ', ay ——0.70,

RD ——1.2423 ', aD ——0.48;
Vs= —8 3

~s=1.242~ ~, as ——0.70.

(A2a)

(A2b)

(A2c)

(A2d)

(A2e)

The calculation of o T using this potential is shown in Fig.
2. For the fit to the b,or data shown in Fig. 4, it was
necessary to increase the diffuseness of the real potential
and volume absorptive potential from 0.70 fm to 0.74 fm
and, in addition, the diffuseness of the surface absorptive
potential was changed from 0.48 fm to 0.50 fm. An
asymmetry term of the form (30—0.4E) (X—Z)/A was
added to Eq. (A2a) and Wv was held to the constant
value of —2.8 MeV above E =25 MeV. These changes
are similar to those made to the OU potential.

f(r) (1+e[(r tt)/a—))

g(r) 4e[(r —8)/a)(1+e[(r tt)/a—])—2

A search for an acceptable fit to the Ca oT data using
this potential yielded the following strengths (in MeV) and
geometrical parameters (in fm):
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