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Systematic variations in nuclear-matter distributions have been determined by analyz-
ing the measured elastic scattering of 140-MeV alpha particles from 6 ' Ti. The "unique"
optical potentials obtained (JR/4A~ 300 MeV fm, 8&/4A= 100 MeV fm ) indicate that iso-
topic differences occur primarily in the strength of the imaginary. potential. The rms
spatter radii increase with A, in contrast to those of the charge distributions. The mat-
ter-radius results are in agreement with Hartree-Fock calculations.

We have measured differential cross sections
for elastic and inelastic scattering of 140-MeV
a particles from the even isotopes of titanium
in order to study the isotopic dependence of the
scattering interaction (which relates nuclear
properties to measured cross sections) and of
relative nuclear structure properties. The sen-
sitivity of such measurements to the radial shape
of the effective scattering potentials has been
demonstrated. ' ' The detailed sensitivity of our
data to the potential over a broad range of radii
has been achieved by the use of n particles of
sufficiently high energy to obtain "unique" opti-

cal-model potentials. This sensitivity is used to
determine isotopic shifts of nuclear-matter radii.

The experimental apparatus used in the present
experiment has been described elsewhere. ' The
angular step size and resolution were 0.75 and
0.4' in the diffraction region (small angles) and
3 to 6 and 1.2 in the nuclear-rainbow region
(large angles), respectively. The uncertainty
in the scattering angle was + 0.02 . The beam
energy was determined to be 140.1+ 0.5 MeV by
two independent techniques. The targets were
5-mg/cm'-thick self-supporting foils, isotopical-
ly enriched to 83.8%, 99.1%, and 83.2% for the
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~Ti, 'Ti, and "Ti targets, respectively.
The uncertainties in the measured cross sec-

tions included contributions from statistics, an-
gle accuracy, finite angular acceptance, target
impurities, target isotopic impurities, and peak-
fitting systematics. The minimum uncertainty
was fixed at 11, reflecting observed fluctuations
in the monitor counter. The overall cross sec-
tion norma1izations for each target were allowed
to vary within limits established by target non-
uniformityy

measurements.
The measured elastic differential cross sec-

tions are shown in Fig. 1(a),' plotted as ratio to
Rutherford cross section versus angle in the
center-of-mass system. The isotopic dependence
of the angular distributions is dominated by dif-
ferences in cross-section magnitude. The ap-
proximately equal spacing at small to mid angles
changes to unequal spacing at large angles.

Optical-model analyses were performed using
standard six-parameter potentials:

I'(r) =-~[f(r, rR aR)l"

—t Wf (r,rr, ac)+ V, (r),

where

f (r,r„a,) =[1+exp((r —r,A.'h)/a, ]] ',

V, (r) is the electrostatic potential due to the nu-
clear charge distribution, ' and n equals 1 or 2

for Woods-Saxon (WS) or Woods-Saxon-squared'
(WS') parametrizations of the real form factor,
respectively. Calculations used the computer
code gyB3, modified to incorporate additional
optical-model parametrizations. A careful error
analysis allowed the use of the X' per degree of
freedom (d.f.) as a true indication of quality of
fit. In particular, the greater-than-unity y'/d. f.
given in Table I are primarily due to the inability
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of either parametrization to fit adequately the
amplitudes of the small oscillations (-35') and

the slope of the nuclear rainbow [see Fig. 1(b)j.
The best-fit potential parameters given in Tab-

le I show general trends common to both WS and
WS' parametrizations. Gross features are as
follows: (1) The rms radii (R, , ) for both real
and imaginary form factors increase with A,

FIG. 1. (a) Measured ratio to Rutherford cross sec-
tions for the elastic n-particle scattering at 140 MeV
from even isotopes of titanium. (b) Optical-model fits
to the 140-MeV a-particle scattering data on even titan-
ium isotopes. The fitted curves are generated with
Woods-Saxon (WS) and Woods-Saxon-squared (WS )
real form factors; Woods-Saxon imaginary form fac-
tors are used in both cases.

TABLE I. Potential parameters.

V
(MeV)

R

(fm)
QR

(fm) (Mev) (fm)
Q)

(fm)

gR/4A

(MeV fm ) (MeV fm )

+rms I

{fm) y /d. f.

Ti 111.86 1.2619 0.7989 22.18
Ti 113.49 1.2650 0.7892 21.45
Ti 111.88 1.2885 0.7704 19.94

Ti 136.17 1.4269 1.2201 24.79
Ti 18807 14286 12144 2264
Ti 186.04 1.4368 1.1825 20.91

1.6295
1.6344
1.6487

1.5516
1.5791
1.5884

ws
0.6008
0.5680
0.5288

WS
0.7022
0.6526
0.6258

307.0
310.5
812.4

295.9
297.8
801.2

4.579
4.618
4.648

4.452
4.481
4.518

111.0
106.9
99.7

112.8
105.8
97.6

5.042
5.061
5.088

5.034
5.068
5.092

4.2
10.6
7.2

2.9
2.5
2.2
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though not as rapidly as A' ', in agreement with
results of Fernandez and Blair this contrasts
with the decrease in the rms radii of the charge
distributions as measured by electron scatter-
ing. ' (2) The volume integrals (Jj4A) increase
slightly with A for the real potential but decrease
sharply for the imaginary potential. (3) The dif-
fusitivities for both the e-nucleus potential and
the charge distribution decrease with A. These
results indicate a contracting proton distribu-
tion and a decreasing diffuseness in the matter
distribution as the neutron shell closes at "Ti.
The optica3. -model parameters obtained by Rebel
and co-workers" for data of 104-MeV o. scatter-
ing from these isotopes do not display the simple
trends noted above, but their results have large
uncertainties.

The isotopic differences seen in the angular
distributions shown in Fig. 1(a) are primarily
due to changes in the strength of the imaginary
potential (see Table I), while both real and imag-
inary form factors show similar shifts in geom-
etry. In particular, the similarity between the
relative rms radii for both the real and imagin
ary form factors suggests that the (isotopic) dif-
ferences in the rms radii are dominated by mat
ter distribution -effects, upwith only minor contri
butions from the scattering interaction.
the similar results obtained using either the WS
or WS' parametrizations indicate that the model
dependence of the isotopic shifts is small. We
have therefore felt it justifiable to extract iso-
topic variations of the rms radii of the matter
distributions (see Table II) from those obtained
for the potentials.

The chosen relationship between the rms radii
of the form factors and the rms radii of the mat-

ter distributions was motivated by the folding-
model" description of the real form factor: The
matter mean-square (ms} radius equals the (real
or imaginary) form-factor ms radius minus the
ms radius of an (isotopically constant, real or
imaginary) effective interaction. The resulting
isotopic shifts are approximately independent of
the magnitude of the radii of the effective inter-
actions. The derived isotopic shifts of the mat-
ter rms radii (column 4, Table II) are a weighted
average of the results using both real and imag-
inary form factors for the WS2 parametrization.
The relative weighting was fixed at the approx-
imate ratio of the volume integrals, but the re-
sults are insensitive to the choice of weighting:
The difference bebveen the values derived from
the real form factor alone and those from both
form factors with equal weighting is at most
3&10 ' fm. The quoted errors only reflect un-
certainties occurring within the constraints im-
posed by the form-factor parametrizations and
ignore any isotropic dependence of the relation
between the form of the potential and the matter
distributions.

Hartree-Fock calculations using the density-
matrix expansion technique" are presented for
the isotopic shifts of the rms radii of both the
point matter (column 5, Table II) and the charge
(column 7) distributions. The calculations are
within even the minimum error bars for the de-
duced matter isotopic shifts, but do not repro-
duce the decrease in the charge radii" (column
6) observed in electron-scattering experiments. '

Differential cross sections for the excitation
of the first excited (2+) states are shown in Fig.
2.' At small angles, cross-section magnitudes
increase with decreasing state excitation ener-

TABLE II. res-radii isotopic shifts. &Rrm, defines the change in the
rms radius from isotope A to isotope B. H, and I are the real and imag-
inary «rm factors using WS parametrization, M is the point matter dis-
tributions, and C is the charge distribution. All values are in 10 fm.

48- 46
50 —48
50-46

+Rrm s
R

29
82
61

&Rrms
'I

29
29
58

N

Expt. ' Theo r.b

S7'
40'
78'

&Rrms
Expt. Theor. b

—1&+6
—19+6
—26+ 8

rms =4 t(+rms ) (Rrms ) ] + t.(R ) —(R ) l, where the
I are fixed to reproduce the Hartree-Fock point-matter values

for Ti (Rrms "=8.552, R, ms =2.684, and Rrms =8.567 fm).
beef. 12.

Weighted average of elastic electron-scattering results (Ref. 7).
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tor and the matter distribution more quantitative,
although uncertainties will likely remain as a
result of the reduced quality of fit to 0he data
typical of such calculations. Finally, redoing
the experiment for other incident energies will
provide consistency checks on our analysis.
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FIG. 2. Measured cross sections for inelastic scatter-
ing to the first excited (2+) states of the even isotopes
of titanium. Curves shown are DWBA calculations us-
ing the elastic-scattering optical potentials PR is the
deformation length obtained by normalizing the DKBA
curve to the data (see text).

gies. A distorted-wave Born-approximation
(DWBA) analysis was performed using the stand-
ard derivative form for the nuclear excitation
potential' with the strength proportional to a de-
formation length (R), which was assumed con-
stant for the real and imaginary potential dis-
tributions': PR = PRR R =P&R» where R, =x,A'~'

for each distribution. The deformation lengths
were determined by normalizing the DWBA curves
to the small-angle maxima and are presented in
Fig. 2, inset. Coupled-channels calculations in-
cluding only the 2' and elastic channels confirm
that most of the isotopic variation present in the
strength of the imaginary potential is due to the
coupling of the 2 and elastic channels. Modifi-
cations to the elastic-channel imaginary form
factor required by the coupling of the 2+ channel
change the isotopic shift of the rms radius by an
amount comparable to the errors assigned to the
imaginary part.

Work is presently underway to improve the
reliability of the derived isotopic shifts of the
matter rms radii. Model-independent analyses
of the form factors will provide improved sen-
sitivity estimates to the moments of the radial
distributions. Folding- model calculations will
make the relationship between the real form fac-
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