Lawrence Berkeley National Laboratory
Recent Work

Title
POLARIZATION OF NUCLEONS SCATTERED ELASTICALLY BY NUCLEI

Permalink
https://escholarship.org/uc/item/1mp6170h

Authors

Fernbach, Sidney
Heckrotte, Warren
Lepore, Joseph V.

Publication Date
1954-10-13

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1mp6170h
https://escholarship.org
http://www.cdlib.org/

UCRLZZ%9
UNCLASSIFIED

s

UNIVERSITY OF
CALIFORNIA

- Radiation

- Y
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
- which may be borrowed for two weeks.
| For a personal retention copy, call
: Tech. Info. Division, Ext. 5545
\. /

BERKELEY, CALIFORNIA .




DISCLAIMER -

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL=2749
- Unclassified Physics

¢ OJ_L . v
Pl R T
UNIVERSITY OF CALIFORNIA |

Radiation Laboratory

Berkeley, California

Contract No, 7h05~eng;=h8

POLARIZATION OF NUCLEONS SCATTERED ELASTICALLY BY NUCLEI

Sidney Fernbach, Warren Heckrotte and Joseph V, Lepore

Printed for the U,S., Atomic Energy Commission -

1659 (195
Folr. 15



UCRL-2749

POLARIZATION OF NUCLEONS SCATTERED ELASTICALLY BY NUCLEI

Sidney Fernbach, Warren Heckrotte and Joseph V. Lepore

~ Radiation Labofatoz:y9 Department of Physies
University of California; Berkeley, California -
October 13, 1954
ABSTRACT

A study of the nucleon polarization to be expected when nucleons are

- elastically scattered from nuclei is presented. The polarization effect is a

éonsequence of the fact that the nucleon-nucleus interaction may be represented
as a complex spihadependent potential. The existence of such an potential is
suggested by the nuclear shell model and the spin dependence of the nucleon-
nucleon interaction. Qualitative argument.s ére advanced to determine this
potential in terms of the nucleon-nucleen interaction. _Alphough the polariZagioﬁ
effect is by no meané confined té‘elastic scattefing it is in this case
particularly useful since thé large diffraction cross sections observed éxperi-
mentally insure relatively high yields of polarized particles, A number of
studies ﬁave been carried out, for both neutron and pmton'scatt.erihgjs which

show that almost full polarizatioh can occur, The calculations have been.
carried out using the W.K.B. approximation as usually applied to the nuclear
optical model, The method has been checked by carrying ocut an exact phase shift
analysis for a particuiar case, TheAresults show that studies of nucleon
polariiation can illuminate some aspects of nuclear structure since the polarization
depends on the particular nucleus used as a target as well as upon the form of the

interaction°
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POLARIZATION OF NUCLEONS SCATTERED ELASTICALLY BY NUCLET
Sidnay Fernbach, Warren Heckrotte and Joseph V. tepore

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

I. INTRODUCTION
The existence of a nucleon-nucleus spin dependent interaction is

suggested by the fact that the nucleon-nucleon potential is itself spin

1
dependent ; moreover such an interaction is an essential feature of the

nuclear shell model,
Such an interaction should manifest itself in a polarization of.

L 2 v '
nucleons scattered by nucleli.” Although the polarization effect is by no

- means'confined to the case of elastic scattering this process is particularly

intérésting and useful since the large diffraction cross sections found

.experimentally insure a relatively high yield of polarized particles.

The elastic secattering of nucleons by’nﬁclei can be described by
the treating the nucleon-nucleus interaction as a cémplex potential.B The -
imaginary part of the complex potential represents the effect of all procésses
not leading to elastic scattering. If in.addition to a complex central |
potential there exists a spin dependent potehtial‘the elastic‘seattefgd

nucleons will be polarized. As a consequence of the complex potential a

Born approximation treatment of the scattering will lead to‘é non-vanishing

polariZation in distinction to the case of a purely real potential-where the
Born approximatlon always 1eads to no polarization since it leaves intact |
the relative phase relations of waves of different values of the orbital

angular momentum,
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For low energy nucleon Scatt;ering c;ne may expect that the
polarization will reflect the characteristics of the spin-orbit potential
~of thé shell model but at high energies it is certainly more sensible to
expect that the nucleon-nucleon ﬁoten?:ial is diréctly effectivéﬁ. since the
incident particle can then "éee“ individual nucleons in the nucleus.

An estimate of the polarizatioh effect for a spin zero nﬁcleus can

be made by assuming a complex spin dependent interaction of the form
¢ S | -, =5 - -
V(r) = V@(r) + Vs(r)GoL o (1)

-

Here ‘c_s‘z _and L represent the épin and orbital angular momentum of the

nucleong V®_ and V@ are in general complex potentials depending on the

nuoleor; ‘caordiné\‘:e -z-?c, The parameters characterizing them should be chosen

to fit as well as possible the observed data on nucleon-nucleus scattering.
The scattering cross section and poiarization to be expected from such a ’

5
potential are given by

> -y - -
{QS_: = A +' BG‘°,m ' . (2)
d-n— | | |

and
sy 3% »,
P(e) = AB + A'B r
do/d -

o » . (3)

A and B represent the amplitudes for spin independent and spin dependent.
'.scat%eﬁng respectively. The vector © is the homal ‘i_:Qo the plane of
scattering and is determined by o

iy

kK x ¥ g}?kzsine, L (&)

o -
‘where le- and k' are the initial and final momenta, respectively.
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To make a crude estimate of . ‘;>'valid at small anglea-for'tbe case

of carbon, V will be assumed to be real sqnare well of size

1/3

x 102 cm and of 2 Mev in depth, If B 4is estimated by the .

Born approximation it is purely imaginary, As a consequence one naédﬁonly

know the‘imaginaryvpart of A, For small angles this is approximately _v

proportional to the total cross section for nucleon-nucleus scattering.

ImaA = X7 | S ®
= | |

One may therefore use the known -experimental values6 for CY’ and dG’/dJL—

in this formula and in the denominabor of qu (3) These values

S = 0,288 x 10 Zh cm s and dG' (5 ) = 0. 725 x 10 -2 cm ' yield a
dn- ‘ ,

polarization at O = 50,
| ¥(s*] ™7 ok | ()

'for 300 Mev neutrons incident on carbon,
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 II. THE NUCLEON-NUCLEUS INTERACTIONS
Thg nuc;eonunucleus interaction for a spin zero nucleus, must be

. ‘
linear in the spin vector C - . Accordingly,”the_uSual optical model of the
_ _ ) 7

N

nuacleus can be generalized by the addition of a spin-orbit potential

v

VeVt Vool . : )

Vé, the central potential, is in general complex, énd is usually taken to be
" of some simple algebraic form which is assumed to be proportional to the
density of'nucieons in the nﬁcleﬂso The functional form of Vs can be
canjectured8 (by the analogy with spin-orbit potentials in a numbervpf pther
instances) to be of the form, | ”

V(r) v LA V), | (@)

r dr . , -

(although in genéral Ve is a complicated integral operator). Rather ‘than
appeél to these analogous situations, however, one can show that a similar
~ dependence is a éimple consequence of the nucleon-nucleon interaction.

~ We begin with the identity

(9)

VHUO

§0
et
cC_——
(]
o
o
-3
g,
*u
x
L {
<
o<
[» 9
3
.

where V 4s the optical model potential and ‘yg' is ﬁhe wavé function 1 Iz
desgribing the elastic scattering of the iﬁcident nucleon; V, in general,

| éan be a differential or integral operator. We assume.now that thé equivaleht'"

potential of the nuclean-nucleus.interactibnv=which-describes elastic scattering

=-the optical model pctential--can be exbressed in terms of the individual
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nucleon-nucleon scattering process.. That is, we write

=
ikf °X aly “"ikf 0

VY (x) = S ’ dk, ﬁ*(l,m,n) Tg(l,m,n)
R G ) 2

o

- e
771/ (r,) d?o dar) oo dF
(10)

_5;(190009 n) 1is the ground state nuclear wave function. T. 45 the transition-

X

‘matrix for scattering between the incident and the x’°th nucleon. In a

9

momentum representation, T,  has the form’

9, : o
(k'l T’(‘ -it) = a(z', -l’i) + :i.(;zo(.l-(”g x _l’:) -b(;’,-l’c) + (terms containing G'PK ).
) (11)

We will limit ourselves to spin zero nuclei so that terms of Tx containing
Crk' will drop out. |

The equivalent potential as defined by Eq. (10) is subject to several

10

assumptions. These are the impulse approximation™ and a partial neglect of -

- multiple scattering,ll Subsequent assumptions which are necessary to reduce
- this expression to a more tractable form, amount to a complete neglect of the

" role of multiple scattering in defining the potential.

To evaluate Eq. (10) we will assume that the nuclear wave function

can be represented by the independent particle model,

Sl cem =1 To g () g )

_ S, q9 .
-/}?af" P | ‘1 n (12)
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This specialization is not necessary but it éimplif'ies the formal manipulations.
Introducmg the Fourier transforms ¢ (k) and 1}) (k) of . ¢ (r) and
XK

'%(r) respectively, Eq. (10) becomes | S - o

B =ikeex v - 9 9 > = :
W o= 1 dk & (Kot k - ke) 8, (&) YL(k,)
% W &e £ Z Q(K o £ Q(Kb | 7}”@ o/

(13)
Assuming that the functions a and b of Eq. (11) depend only on the
momentum transfer for a given inéident wave ‘numberlcs the T matrix in the
above equation will be independent of _712' Or, one might assume, since it is

presumed that k, >> k, that it is safe to neglect the dependence of the T

matrizx on 1. In either case the above integral can be rewritien as

B : . . __, 'ﬁ '

. kX ., =i(kg -k g -

vyo= 1mge f'xdkfe ( )r Q()( ~ % 'T{§g>
(2m? - 2 2

-

, - -
x }uo(ko) dk, dr

(14)

Wh. . . . ) _ S
ers N o | “ﬁf'



UCRL-2749

-8e

Substituting Eq. (11) for the T matrix and letting g = (ks - k), one finds

ig‘?(;.‘--;') X l : -y ey =~ ' .
o &) [ate, ko) + 45, @ x ) 2o v

Vo= 1
emil
o | | KX .

. _ -
The vectors ; and l; can be replaoed by gradients operating on the
appropriate exponential funection, Assuming in addition that the functions

a(g, ko) and blg, k ) are independent of k,

a.llowed by w)l/ (k ), one obt,ains,

vy, = (Vl(x) - S @’ V(%) X V) #/(x) e |

over the range of values

where
‘ ige( % - r)
V&= __1 ge | e(r) a(a) dg a
(21’ ,
17)
: . > = = :
o ( igex -7 > -
Vo) = __1 Se e(r) b(g) dg dr
(2m)3/2
Since V, and V, are radial functions, we may write
. ’ ‘ ) —3 q .
Vs V(x)# L g_, V(x) Sk . (18)
x dx X .

. We noté that é.(g) 'a..nd» b(g) can be éxpressed as functions of
angles in the nucleon-nucleon cent.er of mass system by the relat.ion
g = 21{ sin 9/2 where k and 9 ‘are the wave nunber and angle of scattering;
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in the center of momentum system. In the nucleon=nucleus system;

g = 2k sin /2 where k and € are the wave number and angle of scattering

in this system. The relation between the two is

k = 2k _ \ V¢ )
ang V | ' ' (19)
6 ~ 8/2, “

Now if the extent of the density distribution is R, then the range
of values over which a and b contribute is given from an examination of

Eq. (17) ] by

R - ' (20)

or

Now, if a and b as a function of angle do not change appreciably
gver this angular range, the expressions for the potentials may be approximated

by

)
89

1 a(0) € (r) |
| (21)

v

0

2 .b(O) 6(3!') ]

‘where a{0) and b(O) are the values of a and b 4n the forward

P
. \_f'\"‘
PR

direction., These equations are just the familiar result ‘expressing the {3

i2
equivalent potentials in terms of the forward scattering amplitudeo
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It follows that the radial depéndence of the spin orbit potential
 is indeed propo?tionai to % g; Vc(r)° This dogs not however appeaf to be
true in general; but only to the‘extent of the validity of the assumptions
made in the de;rivatioho At much lower energies‘ (< 100 Mev) where one would
.expect multiple écattering to become quite important, this particular.form of
the spin orbit potential is questionable? It should be noted also that the
coefficiénts of 53§ in the ;cattering matrix (Eq, (ll)) would enter into the
definition of the equivalent potential as a result of multiple s?attering;

In most applications of the qptical modeig the éoefficients..a(o)‘
aﬁd b(0) ;re, for a given radial dependence P (r), fixed phenomenologically, ‘
‘80 as to yield thé.diffraction and inelastic cross sections and the angulér |
distribution, Thévscaﬁtering at large angles depeﬁds however on the specific
éngular behavior of a and b, and this is ignored in the usual aﬁplications
‘of the optical model. |

In the remainder of this paper the optical model potential will be

‘'written in the following form:

st 0@) A 14 pE T (22)
4 rdr

N

where u, w, and /u,_are constants with the diﬁénsicns of energy and a is
‘a constant of the dimension of length. The radial aependence of the central
well is given by e(r)- which is normalized to unitj for r = 0. The sign
of the-spin orbit potential is taken to be the same as for the spin orbit
paiential of tﬁe shell model, assuming that f>(r) is a radially decreasing

~ function,
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III. CALCULATIONS

The one particle Schroedingéf.equation for the scatterihg problem is

2
[“’ﬁ,‘, Vr”(u-ﬂ-iﬂ) e(r) 4 L2 d Q(r)c_i:lu/”fﬁk v,

T

(23)

where k 1is the incident wave number. The wave function U/ has the

- asymptotic form

R v

ikor

1// = e A, T HO)e ikr

(24)
5 A

‘where ;{iﬁc is the spin function of the incident nucleon, and f£(8) is
the amplitude of the scattered wave at infinity. From simple invariance

arguments £(8) must have in general the form

(25)

ine

£(8) = [A(e)+ S B(é)] X

where T 4is the unit vector normal to the plane of scattering, For an-
unpolarized incident nucleon, the differential cross section and

bpolarization are given by5

_.s:,, Qa[ +IB)\ <§Z§>

(26) it
P = AB 4+ A'B_ . "
|42+ ]B/z

For the case of polarized incident nucleons, do~ becomes,
_ - . d4-n-
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_% - (m Hal}[wp ] | " ; (275 .

where nginc- is the polarization of the incident nucleoﬁs énd fg is defined
as before. ‘

In general one cannot hope to obtain an exact of explicit solution
to this scattering problem. Aécordinglyp'SQIutions will be obtained on the

basis of two approximations. The first of these is the Born approximation

.and the second is the W.K.B, approximation applied to the evaluation of the

phase'shiafts° Aa will be seen, one must go beyond the first Born appraximation
to bring out all of. the features of the pel&rization phenomenaa
A. Born Approximation |

For high energies (w300 Mev) and for the lighter nuclei it has been
13 . , o
pointed out  that the Born approximation yields a qualitative estimate of
the amount and character of the polarization phenomena. The fact that the

first Born approximation yield a polarization is a consequence of the use of

‘a complex central potential,

The scattered'amplitude can be readily evaluated in the Born

_ approximation and is given by

<_2_n;@_3‘f(6) = A(8) + &3 B(e)
=) o

whgre | g : _
A = § agent ) ) P ar (228)_ v
B0) = i sine | sl @,M 4 em) P

g
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- Here g 4is the momentum transfer and jo and 31 "are spherical Bessel

functions. Using the fact that
2 - 2 :
x" J(x) = 4 (=7 §; (x))
: dx '

‘and performing a partial integration on A(8); one can show that

P dr

A(B) = =1 S Jiler)(u + iw) [;L, 4 Q(r)] r dr. (29)
P |

Except for the factor sin @, A(@) and B(®) have the same angular dependence

and the scattered amplitude can be written as . '

u + iw

-1 ~ ‘ )
<§;2@> £(8) = (1*%:;, sin @ K &az ) A(e) .

(30)
The polarization is given then by \
| | 2 2 /2 |
pe _+ 2 aluw/u? WP sin 6.
1+ kh a'l"/A2 sin2 e/(u + wz) - (31)

The pol#rization is thus independent of the shape of the nuclear pdtential
except that wu, w, and /Maz imusﬁ be adjusted to yield the experimental
total and absorption cross section for & particular choicé of the radial
dependencéo This also predicts that the observed bolarization will be the
same for éll nucleiolh' Since the result depends on the Born appraximation
thqugh, this can only be expected to hold for the lightest nuclei.

.A similar calculation can be done in the Born_approximatioh using

the potentials as defined by Eg. (17). We let

alg) = - ay(g) - iag(g) T - (32)

iy
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. 1 __
differe,ntial angular dist.tibuti_on and the polarization are ‘given then by

where a, and a_ are positive‘ numbers for small values of 'g, (or 9201 ’l'he

(ﬁ2/2m) £(8) = <a_,+ iéI ~ {27 sin @ K2 Q(GI/g)S jl(gr)(% «g; Q(r)) ‘rB df .

(33)

~ 2 2
p . & e g/ﬁa; __ eine .

v 2 2
1+ K2 ai sin2 G/Ial
This is #n identical result to Eq. (31) except that the constants  u, w, .
and. /uaz have been replaced by angular dependent functions which will have
the effect of modifying Eq. (31) at iarge angles,

The polarization obtained with the Born approximation can be expected

. to hold only for forward scattering angles. For larger angles, the angular

dependence of B(®) relative to A(6) changes sufficiently to introduce -
large corrections to the Born approximation result for the polarization,
particularly in the region of the diffraction minima. ' Thus, it is principally
in thes'.e bla.t'cer regions that model dependent features of the polarization can

be expected to appear. The more accurate calculations of the next section will

~ bring thié__out.a :

B, W.K.B, Approximation

. In this section, the scattering problem will be solved 'in tgmﬁ _of
the conventional phase shift vvexpan"siong Since it is not possible in
general to obtain closed expressions for the phase shifts, it is necessary

to appeal to approximate methods., The ‘s‘implest and most apprqpriat.e for -

this case is the W.K.B. method.
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The spin dependent potentj;al of Eq. (23) becomes, when reduced to

radial form referring to the {-th partial wave,

"VZ = = (u+ iw) '(’(r)+ /"~32 4 er) L o |
: r dr . ' '
(34)
- 2
V, = =(u+iw) p(r) = 22 4 p(r)(L+1).
I () -— 2 ¢ .

The superseripts (+) and (=) refer to the spin up (J = f+ %) scattered
nucleons and spin down (J = £ - é) scattered nucleons, respectively
The £-th phase shifts in terms of the potentials are given in the
wW.K.B, approxima,tion by the following equatiomls
3 o0
| Si = [kz m? V;et - S»@'Fézz:) dr = S[kz - (f‘l’zézz]é dr ,

2
r T

(35)

| where the lower limits are to be taken at the zeros of the integrandsa Under

the assumption that V;é: << E , one obtains by exp;mding the radiecal,
t <2m (r)r dar - ,
g{e = X S ) ’e I 9 ' (36)
k. 2 : -
y [m - ] |
.
ky = (£+ %) .

, . . 16
It has been pointed out by Pernbach; Serber, and Taylor  that this expression
'is equivalent to ﬁhéir more physical approach to the problem of high energy

scattering from a complex potential well.
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The expressions A(8) and B(8) from which the scattering cross

section and polarization are to be calculated are given in terms of a phase

- shift ,expané_ion : bys

- A(e‘)‘ = 1 Eoo’ [(,@-/- 1)ex§‘(1$+)si§8++£acp(1éé) 9158“]?0
T o £ | 2" 74 Z £
B . o0 - . + . - - - 1 "
-B(e) = w% 2 [ eécp(i <§€ )smé?e - exp(igf )sinée ]lie o

. The various potential models which will be considered and the éxpres_sio_ns for

thév phase shifts obtained from Eq. (36) are as follows:

 1s Square well:

+ ‘ 2 s S
V- =z =(u + iw) - A8 §(r - R) . ,. r <R
A R -(Z+1)) '
N , 4 '3 -
T2 vt iwoam)s . A (ke) S, L KR -
51_'*“‘"5‘“()1”’&:%%1* L] oL+ 1) gz -4
\ )
S, =0 A= -1}



2,

30.

Parabolic well:

AI‘W."
VZ = ~(u+a0)(1 - r2/R?) - 2/*:2 N
| R =(£+1)
+ 3 2 X
§ = sutdw 2(kR)S) 4+ A (ka) S
y E 3 A7 E 5 4
. : o (Z+ 1)
t
-82 = 0, S R
.22, - 'I : “';2. ¢
E :ﬁk/an, f(g<1~(_fkin.é))
Gé.izéSian well:
22 £
+ . -X7r
: Yf = =(u+iw) e - %/4& K e
| | =~(1+ 1)
1 K7 *? 7
SZ = éu+§.w< ) +/‘“a <§?L>e
B oo m sy oo (Ard)
k

UCRL~2749
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4. Coulomb potential:
) vV o= _Z}__Q_, r >R} Vv o= g_gf_
B R
o - St |
2y = (2 ‘{ﬁx{k“g:f) ] s

Ty

- UCRL=2749

(th%gé“;) ﬁn (’é * é) ‘[GO!IAlOmb phasevshi_ftl |

3

o 2. %8
= - ( £+
5 = @-(F))
Square Parabolic Gaussian well Coulomb
well well A B pobtential
hew) | o 18 0 53
Lw(Hev_) 18 . 30 89 76
ua2@tev-ca®) | 5 x 1072 | 4,77 x 107 | 9.85 x 10720 | 17.6 x 10%¢
cy 3, LE N
R(cm) 1.44%107 | 1.68310713 1,254310
. : .1 11
3 , 23 =13 | 223 -13.
{1 (em) (—%)éA310 @29&31@ |
| 3 3
3 TABLE T

Numerical Values of the Nuclear WelllParameters'Used in the Galculatians,
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The values of wu, w, /~32; and the radius or shapevpagameter must
now be picked for each well shapég'so that théVCalculated,total and
differential scattering cross sections for a given well'shape égree with
the experimental cross sections. Unfortuﬂiaﬁely, the meaéured neutron=- ' wd
nugleus cross sections at 300 Mev are not sufficiently extensi#e or precise
to fix the potentials unequivocélly; The values of u, w,./*az,‘and R
which are used are consistent with the available datal7 and serve as
representative valués° These are given in Table 1; The central potential
for the séuare well is given by F‘ernbachﬂ,l6 The central potentials ahd
ra&ii for the parabolic and gaussian wells have been determined by a similar
anélysis for these well shapesol8 The values of the spin-orbit potentials
which are given correspond roughly to the same volume asva square well Qf
 radius 3 i 10“13.cm and a depth of about 1 Mev. This is also about the same
strength as the spin-orbit potential of the shell modal°l9 Unless the actual
- value departs greatly from this; this should serve as a representative value.
| To calculate the coulomb phase shifts it was aésumed that the coulomb
_ potential was constant for distances less than the indicated raﬁius, regardless
of the assumed nuclear well shape. This waé done for numericai simplicity
and shouldryield reﬁresentative results.,

The scattering cross section and polarization has been évaluabed by
thé above meth;d and for the above poténtials for 29O Mev neutrons incident
in carbon, These results are given in Figs., 1 to 4. The scattering croéé
section and polarization has also been evaluated for 290 Mev qeutrdns and 5#5
protoﬁs incident on aluminumzq for a parabélic well éhapé; Thesé résults'are'

given in Figs. 5 and 6.
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In addition té'tﬁé’abOVQ'cal¢uiationé, the scattering cross section -

“and polarization was also evaluated for 290 Mev neutrons ‘on carbon for the

‘case where both central and spin-orbit potentials were square wells. The

pdtentiai”ﬁakén was o
=| -+118)-2) Mev,  r
| ~(L+1)

AN
w

X
Y

"Thisméalculation, besides being done by the W.K.B. method, was also done by

an exact phase shift caléulgtianI on the UNIVAC at the University of
California Radiation Laboratory at LiVermOré? The results for the>polariiation
are gi?en‘in'Fig;w7; The 'angle at which the peak value of the polarization
éégufs:ié shifted to the 1éft by a few degrees by the approximate method,

Otheriise the two results are in éésenfiallagreements-thus-giVing some idea

 of the validity of the W.K.B. approximation in these calculations,

On the basis of these numerical results, a number of qualitative
features of th; scattering process, which reflect a dependence on the nuclear
well §hapé’éhd aééoéiatéd”paramétefé; become inmediately apparent . Aside from
their bearing on the interpretation of the experimental results they are of

some interest of themselves.

(a) "Differential angular cross section:

A comparison of the calculated differential cross séetions for the

© square well;Jpaiﬁbolié”ﬁell’ and gauésian’well'Shapes;’shows the ‘effect on

“ the angular distribution by the rounding off of ‘the potential- distribution.

The rounding of ‘the" well shape decreases the magnitude of the second maximum
relative to the first and moves it to larger angles. The effect~is nost
pronounded in the gaussian. It is of interest to note that the minima and

secondary maxima still persist in the gaussian; since in the Born approxiﬁation
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treatment of a gaussian Eptential gégpe, these effects are absent .

In addition one notes that thé troughs of the first defraction minima
are relatively shallow as compared with the usual calculations.v This reflects
the presence of the scattering caused by the spin orbit potential, which
tends to fill up the trough of the minima. This is of interest since tﬁesa
,deep minima have never been observed experimentally in the scattering of
nuclééns from nucle#.

(b) Polarization:

The calcuiated results show that in all the cases considered large
polarizations are obtained. The magnitude othhe polarization does not.
reflect to any expenﬁ model dependent featuresvjor parameters of the general
values chqsqd, One notes from an examination of the Born approximation result
that the polarization will be small only if the real central potential is
lafgé'ccmpared to the imaginary centfal‘potentiﬁl. This situation does exist
-~ for nucleon energies below 100 Mev andAone_would therefore expect £he measured
* " polarization to be considerably smaller at lewer»energ‘ies.z2
| | The sign of the polarization is negative (excluding the small region
of‘the_dip),, This means physically that an incident beam which is polarized
perpendicular and "upward" to the incident dirécbion:and plane of scattefing .
- will be preferentiélly scattered to the left (Bq. 27). If the sign of the
spin orbit potential is reversed, the sign of the polarization‘will be reversed,
The change 1n‘magnitude and shape of the polarization curve ngl be neglibible. .
The most striking feature of the results is the double reversal in
the sign of the polarization in'tﬁe neighbqphood of the'first diffraction |

mipiﬁumq This double réversal of sign or dip i3 a oénsequenée'of the fact
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"that the functions A(8) and B(8) in the scattered amplitude héve slightly

different periods of oscillation. -The dip may be regarded as a diffraction
>phenomenqp,_ 4 cqmparigon of the results for the various potential shapes
show @hat if the real’potential‘is_zero (or sufficiently small).compared'to
the imaginary potential, the dip is not eliminated by the rounding off of the
square well. 1If, however, the real potential is increased sﬁfficiently

relative to the imaginary central potential, the dip is essentially elimiﬁated.

Furthermore, for a given central potential, the dip is made more prominent as
‘the radius is increased, as illustrated by the calculations for carbon and

‘aluminum using the parabolic well. It should be noted that the inclusion of

the coulomb potential so as to describe the scattering of protons, decreases

the magnitude of the first,maximum of the polarization and widens the angular

~ width of the dip, Thus, the dip is more easily resolved with protons than with

neutrons, aside from experimental considerations.
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IV, COMPARISON WITH EXPERIMENT.
The measured differential cross sections and polarizations obtained by

23 for the scattering of

Chamberlain, Segre, Tripp, Wiegand, and Ypsilantis
290 Mev protons from @ -particles, carbon, and aluminum are ghown in : -4
Figs; 8,’9, and 10, These resulﬁs are also included (without noting the ,
experimental errors) in the‘previous figureé one throughféiXx:”Thé‘ékperimentalv
‘angular cross sections which are drawn as a dashed lines in Pigs. 1, 2, andLS
' are the agiﬁhmetic éverage of the left and right scattering; that is, the \
differential angular cross section for an unpolarized incident beam.

One notes first the similariﬁy between the polarization for
' —particles and cafbon targets thaﬁvexists out to an angle of about 30?0
f_This experimental result is in qualitative agreement with the Born approximation
resﬁlt that the polariéation is independent of the tgrget nucleus.

Aside ffom this qualitative agreement with the theory, a detailed
cohparison of the experimental results with the calculated results show
réﬁher significant discrepancies, particularly'for carbon, One notes; for
carbqn, that there is neither a first diffraction minimum or a dip iﬁ the
polarization. The second maximum for the square and parabolic wells is
‘ larger than the experimental cross section at the same anglej while for the
gaussian well the calculated cross section falls below the experimental cross
section at thérlarger anéleso The qﬁestion of the presence or absence of a

dip in the measured polarization for carbon can be put aside because of

v
o

uncertainties in the nuclear well shape and associated parameters° The prin—
cipal discrepancy with respect to the polarization is at large angles where .

" one finds that the éﬁperimental polarization drops off to essentially zero,
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while the calculated polarizations remain large eﬁcept‘in the immediate
neighborhood of the dip. The latter situation also exists for aluminum,
where, although the dip in the pelarization exists in qualipative agreenent
with the calculated results, there is a diocrepanoy at the larger angles
similar to that for carbon. |

‘One can look for the origin of these discrepancies in two possible
directions. First; there éro the experimental difficulties associated with
the 1arge angle scatteriﬁg. Secondly, there is the question of the validity
- of the assumed potentials for describing the scattering at the large angles,
?hese two points will be considored in order. |

| Aside from the experimental difficulties imposed by the low

intensities and the requirements of angular definition, that have been met
in:the data presented, the principal difficulty exists in the separation of
- the purely'elaotic scattering from the inelastic scattering corresponding to
the excitation of the low lying nuclear. levels. The data as presented
" certainly includes some amount of this inelastic scattering. In the forward
direotions where the elastic scattering cross section is large the inelastic
scattering undoubtedl& offers no problem, At large angles (say > 20°) the
two could easily be combarableaz3 It is known that for the soaﬁtering of
100 Mev nucleons from carbonzh the differential cross section for exciting.the
low lying ouclear levels is comparable to the elastic scattering cross section
at large angles. If this is the case at 300 Mev, the.inelusion”of this
inelastic scattering with the elastic might result in the filling up of the
. diffraction minima,25 The presence of the inelastiec éeattoring would tend to

resolve the difference between the calculated and experimental cross sections
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.for the larger angles if one.aésumes_a éﬁussian Q;il shape., It is not
-_ abparent that this woﬁld_be so for the assumption of square or’parabolic ’
wells, In addition, since the inelastically scattered particles would not
 be éxpectedlﬁo be;polarized as much as the elastically scattered particles,
the_inclusion of some-inelastic scattering would "dilute® the pqlarizatipﬁ of
the elashic scattering and possibly account for the égallness of{%he’measurad
' polarizatien,
An observation which seems to contradict at least the latﬁer statement,
| ,is the striking similarity between the polarization obta;ned for helium and
-carbon targets, For certain, the inelastic scattering from the q"wpafticle
is of & negligible amount; which (assuming the Born approximation result) leads
one to believe tha£ tﬁe-ine}astic scattering present in the carbon data does
_not change the polarization appreciably.
| The preceding gispussion suggests tha£ some of the discrgpancy between
- the experimental and calculated results can be atiributed io'the effect of an
inadequaﬁe representation of the nucleon-nucleus interaction., The discussion
in Section II pointed out that an arbitrary potential well model will not be =
likely to describe thezlarge-angle scattering accurately, since it mgst contain
implicitlﬁca deséription of the nucleon~nucleon scattering, To the extent thgt
the Born aﬁpraximation is valid, this is seen directly in Eq. (33). It:ig
apparent that the angular behavior of the functions a(g) and; b(g) will
modify both the angular distribution and the polarization whiéh.is obtained
from a simple well model. The polarization in particglar will show this
modification, since for the lightest nuclei the aﬁgular dependence of the

. polarization is characterized entirely (except for the factor sin 8) by the

functions a(g) and b(g). These functions are probably decréasing functions
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of the angle in the angular range of interest here, The.diScrépancy between

-the calculated and measured polarizations can probably be aseribed to this

: circumst.ance,26 Conversely, for a light target such as the Of'wpafticleg

the méasured polarization offers a further condition‘onvthe:nu¢le0nmnucleon
interaction beyond hhat which can be obtained from nucleon~nucleon scattering
experiments. |
The lack of a diffraetién.minimﬁm and pacondary maxinum for carbon and
their rather minor character for aluminum ié probably more a reflection of the
well shépe than the angular behavior of the functions a(g) and b(g). From

these calculations no definite conclusions on the well shape can be drawn,

* though they certainly suggest the necessity of a long tailed potential well.

- The uncertéinty'introduced by inelastic scattering is;, of course, not to be

ignored. &\ v
" The' calculated polarization for aluminum is in qualitative agreement
with the experimental result, The discrepancy at the larger angles can be

ascribed to the same basic reason as before. Since, however, the Born approxi-

- mation has ééaséd‘to be-vaiid'for'this case; the angular dependence of the

polarization is no longer characterized by a(g) and b(g) alone. It should
be noted that for the particular parameter éssociaﬁedVWith the parabolic well;
the dip in the'pélarization is effectively suppressed for Carbon, but does
occur for aluminum, The fact that the dip in the caleulated polarization
occurs at 'a. somewhat smaller angle than is experimentally observed may be a
result of the approximate nature of the calculation (see Fig. (7)).

The calculated differential angular cross section of protons scattered

from aluminum is larger than the experimental cross section in the angular
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region 8% to 1500_ This indicates that the real central potential uséd is too
large and should be reducedl(changes in the real potentiai have a small éffect
on the total cross section at these engfgies)° This would also increase the {
polarization in the same angular range as above and increase the width of the
.dipo This would 1mpr§ve the agreement between the caleulatédbénd'measured
palérizatiqno _ | .

It should be noted that the coulomb potential has a substantial effect
~ on the polarization of protons scattered from aluminum (and naturally for
heavier ﬁarget nuclei also) for angles less ihanv ~ 15°, - The in&erfe£ence
between the nuclear scattering and the coulomb scattering offers in principle
a method of determining the sign of the polarization. However, neithér'the
calculationg nor the experimental results are sufficiently precisé as they stand
" to -establish the sign of the polarization, | |

In.connection wiﬁh the preceding observations, the results of the
calculations of Tamor27 for the polarization of nucleons scattered from spin
zero nuclei should be noted. His caleculation is done in the impulse approxi-
mation and thus his résult is equivalent to that of Eq, (33)9 He has in
addition, howévar, expressed the transition matrix in terms of the nucleon-
nucleon phase shifts and used the nnmerical values for the phase shifts given
by Goldfarb and Feldman, and Swansonozs The spin dependence of the nucleon~
nucleon potential is given by a tensor force. Tamor!s results ars in -
qualiﬁative agreement with the experimental results and our calculations; o
_Oné point of particular-intereaﬁ.is the sign of the polarization;ﬁhich he Y

‘ J
obtains, which is negative. This agrees with the gign which we have obtained - .
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using a*Spineorbiﬁ_potentiallof the same sign as the shell model spin-orbit

‘potential, Accordingly, the tensor force leads to the same sign.of the spin-

. v : _ ' 2
orbit potential at these energies as that‘of the shell model. 9- A comparison

of his numerical results with Eq. (31) also leads to an estimate of the magnitude

of the spin—orbit potential. This ¢an be simply done and yields a wvalue of

13

the order of one Mev gfﬁuaz'l for a = 3.10 ° om; Eq. (22)).
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SUMMARY

The spin dependence of the nucléon»nuclear interaction mﬁst‘be of a
spin@orbit form and 1£ was shown that the radial form of the‘spinmorbit'
potential is to a first approximation proportional ﬁo 1 d  of the central
potential. - This result was obtaihedvassuming'the impulge g:proximation anﬂl
- neglecting the role of multiple scattering. In gdditiohs it was pointed out
that the optical model potential must implicitly contain the characteristics
of the nucleon-nucleon scattering in order to describe large angle nucleon-
~ nucleus scattering.

The differential angular cross section and the polarization of nucleons
was calculatea in ﬁhe Born approximation and on the W.K.B, approximation. To
the extent of the validity of the Born approximation,:tﬁe polarization is
1ndependeﬁt of the size and shape of the nucleus. This result can only be
aigggted to hold for the lightest nuclei and for forward‘scatteriné angles,
Thé}experimental results for the-palarization of protons scattered from heliuﬁ

"and carbon are very similar out to angle of 30°‘and bear this result out. The
W.K,B. caleulations were made for square, parabolicy and gaussian well shapes,
'Thq parameters aaéociaﬁed with these well shapes were chosen to fit the measured
total and elastic scattering cross seétions for 300 Mev néuﬁronsQ ‘The strength
of‘the spin-orbit potential was choéen‘in avery case ﬁé_oorresbond roughly to
a square well of one Mev depth and radius equal to that of carbon. A large
degfee of polariéation was obtained in.every case, 80 that the magnitﬁde of the
ﬁolérization does not reflect model dependent'featureso The moét striking ‘gJ

characteristic of the polarization is the double reversal of the sign of the
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polarization in the immediate region of the diffraction minima; and may itself

‘be regarded as a diffraction phenbmenac' It was found that the presence of the

- dip in the polarization depgnd& on the relative magnitude of the real to the

J _
imaginary central potentials and on the size of the nucleus. A comparison

of these calculated cross sections and polarizations with the experimental

- results for carbon showed in general a rather poor agreement. The calculated

- polarization remains large at'large angles except in the neighborhood of the

dips while the measured polarization becomes quite small at an angle of 3000

Although experimental uncertainties introduce some ambiguity in the interpre-

‘tation, the discrepancy at large angles can undoubtedly be attributed to the

inadequacy of the optical model potentials used. For; as pointed out, the
large anglé-scattering depends to some extent on the details of nucleon-
micleon scattering, which must therefore be incorporated into the optical
model potential. The experimental and caiculated results for aluminum ‘show a
somewhat better agreement since a lérger part of the elastic scattering‘ia
confined to smaller scattering angles.

A comparison of these calculations with those of Tamor's in which
hé utilized the calculated nucleon-nucleon scattering amplitudes show that the
tensor force in the nucleon-nucleon interaction leads to a spin orbiﬁ,
p?tential at ﬁhesevenergies of the same sign as the_spin~orbit potential of
the shell model. A further comparison shows also that the magnitnde of the
spin-orbit potential uaéd in these calculations is consistent with the |

nucleon=nucleon tensor interaction.
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