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                                ABSTRACT

     EIastic scattering of 65MeV polarized protons from 25 nuclei (ieO-2"OBi) has
 been measured. Systematics of the optical potential, which reproduces both the
 analyzing power and tlie differential cross section data remarl<ably, was persued.
 The volume integral of the real central part of the optical potential (JR) shows
 a behavior similar to the binding energy curve for the target mass number. The
 mean $quare radius of the real central part of the optica} potential is found to
 obey the relation <ra>,,t=(O.937=I O.O12)A2i3+(6.42Å}O.21) fmS. 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
 <ra>inv==(O.132Å}O.O13)A2/3N-(4.24Å}O.24) fma. Assuming this relation, root mean
 square radii of the point nucleon distributions are obtainee. The dependences of the
 JR-value and the <r2>pet-value on the rr}ass number and energy obtained here are
 compared critically with recent mlcroscopie optical potential calculatiens.
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1. Introduction

    Recent progress in nuclear matter theories has made it possible to under-
stand the nuclear optical potentia! microscopiea}ly in terms of a two-body
nucleon-nucleon interaction. Jeul<enne, Lejeune and Mahaux (JLM)')'"`' at
Liege and Brieva ancl Rook5}'S'9) at Oxforcl have calculated the nuclear optical

potential inicroseopically. In order to check critically these global optieal

potential theories and to extrtact new aspects in niany body probleins, it is
necessary to measure aecurately proton elastic scattering over a wide range of

target nticlei ancl over a wide ran.ge of energies. relative to the Fermi energy.

In applying nuclear niatter theory to scatterlng problems there are many
dlMculties to overcome by using .guitable approximations. fl"he most ambiguotis.

process among them is t'he transformation l)rocedure from infinite nuclear
matter to finite nuelei such as the process using the local clensity al)proxima-

tion (LDA). As was already pointecl out by Wong'O' and Negele,M the LDA
is not accurate in the nuclear surface region. On the other hancl, the nuelear

surface is the region most sensitively explored by nuelear scatteriBg, ancl
surface effects will be exemplified by their mass number clependence. In order

to c}arify the ro}e of the nticlear 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 clependence of
the t-matrix in nuclear matter is refiected directly in the potentia} depth.

But in the folding potential of Brieva and Rook the situation is not so
straightforward as in the LDA. For checl<ing the v"liclity of their approxi-
mation, the energy dependence of the optical potential will be a useful guide.

    On the experimental sicle, the stticly o'f the optical pctentikl has progressecl

after Becchetti and Greenless'si2} work. If we plot the data available on
elastic scattering in a two dimensional plane of incident proten eRergy versus

target mass number, we nctice that dcata are concentrated at energies below
35MeV and for targets near magic nuc}ei. In additioR, systematic experi-
mental studies on the optical potentia} using a polarized proton beam are
still scarce. Recently Fabrici et al. reported'3}th`'") measurements of the elastic

scattering at several proton energies between 20 MeV and 45 MeV. Although
their sytematic analysis utilized polarization clata only partially, it has clarified

the energy depenclence in that region. In the intermediate energy region
a group at Indiana Univ. is investigatingi5)"Vi" the systematics of the optical

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 wicle range of target mass numbers, from 'SO to 209Bi, at an incideBt

proton energy of 65MeV. Partial results have been published.i8'"'2e) The
use of high-purity germanium (HP-Ge) detectors has macle possib}e rapid data
aquisition at this energy. The 65 MeV data are thought to be valuable not only
because they fi11 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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effeets and the multi-step processes observed in the lower energy region.

2. Experimental method

    The polarizecl proton beam (of IO keV energy) from the atomic beam type
polarized ion source2" (PIS) is injected axially lnto the ResearÅëh Center for

Nuclear Physics (RCNP) Osaka Univ, AVF cycletron.22' A beam buRcher 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 po}ariza-
tion experiment area.2S) As shown in Fig. 1, the beam was 5rst focusecl on a
target to a beam spot size of about 1Å~2mm2. After passing through the
target, the polarized beam was again foeused on a polarimeter target foil and
then collected by a Faraday cup Iocated downstream of the po}arimenter. The
beam current was monitored by a current digitizeur whose output pulses were
routed by a spin eontroller2`), depending on the beam polarization direÅëtion.
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elastic scattering changes sign rapidly. The uncertainty of the scatteriBg
angles was estimated to be less than O.05 degrees.
    The degree of beam polarization chaRges depencling on the vacuum in
the ionizer region of the PIS, the out-gassing history of the ionizer, ancl on

other ionizer conditions. So the beam polarization was monitored continu-
ously by a polarimeter located downstream of the scatterkig chamber. Scat-
tered protons f'rom the polarimeter target 'foi} (a stacl<ed 3mg/cm2 thick
polyethylene foii) were cletectecl by Nal(Tl) sciRtillators placecl at the eLAB

=47.5 degrees. The left-rig.ht asymmetry of the elastic scattering from iL'C

was used to deduce the beam polarization. The polai'imetey target 'foil was
changed after an appropriate beam irracliation in order to recluee the effect
of contaminant buildup. The beam polarization error due to the contaminant
peak was estimated to be less than O.9..%o. As the ana}yzlng power of the i2C

poiarimeter at eLAB==4-7.50, we adopted a value o'f' O.975Å}O.Olll, which was
obtained in the double scattering experiment at E,==65 MeV by Kato et al.L'5'

The direction of the proton fpin was reversed after every 200 pC of inte-
grated beam charge by reversing the solenoid magnetic fielcl direction at the
inonizer of the PIS. In the later stage of the experiment the spin clirection

was reversecl every 1s by alternating the atomic beam rf transition mocle
between the weak field and strong field transition. Signals from a micro-
processor triggered the spin control}er which controlled the rf trarasition mode,

the scaiers, and the data storage locations in the memory of the pulse height

                             Table 1. Targets

    Nucleus
 """""'i'gtt' '-'- "' 'J'

     eONe
     24Mg
     28Si
     40Ar
     4oCa
     "Ca
     ,sCa
     `eTi
     4STi
     soTi
     5iFe
     seFe
     sgCo
     s8Ni
     eeNi
     e2Ni
     6iNi
     s9Y
     eeZr
     g8Mo
     loOMo
     uiSm
     2esPb
, 2og Bi

t.t.t.t.tt.t.ttt

     Form
"'ww"" g'.'g"('6'b"

   gas (Ne)
   metal foil
   metal foil
   gas (Ar)
   metal foil
   metal foil
   CaCOs+mylar
   metal foil
   rnetal foil
   metal foii
   metal foil
   metal foil
   metal foil
   metal foil
   metal foil
   meta} foll
   metal feil
   metal foil
   metal fol}
   metal foil
   metal foil
   metal foil
   metal foil
   metal foil

Thicl<ness
(mg/cm2?..nv.. ....

1-2 atm
 1-2 atm
3. 18

2. 98

 1-.P. atm

2. 19

2. 78

 L34
O. 52

O. 99

O. 82

 !.57
 1. 02

2. 09

2. 04

2. 04

 1.71
3.55

 1. 376
2. 672

O. 9oo

O. 372

 1. 71

15. 1

4. 23

  Enrichment
n5't'gl'a'i" (b'g' 1'g' b;?ti)' '"

natural (90.51%)
99.9ti%
natural (92.21%)
natural (99.60%)
natural (96.97%)
98.55%
97• 279'e-

81. 20%
99. 25%
83.2%
96. 81%
99.93%
99. 83%
99.83%
99.79%
96. 48%
96. 48%
natural (1oo%)
97. 65%
97.01%
97. 27%
96. 33%
99. 14%
natural (1oo%)
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analyzer, where energy spectra were stored in different memory Iocations
depending on the polarization direction. The average beam intensity during
the measurements was about 30nA and the beam p.olarization was about 6e-
70%. The overall energy xesolution detected by the HP-Ge system was
180keV-250keV FWHM, including the beam energy spread and the range
straggling clue to window foils of the seattering chamber, the vacuum bag,
and the HP-Ge cryostat. Table 1 lists the forms, thicknesses and enrichments
of the target feils used. The thiclgnesses of the solicl 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. Dala re(luetion

    Analyzing powers were measurecl by the left ancl right detectors located

at the same scattering angle. We denote by LT the number of particles
detected by the left deteetor in the spin up mode. L.1, RT, and RS are defined

in an analogous way. The anaiyzing power A,(e) and its statistical error
OA,(e) are calculatecl as follows

   Ay(e)==]p'.wwi...(ll'1//-l')• r--(i2;Sii.R,*)ii2

    PBeam = Iaemei2c) (illil), r'=' (LL,Tt,.p.ol'. ill;lf,p:t)ii2

  6A,(e) =A,(e) [(6$.Be.:: )2+ (mu6A.14) 2]ii2

         == Ay (e) [(6flg:a.: )2 ,- (., ll ,)2(RiT + Rie + LiT + Lis)]ii2

   6PBeama"=PBeam(e)[(l2AfAt!f/(iltt-))-)2

              + (r'2r-' i)2(Ri..;+ Rl/ ,.in+ Lip.i + Lip.;)]if2

  A,(i2C) =: O.g7s o"A,, (i2C) = O,Oll

where LT,.i denotes carbon e}astic peak sum for the left po}arirneter detector
in the spin up mode, and Le,.i, Rt..i, and R.i,.i are simllar!y defined. A,('2C)

and 6A,(i2C) are the carbon analyzing power and its uncertainty at the scat-

tering angle eLAB=:47.50 and Ep=65MeV. Differential cross section data
were corrected by the detector eficiency due to the nuc}ear reaction in
the HP-Ge itself. Energy dependent detector efficieney e(E.) in the energy
region of 45MeV to 65MeV is obtained from the MakiRo's data26' according
to the relation

                s (E) == l.0267 -O.OOI1333E
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Using this formula, the difference of the elastic peak detecting efficiency between

eLAB==OO and eLAB==80e was O.7%o for i60 and O.30/o for 40Ca. Thus the cor-
rection due to Mal<ino's data affected the re}ative angular distributions of

the differential cross sections negligibly. Measured cross section and analy-

zlng power data are plotted in F"ig. 2. Numerical values of the data are
listed in the Appendix. Error bars showk in the figure and the Appendix
are only the statistical ones. In the analyzing powerdata, uncertainties of
the i2C-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 300 in the analysing power data shifts forwards as
the target mass number increases.

4. 0ptical potential ftting

    The optical potential fitting to the measttred data was performed using
the automatic search code MAGALI of Raynal.27)
    The following optical potential was as used;

        U(r) = Vc..i(r) -Yrf(r; rre, aR) -ilVvf(r; rwv, a..)

               ÅÄ 4a.s Wei -dd-ii- f(r ; r.,, a.,)

               {- Vis (--fiI/'i )2(-il.i- -2SFf(r; ris, at,) ) (a •L)

where

        f(r; 2-e, ao) == (1 + exp ( (r - r,A'13) /a,) ) -i

                    2r4k2i!3 (3 - r,2te2i3)
                                       rSgr,Al13

        Vcoui (r) -ww
                    Ze2                                       r)r,Ai13
                     r

    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 x2-minimum was thought to be
sma!1, since uncertainties in the cross section due to uncertainties in the tar-

get thicknesS measuremeRt are smail for the gas targets. For 40Ar, we
started with the Beechetti ancl Greelees parameter values. The initial par-
ameter vakies for '60, 20Ne were obtained from the best-fit 4eAr parameter
set. For other targets, potentia! parameters of the neighbouring target which
hacl already been fittecl were adopted as a starting set. Also, a renormaiiza-

tion of the calculation was introduced because of the target thickness uncer-
tainty. In Fig. 2 measured dfferential cross sections and analyzing powers
are shown together with the best-fit optical potential caiculations. The optical

potential parameters and the associated x2-values obtained are Iisted in Table 2.
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Uncertainties in the experimental data are mainly due to inhomogenities of
the target foil thickness ancl to the scattering angle errors (less than O.10)

rather than to cot{nting statistics. Therefore the uncertainties used during
the paran}eter search were

               a (ddg6 ) = : Max (O•03 Å~ (-ddimÅíOum) , (ddS) ,,.,i,ti..i)

and

               6A (e) = Max (O .03, 5A (e) stat{.ticai)

in orcler to avoid trapplng in an unphysical }ocal x2-mininium. As for the clata

points in Fig. 2, the error bars for the cross sections include oniy the statistical

errors, while the error bars for analyzing powers include the uncertainty of
the i2C-polarimeter analyzing power in acldition.

5. Systematlcs ef the mean square radius of the real central part of
    the optieal potent;al and the effeetive interaction range

  From the reai central part of the optical potential obtaiBed in this analysis,

the mean square radius of the potential <r2>p.t, was calculatecl and is plotted

as a fuBction of A2'3 (A denotes the target mass number) in Fig. 3. The
<r2>..t clata are remarkab}y iii3ear in A2'3. A linear Ieast-squares fit to the
<72>p.t data gives

             <r2>..t :(O.937Å}O.O12)A2i3+6.42Å}O.21 fm2. (1)

    The error bars in Fig. 3 inclieate the uncertainties'in the opticai potential

fitting and were calculated using the following procedure. First, all the

 tm2

  4 MSR Mass tnber DepafidetiCe ieeei
               Epm65 moV

3a

/1•

tc

              toe,,.
            SNoe
            e3y SOzr

 teq,scttSj,i,,Ssl'Iiliilkl'ag"""""i`

tfo ' t":i;l

l

lo 2e 3e Alys

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 deSnition of the
error bars in the figure is explain-
ed in tlie text. The nuraerical data
with error bars are listed in Table 3.

The solid line is obtained by least-
quare linear fitting to the data.
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parameters except V. and rc were searched for to obtain the xki.(V.) as
a functioR of Yr. A xki.(Yr) curve for `6Ti case is shown in Fig. 4. The
curve resemb}es a parabola. Then the error of <r2>p.t was calculated from the

<r2>p.t.i and <r2>p.t2 values, which were obtained with the parameter sets at
xkin(Yr) =2xg (best fit). Thus, the uncertainty due to the well known VR"
= constant parameter correlation is includecl in the error bars.

    The linear relatioB between <r2>..t and A2X3 is unclerstood by using a
simple folding model. As was shown already by Greenlees, Pyle and Tang,2S)
the real centra} part of the optical potential can be written as

                U(ro) ": Sp(r)V,.t(lr-rel)drS, (2)

where p(r) is the deBsity distribution of point nucleons and "Vli.t(r) is an effec-

tive two body interaction. For a nucleus with a rotationally symmetric den-
sity distribution, the mean square radius of the potentlal deduced from Eq.
(2) is

                   <r2>p.t==<r2>rnatt+<r2>intt (3)
where <r2>,.t = Sr2 U(r) dr3/ S U(r) dr3, <r2>..tt = Sr2p (r) drS/ Sp (r) dr3 and

<r2>i.t =Sr2Vint(r)dr3/SY.t(r)dr3. If we assume that U(r) and p(r) are

sphrically symmetrie Fermi funetioBs, <r2>..tt ean be caiculated in a good
approximation29),SO) as
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                 <r2>..tt::: -{}-R.2 -{- IZ- N2a.2, (4)
                          55
                                               '
"rhere R. and a. are the half density ra(lius and diffuseness of the point
nuc}eon clensity distribution, respectively. Therefore <'r2>,.t ls expressed as

              <r2>,., == -i.l-R.2+g/ rr2a.2 -- <r2>i.t. (5)

In order to obtain a relation between the half deRsity radius and the mass
number, we use the volume integral of the FermYtype clensity distribution:

              Sp(r) dr3 =fliTL .R.3 (1+-t-R-TS-: -'1) pe ==A . (6)

xvhere

              p(r) == Po
                           rww.nv.R;'e)                    1+exp(

Since a. and pe are reasonably constant with A, the half density radius R.
Is calculated as a function of A, as

           -R. =r.Aii3 Il hr -l;-(.Z.2,"AM,2-,g) +lili(.Z.2,aA-i,,)S-F '''] (7)

where

           rm =: ( 4rr3p, ) i13

Inserting (7) into (5), we obtain for <r2>,.t,

         <r2>,.,=: <r2>i.t + -g-r.2A2i3 -ÅÄ- a2a.2 -1- illsi z2a.2( rn.",aAM22i,) -t- ''' (8)

The 4th term can be neglectecl, since the ratio of the 4th term to the 3rd
term is Iess than O.02 for Buclei considered (A211:16). We finally obtain an

approximate relation

                <r2>p.t == -l}-r.2A213+x2a.2 -i- <r2>i.t . (9)
                        5

If we treat <r2>i.t as a constant value as usual, <r2>p.t is linear in A2'3
with the coethcient -lil-r.2. In order to obtain the <r2>i.t-value, we need to

                  5
know the a.-value, which is inferred from the charge distribution data. By
comparing the two linear re}ations (i) and (9), we obtain the value of r.
 =(1.25Å}O.Ol) fm.
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    If we assume that the point proton deBsity distribution is also of the
Fermi-type (as we did for nuciear matter distribution), then <'r2>,h.,,. can be

written in terms of the half-density radius Rp, the diffuseness ap of -the point

protoB distribution, and the mean square radius of the charge distribution of
the proton itself, <r2>proton, as

                <r2>charge =" -ill- Rp2 1- ll- n2ap2+<r9>proton . (10)

For a re}ation between Rp and the mass number A, we use the same relation
as (7)

            R, -= r, A ii3 ll - -} (;.rc.iAap,2,,) + s-11( i;iilip,2,,)S+ •••l (11)

                                                     '
We finally obtain a linear relation for <r2>.h.,g. with A21S.

                <r2>charge ==grp2Ae13{- rr2ap2ÅÄ<r2>pr.t.n (12)

    The mean square radius of the charge distribution, <r2>,h.rg., from electron

scattering3i) is plotted in Fig. 5 as a function of A2iS. By least-squares iinear

futing, we obtained <r2>.h.,..= (O.799 l O.O06) A2!3+ (2.50 tO.12) fm2. By iRtro-

ducing the <r2>p,.t.. :O.64 fm2 and comparing v.alues from electron scatter-

ing with equation (12), we obtain r,==(l.154Å}O.O04) fm and a.=:(O.434
Å}O.O14) fm. These values are slightly modified by taldng into account the
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neutron charge distribution.S" Thus r,= (1.158Å}O.O04) fm and a,== (O.470
Å}O.O12) fm are obtained. If the diffuseness of the point nucleon distribution
is assumed to be equal to the diffuseness of the point proton diistribution, we
get the value of <ra>{.t=: (4.24 +-O.24) fm2.

    We notice that the value of r. extracted from the present experiment
is larger than that of rp obtained from the electron scattering data. In order
to show that stich a difference is common to proton .gcattering, linear fits
were made to the mean square potential radii from Perey's collectioR32) of optical

potential results at 27-32MeV and 47-52MeV inciclent proton energies.
These are shown in Fig, 6 and Fig. 7, respectively. The values obtained
are r.= (1.21Å}O.03) fm ancl <r2>i.t :(4.06Å}O.84) fm2 at 30 MeV, and r.

=: (1.19thO.02) fm and <r2>i.,=:(4.98Å}O.74) fm2 at 50MeV. Although the
30MeV data and the 50MeV data eonsist of optical potential parameters by
many authors and hence could contaiR many inconsistencies among the param-
eters obtt.ined due to clifferent fittlng principles, the r. and <r2>i.t va}ues from

the 30 MeV and 50 MeV data are consistent with our values, and r. is larger
than the r, value of 1.158 fm. From the analysis of the 800MeV-1GeV
data, it is concluded that r. is approximately equal to rp.

    One answer to t13is contradiction is to introduce a target mass number
dependence into the effective interaction range <r2>i.t. As demonstrated in
Fig. 3, the linear re}ation between <r2>,.t and A2'3 is confirmed and accept-

able. Therefore the mass number dependence to be introduced into <r2>i.t
must also be linear in A2'3. A recent arguinent3`) based on experimental
data and the experimental results from the Los Alamos Mesoik Physics Faci-
lity (LAMPF),38)'L"3) show that with a smali correction from the charge
distribution in the neutron itself, the difference between the root mean square
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radius of the point Buc!eon distribution and that of the point proton distri-
bution is less than O.1 fm, which is smaller than the error in our <r2>i.t-va}ue.

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

          <r2>i.t=: (O.132Å}O.O13)A213+ (4.24Å}O,24) fm2 .

According to the recent theoreticai work of Brieva9' on the nucleon-nucleus
optical potential using a realistic Rucleon-nucleon interaction, the exehange term

is repulsive in the nuclear center, whereas at the surface it is attractive.

AR exchange term of this type introduces a mass number dependence of
the effective iRteraction range, if <r2>int is defined cas <r2>int=<r2>pot-<r2>charge

+<r2>proton. Another souree of the rnass number dependence may come from
a small differenee between the point s)roton and the point neutron distribu-
tions, beeause 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 <r2>i.t is an empirical relation

and reflects various many body effects. The true origin of this mass number
dependence may be exp}ained by an elaborate microscopic calculation. The pos-
sibility of a target dependence of the effective interaction range has been
suggested already by B. Sinha.30} Our <r2>{.t-value ls larger than the GPT's
value28' of (2.25Å}O.6) frv}2. GPT's <r2>i.t-value was obtaiRed in the search
for the x2-minimum mainly of the cross section data because of the partial lack

of polarization data at that tirRe. By equally weighting the polarization and

cross section data we were abie to rednce the VR" type ambiguity and have
found a larger value for the mass number dependent <'r2>i.t-value. Bertsch
et al. also obtained a large <r2>-value (.v6 fm2) for inelastie 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 <r2>i.t does not have any mass number de-
pendence. Our <r2>i.t-values for medium weight nuclei are as large as the
one obtained in the Bertsch's calculation."'

6. The mass number dependenee of the effective two-body interaetion
    range dedueed from the optical potenlial for deuteron, helium-3
    and alpha partie}es

    The <r2>,.t-vafues for other light ion proj'ectiles were ca!culated and plotted

as a function of A3!2 in Fig. 8 for 56 MeV deuteron optical potential data,45)

in Fig. 9 for 109MeV and i19MeV SHe`6' optical potentials and in Fig. 10
for166MeV alpha particles.32' In each case the solid lines are linear fits by

the least square method and are expressed

        <r2>,.,=:O.859A2i3+8,62fm2 for Ed=:56MeV,
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        <r2>.., == O.843A2i8 + 8.78 fm2 for EtH. == 109 MeV , ll9 MeV

and

        <r2>.., =O.908A2i3+8.982fm2 for E. =166MeV,

respectively. If we combine all of these data, we notiee 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;

            <r2>pot=: -{}- rm2A213+ n2a.2 + <r2>int + <r2>&rojectile

                   5

where

            <r2>e,rojectiie==<r2>efiO.{W.`iie-<r2>gfiO.t,e.". and

<r2>XrOjeCtiie means the mean square radius of the point nucleon distribution in
the projectile. Thus the intersection in Fig. 11 is the sum of rr2a.2 -i- <r2>xrojectiie

and the mass number indepenclent part of tke <fi>i.t. The s}ope is the sum
of gr.2 and the mass number dependent part of the <r2>i.t. Using the for-

mula above and the electron scattering data for the <r2>eXO.'}W.t"ie-values. The

mean square radius of the effective two-body interaction <r2>int is ca!culated as
follows '
      ,
            <r2>i.t= (O.132A2i3+4.24) fm2 for proton

            <r2>i.t=: (O.087A2f3+2.45) fm2 for deuteron

            <r2>i.t = (O.075A21S+3.84) fm2 for helium-3

            <r2>i.t :(O.140A2i3+4.89) fm2 for alpka

These va}ues show that for the hard proj'ectiles such as protons and alpha
particles, mass number dependence of <r2>i.t is large aRd that for the soft
projectiles like deuterons and kelium-3, the mass number dependences of the
<r2>i.t and <r2>i.t-values themse}ves are small.

    The origin of such target mass number dependence and the projectile
dependence may be in the Pauli-princip}e. The a A2!S+b type mass number
dependence is divergent on A and is not preferable. But it has by far the
better xS-value than the a A-'fS+b type or the a A-2/S+b type dependence.
From the best of our knowlecige we conclude that the mean square radius
of the effective two-body interaction is a A2f3+b type. In that sense the
formula of <r2>i.t is an experimental one.

7• Comparison between experimentally obtained <r2>pot-value and
   mieroscopic ealeulations
                      '
    In the preceding section it was pointed out that there is a difference
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between <r2>..tt and <r2>,.t in the target mass numbey dependence. This dif-

ference was reduced to the mass number depenclence of the effective two-bocly
interaction. In Fig. 12 the calculated va!ties based on the recent microscopic
theories are shown with the experimental <r2>,.t-vaiues. The line !abeled
JLM is the calculation using the JLM mode!. A detailed explaRation of the
JLM calculation will be given in Sec. 9. Brieva and Rook calculated the <r2>,.t-

values of ieO, `eCa and 208Pb for several incident energies ancl their <r2>pot-

values varied smoothly with energy. The points labeled BR show the inter-
polation to 65 MeV protoR energy of the BR ealculatiQns. The BR calculation
reproduÅëes remarkably our experiinental values showii as the line labeled Kyoto

data, a!though the BR value for 20gPb is a little smaller than the observed

value. Calculations in the JLM model differ greatly from the experimental
vaiues (by 2tv5fm2) and cannot reproduce the slope of the mass number de-
pendence. LejeLme and Hodgson47) pointecl out that JLM calculation does
not explain the <r2>,.t-values and angular distributions, and must be modified by

introducing a phenomenological range parameter. Sueh a phenomenological
parameter, however, will mask the validity of the theory to study the dynamics

of the reaction. The main origin of the diserepancy 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 dependeRce of the effective two-body interaction at the

nuclear surface plays an essential role in explaining the A-dependence of the
<r2>{.t-value. It was already pointed out in nuclear matter theory that there is a

density dependence47) in the nuclear matter effectlve interaction. As the clensity

decreases, the effective two-body interaction increases due to the Pauli principle,

and the depth of the optica} potential well increases. But the A-dependence
of <r2>i.t is not explained by the clensity 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 Åëaleulation, the momentum sum up to the Ferml momentum gives another
contribution to the density depeRdence48' of the interaction, in addition to the

depndence coming expllcitly from the Pauli principle. From our present
knowledge of the BR calculation, we cannot discern the primary origin of
the A-depenclence of <r2>int.

8. Reet mean square radius of the point nucleon distribution of the
    larget nllcleus

    Applying the results obtained in the preceding seetion, we can extract
the root meaR square radius of the point nucleon distribution of the target
nucleus, as follows

            <r2>inigtt =: (<r2>pot -- <r2>i.t) ii2 .

where

            <r2>i.t=:4.24Å}O.24+ (O.132Å}O.O13)A213 fm2

The ealculated <r2>hiZtt-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 <r2>ts/:tt-values were calculated from the proton
MSR values <r?'>p and the neutron MSR values <r2>. of their data,3i)'33)
using the relation

               <r2>klZtt == (-IAV<r2>. + {i<.2>.) i12

    Although the LAMPF <r2>. and <r2>, values are model dependent, they
are thought to be relatlvely free from the dynamical effects on the nucleon-

nucleon interaction in the nucleus. We notice in Tab}e 3 that our values
agree remar}<ably well with the LAMPF results. This indicates the va!idity
of our proeeclure for extracting the <r2>i.t-value and the mass nurnber depend-

eRce of the effective interaction range. We have tlius obtained a new }inethod
to extract <r2>IA!Ztt va}ue from polarizecl proton elastie scatteriRg.

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

    In the folding model the volume integral ,JR of the rea! eentral part of
the optical potential is calculated as

' tlR": SV (re) (lro3

                  = Sdro3 Sdr3p (r) iVi.t (lr- rol)
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3. Volume integral per nucleoR and mean square radius of the real
   central part of the optical potential are listed together with
   error bars. '1"he effeetive interaction range and the nuclear matter

   radius are listed and compared with LAMPF-values. LAMPF-
   values are calculated by <r2>tstgtt,,=: (ill<r2>.+f<r2>,)ii2.
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     +O. 06I2. 35
     -O. Lt6
     -f- O. 02
14, 14
     -O. 06
     -Y O. 0714. 32
     -O. 23
     -l-O. 0614.92     -- O. 07
     ri- O. 05
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     -O. 28
     -l-O.Ol17. ors
     -O. 18
     H- O. O:1
l8. :39
     -O. 18
     +O.0718. 39
     -O. 09
     +O. 1618. 79
     -O. 10
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     -O. 10
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     (fM2)
ttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttt

     5. 08

     5. 21

     5. 34

     5. 46

     Jr.78

     s. 7,g

     Jr.89

     5. 98

     5. 9. 3

     5. 9. 8

     6. 03

     6. 13

     6. 17

     6. 24

      6. 22

     6. 26

     6. 31

     6. 35

     6. 87

     6. 89

     7. 05

     7. e8

     7. 87

     8. 87

     8. 89

       <r2>ehi"tter

' - -...I<yoto..

]9,,

illi

  (fm)
   LASI.

   3. 39

   3. tl8

   3. 47

   3. 57

3. 67 or 3. 70

   3. 86

   4. 25

   5. 55
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3eukenne, Lejeune and Mahaux.
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The volume integral value JR is proportional to the target mass number if
the effective two-body interactioB potentia} between the projectile and the
target nucleon is independent of density and ei}ergy. A linear fit to JR-
values confirms the approximate validity of the above assumption at 65MeV,
and the volume integral is expressed as

                      JR = (318Å} 3) xg MeV frn3

In order to show how the recent microscopic calculation explain the empirica}
volume integral values, JR/A-values are plotted as a function of incideRt pro-

ton energy in Fig. I3. The double circle point at 65MeV is the average
value of the Kyoto data. The open circles show the recent measurement for
"OCa by the Mi}an group.'3>'i"> 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 fittiBg to.the electron scat-

tering data as in JLM's work. The solid curve shows the calculation for
2e8Pb and the dashed curve shows the `eCa case. The results of Brieva-Rook
calculation are indicated by the points marked with a eross in the figure for
"e Ca and a08Pb nuclei; the curves connecting these points are only rneaRt to
guide the eye. As is evident from the figure, the ,JR/A va}ue and its bom-

barding energy dependence are reproduced remarkably well by the JLM
calculation. The local density approximation used !n the JLM model seems
to be effective for the JR ea}culation. The energy dependence and the den-
slty clependence of the nuelear matter t-matrix are directly reflected in the
JLM nuclear optica} potential. On tlie other hand Brieva and Rook trans-
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formed the nuclear matter t-matrix in momentum-representation to the t-mat-
rix in the r-representation uslng a suitable approxlmation. They then cai-
culated the optical potentials for finite nuclei by applying the folding approxi-

mation. The calculation of BR explains the empirical results at 30MeV,
but dev!ates 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 approxiination in their transformation to the r-representation.

    In Fig. 14 our JR/A values listed in Tab!e 3 are p!otted as a function
of the target mass number. Error bars in the figure were defined similar
as the error bars of <r2>,.t-values in Sec. 5 but ln tl}is case were cleduced
from the potential parameters at xki.(V.) =1.25 xZ (best fit),so the error bars

have no statistical mecanlng. Although observecl JR/A values scatter consider-
ably, we notice the following global behavior arouncl tlie average value of
t.rR/A =318MeV. As the mass number A increases, the JR/A value clecreases
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rapidly to the minimum in the Fe-Ni region and then increases gradual!y
toward the Pb-Bi region. This global trend is remarkably reproduced by the
JLM modei 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 stronger3)'") due to the smaller Pauli

blocking effect. The surface-to-vo!ume ratio is large in light nuclei. As
the target mass nurnber increases, the surface-to-volume ratio decreases as
A-if3 and the ,JR/A-value decreases rapidly. The second gradual increase is
exp}ained !n the JLM model by the isospin dependent interaction ancl by the
velocity dependence of the effective interaction. (As the mass number in-
creasses, the veloeity of the proj'ectile inside the nuc}eus decreases due to the

repulsive Coulomb potential.) This global trend in Fig. 14 ls 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 effeet

is included in the JR/A calculation. The rapid change in JR/A-values for
lighter nuclei evident in Fig. 14 is possibly evidence of the density depend-
ence of the effective interact{on.

10. A!iomalous isotope dependenee of the real eentral part of the
     o})tical polenlial in the .fLp shell regioma nuelei

    C. M. Perey and F. C. Perey analyzed the eiastic scattering of 11 MeV
polarized protons on 20 target isotopes from `S[lri to 76Ge. For the depth of

the real central part of the optical potential they obtained an anomalous linear

relation of Vn : Ve+crA wlthout the isospin dependence. At 65 MeV incident
proton energy a similar anomaly was reported in eur previous work.20) Our
previous conclusion was that there must be a linear mass number dependence
of V,r==-1.8+O.72(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 positlve as the mass number of the isotope
increases from 4eCa to 64Ni. In the case of the ordinary isospin dependence
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the s}ope must be constant. The observed behavior in Fig. 16 is anoma!ous
in this respect. As shown in Fig. 15, tlie global JLM microseopic mode}
predicts always the positive slope in this mass number region. So it cannot
explain the anomalous isotope dependence.
    Using our meean square matter radius data in Sec. 5 and the diffttseness

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.

                p (r) = .... .. .. .. .. ... . .P...9..... .. ..... ... ....

                       1 "- exp ( (r - R.) /a.)

where the R. value is calculated from the formula;

                <r2>nucieon -1- <r2>matt == -{}-Rm2 -- Z rr2a.2

                                   55

and a.=:O.470 is obtained in Sec. 5 by fitting to the electron scattering data.
<r2>nueieon is the mean sqLiare radius of a nucleon and is estimated to be as

same as <r2>proton (O.64 fm2).

    Using this density distribution and the JLM model, the volume integrals
of the real central part of the optica! potential are calculated for eacli target

nuclei. The calculated JR/A-values are shown in Fig. 17. The main part
of the anomalous isotope effect is reproduced by tke JLM model calculations
using our new matter distribution data. The origiR of the anomalous isotope
effect consist of two parts, the denslty dependence of the effective interaction

and the shell closure effect. For nuciei 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
reducecl accorcling to its density dependence. Thus for nuclei /!g53 the JA/A

value takes the negative s!ope versus the mass number. But in the figure
we notice clifferences between calculation ancl experimental clata, which wM be

explained only by the nuclear structure dependent effeetive interaction.

  JRIA
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ll. Conclusions

    We have systematically measured polarized proton elastiÅë scattering froni
25 targets at 65 MeV. An optical potential analysis gave good fits to both
cross section data and analyzlng power data. By plotting the mean square
radius of the real ceBtral part of the gptieal potential versus A2'3, we have
obtainecl the global systematics of the MSR of the potential as <r2>,.t == (6.42

Å}O.21) + (O.937 th O.O12) A2f3 fm2. Using the simple folding model aBd by com-

parlng with the charge distribution obtained by electron scattering, we found
that the effectix•'e interaction range has a mass nuinber dependence of the
form

          <r2>i.t == (4.24 Å} e.24) + (O.132 th- e.O13) A2!3 fm2.

    Assuming this mass number dependence of the effective interaction range,

we have obtained root mean square radli of the poiRt nueleon distribution,
which are in accord with the high energy I.AMPF data ,and reflect the shell
effect and the individual characteristics of the target nuclei. This mass number

dependence of <r2>i.t was shown to be different for different projectiles such

as d, 3He or ev.

    For nuclei of A<58, the .TR/A value decreases as tke mass number o'f
the target inereases. This rapid decrease was interpreted as evidence of the

density dependence of the effective interaction. The JLM model explaiRs
both energy and A dependence of the JR/A but cannot explaln the value of
<r2>,.t, and its A-dependence.

    On the other kand the BR calculation reproduces our <72>,.t-va}ues but
could not predict the .XR/A-values, especially the energy dependence of JR/A.
At present, each of the two global theories could explain the experimenta!
results only partially, but is found to be an effective guide in clarifying nu-

clear many body dynamics. The anomalous isotope dependence of JR/A is
explained qualitatively by the JLM density clependent interaction and the
matter radius obtainecl from our experlment.
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