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The general formula for the angular distribution in collisions between pairs of particles is simplified by per-
forming explicitly all sums over magnetic quantum numbers. The resulting expressions involve coefficients
introduced by Racah for the study of complex atomic spectra. The cross sections are expressed as series in
Legendre polynomials, each coefficient in the series being manifestly real.

The general theory is then specialized for the case of nuclear reactions and scattering associated with one
isolated resonance level of the compound nucleus. Formulas are derived for the various differential reaction
cross sections and for scattering with and without change of channel spin. The interference terms between
resonance and potential scattering are written explicitly, both for neutral and for charged particles.

1. INTRODUCTION

HE general expression for the differential scatter-
ing or reaction cross sections for an unpolarized
beam in terms of the scattering matrix has been given
in the literature.! However, the practical evaluation of
this expression runs into difficulties as soon as some of
the particles involved have intrinsic spins. In that case,
we must average over the spin directions of the incident
particles and sum over the spin directions of the out-
going particles. The resulting sums over Clebsch-
Gordan (vector addition) coefficients are quite tedious
to evaluate directly. However, all sums over magnetic
quantum numbers are essentially geometrical in char-
acter and can therefore be performed without any
detailed knowledge of the particular collision process
(of the elements of the scattering matrix). We have ob-
tained explicit expressions for the scattering and reac-
tion cross sections free of all sums over magnetic quan-
tum numbers. These explicit forms have the additional
advantage that they express the cross sections directly
as sums of Legendre polynomials, with coefficients that
are manifestly real numbers.

In Sec. 2 of this paper we illustrate the method by
application to a very simple problem: the elastic
scattering of a single spinless particle by a center of
force. Sections 3 and 4 are devoted to the derivation of
the general result, applicable to all scattering and reac-
tion processes of particles of arbitrary spins. In Secs. 5

* Now at Yale University, New Haven, Connecticut.

1E. P. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947), see
Egs. (33), (35), and (42); L. Eisenbud, J. Franklin Inst. 251, 231
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through 7, we apply these general expressions to the
special case of reactions and elastic scattering from a
single isolated resonance level of the compound nucleus.
The Racah coefficients, and the associated coefficients
used in this paper (see Eq. 4.3), are described in an
accompanying paper,t which contains, in addition, a
summary of the relevant properties of these coefficients.

2. ELASTIC SCATTERING OF A SPINLESS PARTICLE
BY A CENTER OF FORCE

The expression for the differential cross section do for
scattering into the solid angle element dQ at an angle 8
to the incident beam is well known :2

do=| f(6)|*dQ, (2.1)

where the scattering amplitude f(6) is a complex func-
tion depending upon a set of real parameters § called
phaseshifts:

JO=ir) X X (21N - T,0),  (2.2)

where A=\/2r=Fk"! is the deBroglie wavelength (di-
vided by 27) of the incident particles and ¥, ¢(6) is the
normalized spherical harmonic defined as in Condon
and Shortley.?

While (2.1) and (2.2) give an explicit expression for
the scattering cross section, it is tedious to compare
directly with experiment because the absolute square of
an infinite sum must be evaluated for each scattering
angle 0. It would be more convenient to have a formula
marn, Blatt, and Rose, Revs. Modern Phys. 24, 248
(1952) ; references to this paper will be designated by BBR.

?N. F. Mott and H. S. W. Massey, The Theory of Atomic
Collisions (Oxford University Press, London, England, 1933),
Chapter II.

3E. U. Condon and G. H. Shortley, Theory of Atomic Spectra
(Cambridge University Press, Cambridge, England, 1935).
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SCATTERING AND REACTION CROSS SECTIONS

which contains only real terms with simple angular
dependences. To get such a formula, we write | f(6) |2
= f*(0) f(6) and use the fact that a product of two
spherical harmonics can be expressed (like any other
function of 6 and ¢) as a linear superposition of spherical
harmonics:

YVin*(0, ) YVirme (0, 6)

iy L rQH1)I4+1)

2 [ 47(2L+_15_}

X (00| LO) (I, —m, m!|ILM) Va0, 6), (2.3)

where (i'mm’ |l LM) are the Clebsch-Gordan (vector-
addition) coefficients defined as in Condon and Short-
ley.® The sum over M is actually unnecessary since the
only nonzero term is the one with M=m'—m. It is
sometimes useful to retain the sum over M for formal
reasons. Using (2.3) we get the following expression
for the cross section:

=)

L=|1—-l'| M=—L

do=x2 Y BLPy (cosf)dQ, (2.4)
L=0

where Pr(cosf) is the usual Legendre polynomial, and

Bi=3 L}Lf (2+1) U+ 1)L (00| W LO) 2
1=0 1'=|1—L|

Xsind; sindyr cos(8;—8r).  (2.5)

Exptession (2.4) is directly comparable to experiment.
The coefficients Bj, can be determined by straight-
forward analysis of the data. All quantities in (2.4) and
(2.5) are manifestly real. A simple explicit formula for
the Clebsch-Gordan coefficients (/00|/l’L0) has been
given by Racah.* (This formula is reproduced in BBR,
Eq. 5.) We remark here that this Clebsch-Gordan
coefficient vanishes unless /47— L is an even number.
This is a consequence of the conservation of parity.
This selection rule reduces the number of terms in
(2.5) by about a factor of two.

For practical computations, (2.5) should be con-
tracted so that each separate term appears only once in
the sum (in the form stated so far, the terms I=ag,
=5 and I=0b, I'=a give identical contributions). The
result is ‘

Bu=3" (214+1)°[ (00| HLO)T? sin%;
=0

o L '
+23 > (2I+1)(21'+1)
1=0 =141

( 4+ —L =even)

X [(00|1'L0) T2 sind; sindy cos(8;—8r). (2.6)

We conclude this section by pointing out that the
usual formula for the total cross section is contained in

4 G. Racah, Phys. Rev. 61, 186 (1942); 62, 438 (1942).
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(2.4), namely, it is given by the term with L=0:

o=47X2B,. 2.7

The usual formula follows directly from (2.6) and the
relation
(00| 100) = 5y (— )(204-1). (2.8)
3. NOTATION AND GENERAL EXPRESSION
FOR THE CROSS SECTION

We now drop the assumption of pure elastic scatter-
ing as well as the assumption of spinless particles. We
consider the reaction .

e+ X=Y+b, (3.1)

in which particle ¢ collides with nucleus X. After the
collision, particle b emerges at an angle 6 to the direc-
tion of the beam, the recoil nucleus ¥ being projected
in the opposite direction. All quantities are measured
in the center-of-gravity system. We use the language
of nuclear reactions for the sake of convenience only.
The formulas derived below are applicable to any collision
process in which two particles collide and two particles
emerge.

The system before the collision is described by three
numbers: the channel index «, the channel spin s, and
the orbital angular momentum (in the center-of-
gravity system) /. The channel index « defines the type
of the incoming particle (neutron, proton, a-particle,
etc.) and the state of the struck nucleus (usually the
ground state). The channel spin s°® is the total spin
angular momentum in the channel; it is formed by
vector addition of the intrinsic spin ¢ of the incoming
particle and the spin I of the struck nucleus. For neu-
tron-proton scattering, s=I=3%, and s=1 for triplet
state scattering, s=0 for singlet state scattering. The
observed scattering cross section is the weighted average
of the cross sections for pure triplet and pure singlet
scattering. The expressions derived below are for “pure”
collisions in which both the initial channel spin s and the
final channel spin s’ are known; (e.g., s=s'=1 corre-
sponds to pure triplet scattering in the neutron-proton -
case). These expressions must therefore still be aver-
aged over the possible incident channel spins s and
summed over the possible out-going channel spins ¢/,
both with the proper statistical weights, in order to ob-
tain quantities comparable to experiment. These fur-
ther sums are not geometrical in character but depend
upon the dynamics of the collision process; e.g., the
phase shifts for neutron-proton scattering in the singlet
and triplet states are not related, in general, but must
be found separately from the force laws for these two
spin states.® Thus, the geometrical (group theoretical)

5 This quantity is called j, by Wigner and Eisenbud; their
“s” includes both of our « and s.

6 One gets tremendous simplifications, of course, if one assumes
that the dynamics of the collision is independent of the intrinsic

spins of the incoming particle and struck nucleus. This assump-
tion is, however, quite unjustified in general: in neutron-proton



260 J. M.

methods used here do not lead to simplifications for
the average over s and sum over s'.

The state of the system after the collision is described
by the channel coordinate «’ (which includes specifica-
tion of the outgoing particle and of the quantum state
of the residual nucleus), the channel spin s’ (which is
formed by vector addition of the intrinsic spin ¢’ of
the outgoing particle and of the spin I’ of the residual
nucleus in whatever quantum state it is left), and the
outgoing orbital angular momentum /'

The angular ' momenta s and ! combine to form the
total angular momentum J of the system; in resonance
reactions, this J is the angular momentum of the com-
pound nucleus; J is preserved during the collision,
so that s’ and 7 combine to give the same J. Similarly,
the parity is conserved. We shall not write the index =
for the parity explicitly until later on.

We nowintroduce the probability amplitude.Sers17; asi”
for a collision with total angular momentum J from
channel s/ into channel «'s’. This quantity is often
referred to as an element of the scattering matrix.” For
reactions with only one possible channel (i.e., pure
elastic scattering) S is related to the phase shift &
through S=exp(2¢8). In general, for a reaction with V
open channels S is an N-by-N matrix which must be
unitary and symmetric. An example is neutron-proton
scattering with tensor forces in the state with /=1 and
even parity, for which two channels are open: the 3S;
state and the 3D, state. In terms of our formalism,
a=d/,s=s'=1,and [ as well as I’ can take two values,
0 and 2; thus, Sis a 2-by-2 matrix, whose matrix ele-
ments are the probability amplitudes for 3S;-to-3S,
3Ds-to-8Ds, 3S1-to-3D;, and 3D;-to-3S; collisions, re-
spectively ; the last two matrix elements are equal, by
reciprocity. All matrix elements are functions of the
energy E of the collision.

Since the general expression for the cross section in
terms of the scattering matrix is not given in standard
treatments of quantum mechanics, we include the main
steps of the derivation here. The first step consists in
defining the scaltering matrix itself. To do this, we re-
strict ourselves for the moment to one definite value of
the total angular momentum J and its z component
J.=M. At any one energy E, the channel wave number
ko and the relative speed v, in each channel « are given
by the energetics of the reaction. We consider only
those channels a which are “open” at the energy in

scattering the basic force is spin-dependent, while in resonance
reactions the system may go through a resonance in one spin
state 5, and be nonresonant at the same energy in another spin
state.

7 Qur SV is practically the same as the %7 of Wigner and Eisen-
bud; the precise relation is

Sa’c’l’;asl"=7:1H,usl;a'l"’)

where their “s” stands for our @ and s combined. The factor ¢+
occurs because their standard wave functions go asymptotically
(for large 7) like exp(d=2kr) whereas we use standard forms which
behave asymptotically like exp[4=i(k7»—2%lw)]. Our choice has
the advantage that the scattering mstrix for no events at all is
given by S=0q’a0s5011-
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question, i.e., for which &, is real. Let ®4, be the product
of the wave function of the nucleus X and the particle
a, both in the quantum states appropriate to the speci-
fication «, s. We define the spin- and angle-dependence
of a wave function with total angular momentum J, z
component thereof J,= M, orbital angular momentum
[, and spin angular momentum s, by?

l s
YoM=Y z > (smym,|IsTM) Y 1,mi(0, ¢) x5, ms.
mil=—Il ms=—s
3.2)

This expression is a function of the angular coordinates
0, ¢ as well as of the spin coordinates which appear in
the spin function xs,ms.

In terms of these definitions, the most general wave
function in channel «, s with total angular momentum
quantum numbers J, M consists of the superposition of
an ingoing and outgoing spherical wave, each with
spin-angle-dependence (3.2). At sufficiently large dis-
tances, we can write

\I/as(JM)= (lexM q’as

7a(Va)?
X {4 ast”™ exp[ — (ko a—5im) ]
_BaleM exp['i"'i(kara—‘%l’ﬂ')]}.

The coefficients Aasi’™ and Bas’™ are not inde-
pendent of each other. Rather, if the amplitudes of the
ingoing waves are known, the amplitudes of the out-
going waves are determined uniquely by the wave
equation. The relation between them defines the
scattering matrix:

Ba’s’l’JM':Z Z Z Sa's’l’;aleAaleM~
a s 1

(3.3

(3.4)

Notice that the factor /v, in (3.3) is different in differ-
ent channels a. Because of it, the coefficients 4 and B
correspond to amplitudes of probability flux, rather than
amplitudes of probability density. With these defini-
tions, .S is a unitary matrix (to conserve the normaliza-
tion of the wave function in time) as well as symmetric
(reciprocity theorem). We also observe that the coeffi-
cients S in (3.4) are independent of M. This is neces-
sary because different values of M can be obtained by
simple rotation of the coordinate system, an operation
which cannot affect the dynamics of the collision.

The next step consists in the decomposition of a plane
wave. The incident wave in channel a, s is given by
exp(tkaa)Xs,m:Pas. We may assume one definite spin
orientation m, even though all spin orientations are
contained in the usual beam, because different values of
ms lead to imcoherent contributions. This can be seen

8 The Clebsch-Gordan coefficients (Ismim;|lsJM) vanish unless
mi+ms= M. Hence one of the two sums in (3.2) is purely formal.
It is a considerable convenience in the later work, however, to
carry along these formal sums, and we shall do so from now on.
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by observing that the spin direction #, can be measured
(e.g., by a Stern-Gerlach experiment) without inter-
fering with the plane wave character of the beam. On
the other hand, contributions of terms with different
values of ! are cokerent and cannot be separated from
each other without destroying the plane wave nature
of the beam. We now write

- 3
exp(ikz) xs,me= (47)} ¥ 421+ 1)%(_”_)
=0 2kr

Jz.H(ki’) Yz, o(O)Xs,ms (3.5)

and

l+s J
Vio@xom= > 5 (sOm|IsTM) Y. (3.6)

J=|l—s| M=—J

Using the asymptotic forms of the Bessel functions
J 13 for large values of kr (kr>>1) we get the following
expression for the plane wave in channel «, s with spin
direction given by m,:

€xXp ('ikaza) Xs, ’msq)as

’1,(1r)% © J J+s
= $os 2. 20
kol o J=0 M=—J l=|J—s|

X (Is0m | IsT M )i (214 1)y 5™
X{exp[ —i(kara—3i7)]
—expl+i(kara—5m)]}.

Comparing (3.7) with the standard form (3.3), we see
that the amplitudes of the ingoing spherical waves are
given by

Aast?M =1k o(100)(IsOms | IsT M) (21+1)%
in channel @, s,

(3.7

(3.8)

A aleM =0
in other channels.

The amplitudes of the outgoing spherical waves are
then determined by (3.4), i.e.,

J+s
Ba's’l’JM:‘ ixa(ﬂ'va)* Z
I=|J—s]|

X (Us0m| IsT M) (2141)38Sarorrraar”.  (3.9)

Notice that there is no sum over « or s in (3.9). This
corresponds to the fact that there are no ingoing spheri-
cal waves in any channels other than the entrance
channel «, s.

We now investigate the asymptotic form of the wave
function ¥ of the system at energy E in the region of
configuration space corresponding to channel o/, s'.
For o, s’ not equal to «, s the wave function corre-
sponds to outgoing waves with amplitudes proportional
to the corresponding matrix elements of the scattering
matrix. However, the behavior is more complicated in
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the entrance channel «, s itself. There we have both
ingoing and outgoing spherical waves. For the purpose
of investigating reaction and scattering cross sections,
we are interested only in that part of the wave function
¥ which is due to the occurrence of the reaction; i.e.,
we write

\I’z\l"inc_{"llreacy (3~10)

where ¥ip, is given by (3.7). We now combine (3.7),
(3.9), and (3.3) to obtain the asymptotic form (for large
7) 0f Wreao i1 channel o, s':

7.\ } 1
‘I’reac(a’s,) =1:7‘a (_) Dyrgr

Vo’ Yo’

J+s J+s’

© J
XX X

T=0 M——J 1=|T—s] V=|J—s"|
X (IsOm, | IsTM)i*(21+1)*
Xexp[+i(karrer—3l'n)]

X(aa'aas'sal’l_Sa's’l’;ale)(le's’M- (311)

This expression would be sufficient if the detector in
channel «, s’ could be made to select the particular out-
going spherical wave with total angular momentum J,
z component thereof M, and orbital angular momentum
. Actually the common detectors select particles travel-
ing in a given direction 6, ¢. For the purposes of this
discussion, we shall assume, however, that the detector
is able to select particles corresponding to outgoing
channel spin s’ and spin direction 7. (Sums over m.s
and over s’ will be performed later). We therefore use
(3.2) to decompose the spin-angle-function Ysrs¥ in
(3.11), and we write ¥yeqa0(a’s’) in the form

a’s!

90 \ } exp(tkorrar)
\I/,m(a’s')=i7\a(——) e

Vo T

X Z qu’msf;asms(e,qﬁ) Xs',mgr. (312)

mg'=—sg’

The quantity ¢ defined by (3.2), (3.11), and (3.12)
can properly be called the reaction amplitude for the
reaction asm,—a’s'm. ¢ is given explicitly by formula
(3.14) below.

We are interested in the differential cross section for
the process asms—a’s'm, corresponding to known spin
directions m, and m, in the incident and outgoing
channels, respectively, for a collision in which the final
particle emerges within the solid angle element dQ in
the direction 6, ¢ with respect to the incident beam
(all angles, etc., are measured in the center-of-gravity
system). This cross section can be expressed in terms of
the reaction amplitude ga’s'my’;asmq(6, ¢) for this
particular collision, as follows:

doa’s'me’;asme= Ro?| qa’s'my’;0sms(0, ¢)|%dQ, (3.13)
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where X.=£%,"! is the de Broglie wavelength (divided
by 27) of the relative motion in the incident channel o,
and where the reaction amplitude ¢ for the collision is
related to the scattering matrix S as follows:* '

0 J J+s J4s’ 14
Qa's'ms’:asms(oy ¢)= Z Z Z z z
J=0 M=—J l=|J—s| U'=|J—s'| p'=1"

X b2 1) (s0m, | IsTM) (s’ w'my! | U's' TM)
X (64’463’361’[— Sa’ s’ ale) Yl',_;’ (0, ¢) . (3. 14)

Since the vector addition coefficients vanish unless
mi+ms= M, the sums over M and ' in (3.14) are purely
formal, the only contributing term being the one with
M=ms and p'=M—m;=ms—m, . Nevertheless, it is
advantageous to keep these sums formally, for later
work. The collision amplitude ¢, and hence also the
cross section do, depend upon the angle ¢, since the
spin directions m, and m, are specified. The cross
section for the as—a’s’ collision with an unpolarized
beam is obtained by averaging over the incident spin
directions m, and summing over the final spin direc-
tions m':

do'ulsl;as= (2s+1)“1 Z Z dO'a's’mg’;asm:. (315)

ms=—s ms'=—

We shall show that this expression can be simplified
greatly by using sum rules for the Clebsch-Gordan
coefficients. Finally, the differential cross section for the
a—a’ collision, without regard for the channel spins s
or §', is obtained by averaging over the possible values
of s and summing over the possible values of s':

Iti I’

2s+1
door;a= Z

Y dowiias (3.16)
s={I~i| o'=IT—i"] (2141)(2i+1)

where I and ¢ are the spins of the struck nucleus and
incident particle, I’ and ¢’ those of the residual nucleus
and outgoing particle, respectively, and the fraction
represents the statistical weight of the channel spin s.
As was mentioned before, the sum (3.16) cannot be sim-
plified by geometrical considerations. Thus, we shall
restrict ourselves to the differential cross section (3.15)
in what follows; it being understood that the sums (3.16)
must be performed on the final expression before com-
parison can be made with experiment.

4. REDUCTION OF THE DIFFERENTIAL
CROSS SECTION

It is apparent from symmetry considerations that
the sum (3.15) is essentially simpler than the individual
terms which enter into it. For example, the averaged
cross section (3.15) is independent of the angle ¢,
whereas the individual terms depend upon ¢. The
restrictions upon the differential cross section (3.15)

9 This follows directly from a comparison of (3.11) and (3.12),
using (3.2).
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have been discussed by many authors,!? the paper of
Yang being prominent for its derivation of these rules
directly from symmetry considerations. While the sym-
metry considerations show that (3.15) can be simplified
considerably, the actual evaluation of this expression
has not been carried out so far, except for special cases.!!
We can write (3.15) explicitly by performing the
operations indicated in (3.13) and (3.14), as follows:

da’a’s’;as= X012(23_'" 1)_1 Z Z Z Z Z Z

Ji W Jz 2 e
Xi"“"H‘,'H?—W(5a'a5313511’l1*‘Sa’s’ll';asll‘h)*
X(5[1'a63’35l2'12—‘Sa/s'l2';asl2',2)

XK(]lll,ll; ]212’12; S/S; 0) dQ, (4:1)
where K is a purely geometrical quantity which is
independent of the nature of the channels @, &' and
of the dynamical aspects of the collision process (inde-
pendent of the scattering matrix); K depends only
upon the indicated angular momentum quantum
numbers and upon the angle 6. In accordance with the
general theorems, K is independent of the angle ¢ ; it is
defined as follows:

K(Jy('ly; Jol'ls; s's; 6)
=L+ 1)} Q217 X T

mg me’ M1 Mg py’ po’

X (llsOms I 11S]1M1) (lstms l le]zMz)
X (ll’s’ul’ms’ l ll’s'flMl) (lzlslﬂz’ms, ' lg’S’JgMz)

X Yll'ul’(gd))* le'yg’(0¢). (4.2)

K can be reduced completely to an expression in-
volving no sums over magnetic quantum numbers.
The necessary formalism has been developed by Racah*
in connection with the theory of complex atomic spectra.

Introducing (2.3) into (4.2) gives a sum over seven
magnetic quantum numbers and over L. These various
sums can be reduced by a sum rule of Racah (BBR,
Eq. (19)) which -expresses sums of products of three
vector addition coefficients in terms of “Racah coeffi-
cients” W which depend upon 6 angular momentum
quantum numbers (none of which, however, has the
interpretation of a magnetic quantum number). After
substitution of (2.3) into (4.2), the sums over m,/, u!/,
and ps’ combine into a Racah sum. After performing
this sum, the sums over m, M1, and M, again combine
into a Racah sum. The result of this second Racah sum

10 R. D. Myers, Phys. Rev. 54, 361 (1938); E. Eisner and R. G.
Sachs, Phys. Rev. 72, 680 (1947) ; L. Wolfenstein and R. G. Sachs,
Phys. Rev. 73, 528 (1948) ; C. N. Yang, Phys. Rev. 74, 764 (1948).
The theorems were originally stated by E. Teller.

1 The paper of Myers (reference 10) comes nearest to the present
work, but it is restricted from the outset to resonance reactions
and suffers from the fact that no explicit expressions are given for
some of the coefficients (similar to the W of Racah) which enter
the final expression.
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is proportional to the vector addition coefficient
(112500 1J,LM). This coefficient vanishes unless M =0,
thereby eliminating the need for a summation over M.
This is of course the well-known result that the cross
section for an unpolarized beam is independent of the
azimuthal angle ¢, so that the only ¥ 7(6¢) which can
appear in the final expression for the cross section are the
ones with M =0.

The final result can be written most simply in terms
of quantities Z(I1J1lsJ 3, sL) defined as follows:!?

Z(l1]1l2]2, SL)
=l tta(2 4+ 1) (24 1)3 (2T 1 1) (2T o+ 1)}

W(11J1l2J2, SL) (111200”1121;0), (43)
where W is the Racah coefficient defined in reference (4).
The definition of W is reprinted in BBR, Eq. (12),
and the properties of W are discussed there. The factor
tl—ltiz g either 41 or —1, never imaginary.

In order to write the cross section as a sum of terms
all of which are manifestly real numbers, we also need
the identity

Z(TilaT s, sL)= (=)L Z(l.TghJ, sL).  (4.4)
B ( " _ —)8'—s o J+s J+s8’
L\a's | OlS)——- Z Z

4 J=0 l=|J—s| UV=|J—s’|

(-——)3'—‘ w  Ji+ts J1+s’ © J2+s

NI i I >
2 J1=0 Li=|J1—s] l'/=]J1~8'|

J1+s J1+s’

+ X 2

lo=l1+1 lo’'=|J1—s'|

J1+8’

+ Z Z(11]1l1]1, SL) Z(llljllzlfl, S’L) R.P.[]2=Jl, lz=l1] N

lo'=l1"+1
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The differential cross section can then be written as
follows: :

Ra?
A0atstias= > Bu(a's’; as) Pr(cosf) dQ, (4.5)
2541 L=0
where
Bi(e/s’; as)= PIDIDIDIDIDY
Ji1 J2 Ul I3 Ul

XZ(l1J1l2J2, SL) Z(l1']1l2’12, S’L)
XR.P.[(aa'aas’s(Sll’ll—Sa’s’ll’;asl]_'h)*

X(5a'a58’s6l2’lz—Sa’s’lz’;aslg"z)]. (4.6)

Here R.P. stands for the real part of the expression
in brackets. All sums in (4.6) are unrestricted and go
from 0 to « ; however, in practice only one of these
sums is really infinite (say the sum over J1). The other
five sums are finite because of selection rules for non-
vanishing Z coefficients (see BBR, Sec. IV). It should
be noted that Br(as; o's’)=BL(d/s’; as) in accordance
with the reciprocity theorem.

Just as in (2.5), the sum needs to be contracted for
practical computation. The generalization of (2.6) is
the contracted general formula!?

Y. ZQ@JU,SL) ZW'JVT, S'L)|8arabsrsd1r1—Sarsrvr;ast” |2

Jo+s’
S ZuTdoTs, sL) Z(y T idy' Ta, s’ L) RP.[ ]

Jo=J1+1 lo=|T2—s| l2'=|Jo—s’|

Z(11J112J1, SL) Z(l1’]1l2’]1, SIL) R.P.[]2=J1]

4.7)

where “R.P. [ ]” stands for the corresponding expression in (4.6). R. P. [J,=J;] means the real part of the square
bracket in (4.6) with J, set equal to J;. While (4.7) looks much less symmetrical than (4.6), it is better adapted for
actual computation since each term appears only once. In addition to the restrictions indicated on the various sums,

_the following restrictions reduce the number of actual terms:

h+1ls— L=even,

ev
(h41") and (12+l2')=[

(o]

The parity of channel « is the product of the parity
of the incident particle @ and the parity of target nucleus
X. The intrinsic parity of neutrons, protons, deuterons,
tritons, and alpha-particles is +1, so the parity of chan-
nel a usually is equal to the parity of the target nucleus,

12 This definition differs slightly from the one used in our earlier
Letter to the Editor of the Phys. Rev. (82, 123 (1951)).

I+l — L=even,

en
d] if channels « and o’ have [

(4.8)

equal
] parities. (4.9)
opposite

and the parity of channel o/ usually is equal to thé parity
of the residual nucleus ¥ in whatever state it is left.

18 Tn our earlier Letter to the Editor [Phys. Rev. 82, 123 (1951)]
the restrictions on the sums over Jg, Iz, and ;' were stated incor-
rectly resulting in the omission of some contributing terms (e.g.,
with J5>J, but l2<!l;). The expression of Hauser and Feshbach
(refe(rzr}lge 1) corresponds to the omission of all but the first line of
Eq. (4.7).
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We emphasize that nowhere in the derivation did we
assume anything about the mechanism responsible for
the reaction. Thus (4.5) and (4.6) apply to all possible
collisions in which two particles enter and two par-
ticles emerge; they can be used, for example, for the
exchange scattering of mesons by single nucleons, for
neutron-proton scattering, and for nuclear reactions
in which the compound nucleus treatment is not correct.
The rather complicated appearance of these formulas
is a direct consequence of their generality. In any
special case of practical importance, considerable sim-
plifications can be made. We shall give one example in
this paper (reactions and scattering due to a single
resonance level of the compound nucleus) and another
example in a different paper (neutron-proton scatter-
ing with spin-orbit coupling).f The rules of reference
(10) about the limitations upon the complexity of the
angular distributions can be shown to follow from (4.6)
by the use of Racah’s selection rules for nonvanishing W
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gives an explicit formula for the differential cross
section.

For collisions of spinless particles (4.6) SImphﬁes
greatly owing to the fact that

Z(lljllzjz, OL) = 5l1J1512J2(—'1.) L=lrtla

X[(2041) (24 1) (1800 | 1iaL0).  (4.10)

In particular, the differential cross section for pure
elastic scattering of spinless particles is obtained by
substituting (4.10) into (4.6) and using the relation

Sast’;ast =8y, eXp(2151),

valid for s=0. The result is identical with (2.5).

Finally, the total cross section (integrated over all
angles) for the as—a’s’ reaction is also contained in
(4.6). We use the relation

coefficients. There is of course no sense in re-doing Z (1T doJ s, $O) = 811287175(— )T —2(2T 1+ 1)t (4.11)
Yang’s very nice derivation by such a sledge-hammer
method ; the advantage of (4.6) lies in the fact that it to get the well-known result
(s 0= B ) 3 5
oola's ; as)= ola's’; as)= 2T+ 1) | 0arads sOrri—Sars . Jl2 4.12
’ ’ s+1 ’ 2541 J=0 1=|J—s] V=|T—s'| ( ) " it (4.12)

So far we have written all expressions as if the ele-
ments of the scattering matrix were independent of each
other. For each value of J and parity, there is a certain
number, say N, of different combinations «, s, /. Each
scattering matrix element is a complex number; hence
the formulas involve 2/V2 real parameters for each value
of J and II. Actually these parameters are not inde-
pendent of each other. The scattering matrix S must be
unitary and symmetric. This implies that S can be
written in the form

§7=exp(2iQ”™),

where Q71 is a Hermitean (S=unitary) and symmetric
(S=symmetric) N-by-N matrix. Q is therefore real and
symmetric, i.e., it corresponds to a rotation in a real
N-dimensional vector space. We can always write Q in
the form

(4.13)

Q"u= UJ]'["IAJHUJH, (4.14)

where A is a real diagonal N-by-N matrix, and U is an
orthogonal (unitary and real) N-by-N matrix. The
diagonal elements of A are the “‘eigen-phaseshifts.” The
scattering matrix (4.13) then becomes!*

SI0= (UJ]’I)_]' exp(ZiA,m) Usn. (4.15)

There are NV eigen-phaseshifts necessary to specify A;m,
and 3V (N —1) independent real parameters necessary
1 J. M. Blatt and L. C. Biedenharn, Phys. Rev. 86, 399 (1952).

14 We recall that if f(x) is any function of # which allows a power
series expansion, then f(UAU)=U"Y(4)U. )

to specify rotation U yi in an V-dimensional space. Thus,
there are altogether 3V(V—-1) real independent param-
eters necessary to specify the scattering matrix S/ for
a definite J and parity, rather than the 2/V? real but
dependent parameters contained in the formulas written
so far.§

The parametrization (4.15) is advantageous for the
cases N=1, 2, and perhaps N =3, where it is fairly
straightforward to write the orthogonal transformation
U explicitly in terms of the V(I —1) real independent
parameters (Euler angles for N=3) on which it de-
pends. For larger values of IV, it is preferable to have a
more direct way of constructing U from a matrix into
which the 3N (N —1) parameters defining the rotation
enter directly. This is supplied by the Cayley transform
for orthogonal transformations:

Usn=(Bsu—1)/(Bsu+1), (4.16)

where B is a real, antisymmetric (i.e., a skew-Hermi-
tean) N-by-N matrix. The representation (4.16) is
possible whenever U has all its eigenvalues different
from +1. In terms of this B matrix, then, we obtain an
explicit parametrization of the .S matrix through
Bsn+1

SVl= (4.17)

exp(ZiA,m)
Bsn—1 Bsn+1

§ E. Wigner, Proc. Nat’l Acad. Sci. 32, 302 (1946).
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We illustrate this procedure by writing down the
most general .S matrix for a two-channel reaction, i.e.,
we assume NV = 2. This applies, for example, to neutron-
proton scattering with tensor forces in triplet states with
total angular momentum J and parity II=—(—1)7.

COSe
U=
— SIne

(cosze €21 4 ginZe 22

1 sin(2e¢) (¢201— g2ib2)
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Omitting the indices J and II, we can write

: 6 0 0 cot(e)
A= ( ), B= ( )
0 &/ \-cotl) 0
Substitution into (4.16) and (4.17) then yields
sine)
cose/’
1 sin(2¢) (e2i01— ¢2it2) )

sinZe €2¥#14- cos?e ¢

(4.18)

(4.19)

This is the expression for the most general S matrix of a two-channel reaction, in terms of the three real param-

eters 81, 82 (the two eigen-phaseshifts), and e.

There are considerable simplifications which take place in the cross section formula (4.6) when the Surer1; 61’
are parametrized according to (4.15). We start by deriving a simple formula for the total (transmission) cross sec-
tion in a channel a. The cross section in question is given in terms of (3.5) and (4.12) by

( ) 2+1 r!
o >;§§(21+1)(2+1) eo(ar's

; o)

Tha>

> 5 (27+1) Z Z L XX [Saradersdi—Sarsrrran™ |2

(ZI +1)(2641) J=0m=t1 o

The sums over o/, s, and I’ combine to give the diagonal (asl, asl) element of the matrix (1

s’ U

—8¥)(1—S). Since S is

unitary, this matrix is equal to 2—S—S*. Thus the total cross section becomes

TR ®

o)== 3 ¥ (21-1-1)22[2 =S (ST)* Jast; ant.

2I4+1)(2i+1) 7=0 1=t1

This formula is the direct analog of the usual relation
between the total cross section and the imaginary part
of the amplitude for elastic scattering in the forward
direction.

In the general case of many different channels «,
(4.20) involves not only the eigen-phaseshifts contained
in the diagonal matrix A but also the transformation
coefficients contained in the orthogonal matrix U.
However, if elastic scattering (¢/=ca) is the only
energetically possible reaction, (4.20) allows a further,
drastic simplification. For then we can add a formal
sum over « on the right side of (4.20) without changing
the result. We then get the trace of the matrix 2—S—S+.
By use of the parametrization (4.15) or (4.17), this can
be written as

—SH)(1—3S)]=trace[ (1—e~24)(1—¢2i4) ]
=4 trace (sin?A).

trace[ (1

Thus the total cross section is given by
47h2 o
—— 3 2
(2I41)(2i+1) 7=0 T=t1
X (2J41) trace (sin?Aym).

oola; a)=

(4.21)

(4.20)

- This is the natural analog of the usual formula for
the total scattering cross section in elastic collisions of
spinless particles. The trace of the matrix sin?A is equal
to the sum of the sin%(3;) of the various eigen-phase-
shifts §; since A is a diagonal matrix. Three remarks
should be made concerning (4.21): (1) This formula
is invalid if reactions other than elastic scattering are
energetically permitted. An analogous formula can be
derived for that case, but it is of no practical interest.
(2) In the special case of neutron-proton scattering, it is
usually assumed that there are no singlet-to-triplet-
state transitions during the scattering; that is, s is taken
to be a constant of the motion. In that case it is not
necessary to sum over s and s in order to get a simple
formula analogous to (4.21). Rather, the singlet scatter-
ing and the triplet scattering separately are given by
expressions similar to (4.21). (3) While the total scatter-
ing cross section can be given in terms of a small number
of parameters [V eigen-phaseshifts for each J and II
instead of the full $V(V+1) parameters necessary to
define ST completely ], this is no longer true for the
angular distribution.

We now derive a general formula for the angular
distribution valid when the scattering matrix is param-
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etrized according to (4.15). It is well known that the
eigenvectors #;, #s, - - -, uy of the scattering
matrix associated with the eigen-phaseshifts éy, 6s, * - -,
dk, + + +, O can be read off from the unitary matrix U in
(4.15). That is, the first row of U contains the compo-
nents of #;, the second row of U contains the compo-
nents of u#s, etc.'® We now introduce the projection
operators P(u;) whose matrix elements are defined

by

Yy Uky "t

(P(Mk))a’s'l’. asl™ (uk)axl(uk)a’s'l’ (422)

N1 N2

Brla's';as)=(—1)""2 32 2.2 > X sin(ds1mk1) sin(872meke) cos(81muki— 872make) T

J1 1 J2 M2 k=1 k=1

where T is the following sum:
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and rewrite the scattering matrix in the spectral form
N
S=73" exp(2:6s) P (ur). (4.23)
k=1

The matrix which enters the cross section formulas is not
S itself, but 1—.5, which becomes

1-S=—-2 ﬁ‘ exp(26y) sin(6x) P(ux). (4.24)

Formula (4.6) can then be rewritten as follows:

(4.25)

T=Z Z Z Z Z(ll.]llz]g, SL)Z(ll,]Jz/]z, S’L) (P('MJlIIlkl))a's’ll’;asll(P(M.le'Izkz))a’s’lz';aslg.

i1 Iz I 12

This can be rewritten by the use of (4.22) in the product form

T=[3 2 Z(hJdoJ s, sL) (urimsky) asty(sronske) aste ] X [ D Z (1T ide' T2y s'L) (waimmyky) a’s'ty' (T aTgks) a's'ls’ .

I 12

1 Iz

Expressions (4.25) and (4.26) are the direct a\'nalog
of (2.5) for spinless particles. While the notation ap-
pears rather formidable, the actual evaluation of the
sums (4.26) is quite simple. An example appears in a
separate paper on neutron-proton scattering in the
presence of spin-orbit coupling. We remark that for the
special case of pure elastic scattering (i.e., scattering
without change of either the energy or the channel spin,
symbolized by o’ = a and s’ =s), the two square brackets
in (4.26) become identical, so that the coefficient T is the
square of an expression linear in the Z coefficients.

5. EVENTS CONNECTED WITH A SINGLE RESONANCE
LEVEL OF THE COMPOUND NUCLEUS;
(A) REACTIONS

The general formulas can be simplified greatly if
special assumptions are made about the nature of the
scattering matrix. A very useful special case is obtained
by assuming that the reaction proceeds via a definite
resonance level of the compound nucleus, with angular
momentum Jo and parity II,. The expression for the
scattering matrix in that case has been given by Wigner
and Eisenbud,! their Eq. (56). In order to get simple
expressions, we shall make two additional restrictive
assumptions: (1) The channel radius R [equal to the
a, of reference (1)7]is independent of the channel spin s,
although it may vary for different channels «. (2) The
constant matrix R, in Eq. (46) of reference 1 can be
neglected compared to the resonant term. It is ad-
vantageous to rewrite Eq. (56) of reference 1 in an

16 In general, the rows of U would contain the complex con-
jugates of these components; however, U is a real matrix.

(4.26)

equivalent form. We define the partial widths I'ss in
the same way as Wigner and Eisenbud [the Ty in
their Eq. (55)], but instead of their axs; we introduce a
real quantity g, defined by

gasl=:|:(I‘,,sl)*. (51)

The ambiguity in sign is typical of the dispersion formu-
las; this uncertainty does not appear in the formula for
the total cross section, but we shall see that a study of
the angular distribution of scattering and reaction
products allows in principle a determination, not only
of the magnitude of the partial widths T'sys;, but also
of the relative signs of the parameters ga,; which enter
into the dispersion formula. We mention that both gas;
and T'q. are functions of the channel energy through
the usual penetration factor.

We also introduce the phaseshifts for the ‘“poten-
tial” (hard sphere) scattering £;, through

Gi(R)—1iF(R)

)= RH®)
(for neutral particles), (5.2)
exp(2i&;) =exp(2ioy) M
Gi(R)+iFi(R)
(for charged particles), (5.3)

where Fi(r) and G(r) are the conventional regular and
irregular solutions of the radial wave equation outside
the nuclear surface, R is the channel radius (i.e., the
sum of the radii of the target nucleus and incident
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particle), and ¢, is the phaseshift for Coulomb scatter-
ing from an impenetrable sphere of radius R; the
formula for o; is

(I4in)(I—1+in)- - - (1+in) (in)!
(I—in)(I—1—in)- - - (1—dn) (—in) !

exp(2io;) =

where n=2Z,Zxe?*/hv and z! is the usual factorial func-
tion. The potential (hard-sphere) scattering cross sec-
tion is given by Egs. (2.4) and (2.5) with §; replaced
by fz.
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We also introduce the notation E, for the observed
resonance energy, i.e., in terms of the notation of
reference 1,

E0=E)\+A)\. (55)

In principle, E, is not a constant but depends on the
channel energy through the quantity A,. In practice
the energy variation of A can usually be neglected,
however, so that E, can be considered a constant.

In terms of the notation introduced so far, and mak-
ing the approximations indicated above, Wigner and
Eisenbud’s formula for the scattering matrix can be
rewritten in the form!®

Sa’s’l’:aleOH'J:exp[i(gal_"]a 1n2kara)] exp[i(sa’l'_na' 1n2ka"’a')]

In this formula, 7, is a screening radius for the Coulomb
field in channel «, and 7, is a similar quantity for
channel o'. These screening radii drop out of the final
formulas. T is the total width of the level J,, Iy, Ey:

=3 > Zl: Taste 5.7

This quantity depends on the energy. Formula (5.6) is
appropriate for the particular value of J (=J,) and
I (=1I,) for which the resonance occurs. We assume
that resonances of different J and parity are sufficiently
far away in energy that we can neglect their influence.

Jo+s Jo+s

(=)=

Ri(d's’; as)=

Jo+s’

= > >
A[(E—Eo)*+ GD)2] u=iTo—sl te=ITo—s| W'=|To—s'| la'=|To—s’|

. Bastfa’s'l
X| daradssdvit "=

. (]=J0,H=H(}). (5.6)
Eo-E—%iP

Thus, for all other values of J and II, we get

Sa’s’l’;asl‘,nz 60’(153’361’1 CXPE%(EM— Na ln2kara):|
' (J, M= Ty, ).  (5.8)

In this section we shall give an expression for the
differential reaction cross section, that is, we assume
either o’ a or s'5£s or both.!” In that case the scatter-
ing matrix elements vanish unless J=J, and II=1I,,
and simple substitution of (5.6) into (4.6) gives [we
introduce the notation Rr(a's’; as) for later use ]

Br(d's’; as)=Rp(da's"; as),
where

Jo+s’

>

- XZUTodaT o, SLYZ (1 T ole' T o, s’ L) gastigastaga’s'ty’ga’s'ly’ CoS[ Eali— EalytEa'ly'— Ea'ly’]  (for a, s#a’,s"). (5.9)

In addition to the restrictions on the ranges of I, etc.,
indicated on the sums, all these orbital angular mo-
mentum quantum numbers must satisfy the parity
conservation laws; if we denote the channel parity of
channel a by IL,, that of channel o’ by I/, and of the
compound nucleus by IIo, the restrictions are

(=)= (=)e=T,I, (—=)4=(=)%=II,I. (5.10)

Each term in (5.9) occurs twice. Hence for practical
computations the sum should be contracted along the
lines of (4.7). We need not write down the result here.

The total cross section is given by (4.12) which
becomes

2]0+1 Puulra’s'l’
co(s’; as)=mK,2 PIDM
2541 T 7 (E— Eo)2+ (1)

(for @, s#a/, s'),

(5.11)

where the ranges of summation over / and [’ are as in
(5.9) and (5.10). We see that the total cross section
does not allow a determination of the signs of the
quantities g1, but that a measurement of the differen-
tial cross section for the as—a’s’ reaction allows such a
determination, at least in principle.

According to the selection rules for nonvanishing Z
coefficients (see BBR, Sec. IV), By, vanishes for values

18 We have not been able to get simple results by reducing (5.6)
to the standard form (4.15). Simplifications do occur, however,
near the peak of the resonance, provided that the resonance
scattering dominates over the potential scattering.

17 From the theoretical point of view, scattering without change
of energy but with a change in the channel spin should be con-
sidered inelastic scattering; it can be treated by the same expres-
sions which are applicable to reactions (for which a’¢«). In
practice, of course, the spin-flip events are included in the meas-
ured cross section for elastic scattering. We shall return to. this
point in Sec. VL.
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of L which violate the condition

L2, (5.12a)

Furthermore, according to (5.10), the sum I+, is
always an even number, so that By vanishes for odd
values of L,

L=even. (5.12b)

Sometimes the penetration coefficients are such that
there is a maximum value of / of the incident particles
for which the widths are appreciable; or else there may
be a maximum effective value of // for the outgoing
particles. If we assume that gesu=0 for />ln.x and
gorsr=0for I'>1,.', we get the additional restrictions

L < 2lmax L < Zlmax’. (S.IZC)

These well-known restrictions on the complexity of the
angular distribution!® therefore follow also from our
explicit expressions for the reaction cross sections, as
of course they must. We mention that the quantities
Zas1 involve the square roots of the penetration coeffi-
cients. Thus, care must be exercised in estimating the
value of /nax.

The formulas given so far apply to reactions in which
the incident particles collide with a definite channel
spin s and the outgoing particles emerge with a definite
channel spin s’. In practice, the channel spins are not
measured, and the observed cross section for the a—a’
reaction is given by

7\0‘2 Lax
oy, a=————— 3 Br(a';a) Pr(cosh) dQ,
(2i+1)(2I+1) =0
(5.13)

where B (a’; @) is given in terms of (5.9) by

Br(d'; a)=Ri(d; @)

I+i I'i!

=2 X

s=| I—i| s'=|I'—i’|

Ri(a's’; as). (5.14)

We emphasize that (5.13) and (5.14) apply only to

o0

Hi(a; )= 5 (214-1)(20'+ 1)[ (00| 1 LO) 2 sin, sin&y cos(£— £v).
|

=0 I'=|1-L

AND L. C.
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reactions, i.e., to the case o' «, whereas (5.9) applies
also to the case a’=a provided that s'#s. We have
introduced the notations R.(c’s”; as) and Ry (o’ ; «) for
later use, since these sums also enter into the cross
section for elastic scattering. The range of summation
over L in (5.13) is determined by the restrictive con-
ditions (5.12).

6. EVENTS CONNECTED WITH A SINGLE RESONANCE
LEVEL OF THE COMPOUND NUCLEUS;
(B) ELASTIC SCATTERING OF
NEUTRAL PARTICLES

We now use expressions (4.6), (5.6), and (5.8) for
the case a=a/, s=s" which corresponds to true elastic
scattering, i.e., scattering without change of either the
energy or the channel spin. We observe that we would
get pure hard-sphere (potential) scattering by using
(5.8) for all values of J and II, including J=J, and
II=1I,. It is therefore advantageous to add and sub-
tract the cross section for potential scattering. The
actual cross section then consists of three parts: the
resonance nuclear part, the potential scattering, and
the interference term between these two.!® We write the
cross section in the form (4.5), with &’=a and §'=s,
but we break up the coefficient Bi(as; as) into these
three contributions:

Br(as; as)=Rr(as; as)+2s+1)H(a; o)
+TIr(as; as),

where R; stands for the resonance contribution, Hj,
for the hard sphere contribution, and I for the inter-
ference term. The calculation of these terms is straight-
forward but tedious. Use must be made of the sum rule
[BBR, Eq. (26)] for the Z coefficients. As indicated by
the notation, the resonance contribution R; is equal
to (5.9) with o set equal to « and s’ set equal to s.
The hard-sphere scattering is by assumption indepen-
dent of the channel spin s [the factor 2s+1 merely
serves to cancel the corresponding factor in (4.5)7] and
is given by (2.5) with the hard-sphere scattering phase
shifts &; in place of §;, i.e.,

(6.1)

(6.2)

In order to write the interference term in a simple form, we introduce an angle parameter 8 to measure
the deviation of the energy from resonance. We define 8 through

tanB=(E— E,)/3T. (6.3)
The interference term in the cross section is then given by
Jot+s 4L ) , , \ J ) . .
Ip(as; as)=—(2Jy+1) z=|;;—s| l'=%-14| r+41)L@roo|r'Loy] [yt QT siny sin(B+42&,—§r).  (6.4)

18 The last two parts do not make any contribution to scattering without change of energy but with change of channel spin.
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It is interesting to observe that the sign ambiguity —measured. The experimental “elastic scattering” cross
associated with the quantities g.,; does not appear in section includes events in which the spins are flipped.
this interference term. These events are described correctly by (5.9) with
The contribution Ry vanishes as soon as L violates o'=a but §’s%s. The experimentally observed elastic
one or more of the conditions (5.12). The quantities scattering cross section is given by (3.16) with o' =a.
Hy and I never become exactly zero. However, in We introduce the partial widths I'y; for emission into
the case of scattering of neutral particles, the phase channel a with orbital angular momentum J, summed
shifts &; for the potential scattering approach zero as !  over all possible channel spins s, i.e.,
becomes large, and hence H, as well as I 7, become small
for large values of L, so that the sum (4.5) converges Io= Ly r 6.5
well. This is not true for the elastic scattering of charged b= ‘,sf\;‘_i, ask: (6.5)
particles, and this case will be treated separately in the
next section. We then get the following formula for the experimen-
Equations (6.1) through (6.4) give the cross section ‘ally observed differential cross section for elastic scai-
for scattering without change of either the energy or the itering in the neighborhood of a resonance level of angular
channel spin s. Experimentally, this quantity is not momentum Jo and parity ,:

Re? Lmax ®
rnm s B Ralas) Palcost) dR? 2 Hale o) Pafcosd) d9
2J0+1 w Jo+I+i 4L
A D B B 5y, DLW IO
X e singy sin(8+2&— &) Pr(cosd) d2.  (6.6)

L(E—Eo)*+GT)* ]

In this formula the first term represents resonance rules to give a total angular momentum J,. That is,
nuclear scattering; the coefficient Ry(a; ) is given by  the maximum value of [ is as indicated on the sum, while
(5.14) with o’ =0; Lmax is determined by the restric- the minimum value of / is given by
tions (.5.12). The: st‘acond term_ is the .hard.—spbere loinm Jom (I44) i Jo>I+i,
(potential) scattering; the coefficient Hi(«a; ) is given . . .

. : Inin=0 if |[—i] STo<I+1, (6.7)
by (6.2). The last term contains the interference be- loia= | T—i| = Jo i Jo<|I—i]
tween nuclear and potential scattering. The range of min T 0 0 .
summation over / is such that the three angular mo- Finally we give the total cross section, which is 4
menta [, I, and ¢ can combine by the vector addition times the coefficient of Po(cosf) in (6.6):

2J0+1 Palral’
oo(a; )= mTRSE——— 3
12}

o + 47K a2 i (214-1) sin?g,
(214-1)(2i+1)

P (E-Ey+GrE b=

g 2J0+1 Jo+I+i gy sing; sin(84- &)
QI D@D Wim [(B—Eo+ G

(6.8)

As before, the first term gives the contribution of We also observe that the interference term in both (6.6)
pure resonance scattering, the second is the pure hard- and (6.8) can be considered the sum of terms with
sphere (potential) scattering, and the last is the inter- different /, each of which is equal to the interference
ference between the two. If &; is negative and |£;| is term obtained from a resonance of given / and partial
less than Im, the corresponding interference term is width for emission into channel « equal to I'e if all
negative below resonance and at resonance and then spins I, I', 4, ¢’ are set equal to zero; the only effect of
becomes positive; the range of energy over which this the spins consists in the multiplication by the usual
term is appreciable is much wider than the usual half- statistical factor, and in the need for summing over the
width, because its magnitude decreases far away from many possible values of ! consistent with Jo and II,.
resonance like |E—Ey|™! rather than like (E—Ey)~2. One sometimes encounters the statement that this is
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the only effect of the spins for the total scattering cross
section. We see that this is not entirely accurate because
the treatment neglecting spins does not lead to any
scattering with change of orbital angular momentum /,
whereas such scattering does occur when spins are
present. However, this scattering contributes to the
resonance term [ the first term in (6.6) and (6.8)] but
not to the interference between resonance and potential
scattering.

7.EVENTS CONNECTED WITH A SINGLE RESONANCE
LEVEL OF THE COMPOUND NUCLEUS;
(C) ELASTIC SCATTERING OF
CHARGED PARTICLES

The expressions derived in the preceding section are
still correct for the elastic scattering of charged par-
ticles, but they are not useful in practice because the
sum over L converges very slowly. Thus we must treat
the Coulomb scattering explicitly in order to get
usable expressions. The potential scattering is now
scattering by a charged hard sphere of radius R, which
can be written as scattering by a point change plus
correction terms to take into account the finite nuclear
radius. We shall first derive the expressions for the
scattering of spinless charged particles by a nucleus of
zero spin (I=17=0). The cross section is given by (2.1)
where f(6) consists of three parts:

F6)= fe(0)+ feu(0)+ fri(6), (7.1)
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where f¢(0) is the scattering amplitude for pure Ruther-
ford scattering, fcu(6) is the difference between the
scattering amplitude from a charged hard sphere and
fe(8), and fri(6) is the nuclear resonance scattering
amplitude, which we assume to be associated with a
resonance of angular momentum ! (since 7=I=0 by
assumption, this / is equal to the total angular momen-
tum of the compound nucleus), of partial width T,
total width T', and resonance energy E,.

The expressions for the scattering matrix, (5.6) and
(5.8), contain factors exp[ —in In(2k7)], where 7 is a
screening radius for the electrostatic field of the nucleus
within the atom. In practice the effect of screening on
the angular distribution of elastically scattered par-
ticles is negligible at all angles except for very small-
angle forward scattering (where the screening effect
prevents the cross section from becoming infinite). We
can therefore ignore those factors. It is useful to factor
out a common phase factor exp(2iso) from all terms of
(7.1). We introduce the notation

s=Z.Zxe?/2M?, (7.2)

where Z, and Zx are the atomic numbers of incident
particle and target nucleus, respectively, and M is the
reduced mass for the relative motion in the center-of-

gravity system. We also define phase shifts ¢; and ¢,

through [Fi(R) and G,(R) are the usual regular and
irregular Coulomb wave functions, evaluated at the
nuclear radius R]

Gi(R)—iFy(R)

=f— Qi) = o 73
¢i=b—ar  exp(2igy) C{RHFAB (7.3)
(Hin)(@—14149) - - - (1+in)
=0;—o0¢ 2i) = . 7.4
e == 74
Thus we have
si=vit it oo, (7.4a)

The S wave Coulomb phase shift oo cancels out in the argument of the cosine in expression (5.9). This is typical of
all subsequent formulas : The value of oo is never needed ; the final results can all be expressed in terms of differences
of phase shifts, such as ¢; and ;. ¢; can be interpreted as the additional phase shift by which scattering from a
charged hard sphere differs from scattering by a point charge. This additional phase shift approaches zero for large
values /. In terms of this notation, and factoring out a common exp(2isy), we get

fe(8) = —z cosec?(36) exp[ — 247 In sin(36) ], (7.5)
Jen(©)=irmh 3 (24 1)) exp(2ipe) [1—exp(igr)] Vr.o(6), (7.6)
[ =5 ) expl2iCyr 6] — 2By ) (.7)
Rl = m , 0 . .
T -G
The cross section for elastic scattering is then given by (2.1), i.e.,
do=| fe(O)+ fer(0)+ fri(8) |2 dQ=C[| fc|*+2 R.P. (fo*fem)+ | feu|?] d2
+[2R.P. (f¢*fr)+2 R.P. (feu*fr)]dO+| fri|? dQ. (7.8)

The separation above is into the usual three parts: potential scattering, interference between potential and
resonance scattering, and pure resonance scattering. By performing the indicated operations and using relation
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(2.3) in various places, we get
[ fe|*+2 R.P. (fc*fem)+| for|2=2* cosect(36)
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—2Xz zw', (214-1) sing; cos[ 27 In sin(36)+ 2¢:1+ ¢1] cosec(36) Pi(cosd)
1=0

©w ® +L
XY X

L=0 1=0 V/=|I—L|

(204-1)(20'+ 1)[ (00| 2’ LO) | sing; singy cos[ 2+ ¢1) — 24+ ¢v) ] Pr(cosh).

(7.9)

This expression reduces to the differential cross section for potential scattering of neutral particles if we set
z=v;=0 and ¢;=¢£,. The interference term between resonance and potential scattering is equal to

2R.P. (fe*fr)+2 R.P. (feu™frr)

al

=xz(214-1)
"[(E—Eo)*+ ()2}
0 L
—x2 Y % 214 1)(2l'+ 1)|:(ll'00!ll’LO)]2
L=0 l'=|1—L|

sin[ 29 In sin(30)+ 2¢:+ 2+ 8] cosec?(%6) Pi(cosd)

Pal

L(E—E)*+GD)"

Xsingy sin(8+ 21+ 2¢1— 21— ¢rr) Pr(cosd). (7.10)

Finally, the pure resonance scattering cross section in the absence of spins is given by .

| fre| 2= wR2(214-1)

In this simple case it is not advantageous to use (2.3).

Formulas (7.8), (7.9), (7.10), and (7.11) give the
elastic scattering cross section for the special case
1=I=0. They can be used directly to analyze the elastic
scattering of a-particles by even-even nuclei. We now
show that the more general case ¢5%0, 150 can be ob-
tained from these expressions and (6.6) by simple in-
spection. The first line of (6.6) is the pure resonance
scattering. This expression can be used as it stands
even in the presence of Coulomb fields, since the sums
over L and the various / are finite and no question of
convergence arises. Thus, the first line of (6.6) replaces
(7.11). The second line of (6.6) is the pure potential
scattering and is identical with (7.9); the only differ-
ence is that (7.9) involves rapidly convergent sums,
whereas the sum in (6.6) converges very slowly.

2

F
Qr1+1)(2i+1)

Lmax

L=0

(E—Eo)*+ (3T)?

(Pal)2

— | V10(6)]2 (7.11)

Finally, consider the last line of (6.6), the interference
between resonant and potential scattering. We re-
marked at the end of Sec. 6 that this term can be con-
sidered the sum of terms with different values of I, each
of which is equal to the interference term (7.10) for a
resonance of given / and ¢=I1=0, except for the sta-
tistical factor in front. The latter change means replace-
ment of (2/4-1) by (2Jo+1)/(2I+1)(2i41). This can
be seen formally also by considering (7.10) with z=y;=0
and ¢;=§£; (corresponding to no Coulomb field), which
differs from the interference term in (6.6) only through
the statistical factor and the sum over permissible
values of 1.

Putting together all this information, we arrive at
the following formula for the elastic scattering of charged
parlicles near a resonance level of the compound nucleus:

> Ri(a, a) Pr(cosh) dQ -+ 22 cosect(36) dQ

—2%ez 3 (2041) sing: cos[ 21 In sin(30)- 241 1] cosec(20) Py(cost) dQ
=0

o0

o L
S SO VDD
10 1=0 v=[r-L
Re2(2T+1) JotI+i T
(2I41)(24+1) =imin [(E—Eo)*+GT)2]
Xa2(2J0+1)
(2I41)(2i41) L=0 t=imin l=[I~L

o Jo+I+s 4L

I‘al

I (2+1)2r+1)[(@'00|1'L0) ]2 sing: sings cos[(2¢1+ ¢1) — (2¢¥+év) ] Pr(cosh) dQ

cosec?(30) sin[ 27 In sin(36)+ 2¢1+ 2¢:+ 8] Pi(cosd) dQ

> Q@U4DLEroo| ' Lo)]? sing,
|

X i
[(E—Eo)*+GD)* ]}

sin(B+2¢1+2¢1— 2y — 1) Pr(cosd) dQ. (7.12)
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We repeat the interpretation of the various terms in
this formula: the first term is pure resonance scattering,
with Rz(«, a) defined by (5.14). The next term is pure
Rutherford (point charge) scattering, with z defined
by (7.2). The following two terms represent the correc-
tion due to the finite size of the nucleus; the phaseshifts
¥ and ¢; are defined by (7.3) and (7.4), respectively.
The next to last term is the interference between reso-
nance scattering and pure Rutherford scattering, while
the last term is the finite nuclear size correction to this
interference term.

There is one case of special interest here, in which the
rather complicated expression (7.12) reduces to more
manageable proportions. This is elastic scattering of

A2l 2 2J9—1

T S[(E—E)+GT)?] i

Taa

a

+1X.2(2T 0+ 1)-
et B an

© lo+L

[ B GO o vt

—3R3(2J 1)

X [(%'00] 1oy LO) 12 sing s sin(B+ 2y 10+ 21— 24— 1) Pr(cosd)d.

In the first term, the resonance scattering, the sum
over L contains only even values of L. It is interesting
to observe that this resonance scattering has a definite
angular distribution which depends on /o and Jo but
not on the widths or the energy of the resonance. The
next term, (do)pot, is the differential cross section for
the potential (charged hard-sphere) scattering, and is
given by the second, third, and fourth terms of (7.12).
Experimentally, one usually measures the scattering
cross section at some definite angle, as a function of
energy E. The cross section for the potential scattering
can be subtracted directly by interpolating a smooth
curve between the data above and below resonance
and then taking the difference between that smooth
curve and the observed cross section in the resonance.
The last two terms in (7.13) represent the interference
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protons on even-even (I =0) target nuclei. In that case
i=%, I=0, and there is only one possible channel spin,
namely, s=%. Furthermore, for a resonance of given
J=J, and parity II,, there is only one value /=1, of the
orbital angular momentum of the protons; that is,
is defined uniquely by the conditions that (1) /o is one
of Jo+3%, Jo—3; and (2) (—1)0=1,Ilx, where IIx is
the parity of the target nucleus. In that case the quan-
tities gas; do not enter; indeed we need to know only
two widths, the width I', for elastic scattering, and the
total width T'. The cross section for elastic scallering of
charged particles with s=% (protons, tritons, or He?
nuclei) by nuclei with =0 (even-even nuclei) is given

by

Z [Z(lo]olo]o, %L)]z PL(COSB) aQ + (da’);,oq;

cosec2(30) sin[ 29 In sin(30)+ 2y 1+ 210+ 8] Pio(cosd) dQ

(2'+1)

(7.13)

between resonance scattering and Rutherford (point
charge) scattering and the finite nuclear size correction
to this interference term, respectively.
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