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EXTENDED ELECTROMAGNETIC STRUCTURE EFFECTS ON
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‘ R. J. Slobodrian
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University of California
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January, 1966

ABSTRACT

The corrections to low energy lSO p-p scattering parameters, arising

from the extended electromagnetic structure of the proton, are calculated in

the conteyt of nuclear interactlon models without' a static core, with a soft

core and also with a hard core of radius rc~=~O.MO f. A comparison of the

corrected lSo‘p—p scattering length "neutralized" with an approximate formula

(ap)n is made with the lSO n-n scattering length a , recently determined by

reliable experimental methods with reasonable accuracy.
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I. INTRODUCTION

The accuracy of the measurements of proton-proton scattering cross
secFions in the low energy region (between O and 5 MeV laboratory energy) has
called in the paét for refined calculations of>departures}from the simple
Coulomb potential energy term VC = ee/r, like the vacuum polarization contri-
bution,l’2 or the point magnetic dipolé moment interaction effects,5 the
latter proven to be unimportant“ on the assump£ion that the singlet-S nucleon-
nucleon inﬁeraction is due to a static potential with a repulsive core.5
Recently a calculation has been reported in order to determine the beafing of
the corrections due to the electromaénetic structure of the nupleons6 on charge

7

independence. Such calculation was carried out using a hard core model for
the nucleon-nucleon interaction. The shape indepéhdent parameters for p-p
scattering were kept constant and the corresponding parameters‘for the n-n and
n-p scattering were calculated. However, it is accepted prgsently that there
are no theoretical reasons to believe that real hard cores exist, although no
clear statement can be made concerning the nucleon-nucleon interaction at

very small disfances.8 The hard core assumption has to be looked upon as a
calculational simplification of the repﬁlsive effects observed ét about 300 Mev
in the singlet S-wave phase shift.9 Therefore it is advisable to explore the
corrections to low energy proton-proton scattering parameters in ﬁhe light of

11,12

10
soft core potentials and velocity dependent potentials. The latter

have been preferréd for mathematical reasons in calculations dealing with
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12,13 and also

applications of nucleon-nucleon potentials to nucleér‘matter,
for calculationé of the triton binding ehergy.lu It has been suggested in a
recent letter12 that a major source of the reduced masses encountered in phe-
nomenological nucleon-nuclear potenﬁials arises frbm the explicit‘velocity
dependence of the nucleon-nucleon potential itself. The velocity dependent
potential of A. M. Greenl.l generates a central cofe dynamically, and at iow
energies the core is negligible. In order to 1illustrate this point Fig. i
shows the radial dependence of the effective potential expressed by Eq. (2.4)
of Ref. 11. The velocity depeﬁéent potential of A, E. 5. Green and Sharma12
for £ = 0 is attractive at low energies and it becomes Strgngly.repulsive at
high energies, as illustrated in Fig. 2(a) of Ref. 12. |

Several recent lettersl5’l6

and papers17 haye dealt with the analysis
of the reputedly very accurate phase shifts obtained from low énergy P-p
scattering experimentsl8 in terﬁs of séattéring parameters, and . also with
comparisoné of the latter with theOretical.values obtained from different.
models for the p-p interaction.lu Tt has been cjiaimed that best agreement Qas
found with the Coulomb-corrected-partial-wave dispersion relation (PWDR).lu
The boundary condition model (BC) was ruled out becéuse‘it gave thé wrong sign
for the so-called shaspe parameter P.ll'L The conclusion was'based Principally

on the dgtermination of the parameter P from the experiﬁental data; such a:
determination has been the object of doubts by G. Breitl9 and of subsequent
critical analysié96;l7 It is no longexr clear tﬁat the value of‘P is firmly
established.-.The vacuum polarizatién correction (VPC) due to Foldy and

Eriksenl dominates the curvature of the low energy.region, and as it is not

yet possible to claim a stable value of the curvaturel6 (and of P), the accuracy

of this correction Yas not been established for S-wave p-p scattering. Finally,

the comparison made in Ref. 14 did not include corrections of the scattering
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parameters due to the extended electromagnetic structure of the protons.

IT. CALCULATION'QF'THE ELECTROMAGNETIC CORRECTIONS
If one believes in a quantum méchanical Hamiltonian formulation of the

proton-proton interaction, it should be describable in terms of a potential

= + + )
Vop = Vi * Ves T Vy ? v, (1)

where V_ is attributed to nuclear effects, is the energy due to the electro-

N
static interaction, VM is due to the magnetic dipole interaction and X Vi_is the
v i ,

contribution, if any, of other interactions that may be present. It is usually

Ves

\

assumed that 3 Vi is very small compared with the remaining terms, and it is
i : -~ ,
safe to ignore it. The S-wave scattering is described by the well known amplitude

1t 2is

£(0) = £,(0) + ze e °-1) G

‘ 5 o
where Qo = Arg I'(1 + i1), n is the Coulomb parameter, 7 = e /(hevlag (i is Planck's

constant divided by 2m, e is the charge of the proton and Viab is the relative

velocity) 60 is the S-wave "nuclear" phase.shift and fc is the Coulomb scattering -
amplitude. Of course .(2) has to be adequately symmetrized. The accuracy of the

experimental information has required the consideration of P-wave contributions

2
and also relativistic corrections to 7. ©

Conventionally it has been assumed that V = VC and the nuclear field

ES
was parametrized in order to obtain the phase shift 80 in agreement with the

experimental value. This step, as is well known, is relevant for the comparison

potentials,zl and also in the near future with n-n potentials, in
22,23

with n-p lSO

view of the increasing accuracy and reliability of n-n scattering parameters,

in order to settle the old questions of charge independence and charge symmetry
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of the nucleon-nucleon interaction.

The high energy electron scattering experiments6 have proven beyond
doubt that there is a positive extended charge in the proton with an rms
radius of 0.8 F, and also a distributed magnetic moment of slightly larger
radius. It is the purpose of this paper to present some calculations con-
cerning the effects due to the electromagnetic siructure of the protons on low
energy S-wave p-p scattéring parameters using the first order perturbation
technique employed earlier by Foldy and Eriksenl to correct for vacuum polari-
zation effects. We will assume that the charge and magnetic dipole distributions
overiap at short distances without appreciable distortion.

Concentrating momentarily on the electrostatic effects, let us state
that if the protons are pictured as uniformly chargéd spheres of radius R the

potential energy is given by the w211 known expressions

5
Vi(r) = SH (gR5 - %Rrg + %ETB - i%6 ;5 r5) 0<r<Z®2R (%)
R~ R
e2
Vo(r) = r > 2R (L)

where -r 1is the distance beiweeﬁ the centers of the spheres.and. e is'the
electric charge of each sphere. If the radiué of the sphere R 1is taken equal
to the rms radius of the actual charge distribution the resuits do not differ

. . kéquv

appreciably from a more realistic calculation, using a charge density p =

The potential function of such a charge distribution is given by

0() - e[}- el %)] (5)
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The potential energy of two such exponential charge distributions.can be
obtained in closed form, but it.is too lengthy to be presented here. The
same applies to the term due to the magnetic ihteraction.gu Fig. 2 .
. summarizes the results, it also includes the potentiél-energy of a point
- charge in fhe field given by (5).
Preseptly it is customary to use the followingvrepresentation for the

e>

low energy p-p scattering

a2 1.1 .2 3 4
F=Ckecotd + %h(n) = =+ gk . Pr, k"
. . 0 )
+ Qre5k6+.... _ f ~(6)
' ' M E 2 T o
where c® - —52377-, K2 - 25 , R = d 5, h(n) = Re; (:; L m N
. e~y 2n Me A ’

(E is the laboratory energy, - Mp is the prbton mass ) n is again the Coulomb
parameter, r, is usually called effective rapge and .P.'shape parameter;' The
last term written explicitly in expansion (6) contains another shape dependent
parameter, Q. The very accurate data-available.tOday at five energies between
O and 3.037 MeV, together with some higher energy data dé not favof e term in
k= of comparable importance with the term in ku at 3 MeV. 6 The same conclusion.
is reached in the light of theoretical calculations for different weli shapesig'7
Consequently we will dignore the k6 term fér the time being. -

It is convenient for the following calculation to use the function

K = RF = A + BE + CE° ' (7
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employed aléo by Foldy and Eriksenl’2 fdr thé VPC.. E is'thellaborafory energy

of the érotgné. It‘is_clear'that_if the electréstatic energy, within some

range, is’not givén by.ee/r but rather by functioné like tﬁose of Fig. 2, the
electrostatic energy. has been overeétimated. Consequentiy what is confentionally
aﬁtributed-fo "nuclear" iﬁteraction contains iﬁ'paft effects of thé excess of

electrostatic energy

V=V, =V D ()

A

Vd can be classified as a short range perturbatidn. To correct this we can

calculate the change induced in the function K by a pOtential‘énergy change

AVES = ' V’d.
dipole potential VM’ here we would have AMM = VM.

Analogously we can handle the effect due to. the extended magnetic
As long as the quadratic’
~ term of (7) is small we can make use of first order perturbation theory and

.

calculate XK (&K = BAE) as

| MpCQR R, 5 |
AK.= _%5—— [d AN(r) u (r) dr‘ - L N (9)

where

- u(r)
u(r)

5 oy

;Tr)vcot.So + G(T)J[lv;‘e-?(r - rcﬂz¢>;r

1

0 s ‘ ‘ ' r<r

F(r) and G(r) are the regular aﬁd irregular Couiomb.wave functions adequately
normélized. The parameter £ 1is chbsen so as to give thevcorrectveffecﬁiVe'
range re for the nuclear potential if the'Coulomb iﬁteragtion is negiected
within the range of the nuclear forces. The parameter fc is the core-radius,

which can be taken to be zero for an effective potential like the one proposed

by Refs. 11 or 12. For a soft core potential of the Gartenhaus type;O u(r)

ff;jg
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was calculated numerically. The cut-off radius Rf was‘taken to be 1.6 F
for the electrostatic correction célculation, and h.O,f for the magnetic dipole-
contribution,:in order to achieve a relative accuracy of abopt 0.01% in the
¢alculation of both corrections. Table I contains the results. The energy
dependéncé of the different LK corrections is'wedk, and therefore a linear
interpolation is'adéquate to obtain the values af energies other than those
listed in the table. It is apparent that the electrostatic correction due to
extended charge effects is largely compensated by the magnetic dipole cdntri-l
bu£ion,Tab1e II exhibits thé totalzgxrz AKES + AKM (égm qf tbe electrostatic
and magnetic corrections), the function K coﬁtains already the.VEC. It 1s
worth while noting that the corredtidn-AKT caiculaﬁed usingja model without a
static core is of opposite sign than the one given By models~with a. soft or a
hard core. Reducing the core radius would therefore produce é'cancéllation
of the magnetic and electrostaticvcorrectiQns at a finite value of r,- .Table I1T
shows the parameters-obtainéd through shape dependeﬁt (sD) and shape ﬁndependent
 (SI) fits to the values of K' given in Table II. The 'SD fits are also given
excluding thé‘point aﬁ 0,3825 MeV,. in order to indicate»the rather strong
dependence of the parameter P  on it,l6 and élso because:the method of détér-

0]

mination of the lS phase sﬁift for such a point differé froﬁ the more
conventional one employed férvthe remaininé féur points. ’The_exclusion of this
point froﬁ the SI fits produces'small changes in the SI scattering pafameters,
quite close fo thé changes indubea by such eXcluéion in the SI parameters of |
the SD fits, and therefore they are not reproduced in Tablé~III.

An inspection of Table III reveals that the'uncertainty of the.scat-

tering length due to the extended electromagnetic structure of the proton is

much greater than the errors quoted in Ref. 15, because of the lack of a precise
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knowledge of the wave function at small distances. It is about 1.3% whereas

the errors are 0.1% for the SD fit and 0.06% for the SI fit.

| IIIn CHARGE SYMMETR¥'
" In order to establish the degree of validity of the principle of charge
. symmetfy it is necessary to compare the‘ﬁneutfalized" proton-proton lso scat-
tering 1éngth (ap)n with tﬁe neutron-neutron sqaftering length, for which

22,23

significantly more accurate values have been produced recently. To that

effect it is advisable to perform the cofrections AKES due only to the extended
charge of proton on the function  K, " because the n-n eléctromagnetic cor-.
rectioﬁsvand the p-p mégnetic dipole effects are nearly equivaléht, and thus
the resulting (ap)n can be compared directly with the recenf-values for a -
Table TV contains the values K" of the corrected‘functién, and Table_v shows

the resulting scatﬁering pgrameters.f.Presently’the éomparison can be bésed on
the SI parameters and £her¢fore on the SI fits to‘thé experimental data. The
recent reliable values of a are as foilows a = 16EM 1.3 F22 and & = 16.1

1.0 F.25 It seems permissible to average both valﬁes, and consequently we

27

can adopt a value ag = 16.25 * 0.8 F. If we now use the relation

_ Pn g ‘- 0;550} ) ' (11)

e

it
O [
+
pred o

(all the symbols are asvdefined earligr) we can calculate the "neutralized"
values of the proton-proton scattering length, and compare with the value of
the neutron-neutron séattering length én. The last column of Table V shows the
vaiues of‘(ap)n; The best égréeﬁent corresponds to the value corrected for
extended charge effécts in a model wiﬁhout static core. The total spread of

values of (ap)n is about 7.2%, thus corresponding to changes -in the potential
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parameters of a few tenths of a per cent.

Iv. CbﬁCLUSIONS

There are two main consequences of the.effects due to thelextended
electromagnetic structure of the protons.v The first’is that the corrections
to be performed to account.fof such a stfucture, bearlén ﬁncertainty dué to> the
lack of knowledge of the interaction at'very small distanceé, much greater than
vthe present accuracy permitted by the low éhergy e#perimeﬂtal data. Due to the
approximate nature of Eq. (11), the second consequence can be stated:tentatively
as follows: A model without a static core is more ponsistént with the principle
of charge.symmetry than_models-with a static core, or than a‘model'neglecting the
_eleétromagnetic étruqture of the protons; Conversely, if thevpfiﬁciéle of charge
symmetry is taken for granted, the evidence‘seemsAto favof models wifhout a
static core. |

Finally, one bhould also remark that there are some effects~oﬁ the re-
maining scattering parameters, but they:are\presently within the experiﬁehtal
errors. However if Wauid be valuable to attempt afmeasﬁrgme;t}xﬂ'the n-n
effective range with high accuracy, in order to throw édditiohal light on the
validity of the principle. of charge symmeﬁry.28 It wouid make possible a ﬁore
categorical statement concerning the choice of_modél for the nucleon-nucleon

interaction in general, and alsc about the interaction at very small distances. -



Table I. Corrections of the values of the K functiona: Columns I to V contain the corrections due to extended
charge effects: Column I corresponds to & point charge in the field of an exponential distribution, column II
corresponds to the overlap of two uniformly charged spheres of radius R = 0.8f, column IIT corresponds to the
overlap of two exponential charge distributions, columns IV and V contain the corrections due to the overlap of
exponential charge distributions with a hard core of radius r = O.4f and with a soft core respectively. Columns
VI, VII and VIII contain the correcticns due to magnetic dipoie effects; column VIT contains = the corrections
with a hard core of radius rc = O.4f and column VIII corresponds to a soft core.

. Ela'b - . LK
MeV I I III v -V VI VII VIII

0.1000 -0.092715 -0.106502 -0.121335 '-0.015260 -0.052500 0..097406 0.033855 0.0567hk
0.1562  -0.092793 -0.106571 =0:121375 -0.015282 -0.0323L0 0.097u83 0.033873 0.056770
02777  -0.092929 -0.1067k1  -0.121666 -0.015309 -0.0%2386  0.097741 0.033953 0.056901
0.3999  -0.093058 -0.106879 -0.121875  -0.0153L5 -0.032469 0.097881  0.034053 0.057071
0.6249  -0.09%289 -0.1071kh  -0.122167 -0.015400 -0.0%2591  0.098199 0.034180 0.057286
0.9764  -0.093708 -0.107619 -0.122733  -0.015509 -0.03%2782 ~ 0.098835 0.03L4486 0.057664
1.7359  -0.094558 -0.108574 -0.123855 -0.015730 =0.033206 ’0.100901 0.034954 0.058555
2.4997  -0.095437 -0.109554 -0.124989 -0.015946 -0.03361k _0.101570 0.035466 0.059407
3.9057 -o.O97ou9 -0.111369 -0.127077 -0.0163%36 -0.034380 0.103718 0.036339 0.060971:
6:9&55 ~-0.100477 -0.115221 -0.131663 . -0.017204 -0.036087 ~ 0.108665  0.03837% 0.064266

aTabulated values of the Coulomb Wave Functions were used

for the calculation:
Wave Functions Vol. I (National Bureau of Standards, 1952); A. V. Luk'yanov, I. V. Teplov &nd M. K. Akimova
(Whittaker functions) (The Macmillan Company; New York, 1965) and references therein.

M. Abramovitz, Tables of Coulomb

—"['[_

*A2Y 22C9T-TEDN



Table II. Extended electromagnetic structure correction to the values of the K function AK Column I
corresponds to a "no core" model (or to a model with a dynamic core like the one due to Green (Refs. 11,
12)), column ITI corresponds to a hard core calculation with r = O.4 f, column III corresponds to a soft
core calculation. Tge table is given for the energies at Whicﬁ very accurate experimental cross sections
have been measuredll

E K I | | IT 111

lab _

MeV - N K' XKy K' KK, K'
0.3825 3.86561 -0.023916 3,88893 A 0.018699 3.84631 o.02u59o' 3.8L042
1.397 . L.35428 -0.023709 'u.37799 0.01911L - 4.33517 0.0251L0 L.32014
1.855 L.57406 -04925655 C h,59771 0.0193%06 4.55475 0.025472 4.54859
2.1425 L.8k212 -0,025403°  4.86552  0.019k92 4.82263 0.025751 4.81637
3,037 5.133518 -0.023%%8 5.15652 ‘ 0.019705' 5.11347 0.626908 5.10627

it

—a‘[-

ARy 22¢9T-TddN



I7. Calculated scattering parameters from least squares fits to the corrected values K' listed in

Teble 1
Table II The lines numbered 1-4, 2-5, 3-6 correspond respectively to the K' values of columns I, IT and III1
of Table II. The lines numbered 4,5 and 6 are obtained excluding the experimental point at 0.3825 MeV. For
comparison the parameters obgained from the point charge assumption are transcribed, together with predictions
of the B.C. and PWDR models. ‘ '
PARAMETER A B . c ., . oA r_ P
MeV MeV P £
MODEL:
EXTENDED CHARGE .
1 3.70336 0.48667 -0.002770 7.7827 2.804k9 " 0.0300L4
2 3,66086 0.48638 -0.002727 7.8731 2.8032 = 0.02963
SD 3 3.65477 0.48688 . -0.003002 7.8862 2.8061 0.03252
b 3,71159 0.47895 - -0.00108L4 ©T7.7654 _2.7604 0.01234
5 3,.66873 0.47900 -0.001118 7.8562 2.7606 0.01272
6 3.66095 0.48071 - -0.001595 . T7.8729 2.7705 0.01795
3.7090h  0.h7727 - 0" 7.7708 2.7507 0
3. 66644 0.47712 ' 0 7.8611 - 2.7498 o
SI 3 3.66092 0.47669 0 7.8729 . 2.7h73 0
POINT CHARGE - R o o | T
"spP 3.6793h 0.48690 - -0.002767 7.83%2 2.8062 0.0299
sp® : N A 7.8284+0.0080 2.79% . 0.026%0.01k
_ : , o - £0.026 - :
st o A ‘ o 7.816310.0048 " 2.745 0
, o , o . - *0.01Lk
Bc® . - | o 7.8009 2.687  -0.036
PWDR™ S o o 7.8259 2.786 0.02k

8see reference 15

. _ : ' . ' . . 1
bValues.calculated by the present author. The slight discrepancy with the values of Refg;ﬁs well within experi-
mental errors and is of no consequence to the arguments presented in this paper.

'QT'

*A9Y 22¢9T-THIN



~7

S

Snd

I\ RN 1

L O TIPL N

A

Table IV. Extended charge correction to the functicn Column I corresponds to a "no core" model
(or to a model with a dynamic core like £Be one due to Green ), column II corresponds to a hard core
calculation with r, = 0.4 £, column IIT corresponds to a soft core calculation. The function K is
already corrected for VP effects. '

Ep K- I | - i 111 :
MeV | o Ta K" S M - K" ; A S | K" -
0.3825 3.86501 -0.121777 3.98679 -0.015340 5.88035 -0.032457 3.89747
1.397 4.35428 -0.12320k 4 L7748 -0.015631 4.36991 . =0.033017 4.38730
1.855 4.57406 -0.124097 u.69816 . =0.015789 4 .58085 -0.033318 - L.60738
2,425 L.8L212 -0.124649 4.96677 -0.015925 4.8580L -0.033574 4.87569
3.037 5.13318 -0.125605 5.25878 -0.016095 5.14928 1-0.055907 ~ 5.16709

s

-'z'[..
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Table V., Calculated scattering parameters from least squares fits to thé correcfed values K" listed in
Table IV. The lines numbered 1,2;3 correspond respectively to the K" wvalues of columns I, II and III of
Table IV, line & contains the values of the fit to the uncorrected function K. The column (-a )~ contains

the "neutralized" p-p scattering length, to be compared with the average value of two recaﬁ?rellable
experiments a = - Q6. 25 * 0.8,
PARAMETER A B . ¢ . e ro o (-a Sh
, Mey ™t Mev 2 PR B | )
1 3.800L5 0.48853 -0.002821  7.5839 . 2.8156 0.03025
2 3,69u62 0.48712 * -0.002749 7.8011 ©2.8075 . 0.0297h
SD 3 3.71350  0.4853h  -0.002259 7.7615 2.7972 0.02L471
L 3.6793k 0.48690 - <0.002767 - 7.8332 2.8062 0.02990
1 3.80627  0.4789k 0 7.5723 2.7605 0 - 16.10
ST 2 3.70026 0.47779 0 7.7892  2.7536 0 17.14
3 3.71728 0.k7805 0 7.7536 2.7551 0 16.96
L 3.68771 . 0.47657 0 7.8157 2, 7466 0 -17.29

e

- A3y 22¢9T-TH0N



10.
11.

12.

17.
18.

19.

-16- A UCRL-16322 Rev.

REFERENCES

Leslie I,. Foldy and Erik.Eriksen, Phys. Ref, 2§;v775 (1955).

J.o

E.

R.

R.

H.

R.

M.

J.

 Erik Eriksen and Leslie L. Foldy, Phys. Rev. 103, 781 (1956).

S. Schwinger, Phys. Rev. 78, 135 (1950).
E. Salpeter, Phys. Rev. 91, 994 (1953).
Jastrow, Phys. Rev. §l, 165 (1951).

Hofstadter, F. Bumiller and M. R. Yearian, Rev. Mod. Phys. 30, 482 (1958).

. Hofstadter and R. Herman, Phys. Rev. Letters 6, 293 (1961); D. N. Olson,
. F. Schopper, and R. R. Wilson, Phys. Rev. Letters é; 286 (1961).
. E. Schneider and R. M. Thaler, Phys. Rev. 137, B8T4 (1965).

. Amati) Rapporteuron Nuclear Forces (Comptes Rendus du Cohgréé Tnternational

Physique Nuclfaire, Paris, 1964, Vol. I, page 60).

. S. KShler and Y. R. Waghmare, Nucl. Phys. 66, 261 (1965).

. Gartenhaus, Phys. Rev. ;gg, 900 (1955). . | -

. M. Green, Nucl. Phys. 33, 218 (1962), Phys. Letfefs_;;;156:(1962);
. E. 8. Green and R. D;‘Sharma, Phys. Rev. Letters 1k, 280 (1965).

. Folk and E, Bonnem, Nucl. Phys. éé, 515V(1965). |

. K. Srivastava, Nucl. Phys. 67, 236 (1965).

Pierre Noyés, Phys. Rev. Letters, 12, 528 (196L4) and Refs. therein.
J. Slobodrian, Nuovo Cimento (to be published) and UCRL-16408 (unpublished).
L. Gursky and L. Heller, Phys. Rev. 136, B1693 (196k4).

E. Brolley, J. D. Seagrave, and J. G. Berry, Bull. Am. Phys. Soc. 8, 604

(1963), and Ref. 15; M. L. Gursky and L. Heller, Bull. Am. Phys. Soc. 8,

605 (1963), P. F. Dahl, D. J. Knecht, and S. Messelt, private communication

to

G.

H. Pierre Noyes, Ref. 15.

Breit, as quoted by D. Amati in Ref. 8.



20.

21,

22,

23.

2h..

25,

26.
27.

28.

-17- . - UCRL-16322 Rev.

David J. Khecht S. Messelt, E. D. Berners and L. C. Northcllffe, Phys.
Rev. 11k, 550 (1959), and Refs. therein. - o X

H. Pierre Noyes, Phys. Rev. ;;9,'2025 (1963).

_R. P. Haddock, R. M. Salter, Jr;, M. Zeller, J. B. Czirr, and D. R. Nygren,

Phys. Rev. Letters 14, 318 (1965).

e E. Baumgartner, H. E. Conzett, E. Shield and R. J. Slobodrian, to be published.

and UCRL-16528 (unpublished).
Approximate numerical ekﬁaﬁsionsefor VES and VM can be found in Ref. 7.

L. Hulthen and M. Sugawara, Encyclopedia of Phyeics* ed S Flugge Vol. 39,

- Bpringer Verlag (Berlln Gottlngen, Heldelberg, 1957) . and Refs therein.

R. J. olobodrlan, (to be published).

- J. D. Jackson and J. M. Blatt, Rev. Mod. Phys. gg;‘77 (1950); Note that

~

Ref. 17 contains a qualitative comment based on "some S-wave'phase shifts
computed.: by Signell" » in apparent contradictlon with the present Ref. and
our statement.

Such a measurement seems feasible using the eompariSOn technique ofﬁRef. 23,



-18- ' , , UCRL-16322 Rev.

FIGURE CAPTIONS

Fig. 1. Effective potential of A. M. Green.ll The solid line is the étatic

Fig.,

part V'(r) for singlet even states. The dashed line : is the small effect

due to the dynamical core for E = 6.9435 MeV. Thé dash dot line is the

lab

resulting V'(r) adding the dynamical contribution at E = 6.9L435 MeV.

lab
The dash double dot line is the radial dependence of the static central
(tensor and spin- orbit) potentials V(r).

2. Potential energy due to the electrostatic and magnetic dipole inter-

action. ' The dashed line corresponds to the poiﬁt charge model, the dash

dot line corresponds to a point charge in the field of an exponential charge

O . 1 ‘
o = ke r) the dash double dot line corresponds to :two uniformly charged

spheres, the solid.line corresponds to two exponential charge distributions
consistent with the electron scattering experiments. The dash triple dot

line corresponds to the extended magnetic dipole interaction..
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