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Qbservation of the KLL Dielectronic Recombination Process in Highly Stripped Argon Ions
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A novel technique for studying the dielectronic recombination process is presented.
The interaction of very highly stripped trapped ions with a tunable energy electron beam
is studied using an electron-beam ion source. Dielectric recombination resonances have
been observed in Ar' +' +' ' for single configurations (KLL resonances). The gen-
erality of this method which makes possible the selective study of electron-ion interac-
tions of plasma diagnostic interest is discussed.

PACS numbers: 34.80.-i, 32.80.Dz, 52.70.+ m

The dielectronic recombination process (DR),
i.e. , the simultaneous capture of a free electron
and excitation of an ion,

A"'+e -A'" '" (doubly excited) -A'" '"+hv,
has been observed in plasmas for a very l.ong
time. The resonant behavior of this process,
which is the inverse Auger eff ect and occurs only
at the energy of the corresponding autoionization
electron, has been, only very recently, observed
in cross beam experiments. ' ' In such experi-
ments, in contrast with what is observed in plas-
mas, one can observe the interaction of a given
ion with an electron of a given energy. In all.
these experiments, it was then possible, for the
first time, to measure the integrated absolute
cross sections of DH on al.l the individual reso-
nances up to the continuum, of singly, '' doubly,
and triply' ionized atoms.

%e present in this Letter a novel and general.
technique in which, instead of studying DR in
cross beam experiments, we bombarded with an
electron beam a target of trapped ions in an elec-
tron-beam ion source (EBIS). This general. tech-
nique is illustrated in this Letter where the reso-
nant behavior of DB on single n = 2 ('D) term of
Ar' ' ions has been observed. This new technique
can be used to study any ion prepared inside an
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FIG. 1. Scheme of an EBIS source.

EBIS source, and to measure the differential DR
cross sections on each energy level of each of
these ions.

The method consists of studying the interaction
of an electron and a given ion inside an EBIS and
in detecting the DR resonances by observing the
emitted x rays. An EBIS source (Fig. I) is main-
ly made of a very intense and very narrow elec-
tron beam in which a neutral gas is injected. The
injected atoms are ionized, then trapped inside
the electron beam by its charge density, and, if
the vacuum is good enough to prevent electron
capture via charge exchange with the residual.
gas impurities, the ions can reach, step by step,
the ultimate charge state (bare nuclei). The ex-
periment was carried out with the SILFEC III
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EBIS source built at the Institute for Nuclear
Physics in Orsay. This source which serves as
a prototype of the CRYEBIS II' ' source in prep-
aration is made of a long solenoid providing a
0.5-T magnetic field, in which a - 20 mA electron
beam is injected. In this very compressed beam
( 1 mm) some argon gas is injected and ionized
up to the 16+ charge state. A series of cylindri-
cal electrodes, centered on the axis of the sole-
noid allowed a longitudinal trapping of the ions.

The principle of the experiment is to study the
interaction between the ions in the source and the
ionizing electron beam by looking at the x rays
emitted through a very small hole drilled into
the cathode of the electron gun and closed by a
beryll. ium foil. In this preliminary experiment
the detection is simply achieved by using a SiLi
detector, located outside the source. After be-
ing prepared, the ions, instead of being ejected
into a particle accelerator as in the normal. run-
ning, are maintained trapped for a very long
time (up to 10 s) inside the source before being
ejected, and the cycle is reproduced up to suffi-
cient yield for a given energy. The electron beam
energy is then tuned, step by step, until. the reso-
nance condition is reached.

For a given ion, various resonances can be ob-
served depending on the quantum numbers of the
final state of the ion and on the energy spread of
the electron beam. The energy spread in an
EBIS source is mainly determined by two param-
eters: the depth of the potential well. created by
the beam charge density (the energy of the elec-
trons in the beam depends on their distance from
the solenoid axis) and the voltage fluctuations in
the electron gun supply. In the present experi-
mental conditions, the potential well depth is, as
it can be easily calculated, equal to 6 eV, and
the overall beam resolution turns out to be equal.
to 10+6=16 eV. With such an energy resolution,
it is possible, for instance, to separate the first
resonances of the argon (2l)(nl') final doubly ex-
cited configurations, and in some cases some of
the level structures of these configurations. The
energy spread of the beam is, however, much
larger than the width of the resonance, which is
equal to the natural width of the level (typically- 0.03 eV). Then it is not possible with the pres-
ent experimental conditions, to scan the shape
(Fano profiles) of the individual resonances.

Three different interaction processes between
the electrons and the ions, producing K x rays in
the source, have to be considered.
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FIG. 2. Typical excitation function in the e" + Ar
reaction.

(i) Ionization. —This process has the largest
cross section at high energy and its absolute en-
ergy threshold is equal. to the K binding energy
BE

(ii) Excitation. —This process is less efficient
and its threshold is equal to B~ -B~.

(iii) DA.—The calculated cross section for this
process is between the tmo previous ones. Its
resonance energy is less than that of the excita-
tion threshold. In the case of a KLL DR, it is
= B» —2B~ (we use for the DR process the same
labels as those for the Auger effect: A KLL DR
corresponds, for instance, to the case of aK
electron excited to the L shell and a free electron
captured in the L shell). All the K x rays of the
argon ions appearing at excitation energies less
than B~ -B~ can then be unambiguously attributed
to DR reactions (Fig. 2).

In the SILFEC III source, the vacuum was of the
order of 10 ' Torr and many charge states of the
considered element were simultaneously present
at equilibrium. For studying, for instance, only
the KLL DR resonances in argon ions we will. be
dealing only with the ions having two K electrons
and at least two holes in the L shell (one for the
capture of the free electron and another one for
the excitation of a K electron to the L shell. ).
The DR cross sections for all the considered ions
in all the final states have been calculated as
well as the resonance energies by using theoreti-
cal methods described elsewhere. ' " The theo-
retical excitation spectrum obtained by folding
these values with the relative intensity of the
measured equilibrium charge state distribution
is presented in Fig. 3. It appears from this fig-
ure that the energy separation of all the KLL

618



VOLUME 52, NUMBER 8 PHYSICAL REVIEW LETTERS 20 FEBRUARY 1/84

(a)

KLL resonances

f4

13+

excitation
t hres ho I d

KLM KLX KXY
resonances for

15+ e+
Ar to Ar

0
(k av)

experimental

width

500-

X-ray

y ield

100-

Sp

Il
Q9 $30

A& &4+

K, LL

X Z
I 'I

t
'f

2.5

I
excitation

threshold
~

l

KXV, $

I

I

I

KLM$

I
I I T

3,0 kev

15+

D

3p

0
0

gt+
8

FjG. 4. Experimental x-ray yield (absolute counting
rate). The horizontal error bar represents the un-
certainty in the absolute energy of the electrons.

S 1

~ a
I

RPO

E (k«)

FIG. 3. (a) Schematic vicar of the excitation function
of various charge states of argon. (b) Detailed theo-
retical predictions for the KL,I. DB resonances for
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r

resonances for the various argon ions under con-
sideration is larger than the energy resolution
of the beam, allowing among all the present ions
to select, in principle, the resonances of a given
ion. In contrast, the different KLM, KLX,
LMX, ... DR resonances may not be separated,
some KEN resonances of a given charge state
being very close, for instance, to those of the
KLO of another one.

In a first series of experiments with a narrow
energy-band pass of the electron beam as com-
pared to the energy region to scan (15 eV com-
pared to 300 eV), we only searched for the Ar"'
peak at 2.3 keV which exhibits the sharpest and
the most pronounced resonance (85% of the total.
cross section is expected to appear in the 'D
term). The experimental results are presented
in Fig. 4 where a significant resonance at the
expected (2.3 keV) energy has been observed and
a background compatible with zero has been found
on both sides of the zone of the resonances for
all the considered ions. In this spectrum one
can also observe a nonmonotonic unresolved spec-
trum in the region where the KLM. . .KXF reso-

nances are all mixed and a continuous increase
of the x-ray yield above the absolute excitation
threshold for the whole set of charge states pres-
ent in the source. With the present uncertainty in
the absolute energy measurement of the electron
beam, +15 eV, no conclusion can be formulated,
in this series of experiments, about the other
resonances, l.ike the 12+ for instance. In a sec-
ond series of experiments, at lower resolution,
a broad structure extending over the 15+ to 12+
resonance energy range has also been observed.
The absolute x-ray counting rate can, in princi-
ple, provide a value for the absolute DB cross
section, if all the geometric parameters of the
source, the electron beam intensity, and the num-
ber of ions stored in the source are known. The
number of stored ions can easily be measured
with a Faraday cup and a time-of-fl. ight appara-
tus, and the el.ectron beam intensity by a con-
ventional device. A rough estimate of the abso-
lute cross section for the Ar"' resonance is
found to be of the same order of magnitude as the
theoretical. predictions, ' " i.e., 10 ' cm'. How-
ever, it can be noticed that some uncertainties
remain in the determination of the diameter of
the confinement cylinder because the electron
beam does not follow a pure Brillouin flow.

This technique, whose feasibility has been
proved in this experiment, can be applied to any
highly stripped ion which can be prepared in an
EBIS or CRYEBIS source, i.e. , for instance, up

Kr"', . . . , U'"." Most of the ions ap-
pearing in laboratory and solar plasmas could be
studied in measuring their DR cross sections as
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well as their excitation cross sections.
Moreover, this technique is of general interest

for extended spectroscopic studies, the geornetri-
cal conditions of the sources as wel, l as the na-
ture of the emitters (few electron ions of narrow
natural width} allowing high-resolution spectro-
scopic analysis.
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