He ION-INDUCED REACTIONS IN URANIUM

In the original model, R, is the probability that the
nucleus evaporates three neutrons but still has an
excitation energy greater than the neutron binding
energy. To take fission into account, we must use the
probability that the nucleus evaporates three neutrons
but still has an excitation energy greater than the
fission activation energy. Hence,

R4 = GannQGnal(A3f,5),
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where
Ay/=(E—By—B;— B3—Ew)/T,

and Ey is the activation energy for fission.?* The
probability for evaporation of exactly three neutrons is
P(E,3) =R3—'R-4
= Gannzcns[I(Az,s) —'I(Aaj,S)]
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The angular distribution for the production of pairs of pions by photons or pions incident on nucleons is
analyzed in terms of the various angular momentum states involved. A general expression is derived and
then the effect of various assumptions about which states should be important is examined. It is found that
an examination of the relative azimuth of the pions should give information about the nature of the process,
and in particular about the existence of a resonant state of the nucleon, and its angular momentum,

I. INTRODUCTION

RECENTLY there have been a number of experi-
mental investigations of the multiple production
of pions from nucleons, both by pions' and also by
photons? Apart from any purely experimental diffi-
culties, the examination of a process involving a three-
body final state has the difficulty that the number of
different parameters which can be examined is very
large. There have been some attempts to calculate the
expected cross section for such processes®® but it is
not all clear just which of the features of these predic-
tions are sensitive to the assumptions made or the
model used, and therefore it is hard to tell how to com-
pare the experimental results with the theories.

Before very much was known about the single meson-
nucleon interaction, it was found that many of the
striking features of the experiments could be explained
on quite general phenomenological grounds,” without
assuming any detailed model. One might therefore
hope that a similar analysis of the double production
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process, making use of the known single-meson informa-
tion wherever possible, might give a qualitative insight
into the nature of the process, and should at least
enable one to pick out those aspects of the theoretical
predictions which are sensitive to the model used.

In the present paper an analysis of this sort is
attempted. Most of the formulas apply equally well for
production by pions and by photons; the differences
coming in the number and values of the various arbi-
trary constants which are produced. The main object is
to make use of the known properties of angular mo-
mentum to investigate the angular distributions to be
expected. We shall not say very much about the energy
dependence of the cross section, nor about the isotopic
spin, but restrict ourselves to trying to interpret the
angular distributions.

II. GENERAL EXPRESSION FOR THE
CROSS SECTION

In order to discuss the angular distribution we pro-
ceed to define the S matrix for the process in question.®
We assume that when the particles concerned are
sufficiently far apart they behave like free particles,
and their wave functions may then be described by
suitably normalized ingoing or outgoing spherical
waves. The production process may be considered as
the transition from one set of ingoing waves to another
set of outgoing ones. The various possible states of the
separated particles may be divided into a series of

8 See, for example, J. M. Blatt and L. C. Biedenharn, Revs.
Modern Phys. 24, 258 (1952). The discussion of this section is

just an extension of the first part of their paper to cover three-
body final states.
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“channels” labeled by the indices « for the ingoing
states and B for the outgoing ones. The indices o and
B specify the number and nature of the particles, the
momenta necessary to specify their motion and the
eigenvalues of a suitable set of angular momentum
operators. Suppose that we have an incident wave of
unit amplitude in one channel «, say; the resulting
outgoing wave will in general be a mixture of all chan-
nels 8 with amplitudes Sap. This set of quantities Sqp
is the S matrix for the process in question, and deter-
mines the cross section.

Suppose that we perform an experiment in which the
incident beam is a mixture of channels a with ampli-
tudes A.. Then clearly the outgoing wave function

will be
\IIOU'::Z;AaSaﬁV/ﬂ; (1)

where ¥ is the wave function in channel 8. Hence the
cross section will be

do=dr|% AaSasbsl? (2
af

where dr is the appropriate kinematical and phase
space factor which will depend on the choice of
normalization.

In investigating the angular distribution, we shall
only be concerned with the angular-momentum part
of the channel labels a, 3, and we shall omit any explicit
reference to other quantities such as energy, isotopic
spin, etc. For convenience of notation the angular
momenta I, I, I, - - -, etc. will be associated with the
quantum numbers 2, /', Iy, - - -, etc. for their magnitudes
and u, p, w1, - - -, etc. for their z components. Similarly
j7j;m) 38, 8, My - Jyij) .-, ete.

The initial state involves the angular momentum of
the incident beam, 1, and the initial spin of the nucleon,
s:. These combine to give total angular momentum

J= 1"‘ S;. (3)

To label the incident channels we take the quantum
numbers J, M (which are both conserved), /, and s;:

a= (I Mls,). 4)

The outgoing channels are states of two pions and a
nucleon, and are therefore described by #wo orbital
momenta l; and I, and the final spin of the nucleon,
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Frc. 1. Alternative choices of coordinate system for simultaneous
production (a), and production via a “compound particle’ (b).

sy, which combine to give:
J=11+12+Sf. (5)

For the moment we do not specify precisely what we
mean by 1; and ly; we shall return to this point later.
Thus the outgoing channels are labeled in a similar
way to the incident ones by J, M, I, I,, and s;. However,
when three angular momenta are coupled to form an
eigenstate of the total angular momentum, we must
also specify the eigenvalue of one of the three sums:

11+ 12= L,
11+sf=i1) (6)
12+ Sf=jz.

We choose to specify ji, for reasons which we shall
discuss later. Thus,

B=(JMllsssj1). (7

Since s; and s; are always %, we shall generally omit

explicit reference to them.

It now remains to determine 5. We know the angular
dependence of an eigenstate of (Jilauiue); it is given by
the product of spherical harmonics:

Y i (61(]51) Vigus (02¢2) )

where (61¢1), (fop2) are the directions associated with
the angular momenta I; and l,. An eigenstate of 8 can
be expressed as a linear combination of such eigen-
states, using the appropriate Clebsch-Gordan co-
efficients. When this is done, and the results inserted
in (2), we obtain

do=RRe{ Y A*AuaSes™Swpl 2 O(aBa’B’; LileM1)Pri®1(01) Prs1(0;) cosM ¢ ]}, (8)

af,a’f’ L1LaMy

where

gkl =0 (20, +4-1) (20,4-1) (20 4-1) (20" +1) (27,+1) (27, +1) )

C)

Il

4rr (2L4-1)(2Ls+1)

X C(lllllLl 5 OOO)C(lzlz’Lg ; OOO) W(lljlllljl, 5 %Ll)
XZ { (‘— 1)%+MC(12]'1J; ,u2mlM)C(l2,j1']/ ; Mz’mllM)C(lzlz,Lz ; _M2H2," Ml)C(jljllLl; mlmllMl) } y
2
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C(---) are the Clebsch-Gordan coefficients, W (- --) is
the Racah coefficient, P.¥ are the associated Legendre
functions, ¢=¢1—¢s, A is the de Broglie wavelength in
the incident channel,® and the summations are taken
between the limits

0<i<w, 0<V< w0,
0</1< o, 0<l/< 0,

[h—3<5Zh+3, [0/ —3] <5/ <U'+3,
=il ST+, =7/ |<E<T+jY,
W= SLiSh+, |1 | <Ly<lL+1,
—J,=J<M<LJ, T,
=Ly, =L <M< Ly, Ly,
— 1S pa<ly,

the remaining quantum numbers being given by
u' = pa— M,
m1= M — M2,
ml’ =M- },Lzl .

This result is derived in the appendix. The general
term results from interference between the states
labeled by the unprimed quantum numbers and those
labeled by the primed ones. Li, L;, and M; are just
indices describing the expansion of the angular dis-
tribution as a sum of products of spherical harmonics.

III. CHOICE OF REPRESENTATION

So far, we have not properly defined the angular
momenta l; and l,. If we work in some definite frame
of reference, then momentum conservation leaves two
arbitrary independent momenta to be specified in the
final state. Let us denote these by k; and k,. Then the
statement that the final state is in an eigenstate of s, u;
and Jy, ps corresponding to k; and k, is merely the state-
ment that the angular dependence of its wave function
is given by X

Yll#l(kl) lenz(ie‘z),

where £; and £, are the directions of k; and k. If we
were really to take all states of the system into account,
i.e., if we knew all of the quantities S,g, then the choice
of 8 would not matter. Similarly, we have seen that we
must choose whether to label the outgoing states by the
eigenvalues of ji, js, or L; here again the choice would
not matter if we knew all the S,;.

- However, since we are trying to make a phenomeno-
logical analysis without assuming a detailed theory, we
do not know any of the Sqg, but try to find qualitative
reasons for neglecting all but a few of them, so as to
leave our result with as few arbitrary parameters as
possible. Hence in choosing our definition of the 8, we

® We have used the definition and normalization of reference 8
for our wave functions; S is a unitary matrix.
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try to select them so that they differ in ways which
correspond to qualitative physical differences. First of
all, let us discuss the choice of 1; and l,. In terms of the
angles 61, 02, ¢ which we have used above:

Kk, k-ko
Kk’ k(K|
(kxcky) - (kxks)
x| [k ke

cos= sz

&)

where k is the momentum of the incident beam, whose
direction is taken as the quantization axis.

The most convenient frame of reference is the center-
of-mass frame defined by the incident beam and the
struck nucleon. The simplest choices of k; and k, are
then the momenta of the two outgoing pions in this
frame of reference. This treats the two pions in a sym-
metrical fashion and also has one particular advantage
from the point of view of experiment. In this case the
angle ¢, which is the angle between the production
planes defined by the incident beam and each of the
pions, is invariant under Lorentz transformation along
the beam direction. This means that it is also the angle
between the production planes in the laboratory system,
which can be directly measured even in the case of
photoproduction, when the center-of-mass frame varies.

However, it might be that the two pions are not
emitted symmetrically but instead are emitted suc-
cessively, with an intermediate “compound particle”
existing in between. In this case the most sensible
choice of k; is the momentum of the second pion rela-
tive to the center of mass of the outgoing nucleon and
second pion. Note that the direction of k; in this case
is the same as that in the previous case and is also the
direction in which the “compound particle” moves in
the total center-of-mass system. These two choices are
illustrated in Fig. 1. They are not, of course, the only
possible choices; which of the two is more reasonable
should be made clear by the kinematics of the observed
process.

Next we must consider the choice of coupling scheme.
Here the question is whether we expect the production
process to be more sensitive to the total angular mo-
mentum of the two pions, or to the total angular mo-
mentum of a pion-nucleon pair. If the former is the
case, then this means that the production should de-
pend strongly on the direct interaction between the
two mesons. If we make the assumption that the direct
pion-pion interaction is small, or even the much less
severe assumption that it is of much shorter range than
the pion-nucleon interaction, then it is convenient to
make the analysis in terms of eigenstates of j;. This is
also convenient because of the known strong depend-
ence of the single meson-nucleon interaction on the
total angular momentum.
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IV. EVALUATION OF THE ANGULAR
DISTRIBUTION

Before trying to work out the coefficients for par-
ticular cases, let us examine some of the general features
of the expression (8) for the cross section. This expres-
sion is of the form

do= Y ArizemiPrMi(cosb;)
Li1LoM1

X PryM1(cosfy) cosM1¢, (10)
where the Arizsa; are some complicated functions of
the energies and momenta involved. We shall assume,
where necessary, that we are discussing the first choice
of the definition of k; and k, discussed in the last sec-
tion. As we should expect, the cross section depends
only on the difference in azimuth of the two pions, and
is therefore invariant under rotation of the coordinate
system about the z-direction (direction of the incident
beam). The fact that it depends only on the cosine of
multiples of ¢ is related to parity conservation.

Next we may examine which angular momentum
states can contribute to each of the Arizsa. First of
all, the Clebsch-Gordan coefficients C(l3/1L;; 000) and
C (Ial2' Ls; 000) vanish unless ({1421 L1) or (la+1o'+ L)
are even, respectively. This greatly reduces the number
of terms to be considered in any particular case. The
physical interpretation of this rule is simply that inter-
ference terms between orbital angular momenta of
opposite parities give rise to angular distributions in-
volving spherical harmonics of odd order, and vice
versa.

After this we observe that the coefficient of Pr,,
say, comes only from channels 8, 8 such that

L+i'> Ly, (11)

and a similar rule holds for Pry~%:. If the observed
cross section in a given energy region is observed to
involve only low values of L;, Lo, then we can assume
that in this region high values of Iy, /s, i, Iy’ are not
important, and ignore their contributions in all terms
One way of examining this is by looking at the cross
section as a function of the angle ¢, which, as pointed
out above, should be particularly easy experimentally,
since this angle can be measured directly in the labora-
tory system. If this distribution is analyzed into its
Fourier components, then the highest value of L; which
is important (Li») and the highest value of Ly (Lom)
must both be greater than or equal to the highest
Fourier component which occurs (M) :

leZ Mm; Lsz Mm.

In the absence of accidental cancellations, in fact, we
should expect M, to be equal to the smaller of L, Lom.
If one looks for production of pairs of mesons having
roughly the same energy, then clearly we expect

Lim= L?m: M.,.
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In other words, making use of (11), the highest value
of M observed in the angular distribution as a function
of ¢ should be twice the maximum pion orbital angular
momentum which contributes appreciably to the pro-
duction at the energies involved.

At energies not too far above threshold, one would
expect the most important part of the cross section to
be due to s- and p-state pions. If no higher states are
involved, then, by the above argument the highest
value of M which should be observed is 2, and the values
of Ly and 'L, which will occur are 0, 1, and 2. In Table I
the various possible values of I, ls, Iy, I’ which can
contribute to each of the Azjzsar; are tabulated for
this case.

Up to this point, we have made no real approxima-
tions except to neglect high values of Iy, 5, 11/, 12/, which,
as we have seen, is an assumption which can be checked
experimentally. However, if we consider all the possible
values of J and j; going with the above values of /, /s,
we find that the complete expression involves 10 com-
plex amplitudes Sqs, or 19 real parameters. Even if we
were to examine only the coefficient of cos2¢, there are
still 5 amplitudes, or 9 parameters. (These numbers
apply for the case of production by pions; in the case
of photoproduction, where both parities are present in
the initial state, there are even more.) Hence it is clear
that we must make some further approximation.

The assumption that we shall make is that the mesons
produced in p states interact with the nucleon only
through the resonant state (j=4%). This also involves
ignoring the direct pion-pion interaction in comparison
with that between pion and nucleon (or taking it to be
of much shorter range: see above). This is a fairly
severe assumption which should be carefully considered.
In the region of the resonance energy, i.e., when the
energy of the pion “relative to the nucleon” (measured
in the center-of-mass system of the pion and nucleon)
is near the energy of the pion-nucleon scattering reson-
ance, then the approximation should be quite good.
However, we must remember that this is now a state-
ment about the angular momentum measured in the
center-of-mass system of the pion and nucleon, whereas
the rest of our calculations and observations refer to
the center-of-mass system of all three particles. This

TasLE I. Values of (I1,ls,l1/,lo") which can contribute to
each of the coefficients A L1 L2y,

M 0 1 2
L\xliz 0 1 2 0 1 2 0 1 2
0 (0000) (0001) (0101)
(0101) (0100) (1111)
(1010) (1011)
(1111) (1110)
1 (0010) §0011) (0111) (0110) (0111)
(1000) (1100) (1101) (1001) (1101)
(0111) (0110)
(1101) (1001)

(1111) (1011)

(1110)

2 (1010) ému) (1111) (a1t

(1111) (1110)
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should not have very much effect in practice for the
case of resonance pions. For in this case the maximum
velocity of the Lorentz transformation between these
two frames of reference is about ¢/10, whereas a pion
at resonance is fairly strongly relativistic. In other
words, the angular dependence of the pion wave func-
tion will be amost the same in the two systems, and a
pure j=3$ state in one system will be mainly j=% in
the other system also. The approximation does break
down at energies far from the resonance; however these
regions should give relatively small contributions.

At this point we may compare some points of this
discussion with the specific calculations of Cutkosky
and Zachariasen.® They make a calculation using the
Chew-Low theory for the specific case when one s- and
one p-state meson are produced, and ignore all other
cases. This seems a reasonable approximation if one
pion is produced with very low energy and the other
near resonance. However, to neglect the production
with both mesons in p states implies that the amplitude
for production of the pion with the lower energy in a
o state is small, and hence the amplitude for such pro-
duction with the near-resonance pion in an s state
should be at least as small as that for two p-state pions
(and probably much smaller). Hence, in Eq. (17) of
reference 5 only one of the three terms should be
appreciable, if the approximations are valid; it will be
either the first or the second according as the near-
resonance pion is positive or negative. In our notation
this corresponds to saying that we must only allow

L1=0, L2=0, 2,

(2 denoting the higher energy pion) but that the inter-
ference term with /;=1, l,=0, I;’=0, Iy’=1 should be
as small as the other neglected terms. The angular dis-
tribution as a function of 6, can be calculated either by
substitution into the general expression (8) or, more
simply, by noting that the only effect of the emission of
the s-state pion is to change the parity of the system
with no effect on the angular distribution. In other
words, the distribution will be the same as that for the
production of a single p-state scalar pion. For photo-
production this can be obtained from the usual expres-
sion for single production by interchanging electric and
magnetic amplitudes, giving

| E1|2(24-3 sin®0z)+ | M2 [2(3+3 cos?2)

+2V3 Re(Ey*M,) (3 cos®o—1), (12)

where E; and M, are the electric dipole and magnetic
quadrupole amplitudes, respectively, (assuming only
J=% occurs). For production by pions the angular
distribution is of the form

14-3 cos?,. (12a)

The predictions of reference 5, which are based on a
static, cut-off model, only include the electric dipole
term. In general one would expect the magnetic quad-
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rupole term to be much smaller (it should be much less
important than the electric quadrupole term for single
production). Since in this case the interference term
would be the important one, and if the phases of the two
amplitudes are suitably related it has the same sort of
angular dependence as the electric dipole term, it would
be difficult to detect anything but a very large magnetic
quadrupole contribution.

V. EFFECT OF THE “SECOND RESONANCE”

When we consider the production of two p-state
pions, we are led to a very complicated distribution, for
in general there are three possible values of J, all of
which may interfere. However, it has been suggested!®
that nearly all the photoproduction phenomena in the
region of 700-Mev photon energy, and also the pion-
nucleon scattering at corresponding energies, can be
fitted on the assumption that they all take place through
a resonant state of the nucleon, lying above the known
J=% level and below the rather higher (probably J=3%)
level observed in the scattering.! Amongst the phe-
nomena which can be observed in this region is the
production of two p-state pions, and it seems worth-
while to examine the consequences. This introduces a
great simplification into the calculation, for it means
that we only allow one value of J, though this may be
any of the three values.

If the analysis is done for the coefficient of cos2¢ in
the distribution (again assuming only ji=% occurs),
then we find the following result for the coefficient of
sin26; sin%, cos2¢ (for photoproduction):

J=% (3/8)| M]3,

3, —(1/5) (3| M:1|>—4/3 Re(M1*Es)+9| E,|?),

=3, (9/20)(| Ez|>+ (4V2/3) Re(Ms*Ey)+2| M3|?),
(13)

[

I

where M1, Eq, M3 are the amplitudes for magnetic di-
pole, electric quadrupole, and magnetic octupole
transitions, respectively. For production by pions the
form is similar but with only the “magnetic”’ terms.
The significant feature of (13) is that for J=1%, §, this
coefficient is positive, while for J=% it is negative,
whatever the relative phases of Es My, Ms. Further-
more, for J=4%, %, production of two s-state pions
cannot occur, while for J=4§ production of one s- and
one p-state pion cannot occur. For the s- and p-pro-
duction in the case when J=$%, we now make no further
assumption in assuming j;=3$, and therefore the angular
distributions should be strictly as given in (12). In
other words, if there is a J=$ resonance then near the
resonance, if both pions are produced with energies in
the region of 150 Mev relative to the nucleon, the dis-
tribution should have a term in cos2¢ whose coefficient
should be negative.

10 R. R. Wilson (private communication).
11 Cool, Piccioni, and Clark, Phys. Rev. 103, 1082 (1956).
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Hence, if we assume that the resonance exists, it
should be quite possible to determine its angular
momentum, provided its parity is even so that 2p pro-
duction is possible.

VI. SUMMARY

We have seen that it is quite possible to derive a
general expression (8) for the production cross section
for pion pairs in terms of unknown complex amplitudes
or matrix elements. By making various approximations
and assumptions it was then possible to make some
definite predictions without any detailed model of the
production process. These conclusions may be sum-
marized as follows: )

For the production of two mesons of similar energies,
if [ is the maximum orbital angular momentum (of
either one) which contributes appreciably to the pro-
duction under the given conditions, then the angular
distribution, as a function of their relative azimuth ¢
should have no Fourier components higher than cos2/¢.
This is quite generally true, whatever the choice of
coordinate system, though in any particular case the
value of / thus obtained will depend on the choice of
reference system. Hence, if we assume the pion-pion
interaction to have negligible effect, a measurement of
this sort can give information about the angular mo-
mentum dependence of the single pion-nucleon system.

If only s and p states are important, which, as seen
above, is an assumption which can be checked, then:

(a) If we assume that for a p-state pion, whose
energy relative to the nucleon is near the resonance,
only the j=% state is important, then for the production
of one low-energy pion and one near resonance the
angular distribution should be given by (12).

(b) If we assume in addition that production takes
place through a definite resonant state of the nucleon,
then for the production of two pions with energies near
resonance (both energies measured relative to the nu-
cleon) the angular distribution should show an azi-
muthal dependence in which the coefficient of cos2¢ is
positive if J=% or J=3%, and is negative if J=%. If the
latter is the case, then for the case mentioned in (a) the
angular distributions given in (12) should be independ-
ent of any separate assumption that j;=%.

Some estimate of the validity of assuming j;=% can
be made by looking at the coefficient of coseg. If this is
negligible except at energies where there is also an
appreciable term in cos2¢, then the assumption is
probably valid.

In conclusion, it is interesting to note that although
the three-body system is far more complicated than the
two-body one, and in general much more difficult to
analyze, with a few assumptions it is possible to use the
extra complication of azimuthal dependence to sort out
different angular momentum states, which is much more
difficult to do in the simpler two-body case.
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APPENDIX. DERIVATION OF THE GENERAL
EXPRESSION
In the notation of the rest of the paper, we must find
the wave functions yg to insert in (2). These are the
asymptotic wave functions of a nucleon and two pions

in eigenstates of
J) M’ ll: l27 SE) jl'

Following the normalization of reference 8, we have
the asymptotic form of the eigenstates of lilas uiusm.y:

v ~ wYl1u1(01,¢1)Yl2n‘2(32,¢2)xsfmsf

71,72
X [7’11’2 (7)17)2> %]—lei(klrl—%lur)ei(kzrz—%lw) ,

where v; and v, are the velocities of the two outgoing
particles, ¥, are spherical harmonics and x is the spin
wave function of the nucleon. We may write this as

\I,,\,l‘l1+l2ylw1(01,¢1) Yl2#2(02)¢2>p> (Al)

where now F is independent of angle or orbital angular
momentum. We now expand the states in which we
are interested in terms of these states:

\I’(lllzfle) = 2 C(l15fj1 5 Mlmsfml)c(lzﬁJ} pami M)

MIRL1E2
KT 13 005 Vs Op)F, (A2)

where C(j7'7"; mm'm'") is the Clebsch-Gordan coeffi-
cient. In this way we find that, after substituting into
(1), Eq. (2) becomes

da'Mmsf= dT Z Z Z A oc*A a’Saﬁ*Sa’ﬁ’

afe’B’ my’ p1’ ue’ mipipe

XC(hssrs pamsyma)C(lagi 5 pamiM)
XC(U'spji's wa'meymi)C (L' 51T 5 po'mi" M)
KW+ =l V% (01,01) Vigus™ (02,02)

XV ty%u1’ (01,91) Vigue' (B2,¢92).  (A3)

Note that although we have written this as a sum over
channels we do not sum over values of M. Owing to the
invariance of the problem under change of coordinate
system, the S-matrix elements cannot depend on the
magnetic quantum numbers. Since the spin orientation
of the initial or final nucleon, or the polarization of the
incident beam could, in principle, be measured without
interfering with the experiment, there can be no inter-
ference between states in which these differ. If these
are not measured, then we must sum this expression
over values of m,; and average over values of M. Note
also that the fact that the normalization of the wave
functions included »; and v, means that the term dr

is simply A2dQ:dQs. ’
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Now we use the relation
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This can be simplified as follows. First we use the sum
rule for the product of three Clebsch-Gordan coeffi-
cients,? which for this particular case becomes:
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where W(--.) is the Racah coefficient. Then we note
that C(ly'L;;000) vanishes unless L;—Z/—1I is an
even integer; also we write 2j;—mi=2(j1—m1)+m,
and note that 2(j;—m;) must be an even integer. Next
we use the fact that potmi=M=us'+m,’, or

(A7)

’
M2 —#2=m1—m1l-

Since the expression for do/d2:dQ, contains the two
terms C(j1j1’L1; —mlml’Ml) and C(lzlz’Lz; —,u2,u.2'M2),
it follows from (A7) that

M2= bt M1.
Making use of all these results we obtain, finally:
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Symmetry considerations show that only terms in cosMi¢ can survive in the sum, and hence we obtain the
expression reproduced in (8). The origin of the various limits on the summations are all straightforward.

12 See, for example, M. Rose, Elementary Theory of Angular Momenium (John Wiley and Sons, Inc., New York, 1957), p. 110.



