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A complete quantum mechanical treatment for Coulomb excitation is presented. Angular correlations
as well as total cross section are developed. The reduction to a form suitable for computation of the radial
Coulomb integrals which are needed to evaluate the transition matrix elements is discussed in detail. The
relation of the quantum mechanical treatment to the classical treatment is established, and it is shown that
the results may be presented as the classical result plus a quantum mechanical correction.

INTRODUCTION

OULOMB excitation of nuclear levels is an old

4 concept in nuclear physics which was first con-
sidered in the pioneer work of Cockcroft and Walton.
The study of this process has advanced considerably
both experimentally® and theoretically? since that time.
Interest in Coulomb excitation was further stimulated
by the work of Bohr and Mottelson® who indicated the
importance of the role played by electric quadrupole
excitation. Numerous experiments have since verified
this conclusion.

The increase in the number and accuracy of the
experiments has brought about an increased need for
accurate theoretical discussion of Coulomb excitation.
Ter-Martirosyan? has treated the problem from the
classical point of view. In this work the charged par-
ticles are considered as traveling in definite Kepler
orbits with the Coulomb field causing the nuclear
transition. To be valid this approximation requires that*

n=212:6"/h>1.

For many experiments, however, n~3. This approxi-
mation further requires that the energy absorbed by
the nucleus be small compared to the energy of the
incident particles. The second requirement results from
the fact that #— 0 implies iw=FE—0, so that no
energy loss is considered in the classical treatment.
For both large and small bombarding energies, there-
fore, the classical approximation fails.®

* Work performed under the auspices of the U. S. Atomic
Energy Commission.
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The present experimental results on the total cross
section have, nevertheless, been in agreement with the
classical predictions. Not only is the shape of the
excitation function reproduced, but in several cases
the absolute cross section has been measured and found
to be in excellent agreement.® It should be noted, how-
ever, that the agreement exceeds the accuracy (~109)
of the experiments.

In addition to measurements on the total cross section,
one may also measure angular distributions to obtain
further information concerning the Coulomb excitation
process. A particularly desirable measurement considers
the directional correlation with incident beam of the
gamma rays emitted by the excited nuclei, averaging
over emergent particle directions. Calculations on this
process have been made using Ter-Martirosyan’s
methods.” Although there are still only a few experi-
ments of this type, the results seem to be clear cut. It
is found that the measured results® deviate quite sig-
nificantly (~209) from the classical predictions, in a
region where the total cross section shows good agree-
ment. For some cases the anisotropy measured is larger
than predicted. Since external influences always tend
to diminish the anisotropy, this may indicate that the
classical approximation is at fault.

Several quantum calculations?!® have been made to
test the classical approximation. However, these cal-
culations have neglected energy loss. Breit and col-
laborators® numerically calculated the total cross
section for n=8.156 and found excellent agreement
between the quantum and classical result. Biedenharn
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CALCULATION OF COULOMB EXCITATION

and Class employed the exact Coulomb integrals for
no energy loss, given in Sec. II, and found that the
classical approximation was in excellent agreement with
the exact results for > 3. For the directional correla-
tions, however, this calculation predicted larger aniso-
tropies than the classical treatment.

Since these considerations indicate that the classical
approximation is inadequate, it appeared reasonable to
attempt to take the Coulomb field rigorously into
account in a quantum mechanical treatment.! In this
connection it is of interest to note that for dipole
transitions, the problem was effectively solved in
parabolic coordinates by Sommerfeld? many years ago.
The cases of greatest interest are, however, the more
complicated quadrupole transitions. For multipoles
higher than the dipole it appears futile to attempt the
integrations in parabolic coordinates, and recourse to
the spherical representation is indicated.

In the following, therefore, the problem is formulated
in the spherical representation and expressions for both
the total cross section and angular correlations are
obtained. The formulation of the angular correlation
problem is considerably simplified by recognition of the
formal analogy to the correlation problem in the internal
conversion process.!® For internal coaversion, transitions
between a bound state and a continuum state must be
considered, whereas here the transitions are between
two continuum states. Moreover, for the final state,
there is no coherent mixing of different angular momenta
because it is assumed that this state is not observed
experimentally.

The second part of this paper is concerned with the
problem of evaluating the radial Coulomb integrals.
Since the excitation and correlation involve infinite
sums over angular momenta, of the radial Coulomb
matrix elements, it is necessary to estimate the number
of L’s which enter in a significant way. To a sufficient
approximation this can be done as follows. For the
quadrupole case the radial Coulomb matrix element is
of the form [ fv® drr—*Fr(n1,k)F1(ns,kar) 2. For large
values of L, the magnitude of the Coulomb function
Fr(nkr) at the classical turning point, kr~L, varies
as LUY61* Because of this slow variation the crude
estimate is made that the amplitude of Fy, is unity for
all L beyond the turning point. Inside the turning
point, the functions Fy behave roughly as (r/L)IH.
Thus, the contribution to the integral from r<L is of
the order of L=3. Outside the turning point, the Coulomb
functions Fj, oscillate. If one neglects the phase dif-
ference between the two F’s and takes their product to
be of the order.of unity everywhere, one obtains an

1 A preliminary account was given by L. C. Biedenharn and
M. E. Rose, Oak Ridge National Laboratory Report, ORNL 1789,
September 1954 (unpublished).

12 A. Sommerfeld, Wellenmechanik (F. Ungar Publishing Com-
pany, New York, 1947).

13 Rose, Biedenharn, and Arfken, Phys. Rev. 85, 5 (1952).

4 Biedenharn, Gluckstern, Hull, and Breit, Phys. Rev. 97, 542
(1955).
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overestimate of the outside contribution to be of the
order of L72. Thus one gets as a rough estimate that the
integrals are, in general, of the order of L=2. Using this
estimate in the summation for the total cross section,
it is clear that the sum will involve, in the limit of large
L, a summation over terms of the order of L[ /¢® dr
Xr3F 1, (n1,k17) F1.(n2,ker) P~L~3, and thus this part of
the sum will be of the order of L2 For good accuracy
one, therefore, needs about one hundred terms and it
is clearly essential to simplify the work as far as pos-
sible. Direct numerical integration of the radial integrals
does not appear feasible, since the Coulomb functions
oscillate and many oscillations must be integrated
before asymptotic formulas are applicable. It would
thus seem most desirable to use the properties of the
Coulomb functions to cast the required integrals into a
more tractable form.

This is, however, not a very straightforward task.
The range of physical interest has the parameter
p=Fk;/k; of the order of unity. Typical experimental
values are 1<p<1.1. But for p~1 the integrals do not
have simple properties. A simple example of such
behavior is afforded by the related spherical Bessel
function integrals, to which the desired integrals reduce
in the limit of zero nuclear charge. These are cases of
the Sonine-Schafheitlin discontinuous integral.!® It is
possible, nonetheless, to get useful rapidly converging
series in the region of p~1. The necessary development
for such results are presented in this paper. In addition,
various recursion relations are also presented. The use
of the recursion relations makes it unnecessary to
compute the integrals for all values of L. Rather, the
integrals may be computed at appropriate intervals in
L and the recursion relations used to bridge the gaps.
However, repeated application of these relations causes
great loss in numerical accuracy, so that they can only
be used over a very limited range of L.

The classical orbit calculation results from the
present quantum treatment under the simultaneous
limiting process n— ©; p—1; n(1—p) — E=finite.
From the series results for the Coulomb integrals one
gets in this limit confluent forms, which are the series
form of the classical integrals. It is interesting also to
obtain this result in a more elementary fashion without
the necessity of using series, and this is done in the
concluding section. Sommerfeld' has discussed a closely
related limiting form for the electric dipole case to
obtain Kramer’s approximate bremsstrahlung formula.!®

The radial Coulomb matrix elements should be
valuable in problems other than Coulomb excitation

“and it is hoped that the present discussion will be of

more general interest.
Numerical calculations of electric quadrupole excita-
tion have been completed and submitted for publication.

15W. Magnus and F. Oberhettinger, Special Functions of
Mathematical Physics (Chelsea Publishing Company, New York,
1949), p. 35.

16 H. A. Kramers, Phil. Mag. 46, 836 (1923),
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I. FORMAL DEVELOPMENT

The Coulomb excitation problem can be schemati-
cally described as the following process. A (Coulomb-dis-
torted) plane wave of spinless particles, of wave vector
k; and charge 2; is incident upon a nucleus of charge zs.
By means of the electromagnetic coupling between the
nucleus and incident particles, the nucleus undergoes a
a transition from a state Jr; to a state Jsmrs, and the
incident particles emerge at infinity as a (Coulomb
distorted) plane wave of wave vector k. Here J, =
represent the nuclear angular momentum and parity.
We seek to find first: the total cross section for this
process, averaged over the directions of ke, and second :
the directional correlation with respect to the incident
direction k; of a subsequent nuclear radiation, again
averaging over the directions of the emergent particles,
k,. The center of mass of the system is considered to
be at the nucleus.

Total Cross Section

The electromagnetic coupling can be expressed in
terms of the interaction energy density between the two
transition charge and current systems (nuclear and
bombarding particles), that is:

Hine=(jn-G-jr+on-org). 1

Here jv and jp are the current operators for the nuclear
and particle systems, respectively, and similarly the g’s
are charge density operators. The G and g are dyadic
and scalar Green’s functions for the infinite domain
with outgoing waves at infinity. Introducing a multipole
expansion for the Green’s functions,'” and assuming
that the bombarding particles always remain exterior
to the nucleus, one may write for the Lth magnetic
multipole the interaction energy density,

Hp™ =47 3y (—ik)jn-[L(LF1)T?
X jr(kr)[LY .27 (0w,6n) |
Xip-[LLA1) T @ (kr)LY LM (0,9)

and for the Lth electric multipole,

Hp@=4x >y i L(L+1) T ), (kra)in -V
XLY 12 Oy fn) b [L(LA+1) T
Xh® (kr)jp-wXLY 12 (0,6). (2)

Here the 7.(kr) are spherical Bessel functions, the
k@ (kr) are spherical Hankel functions, and & is the
wave number for the virtual gamma quantum absorbed
by the nucleus. The operator L is the rotation operator,

L= —irXVv. The coordinates 7y, 0y, ¢n refer to the"

nucleus and 7, 8, ¢ are the coordinates of the bombarding
particle.

The usual perturbation treatment then leads immedi-
ately to the result for the total cross section for excita-
tion by electric (¢) or magnetic (7)) multipole of order L.

17 J, M. Blatt and V. F. Weisskopf, T/eoretical Nuclear Physics
(John Wiley and Sons, Inc., New York, 1952), Appendix B.
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kz 2m 2
oL<evm>=47r—(—) Y EAAE
ki \ %2
XH o™ ¥ (kD)% (3)

In Eq. (3), & denotes the appropriate summation
over final states, and averaging over initial states for the
nucleus (wave functions ¥, and ¥, respectively), and
f is a unit vector in the k direction. The (Coulomb-
distorted) plane waves for the bombarding particles are,
for the incident state:

27

}
) e r 1 Fo(—im, 15 ik —ky 1)),
4)

= (

e21r1,1__ 1

with 71 =2120¢%/%v1, and for the emergent state:

) et Fy(ing, 1; —i(kyr+ks 1)),

(5)
with #, defined analogously.

These latter wave functions are exact wave functions
for a particle of charge z; in the field of a fixed charge 2,
as discussed in detail by Sommerfeld.!* They reduce to
distorted plane waves at infinity, with the appropriate
outgoing and incoming spherical parts respectively. The
wave function ¢, will be observed to be the time and
space-reversed emergent wave, so as to have an in-
coming scattered spherical component.!

The integral over the nucleus is evaluated formally
in terms of reduced matrix elements.!®* That is, for
magnetic multipoles,

(W |[LLA) T (kry)in - LY L2*(0n,68) | ¥ 3)
=C(J LI r; MMM ;) (fllmL]),

2
¢2<k2,r>=( il

e21r'r]2__ 1

(6

and for electric multipoles,

W | LL(LA D) T4 (k) ju -V XLY 1% (0 ,60w) [ 2)
=C(JLIy; MMM ) (flleLld). (7)

The projectile wave functions are expanded in the
spherical representation, with the result®:

ei(o1—=00)

Yl =2 l4r(2+1) 1

17

XF[(nl,klr)Dmol(fl)ilYlm<01¢) (8)
e itlal'—00)

Yalka)= 3 [47(2l'+1>]%~—}e——

of

and

X F v (na,kor) Do ()% Y 0™ (0,¢). (9)

Here D,,,! are rotation matrices.?
It is useful now to introduce the reduced matrix
elements for the transition multipole between the
18 S, P. Lloyd, Phys. Rev. 81, 161 (1951).

1 E. P. Wigner, Gruppentheorie (Friedrich Vieweg und Sohn,
Braunschweig, 1931).
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various angular momenta of the bombarding particles.
For magnetic transitions, we have:

F l'(ﬂz,k21’)
(D
kgr
XN[LLAD) T (k) jp - LY 1M (0,6) |
Fi(ni,kw)
Yl (67¢)>
17
=0 I, Lm)C (LI ; Mmw'), (10)
and for electric transitions:
Foy(na,kar) ,
(R o o) B LA T ()
kz?’
. l("ll; 1)
Xip-VXLY 1M(0,¢) |———— Yl"‘(0,¢)>
17
=Q('l; Le)C(LU'; Mmm'). (11)
The evaluation of these reduced matrix elements is

given in Appendix I.

The indicated operations in Eq. (3) can now be
carried out. After some manipulation, the total cross
section is found to be:

- (k2)21f+1(f]](e,m)L||i)2 (327r2mk 2
TR a1\ g )
XE OI+D|0WS; Liem)

(12)

In the long-wavelength approximation the reduced
multipole matrix elements assume a simple form. The
total cross section has a more recognizable form in this
limit, and for the electric quadrupole transitions we
have the explicit result that:

kz 2]f+ 8w legme32 2
az<e>=47r(~)( Y )
B/ \27 41 Shiboh?

{ 1(1+1)(204+1)
(21— 1) (2143)

o 2
[f 1’_3d7’Fl(nl,klr)Fl(n2>k2r)]
0

3(1—1 ® 2
2_(2(1__1;[j; r—3der("71,k11')Fl—2(’72’k27)]
30+1) (42 * 2
_’_L()[f r_sdrFl(‘f]l;kﬂ’)FHZ("?Zyk?r):l }
2(2143) LJ, (13)

Directional Correlation

If the nuclei excited by the bombarding particles
upon returning to their ground states emit gamma rays
with a half-life short compared to the reorientation
times of external perturbing fields, these gamma rays
will be correlated with the direction of the incident
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beam, and the emergent beam as well. In practice this
latter direction is unobserved and corresponds to the
directional correlations averaged over this direction.
Calculations for such correlations, using classical tra-
jectories, were given by Alder and Winther.”

The calculation of this directional correlation is
greatly facilitated by the result® that if one knows the
v—~ correlation for the nuclear transitions charac-
terized by the angular momenta J1— J;— J; to be,

W)=, A,P,(cosh),

then the directional correlation for particle emission
replacing the v transition J; — J, is given by

W)=, 4,a,P,(cosf),

where the a, are “particle parameters” independent of
the nuclear transitions. The problem for the directional
correlation is thus reduced to solution by standard
techniques. The solution is, however, even more im-
mediate if one notes the close formal similarity between
this Coulomb excitation problem and the internal con-
version problem. Except for the fact that the present
problem involves both initial and final particle states
in the continuum, the two problems are precisely the
inverse of each other. The calculation given below
exploits this similarity, and does not reproduce details
given by Biedenharn and Rose.? As discussed there, the
particle parameters are the ratio of the tensor param-
eters of the projectile to the tensor parameters of the
gamma ray it replaces, normalized so that ay=1. To
obtain the tensor parameters of the projectile we couple
the tensor parameters of the observed initial state and
the tensor parameters of the unobserved final state. The
latter, being random, are scalar.
The tensor parameters of the initial state? are:

Rivg; 1) = 4ml (214-1) (U4 1)TH (=) -eit—
XC(W'v;000)ei =D, (£1).
For the final state we have the simple result:
R;(vq) =d0,00q-

Using the previous definition, Eq. (10), for the
reduced multipole matrix elements, one finds that the
coupled tensor parameters, for a pure multipole transi-
tion are:

R(Vq)=§.iQ(lz; La)Q*('l; Lo)[ (21+1) (2 +1) J*

XW(vL; LV)R(vg; ).  (15)

2 1. C. Biedenharn and M. E. Rose, Revs. Modern Phys. 25,
729 (1953). This result is originally due to S. P. Lloyd, thesis,
University of Illinois, 1951 (unpublished).

2 Note added in Proof —In the preliminary work of Biedenharn
and Rose!! the phase factor 77 in Eq. (14) was accidentally
omitted. This error was propagated in the work of Biedenharn
and Class® but affected only Eq. (6) and Fig. 2 of that paper
(an erratum has been submitted). The equations in this paper
have been corrected accordingly.

Unfortunately an equivalent error (of different origin, however)
was contained in the calculations of Alder and Winther5.7 invali-
dating their results for a; and a4 (but not bo). This led to a spurious
agreement between the classical limit for e, in reference 10 and
the no energy loss result for @, in reference 7.

(14)
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The tensor parameters of the gamma transition whose
observation is replaced by the particle transition are:

Ry (rg)~ (=) HC(L Lv;1 —10)Dyo’(F).  (16)

Thus one immediately obtains for the particle param-
eters, the result: .

a(La)={ l% (2041) (20 4-1) (= )'C (I'v ; 000)5-V

Xeitor=eQUl; Le)Q*(I'l; Le)W (IlvL; LI')}
X{(=)HC(LLv; 1— 10)%(zz+1) |Q@l; L) |2y
(17)

The index 7 denotes the type of multipole, i.e., electric
(e) or magnetic (m).

By virtue of the vector coupling relationship, the
values of I, I’ are restricted to lie between I-+L and
|I—L|. Hence in the triple sum over J, // and [ only one
of these represents an infinite summation. Moreover,
parity eliminates approximately half of the values
available for / or /. Since the total cross section itself
was a singly infinite summation, it follows that both the
total cross section and the directional correlation are
tasks of about the same level of difficulty, with the
primary task the rapid evaluation of the reduced multi-
pole matrix elements for Coulomb waves.

For the long wavelength limit, the particle param-
eters assume a much simpler form. Confining attention
to the experimentally interesting electric quadrupole
case, the explicit results are found to be

a2(2¢) =bs/by, (18)
a4(2¢) =b4/ by, (19)
with
1 l 1(l—
- [ DA D0 0y
Tl (21—1)(2143) 2(21—1)
E (I+1)(+2)

P2, l)], (20)
2 2143

9=

[3(l— 2)(-1) (l)p (2.1
1 (21—1)?
_l(l+1) (214-1) (21— 3) (Zl+5)12
(21—1)2(21+3)?
3(+1) (14-2) (1+3)
(214-3)>

@)

(142, 1)

l —_
W=DED o e
(21—1)?

KD E+2)
—I( l
e (XL EY

—6 COS(O’l——O'l_z

—6 cos(oi—ae
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1 19(—1)(1—2)(1—3)
[ 12(1—2, 1)

ERPR
SN HDEHDO0-Y
(213 (21— 1)
O+ (+ (2 (4D
Q1) (214-3)°
—60 cos(or2—a)I(DI1I—2,1)
+1)@I-1)0-2)
QI—1)(2143)
+2) 1+ ) (—1)
1(—2, DI1+2, 1)
(21— 1) (20+1) (214-3)
(I+3)(I+2) 1+ ()
(2—1) (2143)?

XIADI(+2, z)].

(42,0

}210 cos(o1_a— 0 149)

—60 COS(O’l—O'H_z/
(22)

The o; in Egs. (20)-(22) are the Coulomb phase
shifts, o;=arg[T'(l41414n:1)], and the radial integrals
are defined as

I(l,l’)Ef r73drF 1 (n1,k17) F 1 (s, Ror). (23)
0

The sums are over all positive values of / including
zero, with the understanding that 7 (1,/))=0if I4+1'<1.

Limitations of the Present Treatment

In this treatment there are several approximations,
and it is essential to make clear the errors involved.
First there is the question of replacing the multipole
moments by the long-wavelength approximation. The
parameter involved here can, for an order of magnitude
orientation, be taken to be (7.,./Ara), where 7, 5. is the
classical turning point radius given approximately by
(L2479 For low angular momenta, this parameter
ranges from ~1/100 (for 4-Mev protons exciting 100-
kev radiation on Z=50) to ~1/5 (for 4-Mev alphas
exciting 500-kev radiation on Z=350). Except for the
radial current contributions in electric multipoles, this
parameter enters as the square; it is clear, however,
that there will exist cases where the error is not neg-
ligible. For sufficiently high angular momentum the
error is always large, but since the dominant contribu-
tions are from L~mn (except for E1) this need not
introduce appreciable error. For cases where retardation
is appreciable, the contribution of the higher terms
gives rise to matrix elements which can be evaluated
by the methods given below, and, in fact, these cor-
rections are generally simpler to evaluate than the
lower order terms. Because retardation effects may be
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important, the accurate form for the multipoles has
been given in Appendix I.

The neglect of electronic shielding is another possible
source of error. The parameter involved here is the
ratio of the Bohr K shell radius to the turning point
radius. For 2-Mev protons on Z=>50, this parameter is
~1/30 for L=0. For increasing L, however, the com-
parison is less favorable, and, in fact, becomes sizable
for L~20. Drell and Huang®” have carried out an
estimate of the screening effect for 2-Mev proton
bremsstrahlung on Z=50 and find the correction
negligible (<0.1 percent). Since the large angular
momenta contribute far more prominently to dipole
bremsstrahlung than for quadrupole excitation® their
result indicates that shielding may be safely neglected.

The effects of penetration of the nucleus have been
neglected, and this is possibly important for S wave
particles. For 5-Mev protons on Z=30, the nuclear
radius is about one half the turning point radius and the
penetration of the order of a few percent or less. This is
a rather extreme case, but it indicates that, in the
vicinity of resonances at least, the L=0 contributions
might have to be altered by the addition of irregular
components. This constitutes a refinement of the theory
that seems somewhat premature, but it is well to bear
in mind the possibility of such effects.

The assumption that the nucleus defines the center
of mass may be a serious source of error. Although it is
easy to calculate the particle multipole moments in
terms of the true center of mass, this is no real help
since the nuclear absorption takes place with multipoles
based upon its own center of mass, and the error caused
by the non-coincidence of these two centers still arises.
The effect is particularly bad for alpha particles on
light nuclei. For such cases, in the center-of-mass system,
the effective dipole moment will almost vanish, yet the
translation of the remaining multipoles to the nuclear
center-of-mass system will reintroduce dipole terms.
The approximation is thus poor in some cases of in-
terest. Although corrections can be made for this effect,
attention will be restricted to larger A (~100) where
the error should be of the order of one percent or less.

Finally it should be mentioned, for completeness,
that spinless particles have been assumed. For the case
of protons, the spin magnetization should enter the
magnetic multipoles significantly ; for electric multipoles
the change is generally insignificant. This effect may
be treated by using the spin magnetization current in

the magnetic multipoles, as discussed in reference 17.

II. RADIAL COULOMB INTEGRALS

In this section, explicit integration of the general
Coulomb radial matrix element (m,n; L) is discussed.

2 S, D. Drell and K. Huang, Phys. Rev. 99, 686 (1955). A pre-
liminary account of this work appears in Bull. Am. Phys. Soc.
30, No. 3, 28 (1955).

2 Similar considerations show that estimating errors in WKB
calculations by comparison to the Sommerfeld bremsstrahlung
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(m,n; L) is defined as
(mm; L)Ef drr=F 1 (n,kr) F rypm (na,kar),  (24)
0

where k; and k., are respectively the “incoming” and
“outgoing” wave numbers. The parameter 7 is given by

nN= 212282/h‘1),

and the Coulomb wave function® is defined in terms of
the confluent hypergeometric function to be

Fr(nr)=Crl)rFe i \Fy(L+1—in; 2L42; 2ir),
with the normalizing factor
C1(n)=2Ee12| T (L+-1+in) | /T (2L+-2).

A more convenient form in which to treat the integral
of Eq. (24) is

(mon; L) =kl f e Lnpr) Fram(on),  (25)
0

where 0<p=/k;/ky< %, and n=71. Although on physical
grounds p is restricted to values greater than or equal
to unity, it is convenient to discuss also cases with p
less than unity. This enables one to restrict m to be
zero or a positive integer. Since the integral must con-
verge at the origin, the inequality 2L+3+m—n>0
must hold. In addition from the vector addition rule
one has generally that m <n—1, but if retardation
corrections enter, m may exceed n—1.

In order to transform the integral into more useful
forms, it is necessary at this point to introduce ex-
plicitly into the integral the convergence factor e~*".
For all values of s such that Re s>0, the resulting
integral is then uniformly convergent. The limit s — 0
will be taken in the final answer, and it is this limiting
operation that introduces the discontinuous behavior
at p=1 discussed in the introduction. The integral with
the convergence factor s is denoted by (m,n;L;s).
Employment of the Euler-type integral representation
for the confluent hypergeometric functions,? inter-
change of the order of integration, and integration over
the r-coordinate yields a double contour integral form
for the matrix element:

a+) a+)
(m,n;L;s)-——Kf duf
0 0

X dv[s+i(14-p) — 23 (v pu) Jr—2-m=s

X uLl—n (%"‘ 1)L+in.vL+m—ipn (7)—“ 1)L+m+ip11, (26)
results [see K. Alder and A. Winther, Phys. Rev. 96, 237 (1954)]]
should not necessarily be conclusive.

2 Tables of Coulomb Wave Functions, U. S. National Bureau
of Standards, Applied Mathematics Series 17 (U. S. Government
Printing Office, Washington, D. C., 1952).

25 Erdelyi, Magnus, Oberhettinger, and Tricomi, Higher Tran-
scendental Functions (McGraw-Hill Book Company, Inc., New
York, 1953), Vol. 1, p. 272. We shall in the sequel denote this
reference as HTF-1.
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with
K= (_ 1)mk2'nvlplr|-122lri-m—2e—%7rq(1+p)

I'(2L+-34+m—mn)
sinhay sinharpn | T(L+1-4in) | | T (L+m+1-Fipn) |

The many-valued functions appearing in the integrand
are made analytic by taking their principal values. The
symbol 3@+ signifies a loop which begins and ends
at the origin and encircles the point 1 counter-clockwise.
In the case at hand, both loops can be considered closed
contours encircling the points 0 and 1 of the integration
variables.

The double integral appearing in Eq. (26) is readily
expressed in terms of Appell’s double hypergeometric
series”® FQ(ayﬁyﬁl 5 ’Y;’Y’ 5 x)y)'

The result is
(myn; Ly s)=— (ke"'/40%) pXHC () C r1m (om)

XTI (2L+m~+3—n)[s+i(1+4p) Jr-2L-m3

><F2 (alﬁiﬁl ; 'Y)y’ ; x’y)) (27)
where a=2L+m~+3—n, B=L+1—in, f'=L+m+1
—ipn, y=2L+2, v'=2L+2m+2, x=2ip/[s+i(14p)]
and y=2i/[s+1i(14p)]. For calculational purposes, the
double series (see Appendix IT) for F» might be thought
to be useful. Since the series form of F» converges ab-
solutely only for

[+ |yl = [2ip/Ls+i(14p) [+ 2i/[s+i(1+p) ]| <1,

it is evident, however, that the limit s — 0 can never
taken and the series is, therefore, only of formal interest.
Any transformation of the series which does not have
the character of an analytic continuation cannot alter
this conclusion.

For analytic continuation in a single variable, e.g., ¥,
the theory of the Gauss hypergeometric function can be
used to advantage. Such transformations, however, are
insufficient to treat the case p~1. For the parameters
given in Eq. (27) with the specialization m=n—1, the
desired analytic continuation has been given by Appell
and Kampe de Feriet.?” It will be shown below that the
specialization, m=n—1, is not necessary, and that all
cases of interest for Coulomb excitation can be worked
out directly.

The special case m=n—1 with m=0, was treated by
Sommerfeld,'? who obtained the result:

0,1,L;s)
1
— - CaCe(enT QLA +i(14p) T2

I

x( s+i(1—p) )‘HH" (s+i(p— 1))“““"”
s+i(14p) st+i(p+1)

—4p
X pEHiF 1(6,18’; a; m—‘*) (28)
s+ (1—p)?
26 HTF-1, p. 224. Some properties of the Appell functions are
given in Appendix II.
27 P, Appell and M. J. Kampe de Feriet, Fonctions hypergeo-
melriques et hyperspheriques (Gauthier-Villars, Paris, 1926), p. 43.
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Here «, 8, 8', are as defined in Eq. (27), with m=n—1
=0. For p~1 the usual theory of the hypergeometric
function can be used to obtain series in the variable
1—op.

Series Applicable for Small Energy Loss

The analytic continuation of Eq. (27) is now obtained
in a form which readily permits the confluences required
in the classical limit. For convenience the order of
integration in Eq. (26) is inverted. It is seen that the
integrand as a function of # has branch points at 0 and
1, and a pole at [s+i(1+4p)/2ip— (v/p). For m<n—1
there is also a pole at #= . The integral over % can be
evaluated in the usual way in terms of the two poles
outside the original contour encircling the singularities
at #=0 and »=1. The contribution due to the pole at
infinity is called fi(v), while the contribution of the
other pole is called f»(v). Thus,

(1+)
f d%’l/{»l’_“?(u_ 1)L+i71
X [s+i(14p) — 23 (v o) J2Em—3+n
= fi(v)+ f2(v). (29)
The evaluation of /i(s) yields
f1(0) = 2mi (2ip)v2Em—s
T (L4-141in)
I'(L+m~+3—n+in (n—m—1)
(L+m~+3—n)\(m+2—n)\
2 )‘I(L+m+3—‘n+1}n))\
sti(14p)—2iv7
X[—] . (30)

2ip

The notation
(@)e=a(a+1)(a+2)- - (a+g—1)=T(a+¢)/T(a)

is used in the series above. It will be noted that f;(v)=0
for n {m—1, and is a terminating series for n>m—1.

The integration over v (for the fi1(v) contribution) is
carried out next. This is found to be

1+)
f d’Ufl (v).vL+m~ ipn (7) — 1) Ltm+ipn
0

= di(— ) m sinhmon (24p) 2L
T(L+1-+Fin) [T (L4 m+1+iom) |2
T'(L+m—+3—n~+in)T (n—m—1)T (2L~ 2-+2m)
QLA mA-3—m)n(m2—m)n (L m-+1—ipn),
o wl(\— ) {LA-mt-3—ntin)y (2LA+-2+42m),,

L) w
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The double series in Eq. (31) is a terminating series in
both A and u with 0Su <A and 0SAL<n—2—m.

The evaluation of the contribution due to the re-
maining pole is somewhat more difficult, and, in contrast
to the foregoing, does not lead solely to a polynomial.
It is readily shown that

f2(v) = (2mi) (2ip)n—2L—m—3

I'(L+1—1n)
X
T(2L434m—n)T'(— L—in+n—m—1)

s+ (1+p) — Qg9 T L—mAn—2—in
X [______J
2ip

s+i(1—p)— 240 Lmtn—ttin
e
2ip

X2F1(—m+n~—l, —2L—2—m+mn;

s+i(14p)—24v
—L—in—m—i—n—l;—‘——). (32)

2ip

For m<n—1, the oF; function above is represented by
a terminating series consisting of (2L+3+m—mn)
terms. In the special case m=n—1 the series consists
of a single term equal to one.

In order to carry out the remaining integration over
v, it proves useful to employ the series form of Eq. (32):

1+)
f dvfo(v)vItm—ien(y— 1) Ltmtion=3"y P\ T, (33)
0
where
Py=r (21) n—2L—m—2pm-|—1—n—)\(_ ) A
T (L+1—1n)
X
T 2L4-34m—n)T' (— L—in+n—m—1)
(n—m—1)\(n—2L—m—2),
(34)
M(n—L—ing—m—1),
and
a+)
J)\zf dva+m_ip”(1)'— 1)L+m+iﬂ")
. .
14p s\ —Lm2n— i
x (v——— =
2 2
1_"P is —L—m—2+n+1in
X (v———+—) . (35
2 2
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EXCITATION

F16. 1. The null contour D on which Jy is defined. At the point
A, argo=0. The outer portion of the contour schematically
represents a circle of infinite radius.

The contour on which J) is defined is a loop encircling
the points v=0 and »=1 in the positive sense. Con-
sideration of the null contour D illustrated in Fig. 1
shows that the integral J may be expressed in the form,

sinhmy(p—1)
e"'"(‘)h

sinhmnp

11

[G—3o—%is)+]
© 0

[GHip—3is)+H]
- f &[], (36)
1 .

where

|: .. .]:vlrl-m~ipn(v__ 1)L+m+ipn

14p s
x(v———+~
2 2

—L—m—2+n—1in+\

1__p 15\ —B—m—2tntin

x (-
2 2

The first integral on the right-hand side of Eq. (36) is
understood to be a positive circle of large radius. The
phases are determined by the requirement that the
integrand be real and positive as v approaches infinity
along the positive real axis, with the cuts as shown in
Fig. 1. The second and third contours on the right-hand
side of Eq. (36) terminate at 0 and 1, respectively.
Evaluation of the integral over the infinite circle is
readily accomplished, and leads to a polynomial.
Writing the result in terms of an Appell function for

(37)
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brevity, we find that

f do[ - - -]=2sinh[mp(1—p)](—) ™

0

XP(n+>\— 1—in(1—p))T (n—1+in(1—p))
T (2n4+1—2)
XFo([3—A—2n]), [L+m—n—\+2+1in],
LL+m—n—in+2]; [2—n—A+in(1—p)],
[2—n—in(1—p)]; [3is+5—3p],
[—3is+3—30]).

We must now perform the integrations

f[(m —}is)+]
0,1

A simplification results from the fact that

(38)

[G—3o—%is)+]
f o fo(0)pltm—ion (y— 1) Lrbmtion
0
=complex conjugate
[Gbo—}is)+]
f 4o fo(a)o =i (y— 1) Fmtion, (39)
1

It is, therefore, necessary to perform only one of these
integrations, e.g., Jol¢—%—#)H which we shall denote
as JA®. In a straightforward manner we finally arrive

at the result:

p__l ’L‘S n—1+1in(1—p)
J)\(2)=27ri(—))‘+1( o
2 2

y I'(L+m~+1—ipn)
I'(L+m~+2—n—m)I[n+in(1—p)]
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where
a=2—n—A+in(1—p),
B'=L+m+1—ipy, v=2—n—\+in(1—p),
v'=n+in(l—p), x=3—3p+3is, y=3—3p—3is.
In passing to the limit s — 0 in the integrals obtained
above only J,® need be examined critically. In this
case, the factor (3p—3-3%is)» 10— hag a different
limit for p>1 than for p<1. The two limits are:

lim (_%p — %_{_ %13) n—1+in(1—p)
50

B=L+m+2—n+ing—,

[3p—3|mHi0=) for p>1

= (41)

|%p—% l n~1+in(1-p)(_)nﬂe—rn(l—p)’ for p<1.

The polynomials given by Egs. (31) and (38),
together with the nonterminating double series given
by Eq. (40) constitute, when introduced into Egs. (26),
(33) through (36), the desired results for (m,n; L) valid
in the vicinity of p~1. Before explicitly exhibiting this
final result, it is useful to note that the polynomials of
Egs. (31) and (38) are not, however, expressed in the
most convenient form (although the present form does
have the advantage of a more straightforward deriva-
tion). The present form, for example, does not exhibit
the barrier penetration in a simple way.

A more useful result is obtained by utilizing in the
integral over the infinite circle, Eq. (38), not the function
f2(v) alone, but rather the sum f1(v)+ f2(v). The latter
function is expressible as a hypergeometric function
regular in the vicinity of infinity, and thus greatly
simplifies the results. To compensate for the addition
of the term in f1(v), we must alter the coefficient of the
polynomial, Eq. (31), into which this term integrates.

Tt is convenient to give separate designations to these
various contributions to the matrix element (m,n; L).
Let us define:

(mn; L)y=A(mmn; L)+B(mmn; L)+C(mmn; L), (42)

where A and B are the polynomials discussed above.
A arises from f1(v) and B arises from f1(v)+ f2(v). C is
the nonterminating series part. Collecting the various

XFy(e,8,8';v,Y'; %,9), (40) constants that enter, one finds explicitly that:
16D D (LA-m+14ipn)
A (m,% ; L) — Tin—-m2n43pn~L;m—2k2n—1
sinhmy(p—1)| T(L+141n)

I (L+141n)

I (2L+3+m—n)

X
T (L+m—+3—n—+in) T (2L+2m+2)T (n—m—1)

QL+m~4-3—n)\(m+2—n)\(L+m+1—ipn), l—l—p)"( —2)“ (43)

>< .
i ! (v—p) {(LAm+3—nt-in)y2L+2m+2), \ 2

T (L+141n)
I'(L+m~+1-+ipn) g

B(m,n; L)=mky" g™ =0

L+12 n— 31:— n—m,

14+p
I'(L+14+m—ipn) T(2L+m~+3—n)
I'(L+3—n—ipn) T (2L+2)T (m—1-+n)

1 (LH1—ihQL4m+3—n)au(2—m—n)rpu  f1—p\*
px( 2 ) 4

sinhmy(p—1) A.e

MQ@LA2)\ p !l (LA-3—n—1ipn)riu
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C(mm; L)=
2 sinhmp(p—1)

(n—m—1)\(n—2L—m—2),

»  ANm—L—ing—m—1),

7r(k2—— kl)n~1pb+7n+2—ne—%1rn114pl in—ml (p— 1)/2 } in(l—p)
Re[

I'(n+in(1—p))

expi{ 20 Lymr1-n(n) —L(n) — 0 L4m(0n) }

p‘*sz(Z—n—k—Irin(l—p), L4mA42—n—N\+in,

1—p 1

—p
LAm~4-1—ipn; 2—n—A+in(1—p), nt+in(1—p); T’T) } (45)

It will be noted that although A(m,z; L) and
B(m,n; L) are written in the form of terminating double
series, C(m,n; L) is in the form of a friple series, except
in the case m=n—1, when the terminating sum over A
reduces to a single term. The advantage of the triple
series form is that it permits the confluence required to
obtain the classical limit. This point will be discussed
in detail in a later section. An alternate expansion for
f2(v) leads to a double series for C(m,mn; L), which does
not, however, exhibit the confluence required for the
classical limit. Since the procedure is very similar to
that already used, we give only the result, Appendix
II1. For cases where L, 5 are not too large, this double
series form is of value for computational purposes.

Results for Special Cases

The polynomials A (m,n; L), B(mm; L) defined by
the terminating series given in Egs. (43) and (44) are
much simpler than would at first appear. Consider, for
example, the terms that enter in the quadrupole excita-
tion. Here #=3 and m=0 or 2. For m=2 and n=3,
the term A(2,3; L) vanishes, and we have only
B(2,3; L) entering. This is found to be

)rn(l—p2)p“2
P -

2 sinhmy (p— 1)-
(46

ko
B(2,3; L)y=—
6

T (L41+4in)
1 (L+3+ipn)

ermn(l—

)

For the matrix element with m=0, #=3 both 4 and
B enter. These are found to be

I'(L+1+4ipn)
A (0,3 ; L) = kgzpl_Lg—%‘"’ﬂ G—p)| 7
T (L+1+41n)
L
X NCY)
sinhwn(p—1) 2L(L+-1)(2L+1)
T (L+1+in)
B(0,3; L)= —ketmt—0)| — "~
T (L+1+ipn)
mpLlt? 1
(48)

X .
sinhan(p— 1) 2L(L+1) (2L+1)

The special case for no energy loss (o=1) is a limit
that is of some interest.>!® Unfortunately, however, it

is apparently not possible to sum the required series
(which are 3F, functions of unit argument) in general.
It is, nevertheless, relatively easy to get the desired
results for definite choices of m and .

The particular case m=mn—1 is, as usual, exceptional.
Here the general result for p=1 is immediate. If one
puts p=1 into the arguments (but not the parameters)
of the equation for B, then the required sums can be
done by the Gauss formula for the hypergeometric
function. The result is:

lirrll(n—— 1, n; L)y=k1.2n73
p—
[(C(n—1)T
X
T'(2n—2)

I'(L+1-+1n)
I (L+n+in)

. (49)

In the remaining cases where m<n—1, the result for
p=1 must be obtained by a limiting process. This can
be illustrated by the example for the matrix element
(0,3; L). The terms 4 and B, given above in Eqs. (47)
and (48), cancel for p=1, if the sinhmy(1—p) in the
denominator is disregarded. The required limit then
yields:

k?

lim (0,3; L) +1—1mn
p—

- [2L
2L(L+1)(2L+1)
+in¥ (L+1—1in) —in¥ (L+1+in) ],

where ¥ (x) =d/dx[logT (x)].

It should be pointed out that the use of the recursion
formulas given below provides an alternative procedure
for obtaining explicit results for p=1.

As will be shown in general in the concluding section,
the Coulomb matrix elements go over into the classical
orbit integrals in the limit 9, L — «©, p— 1, 9(1—p) —
£=finite. The results given for the quadrupole matrix
elements provide a nice example of this. Thus:

4n/Ry (233 1) — €6,
401/B*(0,3; 1) —
be= D)1= (e= D tan(@= D], (D

where e=[1+4I12/n*]*=eccentricity of the Kepler
orbits. The terms on the right side are exactly the
classical orbit integrals for £=0.57

The electric quadrupole matrix elements may be
given in the following form suitable for calculation in

(50)
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the vicinity of no energy loss:

mk it (1—p?)ed ™= | T (L4147
(2,35 1) = ) WAt
12 sinhmn(1—p)  |T(Z+3-+ipm)
7rk22(1 __p)2pb+le—%1rnll—pl
g
2 sinhmy(1—p)
| ,l_p._l_ l in(l—p)
m{———— explios(n)
I[3+in(1—p)]
—ior42(pn) X Fa(—14in(1—)p),
LA1+in L4-3—ipn; —1+in(1—p),
Sin(=p)i 1=, =10}, 2
and
wonks?
03,0)= :
2L(L+1)(2L4-1) sinhmy(1—p)
I'(L ;
I'(L+-14-n)
LA
I'(L+1+1ipn)

(ki bt

) sinhmy(1—p)

(=) exp{ior,(n)—ioL(on)}
I'(3+in(1—p))

XIm

{p""'l%w-%

><F3(—L—I-in, — L—ipn, L+14in,

] p—1 1—p
LA-1—ipn; 3+in(1—p); —, —
20 2

‘. (53)

Equation (53) uses the double series form given in
Appendix III. This form is most useful for values of L
and 5 which are not too large. (A rough criterion is that
| L+in|2(1—p)/2~1.) For larger values of L and » the
triple series form given by Eq. (45) is to be preferred.

Recursion Relations for the Radial Matrix Elements

Recursion relations in the variable L are of great
value both as a primary means of generating radial
matrix elements from a few initial values, and, in cases
when such a procedure is not advisable because of
cumulative error, in checking values obtained by other
methods. One can obtain recursion relations in many
ways, either from the power series or from the various
integral representations given earlier.?® It proves most

28 P, Appell and M. J. Kampe de Feriet (reference 27), give

various contiguous relations for the Appell functions, from which
recursion relations may be derived.
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convenient to use the basic defining relation, Eq. (24),
directly. The fundamental relations for the Coulomb
wave functions® are:

Ld/dp[F1(n,p) 1= L*+n*1F 1_1(n,p)

—[(L¥/p)+0]F L(np), (54)
d (L+1)2
(L+1)ZZ;FL<n,p>—( : +n)FL<n,p>
—[(LA1)* 4+ F L1 (n,p).  (35)

These relations imply the three-term recursion relation
for the Fr(n,p), and thus the three-term relation pro-
vides no new information. By partial integration of Eq.
(24), and the use of Egs. (54) and (55), four equations
satisfied by the (m,n; L) are obtained. Only three of
these are independent and one thus obtains:

1 1
2—m—n)(mmn; L)+km1( -—.—) (m,n—1; L)
L+1 L4+m

k
b [ (LAm) P on—1, n—1; L)
L+m

k
[ (LA T m—1, n—1; LH1) =0, (56)
L+1
2+ m—n) (mm; L)
1 1
+km1(——*———‘——) (m,n—1; L)
L+m+1 L
k
—I—Zl[LQ—%—nF:]%(m-{— 1,n—1;L—1)
ko
—————[(LAmt1)+nT
L+m+1
X (m+1,n—1; L)=0, (57)
and
(2L+34+m—n) (m,n; L)
+kml( +————) (m, n—1; L)
L+1 L+m+1
k
e [(LA1) 0P (m—1, n—1; L+1)
L+1
k
b [ (LAm+ 1) 2T A1, n—1; L), (58)

L+m+1

In obtaining Eqs. (56) to (58), the integrated con-
tribution from both the origin and infinity has been
discarded. This implies that 2L4-m-41—n>0.

One may regard Egs. (56) to (58) as expressing
inter-relations among the three operations of changing
the indices, m, # and L by integers. The desired recursion
relations will result upon suitably eliminating the
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unwanted changes in the indices m and #. Two general
relations involving a common value of %, but different
values of m and L, may be obtained immediately from
these equations. These relations are:

ky(14+m—n)
m
ky(1-+m—n)
L+t
QLA1)(1—n)—m
ml[ L(L+1)
QCL+2m+1)(1—n)—m
 (LAm)(Lmt)
ko(1—m—n)
L+m+1
ki(1—m—mn)

L(LA-m)* 40" ]} (m—1, n; L)

LA+ (m—1, n; L4-1)

]<m,n,L>
L(L+mA4-1)2 402 ] (m+1, n; L)

[L4n T (m4-1, m; L=1)=0, (59)

and
1+m—n+2L+2+m—n
L+1 L

ke
—J (L+m)>+92? %[
I L( m)*+ns]

2L+1
" Lmt1
t+m—n 2L+2m41 2Uemtn
[L—}-m "L —L—I—m—l—l]

k
km—LmL%"_LUDHV+WT
L+1

k1
X (m=1, 3 L) =L

[1—m—nL2L—}—2+m—n 2L—|—2m+1]
X T
L+m+1 L+m L+1

2

X (mA-1, w3 L—1)F———
L+m+1

[(L+m+1)2 4927}

. [l—m—n 2L+1 2L+m+n]
X +
L L+m L+1

X (m+1, n; L)=0. (60)

The latter relation is of particular interest for
Coulomb excitation since it relates matrix elements
differing by two units in m, which is just the condition
imposed by conservation of parity.

Consider now some special cases of the above rela-
tions. For m=0, Eq. (58) gives a relation for (0,%; L)
and (0,z—1;L) in terms of (&1,z—1;L). But
introducing m=1 into Eq. (56) and m=—1 into Eq.
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(57) enables one to eliminate the (Z&1,n—1,L)
elements in terms of elements with m=0. That is,
elements with m=0 can be expressed in terms of other
elements with m=0, but differing in %z and L. Two inde-
pendent relations can thus be obtained by this type of
procedure, namely:

—2)km
(Z—n)g(o,n; L)_*_(_n__)_l(()’ n—

1;L)
L(L+1)

kiks

- (L+1)2

LA+ L (L4142 ]
X (0, n—2; L+1)— [k12+ ko?

1 1
+k127712(—+ : )](07 n—2; L)
L2 (L41)?

kik
Lt 40, n=25 L), (6D

and

2k17]1(2—%)
2—n)2L4+3—n)(0n; L)+—

(0,n—1; L)
2iks

(L)

X (0,n—2; L+1)

[LA1D 0 PLLA1) 4927

2kiins?

- (k12+k22+ )(0, n—2;L). (62)

(L+1)
For the particular case of =3, it will be noted that
the left-hand s'des of Egs. (61) and (62) are the same to

within a factor. In this case, one therefore finds the
three terms recursion relation:

2kik
o LA LA e O3 L)

9

2L+1
L(L+1)

[(ke+ks?) (D) (L+1)+2k:2](0,15 L)

2k1k2
+TEL2+1}12]%[L2+1122]%(0,1 ; L—1)=0. (63)

This simple relation merely expresses the fact that
this matrix element may be written in terms of an
ordinary hypergeometric function. This is the Som-
merfeld result given previously. The above recursion
relation will prove useful in the work that follows.

For n>3, Egs. (61) and (62) in general yield a com-
plicated five-term recursion formula, which, however,
will not be given here.

In the electric dipole case the matrix elements that
enter are (%1, 2; L). Although it might at first appear
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that these are also Appell functions, Egs. (56) and (57)
show they are expressible in terms of ordinary hyper-
geometric functions. For example, Eq. (56) with m=1
and n=2 gives:

k
(1,2; L) =—[ (L+1)47210,1; L)
I+1

k
LA 0015 L), (64)
L+1 ,

The case (—1,2; L) is obtained by interchanging %
and k. in Eq. (64). Once again the electric dipole case
shows great simplicity.

For the electric quadrupole case one has in addition
to the (0,3; L) matrix element discussed above, the
matrix elements (42,3;L). A four-term recursion
relation can be found in this case. Since the subsidiary
relations that lead to this result are also of interest, the
derivation will be given in more detail than would
otherwise be the case. The desired element has m=2
and #=3 and if these values are introduced into Eq.
(56) terms with z=2 but m=2 or 1 arise. Equation (57)
shows that m=2, n=2 is expressible in terms of m=1,
n=2 which, as given in Eq. (64) above, thus implies
that the desired element can be related to the (0,1; L)
element. This relation is found to be

4(LA-1) ko (LA-2)* 2 TH{ ke (LA-3)* 402" 1}(2,3; L+1)
—k[(L+1)+771(2,3; L)}
= (k22— k) {[2k2n2+ k2 (L+1) (2L+3)
—k?(L41)](0,1; L4-1) — 2ksko (LA+-1)* 401"}
X[(L+1)*+221(0,1; L)}, (65)
This result is itself of interest. For the special case
k1=k, (no energy loss) the right hand side vanishes and
the resulting two term relation for (2,3; L) can be
solved to give, within a constant, the result previously
obtained in Eq. (49). For k15k, the relation yields
(2,3; L) in terms of a finite sum over L of the (0,1; L).
Since the latter are more readily calculated than the
(2,3; L) themselves, this may provide a useful calcu-
lational procedure.
Using Eq. (63) in Eq. (65) yields the desired four
term relation satisfied by the (2,3; L):

2kik?[ (LA-3)*+n? L (L+4)*+n" ]

XL(LA57 40214 (2,3; L+3) — ko[ (L+4)* 402"

X[6kPn 243 (k24 ko?) (L+3)?

+ (k= k) (L+3) (L+4)1(2,3; L+2)

+ k[ (L42) 40 [ OkiPns2+ 3 (ki +ko?) (L+-3)*

— (k= k) (L+2) (L+3)1(2,3; L+1)

= 2ks*ke (LA 1)+ PL(LA-2)*+n7 ] :

XL(LA-3)*+12714(2,3; L)=0.  (66)

The result for (—2, 3; L) is obtained by interchanging
k1 and k. in Eq. (66).

An equation for (0,3; L) that is the analog of Eq.
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(65) can be obtained. The result is

(LA+1) (LA4-3) QLA-5) kako[ (L4-2)* 41,2

X[ (LA4-2)*+752]%(0,3; L+4-2)
— QLA3) k2 (L+ 1)+ (L2
(ki k) (LD (L4210,3; L+1)
+L(L+2) QLA 1) kaks[ (LA-1) 42}
X[(LA+1)*+n2"15(0,3; L)

=—(3/4) (L+1) (L+2) (2L+3) (k2 — ks)*

X (0,15 L+1). (67)

This agrees with the earlier results obtained in Eq.
(50) for the special case k1=ks, and, just as mentioned
in connection with Eq. (65), may provide the basis for
a useful calculational procedure.

It is clear that the relations, Egs. (56) to (58),
provide a basis for determining recursion relations in L
for the (m,n; L). The above results, however, are suf-
ficient for the electric dipole and electric quadrupole
cases. As a calculational tool the recursion relations are
only useful over a limited spread in L, since the un-
avoidable cumulative error will eventually dominate.
For good accuracy in the final result contributions for
L~100 may be expected to enter, so that it is clear
that a straightforward use of recursion relations is
inadvisable.

Classical Limit and Quantum Corrections

It is obvious that classical results will be obtained
from the quantum results given above by letting # — 0.
In the case at hand, this reduction applies not only to
the complete answer but termwise to the various parts
of the calculation as well. This is not unexpected since
it is well known that the various Racah functions that
enter the formulas for the a, go over into the Legendre
polynomials of the classical result. The limit #—0
which carries the Coulomb integrals into the classical
Fourier integrals over the orbits appears here as the
limiting process 1—p — 0, L,y — o and limy(1—p) =¢
is finite. This limit process cannot be carried out directly
for the Coulomb integrals in the form given by Eq. (24);
rather it requires the use of the analytic continuation
into the region p~1. By utilizing Egs. (43)-(45), the
limit process can be carried out immediately, to yield
series which can be identified as the classical orbit
integrals. These series, which are confluent forms of the
Appell functions, are given in Appendix IV.

It is more direct, however, to proceed from the
double integral Eq. (26) and thus obtain an expression
for the complete classical limit* which is readily gener-
alized to include first order quantum corrections.
Instead of expanding the # contour to infinity in Eq.
(26) and considering the contributions from the two
poles as was done earlier, the » integration is performed

2 Sommerfeld, reference 12, Appendix 16, has carried out a
similar transformation (employing steepest descents) to compare

proton bremsstrahlung with Kramer’s semiclassical calculation
(reference 16).
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on the original contour to give
(m;n; Ly s)= (—)L2 sinhay (— 24)n—2L-m=3K
IT(LA-in+1) |2 _ (=) (LA 14 (n—m—1)x
I(2L+2) =0 A(2L4+2),

a+)
X f dypLtm—ien ('1)— 1)L+m+ip11
0
s — L—1—\—in
x|+ -1

(69)

]— L+ in—m+n—2

s
x[w;—%(l—p)

with the use of a Kummer transformation. In order to
obtain an expression suitable for the confluences
required in the classical limit, the v contour is trans-
formed to a contour starting at infinity and encir-
cling the origin counterclockwise by the substitution
»=1/(341), with the result

f<1+> dv(.'. )

o+)
—_ (2)2L+mAn+3+)\f dZ(— Z) LA-m+ipn

X (2 1)1 1 — popis— (14 p—is) = ir1n
X[14p+is—z(1—p—is) " EHir—mtn=2_ (70)

Since there is no pole at the origin and (—3z) is taken
real and positive on the negative real axis, this integral
is immediately expressible as a real integral ® vigz.,

f(o+> )

Qo

= (—— )"'L—)‘Ze’”? sinhrpn (1 +p — «is)‘-L—ir,—p-)\
X (14 p-is)y Lt ir—min— f st
0

1—p+is 1 pLon1-2
14p—1s .
1—p—i5 — LA in—m+n—2
X[l———z] .
1+p+is
The phase e is determined by the cut
larg[1—p+is—z(1+p—is)]| <

The integral (71) is now in a form for confluence to the
classical limit. Equations (70) and (71) are substituted
in (69) and, since (71) converges uniformly in A for the
classical limit, the summation and integration in (69)
may be interchanged in the limit.

X (Z+ 1)1—m—n+)\[1 —_

(71)

30 See, for example, Hankel’s contour for the I" function, E. T.
Whittaker and G. N. Watson, 4 Course of Modern Analysis
(Cambridge University Press, London, 1945), p. 244.
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There results,
(mm; Ly s)=(—q)rmlgyn12n3gmn(=p) oLt
T(L+im+1) |T (2L—I—m—n—|—3)2
U(L+m+1+4ipn)|  T(2L+2)
X (14-p—is) Emir (14 ptis)~Lrtin—min=2

2 L+m—n+3

X f dzg— in(l—p)—14+m (Z"— 1) 1—m—n
0

1—ptis 1Eint
X[l—m—] [1

1— p— is ]—L+1'71—m+n—2

1+p—is 2 ltotis
x ML),
1 A A
[ p(z+1) ][ ] o)
z— (1—p+is)/(1+p—is)d L 14-p—is

In the limit L, n very large, n(1—p)=¢ finite, and
s— 0, the series can be summed if (L-41-), is
replaced by the first term in the expansion,

A1
(LA1+inh= (L1 + (LA 1+ T
1

A—1 j-1

+(L+1+in)*—221j21i+-~-, (73)

with unity neglected in comparison with L-in. The
expression (2L42), is treated similarly, with the result

that
(- .)N[(L—i”')Z— (L+in)]—n+m+1
’ 2Ls

L(l*—p) (Z—— 1) ]_——p 1 —n+mt1
T - .U
X[l (L—in)z—(LJrin)/ = ] (74

The second factor on the right in Eq. (74) is a quantum
correction and is neglected in the passage to the clas-
sical limit. In the classical limit the integral becomes

) ) L_ iTI —n+m+1 0
f dz ( oo ) = ( ) f dzz_iz+"—2
0 2L 0

L_i_in)——n—{-m*)-l

X Z+1 I—m—n(z__
( ) L—in

Xexp[(L—l—in) (1_;2)12_[_ (L—1n) (?)z] (75)

The exponentials result from expanding the factors con-
cerned and approximating by the first term in expan-
sions of the type given in Eq. (73).3! If the classical

311t is not obvious that this procedure is valid, but it may in

fact be justified by a more detailed argument employing Hankel’s
form for the gamma function.
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variables
14 (ZL/n) =ee™

are introduced in Eq. (75), there results

© "'ié’l’) —n+m+1 o)
f dz(- - )= ( ) f dgg—ikt+n—2
0 2L o

X (Z+ 1) 1—m—n (zei0+ 6—i1’)—n+m+1

ief fe
Xexp[——( ——ei"z)]. 77)
2 3

The substitution z— 1/z in the integral is equivalent
to complex conjugation, hence the integral is real. When
Eq. (77) is substituted into Eq. (72) and the limit is
taken for the coefficient, the classical answer is obtained.

Thus,
0
3 f dzz™ iE+n—2
0

1/2k\ "1
lim(m,n; L) =—<~—) et
4\ en

zei"—}-e" iz):l-—n+m+1

X (1+Z)2—2n[
142
1ef fe W
Xexp[——— _ ei"z)]. (78)
2 2

Equation (78) can be put in a more recognizable
form by making the substitution z=¢*"%, and noting
that

(76)

et~ ¢ [e+cosht+i(e2—1)? sinht] (19)
(1et=iv)2 2 [e coshi+17 ’
and
(et+e )  e+coshi+i(e2—1)% sinht
= . (80)
(1+et—) e coshi+1

As a result of these considerations, Eq. (78) becomes

1/7h\"1 pt=
lim(m,n; L)zﬁ(;) f dfe—ik(e sinht+e)
4

[e—l—cosht-l—z(e —1)% sinh]™
[ecoshi+1]mnt

(81)

Here, the substitution {— —¢ results in complex con-
]ugatxon This integral, to within the factor % (k/n)"7,
is the general Fourier integral over classical orbits of
the multipole matrix elements as given, for example, by
Ter-Martirosyan and by Alder and Winther.®

The advantage of the procedure outlined above is
that it enables one to obtain easily integral forms for
the first order quantum correction to the classical limit.
In order to avoid undue complication, the quantum
correction is illustrated only for the case m=n—1. It
is clear, however, that the procedure for the general
case m <n—1 is the same except for additional cor-
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rections arising from summing the series [see Egs. (73)
and (74)].
For the special case m=n—1, Eq. (72) gives the

result,
L+
] eimn(1—p)
(1+4p)?

(n—1,n; L)=Fky" 12 "—3[
I'(L+ 1+z77)
f dZZ_ in(l—p)+n—2
r (L+n+1m7)
1.___p 1]——L—i1,—1

X (Z+1)2~2n[1 _
14p 2

1—p T Etint
X[l———z] . (82)
1+

P

The first-order quantum corrections for this integral
arise from neglect of the second term in expansions of
the form of Eq. (73) in the approximation by ex-
ponentials, and the neglect of unity compared with
L+in and L—1n. If the first two terms in expansion of
(=DM LA+in+1), and of (—1)*(L—in+1)» are kept
one obtains,

(O e o ()]
1 [(Lﬂ—i") (E)zr

X | 14- +o
2 L+1—1n

(83)

and

(=) el ()]
(oo G)

X |14~ +o
2 - L+a+1

Thus, it is found that the desired Coulomb integral,
accurate through terms of order (1—p), is given by

4p L
] eimn(l—p)
(1+p)?

(84)

(n—1,n; L)= k2"12""3[

I'(L4141n)
' (L+n+1ipm)

1—p 1—p\1
Xexp[(L—l—l-in)(—*)z—I-(L—I-in—{—l)(——)—]
1+p 14+p/ 2
1 2 1—p\ P
><|1+——~.~——[<L—in+1>(~—)]
2 L—in+1 1+p
—2

J% E;;?[(Lwnﬂ) (i—;%) JZ} (85)

f dZ 9= in(1—p)+n—2 (Z+ 1)2—2n
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As it is written, the classical variables £ and € have not
been introduced above, since their introduction com-
plicates the formulas.

For the cases of physical interest, (1—p)/(14p) is
generally small, ~1/20. The difference between
(1—p)/(14+p) and % (1—p) is hence insignificant. On the
other hand, » is not too large, since 3 <7 <8 is usual.
Since the quantum correction is most significant for
the low angular momenta, it is thus seen from Eq. (85)
that the zeroth order (classical) approximation should
be improved by the use of &=1+(L+1)?/5* to replace
e=1+4+1/.
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APPENDIX I. REDUCED COULOMB MULTIPOLE
MATRIX ELEMENTS

Magnetic Multipoles

QWt; Lm)C(LI'; Mmm') =
F v (no,kor)
S

V' (0,6) ,[L (LA1) T4 (kr)

(m,
ij-LYLM(B,qS) 1771 1)

S <o,¢>> (86)

17

Introducing the definition of the current operator, in
spherical coordinates, one finds two terms, of which the
first is

hzie
[L(L+1)]

2imc

Fy L|F,
X <—Yll ‘-*Ylm>.

kor kyr
The second term has the rXL operator acting on the
Fy Y™, and can be shown to be equal to the term
above. The angular function LY and rXLY¥;” can
be expressed as vector spherical harmonics®? and this

facilitates performing the angular integrals.
The result, after some manipulation, is found to be

hae (2L41) (21411 (41) (214-3) 1
v L 2z’+1 J
XC (L1411 ; 000)W (LLI+1; 11')—

kiks

Xf r71drF ((n1,kr)F v (mo,kor) b (Rr).  (87)
0

rXx
m’ hL(l) (LYLm) .
72

0Wt; Lm)= (

1me

2 H, C. Corben and J. Schwinger, Phys. Rev. 58, 967 (1940).
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Electric Multipoles
QU'l; Le)C (LU ; Mmm")
_<Fz'("l2,k27’)

ot

¥y (6,0) lk“[L (LA1) 7 (kr)

X (jp- XLV 12 (0,8)) F i (n1,kr)

08y (59)

17

The matrix element on the right can be put in an
alternative, more convenient, form by using the expan-
sion for v XL and partial integration. One finds that:

F v (na,kor)
HYZ

ot

(- )=TLA T

a
X gp;"(?’hL)YLM-i—ikYLMhLI" ip
¥

—Flylm>. (89)

17

Hence the reduced matrix element is
@L+1)(2i4+1) 7

4 (L) (L41) 21+ 1)]

XC (L' ; 000) (krks) 216

ow; Le)=[

Xfw df{Fl(m,kﬂ’)Fl' (no,kor)d/dr[rhy(kr)]

hk
+——hp(kr) (ks F v (n2,kor) Fi! (1,k17)

2mce

—kz?’F,l(ﬂl,klr)Fyl(’l]g,sz) . (90)

The long wavelength limit for these reduced matrix
elements replaces %.(kr) by —1(2L—1)!1(kr)~%1, and
discards the radial current in the electric multipoles.
For the electric quadrupole case we obtain:

QW'L; 2¢) — ik~321e[ 30 (21+1) /4w (20/+1) T

1 0
><C(2ll’;000)k——— f r=3dyF Fy. (91)
0

1R2
APPENDIX II

The Appell functions used in this report have the
series definitions:

(a)m n(B)m(B, n
(a8 57; %,3) =2 —wibb)xy” (92)
(V) mpnmm 1m !

(a)m n(ﬁ)ﬂb(ﬁ/ n

F2<a’ﬁ,.8’ 3 'Y,’y/ 5 x7y) = Z ‘—’+—Lxm3’"> (93)
(Vn(y") um n!
(@m(@)n(B)m(B)n

F3(Ol,0_’/,6,6’ Y5 x)y) = Z xmy" (94)

(V) manm!n!
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The series for F, and F; are absolutely convergent
for |x|, |y| <1, while F; is absolutely convergent for

| +[y] <1. _ o '
The confluent function ¥, is given by the series:

(0!) mtn

Volas vy w,y) =2 xmym. (95)

WVm(Y)um n !

The transformations and reductions that are useful
for the present work are

Fz(a,ﬁ,ﬁl 5 Q05 x;}’) = (1_90)_3(1—3’)A5/

X2F1(5,B';a;(1_—9;3("1j5)- (96)

['This is the reduction used in obtaining Sommerfeld’s
integral, Eq. (28).]

F2(a7:316,; a:’yl; x)y)

=1—2) P Fi[B, a=B,8;7";, (y/1=x)]. (97)

[This transformation reduces the case with m=#n—1 to
a single contour integral. ]

F3(a, a’, :8) 18,5 C¥+Ot,; X, y)
=1=9)" Fi[e, 8,850+’ ; x, (v/y—1)]  (98)

APPENDIX III

A double series formulation is derived here for
C(m,n; L) in the general case where m>=n—1.

[G—3p—3is)+]
Re f dv
0

X?}L+m—i‘m (7)__ 1)L+m+ipnf2 (7)) .

2Ke™ sinhmon
Clmm; L)=———
sinhmn(1—p)

(99)
If the alternative form for f»(v) is employed, viz.,
f2(8) = 2mi (= 2ig) i

% T(L+1-+1n)
T 2L+m+3—n)T(—L+in+n—m—1)

s+i(1—p)—24v\ ~L—mtn—2tin
(%)
2ip

szl( — Letin, L+1-in;

—L+ipg—m+n—1;

(1— o) — 240
s+i(1—p) Zzz)’ (100)

—2ip
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one finds, using now the series for the oF function, that:

T eﬁ%vnll—p|
Clmmn; L)=——————(ka— k)"
2 sinhmy(1—p)
p—l in(1—p)
XRe[imanp—ir; 2

Xexp[io (1) —i0 L1m (on) ]m

><F3(—L+im —L—m—ipn, L+1+1n,

: : p—11—p
L+m~+-1—1ipn; n+in(1—p); —, ——
2p 2

l. (101)

By using the reduction formulas given in Appendix
II, one can show that in the particular case m=n—1
this reduces properly to a single Fy, as given in Eq. (45).

APPENDIX IV

A series representation for the integrals in the clas-
sical limit can be obtained by taking the appropriate
limit for A(m,n; L), B(mm; L), and C(m,n;L), as
given in Eqgs. (43)-(45), respectively. Consider first
C(mym; L). In the classical limit, one finds that
Fo(2—n—N+in(1—p), L+m—+2—n—\-+in,

LA-m4-1—ipn; 2—n—A+in(1—p), n+in(1—p);

3(1=0), 3(1—=p)) = Y2 (2—n—2+i¢;

2—n—NF-1E, n-ik; Jieke P, —Lieke®?), (102)

where?
\[/2(0‘; 777/; x;y) EZ{ (a)m-l—n/(')')m('yl) nm!n!}x”‘y",

and

expL (20 z4mi1—n(m) —oL(m) =0 L1m(on))]
— (19 Feiotra-m) (= yo-m-tim,

with the final result that

T ks n—le—e£ sin04%1rl§|
C(mm; L) — —(—) —
. 2\ 7

sinhw§
EE 3 ei0(2n~2—m) (n_.m__ 1))\
XRe{ | —
2] T(nt+ig) » M

X A= Pola;v,v'; %,9), (103)
where the parameters of ¥ are the same as those oc-
curring in Eq. (102).

To obtain the limiting forms for A4 (m,n; L) and
B(m,n; L) it is most expedient to use alternative forms
of Eqs. (43)-(44), which are obtained by Kummer
transformations of f1(v) and f3(v) in the integrands.
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The result is

4p L+1 2 m—3
A(mm; L)=F "—1[ ] (——) (14-p)*
© Latee \i+s g

et |T'(L+m~+14ipn)
T(L+1+1n)
TQ2L434m—n) _ (m+n—1),

rL+2m+2) ¥ Al
(LtmA1+iphy 2\ ,
x (i) $ o
QL+2m+2)y \14+o/ J_;

1 —p — L—m—1—ipn—N\
X [1_}_.w]m+l+>\——n|:1+_‘_ﬂ}]
1+p

1— 0 — L—2+n-+ipn
X |:1+——w“‘] .
+p

X g lmm—n

sinhwé

The limiting form is then found to be

1/2k\ "1 emt 8o
A(mm; L) — ——~(~) f dwwn2i#
8\ 7e sinhmé J 1

1+.w :|m+1-n

we—~i0+ei6

X [we- iﬂ_i_ eio]zﬂn[

1€ ' )
X exp[ —7(we— @ "16“9)]

wi g2k "
- (—)m+1-(—) (2 sing)t=——r
4

e & (m—+n— 1)\

sinhmérey  Aluly!

I(n—1—iétp—v)
X
T'n—m—1—NT(m+1—is+p+r—v»)

_ ik \*/—ike \”
X (1 2“’>—X(7e—w)( : e) (105)

Similarly, the results for B are
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The above results show the symmetry between A
and B, namely that A=B under the interchange of
(k1,7’]1,L1) Wlth (kQ,T]z,Lg). The hmltlng form of B is then
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