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We have solved the capture-cascade equations for double x-ray emission following resonant transfer
and excitation in collisions of S'** and Ge*' " with H,. Configuration mixing within the autoionizing
complex enhances the cascade-produced Ka-Ka peak and removes the discrepancy between single-
configuration LS-coupling results and experiment for S'°*. Intermediate coupling increases the popula-
tion of the metastables and so reduces the Ka-Ka,Kf3,Ky cross sections by up to 20% over the LS-
coupling results. The coincidence cross sections for highly excited states are still about a factor of 2
(Ka-Ky) or 3 [(KB+Ky)-(KB+Ky)] smaller than experiment for S!°*, however. In the case of
Ge’'t, the total coincidence cross section lies 10-30 % below experiment, while the Ka—(KB+K7y)
cross section is now somewhat larger than experiment. The comprehensiveness of the theoretical calcu-
lations suggests that the experimental results may need to be reexamined where significant discrepancies

with theory remain.

I. INTRODUCTION

Resonant transfer and excitation in atom-ion collisions
and dielectronic recombination in electron-ion collisions
have been studied extensively in recent years, both
theoretically and experimentally. However, little atten-
tion has been paid to the subsequent radiative cascade of
the singly excited state that remains after stabilization,
even though it may be a useful diagnostic in its own
right, as witnessed by theoretical studies [1] of dielectron-
ic recombination at low temperatures in connection with
ultraviolet emission in gaseous nebulae. The first labora-
tory measurement [2] of coincident double x-ray emission
following resonant transfer and excitation, for collisions
of S'** with H,, was found to be in broad agreement with
theoretical results [3] based on a single-configuration LS-
coupling approximation, but some significant discrepan-
cies remained. Recently, measurements [4,5] were made
for Ge*'" on H, and these were partially analyzed
theoretically [6], and further experiments are in progress.

The sensitivity of the dielectronic recombination of H-
like ions to both configuration mixing and intermediate
coupling has been noted [7] recently. We now investigate
these effects on the double-emission problem. We have
already [8] solved the capture-cascade equations in
configuration-mixing and intermediate-coupling approxi-
mations for dielectronic recombination at low tempera-
tures. In this paper, the Maxwellian source term is re-
placed by the Compton profile for H, and we also need to
keep track of the type of K x-ray emission. We outline
the required theory in Sec. II and its application to the
present calculations in Sec. III. We present our results in
Sec. IV and we conclude in Sec. V.

II. THEORY

Consider an ion X?* whose states are populated by
resonant transfer and excitation, from an ion X' D7 in
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an initial state i, and the subsequent radiative cascade.
We may define a cross section o (j) for populating a state
Jj and a cross section o, (h — j) for h —j photon emission
such that, if j is bound,

0= oulh—), M
h>j
where
A, (h—j)
Ux(h_’j):—mox(h) (2)
k<h

and the sum of transition probabilities in the denomina-
tor of Eq. (2) contains both radiative A4, and, if energeti-
cally possible, autoionization A4, rates.

If j is autoionizing,

o (N=R(i;)73 A, —>LE DN+ S o (h—j), 3
1 h>j

where R, is given by

) 12
R (i5))=(mag 224 1 (0) 2

(i) @

e
EC

J(Q) is the Compton profile of the target gas with Q
given by

) (5)

E is the projectile-ion energy in the laboratory frame, E,
is the j—i Auger energy, and E, is the binding energy of
the target electron, both in the rest frame of the projec-
tile. M is the ionic mass, m is the electron mass, w(}) is
the statistical weight of the (N + 1)-electron doubly excit-
ed state, w(i) is the statistical weight of the N-electron ini-
tial state, I is the ionization potential of the hydrogen
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atom, and a, and 7y are the Bohr radius and time with
(mag)?1=6.6851X 1073 cm’sec. The required transi-
tion probabilities and energy levels are evaluated in
configuration-mixing, LS-coupling, and intermediate-
coupling approximations using the AUTOSTRUCTURE
package [9,10].

The above theory assumes an isotropic source of popu-
lating electrons. Allowance for the effect of an anisotrop-
ic source on single-photon emission is straightforward,
and has been found to be small [11]. In practice, it is
nontrivial to apply the same theory to the cascade-
produced peak since it would now be necessary to keep
track of the magnetic quantum numbers during the cas-
cading. This is beyond the scope of the computer codes
used here. However, cascading redistributes the initial
population of the magnetic sublevels and so tends to
reduce the initial anisotropy, which is small in any case

[11].
III. APPLICATION TO H-LIKE IONS

The double K-shell vacancy following resonant transfer
and excitation in collisions of H-like ions with H, gives
rise to the possibility of the emission of two coincident K
x rays. The total cross section for K-K emission is given
by Eq. (1) with j =1s%1S,. If particular coincidences of
emission were observed, e.g., Ka-Ka,Ka-Kf3, ..., it is
also necessary to keep track of the type of K x ray emit-
ted when solving the capture-cascade equations.

We included all of the following configurations in our
calculations:

nl+kl, n=1-4, 0=I<n, [,=0-7
2snl,2pnl, n=2-6, 0=I<n
3snl,3pnl,3dnl, n=3-6, 0=l <n

4pnl, n=4-6, 0=l <n

Spnl, n=5-6, 0=Il<n

1snl, n=1-6, 0=l <n .

The contribution from states with n > 6 was included by
extrapolation of the n =6 data. For the autoionization
rates, the 1s, 2s, and 2p orbitals were taken to be hydro-
genic and the continuum and (n >2) Rydberg orbitals
were taken to move in a local potential generated by an
n =1 or 2 Slater-type orbital. For the radiative rates, all
of the orbitals were taken to be hydrogenic. The reasons
for these choices are as follows. We are constrained by
the angular-momentum algebra of the SUPERSTRUCTURE
code [12] to use a unique set of orbitals to represent all of
the configurations used to calculate the autoionization
rates, and a separate unique set to calculate all of the ra-
diative rates. We found that the configuration mixing
within the 2:n:(n >2) complexes was sensitive to the
structure used, and so the orbitals were chosen so as to
best represent that structure. This may not be a particu-
larly good choice for the 3/'nl configurations, but it turns
out that they make only a minor contribution to the
Ka-Ka, KB,Ky coincidences. For the (KB+Kvy)-
(KB+Ky) coincidences, we actually took the 3s, 3p, and
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3d orbitals to be hydrogenic as well, and the (n > 3) Ryd-
berg orbitals were taken to move in a local potential gen-
erated by an n =3 Slater-type orbital. This is not an
optimum choice for the 2/'nl configurations, but again,
they only have an indirect effect on the
(KB+Ky)-(KB+Ky) coincidences. For the radiative
rates, we found that the radiative cascades through singly
excited states (1snl—1sn'l’) were poorly described if or-
bitals with different principal quantum numbers, but the
same angular momentum, were calculated in different po-
tentials, e.g., 2p hydrogenic but 3p moving in a 1s poten-
tial, because the configuration mixing between complexes
was overestimated. In fact, it makes little difference
whether the orbitals are all hydrogenic or whether they
all move in a ls potential, say, as long as they all move in
the same potential.

In general, we only include electric dipole radiative
transitions, since the nonmetastable excited states can al-
ways decay this way. The 23S, metastable level can de-
cay through relativistic corrections to the magnetic di-
pole operator. It depends both on the ion charge and the
experimental setup whether the 23S, level decays during
the time of flight for which it is capable of being detected.
If it does decay, it is generally indistinguishable from oth-
er Ka radiation observed by the experiments considered
here. The back-to-back two-photon emission of the 2 1S,
level gives rise to a characteristic signal [4,5], if indeed it
does decay during the lifetime of the experiment. If there
were no metastables present, then the cross section for
double x-ray emission would be the same as the cross sec-
tion for single x-ray emission and it would not be neces-
sary to solve the capture-cascade equations to determine
the populations of the ground and metastable levels.

IV. RESULTS

A. SlS+

We present our results for Ka-Ka, Ka-Kf3, Ka-Ky
and (KB+Ky)-(KB+Ky) coincidences in Figs. 1-4
and compare them with experiment [2,11]. We first note
that our single-configuration LS-coupling results for K a-
Ka,KB,Ky coincidences differ by less than 10% from
those of similar earlier [3] calculations. It has already
been noted [7] that configuration mixing within the au-
toionizing complex enhances the weak capture cross sec-
tions in the dielectronic recombination of H-like ions.
This now produces a 60% increase in the cascade-
produced Ka-Ka peak over the single-configuration re-
sults; the contributing configurations are 2/'nl, n >2 and
all . However, configuration mixing has little effect on
the Ka-K 3 and Ka-Ky coincidence cross sections, since
these are dominated by autoionizing configurations of the
form 2pnp.

The effect of intermediate coupling on double x-ray
cross sections is quite different from that on single x-ray
cross sections. Again, intermediate coupling enhances
the weak capture cross sections and this invariably
translates into an increase in the single x-ray cross sec-
tion, since all of the doubly excited levels can decay
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FIG. 1. Ka-Ka coincidence cross sections for S'** +H, col-
lisions. —.—.—- , single-configuration LS coupling; — — —,
configuration-mixing LS coupling; —, configuration-mixing
intermediate coupling; all this work. 9 experimental points
from Ref. [2]; & , experimental points from Ref. [13].

through electric dipole radiation. The case for double x-
ray emission is not so straightforward. Intermediate cou-
pling now allows the spin triplets to contribute to double
x-ray emission via 1s2p 3P, — 1s2 'S, transitions, thus in-
creasing the cross section over the LS-coupling result.
However, it also reduces the cross sections by allowing
spin singlets to end up in the 2 39 | metastable, viz.,
2pnp 'D,—>1snp 3P, — 1525 3S,. The net result for S°*
coincidences is a 10—-20 % reduction in the cross section.
Overall, there 1is good agreement between the
configuration-mixing intermediate-coupling K a-K a cross
section and experiment. However, the theoretical and ex-
perimental results start to diverge as we consider coin-

0.8
0.7

T
—o—{

0.6}
0.5}
0.4}

03}

oy (1072 cm?)

0.2

T

0.1

0.0 .
100

T

60 190
Energy (Ry)

130 220 250

FIG. 2. Ka-Kp coincidences, as in Fig. 1.
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FIG. 3. Ka-Ky coincidences, as in Fig. 1.

cident emission from more highly excited states. In par-
ticular, the Ka-Ky cross section is about a factor of 2
smaller than experiment.

The calculated (KB+Ky)—(KB+K7y) cross section is
also much smaller than experiment, by about a factor of
3, and is consistent with an earlier estimate [3]. About
75% of the total (KB+Ky)-(KB+Ky) cross section is
due to the 3/'nl configurations, 20% due to the 4pnl, and
5% due to the 5pnl, and so we have essentially converged
the sum over all higher states y. The 3sn/ and 3dnl
configurations do not contribute directly to the
(KB+Ky)-(KB+Ky) cross section, but they do have a
significant effect through configuration mixing, this time
to reduce the coincidence cross section by one-third.
Thus, our results, which include the 4pnl and S5pni
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FIG. 4. (KB+Ky)-(KB+KYy) coincidences, as Fig. 1, plus

configuration-mixing LS-coupling results omitting the 3sn/ and
3dnl configurations (. . . .. ).
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configurations only, may be somewhat of an overestimate
for the 4:n: and 5:n: complexes, but they are not the
dominant contribution to the (KB+Ky)-(KB+K7y)
cross section.

The time of flight [2] for which emission will still be
detected (~2.5X1071% 5) puts a lower limit of about
4X10° s~ ! on the radiative rates. Since
A, (238, —118,)=1.4X10°% s™!, no error should arise
from assuming that the 23S, level does not radiate dur-
ing the experiment. The rate from the 2'S, is much
larger [A4,(2'S;—118,)=2X10® s7!], but the two-
photon emission would show up on a different part of the
experimental coincident spectrum [2,5].

We have assumed that the radiative emission is isotro-
pic; this is only approximately true. We have made a de-
tailed study [11] of anisotropic radiative emission effects
on deduced resonant transfer excitation cross sections.
From this work [11], we estimate that the allowance for
anisotropic radiative emission is unlikely to increase our
results by much more than 10%, particularly for the
cascade-produced K a-K a peak.

B. Ge*'*

We present our configuration-mixing intermediate-
coupling results for the total K-K coincidence cross sec-
tion for Ge*'* in Fig. 5 and compare them with experi-
ment [4]. The time of flight for the experiment [4] puts a
lower limit of about 1.4X 10'° s™! on the radiative rates.
We present results both with and without emission from
the 23S, level. Since A4,(23S;—1'Sy)=1.7X10° s~!
for an isolated ion, the lower cross section should corre-
spond to that being measured, but both sets of results are
in broad agreement with experiment. We note that the
23P, level now decays preferentially through magnetic
quadrupole radiation [ 4,(23P,—115,)=4.4%10'"s7!]
to the ground level, unlike S3* where electric dipole ra-
diation to the 23S, level is preferred. The experiment [4]
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FIG. 5. Total K-K coincidence cross sections for Ge*' ™ +H,
collisions. Configuration-mixing intermediate coupling: ,
with 23S stable; — — —, with 23S radiating. @, experimental
points from Ref. [4].
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FIG. 6. Ka-(KB+Ky) coincidence cross sections, as in Fig.
5.

also measured the contribution from Ka-(KB+Kvy)
coincidences; a comparison of theory and experiment [4]
is shown in Fig. 6. We see that the theoretical results are
n?svi somewhat larger than experiment, unlike the case of
sPT.

The two-photon emission from the 2!S, Ilevel
can now be seen experimentally [5], since
A,(2'8,—115,)=1.8X10'° s™!. The comparison be-
tween theory and experiment [5] is made in Fig. 7. While
there is good agreement for the KLL peak, we see that
the cross section due to resonant transfer and excitation
is much smaller than experiment in the energy region of

the KLn (n > L) resonances. The experiment [5] only ob-

0.200

0.75} }
0.150}
o.25}
o.l00}

0.075

oyx (1072 cm?)

t
0.050} fE ii II
3

0.025 L2

0.000
450

590 660 730 800

Energy (Ry)

520

FIG. 7. Two-photon (2 !S,) cross section for Ge*'* +H, col-
lisions. , contribution from resonant-transfer excitation
only. @ experimental points from Ref. [5].
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served the coincident two-photon emission from the 2 'S,
level and did not differentiate between resonant transfer
excitation and direct radiative [6] or nonradiative [14]
electron capture as the populating process. However, it
should be noted, of course, that this nonresonant back-
ground cross section should decrease with increasing en-
ergy so that, on the face of it, it cannot fully account for
the discrepancy between theory and experiment in the
KLn (n > L) energy region.

Finally, a limited calculation for the Ge3!'" cross sec-
tions presented here has already been carried out [6]
based on published [15] rates for the KLL and KLM in-
termediate states. While we find no disagreement with
the individual published [15] rates, their use in Ref. [6]
appears to be somewhat in error. In particular, the
branching ratio B from 1s3p !P, to 1525 'S, (B =0.625)
is grossly overestimated due to an apparent confusion of
units; we obtain B =0.061.

V. CONCLUSION

We have shown the importance of including
configuration mixing, and to a lesser extent intermediate

N. R. BADNELL
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coupling, in the calculation of coincidence cross sections.
In particular, we have removed the discrepancy between
theory and experiment for K a-K a coincidences following
resonant transfer and excitation in collisions of S!** with
H,, but significant discrepancies remain for the Ka-Ky
and (KB+Ky)-(KB+Ky) coincidences. For Ge’'",
there is good agreement between theory and experiment
for the total coincidence cross section and, unlike S1°™,
the theoretical Ka-(Kf8+ Ky ) cross section is now some-
what larger than experiment. Since we have included all
of the important energetically accessible configurations in
our calculations with full configuration mixing and inter-
mediate coupling, it suggests that the experimental re-
sults may need to be reexamined where significant
discrepancies with theory remain.

ACKNOWLEDGMENTS

I would like to thank Dr. M. Schulz and Dr. P. Mokler
for some helpful conversations concerning the experi-
ments. This work was supported by the U.S. Department
of Energy, Office of Fusion Energy, under Contract No.
DE-FGO05-86ER 53217 with Auburn University.

[1]H. Nussbaumer and P. J. Storey, Astron. Astrophys.
Suppl. Ser. 56, 293 (1984).

[2] M. Schulz, E. Justiniano, R. Schuch, P. H. Mokler, and S.
Reusch, Phys. Rev. Lett. 58, 1734 (1987).

[3]1 D. J. McLaughlin and Y. Hahn, Phys. Rev. A 38, 531
(1988).

[4] P. H. Mokler, S. Reusch, T. Stohlker, R. Schuch, M.
Schulz, G. Wintermeyer, Z. Stachura, A. Warczak, A.
Miiller, Y. Awaya, and T. Kambara, Radiat. Eff. Def.
Solids 110, 39 (1989).

[5] P. H. Mokler, S. Reusch, A. Warczak, Z. Stachura, T.
Kambara, A. Miiller, R. Schuch, and M. Schulz, Phys.
Rev. Lett. 65, 3108 (1990).

[6] S. Reusch, thesis-University of Geissen (1988) and
Gesellschaft fiir Schwerionenforschung Report GSI-88-19,
Darmstadt (1988) (unpublished).

[71M. S. Pindzola, N. R. Badnell, and D. C. Griffin, Phys.

Rev. A 42, 282 (1990).
[8] N. R. Badnell, J. Phys. B 21, 749 (1988).
[9] N. R. Badnell, J. Phys. B 19, 3827 (1986).

[10] N. R. Badnell and M. S. Pindzola, Phys. Rev. A 39, 1685
(1989).

[11] N. R. Badnell, Phys. Rev. A 42, 3795 (1990).

[12] W. Eissner, M. Jones, and H. Nussbaumer, Comput. Phys.
Commun. 8, 270 (1974).

[13]R. Schuch, E. Justiniano, M. Schulz, S. Datz, P. F.
Dittner, J. Giese, H. F. Krause, H. Schéne, R. Vane, S.
Shafroth, Phys. Rev. A 43, 5180 (1991).

[14] W. E. Meyerhof, R. Anholt, J. Eichler, H. Gould, C.
Munger, J. Alonso, P. Thieberger, and H. E. Wegner,
Phys. Rev. A 32, 3291 (1985).

[15] L. A. Vainshtein and U. I. Safronova, Atomic Data Nucl.
Data Tables 25, 311 (1980).



