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Absolute cross sections for dielectronic recombination and electron- uupad ionization of Li-like Cl and 0111 ions

have been measured with high energy resolution at the Heidelberg heavy ion storage ring TSR, using the electron cooler as a
free electron target. Recombination and ionization rates were recorded simultaneously for the whole energy range from 0 up
to the second ionization threshold. We discuss excitation-autoionization steps, dielectronic ionization and dielectronic
recombination resonances associated with 1s — 2/ and 1s — 3/ excitations. The results agree well with theory, but the
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1. Introduction

Electron-impact ionization and recombination are im-
portant collision processes in hot plasmas. In merged
beams experiments, dielectronic recombination (DR) has
been studied in great detail [1], and heavy ion storage rings

vad ta h 1
proved to be well suited for the investigation of highly

charged ions. In contrast, the direct observation of elec-
tron-impact ionization was so far limited to ions in lower
charge states [2]. It was shown, however, that indirect
processes can make significant contributions to the ioniza-
tion cross section. The most important indirect processes
are excitation-autoionization (EA), an excitation of an
inner shell electron followed by Auger emission (leading
to distinct steps in the cross section), and dielectronic
ionization, a resonant capture of the projectile exciting an
lllllCl bhcll Clcuuuu (UICIUL’UUIIIM \/d}llulb), fUllGWed by
Auger emission of two electrons (giving rise to peaks in
the ionization cross section). To study indirect ionization
processes, Li-like ions provide an ideal model system. The
electronic structure is complex enough to supply a variety

of indirect nrocesses. vet simnle enouch to allow detailed
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theoretical calculations and to identify individual ioniza-
tion mechanisms in the experimental data.

e r'espord ng author. Tel. +49 6221 516 347, fax +49
6221 516 540, E-mail: kenntner@mickey.mpi-hd.mpg.de.

We have measured and calculated the electron-impact

ionization cross section un to the second ionization thresh-

old for Li-like Si''* and CI'**, together with inner shell
DR resonances connected to configurations 1s2s2/nl’ and
1s2s3inl’. At lower center of mass energies, we also
investigated outer shell DR resonances 1s22pnl/ and

1c2qlu1/ but thev will not he nresented in this naner
1s“3Inl’, but they will not be presented in this paper.

Earlier DR measurements and calculations in the lithium
isoelectronic sequence have been performed for several
charge states up to Z =79 [3,4], but the experiments with
highly charged ions were limited to outer shell DR reso-

nanrac Hlantran_imnant innizatinn an tha nthar hand hac
nances. LieCiron-impact 10nizaion, on e Sialr nang, nas

been experimentally studied only for ions up to Z =9 [5],
showing good agreement with theoretical calculations [6].
Recent calculations of indirect ionization processes for
L1 like ions with Z = 18-54 showed the pemstence of

A 43
indirect ionization processes up w ve

ions [7,8].
We use the intense ion beams in the heavy ion storage
ring TSR [9] together with the electron cooler [10] as a free

electron target to study indirect ionization processes, con-
tinuine earlier experiments on DR [3.11] Rv simultane-

UnmuImg cariier CxXpernments on K (5,115 By simuilan

ously measuring the ionization and recombmatlon Cross
sections we obtain a direct measurement of the branching
ratio for double autoionization and radiative stabilization
of doubly excited states populated by dielectronic capture.

The calculations were done in the independent-processes

and isolated-resonance approximation using semirelativis-
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tic distorted waves, following the approach for few-elec-
tron highly charged ions described in Ref. [8). Direct
ionization, EA and dielectronic ionization contributions
were calculated separately and added before the cross
section was folded with the resolution function.

2. Experiment

Beams of 115 MeV CI'** and of 115 MeV Si'** jons
were stored in the TSR at ion currents of about 200 pA
(= 10® ions) and mean lifetimes of ~ 2 min (average
vacuum 7 X 107! mbar, ~ 90% H,). The electron beam
with a density of 1—5X 107 cm™> was guided by a
longitudinal magnetic field of 58(40) mT for C1'** (Si''*)
and overlapped the ion beam over a length of 1.5 m (2.7%
of the ring circumference of 55.4 m).

Ions having undergone a charge changing reaction were
separated from the circulating beam in the first dipole
magnet downstream of the electron cooler. Recombined
ions were detected with a microchannel plate detector
(MCP) for C1'** and a CsI(pure) scintillation crystal [12]
for Si''*. Ionized ions were detected by a channel electron
multiplier (CEM) with a converter plate [13]. The MCP
could be used for count rates up to 200 kHz without
efficiency reduction, while the CEM and the scintillation
detector were capable of counting up to 500 kHz and 2

MHz, respectively. All detectors had a measured detection
efficiency of > 95%.

The cross section measurement was performed by
changing the electron energy and recording the recombina-
tion and ionization countrates as a function of energy. The
experimental setup, measuring technique and data analysis
have been described in detail elsewhere [3]. The accelera-
tion voltage of the electron cooler was set by a precision
power supply and could be modulated in addition by a fast
high-voltage amplifier with a maximum amplitude of 1.8
kV. This voltage range was scanned within one beam
lifetime with up to 1600 energy steps, switching between a
fixed reference energy and the variable scanning energy
every 25 ms. The reference point was set in a region
without step or peak features in the cross sections, and the
countrates recorded there were used to subtract the back-
ground due to charge changing collisions of the ions with
residual gas molecules. The recorded data allow to deter-
mine correctly normalized differences of cross sections at
the given scanning energies with respect to the reference
point. The direct electron impact ionization cross section,
which is nonzero at the reference point of the indirect
ionization scans, was determined in three overlapping scans
at subsequently higher energies, with the reference point of
the lowest scan below the ionization threshold.

For 10® stored ions, electron capture from residual gas
molecules led to recombination count rates of 180 kHz for
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Fig. 1. Measured and calculated cross section for recombination (upper) and ionization (lower) of Li-like Si'! * jons in the energy range of
1s2snlrn'l' intermediate states. The theoretical cross section (solid line) only includes contributions with #n <3 and # < 66. It was
convoluted with the experimental energy resolution. The direct ionization calculation has been reduced by 24% to match the measured cross

section below 1820 eV.

3.1. COLLISIONS WITH ELECTRONS
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CI1'** and 80 kHz for Si''". while the DR sicnal at. e

kHz for Si''*, while the DR signal at, e.g.,

the 1s2s2/3/ resonance, led only to a count rate of ~ 1
kHz for both ions. In the ionization channel, the back-
ground countrates due to electron loss in collisions with
residual gas molecules were 80 kHz for CI'** and 300

LI, far Qill+
A1 LU D1

direct electron-impact ionization was ~ 10% of the back-
ground rate, whereas EA steps or dielectronic ionization
resonances contributed only < 1% to the total countrate.
This signal-to-noise ratio, which is much lower than in
previous DR experiments, makes long measurement times
at high count rates necessary, and puts high demands on
the control of experimental parameters during the beam
time. The experimental linewidth is mostly due to the ion
energy spread, which was monitored during the measure-
ment using the Schottky noise signal of the circulating ion
beam. At the high c.m. energies investigated, the ion beam
could not be electron cooled during the measurement;
therefore its relative energy spread increased up to ~ 3 X
1073 due to Coulomb collisions (intra-beam-scattering).
This results in a linewidth of 7 eV (FWHM) at E_, =2
keVand 9eV at E_ =3 keV. The systematical €ITOIS are
estimated to be 0. \'}5 eV X Vc \CV) for the er
and 20% for the absolute cross section scale.

Tha wminswimisi;me ~osie 4 wmotn wacesliies
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niergy scale

Dielectronic recombination resonances of Sil'* result-

ing from the excitation of a 1s electron to =2 or 3 are
presented in Fig. 1 (upper panel). The theoretical cross
section was folded with the resolution function as dis-
cussed above, the linewidth scaling o \/:n‘ Two Ryd-
berg series of DR resonances can be identified, the
1s2s2Inl’ series below 1850 eV, and the 1s2s3/nl’ series at
higher energies. The double peak structure of the 1s2s2inl’
series is due to the energy splitting between 1s2s2pnl and
1s2s?nl, the smaller peaks lower in energy beeing related

cand coanfionratinn The KT Y (1 §2s2 121'\ neak of

to the second configuration. The XKLL {15252/
this Rydberg series at ., = 1370 eV was also measured.
The agreement with the calculations, shown by the solid
line, is good. Due to the very low cross section of <5 X
10~% cm?, the statistical error of the 1s2s3/nl’ resonances
is high, but there is good agreement with the calculations.

The ionization channel is shown in the lower part of
Fig. 1. The 1s2s2/ EA steps above 1820 eV coincide with
the 1s2s2inl’ series limits in the recombination channel.
Higher in energy there is a Rydberg series due to the
intermediate states 1s2s3/nl’, autoionizing two times and
thus leading to net ionization. When these states are sta-
bilised radiatively, they lead to the DR resonances at the
same energy in the recombinafion channel. By a direct
comparison of the cross sections one derives a branching
ratio of ~ 5% for 1s2s3/3/' DR versus ionization.

To get agreement with the measured direct ionization
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Fig. 2. Measured and calculated cross section for ionization of
Li-like CI'** ions in the energy range of 1s2snn’l’ intermediate
states. The theoretical cross section includes states with » <3 and
n <87. A direct ionization cross section of 1.69%x1072° c¢m?
was used at the reference energy E. | = 2616 eV.

cross section, which was recorded from well below the

threshold at 523 eV, the calculated value of the direct
ionization cross section (obtained in the configuration-
average approximation and using semirelativistic
distorted-wave functions [8]) had to be reduced by 24%.
This discrepancy is larger than our estimated sytematical
error of 20%. The good agreement for the DR cross
section suggests that errors in the ion current and electron
density normalization are small, and the good agreement
seen for the EA steps and ionization resonances indicates
that the discrepancy should not be due io a reduced
efficiency of the ionization detector.

The energy region of the 1s2snin’l’ resonances for
CI'** ionization is shown in Fig. 2. The similarity with the
Sil'* data is obvious, the agreement with the calculation
for EA and dielectronic ionization is again good. The cross
section was measured relative to a reference point at
E_ =2616 eV with significant contributions from direct
electron impact ionization. The value of the cross section
at the reference energy was determined to be o (2616
eV) = 1.69(8) X 10™%° cm?, which is ~20% lower than
the calculated cross section, indicating an overestimation

of the direct ionization cross section hu theorv which is in
Of ¢ QIirect 10n1zZalion Cross seClior Ty 1Ch 1S IT

the same range as for Si''*. While the 1s2s3inl’ series of
DR resonances could not be resolved from the statistical
uncertainties in the CI'** recombination data, the DR
cross section of the 1s2s2inl’ series, in the energy range
below the EA st eps, is in good agreement with the calcula-
tion.

There are some common features in the comparison of
experimental and theoretical indirect ionization data for
Si"'* and CI™*. For the 1s2s3inl’ Rydberg series of

Vodomatn cncncnm o tha apranmannt 2o tha Arcco cantinno

UlClellUlllb TCOULIALILGY, tuc AZLUCLITIIL 1 UG LIUSD DC\'I.IUUB
is very good for 1s2s3/3/, but the measured ionization
cross section decreases more rapidly for higher n than
calculated. For n > 6, the experimental dielectronic ioniza-
tion cross section can not be distinguished from the statisti-
Anl Flmtntinee whasnoo 4 chanld ha cignificnntly highase
Ldi Liuviualivuin wiivicad 1L sivuiu ue Dlslllllwllly gl

according to the calculations. The excess in experimental
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rate above the 152s3/nl’ series limit is due to 1s2s3/ and
higher EA steps as well as 1s2s4/n!’ and higher dielec-
tronic ionization resonances, which were not included in
the calculations.
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