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Measurements of relative dielectronic recombination (DR) cross sections for fluorinelike xenon
(Xe**) are presented. Recombination takes place in an electron-beam ion trap, where decay rates are
obtained as the ions recombine with beam electrons. Experimental data are obtained by counting the
number of ions that remain, as a function of time, following the recombination period. The counting is
accomplished through the use of an ion-extraction system. An ultralow beam current, 2 mA, was used
to obtain an energy resolution of 10.6 eV full width at half maximum. The experimentally measured res-
onances are compared to convolved theoretical DR resonance strengths. The agreement with theory is

excellent.

PACS number(s): 34.80.Kw, 34.80.Dp

Dielectronic recombination (DR) is a resonant
electron-ion recombination process that affects the ion-
ization balance of plasmas and is of interest in plasma di-
agnostics [1,2]. Experiments on DR have recently been
reported from groups using traps [3,4] and the electron
coolers of ion storage rings [5,6], among others. In this
paper we present relative dielectronic recombination [7]
cross sections for the LMM resonances of fluorinelike xe-
non. This work is an extension of the results presented in
a previous paper [8]. The present work extends those
measurements to a system containing an open subshell
created by the removal of an L-shell electron. As ex-
plained below, this system is more complex theoretically.
The experimental procedures used for the measurement
of these cross sections are also complicated by the open-
shell configuration.

The ground state of fluorinelike xenon is
1s?2s%2p>J =3. Dielectronic recombination onto this
system is given schematically as

A(1s2s2p%)+e— A**(1s2s2p*nin'l’)

— A*(1s%2s22p°n'l")+hv (1a)
or as
A(1522s2p%)+e— A**(1s22s2p°nin’l’)
— A*(1s%22s22p°n’l')+hv . (1b)

K-shell electrons are not excited in these measurements.
The intermediate doubly excited state couples as a four-
electron system since two vacancies in the L shell are
coupled to two excited electrons. When compared to
dielectronic recombination onto a neonlike ion this sys-
tem involves a much more complex level structure, and
decay to a multitude of singly excited states is possible.

4

735 doubly excited states, from the 2s22p*3/3]’ and
2s2p>3131' configurations, whose theoretical resonance
strengths were calculated using the multiconfiguration
Dirac-Fock method (MCDF) [9,10], are expected to dom-
inate the LMM dielectronic recombination spectrum.
These resonance strengths were obtained for target
ions initially in their ground state. Resonance strengths
were also calculated for ions initially in the first
(1s22522p> J=1) and second (1s?252p®J=1) excited
states. These calculations predict that the strongest
LMM DR resonances for this ion result from initially ex-
cited states. Since a certain fraction of the fluorinelike
ions may be expected to be in excited states due to
electron-impact excitation, the presence of resonance
lines from these excited ions will indicate what fraction, if
any, of the fluorinelike ions are in excited states for these
experimental conditions.

The Lawrence Livermore National Laboratory
electron-beam ion trap (EBIT) [11,12] is used to produce
the ions. A 31-mA electron beam is compressed to ap-
proximately a 70-um diameter as it accelerates toward
the cylindrical drift tubes that form the trap. Ions
formed by electron impact are contained within a 2-cm-
long trapping region formed by a separately biased cen-
tral drift-tube segment. Isotopically enriched xenon gas
is continuously fed into the trap region. The 31-mA elec-
tron beam produces a sufficient number of fluorinelike
ions in about 800 msec. Care must be taken in the forma-
tion of the initial distribution of charge states. While it is
desirable to produce a high yield of fluorinelike ions, it is
important to produce as few oxygenlike ions as possible.
Recombination of electrons onto oxygenlike ions pro-
duces fluorinelike ions that cannot be distinguished from
the original fluorinelike ion population. This complicates
the analysis of the interaction rates, adds more variables
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to the experimental fits, and obscures the relative recom-
bination rates. The charge-state distribution in EBIT is
produced as the ions are successively ionized by repeated
electron impact. The formation of a given distribution at
equilibrium is described by a set of coupled differential
equations that include, for example, electron-impact ion-
ization, radiative recombination, and charge exchange
[13]. Generally, for gases, there are some ions of each
charge state with ionization threshold below the
electron-beam energy. Thus an envelope of charge states
is obtained whose shape is determined by a host of pro-
cesses. Except for closed-shell configurations, where ion-
ization energies jump dramatically, the ratio of two adja-
cent charge-state populations is difficult to control. Fig-
ure 1 shows the distribution of charge states obtained for
the present experiment. The ratio of the fluorinelike to
oxygenlike ions is roughly an order of magnitude. This
ratio was obtained by selecting an electron-beam energy
of approximately 7.9 keV; the ionization energies of the
fluorinelike and oxygenlike ions are approximately 7.663
and 7.893 keV, respectively [14]. For energies lower than
the one used, the number of fluorinelike ions produced is
lower than desired. Indeed, the roughly 100 ions detect-
ed at the peak is the minimum acceptable yield, since this
limits the ion reduction to two orders of magnitude at the
strongest resonances. Notice the relatively high ratio of
neonlike to fluorinelike ions. This ratio cannot be re-
duced without substantially increasing the ionization en-
ergy. The figure also shows the falloff of the ion popula-
tion with decreasing charge state. Isotopically enriched
xenon was used to facilitate a clean separation of the ions
during magnetic analysis. The magnet current was fixed
at the maximum of the fluorinelike xenon peak for the
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FIG. 1. Xenon charge-state distribution. The distribution
peaks at neonlike xenon (Xe*™"). The yields of fluorinelike and
oxygenlike ions are one and two orders of magnitude lower, re-
spectively. Isotopically enriched xenon, with 90% 3,Xe and
10% ,34Xe, is used in order to reduce the overlap of the ion
peaks. The ions were produced in 800 msec, using a 31-mA
electron beam at 7.9 keV.
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recombination measurements.

Recombination takes place in the trap, following pro-
duction of the ions as described above. The selected
electron-ion interaction energy was obtained by applying
the corresponding voltage to the drift tubes. This energy
was scanned to obtain the DR spectrum. In order to im-
prove the energy resolution of the measurements, the
electron-beam current was reduced to 2 mA during the
recombination period. This reduced the space charge
contribution to the interaction energies. The trapping
potential was set to approximately 10 V to further mini-
mize the range of interaction energies. Most of the
remaining energy width of the measured resonances was
due to external effects such as power supply noise. Fol-
lowing the recombination period the electron beam was
turned off (to prevent further interactions with the
remaining ions) and the ions were dumped from the trap
[15]. All the ions were then extracted and the fluorinelike
ions magnetically separated and counted; this cycle was
repeated at each energy. Several scans of this form were
obtained. They differed only in the length of time in
which recombination was allowed to occur. Scans were
obtained for interaction times of 300, 340, 380, and 400
msec. From the rate equation that describes the decay of
the ion population it is expected that the number of
fluorinelike ions remaining in the trap after a time ¢ is
given by

n(t)=nge *+n, , ()

where # is the number of fluorinelike (Xe**™) ions, n, is
the initial number of fluorinelike ions, @ is the total decay
rate at a given energy, and n, is the number of back-
ground or noise counts. The value of n is expected to be
the same, within statistics, at each energy. Its value is
found by extrapolating an exponential decay curve to the
data at each energy value back to ¢ =0 and calculating
the average of this value across the energy range. A
smooth curve, which varies by about 10%, is found for
n, across the energy range in this experiment. This
smooth curve, expressed as a third-order polynomial, will
be used in the fits of the decay curve, Eq. (2), to the data
at each energy. The value of n, was estimated to be 2
counts and the same value was used across the energy
range. This is equivalent to subtracting 2 counts from all
of the data and fitting a straight line to the logarithm of
the data at each energy.

Figure 2 shows the total decay rates. The value of ¢
obtained at energy € is equal to the total decay rate at
that energy:

¢(£)=£‘[0DR(€)+0RR(E)]+% . (3)
Here oPR(e) is the total DR cross section at energy €,

o®R(¢) is the radiative recombination cross section at en-
ergy €, 7 is the characteristic decay time for other non-
resonant processes such as charge exchange and the es-
cape of ions from the trap, e is the electron charge, and J'
is the effective electron-beam current density. J' is not
simply the electron-beam current divided by its area since
the ions may orbit about the electron beam and are not
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FIG. 2. Total ion decay rate as a function of beam energy.
This decay rate, @(¢g), includes decay of ions due to radiative
recombination, charge exchange, and leakage of ions from the
trap, as well as dielectronic recombination. The major features
are identified as a, 3, and y for reference.

necessarily embedded within it. The experimental DR
cross section is obtained by solving Eq. (3) for oPR(¢):

e
J'r

eoDR(e)=%¢»<e)— oRR(g)+ @)

The theoretical resonance strengths are computed us-
ing autoionization and radiative decay rates. The
theoretical DR resonance strength from the initial state i
via intermediate state d to the stabilized final state f can
be written as a product of dielectronic capture strength
multiplied by the fluorescence yield, and is given in atom-
ic units by

_ & Aud—DA4,d—>f)
E;, 28, SA(d—k)+3A4,(d—>m)
k m

S:(d, f) » (5)

where g; and g; are the statistical weight factors, E; is
the resonance energy, and 4, and A , are the radiative
and Auger rates, respectively. In the present work the
Auger and radiative rates for each autoionizing state
were explicitly calculated from the first-order perturba-
tion theory using the MCDF model [9,10]. The energy
levels and bound-state wave functions were evaluated in
intermediate coupling with configuration interaction
from the same complex using the MCDF model in the ex-
tended average-level scheme [9]. The Breit interaction
and quantum-electrodynamic corrections were included
in the calculations of transition energies. The calculated
Auger and radiative rates were then employed to com-
pute the DR strength according to Eq. (5). The widths of
the theoretical DR cross sections are more than two or-
ders of magnitude smaller than our experimental energy
width. The resonance strengths are therefore obtained by
integrating over the narrow width of the theoretical cross
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FIG. 3. Fit of the experimental data to theory for the LMM
group of resonances. The values of w, the experimental energy
resolution, and J’, the effective electron-beam current density,
were found using a weighted least-squares fit of the experimen-
tal data to the total convolved theoretical DR cross section.
The values obtained were J'=8.5 A/cm? and w =4.5 eV. The
energy resolution is 10.6 eV FWHM.

section. The resulting strengths are convoluted with a
Gaussian function for comparison with the experimental
data.

In order to compare the data to theory the non-
resonant radiative and charge-exchange or leakage decay
contributions, represented by the background decay rates
in Fig. 2, to the total decay rate, are subtracted. The
remaining decay rate is then fitted to the convolved
theoretical resonance strengths. Values of J’, the overall
normalization parameter, and w, the standard deviation,
are determined through the fitting process. The values
obtained were J'=8.5 A/cm? and w =4.5 eV, which
gives an energy resolution of 10.6 eV full width at half
maximum (FWHM). This resolution is higher than that
reported earlier for our DR measurements on neonlike
xenon. This higher resolution results in part from the use
of a 60% lower electron-beam current. The effective
electron-beam current density obtained, J’, is approxi-
mately 64% lower than that obtained in the higher
current measurement; the difference is within the expect-
ed error. Figure 3 shows the comparison of the normal-
ized experimental data to theory. The amplitudes of the
different peaks are in excellent agreement with theory if it
is assumed that none of the initial fluorinelike ions are in
metastable excited states. This assumption is justified by
the fact that the strongest resonance strengths occur for
singly excited target ions, making detection certain. If a
significant number of fluorinelike ions are in metastable
states the total decay rate will be determined by a weight-
ed average of the resonance strengths of the three initial
excited-state populations, with the weights given by the
relative excited-state populations. The excitation ener-
gies of the first and second excited states of the fluorine-
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like ions are calculated to be 0.3349 and 0.6422 keV, re-
spectively. Since the DR resonances are in the 1.0-2.0-
keV energy range, it may be expected that ions in the
ground state are continuously excited by electron impact,
inducing an equilibrium distribution of ions in excited
states. However, the second excited state may decay to
the ground state through an electric dipole transition
with a calculated rate of 1.922X10!2 sec™!, while the
first excited state may decay to the ground state through
a magnetic dipole transition with a calculated rate of
3.467 X108 sec”!. From the decay rates shown in Fig. 2
it can be estimated that, at an electron energy near that
of the strongest cluster of resonances, denoted f3, the
average time between electron-ion collisions for a
fluorinelike ion is roughly 100 msec. The strengths of
these resonances are on the order of 1.0X 107! cm?.
The lifetime of the metastable first excited state is, on the
other hand, less than 1078 sec. Therefore, unless the
cross section for electronic excitation is many orders of
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magnitude larger than 107! cm?, essentially no ions will
survive the long interval between excitation and recom-
bination.

In conclusion, we have measured relative dielectronic
recombination cross sections in fluorinelike xenon using
an electron-beam ion trap. Our energy resolution is 10.6
eV FWHM. Comparison of the measured relative contri-
butions of the LMM resonances with theoretical ground-
state cross sections shows excellent agreement. It was
thus established that no metastable fluorinelike ions par-
ticipated in the recombination process.
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fully acknowledged. This work was performed under the
auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under Con-
tract No. W-7405-ENG-48.
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