
P 8 YSICA L RK VIE% A VOLUME 15, NUMBER 6 JUNK 1977

X-ray transitions between correlated many-electron quantum states*
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The projectile energy dependence of apparent two-electron, one-photon x-ray transitions is determined from x-

ray spectra resulting from collisions of nickel ions with thin nickel targets. Hartree-Pock energy calculations
show that the observed projectile eriergy dependence can be attributed to the production of L-shell vacancies.
It is also demonstrated that these transitions are fundamentally many-electron processes which cannot be
described in terms of independent-particle models alone. Theoretical transition probabilities based on the non-
closed-shell many-electron theory of Sinanoglu yield a Ka" (Ka hypersatellite) to Kaa branching ratio for
nickel of 6700.

INTRODUCTION

X-ray transitions at energies approximating
twice the characteristic K x-ray energies have
recently been reported by W51Qi et al. ' in ¹i+Ni
and Fe+ Fe collisions. The original identification
of these x-rays with two-el'ectron (one-photon)
transitions has received further support recently
from additional investigations. ' ' The Wolfli
et al. observations, however, involved only a
single value of the projectile energy. In this work,
we report new measurements which show that
these x-ray transition frequencies vary system-
atically with projectile energy, and we present
results of Hartree-Fock calculations which indi-
cate that this frequency variation reflects the in-
crease in the number of L-shell vacancies with
increasing projectile energy. Moreover, we
demonstrate that the intensities of these transi-
tions cannot be explained in terms of independent
particle approximations.

rors quoted fortheKa andKP frequencies principally
reflect uncertainties in the energy calibration and er-
rors arising from the line-shape fitting procedure
used indetermining the peak centroid of the radiation
standards and Ka, KP peaks. The larger errors
in the Kna and Ko.P energies originate from
additional statistical uncertainties in the measured
Knn and Kop peak centroids. While Ko.o. and Kpp
measurements required the use of a 0.034-in.
absorber to prevent pulse pileup of the K'n and KP
x rays, characteristic K x-ray data were taken
with no absorber in order to prevent distortion of
the measured energies due to differential absorp-
tion of the n„o.„P„and P, characteristic K
lines. Further experimental details for obtaining
and analyzing the data are reported elsewhere.

Theoretical energies for Kn, Kn" (Kn hyper-
satellite), KP, Ko.o. , and two types of Ko.P transi-,
tions are given in Table II. These values were
obtained from restricted Hartree-Fock (RHF) en-
ergies with corrections for relativistic mass and

DEPENDENCE OF TRANSITION ENERGY ON PROJECTILE
ENERGY

An example of the x-ray spectra obtained in this
work is shown in Fig. 1. Data were accumulated.
with a 5-mm-thick intrinsic Ge spectrometer
possessing a resolution of approximately 250 ev
at a photon energy of 6 keV. Labeled in the figure
are the Ko.ct and KaP peaks previously' ' attributed
to two-electron one-photon transitions. Measure-
ments were carried out both at 90' and 0 to the
beam direction. The observation of the Doppler
shifted projectile Kaa line at 0 (under the 90' KnP
line), as illustrated in the 91.5-Mev spectrum,
precludes the possibility that the lines are due to
target contaminants.

The peak energies are given in Table I. The er-
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TABJ E I. Experimental nickel atom x-ray energies obtained in this work and by%'Rfli
gt gE. Uncertainties in each measurement are given in eV in parentheses.

Proj ectile
energy (MeV)

x-ray energy (keV)
EH Ef2e

17.9
37.1
64.8
91.5
(40) '

v.525(e)
v.549(e)
v.5ve(e)
v. 593(e)
7 530a

8.446 (8)
8.522 (8)
s.eov(s)
8.660(8)

15.194(3V)
f 5.278(f 7)
15.3 f2(io)
15.359 (15)
15.228

~ ~ ~

16.331(49)
16.45V(2e)
16.551 (48)
16.174

See H.ef. f. (Projectile energy quoted in this case is actual beam energy and not mean
projectile energy in target. )

spin-orbit effects. The RHF energies were cal-
culated using the expansion SCF (self-consistent-
field) method of Roothaan. ' Separate SCF calcu-
lations were performed on both states in each
transition in order to account for the charge re-
distribution which accompanies the transition.
The basis sets used in these calculations con-
sisted of seven to eight Slater-type orbitals
(STO's) of s-symmetry, five to six P-symmetry
STO's and five d-symmetry STO's. These cal-
culations were carried out using the computer
program of Roothaan and Bagus, ' which has been
modified to allow inner shell vacancies.

Because of the inner-shell vacancies, most of
the electronic states involved in these calcula-
tions do not have the lowest energy for their sym-
metry(i. e., L, S, and parity). Consequently, REF
(single configurational) wave functions are not
variationally bound by the states of interest. '
Therefore, in order to avoid the possibility of
variational collapse, the STO orbital exponents
used in these calculations were not optimized, but
were fixed at values determined by SCF calcula-
tions' on various states of ¹i,Cu, and Zn ions
expected to have nearly the same effective nuclear
charges (subshell by subshell) as the states of in-
terest. Even this procedure does not totally guar-
antee the prevention of variational collapse. How-
ever, examination of the wave functions obtained

in these calculations indicates that each has con-
verged to the state of. interest.

Contributions from the relativistic mass effect
and spin-orbit interaction to the energy of each
state were calculated using the hydrogenic form-
ula,

AE~~„= (a'Z „,/8n ) t 3- 8n/(2 j+1)],
for each 1s, 2s, and 2P electron. Appropriate
values of Z,«were. estimated separately for each
subshell of each state. Relativistic effects were
completely neglected for M-shell electrons. Tran-
sitions involving a 2P electron (Kn, Ko.", Kna,
and KnP) were calculated for a 2p, ~, (L» ) jumping
electron. Transitions involving 2P, ~, (L,«) elec-
trons will occur at energies approximately 18 eV
larger. The RHF transition energies are in-
creased by about 100 to 150 eV by these effects.
These corrections are expected to be accurate to
approximately 10 to 15 eV.

The effects of electron correlation on transition
energies were neglected in these calculations.
These effects, however, as shown below are ex-
tremely important in the calculation of the two-
electron transition probabilities. Electron cor-
relation is expected to influence the Kn, Ka,
KP, and Kna transition energies by only about
3 to 5 eV. The KnP transition energies, however,
could be affected by as much as 30 to 50 eV due

TABLE II. Theoretical nickel atom x-ray energies given by restricted Hartree-Fock calculations with relativistic
corrections. For each type of transition, the orbitals in parentheses indicate holes in the subshell occupation levels
given at the left.

Subshell occupation
1s 2s. 2p 3s 3p 3d

Transition energy (keV)
Ee En" EP En+ EmP E'up

(1s) (2p) (1s') —(1s2p) (1s)—(3p) (1s )—(2s2p) (1s )—(2s3p) . (1s~)—(3s2p)

2 2 6 2 6 10
2 2 6 2 6 0
2 2 6 2 0 0
2 2 3 2 6 0

7.463
7.458
7.490
7.560

7.739
7.734
7.768
7.854

8.271
8.323

15.093
15.083
15.157
15.347

f5.957
16.014

16.055
16.107
16.264
f 6.498
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to interactions between the final state configura-
tions.

The results in Table II indicate that individual
M-shell electrons, especially 3d electrons, have
relatively little influence on the energies of the
transitions. The Kn energies are increased by an
average of 34 eV for each 2P vacancy, in agree-
ment with the results of previous Hartree-Fock-
Slater calculations. " The Knn and Kn p' energies,
however, are much more sensitive, being in-
creased by 88 and 130 eV per 2P vacancy, re-
spectively.

The effects of 2s vacancies were estimated by
subtracting the corresponding 2s SCF orbital en-
ergies from the total energies of the initial and
final states in each transition. These calculations
indicate that a 2s vacancy increases the energy of
a Kn transition by approximately 29 eV, and the
energy of a Ken transition by roughly 85 to 103
eV, depending on the number of 2P vacancies.
These results, based on Koopmans's theorem, "are
less accurate than the estimates of the effects of
2p vacancies because these calculations do not per-
mit the remaining electrons to adjust to the pres-
ence of the 2s vacancy.

Comparison of Tables I and II strongly suggests
that the dependence of the Ken x-ray energies on
projectile energy is primarily due to the produc-
tion of increasing numbers of L-shell (mainly 2P)
vacancies with increasing projectile energy. From
a detailed examination of the tables, it is esti-
mated that there are an average of one to two
L-shell vacancies at 17.9 MeV, and at 91.5 MeV,
three or four.

RATES OF TWO-ELECTRON ONE-PHOTON TRANSITIONS

As noted above, the Kna and KnP transitions
treated in this paper are frequently referred to
as "two-electron (one photon) transitions. "' '
However, it is well known that true two-electron
(one-photon) transitions are strictly forbidden be-
cause the operators responsible for radiative el-
ectronic transitions are only one-electron opera--
tors. In spite of this, apparent two-electron
transitions are well established in optical spectro-
scopy. "'" Such transitions, including the Kna
and Ko.P transitions, depend upon the interelec-
tronic electrostatic interactions which couple to-
gether the motions of the electrons. Each of these
transitions represents a jump from one many-
elect ron state to another many-electron state,
satisfying the overall (many-electron) selection
rules on total parity, and total angular momentum.
Consequently, it should be recognized that these
transitions are fundamentally many-electron pro-

eesses which, unlike the "normal" (one-electron)
transitions, cannot be described in terms of one-
electron or independent particle models alone.

As an electric dipole transition, the rate of a
Knn transition is given by the dipole-length form-
ula as

As(nn) =-; n'(u'„„[R„(nn) ~', (2)

where R„ is an N-electron dipole-length transi-
tion moment. To a good approximation, R„ is
given by

R„(nn) =S„R,(2P, ls)+ P c,(i)R,(1„1,)
I

+Q c~(f)R,(J„J,), (3)
J

where S» = (2s(i) ~1s(f)) is the overlap of the init-
ial (upper) state 2s orbital with the 1s orbital of
the final (lower) state; c, (i) and c~(f) are the mix-
ing coefficients for configuration I in the initial
state and configuration J in the final state; and

R, (a, 5) is the one-electron transition moment
for orbital a in the initial state and orbital b in the
final state.

The first term in Eq. (3) represents the extent
to which the upper state 2s orbital already con-
tains a (small) component of the lower state 1s .

orbital. In a frozen orbital approximation, the Is
and 2s orbitals would be orthogonal and S» would
vanish. Because of the changes in shielding which ac-
company the transition, there is a small nonzero
value for S» A simple approximation to S» can
be found by considering the overlap of a hydrogenic
2s orbital with a shielded hydrogenic 1s orbital.
In this case, S» —-(1s„(Z—s)

~ 2s„(Z)) = (32 v'2/81)
(s/Z), where Z is the atomic number, and s is
the. 1s shielding constant. Thus, S» should vary
as 1/Z, and for Z = 28 and s = ~~6, S» should have a '

value of approximately 0.006 24. This compares
favorably with the value of S» =0.00823 obtained
from the RHF orbitals in the (1s'2s'2p'3s''S)

(18 2s2p 3s P ) Knn transition.
Unlike the first term in Eq. (3), which can be in-

terpreted in terms of average interactions be-
tween electrons (i.e., shielding), the second and
third terms represent the instantaneous inter-
actions between the electrons (i.e., electron cor-
relation effects) in the initial and. final states of
the transition. The coefficients in the second term
are given by

c, (i) =(c,(i) ~H ~c,(1))/[z.(i) -z,(1)], (4)

where 4,(i ) is the dominant configuration in the
initial state and C,(I) is a virtual configuration
(in the initial state) which differs from the domi-
nant configuration of the final state by the sub-
stitution of orbital I, for orbital I,. The coef-
ficients in the third term are given by similar
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Therefore, if the second and third terms in Eq.
(3) are neglected, as is done in any independent-
particle approximation, one finds

A~„'i(o.o, ) = (~ /u& )'S»A„(a), (6)

where ~ =2~ . These rates, however, can also
be expressed in terms of the corresponding di-
pole-velocity and dipole-acceleration formulas'~
as

A»(i, f) =-', o"(u;q I &„(i,f) I'

A„(i,f) =-', n'~, -'IA„(i,f) I',
(7a)

(7b)

where V~ and A~ are the dipole-velocity and di-
pole-acceleration transition moments, respec-
tively. In principle, the length, velocity, and ac-
celeration formulas all represent equivalent
formulations of the same quantity A(i, f) and if the
exact wave functions are used for both the initial
and final states, all three formulas yield the same
result. In this case, however, if the steps leading
to Eq. (6) are repeated for the velocity and accel-
eration formulas, one finds

A~»' (o.o. ) = ((u„„/& )S'„A»(o.') (8a)

f01mulas.
The importance of the second and third terms in

Eq. (3) can be demonstrated by noting that the rate
of the corresponding Kn transition is given by

A„(n) = -', a'~' IB.„(n)I'= —,
' n'(~'„IR, (2p, ls) I',

-&sf
I I/»„I u&, (10)

where virtual configuration 4,(I) is related to
dominant configuration C, (i) by replacing spin or-
bitals a and 5 by spin orbitals k and l.

For example, the 2s' pair of electrons in the in-
itial state of a Zno. transition (configuration
ls'2s'2p .. . ) canbe replaced by als'pair to yieldthe
configuration ls'2s'2p . . . which is related to the final

imations to provide physically realistic descrip-
tions of fundamentally many-electron processes
such as.the Knn transitions.

The importance of the second and third terms in
Eq. (3) can also be demonstrated by estimating the
magnitudes of the contributions to these terms.
The most important contributions to the second
terms come from virtual configurations in the in-
itial state which differ from the dominant con-
figuration of the initial state by the occupancy of two
electrons (i.e. , two spin orbitals), and from the
dominant configuration of the final state by the oc-
cupancy of a single spin orbital. The most im-
portant contributions to the third term involve
similar relationships. (This assumes that the
dominant configuration in each state is represen-
ted by its Hartree-Pock wave function, and there-
fore, due to Brillouin's theorem, " single exci-
tations from the dominant configuration are very
unimportant. ) Consequently, the numerators of
the coefficients of these configurations, as shown
in Eq. (4), are given by

&@.(i) IHIC. (f)& =&sf Il/~„I~I&

A'„"(aa) =((u„„/(o„) 'S'„A„(a) .

Consequently, if it is assumed that

A„(n) =A»(o. ) =A„(o.) =A(o.),
it is found that

A'„"(o.n) = 4A'» (an)

(6b)
state in the Ken transition (configuration 1s'2s2P
. . . ) by a 2p to 2s transition. In this case, the de-
nominator of Eq. (4) corresponds to the energy of
a 2s' to 1s' transition, which is roughly that of the
K„„(2s2p to ls') transition itself, or approximately
15 keg. Thus, the contribution of this configura-
tion to Eq. (3) is given by

c, (i )fl, (2p, 2s ) = ((2s'
I 1/»» I

1s')/l 5 k eV)(2p I
r

I 2s& .

A'»" (nn ) = 4A'"'(o. o. ) (eb)

For any independent-particle approximation,
therefore, the length, velocity, acceleration, etc. ,
formulas for the rate of the En+ transition yield
results differing by successive factors of ap-
proximately four. This difficulty occurs because
apparent two-electron transitions such as these
are basically concerted processes which are di-
rectly dependent upon the instantaneous inter-
actions between the electrons. Independent-par-
ticle approximations, however, are fundamentally
one-electron models in which the instantaneous
interactions between the electrons are neglected.
Consequently, it is not possible for such approx-

The two-electron integral in the numerator of this
expression can be directly evaluated, yielding the
result of approximately 14 eV. The coefficient
cz (i ), therefore, has a value of roughly 1 x10 '
in the first term in Eq. (3'). The (2Plxl2s& transi-
tion moment, however, is roughly four times as
large as the (2pl~ I1s) transition moment. Con-
sequently, the magnitude of this contribution alone
is roughly half as large as the first term in Eq.
(3). Furthermore, there are additional contri-
butions of comparable magnitude within the second
term of Eq. (3), as well as contributions from the
third term.

In addition, it should be noted that the denomi-
nators in Eq. (4) vary as the square of the atomic
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number, whereas the nurnerators vary linearly
with the atomic number. Therefore, the coeffici-
ents cr (i ), like the orbital overlap factors S»,
are approximately proportional to 1/Z. Further-
more, the transition moments R, are proportional
to 1/Z in all three terms of Eq. (8). Consequently,
the relative importance of each of the terms in
Eq. (8) is approximately independent of atomic
number. In addition, it also follows that, in
agreement with the prediction of the shake-down
model, ' the Kn" to Kao. branching ratio should be
approximately proportional to the square of the
atomic number.

APPLICATION OF MANY-ELECTRON THEORY

The preceding considerations demonstrate that
electron correlation plays a crucial role in deter-
mining the rates of Kno. transitions. As specified
by the non- closed-shell many-electron theory
(NCMET) of Sinanoglu, " "the correlation, effects
(configurations) which are important for the cal-
culation of transition probabilities are the internal
and semi-internal correlations. The internal
correlation effects include all possible i, j —k, I
substitutions within a specified set of spin orbitals
defined as the "Hartree-Fock sea, "where i and j
are occupied members of this set, and k and l are
vacant members of this set. The semi-internal
correlation effects include all substitutions of the
type i,j -k, f,, „where i and j are occupied mem-
bers of the Hartree-Fock sea, k is a vacant mem-
ber of this set, and f;, , is a semi-internal func-
tion outside this set (i.e. , orthogonal to all spin
orbitals contained in the Hartree-Fock sea).

Using Sinanoglu's system of atomic-structure
programs

ASSAM,

"we have calculated transition
probabilities for the Ka" and Kate transitions from
the 1g 2S 2p 3g 'S state of the nickel +18 ion. Re-
sults were calculated using length, velocity, and
acceleration formulas, and the lack of orthogon-
ality between initial- and final-state orbitals was
treated fully using the method of Westhaus and

Sinanoglu. "
.In the Ko. " transition, the final state (in I.-S

coupling) is the 1s2s'2p'Ss"P' state of Ni+".
Simple one-electron out-of-shell (b,ne0) transi-
tions such as this are well described by the RHF
approximation. Consequently, the length, velocity,
and acceleration results for this transition (1.88
&10' nsec ', 1.83xl0' nsec ', and 1.87@10'
nsec ', respectively) are all in good agreement.
Even a simple hydrogenic approximation can des-
cribe this transition fairly well, yielding a transi-
tion probability of 8.0 (2'~Z4/8') nsec '. For
Z=28, this hydrogenic formula yields a transition
probability of 2.3 @10' nsec ', in qualitative agree-

ment with the RHF results.
The final state in the Ko.e transition is the

1g '2s2P53s, "~0 state of Ni+~8 In the RHF approxi-
mation, we obtain length, velocity, and accelera-
tion results of 925, 240, and 64 nsec ' respective-
ly. As indicated previously, these results each
differ by successive factors of approximately
four.

In order to include the effects of internal corre-
lation, it is necessary to add four configurations
to the initial-state RHF wave function. These con-
figurations are obtained by making 2s to 1s',
2P' to 1s', 3s' to 1s', and 2s3s to 1s' substitu-
tions in the dominant configuration. The RHF plus
internal wave function for this state was then cal-
culated as the highest root in the resulting 5 &5
configuration interaction (CI) calculation. There
are no important internal configurations in the
final states of these Ken and Ko." transitions.

Use of the resulting (five-configuration) initial-
state wave function and the original-single-con-
figurational (RHF) final-state wave function to
calculate the rate of the Kao. transition yields
length, velocity, and acceleration results of 3,
238, and 64 nsec ', respectively. Thus, in terms
of the length formulation, it is seen that the or-
bital overlap (S»,' RHF) contribution, and the con-
tribution from internal correlation effects are
nearly equal in magnitude but opposite in sign,
resulting in nearly complete cancellation. The
velocity and acceleration results, however, show
practically no change from the preceding (RHF-
RHF) calculations. This is caused by the fact that
most of the internal contributions are dependent
on the 2s-2P transition moments. In the length
form, as indicated previously, the 2s-2P transi-
tion moment is approximately four times as large
as the corresponding is-2P transition moment.
The velocity and acceleration forms of the 2s-2P
transition moment, however, are small compared
to the corresponding 1s-2P transition moments,
and they vanish entirely in the 1imit of hydrogenic
2s and 2P orbitals. This is demonstrated by noting
that

&2se I&12pH& = (e2, —&2~)&2sH I&12pH &
=0 (11)

because e„=e,~ for hydrogenic ions.
It should be noted that recalculation of the Kn"

transition probability using this five-configuration
wave function yielded practically no change at all
in comparison to the RHF results given above.

These results indicate that semi-internal corre-
lation effects as well as internal correlati. on ef-
fects are necessary to calculate the rate of a Ko.n
transition. Of all the possible semi-internal con-
figurations in the initial state, onl. y those which
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As

result from 2s2P-ls f~ substitutions, where f~ is
a p-symmetry semi-internal orbital (orthogonal
to the 2P orbital), can make significant contri-
butions to the Kcvo. transition dipole. The resulting
1s 2s 2P'3s'f~ configuration is counted as two be-
caus e it fo rms two terms of 'S symmetry. This
yields a total of seven configurations for the upper-
state wave function. In the lower state there are
two possible semi-internal configurations which
make direct contributions to the transition mo-
ment. These arise from 1s'- 2s f, and 1s'-2P3~
substitutions and they result in a three- configuration
wave function for the lower state in this transition. All
other configurations obtained by pair wise substi-
tutions in either state differ from the dominant
configurations of the other state by more than one
electron and consequently cannot make significant
contributions to the transition moment.

Calculation of the Kno. transition probability
using the resulting seven-configuration initial-
state wave function and three-configuration final-
state wave function yields 276, 279, and 94 nsec ',
respectively. Although the length and velocity
agree to within 1%, the acceleration result differs
by a factor of three. However, it is not unusual
for the acceleration result to differ from the length
and velocity results by one or even two orders of
magnitude. " Consequently, although the accelera-
tion result must be rejected as inaccurate, the
fact that it differs from the length and velocity re-
sults by only a factor of three is actually relatively
good. In spite of the excellent agreement between
the length and velocity results, however, they may
be uncertain by as much as + 50% because of the
importance of cancellations within the transition
moment. (Because such cancellations occur only
in the length formulation, and not in the velocity
form, this uncertainty estimate may be somewhat
pessimistic. )

Based on the geometric means of the length and
velocity results, we obtain a Kn "/Kna branching
ratio of 6680+ 3300. For comparison, we note that
Kelly, ' using the method of many-body perturbation
theory, has obtained a br anching r atio of 5740 for Fe.
Assuming that this ratio is proportional to Z, this val-
ue corresponds to a r atio of 6660 for Ni in remarkably
good agreement with our result. Like our calculation,
the work of Kelly also includes the effects of electron
correlation in both initial and final states. However,
Kelly's calculation, on the +2 ion of Fe, includes
3P, 3d, and 4s electrons, whereas the calcula-
tions of this work were performed on the + 18 ion
of nickel in which all 3P, 3d, and 4s electrons
were stripped away. Consequently, the closeness
of the agreement of our result to Kelly's must be
regarded as largely accidental, especially con-
sidering the degree of uncertainty in the results.

Nevertheless, comparison of our results to
Kelly's provides evidence that, as would be ex-
pected, 3P, 3d, and 4s electrons have very little
influence on the rates of Ko." and Ken transi-
tions. In addition„comparison of these results
may also suggest that the estimated uncertainty
of +50% attributed to our result may be somewhat
pess imistic.

These results are also in fairly good agreement
with the experimental ratio of 5000 +600 recently
determined by Stoller et al." In making a com-
parison between theoretical and experimental
values, however, one must note that because of
(i) the importance of correlations among the i.
shell electrons, and (ii) large cancellations within
the Ken transition dipole, this ratio may be very
sensitive to the L-shell occupancy. If so, the
measured ratio would be strongly dependent on the
projectile energy, and may differ systematically
from calculations which assume an initially closed
L shell.

CONCLUSIONS

In summary, the results of this work, both ex-
perimental and theoretical, all support the inter-
pretation of the features in the x-ray spectra first
reported by Wolfli et al. ' as apparent two-electron
one-photon trans itions. Experimental data re-
ported here show that the (peak) positions of these
features are dependent upon the projectile velocity.
Comparison of experimental measurements with
theoretical calculations indicates that the observed
variation of peak positions with projectile velocity
is caused by changes in the number of L-shell
vacancies as functions of projectile velocity.

Examination of the rate of the En@ x-ray transi-
tion demonstrates that this type of transition is
f.undamentally a many-electron process directly
dependent upon the concerted motions of the elec-
trons. As such, it is not possible to obtain phy-
sically realistic descriptions of these transitions
in terms of independent-particle models alone.

Calculations of the rates of Ken and Ka" transi-
tions based on the non-closed-shell many-electron
theory of Sinanog'lu yield a Ka "/Ko. a branching
ratio in excellent agreement with results recently
obtained by Kelly using many-body. perturbation
theory. These results are also in good agreement
with recent experimental measurements of Stoller
et al."
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