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Abstract

Absolute rates and cross sections for dielectronic recombination and ionization of Na-like Fe’** (1s?2s%2p®3s) ions were
measured at electron impact energies between 0 and 1030 eV using the Heidelberg heavy ion storage ring TSR with the
cooling device as an electron target. In the region where excitation—autoionization and related resonant processes are
relevant, variations of the ionization cross sections below 0.5% were observed with an energy resolution of 4 to 5 eV
FWHM. The theoretical calculations are in good overall agreement with the measured cross sections but do not reproduce all
the details of the rich resonance structures revealed by our experiment. In the lower energy range we made use of the
magnetically expanded electron beam with a transverse temperature corresponding to only k7, = (15 + 3) meV. This
resulted in an excellent energy resolution in the measurements of dielectronic recombination associated with 3s — 3p, 3d, 4/
core excitations. Here, theory and experiment are in very good agreement.

Tonization and recombination in electron—ion collisions
are among the most fundamental atomic collision pro-
cesses. Their importance for all kinds of plasmas has
stimulated theoretical and experimental studies since the
first systematic investigations of gas discharge phenomena
a hundred years ago. The ion that has received the most
attention over the last 15 years is Fe'**. Iron is an
abundant element in the solar corona and in fusion plas-
mas. This fact together with the relatively simple structure
of sodium-like iron with only one active electron has made
Fe!*™ a testing ground for theoretical calculations of elec-
tron-impact ionization [1-4] and of electron—ion recombi-
nation [5,6].

But this ‘‘quasi-one-electron’” system is not as simple
as it may appear at first sight, because there are several,
non-negligible processes activating inner-shell electrons
during electron-impact ionization or recombination [7].
Besides direct *‘knock-on’" ionization (DI)

Fe'** (1s72s%2p°3s) + e~ — Fe'®* (1s°2s2p°) + 2~
(M
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there are contributions to the ionization cross section due
to inner-shell excitation with subsequent autoionization,
such as:

Fe®*(1s*2s°2p°3s) + e~
— FelS* (1522522p 3snl)  +e”
— Fe'®" (1s°2s%2p°) + 2e ™. 2)

This mechanism is called excitation—autoionization (EA).
And yet there is a further important indirect ionization
process. It involves dielectronic capture of a free electron
into a Rydberg state with simultaneous excitation of an
inner-shell electron and subsequent emission of two elec-
trons

Fe'S™ (1s22s72p°®3s) + ¢~
- Fe‘“(1522522p535n1n’l’)* ’
— Fel®* (1s22s%2p®) + 2¢ ™. (3)

This latter process is termed resonant-excitation-double-au-
toionization (REDA). The doubly excited intermediate state
formed in the first step of the REDA process can decay
alternatively by the emission of photons instead of elec-

0168-583X /95 /$09.50 © 1995 Elsevier Science B.V. All rights reserved

SSDI 0168-583X(95)00095-X



J. Linkemann et al. / Nucl. Instr. and Meth. in Phys. Res. B 98 (1995) 154—157

trons. The total process is then termed dielectronic recom-
bination (DR), e.g.

Fe'" " (1s°2s*2p®3s) + e~
— Fe'** (1s*2s*2p*3snin'l’) T
— Fe'*" (1s%2s?2p®3s*) + photons.

(4)
No experiments have been published so far for recombina-
tion of Fe'** ions with electrons. The only direct measure-
ments published on electron impact ionization of Fe'**
ions were carried out by Gregory et al. in 1987 at Oak
Ridge [8]. They used an ECR ion source and well estab-
lished crossed-beams techniques. Intensity problems did
not allow them to get sufficient statistics for a visualization
of cross section details as predicted by theory [4].

We have used the Heidelberg storage ring TSR to
measure electron-impact ionization and recombination of
Fe'** ions. The cooling device served as an electron target
in a merged-beams geometry. By variation of the cathode
voltage the electron—ion impact energy was set with high
resolution between 0 and 1030 eV (center-of-mass frame).
This range covers n=2—-3,2—->4,3/ >3/, and 3 > 4
transitions of electrons in the ion core. With a combination
of two ion detectors on both sides of the circulating stored
ion beam it has become possible for the first time to
observe both the ionization and the recombination chan-
nels simultaneously for a given ion species. We recorded
both the number of ionized Fe'®* ions and the number of
recombined Fe'*™ ions while the energy of the cooler
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electron beam was scanned in small steps with intermittent
phases of injection of new ions and subsequent cooling.
Absolute cross sections o and rates a= {vo) were
determined where o is the product of the relative elec-
tron—ion velocity and the cross section, convoluted with
the experimental distribution f(v) of relative velocities.
The distribution f(1) is characterized by electron beam
temperatures 7', and 7, perpendicular and parallel to the
beam direction (see e.g. Kef. [9]).

In the experiments the voltage of the cathode was
switched between a fixed reference energy and continu-
ously increasing energies in up to 1250 steps, each step
taking ~ 20 ms. The ionization detector registered a high
background of about 300 kHz arising from Fe'®* jons
produced by electron stripping in the residual gas, while
the true ionization signal was less than 40 kHz. With these
counting rates it took us about 13 h of pure data recording
time to obtain statistical uncertainties as low as 0.5% in the
interesting energy range of the ionization cross section.
The recombination channel was relatively clean (4 kHz
background, ~ 3 kHz signal) and it was straight-forward
to observe the different series of DR resonances present in
the investigated energy range.

In the center-of-mass energy range £ = 240-1030 eV
the experimental energy spread amounts to AE =0.17
VE(eV) eV (corresponding to T, = 2.5 meV as deter-
mined by fitting the narrowest peaks) which is sufficient to
see fine details in the ionization cross section. Uncertain-
ties in the absolute energy calibration are less than 5 eV in
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Fig. 1. Present experimental (solid line) and theoretical (dotted line) data for DR of Fe!S* in the energy range 240 to 1000 eV. The
resonances in this range are associated with clectron excitations 2p — 3p, 2p — 3d. The theory curve has been convoluted with the

experimental energy distribution function.
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this same energy range. Systematic uncertainties of the
ionization cross sections o as well as the recombination
rates a = {(vo ) amount to +20%.

As an example Fig. 1 shows the present experimental
(solid line) and theoretical (dotted line) data for DR of
Fe'** in the energy range from E = 240 to 1000 eV. The
present calculations are based on the independent-processes
— and - isolated-resonance appoximation using semirela-
tivistic distorted waves as described in Ref, {10]. The
resonances seen in Fig. 1 are associated with electron
excitation 2p — 3p, 2p — 3d and 2/ — 4/'. The theoretical
prediction — convoluted with the experimental velocity
distribution function — overestimates the DR rate by
roughly a factor of 2. In that same energy range the
ionization cross section rises from its threshold at 489 eV
to a flat maximum determined by the direct process.
Above 710 eV the EA mechanism has its onset and the
cross section rises by about a factor 5 within a narrow
energy span of little more than 100 eV. At the high end of

(a)

) SO SIS G I S S Ly )y

(x107%)
(o)
o

Fe!** recombination

——
850 900 950
Energy (eV)

1 MY ) 2 i n |

(x10™°) Recombination rate (em?®Y)

Fe'™* ionization

IB5IO'_r ' ‘960l T '95|0‘ C I10100
Energy (eV)

lonization cross section (cm?)

Fig. 2. (a) Present experimental and theoretical data (dotted line)
for DR of Fe'>* in the range of e+2s, 2p — 4/nl' transitions
(n=45,...,%), convoluted with the experimental energy distribu-
tion function. (b} Experimental ionization data of Fe'** in com-
parison with the present theoretical prediction (dotted line) and a
calculation by Chen et al. [4] (dashed line). Theoretical data are
convoluted with the experimental energy distribution function.
Note the suppression of zero on the cross section axis.
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Fig. 3. (a) Measurements of 3/ > 37 (An=0) DR of Fe'** with
the former electron-beam setup. The theoretical calculation is
convoluted with a velocity distribution given by kT, =(110+ 10)
meV and k7 = (0.6 £0.1) meV. (b) High-precision measurements
with an expanded electron-beam of An=0 DR of Fe!**. The
theoretical calculation (dotted line) is convoluted with a velocity
distribution given by kT, =(15+3) meV and &7, =(0.15+0.05)
meV.

the investigated energy range some correspondence of
features in the ionization cross section with peaks in the
DR rates can be found (see Fig. 2). At identical energies
resonances are found in the ionization as well as in the
recombination channel. This is a consequence of their
common origin from intermediate excited states populated
by dielectronic capture. These states decay by photon or
electron emission and thus finally contribute either to DR
or to REDA. Fig. 2 shows the experimental data in the
energy range 820 to 1030 eV together with the present
theoretical calculations (dotted lines) for recombination (a)
and ionization (b). In Fig. 2b the calculation carried out
previously by Chen et al. [4] is also indicated (dashed
curve). Again, as in Fig. 1, the calculated DR rates are
roughly a factor 2 higher than the experimental data. For
ionization the theoretical results are in remarkable agree-
ment with the overall size of the experimental cross sec-
tion (note the suppression of zero on the cross section
axis), however in the fine details of the ionization spec-



J. Linkemann et al. / Nucl. Instr. and Meth. in Phys. Res. B 98 (1995) 154-157 157

tha thanriac dicnoras amnang aach athar and with tha
Llulll LIV LIvuULIVD ulbasl\;b ﬂ.lllUlls vauvill ULl gliu ywiill uiv
experiment.

At low center-of-mass energies it was possible to cool
the ion beam intermittently after every single energy step.
At the same time we made use of the technique of
adiabatic transverse expansion {11] of the eleciron beam.
Starting with a perpendicular electron beam temperature of
kT | =0.11 eV at the cathode (where & is Boltzmann’s
constant) we lowered the magnetic guiding field B by a
factor of 7.4 along the beam axis. Thus, the temperature of
the expanded beam could be reduced to (15 + 3) meV /k.
The new arrangement yielded also a lower temperature of
kT =1(.15 4+ 0.05 meV instead of 0.6 + 0.1 meV. This
resulted in an excellent resolution, particularly for the
measurements of outer-shell DR (3s — 3p, 3d, 41) in the
energy range up to 40 eV. Absolute uncertainties in the
peak energies are less than 1 eV at 40 eV and less than 0.5
eV at 10 eV.

Figs. 3a and 3b present a comparison of our measure-
ments using the two arrangements without (a) and with (b)
adiabatic expansion of the electron beam. The series of
resonances e + 3s —» 3p1/2nl and ¢+ 38> 3p; ,nl are
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respectively. Within the energy range represented in Fig. 3
there are clear signatures of 3s — 3d7/ resonances, dis-
tributed between 14.3 and 21.7 eV (with the largest peaks
from 21.2 to 21.7 eV). Resonances arising from 3d8/
intermediate configurations appear between 31.5 and 36.0
eV. Some contributions corresponding to transitions e + 3s
— 414/ are also present. Fig. 3b includes our theoretical
result (dotted line). Apart from discrepancies at the series
limits theory and experiment are in excellent agreement.
For the present comparison field-ionization effects have
been taken into account. The motional electric fields in the
dinole magnets of the ring define a maximum bprincinal
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