STOPPING POWER

The interesting question which remains is: Wherein
lies the discrepancy among the different experiments
designed to study this problem? Yagoda and de
Carvalho® suggested that the experiments which show
an anomaly are those in which the alpha particles have
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requires the penetration of two interfaces, it would
seem that another explanation must be found.
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When scattering anomalies involving many phase shifts are to be studied, it appears desirable to treat
the amplitudes directly before combining them into differential cross sections. Amplitudes suitable for the
study of elastic collisions of charged and uncharged Fermi-Dirac particles of spin %, taking account of possible
identity are, therefore, given in forms convenient for computation. The case of coupling between states of
the same total but different orbital angular momentum is not discussed. Formulas using the spin functions
usually denoted by xm are supplemented by forms based on spin functions which transform like the com-
ponents of an ordinary space vector, the latter allowing more compact expressions in some cases.

I. INTRODUCTION

HE calculation of scattering of protons by protons
and neutrons by protons has been the subject of
many investigations. Recent experimental work in the
region of several hundred Mev has made it desirable to
be able to deal with scattering anomalies caused by
many phase shifts. The calculations have been system-
atized therefore to a greater extent than has been done
previously. The present paper is restricted to a non-
relativistic treatment and the introduction of coupling
between states with the same total angular momentum
Jh but different orbital angular momenta L% is post-
poned to a succeeding and closely related one.

The treatment presupposes that either all collisions
are elastic or else that the cross sections for inelastic
collisions are so small that their damping effect may be
neglected. In the approximations of this paper, there-
fore, the phase shifts may be taken to be real.! Some of
the mathematical forms worked with are very similar to
those of Ashkin and Wu? for complex phase shifts. Both
in the present as well as the succeeding paper it has been
found convenient to make use of the fact that the triplet
spin behaves under rotations like an ordinary space
vector.? The corresponding spin functions are denoted
by &1, &, &. Many formulas are more convenient in
terms of amplitudes referred to these variables.
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The set of angular and spin functions used is presented
in Egs. (1) to (1.4). The amplitudes are introduced in
Egs. (2), (2.1). Formulas for amplitudes for non-
identical particles and referred to magnetic quantum
numbers are available in Egs. (2.2) through (2.9).
Effects of antisymmetry are introduced in Egs. (3)
through (3.3) and the modified results are collected in
Egs. (4) through (4.2). The relation to differential cross
sections for unpolarized particles is as in Egs. (5.1),
(6.1). The £, £, £ modifications start with Eq. (7) with
the scattering matrix S¢ as in Eq. (7.5), cross sections as
in Egs. (8), (8.1).

II. NOTATION

a, B=nucleon spin function for states with magnetic
quantum number 4, —%, respectively.

X1, X0, X—1=triplet spin functions for two nucleons;
X1= 0109, X0= (a132+a2ﬂ1)/2%, X—1=ﬁ1ﬁ2-

xo*= (c1Ba—asB1)/2% singlet spin function for two
nucleons.

r=distance between nucleons.

v=relative velocity.

M =nucleon mass.

k= Mv/(2%).

(L) (L—m) T
ol (@ m)!

d Ltm
Xeime sin"‘O( ) (cos?0—1)L,

d cosf

6=colatitude angle in polar coordinates=scattering
angle.
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p=azimuthal angle with x-axis corresponding to ¢=0,
y-axis to p=m/2.

p=kr.

n=¢*/ ().

¥,°=unsymmetrized Coulomb wave arising from a
plane wave by adiabatic effect of e.

s, c=sin(6/2), cos(6/2), respectively.

Q)= (e?—1)/(2).

ago=argl'(1+1n).

oL 0=0L—0o=tan™ (m/L)+ tan~ 5/ (L—1)]+---
+tant(n/1).

€Lo=€xp (21:0'1,0) .

®=p—1 In2p+ 20,.

#L=orbital angular momentum.

#J =total angular momentum.

&1, &, £3=triplet spin functions for two nucleons which
form the components of a vector in ordinary space;
£=2" x1—x1), £2=127 (xatx-1), E=Xo.

Spumy Sum®= components of the triplet scattering matrix
referred to the functions xm, corresponding to un-
symmetrized and antisymmetrized wave functions, re-
spectively. The incident state is labeled by the second
subscript, the final by the first.

Se¢, Sec=triplet Coulomb amplitudes.

S%, Seé=triplet scattering matrix referred to the func-
tions £;.

Soo, Soo®=singlet scattering matrix elements.

o, e*=celastic differential scattering cross section for
nonidentical and identical unpolarized particles, re-
spectively.

III. REAL PHASE SHIFTS FOR DEFINITE L

Compounding spin and orbital angular momenta for
the two nucleons, one obtains spin-angular functions

LJ
cyL,J"-:Z( )YL,,,..mxm, (1)
m m

uw—m,

with values of transformation coefficients

L,L+1
L+ 1)*(2L—I—2)*( : )

w—m, m
={[(L+n) (L+u+1)T,
B[ (LAp+1)(L—p+1)T,
[(L—p)@T—p+1)T, (11)
[2L<L+1)]%( b )
w—m, m
={[L+r)(L—p+1)T],
=2, —[(L—p) (L+p+1)T}, (1.2)

[zL(zL+1)]%( LI )

p—m, m
={[Z—-w@Z—p+1)T,
—2L(L+w)(L=p ]} [E+n) L+pt D], (13)
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the three numbers on the right corresponding to m=1,
0, —1, respectively. While these transformation coeffi-
cients are well known and have been given by many
authors, the freedom of the choice of phase for each of
the angular-spin functions makes it necessary to list the
coefficients explicitly, as above, so as to avoid mis-
understandings. The unsymmetrized Coulomb wave ¢,°
becomes modified by the presence of real phase shifts
8z, s so that the scattered wave is given by

p(WCuxm) 5o exp{ —ilp—n In20+205¢]} L
— [0/ (28) o exp{—in In?}+ ¥ (Om)

wJ,L

L, J
X( )Q(ﬁj, J) YL, m—uXp exp(2in, o). (14)
M=y K

The symbols in the formula are as in the list of notation.

The quantity
0L 0=0L—00,

where o, is the inherent Coulomb phase shift so that
or,0=tan™(y/L)+tan " [n/(L—1) ]+ - - +tan1y.

The employment of the transformation coefficients as in
(1.1), (1.2), (1.3) gives now after a straightforward
calculation the scattered wave which results if the inci-
dent wave is the coulombian modification of

Y= Z” d,‘xﬂei’“ ; (2)

ie.,

Yoo= Z auxs, (2,)
where, asymptoticzilly at large distances,
Yo~ {1+n*/Lik(r—2) 1+ - -}
Xexp{i[kz+n Ink(r—2z)]}
—{n/Ck(r—2) {1+ A+in)/[ik(r—2) 1+ - -}
Xexp{ilkr—n Ink(r—2)+20¢1}. (2”)
The triplet scattered wave is then
W8o= 2w m XuSu min/?, (2.1)
where the S, are as follows:
E(S1,1—S9)=k(S_1,_1—S°) =ae™
=¢® 31 3ero (L+2)Qr 141
+QL+1)Qz, 1+ (L—1)Qr, 1]P1, (2.2)
— kS0, 167t =FkS, _16'?= — 2a; sinfe®
=2"%2 3 1 erd L(L+2)QL 11
—(2L+1)Qr, .~ (L*~1)Qr, 1]
XsinfPr//[L(L+1)], (2.3)
kS_1, 16729 =FS1, _16%"¢=q;3 sin?Pe®
=1¢® 3 1 e LOL 141
—QL+1)Q5 1+ (L+1)Qz, 11]
Xsin?0Pr" /TL(L+1)], (2.4)
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kSl, 0etP=— kS_4, oe— e
=2}y sinfe’® = 2—1¢i®
X1 eo(Qr, L+1—Qr, 1) sinfPy/,
k(So, o—S°)=ozsei‘I’=ei“’ ZL ero
XL(L+1)Qr, r+1+LQr, 1—11P1,

ero=exp(2ioz, o)

(2.5)

(2.6)
2.7)
(2.8)

where

and
@ =p—1In2p+200,

with ¢, the Coulomb phase shift for L=0, defined in the
list of notation. The quantity S° represents Rutherford
scattering and may be expressed as

o= —[n/(2ks?)] exp[i(®—n Ins?)],

the superscript ¢ standing for Coulomb. Equation (2.1)
is directly applicable to »— p scattering by setting n=0.
For p—p scattering the wave function must be anti-
symmetric in the two particles. This requirement can be
satisfied in the usual manner by interchanging space as
well as spin coordinates in the wave function, subtracting
from the original and dividing by V2. The normalization
of particle density of the incident wave is unaltered by
this change in the wave function provided one deals with
the probability of finding @ proton rather than the first
or the second proton. A precise visualization of the
conditions can be obtained by the construction of wave
packets. For noninteracting particles the wave function

U 0= 241 (r1,50)¢r1 (r5,52) =1 (to,52)¥mr (r1,s1) ] (3)

represents two particles moving toward each other in
coordinate space provided the regions of space occupied
by ¢1 and y1r move toward each other and do not
overlap. Making

(2.9)

]‘stl(r,s)l2df=fzsltl/u(r,s)|2dr=1

secures this normalization, provided one adds the proba-
bilities of finding particles 1 and 2 in the regions of
configuration space I, II occupied by ¥1 and 11, re-
spectively. For nonidentical particles the wave function

V=1 (ry,s1)¢rr(rs,52) (3.1)

describes the condition of having particle 1 in I and
particle 2 in I, so that the intensities of the two beams
are the same for Eq. (3) and for Eq. (3.1). The functions
in (3) and (3.1) are distinguished by subscripts a and u
so as to indicate antisymmetric and unsymmetrized
functions respectively. If the ¥,° is modified by the
inclusion of effects of an interaction between the
particles one can follow the scattering of the wave
packets I and II by each other. The Fourier analysis of
¥.,0 in terms of plane waves gives terms, involving

exp{i[kit1+kors ]}
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as factors. Each of these can be rearranged by means of
karrHhara= (uHho) (e r2)/2 0+ L) /2 (r— 1)

so as to contain either the coordinates of the center of
mass or the relative coordinates, r1—rz. The usual con-
sideration of the scattering problem is concerned with
the relative coordinates factor because it secures the
formation of the wave packets of I and II receding from
each other. The outgoing wave modification of each
Fourier term, when substituted into the Fourier integral,
gives the unsymmetrized function

\I'u(rl,sl; r2,52). (32)
The replacement of each term in the Fourier analysis by
an antisymmetric combination including the factor 2—%,
as in Eq. (3), gives the corresponding

W 4 (r1,S1; 13,52)

=2~%[‘I’u(r1,31; r2,sz)—\11u(r2,52; 1'1,81)]. (33)
The scattered parts of ¥, and ¥, give rise to wave
packets of correlated probability for which protons 1
and 2 move in correlated directions determined by the
conservation of energy and momentum. In making use
of the scattered part of (3.3) it is natural and customary
to calculate for any given direction and spin orientation
the chance that proton 1 is moving in that direction,
while 2 is moving in the correlated direction, and to add
to this probability that obtained by interchanging the
roles of protons 1 and¥2. This procedure thus auto-
matically ‘includes particles which in the case of (3.2)
would be called recoils. The cross section for scattering
may then be pictured as the sum of a direct scattering
term, a term representing recoils, and a Mott-type
interference term. The modifications in the scattering
matrix corresponding to the change from ¥, to ¥, are
now, for the triplet amplitudes,

Seo=2-4(n/2K)[ — 52 exp(—in Ins?)
+c2exp(—inlnc?)Je®, (4)
S =285, (u%9) (4.1)
SGMM_SM:Z*(SW_SC): (4'2)

an extra factor 2 in Egs. (4.1), (4.2) arising from the
fact that since all the L’s are odd in this case the space
functions are of negative parity.

For nonidentical particles the scattering matrix for
singlet states is

E(so0—S°)=e® ¥ 1,(2L+1)eroP1Qr. (5)

For unpolarized nonidentical particles the differential
collision cross section ¢ is obtained from

do=|500|24+2 s | Sus2 (5.1
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For identical particles the scattering matrix for
singlet states is obtainable from

sa()O_' “:2%(500—50),

Sse=2-%(n/2k)[— s~2 exp(—in Ins?)
—c2exp(—inInc?)Je®, (6)

and the differential cross section for unpolarized protons
is obtainable from

20%=|5%0|*+2_,, V!SGWIZ'

This cross section includes the effect of recoils as has
been mentioned in connection with Eq. (3.3). The
factor on the left of (6.1) is 2 rather than the 4 in the
corresponding place in Eq. (5.1) because according to
the convention used one needs the probability of finding
both protons 1 and 2 rather than just proton 1.

The triplet spin functions x1, xo, X—1 can be trans-
formed by

f1=(x—1—x1)/V2, &L=i0a+x-1)/V2, &=x0 (7)

The three quantities (&1, £, &) transform under rota-
tions like an ordinary vector. The functions £, & repre-

(6.1)
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sent states in which the total spin is perpendicular to
the x and y axes. In terms of the &; the incident wave
may be rewritten as

Ye=3_; &(Ma) Y7, (7.1)
where
—1/¥2, 0, 1/v2
0o, 1, 0

the rows in (91) being labeled in the order j=1,2,3
going down and the columns in the order p=1, 0, —1
from left to right. The scattered wave for nonidentical
particles, referred to in Eq. (2.1), becomes

Wso= 244 E(MSNM) 5at;/7,
aty= (9Ma);.

(1.3)
(7.4)

with

The incident amplitudes @, are thus replaced by the
amplitudes af; which are the coefficients of the £; in the
expression for the incident wave. The matrix ||S,| is
replaced by the matrix || (S, as in Eq. (7.3).
Substitution of Egs. (2.2) through (2.6) gives for this
matrix:

S¢+ay— a3 cos2 ¢ sin®f, —a; sin2 ¢ sin?d, — a4 cos¢ sinfd

St= || (MSM) 5] = (e72/k) | — s sin2¢ sin%, S+ gtz cos2¢ sin?d, —ay sing sind | |

(7.5

—a; CoSe sind, —a;y sine sind, S+ as

with
S¢=kei2S5°=— (y/2s?) exp(—inIns?); (7.5)

the order £, £, & applying in the labeling of rows
downward and in that of columns from left to right. The
matrix (7.5) contains the angular dependence in real
expressions and is convenient for numerical work. The
effect of antisymmetrizing the wave function is to
replace the above matrix by

Set=on S, (7.6)

According to Egs. (4), (4.1), (4.2) this replacement is
accomplished by the replacements in (7.5) of the
quantities S ay, * -+, a5 by S and

(7.7)

1 1
0t =2%, a%=2, -+, a%=2;.

The formulas for the cross section in terms of the S¢ type
matrix elements are

do= [so0| 225 ;] St51% ®)

200=[s%0|*+ 21| S (8.1)
similarly to Egs. (5.1), (6.1). In all of these formulas the
expressions for the matrix elements of S contain sums
over L which are taken over all L in the case of non-
identical particles; for identical particles as is well
known triplet states occur only with odd, singlet states
only with even L. The sums of squares of matrix
elements can be expressed as a trace of the square of the
unitary matrix S.



