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ABSTRACT

Elastic scattering of 65MeV polarized protons from 25 nuclei (**O-**Bi) has
been measured. Systematics of the optical potential, which reproduces both the
analyzing power and the differential cross section data remarkably, was persued.
The volume integral of the real central part of the optical potential (Jz) shows
a behavior similar to the binding energy curve for the target mass number. The
mean square radius of the real central part of the optical potential is found to
obey the relation {r*Dpor= (0.937=:0.012) A**+ (6.424:0.21) fm*. By comparing with
the systematics of the charge distributions obtained from electron scattering data,
it is found that the effective two-body interaction range between an incident proton
and a nucleon in the target has a target mass number dependence given by
o= (0.13240.013) A**+ (4.24:0.24) fm®. Assuming this relation, root mean
square radii of the point nucleon distributions are obtained. The dependences of the
Jr-value and the {#*Dpor-value on the mass number and energy obtained here are
compared critically with recent microscopic optical potential calculations.
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1. Introduction

Recent progress in nuclear matter theories has made it possible to under-
stand the nuclear optical potential microscopically in terms of a two-body
nucleon-nucleon interaction. Jeukenne, Lejeune and Mahaux (JLM)"™? at
Liege and Brieva and Rook”™® at Oxford have calculated the nuclear optical
potential microscopically. In order to check critically these global optical
potential theories and to extract new aspects in many body problems, it is
necessary to measure accurately proton elastic scattering over a wide range of
target nuclei and over a wide range of energies relative to the Fermi energy.
In applying nuclear matter theory to scattering problems there are many
difficulties to overcome by using suitable approximations. The most ambiguous
process among them is the transformation procedure from infinite nuclear
matter to finite nuclei such as the process using the local density approxima-
tion (LDA). As was already pointed out by Wong' and Negele,"” the LDA
is not accurate in the nuclear surface region. On the other hand, the nuclear
surface is the region most sensitively explored by nuclear scattering, and
surface effects will be exemplified by their mass number dependence. In order
to clarify the role of the nuclear surface and to check the approximation
used in the theory, it is important to determine accurately the mass number
dependence of the optical potential. For the LDA, energy dependence of
the t-matrix in nuclear matter is reflected directly in the potential depth.
But in the folding potential of Brieva and Rook the situation is not so
straightforward as in the LDA. For checking the vdlidity of their approxi-
mation, the energy dependence of the optical potential will be a useful guide.

On the experimental side, the study of the optical pctential has progressed

after Becchetti and Greenless’s'®

work. If we plot the data available on
elastic scattering in a two dimensional plane of incident proten energy versus
target mass number, we nctice that data are concentrated at energies below
35 MeV and for targets near magic nuclei. In addition, systematic experi-
mental studies on the optical potential using a polarized proton beam are

d®™% measurements of the elastic

still scarce. Recently Fabrici et al. reporte
scattering at several proton energies between 20 MeV and 45 MeV. Although
their sytematic analysis utilized polarization data only partially, it has clarified
the energy dependence in that region. In the intermediate energy region

9D t+he systematics of the optical

a group at Indiana Univ. is investigating
potential in a relativistic framework. In this paper we report systematic
measurements on elastic scattering of polarized protons and an analysis of
data over a wide range of target mass numbers, from O to *Bi, at an incident
proton energy of 65 MeV. Partial results have been published. ¥~ The
use of high-purity germanium (HP-Ge) detectors has made possible rapid data
aquisition at this energy. The 65 MeV data are thought to be valuable not only
because they fill a gap in experimental data but also because of the simplicity

of the reaction mechanism; they are relatively free from the giant resonance
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effects and the multi-step processes observed in the lower energy region.

2. Experimental method

The polarized proton beam (of 10 keV energy) from the atomic beam type
polarized ion source®™ (PIS) is injected axially into the Research Center for
Nuclear Physics (RCNP) Osaka Univ. AVF cyclotron® A beam buncher in
the injection system intensifies the beam current by about a factor of 3. The
extracted beam of 65 MeV was energy analyzed and transported to the polariza-
tion experiment area.”® As shown in Fig. 1, the beam was first focused on a
target to a beam spot size of about 1x2mm’ After passing through the
target, the polarized beam was again focused on a polarimeter target foil and
then collected by a Faraday cup located downstream of the polarimenter. The
beam current was monitored by a current digitizer whose output pulses were
routed by a spin controller®, depending on the beam polarization direction.

HP.Ge
jue Detector TMP( Turbo-Molecular Pump)

Rotary
Pu;np

Faraday Cup

Q-Doublet

Nal(T)  Shield

Steering Steering

Magnets Magnets
Smalt Scattering Chamber Polarization Monitor
I e |
0 1 2m

Fig. 1. A layout of the polarization experiment area.

Scattered protons were detected by 1.5 cm thick HP-Ge detectors, which
were located at symmetric scattering angle to the left and right of the beam
on the goniometers outside the scattering chamber. In the angle region of
rapidly changing angular distributions, the detectors were placed at a distance
of more than 30 cm from the scattering chamber (of 26.6 cm diameter) to
obtain better angular resolution. A vacuum bag was inserted between the
scattering chamber and the HP-Ge cryostat to reduce the energy loss and
range straggling of the scattered particles in air. For solid targets, the
acceptance solid angles of the detector were 0.1453 msr at forward angles
(6<(32.5°) and 0.6902 msr at backward angles (02>32.5°). For gas targets
the vacuum bag was inserted between the front and back slits of a double-slit
collimator. The gas target G-factors of the slit system were 1.09x107* at
the forward angles and 2.15X107* at the backward angles. The beam
direction was determined by two methods. One was the conventional kine-
matical crossover method. The other was to search for the scattering angles
on both sides of the beam direction at which the analyzing power of p-+*®Pb
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elastic scattering changes sign rapidly. The uncertainty of the scattering
angles was estimated to be less than 0.05 degrees.

The degree of beam polarization changes depending on the vacuum in
the ionizer region of the PIS, the out-gassing history of the ionizer, and on
other ionizer conditions. So the beam polarization was monitored continu-
ously by a polarimeter located downstream of the scattering chamber. Scat-
tered protons from the polarimeter target foil (a stacked 3 mg/em® thick
polyethylene foil) were detected by Nal(T1) scintillators placed at the 0Opag
=47.5 degrees. The left-right asymmetry of the elastic scattering from “C
was used to deduce the beam polarization. The polarimeter target foil was
changed after an appropriate beam irradiation in order to reduce the effect
of contaminant buildup. The beam polarization error due to the contaminant
peak was estimated to be less than 0.29;. As the analyzing power of the *C
polarimeter at Opap=47.5°, we adopted a value of 0.97540.011, which was
obtained in the double scattering experiment at I,=65MeV by Kato et al.*®®
The direction of the proton spin was reversed after every 200 pC of inte-
grated beam charge by reversing the solenoid magnetic field direction at the
inonizer of the PIS. In the later stage of the experiment the spin direction
was reversed every 1s by alternating the atomic beam rf transition mode
between the weak field and strong field transition. Signals from a micro-
processor triggered the spin controller which controlled the rf transition mode,
the scalers, and the data storage locations in the memory of the pulse height

Table 1. Targets

Nucleus Form &g}‘g‘;ﬁ; Enrichment
0 gas (Os) 1-2 atm natural (99.8%)
*Ne gas (Ne) 1-2 atm natural (90.51%)
Mg metal foil 3.18 99.94%

35 metal foil 2.98 natural (92.219%4)
“Ar gas (Ar) 1-2 atm natural (99.60%6)
*Ca metal foil 2.19 natural (96.97%)
“Ca metal foil 2.78 98.55%

“Ca CaCO:+ mylar 1.34 97.27%

Ty metal foil 0.52 81.20%

ST metal foil 0.99 99. 25%

T metal foil 0.82 83.2%

“Fe metal foil 1.57 96.81%

*Fe metal foil 1.02 99.93%

*Co metal foil 2.09 99. 83%

*Ni metal foil 2.04 99.83%

*ONi metal foil 2.04 99.79%

SN metal foil 1.71 96. 48%

“Ni metal foil 3.55 96. 48%

sy metal foil 1.376 natural (100%5)
"7 metal foil 2.672 97.65%

*Mo metal foil 0.900 97.01%

1Mo metal foil 0.372 97.27%
H4Sm metal foil 1.71 96.33%

28pY metal foil 15.1 99.14%

el 531 metal foil 4.23 natural (100%6)
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analyzer, where energy spectra were stored in different memory locations
depending on the polarization direction. The average beam intensity during
the measurements was about 30 nA and the beam polarization was about 60-
709%. The overall energy resolution detected by the HP-Ge system was
180keV-250 keV FWHM, including the beam energy spread and the range
straggling due to window foils of the scattering chamber, the vacuum bag,
and the HP-Ge cryostat. Table 1 lists the forms, thicknesses and enrichments
of the target foils used. The thicknesses of the solid target folils were mea-
sured by dividing the total weight by the area, and for gas targets the gas
pressure was monitored using a strain gauge sensor.

3. Data reduction

Analyzing powers were measured by the left and right detectors located
at the same scattering angle. We denote by L7 the number of particles
detected by the left detector in the spin up mode. L[, R?, and R/ are defined
in an analogous way. The analyzing power A,(f) and its statistical error
0A,(0) are calculated as follows

e

ren oo ) (B
04, =4, | (=) (24T
Ol G R R N e ]
0 PBearn = Ppeam (0) [<67214»1(-§:—2C%)>2

7 o1 1 1 1 ]1/2
+ + + -+
<7J2 -1 ) < Rl Rlpor LTpol L\Lpo)
A, (*C)=0.975 0 A, (*C) =0.011

where L1,, denotes carbon elastic peak sum for the left polarimeter detector
in the spin up mode, and L}y, RTpe1, and R|,e are similarly defined, A, (*C)
and 0A,(*C) are the carbon analyzing power and its uncertainty at the scat-
tering angle Opap=47.5° and E,=65MeV. Differential cross section data
were corrected by the detector efficiency due to the nuclear reaction in
the HP-Ge itself. FEnergy dependent detector efficiency e¢(FE,) in the energy
region of 45 MeV to 65 MeV is obtained from the Makino’s data® according
to the relation

e(F) =1.0267 —0.0011333E



310 H. SAKAGUCHI

Using this formula, the difference of the elastic peak detecting efficiency between
Orap=0° and Opap=280° was 0.7% for O and 0.39% for ®Ca. Thus the cor-
rection due to Makino’s data affected the relative angular distributions of
the differential cross sections negligibly. Measured cross section and analy-
zing power data are plotted in Fig. 2. Numerical values of the data are
listed in the Appendix. Error bars shown in the figure and the Appendix
are only the statistical ones. In the analyzing power data, uncertainties of
the C-polarimeter analyzing power are included. We notice a systematic
shift of the diffraction pattern as the target mass number increases. In parti-
cular, a sharp rise near 30° in the analysing power data shifts forwards as
the target mass number increases.

4. Optical potential fitting

The optical potential fitting to the measured data was performed using
the automatic search code MAGALI of Raynal®

The following optical potential was as used;
U(?‘) =VCou1 (7”) '“fo(r; g, al?) —“ZIVuf(r9 Two, awu)

‘%‘ 4awsW:i”€Z"f(r; rws, aws)
dr
1 2
Vi (JL) (l 2 s, als)> (L)
m,c r dr
where

f (57, a) = 1+ exp ((r—riAY") /an)) ™

2 2
Ze <3_ r > r<lr, AW
27 Al AN
VCoul (7“) = Z 2
¢ r>r AV
I

A search for best-fit values of the optical potential parameters was
started using the gas-target data., The probability of becoming trapped in a
false local minimum during the search for a ¥*minimum was thought to be
small, since uncertainties in the cross section due to uncertainties in the tar-
get thickness measurement are small for the gas targets. For “Ar, we
started with the Becchetti and Greelees parameter values. The initial par-
ameter values for 0, *Ne were obtained from the best-fit *Ar parameter
set. For other targets, potential parameters of the neighbouring target which
had already been fitted were adopted as a starting set. Also, a renormaliza-
tion of the calculation was introduced because of the target thickness uncer-
tainty. In Fig. 2 measured differential cross sections and analyzing powers
are shown together with the best-fit optical potential calculations. The optical
potential parameters and the associated ¥*values obtained are listed in Table 2.
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Uncertainties in the experimental data are mainly due to inhomogenities of
the target foil thickness and to the scattering angle errors (less than 0.1°)
rather than to counting statistics. Therefore the uncertainties used during
the parameter search were

0 <%> = Max <O'03 X <§g> ? <§%> statistical>

0A (0) = Max (0-03, 0A (0) statistiCal)

and

in order to avoid trapping in an unphysical local y*minimum. As for the data
points in Fig. 2, the error bars for the cross sections include only the statistical
errors, while the error bars for analyzing powers include the uncertainty of
the "“C-polarimeter analyzing power in addition.

5. Systematics of the mean square radius of the real central part of
the optical potential and the effective interaction range

From the real central part of the optical potential obtained in this analysis,
the mean square radius of the potential {r*>,., was calculated and is plotted
as a function of A*® (A denotes the target mass number) in Fig. 3. The
{r%>p0s data are remarkably linear in A*’. A linear least-squares fit to the
{70t data gives

(P por= (0.937+0.012) A +6.42+0.21 fm?. )

The error bars in Fig. 3 indicate the uncertainties in the optical potential
fitting and were calculated using the following procedure. First, all the

MSR Mass Number Dependence 208,

Fig. 3. Mean square radii of the real cent-
ral part of the optical potentials are
shown as a function of the target
mass number A. The definition of the
error bars in the figure is explain-
ed in the text. The numerical data
with error bars are listed in Table 3.
The solid line is obtained by least-
quare linear fitting to the data.

70 20 30
e
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467

Fig. 4. An example of the procedure for deduc-
2 ing the error bar is shown. The volume
g' 1 intergral per nucleon of the real central
80 part of the optical potential, the mean
square radius of the potential and the

60 ] total y*-value are plotted as a function
b N of the potential depth Vg for *Ti. For
P ] {r®>zo1, error bars are obtained from the
] 2xo° point and for Jr/A from 1.25 xo°

20X int.

20k 12582 2 X5 ] point

2830 32R31.M'ev

parameters except V, and 7, were searched for to obtain the Xhm(V,) as
a function of V.. A x4 (V,) curve for *Ti case is shown in Fig. 4. The
curve resembles a parabola. Then the error of {r*>,,; was calculated from the
{r*Dpora and {7*>pr» values, which were obtained with the parameter sets at
¥oin (V) =2x; (best fit). Thus, the uncertainty due to the well known VR”
=constant parameter correlation is included in the error bars.

The linear relation between <{r*>,, and A*® is understood by using a
simple folding model. As was shown already by Greenlees, Pyle and Tang,®
the real central part of the optical potential can be written as

U = [0@Vinllr=—raar, ®

where o(r) is the density distribution of point nucleons and Vi, (») is an effec-
tive two body interaction. For a nucleus with a rotationally symmetric den-
sity distribution, the mean square radius of the potential deduced from Egq.

2) is
<r2>pot = Dmare + Tt 3)

where <D= jrzU(r) dr®/ j‘U(r) dr’, e = jrzp () dr?/ Jp (r)dr® and
i = jr‘*Vm (rydr®/ JVim (mydr*. If we assume that U(r) and p(r) are

sphrically symmetric Fermi functions, <{#*>ma: can be calculated in a good

292, 80)

approximation as
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<r2>matt = _:;‘Rmz + “:;"‘ 7-Z"g(lmz s (4>

where R, and a, are the half density radius and diffuseness of the point
nucleon density distribution, respectively. Therefore {(+*>,, is expressed as
<<2 p— 3 R 2 7 2 2 " =
7 >pol—‘7." m '|""F'7z Ayt <7 >int . (‘)>
5 5
In order to obtain a relation between the half density radius and the mass
number, we use the volume integral of the Fermi-type density distribution:

2
fp () dr = fgf R, (1 47 )
where
p(r) = bu
1+exp <r Mi{ﬁ‘—)
aﬂl

Since a, and p, are reasonably constant with A, the half density radius R,
is calculated as a function of A, as

1/ nta,’ 1/ 7tay \®

where

3 \!A
= (aaps)
drp,

Inserting (7) into (5), we obtain for {r*>nu,

<7‘2> =<7‘2>- +§_r AY L 'q 2+i7t2a 2 idmz deees (8)
pot int 5 m m 15 m 7"2A2/8

The 4th term can be neglected, since the ratio of the 4th term to the 3rd
term is less than 0.02 for nuclei considered (A>16). We finally obtain an
approximate relation

<r2>pot=—:§—rm2A2/3+ﬂ2am2+ P - 9)

If we treat <{r*>y,, as a constant value as usual, {r* ., is linear in A*®
. . 3 .

with the coefficient ~5—7"m2. In order to obtain the {(r*)i-value, we need to

know the a,-value, which is inferred from the charge distribution data. By

comparing the two linear relations (1) and (9), we obtain the value of 7,

= (1.25+0.01) fm,
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If we assume that the point proton density distribution is also of the
Fermitype (as we did for nuclear matter distribution), then <{7*)charge can be
written in terms of the half-density radius R, the diffuseness a, of the point
proton distribution, and the mean square radius of the charge distribution of
the proton itself, <r*>proton, a5

3 7

7D charge = ’é‘ sz + *5‘ 7['“112 + <r?>proton . (10)

For a relation between R, and the mass number A, we use the same relation

as (7)

1/ w%a \ | 1( Ta |
= AR D B S KT Bt
Ry=r,A {1 3(”%2/3)—% 81<r,,2 g) } 1)

We finally obtain a linear relation for <{#*>uag with A%
<7.2>charge= %rp2A2/s -+ n,zapg_{__ <r2>pr0t0n (12)

The mean square radius of the charge distribution, {#*>¢yarees from electron
scattering® is plotted in Fig. 5 as a function of A*®. By least-squares linear
fitting, we obtained {(7*Deparge = (0.799 £ 0.006) A¥*+ (2.50 +0.12) fm®. By intro-
ducing the {("proton =0.64 fm® and comparing values from electron scatter-
ing with equation (12), we obtain 7,= (1.154 £0.004) fm and g,= (0.434
+0.014) fm. These values are slightly modified by taking into account the
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Fig. 5. Mean square radii of the charge A
distribution obtained from the Fig. 6. Mean square radii of the real
electron scattering are plotted as central part of the optical poten-
a function of the mass number tials at [E,=27-32MeV are

A. plotted as a function of A*2
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neutron charge distribution.” Thus 7r,= (1.1568+0.004) fm and a,= (0.470
+0.012) fm are obtained. If the diffuseness of the point nucleon distribution
is assumed to be equal to the diffuseness of the point proton distribution, we
get the value of (+*y = (4.24+0.24) fm®

We notice that the value of r, extracted from the present experiment
is larger than that of 7, obtained from the electron scattering data. In order
to show that such a difference is common to proton scattering, linear fits
were made to the mean square potential radii from Perey’s collection™ of optical
potential results at 27-32MeV and 47-52 MeV incident proton energies.
These are shown in Fig. 6 and Fig. 7, respectively. The values obtained
are 7, = (1.2140.03) fm and (= (4.06+£0.84) fm* at 30 MeV, and 7,
= (1.194-0.02) fm and = (4.98+£0.74) fm* at 50 MeV. Although the
30 MeV data and the 50 MeV data consist of optical potential parameters by
many authors and hence could contain many inconsistencies among the param-
eters obtuined due to different fitting principles, the 7, and {(7*>j; values from
the 30 MeV and 50 MeV data are consistent with our values, and 7, is larger
than the 7, value of 1.158 fm. From the analysis of the 800 MeV-1 GeV
data, it is concluded that 7, is approximately equal to 7.

One answer to this contradiction is to introduce a target mass number
dependence into the effective interaction range <{7*>i. As demonstrated in
Fig. 3, the linear relation between <{r*>,: and A*® is confirmed and accept-
able. Therefore the mass number dependence to be introduced into <{r*i,

must also be linear in A*. A recent argument®

based on experimental
data and the experimental results from the Los Alamos Meson Physics Faci-
lity (LAMPF),®~® show that with a small correction from the charge

distribution in the neutron itself, the difference between the root mean square

§ €1 tentiar Mass Number Dependence

p =~50 MeV N

E

fm?

nt fz)potential 8

Fig. 7. Mean square radii of the real central
part of the optical potentials at
E,=47-52MeV are plotted as a
functtion of A,
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radius of the point nucleon distribution and that of the point proton distri-
bution is less than 0.1 fm, which is smaller than the error in our {(r*)i-value.
Thus the average density distribution of point nucleons may be thought to be
equal to that of point protons. Then the effective two-body interaction range
obtained is

rPm= (0.13240.013) A%+ (4.24+0.24) fm?,

According to the recent theoretical work of Brieva® on the nucleon-nucleus
optical potential using a realistic nucleon-nucleon interaction, the exchange term
is repulsive in the nuclear center, whereas at the surface it is attractive.
An exchange term of this type introduces a mass number dependence of
the effective interaction range, if {7*Din is defined as (7"Dint = "Dpot — {7 Dcharge
+ {r*>proton-  Another source of the mass number dependence may come from
a small difference between the point proton and the point neutron distribu-
tions, because the proton-neutron interaction is stronger than the proton-proton
interaction, and this fact may enhance the effect from the density distribution
difference. Thus the mass number dependence of {7*>;,; is an empirical relation
and reflects various many body effects. The true origin of this mass number
dependence may be explained by an elaborate microscopic calculation. The pos-
sibility of a target dependence of the effective interaction range has Dbeen
suggested already by B. Sinha.’” OQur {(+*>y-value is larger than the GPT’s
value® of (2.25+0.6) fm*’. GPT’s <{+*Di-value was obtained in the search
for the ¥*minimum mainly of the cross section data because of the partial lack
of polarization data at that time. By equally weighting the polarization and
cross section data we were able to reduce the VR" type ambiguity and have
found a larger value for the mass number dependent <{r*>i-value. Bertsch
et al. also obtained a large {r*>-value (~6 fm®) for inelastic scattering by
fitting the interaction to the matrix element of the scattering operator, t-mat-
rix or G-matrix. Since their interaction is effective at the nuclear surface and
is not density dependent, their {r*),; does not have any mass number de-
pendence. Our {r*>iy-values for medium weight nuclei are as large as the
one obtained in the Bertsch’s calculation.*

6. The mass number dependence of the effective two-body interaction
range deduced from the optical potential for deuteron, helium-3
and alpha particles

The {r*>p-values for other light ion projectiles were calculated and plotted
as a function of A* in Fig. 8 for 56 MeV deuteron optical potential data,”®
in Fig. 9 for 109 MeV and 119 MeV °He*® optical potentials and in Fig. 10
for 166 MeV alpha particles.”” In each case the solid lines are linear fits by
the least square method and are expressed

oot =0.859 A%* + 8,62 fm® for E,=56 MeV,
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Deuteron Elastic Scattering
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Fig. 8. Mean square radii of the real
cenral part of the deuteron
optical potential at Eq=56 MeV
are plotted as a function of A™,
The solid line is a least linear fit
to the data.
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Fig. 10. Mean square radii of the real
central part of the optical poten-
tial at EHe=166 MeV are plotted
as a funciion of A*®. The solid
line is a linear fit to the data.
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Fig. 9. Mean square radii of the real
central part of the helium-3
optical potential at EsHe=109,
119 MeV are plotted as a func-
tion of A**. The solid line is
a least linear fit to the data.
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Fig. 11. Mass number dependences of
the mean square radii of the
real central part of the optical
potential are compared with
each other for p, d, *He and
‘He projectiles.
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oot =0.843 4% 4 8.78 fm* for Eug.=109 MeV, 119 MeV
and

o= 0,908 A% - 8,982 fm? for E,=166 MeV,

respectively. If we combine all of these data, we notice in Fig. 11 that
the slopes of the proton and the alpha lines are similar. The mean square
radius of the real central part of the composite particle is described by the
double folding model as;

D por= % Pl AP+ T @y A iy + (ripproiectile

where
<7~2 E{ojectnle —_ <7"2 gﬂ:jreé:eh]e . <7.2>gﬁg§c&2 and

{r¥yproeetie means the mean square radius of the point nucleon distribution in
the projectile. Thus the intersection in Fig. 11 is the sum of #a,,® - (r?pproectile

and the mass number independent part of the (+*>i,. The slope is the sum

of %rmz and the mass number dependent part of the {(#*>y. Using the for-

mula above and the electron scattering data for the {r*>EAtle valyes. The

mean square radius of the effective two-body interaction {7*>y is calculated as

follows;
= (0.132.A%°+ 4.24) {m* for proton
{r®ipe= (0.087A**+ 2.45) fm*  for deuteron
{rPDine= (0.075A%° + 3.84) fm® for helium-3
= (0.140 A* + 4.89) fm? for alpha

These values show that for the hard projectiles such as protons and alpha
particles, mass number dependence of {(7*>i: is large and that for the soft
projectiles like deuterons and helium-3, the mass number dependences of the
it and (Pop-values themselves are small.

The origin of such target mass number dependence and the projectile
dependence may be in the Pauli-principle. The a A**+ 4 type mass number
dependence is divergent on A and is not preferable. But it has by far the
better y*-value than the a A"+ & type or the @ A™*+b type dependence.
From the best of our knowledge we conclude that the mean square radius
of the effective two-body interaction is a A¥*+ 0 type. In that sense the
formula of {7*>y: is an experimental one.

7. Comparison between experimentally obtained <{r*),o¢-value and
microscopic calculations

In the preceding section it was pointed out that there is a difference
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w0k MSR Mass Number Dependence
N Ep= 65 Mev
E

Fig. 12. Mean square radii deduced from
a0k the best fit optical potential are

compared with the recent micro-

. scopic optical potential calcutations.
g

The ® sympols denote Brieva-Rook
values interpolated to I£,=65 MeV.
The solid line marked JLM is ob-
tained {rom the optical potential
with the microscopically derived
parameters of Jeukenne, Lejeune
and Mahaux.

JLM Calcutation
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between <{7*>par and {(r*>,,; in the target mass number dependence. This dif-
ference was reduced to the mass number dependence of the effective two-body
interaction. In Fig. 12 the calculated values based on the recent microscopic
theories are shown with the experimental {(#*),-values. The line labeled
JILM is the calculation using the JLM model. A detailed explanation of the
JLM calculation will be given in Sec. 9. Brieva and Rook calculated the {#*>po-
values of O, ®Ca and *®Pb for several incident energies and their {(#*>yo-
values varied smoothly with energy. The points labeled BR show the inter-
polation to 65 MeV proton energy of the BR calculations. The BR calculation
reproduces remarkably our experimental values shown as the line labeled Kyoto
data, although the BR value for **Pb is a little smaller than the observed
value. Calculations in the JLM model differ greatly from the experimental
values (by 2~5fm?®) and cannot reproduce the slope of the mass number de-
pendence. Lejeune and Hodgson' pointed out that JLM calculation does
not explain the {r*>,-values and angular distributions, and must be modified by
introducing a phenomenological range parameter. Such a phenomenological
parameter, however, will mask the validity of the theory to study the dynamics
of the reaction. The main origin of the discrepancy may be in the LDA ap-
proximation used to transform the optical potential in nuclear matter to the
optical potential in a finite nucleus. These two types of microscopic calculations
suggest that the density dependence of the effective two-body interaction at the
nuclear surface plays an essential role in explaining the A-dependence of the
{Pmevalue. It was already pointed out in nuclear matter theory that there is a
density dependence® in the nuclear matter effective interaction. As the density
decreases, the eflective two-body interaction increases due to the Pauli principle,
and the depth of the optical potential well increases. But the A-dependence
of {r*>int is not explained by the density dependent JLM interaction using the
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LDA alone, because the slope of the JLM calculation on the target mass
number A is different from the experimentally observed one. (see Fig. 12)
On the other hand, when obtaining the t-matrix of the r-representation by
BR’s calculation, the momentum sum up to the Fermi momentum gives another
contribution to the density dependence®™ of the interaction, in addition to the
depndence coming explicitly from the Pauli principle. From our present
knowledge of the BR calculation, we cannot discern the primary origin of
the A-dependence of {7*>i.

8. Root mean square radius of the point nucleon distribution of the
target nucleus

Applying the results obtained in the preceding section, we can extract
the root mean square radius of the point nucleon distribution of the target

nucleus, as follows

<7”2 xlt{gxtt = (<r2>pot'—- <r2>int) v,
where

P =4.2440.24+ (0.132+-0.013) A** fm?

The calculated <#*>¥l.-values from our elastic scattering data are listed in
Table 3, together with the 800 MeV polarized proton elastic scattering results
from LAMPF. The LAMPF (i -values were calculated from the proton
MSR values (">, and the neutron MSR values <{7*>, of their data,*®

using the relation
N Z 172
M= (St 2%,

Although the LAMPF (*>, and (+*>, values are model dependent, they
are thought to be relatively free from the dynamical effects on the nucleon-
nucleon interaction in the nucleus. We notice in Table 3 that our values
agree remarkably well with the LAMPF results. This indicates the validity
of our procedure for extracting the {r*>i-value and the mass number depend-
ence of the effective interaction range. We have thus obtained a new method

te extract {#*>¥%. value from polarized proton elastic scattering.

9. Volume Integral of the real central part of the optical potential

In the folding model the volume integral J; of the real central part of
the optical potential is calculated as

J o= jv (ro) dre*

= J‘droa Jdrs() (r)Vint(lT'”“rﬂD
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Table 3. Volume integral per nucleon and mean square radius of the real
central part of the optical potential are listed together with
error bars. The effective interaction range and the nuclear matter
radius are listed and compared with LAMPF-values. LAMPF-
values are calculated by {*Diiiier= <%<r2>n+%<rz>p> m.
Nuclei Jd $rpot. {r¥int P ifhvter (fm)
(MeV fm?®) (fm?) (fm® Kyoto LASL
e a46.8 132 12,35 +0-06 5.08 2.70 -
2Ne 349.5 = 904 1414 002 5.21 2.99 —~
HMg 303.0 F152 14.32 $0-07 5.34 3.00 —
28g; 5.3 © 78 14.92 0 e 5. 46 3.08 —
Ay a0.4 = T2 17.54 £0-00 5.78 3.43 —
“Ca as3.6 * 52 17.58 £0-01 5.78 3.43 3.39
“Ca sigg T 57 18.39 £0-08 5.89 3,54 3,48
%Ca 315.0 = 83 18.39 +0-07 5.98 3.52 3.47
oy a1i7.247 &8 18.79 +0-16 5.93 3.59 -
sy s13.1 = 49 19.08 F0-9 5.98 3.62 —
Ty 300.7 = 32 18.82 +0-08 6.03 3.58 -
HFe 3.1 = 29 19.18 £0-24 6.13 3.61 3.57
“Fe 7.1 = 28 19.69 £0-07 6.17 3.68 —
¥Co s07.8 = 48 20.47 £0-99 6.24 3.77 —
BN s00.2 * 26 19.63 +0-96 6.22 3.66  3.67 or 3.70
oNj 306.8 = 21 20.25 £0-97 6. 26 3.74 —
NG s09.4 21 a7 0.2 6.31 3.84 -
SN a1+ 33 a2y £0-05 6.35 3.86 3.86
vy 3.4 T 27 25.00 +0-1 6.87 4.27 -
“Zr 318.9 + 12 25.35 1010 6.89 4.30 4.25
*Mo g0+ 27 27.20 1030 7.05 4.49 -
10006 s26.0 * 3. 27.38 1016 7.08 4.51 -
H4Sm a7.4 * 34 32.18 +0-28 7.87 4.93 -
208py, as0.7 = 23 39.18 * 0 &4 8.87 5.51 5.55
9B} 319.7 = 33 39.36 ©0: 28 8.89 5.52 -
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Fig. 13. Volume integral values per nucleon
iy ; of the optical potentials are plotted
500 Energy Dependence of Ja/A as a function of incident proton
energy. Open circles are Milan
data for **Ca and double circle is
a mean value over 25 targets at
E,=65MeV. The solid dots the
and crosses are calculated micro-
scopically by Brieva and Rook,
connected by curves meant to guide
S the eyes. The solid line and the
st broken line labeled JLM are cal-
culated values using procedure of
Jeukenne, Lejeune and Mahaux.

Milano Data for 4°Ca
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The volume integral value Jp is proportional to the target mass number if
the effective two-body interaction potential between the projectile and the
target nucleon is independent of density and energy. A linear fit to Jx-
values confirms the approximate validity of the above assumption at 65 MeV,
and the volume integral is expressed as

Jr=(818+3) A MeV fm®

In order to show how the recent microscopic calculation explain the empirical
volume integral values, Jp/A-values are plotted as a function of incident pro-
ton energy in Fig. 13. The double circle point at 65 MeV is the average
value of the Kyoto data. The open circles show the recent measurement for
“Ca by the Milan group.”™' We notice that the Kyoto data lie on a smooth
extrapolation of lower energy Milan data. The solid and dashed curves
labeled JIM indicate the volume integral of the microscopic optical potential
calculated in the JLM model. According to the parameter table of the JLM
calculation® the optical potential in infinite nuclear matter is obtained as
a function of the matter density and the incident projectile energy. As for
the point nucleon density distribution for the JLM calculation, we used
Negele’s density distribution obtained from the fitting to.the electron scat-
tering data as in JLM’s work. The solid curve shows the calculation for
*®Ph and the dashed curve shows the *Ca case. The results of Brieva-Rook
calculation are indicated by the points marked with a cross in the figure for
®Ca and *™Pb nuclei; the curves connecting these points are only meant to
guide the eye. As is evident from the figure, the Jp/A value and its bom-
barding energy dependence are reproduced remarkably well by the JLM
calculation. The local density approximation used in the JLM model seems
to be effective for the Jg calculation. The energy dependence and the den-
sity dependence of the nuclear matter #matrix are directly reflected in the
JLM nuclear optical potential. On the other hand Brieva and Rook trans-
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formed the nuclear matter Zmatrix in momentum-representation to the #-mat-
rix in the 7-representation using a suitable approximation. They then cal-
culated the optical potentials for finite nuclei by applying the folding approxi-
mation. The calculation of BR explains the empirical results at 30 MeV,
but deviates from the observed values at higher energies. The origin of the
descrepancy between the BR’s calculation and the experimental data seems
to be due to the approximation in their transformation to the r-representation.

In Fig. 14 our JR/A> values listed in Table 3 are plotted as a function
of the target mass number. Error bars in the figure were defined similar
as the error bars of {(r*>,,-values in Sec. 5 but in this case were deduced
from the potential parameters at X%, (V,) =1.25 ¥ (best fit), so the error bars
have no statistical meaning. Although observed Jp/A values scatter consider-
ably, we notice the following global behavior around the average value of
Jr/A=318 MeV, As the mass number A increases, the Jp/ A value decreases

30 Mass Number Dependence of Jp/4
50 \ Eﬁ: 65 MeV

T

3 \\ Fig. 14. Volume integral values per nucleon
3207

} of the real central part of the

optical potentials are plotted as a

a0 wemmee function of the target mass number

|, ] A. The difinition of the error bars

is given in the text. The dashed

o % ks Y curve is the JLM model calculation
for E,=65 MeV.
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Fig. 15. Volume integral values per nucleon of the real central part of
the optical potentials are plotted for each isotope, using
Juekenne, Lejeune and Mahaux’s model.
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rapidly to the minimum in the Fe-Ni region and then increases gradually
toward the Pb-Bi region. This global trend is remarkably reproduced by the
JLM model calculation shown by the dashed curve in Fig. 14. According
to the JLM model, the effective interaction is density dependent. In the lower
density region, the effective interaction is stronger®?® due to the smaller Pauli
blocking effect. The surface-to-volume ratio is large in light nuclei. As
the target mass number increases, the surface-to-volume ratio decreases as
A7 and the Jg/A-value decreases rapidly. The second gradual increase is
explained in the JLM model by the isospin dependent interaction and by the
velocity dependence of the effective interaction. (As the mass number in-
creasses, the velocity of the projectile inside the nucleus decreases due to the
repulsive Coulomb potential.) This global trend in Fig. 14 is similar to the
binding energy per nucleon curve, if we remind that the Coulomb potential is
included in the binding energy calculation and the velocity dependent effect
is included in the Jg/A calculation. The rapid change in Jp/A-values for
lighter nuclei evident in Fig. 14 is possibly evidence of the density depend-
ence of the effective interaction.

10. Anomalous isotope dependence of the real central part of the
optical potential in the f-p shell region nuclei

C. M. Perey and F. C. Perey analyzed the elastic scattering of 11 MeV
polarized protons on 20 target isotopes from *Ti to “Ge. For the depth of
the real central part of the optical potential they obtained an anomalous linear
relation of V= V,+ A without the isospin dependence. At 65 MeV incident
proton energy a similar anomaly was reported in our previous work.” Our
previous conclusion was that there must be a linear mass number dependence
of Vgp=-—18-+072(A—40) in the real isospin dependent part of the
optical potential. In Fig. 16 the volume integral values per nucleon are
plotted versus (N—Z)/A. The slope of the line connecting the same iso-
topes changes from negative to positive as the mass number of the isotope
increases from *“Ca to ®Ni. In the case of the ordinary isospin dependence

Jr A

Fig. 16. Observed Ju/A-values are plotted
versus (N—Z)/A for f~p shell nu-
clei. The definition of the uncertain-
ties is the same as in Fig. 14.
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1 '
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the slope must be constant. The observed behavior in Fig. 16 is anomalous
in this respect. As shown in Fig. 15, the global JLM microscopic model
predicts always the positive slope in this mass number region. So it cannot
explain the anomalous isotope dependence.

Using our mean square matter radius data in Sec. 5 and the diffuseness
value obtained by fitting to the electron scattering data we now have a new
density distributions for each target nuclei. The density distribution is assum-
ed to be the Fermi type.

N Oo
o(r) 1+exp((r—R,) /an)

where the R, value is calculated from the formula;

<r2>nucleon -+ <r2>matt = %Rmz -+ —g— 77.'2(17,,2

and a, =0.470 is obtained in Sec. 5 by fitting to the electron scattering data.
P nucteon 18 the mean square radius of a nucleon and is estimated to be as
same as {Dproton (0.64 fm?).

Using this density distribution and the JLM model, the volume integrals
of the real central part of the optical potential are calculated for each target
nuclei. The calculated Jz/A-values are shown in Fig. 17. The main part
of the anomalous isotope effect is reproduced by the JLM model calculations
using our new matter distribution data. The origin of the anomalous isotope
effect consist of two parts, the density dependence of the effective interaction
and the shell closure effect. For nuclei with N =28 the size of the nucleus is
contracted comparative to their neighbouring nuclei. Since the matter density
for the N=28 nuclei increases, the strength of the effective interaction is
reduced according to its density dependence. Thus for nuclei A<(53 the J,/A
value takes the negative slope versus the mass number. But in the figure
we notice differences between calculation and experimental data, which will be
explained only by the nuclear structure dependent effective interaction.

: . : :
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11. Conclusions

We have systematically measured polarized proton elastic scattering from
25 targets at 66 MeV. An optical potential analysis gave good fits to both
cross section data and analyzing power data. By plotting the mean square
radius of the real central part of the optical potential versus A**, we have
obtained the global systematics of the MSR of the potential as (7% = (6.42
+0.21) + (0.937 £ 0.012) A** fm®. Using the simple folding model and by com-
paring with the charge distribution obtained by electron scattering, we found
that the effective interaction range has a mass number dependence of the
form

= (4.24 £0.24) + (0.132£0.013) A% fm®,

Assuming this mass number dependence of the effective interaction range,
we have obtained root mean square radii of the point nucleon distribution,
which are in accord with the high energy LAMPF data and reflect the shell
effect and the individual characteristics of the target nuclei. This mass number
dependence of (+*>i,, was shown to be different for different projectiles such
as d, *He or «.

For nuclei of A<(58, the Jp/A value decreases as the mass number of
the target increases. This rapid decrease was interpreted as evidence of the
density dependence of the effective interaction. The JLM model explains
both energy and A dependence of the Jp/A but cannot explain the value of
(oot and its A-dependence.

On the other hand the BR calculation reproduces our <{7*>,.-values but
could not predict the Jp/ A-values, especially the energy dependence of Jp/A.
At present, each of the two global theories could explain the experimental
results only partially, but is found to be an effective guide in clarifying nu-
clear many body dynamics. The anomalous isotope dependence of Jp/A is
explained qualitatively by the JLM density dependent interaction and the
matter radius obtained from our experiment.
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208Pb 2098i
Angle Cr %f;b?:f)t 100 Analyzing Power Angle Cr%§b§::; 100 Analyzing Power
13.17 6644.7 =£9.3 —0.12244-0. 0027 13.33  6329.9 £12.3 —0.1249:0. 0033
14.17 3484.6 6.8 —0.1648+0. 0037 14.34 3364.9 =+ 8.9 —0.1646:::0. 0045
15.18 1795.0 =£4.9 ~0. 1426-£0. 0044 14.84 2462.5 =+ 7.6 —0.1613:0. 0051
16.18  1034.3 =+3.7 0.0025+0. 0052 15.18 1950.7 =+ 6.8 —0.1591 0. 0052
17.19 884.0 =£3.4 0. 2444 +0. 0066 15.34 1776.9 % 6.5 —0.1482 0. 0057
18.19 966.9 +£3.6 0. 3079-£0. 0068 15.85 1272.9 £ 5.5 —0.0955::0. 0064
19.20  1116.9 3.8 0. 2867 0. 0064 16.18  1088.5 = 3.6 —0.0302-0.0045
20.20 1222.1 4.0 0.2325+0. 0057 16.35 1034.6 = 4.9 0.008440.0070
21,21 1207.0 +£4.0 0.163940. 0053 16.68 913.0 <+ 3.3 0.0779+0.0050
22,21  1106.3 £3.8 0.09100. 0051 17.19 845.0 + 3.2 0.1971+0. 0057
23.22 929.8 3.5 0. 0166 +0. 0054 17.35 851.8 4 4.5 0. 2250+0. 0083
24.22 709.2 +£3.0 —0.0590:0. 0062 17.69 853.8 + 3.2 0.2905:0. 0063
25.23 492.3 +1.8 —0.1751:0. 0057 18.19 896.9 + 3.3 0. 3066-:0. 0061
26.23 301.2 =*x1.4 —0. 3384 0. 0081 18.69 969.6 + 3.4 0. 3071 40. 0061
27.24 156.8 +1.0 —0.531 +0.011 19.20 1036.1 == 3.5 0.29504:0. 0058
28.24 66.59 40.47 —0.850 =£0.013 20.20 1138.3 £ 3.7 0. 24684:0. 0054
28.74 43.14 £0.38 —0.925 +0.015 20.37 1170.5 = 5.3 0. 232040.0073
29.24 30.01 £0.31 -0.727 +0.016 22.21 1068.2 & 3.6 0.1070:0. 0049
30.25 28.36 =£0.31 0.502 +0.016 24.22 701.1 £ 1.4 —0.05524:0. 0030
30.75 37.42 £0.31 0.762 £0.014 26.23 309.08 £ 0.96 —0.3173x0.0056
31.25 51.92 =40.37 0.831 +0.013 27.40 148.84 4+ 1.19 —0.560 +0.013
31.76 66.78 £0.66 0.811 +0.016 28.24 75.20 &+ 0.39 —0.811 £0.011
32.26 80.25 £0.46 0.741 £0.013 28.91 41.52 % 0.57 —0.908 =0.019
32.76 99.68 £0.93 0.693 £0.015 29.24 31.28 + 0.25 —0.832 £0.013
34.27 128.36 +0.71 0.484 +0.010 30.25 25.17 £ 0.22 0.271 40.013
36.27 127.52 £0.71 0. 2794 4-0. 0088 30.41 27.32 £ 0,51 0.433 +0.027
38.28 87.84 £0.59 0.051 £0.010 30.92 35.72 + 0.46 0.806 +0.019
39.29 63.59 £0.50 —0.083 £0.011 31.42 48.72 £ 0.48 0.819 +0.015
40.29 43.00 £0.41 —0.264 £0.015 31.92 64.34 £ 0.62 0.797 +0.015
41.29 24.33 £0.22 —0.462 £0.013 32.76 88.27 £ 0.21 0. 6865::0. 0084
42.30 13.55 £0.15 ~0.577 £0.017 35.27 128.16 + 0.36 0. 3931 0. 0059
43.30 8.479+0.130 —0.313 =£0.022 35.43 131.64 £+ 1.11 0.379 +0.013
44.31 8.113:0. 090 0.488 =0.016 37.78 98.34 + 0.70 0.11754:0.0098
45.31 11.19240. 122 0.912 +£0.016 41.96 17.60 + 0.22 —0.593 £0.018
46.31 15.9214:0. 159 0.958 +0.017 42.46 13.32 & 0.20 —0.659 £0.021
47.32 19.987:-0. 199 0.872 #£0.016 42, 80 11.09 % 0.13 —0.546 +0.017
48,32 22.7234:0.212 0.750 £0.016 43. 47 8.146:: 0.152 —0.295 =:0.027
50.33 23.8640.218 0.669 +0.015 44.30 7.855+ 0.138 0.386 +0.024
52.33 17.468+0. 167 0.333 £0.014 45.31 10.471+ 0. 101 0. 857 0.014
54.34 10. 042::0. 142 0. 00824:0. 205 46. 48 15.32 + 0.2 0.931 +0.019
55.34 6.627+0.081 —0.145 £0.018 47.82 20.39 £ 0. 22 0.833 +0.016
56.35 4.505::0.060 —0.265 £0.019 50. 33 23.19 £ 0.17 0.557 +0.011
57.35 3.202+0.056 ~0.134 +0.026 52.83 15.54 + 0.16 0.276 +0.014
58.35 2.99240. 055 0.178 +0.026 55,34 6.922:+ 0.083 —0.145 +0.017
60. 36 3.705:0. 061 0.856 =£0.021 56.51 4.374% 0.091 —0.288 £0.030
61.36- 4.4630.067 0.960 =+0.020 57.85 2.965% 0.032 —0.043 +0.015
62. 36 4.9264-0.070 0.974 +0.019 60.36 2.628+ 0.060 0.849 =0.021
64.37 5.27240.092 0.875 £0.022 61.52 4,388+ 0.083 0.952 40.023
66.37 4.32540. 066 0.660 =+0.022 62. 86 4.9434 0.078 0.935 £0.020
68.38 2.81430.047 0.468 +0.024 65. 37 4,773+ 0.058 0.813 +0.016
70. 38 1.516+0.035 0.212 +£0.033 67.87 3.065:k 0.050 0.506 £0.022
70.38 1.531+ 0.031 0.104 +0.028
72.88 0.9354 0.018 0.136 £0.027
75.38 1.0824+ 0.016 0.667 +0.020
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