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Intershell higher-order (HO) electronic recombination is reported for highly charged Ar, Fe, and Kr
ions, where simultaneous excitation of one K-shell electron and one or two additional L-shell electrons
occurs upon resonant capture of a free electron. For the mid-Z region, HO resonance strengths grow
unexpectedly strong with decreasing atomic number Z (= Z~%), such that, for Ar ions the 2nd-order
overwhelms the Ist-order resonant recombination considerably. The experimental findings are confirmed
by multiconfiguration Dirac-Fock calculations including hitherto neglected excitation pathways.
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Electron-electron interactions not only strongly affect
the electronic energy levels of atoms and ions, but also the
reaction dynamics of these systems. Indeed, very effective
resonant photorecombination mechanisms are observed in
stellar as well as Earth-bound plasmas [1,2]. Here, Auger
decay (cf. e.g., [3]) and its time reversal, dielectronic
recombination (DR) (see, e.g., [4,5]) play a prominent
role. Usually, theory uses independent-particle models to
treat them, where only two electrons interact and all others
are assumed to be merely spectators. Higher-order (HO)
interactions between more than two electrons, and espe-
cially those in different shells—intershell processes—are
often considered as negligible.

In this Letter we show, both experimentally and theo-
retically, the importance of hitherto unrecognized HO con-
tributions in intershell electron-electron interaction by
using electronic recombination as indicator. In earlier
work 2nd-order resonant (dubbed trielectronic) recombi-
nation was reported for interactions within one electronic
shell (intrashell) [6], and its importance was established for
Be-like systems, where both 2s electrons are coevally
excited inside their ground state shell [7,8]. In the present
work, we deal with HO intershell resonant recombination,
where a K-shell electron interacts during recombination
simultaneously with one or more additional L-shell elec-
trons. We have already reported faint contributions of such
processes in highly charged Kr ions [9], but beyond that, no
genuine higher-order intershell photorecombination results
have been published thus far. Nonetheless, in the experi-
ment described in [10], a triply excited state was formed
by trielectronic electron capture in Li* ions (Li*(1s%) +
e — [Li(25*2p)]***) and only doubly ionizing decay (to
Li®>"(1s)), but no radiative stabilization of neutral Li—
essential for a complete recombination—was observed.
Other experiments utilizing channeling techniques achi-
eved just upper limits for intershell HO recombination [11].

In intershell processes with a core excitation, the high
energy and momentum transfer would suggest a strong
preponderance of the Ist-order contribution. We question
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this common assumption by experimentally comparing
the 1st-order DR process, in this case K-LL, to the corre-
sponding 2nd-order trielectronic (TR, e.g., KL-LLL) and
3rd-order quadruelectronic (QR, e.g., KLL-LLLL) recom-
bination, as shown in Fig. 1. We apply the standard Auger
notation and extend it in an analogous manner.

Resonant electronic recombination for ions A% of
charge ¢ + , can generally be represented by A" + ¢ —
[Ala=DH]e+Dr — Ala=D+ + 3 hp, where n is the order of
the recombination process nR with n = 1, 2, and 3 for DR,
TR, and QR, respectively. Multiply [up to (n + 1) times]
excited intermediate states denoted by [A~ D] D* may
stabilize radiatively, thus completing the process of recom-
bination. The number of emitted photons depends on the
decay pathways, being typically = n + 1 (neglecting pos-
sible cascades). HO recombination processes, nR with
n > 1, can only occur through configuration mixing, i.e.,
via correlations between the electrons in the intermediate
state, [nR) = X.claiJP), where ¢y is the mixing coeffi-
cient for the configuration state function |a;JP) and a;
contains all the quantum numbers to define the configura-
tion state function. Our calculations employ multiconfigu-
ration Dirac-Fock (MCDF) bound-state wave functions
with configuration mixing, and include correlation effects
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FIG. 1 (color online). Diagrams for K-L intershell resonant
recombination of 1st, 2nd, and 3rd order—dielectronic (DR),
trielectronic (TR), and quadruelectronic (QR) recombination
[blue (left), red (middle), and green (right)], respectively.
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to all orders [9,12] with coding similar to [13] (see
also [14]).

The experiments were performed at the Heidelberg elec-
tron beam ion traps (EBITs) [15,16]. Highly charged ions
(HCI) of Ar, Fe, and Kr produced by continuous electron
impact were evaporatively cooled within the trap [17]. By
scanning the electron beam energy E, across the reso-
nances, ions recombine efficiently. Product ions in multi-
ply excited states, |[nR), can relax to the ground state by
x-ray emission monitored by means of an x-ray detector.
Plotting the characteristic K, X-ray intensity against E,
yields the respective resonance energies. Figure 2 shows a
spectrum for Fe ions and electrons around 5 keV. Strong
cooling is a prerequisite for the achieved full-width-at-
half-maximum of roughly 7 eV [17], since hot ions would
interact in a broader spatial region with less well defined
electrostatic potential, i.e. collision energies, E,.

The spectrum in Fig. 2 comprises resonances for Li-like
to O-like Fe ions. Calculated positions and strengths of the
resonances are also indicated, with the charge state distri-
bution empirically adjusted. Therefore, only relative reso-
nance strengths within each single isoelectronic sequence
(IS) can be compared. Moreover, the electron beam ener-
gies were calibrated using two well-known He-like DR
resonances. Good agreement between experiment and cal-
culations is observed for all charge states. We clearly
identify 2nd-order recombination resonances, TR, in
B-like, C-like, and N-like ions. No TR resonances are
found for Be-like ions, and indeed, due to parity rules
they are strongly suppressed in this IS [9]. For C-like
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FIG. 2 (color online). Experimental photorecombination spec-
trum of Fe ions for Li-like to O-like species compared to our
MCDF calculations. Top: resonance energies for the different
recombination orders. Bottom: IS color coded for this spectrum.
The region of C-like resonances is indicated.

ions even the 3rd-order recombination, QR, is observed
as a faint but detectable feature around 4975 eV (super-
imposed also by a QR contribution from Be-like ions).

The 2nd-order contributions are already rather strong for
C-like Fe ions: the overall TR/DR strengths ratio is about
0.5. The comparison of Kr, Fe, and Ar for this IS in Fig. 3
demonstrates the strong increase in the ratio TR/DR with
decreasing atomic number Z. The energy scales for the
different ions are normalized by Z?, i.e., approximately to
the binding energy. Resonances of the low-Z species are
less separated since the fine structure splitting o Z*. The
experimental resolution is similar in all spectra shown. For
the C-like species DR and TR contributions (as well as that
for QR in Fe) are indicated using the color code of Fig. 1.
The region highlighted in Fig. 3 is marked for C-like Fe at
the bottom in Fig. 2.

The TR/DR strengths ratio for C-like ions as a function
of Z is depicted in Fig. 4; see left-side ordinate. The
experimental ratios extracted from the spectra (Fig. 3)
are very well predicted. The increase in the TR/DR ratio
is striking: For Ar the 2nd-order exceeds the 1st-order
strength by a factor of 1.4. The observed behavior will
become more prevalent at even lower Z: Already for C-like
Mg ions, TR is expected to contribute more than twice to
the total recombination as compared to DR. For neighbor-
ing ion species, B- and N-like IS, similar dependencies can
be stated.

In order to elucidate the unexpected magnitude and
strong Z dependence of TR in comparison to DR, first
we estimate the probability of electron capture leading to
a multiply-excited state, i.e., the perturbative factor
(TR| X r;;'IDR)/(Erg — Epg) describing the ratio of TR
to DR amplitudes. At low Z, it may approach unity since
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FIG. 3 (color online). Comparison of the C-like recombination
lines for Ar, Fe and Kr ions. DR, TR and partially QR lines are
marked by blue, red and green colors, respectively. The energy
scale of the spectra is normalized by Z2.

143201-2



PRL 107, 143201 (2011)

PHYSICAL REVIEW LETTERS

week ending
30 SEPTEMBER 2011

ol T T T T

25 2) Alr Fle K'I‘ Calculations: ___ 1os E

= 7 2) —=— DR strength T B

eh > —a— TR strength £

8 204 IS 120 =5

\ 0"

17} o> <— TR/ DR strength ratio: %D

o o —o— Theory )

9 154 O & Experiment +1.5 5

=]

% E

= 1.0 £

b= 5

. :
& 054

a 0.5 §
0.0,

Atomic Number Z

FIG. 4 (color online). Ratio of TR to DR resonance strengths
for C-like ions versus atomic number Z, comparison between
experiment and theory—Ileft-side ordinate. Additionally, the
calculated DR and TR resonance strengths normalized to the
maximum of the DR strengths are shown (right-side ordinate).

the Coulomb operator acts on the strongly overlapping
ITR) and |DR) autoionizing state functions, yielding a
transition matrix element (numerator) of a few eVs,
while the (Etg — Epr) splitting (denominator) is also in
that range. Therefore, we treat the DR-TR mixing
nonperturbatively.

Now, the total radiative width of the TR state can be
larger at low Z than that of the DR one. This second
contribution finally makes TR stronger than DR. We
consider the general Z-dependence of the Auger rates
(A,)—nonrelativistically with Z’—and the radiative ones
(A,)—with Z* (see, e.g., [2] or the overview in [18]; for the
relativistic dependences of the Auger rates see [13]).
Starting from the time inverted process, the autoionization
(Auger process), and applying the principle of detailed
balance, the strength for DR (x E,; 'A,2A,/(SA, + 2A,))
can be parametrized by (see, e.g., [19])

Spr = [01Z7% + ¢, 2], (n

where b; and c; refer to the Auger and radiative decay
channels, respectively. From this we expect for the high-Z
region which is dominated by large radiative rates a 1/Z>
dependence of the DR strength, for the low-Z region
dominated by the Auger rates a Z> increase, and in the
mid-Z region relative Z independent DR strengths. Our
calculations reproduce this behavior, see DR strengths
given in Fig. 4—right-side ordinate.

Also for the HO processes the principle of detailed
balance can be used to evaluate the recombination
strengths. The main difference there is hidden in the indi-
vidual production rates for the intermediate recombination
states. As an additional interaction of an electron is in-
volved these HO Auger rates depend on Z. Compared to
the central Coulomb force the electron-electron interaction
will decrease with 1/Z; therefore, unlike the dielectronic
capture rates displaying a Z° dependence, the trielectronic
capture rates (squared matrix elements) will show a 1/Z>
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FIG. 5 (color online). Ratio of HO strengths to the 1st-order
ones for Fe ions. Red color for the TR/DR ratio (theory: red bars;
exp.: red triangles) and green color for the QR/DR ratio (theory:
green bars; exp.: green diamonds).

behavior yielding a general Z dependence of the TR
strengths of

Str = [a2Z7% + by + ,Z*]71, (2)

where a, refers to the decay channel for the HO Auger
process, b, and ¢, to the Ist-order Auger and radiative
decay channels, respectively. The result of our dedicated
MCDF calculations of the TR strength is shown in Fig. 4,
too cf. right-side axis. It can be approximated reasonably
well by the given parametrization [Eq. (2)]. The maximum
of the TR strength is shifted toward lower Z values around
Mg and decreases beyond that on the high-Z side with a
high power ( = Z™%).

As the total DR strength is about constant in the mid Z
range (17 = Z =< 34) due to the interplay between Auger
and radiative rates (cf. also [19]), the Z dependence of the
ratio gives us directly the absolute Z behavior of the TR
resonance strength. Only below Z = 15 where the TR
strength starts to turn over toward the maximum the ratio
increases further as shown by the calculations in Fig. 4
(left-side ordinate). Predictions and experiment agree well.

The surprisingly strong increase in HO recombination
strength for low-Z ions is a result of the interplay of the
Auger and radiative rates and the Z dependence of the
mixing parameters for the states involved in the HO chan-
nels. However, on the basis of the considerations given
above, this behavior can be understood.

In Fig. 5 the TR and QR strengths are compared for Fe
with the corresponding DR ones for the different IS from
Li- to N-like. Note that 2nd-order KL-LLL TR processes
are only possible for certain occupancy levels of the L
shell, namely, for Li- to N-like species. For Be-like ions, no
TR was found, since parity rules strongly suppress this
channel. For the 3rd-order QR, occupancy restrictions
makes KLL-LLLL only possible for Be- to C-like ions.
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The results from our calculations give again good agree-
ment with the experiment. Disregarding the anomaly for
Be-like ions caused by parity rules, the TR contributions
increase with the number of available electrons up to
C-like ions indicating the increase in correlations. The
relative QR resonance strength is exceptionally large for
Be-like systems, as the TR channels are closed. For N-like
ions the relative TR strength is diminished due to the
reduced number of final channels. The experimental values
given for QR have large uncertainties caused by the blend
of Be-like and C-like QR resonances and by the faintness
of the detected feature, which is assigned equally to the two
ionic species, according to our calculations. For the Be-like
ions additional QR contributions may be hidden under the
C-like recombination lines; cf. Fig. 2.

In summary, we find prominent HO contributions for
K-L intershell resonant electronic recombination which
increase considerably with decreasing atomic number Z.
This is a result of the Z~2 dependence of the 2nd-order
Auger decay rate. Moreover, the increase of the number
and strength of radiative decay channels for the multiply-
excited intermediate state contributes to this behavior. For
the lightest C-like ions TR overwhelms the 1st-order DR
process by more than a factor of 2. These processes popu-
late multiply-excited states decaying to the ground state
through photon emission. Therefore, they result in a re-
moval of energetic electrons from, and thus in cooling of,
the plasma containing the species of interest. Since an
excitation of a K-shell electron is involved, the amount
of energy converted from kinetic, i. e. thermal, into radia-
tion is by roughly 2 orders of magnitude larger in each
recombination step than that seen in intrashell TR pro-
cesses [5,6] at low kinetic energies.

This work illustrates the predominance of correlation
effects at lower Z. It is interesting to note that the HO
effects are so prominent in such intershell processes with
large momentum and energy transfers. Including them in
radiative-collisional plasma codes should enhance their
predictive power, since the plasma state should be meas-
urably affected. Spectroscopic diagnostics might be sensi-
tive to x-ray satellite transitions populated through TR.
Both facts could lead to a misinterpretation of temperatures
and density of magnetically confined Earth-bound and also
of astrophysical plasmas.

The HO processes in photorecombination can be used to
test in a defined way and with a controlled number of active
partners models describing collective electron reactions as,
e. g., in shake-up or shake-off processes [20], which have
also been found in recent experiments with high-power
attosecond lasers [21]. Alternatively, 2nd- and 3rd-order
processes investigated here may be viewed in terms of two-
step 1 and two-step 2 models discussed for ionization
processes [22]. These channels are included in our all-
order calculations. Here, pathways aiming beyond

independent-particle models are indicated by inclusion of
one, or even two, additional correlations in interactions of
HCI core and electrons. The experimental control of the
number of bound electrons at different Z, as demonstrated
here, allows one to test theories aiming at developing fully
“collective” reaction models. This is another manifesta-
tion of a broader set of phenomena related to multielectron
resonant behavior. Very recent examples are resonances
occurring due to the presence of neighboring atoms or ions
in molecules or clusters [23,24] or even in dense plasmas
[25], where HO collisional resonances also have to be
taken into account.
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