o g
LEahy

194§ R 7
L+ /s’

THE INFLUENCE OF TENSOR FORCES ON THE DIFFERENTIAL CROSS SECTION
FOR THE SCATTERING OF POLARIZED NEUTRON BEAMS BY PROTONS

by

EDWARD BRYANT DIXON LAMBE

A Thesis Submitted in Partial Fulfilment of
the Requirements for the Degree of
MASTER OF APPLIED SCIENCE
in the Department
of
ENGINEERING PHYSICS

‘lu‘(.

. _ Q/ THE UNIVERSITY OF BRITISH COLUMBIA

April, 1949



The Influence of Tensor Forces on the Differential Cross Sedtion

for the Scattering of Polarized Neutron Beams by Protons

ABSTRACT

Tensor forces between two particles involve a
depencence upon.the angle between the direction of spin
quantization and the line joining the two particles. The
effect of tensor forces upon the scattering of a polarized
neutron beam has been investigated theoretically. An
expression has been obtained for the differential scatter-
ing cross section of the triplet states as a function of
the polarization of both neutrons and protons. In general,
this cross section is also a function of the azimuthal

angle to the direction of propagation of the neutron beam.



The Influence of Tensor Forces on the Differential Cross Section

for the Scattering of Polarized Neutron Beams by Protons

Introduction

In order to explain the electric quadrupole moment of the
deuteron, it has been necessary to introduce a tensor interaction
potential of the form fSV(r), where

5. 3 E=RSe ) as,

Rarita and Schwinger 152 have calculated the effects of this potential

upon both the bound and the unbound states of the neutron-proton system.
In particular, they have calculated the scattering cross section of a
beam of neutrons by a proton target for neutrons of low energy. These
calculations were extended by Ashkin and Wu 3, who used a more general
phase shift analysis. Recently, Rohrlich and Eisenstein L have solved
the same problem (and obtained identical results!) by means of a method

which the authors find to be more satisfying theoretically.

In all of the above papers, the protons and neutrons were

1. Rarita and Schwinger - Physical Review 59, 436, 1941.
2. Rarita and Schwinger - Physical Review 59, 556, 1941,
3. Ashkin and Wu - Physical Review 73, 973, 1948.

L. Rohrlich andEisenstein - Physical Review 75, 705, 1949.
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considered to be completely unpolarized; i.e., the spins of the par-
ticles were assumed to have no preferential direction of alignment.

The results of such a calculation*'showed the scattering cross section
to be dépendent only upon the polar angle to the direction of propaga-
tion of the neutron beam. However, in order to answer a question raised
by Dr. G.C. Laurenée of Chalk River, it was decided to investigate
whether a dependence upon azimuthal angle is introduced by certain
polarization states of the neutron-proton system, and to determine how

the polar dependence is modified by such states.

An expression has been obtained for the differential scat-
tering cross section as a function of the azimuthal and;pdlar angles
and of parameters which are determined by the polarization of the

neutrons and protons.

Calculation of the Differential Cross Section

Because the tensor interaction operator yields zero when
applied to any singlet spin function, only the contribtuion of the
tfiplet scattering to the total cross section will be considered, In
the centre of mass co-ordinate system, the initial incident wave is

represented by the expression
- - +/
. e g’ hes (1)
e = £ A X
Agz-/

where T jg the vector from proton to neutron, Bk is the momentum e£

* - See Reference 3. This paper is the starting point for the cal-
culations which follow, _



3.

of the incident neutron in the centre of mass co-ordinate system,
)(fs (ﬂmg= 7, 0,-/ ) are the three triplet spin functions, defined for
convenience with respect to k, and Zp (mg= 7. 0, -l) are constants

which depend upon the polarization states of neutron and proton.,

As a result of the tensor interaction, the asymptotic form

of the scattered wave is
ddl

V4
ll!s
%sc ~ / g, X 54M(4¢)4% (2)
" L o - hegz=t :

The matrix elements g,..;,..s depend upon both € and ? s the polar and

azimuthal angles respectively; the dependence upon <P is a direct

result of the asymmetry of the tensor force.

To obtain the triplet scattering cross section per unit
solid angle, one calculates the square modulus of the coefficient of
JAn
&L{L in (2), which yields (using the orthonormality of the triplet

spin functions):

2?? ,,_,,,,,,.,,,..Sa.;a-«’; 3)
§o G gl [ Supug s g(’;%mf)%%g,s@..;(sa)

An examination of the specific form of the matrix elements 5"”5 ~g
(displayed as Equations 10 and 1l in this paper) leads one immediately
to- the conclusion that Q—dependence disappears completely from the

first term in (3a), and may enter the final expression only by virtue

*_ See Reference 3, Page 941. 'The symbol 5«,50'5 in this paper is

identical in meaning to the corresponding symbol in Ashkin and Wu.
These elements have been written on the assumption that the z-axis
is the direction of propagation of the incident beam of neutrons.
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of the cross-product terms. If both neutrons and protons are completely
unpolarized, the cross-products disappear in averaging over the phases
of the amplitudes ams ¢ a simple calculationsshows that d-: %" aver-
ages to zero if #g # 25 , and to /¢ if Mg = a Therefore,

Cpp = 12 Qﬂs, QNS,, [ Sogng | © (4)
As will be seen, if there is a 'specific polarization, these cross-
products do not disappear except in special, symmetric cases.

It is necessary to calculate the coefficients &ag for an
arbitrary but specific polarization of the neutrons and protons, In .
the following, it will be assumed that the polar axis is both the direc-

tion of propagation and the direction of reference of the spin functions.

The following physical situation is considered: in the
direction Q, s ‘9,.' (i =n,p and refers thus to neutron or proton), the
ratio of the number of particles in a state with spin angular momentum
@ in the positive sense to the number having a spin of '—f_' in the
negative sense is J' %— J,{ . To obtain the differential cross section
appropriate to this physical situation, we may first compute the éross
sections for four specific spin orientations of the neutron-proton
system (protons and neutrons parallel and anti-parallel to the directions

ﬂé, 4 ), and then compound the results by means of a statistical argument.
However, it may be shown that it is also possible to proceed by intro-
ducing at the outset a wave function which refers to an assembly of
neutrons and protons in the state described above: '

b Ufu s AT ) (i 4 fD - (5)
In the above expression, the )h_' are the random statistical phase factors

which must be averaged out in arriving at a final result.
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/
rosed, d,:' ’ ‘4; represents the states of positive and negative spin in
the usual way. These states may be expressed in terms of the spin

functions o ,( referred to the z-axis by the following transformations:

o. (_&c
AR ﬂéL 7_.44 o fy € g (6)
(A& (3
ﬂ;':-a‘.mg/é -c* mds/e"'(é
Thus the total spin function (including both singlet and triplet states)

is:

st - {Oa.,a(,ur 64#‘)(4/ e /,/J/,

where: 2, (/{}; . 0,/ -, Xl/l J o ,9/ )
3 (/0; s O +e // e %) a

Now, we have written in (1) only the triplet part of "”‘f’ which is

4 ~/ o
\/ '4. = d’X-f' d./l ‘f'dol
A )
with X, X, and X° so defined that

R = &n ap 2 2 bulp @

J42 (h//,f a/,é.‘_)

Averaging the products of the amplitudes d«’; 4wlover the phases, A s

one obtains:

ey . (e b+ (e %)(erzé’m (-fp) s> % )

(kns.;°g/‘+(l-»~)m‘9' (h, 1EJP#(I—J!,a)an”?)(g)
oot { (et s () D)+ (cpie’?)
+(fo o »‘ﬁwo ) e E ) (fo st B v (f)od
+% au bpaile o (Q-§) @fn-) (20 §

d.
ax
Ay

.
/A
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o o €% 620 Gle) (o eatd ¢ 0 ®)

“ b ngl\ A (Zl}w‘)({h: a’“qf +(1-4p) s )
ala, - Z.Iz Q:a?" S Op (de,-l)(({,\ m"% + (l-zl«w) sng—,‘_‘)
¢ b e s 0.Gpen) (fp & + (ge1scG )
§a fir €7 0l Qo Yjusi & eCp)en)
+ foh e sa;Ow(J()A-«) &P st 4 ("d")a’"%-->
aa = fo &Y $u6p (J&P (4 et 4(«-&)%‘%)
+ 'k ecg‘ ININE ) (J’PS";“IQ{'{'("A’P)C‘D?'%)
ata, = /a AH o NN (_,zdk-{)(g&,,-,)
aa, - 'l ["(‘?P*Qn)ga;gw s Op (a&m)(a&r-:)

The above expressions represent the coefficients in (3);
*®
it is now necessary to calculate the terms 5',.._,:..5 5:.,5 ' In order to
make the (? -dependence of these terms explicit, we reproduce the

Ashkin and Wu matrix as follows:

S, = 9, =4 S, = £

S, = 5‘45 | S, ., = e".q Vo] (r0)
%o 2% p S,. = %o |
S, , - 2% S,., -¢*%c

wHeLE ‘

A = zc’/e Q[z(zz_ﬂ)]’g /{(p)z);(l_-/ (L&s-_ 1), (£721), ¢22 (gué:)}
L=0

2 (s ) 2 Z( Z(_+9
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g[z(zw)]é”@) —(52’—-’)&15 ) ")f‘("l)( f
L— [ZZ(‘-"”)] 271 24+7

L~I
Cc=_1 g[z(zu/]’{ 7%6) (£ si",) zz_ ,
2k =2 [(‘ ") Z[HI)(H{)]- 2< (7&/ 2¢ (¢rr ) (Z(-f /) (. 2L+Z)

N Rt

2 LCF/ SLFrr
4 Te (,-’a l. "flo
[20200)]* Pl8) ) tle = ¢ ) , @)= 7)
Z‘é Z 2¢4+/ ZLr/,

4
In the above expressions s f ﬂ)are the normalized associated Legendre

polynomials, and 5 are the phase shifts of the scattered wave, (It

is to be remarked that each of A, B, and C is also equal to a similar
5 a8
expression with replaced by é

We now define 7:'3"‘5” to be 21’ g" S,

Wi A then
Tar = T = A8 2l = 17

Too = 210/ +/[F/* < A

7o, =~ Ref (g+¢) o 2N e (7z)
7, - €% - . e @

-~ . Q szg s, - é_zﬂ

where /€ and Q are defined by: EZ Q- [40 -,cé’/"“'-fC&v]
and G < [c*h+ A*C + 181%],

If expression (3) is now expanded as indicated, the



result is:
@,;r - ;(j» Casz% ‘() 5«;1%)&0‘0‘%* (’/P)S«-'l{)
(s Goliples b fp st & e (p) e G ) T 07
t fpeat b e (o p)s ) (st br (1) ' $)
Aps @ etp)es' ) (pestelyp)sl) ()
tly oos (0@ )5l s O Cp-0)(2fp=1) f Vs
+ { s b, (.z/,,-/) (/1\ 7' 4 (14~) &«;'?‘)m@*?-%)
+ Su Gy (@A-/)C/p s % [/./pj%‘%)m (9+p- 494,)
# 2ailly (Yfpt) (a5t 4 (1fa) e’ ) ol 95~ 9,)
# 5 (ape) (o si® +(/7/,4)m"§”)w/6”‘?'9&)f%
b ] silos G (afe)(2fp-1) a0 (9-4-0.)F 8/

Conclusions

It may be concluded after an examination of the expression
for the triplet scattering cross section that there are two conditions
which are separately sufficient for azimuthal symmetry &7
1. gg_’ ﬁp = O0or 7 , that is, for any polarization state in which
both neutrons and protons are aligned parallel to the direction of the
neutrons, and

2. j,, = /,\, = /,Z , that is, for complete non-polarization.

For other cases there is a dependence upon the azimuthal

angle which becomes stronger as the polarization becomes more complete.
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Tt is of considerable experimental interest to note that a partially
polarized beam of neutrons impinging upon an unpolarized proton target
would, as a result of the tensor interaction, be expected to show an
azimuthally asymmetric croés section. The magnitude of this asymmetry
and the conditions under which the asymmetry will be a maximum are to

be calculated shortly.
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