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Neutron Polarization in (p, n) Reactions and Nuclear Optical Model
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The polarization of the neutron produced in a (p,e) reaction is calculated under the assumption of a
direct mechanism for the reaction. The "cloudy crystal ball" potential modi6ed by the spin-orbit coupling
term is assumed to be the neutron-nucleus interaction. The model is applied to the reaction Si"(p,l)Ps' for
Xv=6 and 6.5 Mev. The maximum negative polarizations ~—I5% come in for the center-of-mass scat-
tering angle g~75'.

I. INTRODUCTION

'HE theory of (p,st) reactions as proposed by
Austern et al.' has been successul in the inter-

pretation of the differential cross sections for (p, rt)
reactions measured oB the pronounced resonances of
the excitation function in the medium energy range.
In this energy range, for most nuclei, the direct reaction
mechanism should. be the primary mechanism operative
rather than compound nucleus formation.

It is well known that the neutron produced as a
product in the (p, st) reaction is polarized. The polariza-
tion of neutrons from the Li'(p, st)Be' reaction for a
rather low energy on and near resonance was inves-
tigated'' under the assumption of compound nucleus
formation.

On the other hand, it seems interesting to calculate
the polarization for the direct-reaction mechanism in a
manner similar to that used for deuteron stripping
reactions.

The "cloudy crystal ball" potential of Feshbach et al. ,'
modified by an additional spin-orbit term, has been
successful in the description of the elastic scattering of
polarized neutrons. ' This model was applied by Cheston'
to (d,p) reactions, for which a stripping mechanism was
assumed at deuteron energies ~3 Mev. The same
model is applied here. ' Since the direct-reaction
mechanism for the (p, rt) reaction is used throughout
the present paper, the extent of disagreement between
the predictions and eventually forthcoming experiments
will indicate the extent to which the direct mechanism
is not suitable at the proton energies considered below,
i.e., 6 Mev.

II. CALCULATION

Following Austern et al. ,' we assume that the neutron
which is initially the most loosely bound (with a spin-
zero core) and which is in a state of orbital angular
momentum l; and z-component nz;, is knocked out from

' Austern, Butler, and McManus, Phys. Rev. 92, 350 (1953).' R. Adair, Phys. Rev. 96, 709 (1954).' A. Okazaki, Phys. Rev. 99, 55 (1955).' Feshbach, Porter, and %eisskopf, Phys. Rev. 96, 448 {1954).' Adair, Darden, and Fields, Phys. Rev. 96, 503 (1954).
'%. B. Cheston, Phys. Rev. 96, 1590 (1954).
7 Most of the general considerations presented herein were

reported in a preliminary note: J. Sawicki, Nuovo cimento 2,
1322 (1955).
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the surface of the nucleus by the incoming proton
which is then captured into a state of orbital angular
momentum ly and z-component my. In the free-wave
(Born) approximation, the matrix element for the
collision in the "outside" region (r&~re) is:

f
Mrs= do„do„d)dr„dr„pr*p~]

Xexp( —ik„r„))t,„*(o.) V„„y;Q;]

Xexp(ikv r„)x»(o„), (r„, r„&~ ro) ('1)
where

0'&cj= Z «"(J'»'' rrt*'tt )4'(i'rttt)X '( )&o(5)

PEW' = 2 « i(i,t; ~x,t ')1( (i,~ ) .'( .)A(5);

where P(l,sst) = single-particle orbital, @o($)=core wave
function; y„(o.)=nucleon spin function; Cti's are the
vector addition coefficients. Similarly, as given by
Demeur' and Satchler, ' we employ the zero range n-p
interaction: V „=Vv8(r„—r„).

On assuming that the outgoing neutron will scatter
in a spin-orbit potential, exp(ik r„)xo„(o„) in (1)
must be replaced by:

4 [js )= Q Q ts*(L,Mz)Czi(J, Mg,'Mz, tt )
I„MI, J,Mg

Xi/( J, L, Mz) (2)

in the notation of reference 6. The expression

exp(ill, r,h.,(a,)
is replaced in the notation of references 6 and 7 by:

The incident proton wave is now assumed to be
distorted by a nonspin-dependent potential. There are
indications that, for the numerical examples considered
below, the inQuence of an eventual spin-orbit coupling
for the proton is rather small and results in smaller
absolute values of the neutron polarization. The

H. Demeur J. phys. radium 16, 73 (1955)' G. R. Satchler, Proc. Phys. Soc. (London) A68, gp3$ (1955).
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proton energies considered here. The inQuence of the
nuclear distortion of the incident proton on the neutron
angular distribution and the polarization is shown
below to be very small. (This was stated for only the
angular distribution 6rst in reference 1.)

If l;=0, the polarization is due to the spin-orbit
coupling of the neutron scattering potential only (see
below). On the other hand, if I;WO, the polarization
eGect enters, even if one introduces a central inter-
action. It seems, therefore, interesting to investigate
the I;=0 case for the case of LS coupling. After all, the
l;=if=0 case considered below is the simplest one.

The reaction matrix elements for this case are easily
obtained in a manner similar to that used in reference 7.
With arbitrary normalization, they may be written in
the form:

M(zz*~u =+s)

I

30 60 90' I 20

c.m. s, SCATTERING ANGLE

Fzo. 1. Angular distribution of neutrons from Si"(P,N)P~ for
E„=6 Mev. (A) No proton and no neutron scattering; (8) no
proton scattering; (C) scattering of neutrons and absorption of
proton partial waves I.„=O.j.

Coulomb distortion of the incident proton wave is
neglected. The rather small polarization due to Coulomb
interactions in (d,p) reactions obtained by Grant'p

encourages to use the latter simplification for the
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D a(L,Mz)b*(LPIz, )Cz (J, Mz, +,'; Mz„-', )-
L,My, J
XCo,-(s,p, ; p, ;——,', ', )+a(L-,Mz)b*(L, Mz+1)

+{a(L,Mz)b*(L, Mz —1)
LMJ J

XCz, ,*(J,Mz —sz,' M—z, —pr)

XCz;(J, Mz ——', , Mz, —1, —,')

XCo-,*(s, p*; z '—p, s)+a(L,Mz)b*(L,Mz)

XCz.-'(J, Mz, —i, Mz, —p),

where

XCo*,(l, z '; I '+l, —l))&z,z, (4b)

XCz (J,Mz+-', ;Mz, ', )-Cz, ;(J-,Mz+ ', ;Mz+-I, ——',)

XCo;(-,', p, ; fz~+-', ;
——,')}R, (4 )

M(p; p„=——,')
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FzG. 2. Polarization I' of neutrons from Si' (p,e)P" for E„=6
Mev. (8) No proton scattering; (C) absorption of proton partial
waves I.„=0.1.

'p I P. Grant, Proc. .Phys. Soc. (London) A68, 244 (1955).

Rzg )" «r'kp(&r) fp(fzr)[——jz(k r)
ro

—p(L, J)h&&'~(k„r)$Ljz(k„r) p(L)hzl ~(k„r—)$; (5)

fp (]zr) and kp(f,r) =hp'" (it,r) are the bound-state radial
wave functions; P (L,J)= (1—rfzg)/2, P (L)= (1—r)/pf2,

where rfzq(rfz) are the average reflection factors defined
as, e.g. , reference 4 Lif the neutron (proton) potential
equals zero, then rfzg= 1(rlz—=1) and p(L,J)=0— —
(P (L)=—0), i.e., we have no neutron (proton) scattering].
All other symbols have their usual meaning.

If we now define the axis of quantization by the
vector it„Xiz„, the off-diagonal terms in (4a)—(4b)
vanish. Then the components of the polarization vector



NEUTRON POLARIZATION IN (p, n') REACTIONS

TAsLz I. Neutron polarization P (in %) in Si"(pe)P" for fr„=6 5 Mev for: (B) no proton scattering and (C) p(0) =p (1)= &~

(absorption of proton partial waves L„=0.1).

C.M.S.
angle

gO

(B} P
(C) P

10

—7.6
703

20

—15.7
—15.2

30

—25.8
—26.7

40

—37.9
—41.5

50

—52.1
—57.9

60

—69.5
—76.8

70

—80.8
—39.7

80

—309
65.2

90

61.12
98.2

120

69.5
55.6

in the reaction plane are: I' —=I'„=—0 and the polari-
zation I' is:

P =P*= ( IMso(+ l) I'—IM«( —-') I')/
( I

Moo(+-:) I'+
I Moo( ——:)I') (6)

where:

, (~ l (~
Mes(+-', )=P P Yrmz*I —,0 IYrsrzI —,0

IE2' )
(L+1+Mzq ~L Mz~—

X ~z++
I &z (7a)

2L+1 ) E 2L+1 3

, (
Mes( —-',)=g Q Yrsrz*I, O IYr~zI —,f)

I

z sr', E2 & &2

~ L+1 Mz ~ p
—L+Mr. q+

2L+1 E 2L+1

where Er, =Rz, q ~;, Rr, Ifr„~ r.
——I, Yzsrz(r'), p) are

spherical harmonics as defined by Blatt and Keisskapf, "
8 being the center-of-mass (c.m.) scattering angle. If
the LS coupling equals zero, then Rz+=Rz Rz, and-—
P=0. It is easi—ly seen that P(0=0') =P(0= 180')=0.

III. NUMERICAL RESULTS AND DISCUSSION

For the numerical computations the Si"(p,n)P"
reaction (ground state, I;=lr ——0, Q= —5.503 Mev)
was employed, the incident proton energies being 6
and 6.5 Mev. The final state neutron scattering poten-
tial was taken to be:

U„(in Mev) = —40(I+i0.05)—2L $,
r ~&So=1 453' 3X10 '3 crn

«& &0. (8)

The "Butler radius" ro was arbitrarily chosen to be
the "nuclear radius" Eo. To take into account the
initial-state proton scattering, the waves with 1.~=0
and 1 are assumed to be absorbed by the nucleus

LP(0) =P(1)=-',j, all other partial waves L„being
unaffected (similarly to the procedure in reference 1).
This should overestimate the effects of proton nuclear
scattering.

The Coulomb effect of the 6nal-state (bound) proton
was taken into account in a similar fashion, as was done

"J.M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics
(John Wiley and Sons, Inc. , New York, 1952}.

TasLE II. P (in %) in Si"(p,g)P" for E„=6 Mev.

C.M.S. angle 80 20 40 60 80 100

I' (no Coulomb effect) —11.1 —25.0 —45.7 —71.5 24.3
P (Coulomb effect included) —7.0 —15.2 —26.5 —39.3 —63.0

"J.Yoccoz, Proc. Phys. Soc. (London) A67, 813 (1954).' J. Horowitz and A. M. L. Messiah, J. phys. radium 14, 695
(1953).

"H. C. Newns, Proc. Phys. Soc. (London) A66, 477 (1953).

by Yoccoz." For r&ro. fs(ter)=W „i(2trr)/r, where
W „;(2trr) is the Whittaker function and n=Ze'M */
()I'fr), all the remaining symbols having their usual
meaning. In the important region of r, fs(qr) is fairly
well approximated by some "equivalent" Ahs&'i(itr'r).
The integrals RI.& are performed by numerical methods.

Three cases are discussed: (a) P(L,J)=0, P(L—)=—0
(no neutron and no proton scattering); (b) P(L,J)
corresponding to (8), P(L) —=0 (no proton scattering);
(c) P(L,J) corresponding to (8), P(0) =P(1)=-,', a]1
other P(L)=—0.

The angular distributions for 8„=6 Mev are pre-
sented in Fig. 1.The only important effects of the scat-
tering terms are: the zeros of the angular distributions
disappear, the first minimum for (b) and (c) is displaced
with respect to (a) towards smaller angles, and the first
minimum for (c) is very slightly shifted with respect
to (b) towards smaller angles. The curves for E„=6.5
Mev have been found very similar in shape but steeper.

The neutron polarizations for E„=6 Mev are pre-
sented in Fig. 2. The main features of the curves are:
(1) P is negative up to l) 90'; (2) the first maximum
of

I PI is rather large ( 75 jo) and comes in near
0 75'; (3) for 0&80, P decreases very rapidly and
changes sign, and then increases in positive values up
to the second maximum of

I
P

I
.

Cheston's P for the C"(d,p)C" reaction and for
E~——3.29 Mev is also negative for smaller angles
(contrary to the values of P obtained by Horowitz
and Messiah" and Newns"). This feature of P, dis-
cussed in terms of (8), is due to the LS coupling model
used.

The neutron polarizations for E„=6.5 Mev are
presented in Table I. All the main features of I' for
E„=6Mev remain preserved save that the rather high
positive values of I' appear at large angles. This is
mainly due to the fact that the differential cross
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sections decrease much more rapidly for large angles
than for small angles with an increase of E„.

Note added srI, proof .C—oulomb eGect of the incident
proton wave was taken into account in the computa-
tions for E~= 6 Mev and case (b) i.e., no proton nuclear

scattering. The angular distribution is considerably
flattened, its deep minimum being shifted towards
larger angles. The corresponding maximum of negative
polarization is also shifted in this direction P (in %) in
Si"(p,e)P" is given in Table II.
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Neutrons from the Proton Bombardment of P"f
A. G. RUIN* AND G. D. JQHNsoN, Boston Vek ersity, Boston, Massachgsetts

AND

J. B. REvNoLDs, Palmer Physical Laboratory, Princeton University, Princeton, 37em Jersey
(Received August 30, 1956)

The reaction P"(p,n)S" has been studied at E„=17.2 Mev. The energy spectrum of the neutrons was
determined by means of proton recoil measurements in nuclear emulsions. The mass excess, M—g, of $3~

was calculated to be —10.04+0.20 Mev. Excited states of S"have been located at 1.15~0.15, 2.28&0.20,
3.35~0.20, 4.51~0.15, 5.94&0.30, and 6.41&0.20 Mev.

I I

p31 (p n) S3l

E~ = l7. 2 Mev

842 TRACKS
30'

80—

N

40—

0Wr' 8
E„(Mey)
I

4
c—E

I

IO
I

l2

' 'HE level structure of the 3=31 isobars is poorly
known. In P", the excited states at 1.26- and

2.23-Mev excitation are well veri6ed, '—' and levels have

also been reported at 0.4, 0.9 and 3.4 Mev. 4 In the

mirror nucleus, S", the mass of the ground state is

known to within 200 kev from P-decay work, ' but no

excited states had been observed. The reason for this
lack of information about S" is that all reactions
leading to it are either neutron-emitting reactions or
very endoergic, or both, with the exception of the
reaction S"(He',n)S", which has never been studied.
It was decided to investigate S"by means of the reaction
P"(p,m) S". The difhculty in accurately measuring
neutron energies coupled with the beam spread of
cyclotron protons, necessary because of the endoergic
character of the P"(p,l)S" reaction, precluded the
possibility of obtaining very accurate information on
the states of S".However, because of the difhculty in
reaching this nucleus, it was felt than any information
on S" would be of value.

A target of P" was prepared by dissolving red
phosphorus in absolute ethyl alcohol, and painting it
onto a thin polystyrene 61m. The thickness of the
target corresponded to an energy loss of 100 kev for
17.5-Mev protons. Unfortunately, the target was
reversed prior to the exposure, so that the proton

F?G. 1. Data at 30'. E is the corrected number of neutrons per
200-kev interval; E„ is the neutron energy; E, is the excitation
energy in S".

t Supported in part by the United States Air Force through the
Air Force Ofhce of Scientific Research of the Air Research and
Development Command, and in part by the U. S. Atomic Energy
Commission.

*Temporarily at Brookhaven National Laboratory, Upton,
New York.

~ J. W. Olness and H. W. Lewis, Phys. Rev. 99, 654 (1955).
'Paul, Bartholomew, Gove, and Litherland, Bull, Am. Phys.

Soc. Ser. II, 1, 39 (1956).' Van Patter, Swann, Porter and Mandeville, Phys. Rev. 103,
656 (1956).

4 P. M. Kndt and J. C. Kluyver, Revs. Modern Phys. 26, 95
(1954).

80—

N

40—

0+r'

(p, n) S
Ez = I7.2 Mev
509 TRACKS

90

il Il

) „j (;)

s
4 6 8

En (Mev)
l ~ t

6 4 2
Ex

I

0

FIG. 2. The 90' data. (See caption of Fig. 1.)


