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Dielectronic Recombination on Heliumlike Argon
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We have used the electron-energy dependence of yields of heliumlike and lithiumlike argon ions from
the Kansas State University electron-beam ion source (EBIS) to measure the ratio of the cross section
for An=1 dielectronic recombination on heliumlike argon to that for electron ionization of lithiumlike
argon. By normalizing to the latter cross section we obtain absolute dielectronic recombination cross
sections and find good agreement with theoretical calculations for the lower-energy resonances.

PACS numbers: 34.80.Dp, 32.80.Hd, 34.80.Kw, 52.20.Fs

Dielectronic recombination (DR) of a free electron
with an ionic target is the process whereby an electron of
the core is collisionally driven to an excited orbit, with a
change in principal quantum number hereafter designat-
ed by An, while the incident electron is itself captured
into an excited orbit on the core, thus forming a doubly
excited ion (atom). If the excited ion (atom) decays ra-
diatively, the charge state of the system has decreased by
one unit and recombination of ion and electron is accom-
plished. Since the doubly excited state has a discrete en-
ergy, the process is resonant in electron energy. It was
shown by Burgess' in 1964 that DR generally proceeds
at a higher rate than radiative recombination in hot plas-
mas, and it has come to be widely recognized >~ that this
process plays a dominant role in determining the
charge-state balance in the state of matter found in
many fusion and astrophysical settings. In spite of the
importance of this process, the first experimental mea-
surements of DR cross sections for well-defined target
ion and electron energy were not reported until 1983,%7
and all previous rates were based on theoretical calcula-
tions. While these and subsequent measurements®® on
An=0 transitions have led to valuable increased under-
standing of the DR process, the comparison between
theory and experiment is complicated in these cases by
the fact that the experimental cross sections measured
receive large contributions from unresolved resonances
which encompass a Rydberg series for the captured elec-
tron. The resonances lying near the series limit are sub-
stantially affected by the electric fields present in the ex-
perimental apparatus, and indeed the experiments have
served to show in the laboratory that DR rates can be
substantially enhanced by the presence of external elec-
tric fields.® Only very recently have experiments on
An=0 transitions been able to obtain a resolution high
enough that a clean comparison between theory and ex-
periment for nearly isolated resonances may become pos-
sible. '°

For An=1 transitions the DR resonances are
sufficiently well separated that individual groups contain-
ing a small number of resonances are easily isolated and
Stark mixing problems are reduced. Such transitions

have been the object of study through resonant transfer
and excitation (RTE) collisions,'' which involve the re-
placement of the incident free electron by a loosely
bound quasifree one in a light target atom. Agreement
between RTE experiments and DR theory has been fair
but rendered somewhat uncertain by the presence of
competing processes and the fact that RTE and DR are,
at base, not identical processes. Very few An=1 DR ex-
periments have been reported to date. Briand et al.'?
detected DR on beryliumlike argon in an EBIS
(electron-beam ion source). Knapp et al.,'’ using the
LLNL EBIT (electron-beam ion trap), detected the sta-
bilizing radiation from DR resonances in lithiumlike
nickel to identify DR and obtained absolute cross sec-
tions for the KLL resonances by normalizing to the cal-
culated cross section for radiative recombination off reso-
nance. Although some uncertainty is introduced by the
possibility of nonisotropic emission of the resonant radia-
tion, excellent agreement with theory was obtained.
Very recent results on DR on heliumlike oxygen have
been obtained'* at the Heidelberg heavy-ion storage
ring.

The present experiment is in many respects similar to
that of Knapp ez al.,'3 but differs from it in one impor-
tant way. We have observed the direct influence of
An=1 DR resonances on the relative equilibrium abun-
dances of heliumlike and lithiumlike argon ions trapped
in the plasma. The effect of DR is not small; on the con-
trary, it changes the equilibrium balance in a major way.
Indeed, that the DR effect can be so large is the reason
why understanding of this process and its influence on
charge-state equilibria in hot plasmas has been such a
center of activity in recent years. By ejecting the ions
from the plasma periodically, we measure the equilibri-
um inventory of the two ion species directly. An ex-
tremely simple and clean analysis of the equilibrium
equations for this two-component system allows us to ex-
tract from these yields the relevant DR cross sections if
the ionization cross section for lithiumlike Ar is treated
as known. The analysis is free of complications from
nonisotropic angular distributions of the stabilizing radi-
ation and from potentially uncertain charge-state frac-
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tions in the source. To our knowledge, this is the first
time that the direct measurement of the relative numbers
of ions in charge-state equilibrium in a plasma main-
tained by a monoenergetic electron beam has been used
to obtain DR cross sections.

The experiment was performed in the Kansas State
University EBIS which has been described in detail else-
where.!> Briefly, a 17-mA electron beam of energy (E,)
between 2.0 and 3.5 keV is magnetically compressed and
confined with a resulting current density near a thousand
A/cm?. The beam travels through a series of coaxial
drift tubes before being allowed to expand into an axially
symmetric collector at the exit of the source. Argon gas
is injected by a continuous flow into one drift tube at one
end of the source. Following a brief ionization period,
low-charged ions are electrostatically injected into a 66-
cm-long containment region in the center of the source.
The injection region is nearly isolated from the contain-
ment region by the slow pumping speed through and
cryogenic pumping by the drift tubes. In the contain-
ment region, the argon ions are driven, by collisions with
the electrons, to successively higher charge states until
the ionization potential exceeds the energy of the elec-
tron beam, at which point the charge state ceases to in-
crease. In the present case, for E, between 0.92 and 4.1
keV, the process ends at Ar'®". The ions so formed are
trapped radially by the space charge of the electron
beam and longitudinally by voltages applied to the drift
tubes. After some containment time the drift-tube volt-
ages are raised so that the ions are ejected axially from
the exit of the source and emerge through an aperture in
the collector, to be focused, analyzed in charge-to-mass
ratio by a 90° magnet, and detected by a channel-plate
detector. Charge-state equilibrium was obtained after
roughly 300 msec, and was observed not to change ap-
preciably for several seconds thereafter. A typical
argon-ion inventory contained Ar'¢*, Ar'**, and Ar'**
in the abundances of 84%, 14%, and 2%, respectively, for
an off-resonance electron-beam energy of 2.5 keV. In
order to ensure that no nonequilibrium conditions per-
sisted, the source plasma was maintained for a total con-
tainment time of 1 to 1.5 sec, at which time the trap
voltages were raised, the ions ejected, and the charge-
state inventory measured. The electron-beam energy
was varied by changing the voltage on the drift tubes
surrounding the containment region, with the electron-
beam current remaining fixed.

Figure 1 shows the raw yields of Ar'®* and Ar'>*
ions from the source as a function of the electron-beam
energy. The latter energy was taken to be that given by
the voltages applied to the electron gun and drift tubes
plus a space-charge contribution caused by the electron
beam itself. The last can be calculated accurately only if
the radius of the electron beam is known, and we chose
instead to evaluate it from the observed location of the
KLL resonance whose energy is well known theoretically.
The space-charge potential so obtained, approximately
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FIG. 1. Plots vs electron energy of (a) the yields of

Ar'¢*(n1¢) and Ar'**(n,s), and (b) the ratio n;s/ns.

60 eV on the KLL resonance, is consistent with that ex-
pected. For other electron energies, this value was scaled
with the inverse velocity of the electron beam, since the
electron current remained fixed. The dielectronic reso-
nances originating from an Ar'®* 152 target and with
configurations 1s2/nl' are seen as depletions of Ar'®*
yields, and complimentary enhancements of Ar'’*
yields, near energies of 2.2, 2.73, and 2.9 keV, corre-
sponding to n=2 (KLL), 3 (KLM), and 4 (KLN), re-
spectively. The series limit (n =o0) is seen at 3.13 keV,
the threshold for direct excitation of the heliumlike tar-
get to its first excited state. Above this electron energy,
the n=2 excitation is accompanied by an inelastic pro-
jectile electron in the continuum rather than recombina-
tion. Similar scans of the Ar'** yields show DR reso-
nances on an Ar'>" target which occur at slightly higher
energies than those for the heliumlike target. In Fig. 1,
small dips in the Ar'®* and Ar'>* yields near 2.3 keV,
just above the KLL resonance on Ar'®*, are caused by
KLL DR onto the Ar'** target which depletes the popu-
lation of both 15+ and 16+.

We confine our quantitative analysis to the Ar
Ar'5* system. The Ar'®" charge state is fed by electron
ionization from Ar'**, while it is destroyed by DR and
RR (radiative recombination) on Ar'®* and by capture
collisions with residual gas in the EBIS. In equilibrium,
the rate equation for n;¢ becomes

16+ _

nyso;J./e =nsl(orr + opr)Je/e +o.not ], 1)
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where n,5s and n¢ are the numbers of 15+ and 16+
ions, J, is the effective electron current density, o, is the
capture cross section on the residual gas, ng is the densi-
ty of the residual gas, o is the mean velocity of the Ar'¢*
ions, e is the magnitude of the electron charge, o; is the
cross section for ionization of lithiumlike argon,'® oy is
the cross section for radiative recombination, and opr is
the cross section for DR. Only the last of these is strong-
ly energy dependent. Solving for opgr in terms of the ra-
tio nys/n6, Eq. (1) gives

O‘DR"‘O','H15/’1|5“[O‘RR+O'CI117€/J¢] . (2)

Since the second term on the right-hand side of Eq. (2)
is slowly varying with E., opr is simply given by
o;nys/nje minus a slowly varying background. In Fig. 2
we show a plot of opr deduced by subtracting a smooth
background, obtained from a polynomial fit to non-
resonant parts of the spectrum, from the experimental
oinys/n¢ and normalizing to o; calculated from Ref. 16.

We note that, while similar equilibrium equations for
other charge states would reveal couplings of, for exam-
ple, Ar'>* to Ar'**, the two-component equation (1)
remains exactly correct, relying only on the fact that
dns/dt =0. Further, the simplicity of the result of Eq.
(2) does not depend on the identification of all processes
which might deplete Ar'®*, such as electron-beam heat-
ing of the ions out of the trap. Any such process will be
nonresonant in E., and would only give rise to an addi-
tional background term in Eq. (2).

Comparison with theoretical calculations requires that
the theoretical resonance strengths be folded into the ex-
perimental resolution function for E, and summed over
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FIG. 2. Cross sections for dielectronic recombination on
heliumlike Ar derived from the data of Fig. 1. The data are
normalized to the ionization cross sections of Younger (Ref.
16). The solid line is the theoretical calculation, as discussed
in the text.

all resonances. The expression is

ODR "'Z[A,/(Z:r) Vglexpl— (E. —E;)¥/20%, (3)

where i denotes a particular DR resonance occurring at
energy E; and A; is the resonance strength (see Ref. 17).
If opg is in cm? and o in eV, 4; has units of cm2eV and
is the integral of the DR cross section over the very small
natural width of the resonance. We have taken the ex-
perimental resolution function to be Gaussian in shape.
The FWHM of this function, 2.350=61 eV, was adjust-
ed to provide the optimum fit to the KLL resonance and
was taken to be constant over the entire range in E..

We have performed explicit calculations of x-ray and
Auger rates and obtained corresponding values of E; and
A; for doubly excited Li-like argon for the following
cases; ls2pnp (n=2-8), l1s2pns (n=2-8), ls2pnd
(n=3-6), 1s2pnf (n=4,5), and ls2snp (n=2-8). The
Hartree-Fock atomic model was used in this work and
the details of the theoretical formulation are given else-
where.!” The satellite intensity factors were obtained by
using the n? scaling for n larger than listed above.

The agreement between theory and experiment for the
KLL and KLM groups appears good but discrepancies
arise for higher E,. Comparing area ratios, thus exclud-
ing any influence from our choice of o, we find that the
ratio of experiment to theory is 1.08, 1.19, and 1.68 for
the KLL, KLM, and KLN groups, respectively. On the
basis of possible errors in background, reproducibility,
and relative detector efficiency, we estimate an error bar
of 8% on the experiment, exclusive of any error in o;.
One should expect problems near the series limit, since
the number of contributing states, some of which are ex-
cluded from the theory, becomes infinite. For the KLN
group, however, the major contributing resonances are
taken into account in the theory.

We have chosen to discuss the results of the experi-
ment as if the ionization cross section o; were well
known. For an Ar'** target, only a single experimental
measurement of o; has been reported.'® This result is in
agreement with the Lotz'® formula and slightly larger
than that calculated by Younger, ' but bears a substan-
tial error bar. It is possible that some of the disagree-
ment between the present experiment and theory is due
not to an error in the DR cross sections but in the ioniza-
tion cross section used. Excitation followed by ioniza-
tion, which is well known to contribute to the ionization
of lithiumlike ions above the threshold for 1s excita-
tion,2° cannot contribute for E. below 3.08 keV, the
threshold for excitation of a ls electron in Ar*' to
n=2. The cross sections of interest here lie below this
threshold.

It is not impossible that electric fields inside the EBIS,
which could be as high as 10* V/cm, could affect the res-
onant strengths.® We suspect that this is not important
for the relatively low-lying KLN resonances, but evalua-
tion of this possibility awaits theoretical attention. We

635



VOLUME 64, NUMBER 6

PHYSICAL REVIEW LETTERS

5 FEBRUARY 1990

point out that we do not expect to have electronically ex-
cited targets since the time between electron-ion col-
lisions in the EBIS is long (typically hundreds of msec).

In conclusion, we have observed the influence of DR
directly on the equilibrium balance between heliumlike
and lithiumlike ions in an electron-beam-maintained
plasma, and have quantitatively interpreted the energy
dependence of this balance to extract cross sections for
DR. The normalization of the absolute cross section is
to that for electron ionization of lithiumlike Ar, and is
thus quite different from the normalization to the radia-
tive recombination cross section used by Knapp et al.'’
in nickel. That both experiments are in near agreement
with theoretical DR calculations for the lower-energy
resonances suggests that the theory is on solid footing for
the lower An=1 DR cross sections. The lack of agree-
ment between theory and experiment for the KLN reso-
nances remains unexplained.

We thank V. Kostroun, R. Marrs, and M. Levine for
sharing with us much of their EBIS and EBIT experi-
ence. This work was supported by Basic Energy Sci-
ences, Chemical Sciences Division, U.S. DOE.

'A. Burgess, Astrophys. J. 139, 776 (1964).

2C. Jordan, Mon. Not. Roy. Astron. Soc. 142, 499 (1969);
148, 17 (1970).

3H. Summers, Mon. Not. Roy. Astron. Soc. 169, 663
(1974).

4V. L. Jacobs, J. Davis, P. C. Kepple, and M. Blaha, Astro-
phys. J. 211, 605 (1977); 215, 106 (1977).

5J. B. A. Mitchell, C. T. Ng, J. L. Forand, D. P. Levac, R. E.
Mitchell, A. Sen, D. B. Miko, and J. Wm. McGowan, Phys.
Rev. Lett. 50, 335 (1983).

SD. S. Belic, G. H. Dunn, T. J. Morgan, D. W. Mueller, and
C. Timmer, Phys. Rev. Lett. 50, 339 (1983).

7P. F. Dittner, S. Datz, S. D. Miller, C. D. Moak, P. H. Stel-

636

son, C. Bottcher, W. B. Dress, G. D. Aston, N. Nesdkovic, and
C. M. Fou, Phys. Rev. Lett. 51, 31 (1983).

8A. Mueller, D. S. Belic, B. D. DePaola, N. Djuric, G. H.
Dunn, B. W. Mueller, and C. Timmer, Phys. Rev. Lett. 56, 127
(1986).

9P. F. Ditner, S. Datz, R. Hippler, H. F. Krause, P. D. Mill-
er, P. L. Pepmiller, C. M. Fou, Y. Hahn, and I. Nasser, Phys.
Rev. A 38, 2762 (1988).

101 H. Andersen, P. Hvelplund, H. Knudsen, and P. Kvist-
gaard, Phys. Rev. Lett. 62, 2656 (1989).

D, Brandt, Phys. Rev. A 27, 1314 (1984); J. A. Tanis,
Nucl. Instrum. Methods Phys. Res., Sect. A 262, 52 (1987),
and references cited therein.

12 P. Briand, P. Charles, J. Arianer, H. Laurent, C. Gold-
stein, J. Dubau, M. Loulergue, and F. Bely-Dubau, Phys. Rev.
Lett. 52, 617 (1984).

13D. A. Knapp, R. E. Marrs, M. A. Levine, C. L. Bennett, M.
H. Chen, J. R. Henderson, M. B. Schneider, and J. H. Scofield,
Phys. Rev. Lett. 62, 2104 (1989).

14A. Miiller (private communication).

15M. Stockli, J. Arianer, C. L. Cocke, and P. Richard, Nucl.
Instrum. Methods Phys. Res., Sect. B 40/41, 1020 (1989); M.
Stockli, C. L. Cocke, and P. Richard, in International Sympo-
sium on Electron Beam Ion Sources and Their Applications,
edited by A. Hershcovitch, AIP Conference Proceedings No.
188, Particles and Fields Series No. 38 (American Institute of
Physics, New York, 1989), p. 115.

16S. Younger, J. Quant. Spectrosc. Radiat. Transfer 26, 329
(1981).

17C. P. Bhalla and T. W. Tunnell, J. Quant. Spectrosc. Radi-
at. Transfer 32, 141 (1984).

18E. D. Donets and V. P. Ovsyannikov, Zh. Eksp. Teor. Fiz.
80, 916 (1981) [Sov. Phys. JETP 53, 466 (1981)].

19W. Lotz, Z. Phys. 206, 205 (1967); 216, 241 (1968); H.
Tawara and T. Kato, At. Data Nucl. Data Tables 36, 167
(1987).

20D, H. Crandall, R. A. Phaneuf, D. C. Gregory, A. M.
Howald, D. W. Mueller, T. J. Morgan, and G. H. Dunn, Phys.
Rev. A 34, 1757 (1986).



