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A scattering amplitude for particle-atom collisions is developed in the eikonal approximation, taking into
consideration the second-order term in the phase function of the S matrix. A finite value of the average excitation
energy of the atom in its intermediate states is retained in each order (except the first) of the perturbation series. For
zero excitation energy the second-order phase function reduces to twice the second-order Wentzel-Kramers-
Brillouin phase shift for a static potential. Our amplitude becomes the modified Glauber amplitude by putting the
second-order phase function equal to zero. The new amplitude satisfies the unitarity theorem to all orders of the
coupling constant. It is free of all the shortcomings of the conventional Glauber theory.

I. INTRODUCTION

A variety of eikonal approximations of the scat-
tering amplitude for particle-atom collisions at
intermediate energies have had certain achieve-
ments to their credit. The basic approach goes
back to Glauber' who designed his theory in order
to tackle the complex multiple-scattering proces-
ses involved in the high-energy collisions of par-
ticles from nuclei. It was introduced into the
realm of particle-atom scattering by Franco,?
and Birman and Rosendorff.® For particle-atom
scattering the conventional Glauber theory suffers
from a number of shortcomings, the most im-
portant of which are the following. (i) The lo-
garithmic divergence of the imaginary part of
the elastic amplitude in the forward direction
because of the long-range electromagnetic
forces. (ii) The excitation cross sections for
states for which (Lf -Mf) -(L; -M,) is an odd
number are identically zero. Here L M, and
L;,M; are the angular momentum quantum num -
bers of the final and initial states, respectively.
The calculation of the orientation parameter A is,
therefore, meaningless in this theory. On the
other hand, the excitation cross sections for
which (Lf —M,) ~(L; -M,) is an even number turn
out to be enhanced in the Glauber theory. (iii) It
does not distinguish between scattering of positive
- and negative particles.

The first two problems can be removed by in-
troducing an average excitation energy of finite
value of the atom in its intermediate states. This
has been worked out* recently in a consistent way
by retaining only the leading term in inverse
powers of the momentum % of the scattered par-
ticle in each order term of the amplitude. In
spite of the finiteness of the excitation energy,
the perturbation series can be summed. After
making use of the usual eikonization process, the
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amplitude obtained, (called the modified Glauber
amplitude MGA), resembles the conventional
Glauber amplitude in character but is without the
shortcomings of (i) and (ii). It has been proved®
that the MGA satisfies the unitarity theorem (to
all orders of the perturbation expansion). The
MGA has been examined®'® by analyzing elastic
e —H scattering for 50-200 eV. One interesting
result obtained is that the average excitation
energy is essentially independent of the incident
energy. As to the agreement with the experi-
mental data, it turns out to be very good, pro-
vided one adds to the MGA the real part of the
second-order Born term Ref®%. This is a
rather unsatisfactory situation from the theo-
retical point of view, as the addition of one single
term to the MGA has no theoretical justification.
The only reason given is to get a reasonable
agreement with the experimental data of a certain
kind (elastic scattering, for instance). That it is
theoretically unjustified and inconsistent follows
clearly from the fact that this amplitude (MGA
+ Ref??) violates the unitarity theorem.

It is the purpose of the present paper to derive
a scattering amplitude for particle-atom col-
lisions in the eikonal approximation which satisfies
the unitarity theorem and does not suffer from the
shortcomings (i)-(iii) mentioned above, with
which the conventional Glauber amplitude is bur-
dened. As has already been mentioned in Paper
I (Reference 4) the technique developed there
opens the way to the possibility of inclusion of
the second (and higher) -order terms in the phase
function of the S matrix. Here we are concerned
with the second-order phase function only. In
Sec. II an amplitude of the second order with
fixed intermediate states is developed in the
eikonal approximation which corresponds to the
real part of the propagator in momentum repre-
sentation. For elastic scattering it coincides with
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the real part of the second-order amplitude. It
depends intimately on the second-order phase
function. The latter is discussed in Sec. III. In
Sec. IV the complete (including all orders) scat-
tering amplitude is derived after summing over
all intermediate states, keeping-the average ex-
citation energy at a finite value. This amplitude
is unitary and reduces to the MGA by putting the
second-order phase function equal to zero. A
simple expression of Clebsch-Gordan coefficients
for large angular momenta is derived in Appendix
C.

II. THE SECOND-ORDER AMPLITUDE

We shall start with the evaluation of the scat-
tering amplitude of the second order. We follow
closely the first part of Sec. 4 of Paper I. We
take the initial state of the atom to be the ground
state. The axis of quantization z is taken along the
direction of the initial beam k;.

The second-order amplitude is given by

f ooy =47 ik, D

21110, L5LY

(21, +1) fota (0, )
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Here o;, 04, and ¢ denote the quantum numbers

of the initial, final, and intermediate states of the

atom, respectively. The vectors E,. and Ef are

the momenta of the scattered particle in the initial
and final states, and G is the free-particle Green’s
function

ikl Pyl
G(F29FI)=£|TIT:__—I,"1—17 @)
with &, being the momentum of the particle in the
intermediate state 0. The interaction V is the
Coulomb potential between the scattered particle
and the electrons and nucleus of the atom. u is
the reduced mass of the system.

Making use of the angular momentum expansion
of the matrix elements, the Green’s function, and
the plane waves we obtain

” 2
X GEAL '2’1’°(kfkok,)g (L5 +1)"2 C(, LY 31, ,500) CQ LY, 5 = MM, — M) @)

since the angular integrals are easily worked out. The C’s are the Clebsch-Gordan coefficients, M,=M,,

M,=M,,

and M, =M, are the magnetic quantum numbers of the atom for the states o;, o,, and o, respec-

tively. L{ and L} are the angular momenta exchanged between the scattered particle and the atom at the

two vertices.
is given by the expression

0, ¢, denote the polar and azimuthal angles of the outgoing particle. The radial function

REELD 200k ke ;) = f fo Guy ) foEE () g1, (ko a3 ) Fagit (1)d o (yr ) 37 % diydry . (5)

where the functions f %, are defined by the expansion

(o;| VE) oy = Zf(L X (Vf)(YL i R,)) >

05941

(6)

and j, is the Ith spherical Bessel function. g, is the radial Green’s function, defined by

( ) Gilkgr )R (Ryr)) for v,<7,,
k¥, ky,)= !
BT B ) g P (egry) for 7y <7y,
where

R (p) =7, (p) +in,(p)

)

(7"

is the first spherical Hankel function, and », is the spherical Neumann function.
Making use of the definition of g,, Eqs. (7) and (7’) the radial function becomes
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The first term in this expression (the real part of ®) has been dealt with in detail in Paper I. It gives
rise to the second-order term of the modified Glauber amplitude. The contribution of the remaining two
terms (called the j,n, terms in Paper I) of Eq. (8) to the second-order amplitude will be discussed here.
We shall denote the corresponding amplitude.by R f ;2;,_. The reason for this notation is the following: If
one writes the amplitude in momentum representation ‘then the real part of the propagator (g% —#% —ie€)™!
leads to the same amplitude. This is easily verified. Also, for elastic scattering this amplitude coincides
with the real part of the second-order amplitude.

Taking advantage of the function

g )‘Zz’sc Llyly; 00)C( Lyl myma)j, (x) , 9)

11’2

which was introduced in Paper I, we find from Egs. (8) and (4)

Rféj.’,.,i = — (4m)*2p, I ,ZL'L: (le+l)l/zi"zY;;’f(Bs,cps)&L{+1)”2(2L?f+1)1/ZC(lzLél1;OO)C(lzLéll; -MM , -
2f12 7271
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So far everything is exact. We shall now perform the eikonization of the above amplitude by mtroducmg
the appropriate approximate expressions of the functions J "",1”‘2), ji, and n, First the function J "’""2). It
has been proved in the Appendix of Paper I that for I, >, and x>1, J, (’"1 '"2 behaves in the followmg way:

jo,(x) for (I, —m,) even,

4T 12 . -
2l2+1) e’"’z“’Y;';a (9,(P) (11)

J""l’”z)(x) Z'l*mz(

in,l(x) for (I, —m,) odd,

where 6 is defined by sin =(I; +3)/x.
We thus get, for the amplitude, after summing over L] according to Eq. (6),
Rff,z.),a == (4m)°kyi Mo Z (21, +1) 210712 1 M1(8 , 0 ) (2L +1)2C(1,L41,; 00)C (L4l ; ~ M, M, —M,)
1211, Ly

>
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in,l(k,.'rl) for (L,-M,) odd

7 2 - -~ -,
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{J'xl(km) for (L,-M,) even)
X

in,, (k;7,) for (L, —M,) odd 12)
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where b =(I, +3)/k, is the magnitude of the impact parameter and ¢ is the corresponding azimuthal angle
of b. ) :
Next, the large I, large k2 with I <kr expansion of j,(k7) and n,(k7) is given by’

7, (Rr) cosa,
=D(k,z,b) , ’ (13)
n,(kr) sina,
with )
a,=k(z -bcos™b/r) -m/4
(13’)
and

z=(r2 _bz)1/2 .

The amplitude D is a smoothly decreasing function with a weak dependence on I. It is discussed in detail
in Sec. III. We are now ready to discuss the integrals in Eq. (12) in more detail. Let us initially concen-
trate on the first integral.

A. The contribution of the first integral in Eq. (12)

As is seen from Eq. (12) we have to distinguish between two cases, (1) (L, -M,) even (even intermediate
state) and (2) (L, -M,) odd (odd intermediate state).

1. (L,-M,) even
The product of the Bessel function and the Neumann function under the integral sign over 7, is, according
to Eq. (13),

ny, (k1) 3y, (Ry7y) =2 D¥{sin[a, (k;) +a, (k)] +sin[a, (k) - o, (%;)]}. (14)
As 8a,/8k =z for fixed I and 7,, we have that [, (k,) -, (%;)] is equal to (k, —k,)z. Thus

f ny, (g oe o |y | 0‘)j,1(k,’rl)7‘ 2dr,

2

=3 f D*ge a0 | V|U;>{Sin[azl(ko) +ta ,l(k‘)]+sin(k, - k,)zl}'r 12,42, . (15)
L]

By Eq. (13’) we definey, by o, =ky, —7/4. Then
sin[a,l(k,) +all(k¢)] =- cos[kuyll(kg) +k¢711(kg)] .

As kg, k; are large, and y, is a smooth, slowly varying function of the momentum, the first part of the
above integral is evaluated with the help of the stationary-phase method.? The dominant contribution comes
from the lower limit as there are no other critical points in the region of integration. We get

@ -ir 2
f D¥ge™"®|V|ay) sin[all(ku)+a,1(k;)]nzldz1=—Reexp{-i[kml(ko)+kn’u(k:)]}'2%6;—/5‘2 ) (16)
] ‘ 1
with
ay=D(z,)  ce 40| V(B +E,20,2) | 0,) 7 52, - (16")

k is an average of k, and k,. As 8y,/8z =2%/r2 for fixed [ and &, the integral, Eq. (15) becomes

o .3 - .
f ny (ko= 71)oe 4% | V|a,)j, (kyri)ridr, = -—-2—422 D*(z,)(oe " "o® | V(b +k,2,; 8) | 0,) cosla, (k,) +a, (%,)]
75 2

+3 f v 2, D¥oe *#o® | V|o,) sin(k, —k,)z,dz, . 1)

L
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At this point it is worthwhile to introduce the function

Hy o (6,2) =(0e 10 | V(B +,2; ;0)|etHa9g,)e ke (18)

which was defined in Paper L. By Eq. (6), ‘the matrix element (s,¢ "*¥1¢|V|e - "’2”02) has definite parity with

respect to the transformation z -~ ~z. It is even (odd) when [(L, =M,) — (L, —M,)] is even (odd). We can
therefore express the second term of Eq. (17) by the above function

%f rllez(oe“”v"|V[ol)sin(k,—k,)zldz1=%if 7.2, D?H (0, 2,)dz, , (19)

o o2 L F]
where H'? is the odd part of H.

Our next task is the evaluation of the sum over /,. Let us start with the first term of Eq. (17). For
j ,l(qul) we again make use of Eq. (13). Furthermore, we notice that it is permissible to take the function
D and the matrix element of V outside the iummation, because (i) both functions are smooth, slowly
varying functions of the impact parameter b, (ii) The triangular relation A(J,L}l,) and I, > L assures
l,=1,. We are therefore, according to Eq. (12), in need of the sum

CiLhile,) = Z: i MC(L,L3,;00)C (L Lyl ; —M, M, —M,) cosa,, (k,) cosla,, (k) +a, (k,)]. (20)
1

We show in Appendix A that for 7, large the above function is given by

1/2
Cﬁ;},z(zz) .._1 12+M,-MV<ZL, - 1) e i( Mf-Ma)w
4 )

(LY 4(6,0) ¥[e M) + (= 1) ot h]

+ (_1)1,2' [Y:’f'”ﬂl (36,<p)][e Loy, k)42, ko)) +(= 1)Ae -i[a,z(k‘hzalz(k‘,)]]} , (21)

where A =L} —~ (M, - M,) and cosb = =2,/7,. Hence, the sum over [, of the first term of Eq. (17) of the first
integral in Eq (12), for even intermediate states becomes

1 « - A -
3 l c08tt,y (B2 (r,) Dz, e 4 | V(B +hy2y; D)0 Ol ealr 2z, (22)

According to Eq. (21), this expression factorizes into eight different terms, six of which are negligibly
small because [a,(k) +7/4] is proportional to 2. The remaining two terms depend on the difference of two
@,’s which is % independent because [a,(k,) —a,(k;)]= (%, —k;)z. Therefore Eq. (22) becomes

1 Mo T 1/2,(_, ® () Mye—M iRy~ A iCrgky)
i () e [ i ede B T 60 e s (e artn]

X (e 400 | V(B +h,2,30) |0y) - - (23)
Finally, the summation over L} in Eq. (12) is easily carried out. Remembering the expansion of the matrix

element of V of Eq. (6), the summation of Eq. (23) over L} becomes

vm

Tapi e [ riDtnyo,e | VB +hiag; D)7 %)
[
X (ge o0 | V(5+§i22; E)\c,>[e il hpekidey 4 (= 1)B¢ HpRide2 ] (24)

Now this expression can be written in a more concise way by making use of the function HW,2 of Eq. (18).
It is easily verified that, for even as well as odd values of (M -M,), we have

(O' e Mo I VI e 4”"“0’)(0’@ -t Mg0 I V{(T ) -i(kf-ki):,'_( I)A z(kf-ki)z) 2(H oHcrq)(e) (25)

where the superscript (¢) means the even part of the product with respect to z. This is due to the fact that
L} is even (odd) when (L, - L ,) is even (odd); thus A is even (odd) if L,- f) is even (odd) because
(L -M,) is assumed to be even. Expression (24) therefore becomes

J_ ©
_é"_}re_ilz*uf-uojo‘ 'V“D"(H W‘)(g)dz (26)
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1t follows that the contribution of this term to the second-order amplitude Eq. (12) is

—mRi Y (2, 1Y Y 69,) [ D, H o de @)

1370

The summation over I, of the second term of Eq. (17) is easily performed. According to Eq. (12) and Eq.
(19) we are in need of the sum

£33, i1C@LLYL,;000C(ULLYL, ; —MM, -M,)

1
0 . (%) . o -
Xf ]12(kf'rz)quoz ("’2)]11(’307’2)7’2017'2[ 7121W(21)ng:(b,21)d21 ’ (28)
0o 29
which becomes, after making use of Eq. (9)
. (L3) (~MgMp=My) « ,
3i f i) e Tigry (kg ridr, f 7,2, D*H Q) dz, (28")
0

%2
as the 7, integral is virtually independent of /; [for clarification, see the text after Eq. (19)]. Now, with the
help of the 7 large, % large approximation of the function J mlz”'z) given by Eq. (11), and subsequent sum-
mation over L; this expression becomes

i '2*”f'”°*‘V7f 792502, (ks7,) (0 0 H1° | V(b +l§i22;z)l e "He?)
(o}

71,(kq,) for (Ly—M,) even
X f 72, D°H (3)dz, (29)
in,z(k,,vz) for (L, ~M,) odd
where we have made explicit use of the fact that (L, —M,) is even. Next, we make use of (i) Eq. (13) for
the Bessel functions, (ii) the definition of the function H, , , Eq. (18), (iii) the fact that under the integral

sign the dominant term of cosa,,(k,) cosa,,(k,) and cosa,,(k,) sina,, (k,) is 3 cos(k, —k,)z and -3 sin(k, - &,)z,
respectively, in order to convert Eq. (29) into

VT = - ® -
—-2-—1’2*”}'”0’1 f yzz2D2Hg;,’,(b,zz)dzz f 7,2, D°H §3) (b, 2,)dz, . (30)
0 2

In conclusion, the contribution of the first integral in Eq. (12) to the second-order amplitude R f f,j,;, , for
even intermediate states is given by Eq. (27), and Eq. (30) summed over [,,

— oY (al, +1) Y (6 ,0) (2 f PADY(H, o Ho, )z +8i, f 72 DH {3z, f rllezH(")dz1>.
[ 0 %

00;
15=0

(31)
2. (L,-M,)odd

In this case, according to Eq. (12), we are in need of the product of », (k,7,) and , (2;7,). By Eq. (13),
we have

nu(koﬁ)nu(kin) =3D% - cos[a,l,(kq) +°‘11(ki)] +005[azl(k,) 'a'l(k‘)]} . (32)
Putting this expression into the 7, part of the first integral of Eq. (12) gives
i [ g (kgr)oe 50 | V]o g, (egri)r i,
72

=§i[ D*r,z,dz (oe " " | V| o) { - sin[k,y,, (k,) +k;v,, (k)] +cos(k, ~k)z,}, (33)
)

where v, was defined after Eq. (15), and again use has been made of 8a,/8k =z. As in the even case, the
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first term is evaluated by the stationary-phase method. We obtain

zf n,l(k(,rl)(o'e""'17“’|V!(r,-)rt,l(lej.1'1)1'fd’r1

T2

= :1; —-zDz(zz) (oe -iHav | 140 +13iz2;-£)|c‘> sin[a,, (%,) +a,1(k{)]+%if DPr,z, Hf,‘;:(b z,)dz,, (34)
&2
where again we have taken advantage of the definition of H"Nz’ Eq. (18). As can be seen, the second term
is identical with the corresponding term of Eq. (19), for even intermediate states.
Our next task is the summation over 7, of the above expression. The first term of Eq. (34) y1e1ds [see
the explanation after Eq. (19)], according to Eq. (12)

1 * ( , - A -
Ef cosa,, (k )fafa)(rz)D“(zz)(oe"”uw|V(b+k,.zz;€)|o;)S‘,"L,(22)1’§dzz, (35)

where the function S{}). is defined by the sum

85;12(z2)=iZi'lC(zzL;zl;oo)C(zzL;zl; -M,M, -M,) cosa, (k,) sinfa,, k)+a (&)1, (36)
1

Next, we employ the large [, and &,, %; approximation of Sﬁlzé. It is equal to the expression of Cﬂ.z of

Eq. (21) except that A =[L] - (M, - M,)] is replaced by (& +13 The proof follows the same lines as for the

functlon Cg}l2 (see Appendix A). Obviously the contribution of the term proportional to [Y"’f"""(39 @) J* of
g. (21) is negligibly small because of the rapid oscillations of the trigonometric functlons The contri-

butlon of the first term of Eq. (21) to Eq. (35) with A-A +1 is

1/2
) e i(Mf~Ma) "}

._1__ i I+ Mf-M‘,(

16% 207 +1

° (L$) - ; :
% f D o 2z, (e 12y +e-{a,2(kf))[Yg2‘ Yo(6, @) Pl @1tk + (= 1)A¥1q o1yt
0 .

X (e 4a® | V(b +k;2558) |o) - (37)
The dominant contribution of
(eialz(kf)+e-ia12(kf))[eia12(k¢)+(_1)A+le -ialz(ki)] (38)
is
[o =+t 4 (= 1)A* g igotide] (38")

again, because of the rapid oscillations of the other two terms. Hence, Eq. /(37) summed over L} becomes,
in consideration of Egs. (6) and (12)

~

VT, - S

-—l-g—k i '2*"!‘”010' Diridz{ose "M | V(b +k,z;¢) | e *¥o%)

x(oe o0 | V(b +R,2;T)| o) [e F Rt + (= 1)5 g iR e ] (39)
Here also as in the case of even intermediate states, the product of the two-matrix element and the tri-
gonometric function is simply given by
(e)

2(HOIUH00") ¢ °
Equation (39) therefore becomes

VT - .

S te [ D, H ) e - (40)

0

The summation over I, of the second term in Eq. (34) is identical with the corresponding case of even
intermediate states [see Eq. (30)].
It follows that the contribution of the first integral in Eq. (12) to the amplitude Rfofm,i; for odd inter-
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mediate states is of the form

oo

R Z: (21, +1)'2Y ;46 ) (2 fo Dyt (H o H,,) " dz +8ik fo 72, D H 5z, f rllezH(")dzl>, (41)
2 L] .

which is identical with Eq. (31). In other words, the above expression is equally valid for even and odd
intermediate states. This concludes the calculation of the contribution to the amplitude of the first in-
tegral in Eq. (12). !

B. The contribution of the second integral in Eq. (12)
1. (L,-M,)even
We are in need of the product jll(korl)j,l(kiv 1) which by Eq. (13) becomes
J1,(ker )iy, (Ryry) =3D¥cos|a, (k) +a, (k;)]+cos(k, —k;)z} . (42)

The 7, integral of the second integral in Eq. (12) thus assumes the form
2 .
3 f 7,2, D*pe ¥ | V]o,){cos|a,, (k,) +a, (k)] +cos(k, - k;)z}dz,
0

Z2 3 . 22
=3 f 7.2, D%oe M0 | V|o,) sinfkyy, (k) +k;v,, (k) Jdz, +3 f r,2,D?H ®dz, . (43)
4]

00;
i
0

As in the former case, here also the first term is evaluated by the stationary-phase method. The signi-
ficant contribution comes from the upper limit of the integral. Equation (43) thus becomes

1 3 : > A - . 22
-4—; ELDZ(ZZ)(oe o0 | V(b +k,2,58)| 0y) sinfa, (k) +a, (k)] +2 j(: rlle"’Hggidzl . (44)
2

Therefore, the summation over I, of the second integral in Eq. (12) is given by

1 b , - -
T f 73D%(2,) cosa, (k) f (quqZ)(Tz) (oetMe® | V(b +k,2,;8) | o)) Cfg};édzz
[0}

e . ' (=M Me-p, 2
+§f rzzzy,z(k,rz)fi;:,)(yz)N,sz # u)(k“rz)dzzf r2,D*H ¢ dz,, (49)
o 0

where
Cg}lé(&’.z) = 'Z i Ol L4l 5 00)C (L Ll ~ M M~ M) sina, (k) sinla,, (k) +a, (k;)], (46)
1
and
N(m1nz2)( )= Z i 13C(1,1,1.:00)C(1,1,1,; ) ) . "
ni,  X)= 4 1balss 1balg; mymy, n,g(x ; (a7)

I3

the last expression was first introduced in Paper I. It is easily shown that the large-I, large-£ approxi-
mation of C{2), is equal to the approximation of C';., Eq. (21) except for the sign of the second term, i.e.,
(=1)%% is replaced by (-1)%2"* (see also Appendix A). As previously explained, this term is completely
negligible in the calculation of the amplitude, therefore the two functions C{}}, and C{2}, are identical from
this point of view. The eikonal approximation of N ﬁ;"}z"’&) has been given in Paper I; it is derived from the
corresponding approximation of J(,;”,12"‘2), Eq. (11), by replacing j,, by n, for (I, —m,) even, and replacing
n,, by —j,, for (1, ~m,) odd.

Equation (45) therefore becomes, after summing over L} ,

v - : .
TS i’Z““f""of 73D* cosa,, (k) (ose 0| Ve tHovo)ge ¥ | V|0, et @'t +(~1)%e Torathi) Jaz,
(o]

+

YL * ) - " )
5 42 ”"’fo Va2a g1, (ko )loge 0| V] e F oG [1 + (= 1) Py, (Rery) — [l = (=1)2)j, (r,)}dz,

X FZDH dz, . 4
1”1 0. 1 (8)
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As before, we neglect the strongly oscillatory expressions in the first term of above expression. Thus,
making use of the definition of H°1°2’ Eq. (18), and Eq. (25) this term assumes the form

VY o
Ty itz ”f{"'o./; 7'4D4(HaquW‘)(e’dz , (49)

which is identical with the corresponding term, Eq. (26) of the first integral.
As to the second term of Eq. (48), it becomes, in consideration of the eikonal approximation of the Bes-
sel functions, Eq. (13)

VT - 4 ’
g 1 [, D) oge 40 | V] e Havo) cosa, k)

2
x [efarR — (~1)4e 1% Jdz, f 7,2,D%(z,)H'dz, , (50)

o i

the dominant term of which, for the same reason as above, is given by

v
00

- “
i la* Hy-Ho-L f 7,2, D° H 23 d2, f 7,2, D*H £dz, . (507
(4] (o]

Hence, it follows that the contribution of the second integral in Eq. (12) to the amplitude Rf ;(,23:0,. for even
intermediate states is, according to Egs. (49) and (50’), of the form !

o w .
_115/21'”!2': (212+1)”2Y;2Mr(es<ps)(2 j; r"D“(H‘,foHWj)“’)dz - 8ik f v,2,D?H f,:;dzz f *r2,DPH f;:dzl).
2 0 0

(51)
2. (L,-M,) odd

Here we are in need of ,
J1,(Bgri)ny, (kyr)) =2D*{sin[a, (k) +a, (k,)]-sin(k, - k,)z}. (52)

The derivation of the amplitude in this case is very similar to the (L, -M,)-even case. It is easily veri-
fied that the second term of Eq. (52) gives rise to exactly the same term as in the even case, namely, the

term given by (50). As to the first term, after applying the stationary-phase method and summing over
I, it becomes

1 [~ L _
- f P 4D* cosa (k) )f 5 oe 10 | V] 0) S(2 ez (53)
o .

where

§2).(2) =i 3, 11, L4L; 000CU,LiL; —M,M, - M,) sina,, (k,) cos[ay, (k)+ a;, (%)) (54)
1
1 v
The eikonal approximation of this function is identical with the corresponding approximationofC ;;},2 , Eq. (21),
with the following modifications: (i) instead of A appears (A +1), (ii) the positive sign of the first term is
replaced by a negative sign. The proof follows the same lines as for the function Cj} 1’55 (see Appendix A).

Therefore Eq. (53) becomes after summingover L,, andtaking into consideration only the nonoscillatory terms

_%/G_Z i12+:wf-M‘,f 'r‘*D"(ofe -iMgo | 1% | e -i M"“’U)(Ge -Mge | Vlo'i>[e ~ilkp-ky)z +(_ 1)A+1e i(k,-k, "]dz
. [\} '

= gz’ '2*”;%/0‘ r‘*D“(H,f,Hm)‘e)dz , (55)
which is identical with Eq. (49), the corresponding term for even intermediate states. It follows that the
contributions of the second integral to the amplitude are the same, irrespective of the “parity” of the
intermediate states.

To summarize, we have evaluated in the eikonal approximation the second-order scattering amplitude
Rf f,z?,,i (which corresponds to the contribution of the real part of the propagator). According to Eq. (12),
Egs. (31) and (41), Eq. (51), and the conclusion after Eq. (55), it is
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determined by the expression
u\? ) .
(21#1 2> Rfgie,= -<F> V2m s lZ(l-%-‘é‘)l/zY‘Mf(gs(ps)

x ( f 7 DYH, o H oy, ) dz + 21 f 7,2, D?HE) dz, f z,D*HY) dz,
0 0o z2

-Zikf r2z2D2H‘°’dz2f 12 DZH“”dz) (56)
0o (4]

GfU' aoi
where H, ., is defined by Eq. (18), and D is the “amplitude” of the Bessel functions, Eq. (13).
III. THE MODIFIED SECOND-ORDER PHASE FUNCTION

Let us write the complete second-order scattering amplitude. It is given by the sum of Eq. (56) and the
second-order modified Glauber amplitude of Paper I, Eq. (4.18) [which can be derived from the first term
of Eq. (8)]. We find

VT 1 -
(2m2) S == T #1009
x (=5 (o™ Mr% |02, |e7¥0%0) (0e0® | ALY [0))+i02),) (67)

where A{l)=A,, is the modified Gltauber phase function introduced in Paper I, Eq. (5.19), and
2 L] ©
08220 = —H(£3) ( fo VDX (H, o Hoo,) ©dz + 21k f 7,2, DH) dz, f 7,2, D*HE) dz,
0
00 gz
~2ik fo roz, DHS) dz, fo 7,2, D*HS) dzl). (58)

Obviously, é:;,i is the second-order phase function for given initial, intermediate, and final states. It
will be shown below that in case of a static potential it becomes twice the second-order WKB phase shift.
To continue with Eq. (58), we have to find the explicit expression of D, the “amplitude” of the Bessel
functions, Eq. (13). The large-l, large-# expression of the spherical Hankel function, rV = j;+1in;, valid

for the entive range I< kr has been given by Watson®

21 1/2 ~
<,,—COSB> h{V(1/cosB)=35 "7 tanBle /0, /5 (wg) + €¥/20, o)1, (59)

where

cosB=1/kr, xz=%ltan’g,

and
v,=tan8 -3 tan®8 - 8. ‘ (597)
Now the phases 7, and a; of Eq. (13’) are related to each other by ly,=a,+7/4~x,. We therefore obtain

r(1/cosB)= (D —iD ) e*? (60)

where the amplitudes are of the form

1( 27 cosB
D=§( ; ) tanB[J-l,S(xB)cos<xB+12)+J1,3(x3)sm(xa 12),

(61)
1( 27 cosp \ /2
Ds=§(__l__ﬁ) tanﬁ[ _1/3(x5)51n(905+ 12) l,s(x,,)cos(xs 12)]
For x> 1 we get, making use of the Hankel approximation of the Bessel functions
J,(x)=(2/1x)"2cos(x ~vn/2 ~7/4),
p=_<o8 L1 (62)

U(sinB) "% bz
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D;=0. ' : (627)

According to Eq. (59’), x5=1 corresponds to z =z,, where z,= b(3/1)*/3, thus we have 2,<b. Equation (62)
means that for z>z,, D, is negligibly small and D simply becomes the Debye amplitude.” Now for z <z, it
is still justified to neglect D in comparison to D. As to D itself, whereas the Debye amplitude diverges
when z - 0, the Watson amplitude of Eq. (61) remains finite. Because J, =(x/2)"/T(1 +v) for small x, we
get, as is easily verified, atz=0

a
2:——-
k?bz,’ (63)
with
22/37(1 4 1/—3) ,
——12?2(-2-)—'——1 .07=1.81. (637)

The factor 1.07 has been added to account for the small contribution of D,. It is a simple matter to show
that the derivative of D?(z) for small z is negative.

We are in need of a simple interpolation formula for Dz(z) valid for all z > 0 which will enable us to
continue with the evaluation of the phase function, Eq. (58). From the above analysis of D we infer that a
very reasonable and simple expression of D? should be of the form

1
Er[z%+ (Zo/a)z]llz .

Obviously, for z>z, this expression rapidly approaches the Debye amplitude, and for z - 0 it coincides
with the Watson value at 2 =0,

The results of the present paper are probably very insensitive to the exact form of the interpolation for-
mula. In any case, it is easy to derive a more exact expression for D(z), if necessary.
~ We shall now make use of Eq. (64) to simplify the expression of the phase function, Eq. (58). Let us
first deal with the last two integrals: for them it is sufficient to use the Debye amplitude [putting 2,=0
in Eq. (64)]. On the other hand, in the first integral the above amplitude with z,# 0 is used. This integral
is converted by integration by parts into the double integral

©d (e) zdz £ ’ ’ ’
—/; 5;[73(H,fuﬂ,,i)e]'r—j; v'D*z")dz’,

the free term vanishes because (Haf,
function, Eq. (58) becomes

AN 4 (072492 4
Dgra; = ( )(—f — [ (Hopo Hooy )1 — f r'D*z’)dz’
of00; 72 o ar ofo oo P o

2 g f wgae, -2 [ nas, [ ° “aiga,), (65)

D¥z)= (64)

W‘) decreases sufficiently fast at infinity. It follows that the phase

with D2 given by Eq. (64). Now we have

z a . 2b,vz(z,/a)
D4 r=—2% [ _ 1 0 0
/; rbidz 2%, 2, <1r tan bir® -b* —zz(zo/a)"’)

where b,=[b% - (z,/a)?]*/2. The tan™ function varies from 7 to tan™{2b,(z,/a)/[b2 - (z,/a)?]} when z changes
from O to ©. In the course of the derivation of the eikonal approximation of the second-order phase func-
tion from the two integrals in Eq. (12) we neglected several terms. One term originates from the integral
from O to b [the expressions of the Bessel functions, Eq. (13) are valid only for »> b]. Two other terms
arise from those integrands in which appear functions proportional to cos2a,; and cosa, cos3a, [see Egs.
(21) and (22)]. Now a detailed analysis shows!® that these additional terms cancel the first term on the
right-hand side of Eq. (66). In conclusion, we are left with the following expression for the second-order
phase function:

2 ©
@) - [ 2 f ) zdz . 2bgrz (Zj/a)
Dogao; = (ﬂ 2) (2k4bozo [ ;! ofo w, ] " tan b — bt —2z2z,/a)

0

+%§f H;;;dzzf HQ)dz, ——f Hg;;dzzj; H;:;’dz) (67)

(66)
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In Sec. IV we shall see that we cannot neglect the finiteness of z, in spite of the fact that (zo/a)<< b. Be-
fore concluding this section, let us apply the above expression to a spherical symmetric, static potential
V(»). In this case qu,,:HWi =V, and V is an even function of z. Thus the last two terms in Eq. (67) are
identically zero. The second-order phase function thus becomes

¢<2’=—(%)2 i [ vt 2brz zy/a) )”’z. (68)

7z 26z, J, b2r? — bt =22%(z,/a)?] ¥

In the particular case of a static potential it is permissable to take advantage of the fact that (z,/a)< b
by taking the limit z,~ 0. We then obtain )

21 “d
@ _(H#\" 1 4 sy 69

¢ (ﬁ 2) P . dr »*v?adz , (69)
which is exactly'*™® the second-order WKB phase function (= twice the phase shift) for a potential function
V).

IV. THE SCATTERING AMPLITUDE

Our next task is to calculate the scattering amplitude as a function of the first- and second-order phase
functions. Let us first concentrate on the pth-order partial-wave (fixed b) amplitude. It is composed of
many terms, all of which are products of », first-order and »n, second-order phase functions. Obviously,
we have n,+ 2n,=p. Generally, these terms are of the form

-iMs0 (1) ~iMpaq0 (2) ~iM (1) “iM 4 (2)
(ose™ ¥ lAn,-kP_J“p-xe D R A e VNG 'km—xl O Hmetl)e e 088
e (o iA;;ZkJ_llo,_le'i”i-l”)- . ¢;:gla; , (70)

where qb,ff;m," is the second-order phase function with fixed states given by Eq. (67), and A,ﬁ;f,z is the first-
order phase function introduced in Paper I (called the modified Glauber phase function)

A’gi:h: _h'sz ./:,, V(.i;"' };i z;8)e tahoe gz, , : (71)
The fact that each term of the amplitude reduces to a product of one- and two-dimensional integrals fol-
lows from a simple approximation which enables us to reduce multiple integrals of (2x+ 1) dimensions
into products of one-dimensional integrals. For further details the reader is referred to Paper I.

The above product, Eq. (70) has to be summed over all intermediate states. To do this, we introduce
the average momentum % of the scattered particle by

ZH"GH% (E’Z“H)Haaﬂa -1(b’z°‘ )

o

. - n by ™y ‘
= (0, ¢ Hasr® lV(b+ £ Zayis Vv (B+ B 243 8) |q-yetHan1?) o™ hasr®eay i Bohampen | (72)

This equation was first introduced in Paper I in the course of the derivation of the modified Glauber
amplitude. Summed over all intermediate states, £q. (70) thus becomes, making use of the closure rela-
tion

e | AT [0, 13)

where the second-order phase function is, according to Eq. (67), defined by

@ . ___ M r_a f“’i 5 o 20z (z,/a) zdz
D g ohy _Z(ﬁ_zk)z[Zkbozo _dr (r*W,W}¥) tan b = b —2%(z,/a)) 7
© z © 4
+if W;dzf Wzdz’-if Wzdzf W;"dz’], (74)
- -z i - -z
with the function W, given by
Wy =V(b+E, z;)e™ Ga e, (75)

Note that because of the exponential function in W, , z, has to be kept finite in Eq. (74).
In addition to the term of Eq. (73) there are three other terms which contribute to the partial-wave amp-
litude of order p. They are
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P - ~2n, =

(e Hr0 IA(Z-k o A2Imaip (Dp2np IAT&zil(’i> , (76)
(Uf -szw lA(lz A(Z)’le(l)?'Zﬂg'2A£l)' |0.> , (761)
(ofe"”f“ IAﬁffk OA(2)n2'2A(1)D“2n2A(2)_k‘ ]01> (767)

Now the pth-order partial-wave amplitude is equal to the sum of these four terms, each multiplied by the
appropriate statistical weight factor.

The partial-wave amplitude of order p > 2 with fixed =, thus will be of the form

Tr(l:) =<0fe-iufw

p—n,—2 (1) (2) (1)p-2ng-2p (1)
Ap.nz[( Mg o/o Do P AL,
i
ny
+ p=n,-2 (A(l) A(z)nz-xA(x)p-znz-xA(Z) A(z) A (2Ingm1p (1)p=2ny=1p (1)
ke-R ryt Dope R0 0,0 0 Eh;
ny, =1 . )
' (p - 2) A;?Ik, A(z)"2'2A‘1)"‘2"2A (2)-'*1]
Ny =2 ,

o > (17)

where A, ny is an as yet undetermined numerical factor. To find it, let us make use of the pth- -order par-
tial-wave amphtude of a spherical symmetric potential in which only the first- and second-order phase
functions are kept. We have

2] (iA(l))b-znz (iA(z))nz
=1 fig=0 (p=-2m)!  m,!
Putting &; =k, = %, the expression inside the matrix element of Eq. (77) becomes a partial-wave, potential
scattering amplitude of order p and fixed n,. Comparison with Eq. (78) thus yields the factor AM As

O,

8=

ei(A(”'rA(z)) 1=

(78)

we get

ib— ny

AP'n2= (p _nz)! :

Next, let us perform the summation over all orders p, and all possible values of n,. According to Eq.
(77) we are in need of the three series S{{’, j=1,2,3, for n,>j -1,

(80)

sz z.: 1 (p —-N, = Z)xp - ( x2np=i*3 X (81)

"2 patmpmis3 (b =n,)! n,—j+1 ny,=j+1) §75 b 1P +ny =i+ 2)(p"+ny—j+3)

Defining the function, for n=> 0

L] xP'nl
)= 2 e | #2
we get
x2n2-j+3 dnz-h-l
S'fi)(x)=(n2—j+ m dxnz-anz'fﬂ(")' (83)

Thus the partial-wave amplitude, summed over all orders p=> 2, with fixed n, becomes

Mol X 1 d
T,,2=<a,e"”f° ;A,;;sz;{’ —-(zAm ) Foy + (0 50, + 1020 o iAGL )( 1)'(’Am d) )

O.de O.de

1 d : '
(2). ;A (2) (2)
+iA 5 oA B R (A°'2°dx) Fop - o,->, (84)
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where the derivatives are evaluated at x =4A{*’. Now by Eq. (82), the function F, is given by

F,,(x)=$ (e" - 2; ’li;) (85)

and therefore, the nth derivative is

Fé”’(x)=%f(x) , (86)
with
f(x)=’-cl—2(e" -x=1). (86%)

From this it follows that the expression of Eq. (84) can be summed formally over all values of n,. We ob-
tain for the partial-wave amplitude

T'—<0,e"”f” (zAgl.,,+ tA,fle,,'o)(tA“: +zA(§2;_k )exp(A(‘,?(’,dx)f(x) ori> (87)
As
exp (103 31 1) S + A (88)
T’ becomes, making use of the explicit expression of f(x), Eq. (86’)
. I ‘
T = (gpe 40| a2, [ WoVeAdi) (A D+ AE) — 1]]0;) (89)
with

1) (2 8 3] (
a® = Baatdy 22,0)(Ak-p TAS

- )
"R ’
ByvRy (A(”+Aé"’3)2 - (89")

As can be seen from Eq. (77) the above expression includes neither the first-order amplitude, nor the
second-order amplitude of Eq. (56). As we have seen the latter is directly related to the second-order
phase function Agl;' %4+ These two terms have therefore to be added to the above expression. Hence the
complete partial-wave amplitude is of the form

. (1)
Topos[(144)/R]= (0pe 40 | 1A Q2 + A% 5y )+ 22 [ A07A80 _i(A 04 A 2) 1] |0;). (90)

This matrix element replaces the matrix element which appears in the expression of the modified Glau-
ber amplitude. Our new amplitude thus becomes (see Appendix of Ref. 5)

ojo By R= =817 (2) " 0 047446, 0) Toyey 0D/ (o1)

This expression can be converted into an integral over the impact parameter b=(I +3 )/%, making use of
the connection between the Bessel function and spherical harmonics

- L3\ .
Y740, 9) = (—5,,—) e~MI,0Q,),
valid for large I, and small scattering angles (for more details see Paper I). Hence

Fopo, Gp )= =452 (k) V2™ 50 fo bdb J,, (5Q.) T,

40, (0)5 | (92)
T y
Q. being the component of the momentum transfer putting the second-order phase function equal to
perpendicular to the direction of the initial beam zero, the above amplitude reduces to the modi-
- fied Glauber amplitude which in turn reduces to
The above amplitude is a generalization of the the conventional Glauber amplitude'* by putting
modified Glauber amplitude**® in which the second- k;=Fk;=k. Other amplitudes discussed in the
order phase function has been included consis- literature are also special cases of our amplitude.

tently to all orders of the interaction. Indeed, For instance, putting a,ﬁﬁlki =0 we get the amplitude
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discussed in Ref. 3, or, expanding the exponential
function and keeping only four terms proportional
to AYY j=1,2,3, and A® in the matrix element
reproduces essentially the eikonal-Born-series
method.*®

Like the Glauber theory the present theory is
valid for short wave-lengths and small scattering
angles. The range of validity is expected to be
about ka>1, and (1 — cos9)<1/ka, where a is of
the order of the dimension of the atom (for more
details, see Paper I).

It is of some advantage to replace @, by @ in
Eq. (92). There are two reasons for this.

(i) It is expected that the angular range as well
as the accuracy of the amplitude will be increased
somewhat, though the above inequalities will still
apply. For inelastic scattering, however, a small
lower limit 6,;, on the angle is introduced be-
cause @, -~ 0 when 6—~ 0, whereas @ remains finite.
We find that 62> 6%;,, where

E.—-E .
B = _Fi(_sz_L) , (93)

E, and E; being the energies of the ground state
and final state of the atom. For 6°< %, Q.
should be used in the expression of the amplitude,
Eq. (92). It is quite possible that for elastic and
certain inelastic scattering the angular range of
validity goes beyond the theoretical limit mentioned
above. Only comparison with experimental data
will tell how good the theory is at large angles.

(ii) The amplitude becomes symmetric under
the interchange of the initial and final states. It
is an easy matter to prove that the theorem of
reversibility

fOfU‘(kf7ki)=€fif(—)0‘,(—)0f(-ki,—kf) (94)

is satisfied. Here (-) means that the signs of the
magnetic quantum numbers have been reversed;
the phase €,; turns out to be equal + 1, according
to whether (L; — 1) is even or odd. In other
words, the direct and the time-reversed cross
sections are equal.

It should be emphasized that our amplitude sat-
isfies the unitarity theorem. This follows im-
mediately from the proof given in the Appendix of

Ref. 5, together with the relations

(2)_(AD (2) )= (AD (2)_ (2)
Qpez (Ak'-k, + AO,E-ki) = (Akf-k + Akf-k,o) =

—o®, (AL AE)  (5)

1

and

(2)_ @f2) = g2 ,
Y a')f-k," Xpeory o (957)

which are a direct consequence of the definition of
a};’.,q. The proof applies whether one puts @, or
@ in Eq. (92). But in the latter case, @ is also
used for 6<6,,;, .

There is room for improvement of the present
theory. One point is that in introducing the aver-
age momentum % [see Eq. (72)] the summation was
performed over all intermediate states. . A more
accurate result should be obtained by separating
out the elastic intermediate state. This is, in
principle, feasible, but the final expression will be
less elegant. Another point is that it is not diffi-
cult to generalize the derivation of the scattering
amplitude by adding phase functions of the third,
fourth, etc., order. For instance, the third-order
phase function A® can be derived from the third-
order amplitude, in the same way as A® is de-
rived from f® in Sec. II.

To summarize, we have found an amplitude in
the eikonal approximation which is unitary to all
orders of the interaction. It is free of all the
short-comings of the conventional Glauber theory
discussed in the Introduction.

Our amplitude is expected to be better than
(FM® 1 Re f®2)) which was examined in Ref. 5
for the special case of elastic e-H scattering.

Application of the present theory to the calcula-
tion of differential cross sections and elements
of the alignment tensor and orientation vector for
electron-atom collisions will be reported in a
forthcoming communication.
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APPENDIX A

In this appendix we derive the explicit expression of C{!} (z) for large I, defined by Eq. (20). The result
is given by Eq. (21). As 1,> L,, we have [,~1,; we therefore expand the phases «, (k) about I,. As aa,/al
=-p with cos B=1/kr, we have o, =a, - (I, ~1,)8. Now because of the triangular relation we have li=l,+pu
with u=~L,,...,L,y, and Au =2, the latter because of parity conservation. The functionofEq. (20) thus be-—

comes

2
C,‘;’L2=ilz ng * CULyl,+ p; 00)C(,L,1,+ p; -M,Mf-Mc)cos[ot,z(ku)— Al cos[a,z(ko)+ o, (k) -2u],

(A1)
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which by simple algebra assumes the form
e =tit2 ) i*CU,Lyl+ 15000 CU L1y + 1y - My My = M,)
=
x{cos a,a(k,) cos pB + cos [2a,2(k,)+a,2(k,)] cos 3uB
+sina, (k;) sin p8+ sinf2a, (k) + (k)] sin3up}. a1

In Appendix C it is shownthat for [, > L, the Clebsch-Gordan coefficients C (I,L,l, + 1 ;m ,M,) are even (odd)
functions of u if (L,-M,) is even (odd). Call A=L,- (M, -M,),-then we distinguish between two cases,
remembering that #*C(I,L,1,+ u; 00) is always an even function of p.

i. A even. The function C‘“L is given by the first two terms of Eq. (A1’). In Appendix B it is shown
that the two sums over pu are proportxonal to the spherical harmonics [Y”f‘”o(e @)]* and [Y”f'”0(36 @)]*,
where § =37 —B3. We thus end up with the expression

N

T \M2 : .

C,‘:)L2=ilzbﬂf-Mo(
+(= 1) zcos 20, (k) + @, (&) Y14 (36, )] 7} . (A2)

ii. A odd. The function C,“’L is given by the last two terms of Eq. (Al’). Again the two sums over u
are proportional to [Y‘”f‘”a(e qog) * and [Y¥#£ ¥ (30, ¢)]*, and C{? 1, 1S accordingly

1/2
O, mi it () et ina e )Y 4t )]
+(=D*2sinf2a,, (&) + o (&) [F 1% (36, 0)] % . (A3)

The two Eqs. (A2) and (A3) complete the proof of Eq. (21). The derivation of the other three functions
5{31, CiaL, and 57, defined by Egs. (36), (46), and (54), respectively, follows exactly the same lines as
above.

APPENDIX B

In this appendix we derive an exact expression for the spherical harmonics m terms of Clebsch-Gordan
(CG) coefficients. We start with the coupling rule of the spherical harmonics*®

N @1, +1)@22,+1)\ e . mysm
Y,:Y,::Z( e ) C (1,151 00)C(1,1,1; mym,) YTrme, (B1)

We assume that I,>1, and I, > m, +m, The functions Y7 in terms of the associate Legendre polynomials
are given by

!
Y"'(G )=(2l+1 (fl+’:;))‘) e""”P’;'(COS 9), (B2)
and the asymptotic expansion of PP for I>1 and > m is'”
2 1/2 L T T
P (cos 9) =1 (—_—_—wlsinB) cos ((l+2)9 2 mz). (B3)

Hence Eq. (B1) becomes
cos ((lﬁé) 9—-2—) Y72(8,¢0)

2, + N\ s
=—4%—- eim2° 1im C, 1,0, + u;00)C(A, 1,0, + w; mymy)
I3 B="l,

X [cos ((l1 +3)0 —%) cos (p.é - ng-) +sin ((ll+%)9 —%) sin (pe - mz-;—>] . (B4)

We show in Appendix C that for I, 1, the CG coefficients C(l, 1,1, + ji; m, m,) are even (odd) functions of

u if A=1,-m, is even (0odd). Therefore, for even values of m, the product of the two CG coefficients in
the above expression is an even function of y, and for odd values of m, the product is an odd function of u.
From this it follows that the product of the two CG coefficients multiplied by sin(u6 —m,7/2) is odd in y,
irrespective of the parity of m,. The second term in Eq. (B4) is, therefore, identically zero. In conclu-



23 UNITARY EIKONAL APPROXIMATION INCLUDING... 699

sion, the spherical harmonics in terms of CG coefficients are given by the expression

2 1
sz 6,9)= ( 2y+1 +1) ei™2 lim Zz C{, 1,1, + 13 00)C U, 1,1, + 1 Om,) cos[pd = m,(3m)] . (B5)

14~ b=l

APPENDIX C

In this appendix we derive the explicit expression of the CG coefficients C(,1,1; Om,) for I,>1,. Accord-
ing to Eq. (B5) the dependence of the spherical harmonics on the angle 8 is through cos[u8 —m,(G7)]. To
find an expansion of this kind with known coefficients we start with the definition'® of the Gegenbauer func-
tions C%(x)

(1-2ax+a??2= 3" Chlx)ar. (G
=0
Put 2x=e* +¢7, then
(1-2ax+0a2) 2= (1 - aei®)?/2(1 — ae-i0)?/2= Z <—P/2> (- ae®) 2 (—P’/Z) (- ae-i®) . (C2)
v=0 v v'=0 v

Comparison with the rhs of Eq. (C1) gives
C¥? (cos 8) = (= 1)" ?: (—1;/2) (-np_/zk ) im0 (c3)

We now make use of the relation!® between the Gegenbauer functions and the associate Legendre functions
PT(cos 6),m = 0:

m
Cr1/2 (cos g)= 2l (2 y Sin"6 PP (cos ) . (Cc4)
The functions P} are thus given by
- 1y /_ 1 .
P"' (cos 8) = (—1)"”’ (zm) sin™ 6 t: (— (’Z*Pz)) (l (’:ln+ zk))e-:(l-m-zk)a i (C5)
k= - -
By some simple algebra this expression becomes
- @m)!
Pr(eos )= (-1 LS it gem cos (0-mT) ©
S ==
where

oLy )

For m =0, this gives the well known'® expansion of the Legendre function

P,(cos8)=(~1) 2: (' ;/2) (';1_/12)) cos (I - 2p)6.

Now comparison of Eq. (C6) with Eq. (B4) reveals that the second term of Eq. (B4) must be identically
zero, i.e.,

;lj C(1,1,l, +15 00) C (11,1, +p; Omy) sin(ud —mym/2)=0. (cn)
=,

From this we conclude that the product of the two CG coefficients is an even (odd) function of u if m, is
even (odd). Furthermore, in conjunction with Eq. (B2) we obtain an explicit expression for the product of
the two CG coefficients in the limit of large 1;: :
¢ —m)!) 172 (2m)!
(1 +m)! 4" m!

C (1,1, +11; 00) C (1,11, +p1.; Omn) =(—1)"”‘( CeRy-w - (c8)

For m =0, we find

[Ci1, +1; 00) P = (— 1)( » %u))(%(l';i)). (c9)
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To exhibit the symmetry property of the CG coefficients mentioned above we write cﬁ';‘};,(,_u, of Eq. (C6') in

two different ways:
(i) Put n =n'-3(l +u), then

Cliyam = (= DAREH :L: (- 1)"(n Y +u)) (" ;”i;%)) ("7(:”_*3\) . (C10)
(ii) Put n=m +3(I —u) =n", then
Cihyg-p= (= 1A/C = +m 2” (=1 (n —1;(1 _ m)(‘(m +%)) (‘S"_’ﬂ) (C10)

Consequently, the product of the two CG coefficients of Eq. (C8) for large I, and m >0 is of the form.

C(l4lly +p; 00)C (1,01, +p; Om) =

22" i L\ (1 + m)!

(2m)! ((l —m)! ) 1/2 (- 1)(1/2)(!-41)-7"

RO o= [ R J (—(?_«f)) (o). e

For m<0, one gets identical results withm replaced by -m. This expression shows very clearly that the
product of the two CG coefficients is an even (odd) function of y if m is even (odd). The above analysis
does not reveal whether C (1,11, +u; Om) is even or odd under the transformation p~=-pu. A more thorough
investigation shows that (for large 1)) it is even (odd) if (I =m) is even (odd). This, of course, is in compli-
ance with the results of Eqs. (C11) and (C9). The analysis presented here is adequate for the purpose of
the present paper as we deal here only with products of two CG coefficients.

IR. J. Glauber, in Lectuves in Theoretical Physics,
edited by W. E. Brittin and L. G. Dunham (Interscience,
New York, 1959), Vol. I, pp. 315—414.

2y, Franco, Phys. Rev. Lett. 20, 709 (1968).

8A. Birman and S. Rosendorff, Nuovo Cimento B63, 89
(1969).

4s, Rosendorff, Proc. R. Soc. (London) A353, 11 (1977),
referred to as Paper I hereafter.

5A. Birman and S. Rosendorff, Phys. Rev. A 21, 556
(1980).

8A. Birman and S. Rosendorff, Prvoceedings of the XI
International Conference on the Physics of Electronic
and Atomic Collisions, Kyoto, 1979, edited by
K. Takayanagi and N, Oda (The Society for Atomic
Collision Research, Kyoto, 1979), p.112.

'G. N, Watson, A Treatise on the Theory of Bessel Func-
tions (Cambridge University Press, Cambridge, 1952),
p. 244.

8J. Focke, Berichte iiber die Verhandlungen der Sach-
sischen Akademie der Wissenschaften zu Leipzig,
Band 101, Heft 3, (1954).

9See Ref. 7, p. 252.

105, Rosendorff (unpublished).

113, Rosendorff and S. Tani, Phys. Rev. 128, 457 (1962).

12A. Paliov and S. Rosendorff, J. Math. Phys. 8, 1829
(1967).

13, J. Wallace, Ann. Phys. (N.Y.) 78, 190 (1973).

1411 the axis of quantization is taken along the direction
of the initial beam, as is done in the present paper,
Q, appears in the Glauber amplitude.

15p. W. Byron and C. J. Joachain, Phys. Rev. A 8, 1267
(1973).

18M. E. Rose, Elementary Theory of Angular Momentum
(Wiley, New York, 1957), p. 61.

17A, Sommerfeld, Partial Differential Equations in
Physics (Academic, New York, 1949), p. 149.

18y, Magnus and F. Oberhettinger, Formulas and
Theorems for the Functions of Mathematical Physics
(Chelsea, New York, 1949), p. 76.

19G, Sansone, Orthogonal Functions (Interscience, New
York, 1959), p. 169. o o



