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Abstract

Collisions of electrons with ions govern the dynamics and the radiative properties of plasmas whether they are of nature
or laboratory origin. Knowledge about collision rate coefficients is essential for the modeling and understanding of any kind
of plasma. During recent years heavy ion storage rings have proven to be outstanding tools for detailed measurements of crc
sections and rates for electron impact ionization and recombination of ions in any given charge state ranging oo H
U®?*. Thus, storage ring experiments with colliding electron and ion beams provide unique new access to atomic data, whic
are needed for plasma applications. As an example, rate coefficients for ionization and recombinati&h” abrie are
determined and compared with previously recommended data. (Int J Mass Spectrom 192 (1999) 9-22) © 1999 Elsevie
Science B.V.
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1. Introduction plasma, whether of astrophysical origin or man made,
relies on information about cross sections and rate
Charge-changing electron—ion collisions, i.e. ion- coefficients for electron—ion interactions.
ization and recombination, involve fundamental Colliding beams of electrons and ions [1] have
atomic interactions. Studying details of these pro- been used for almost 40 years for studies of electron—
cesses enhances our understanding of the quantumion collision processes. By far the most of the avail-
physical basis of nature and provides knowledge able data—preferably on ionization—were obtained
about the structure and the dynamics of atomic with small-scale equipment, i.e. with an ion source on
particles. Besides their intrinsic relevance, however, an electrostatic potential of typically several kilovolts,
electron—ion collisions are also most important in providing beams of slow ions, and with an (intersect-
plasma applications. They determine the charge-stateing) electron beam of electron volt to kiloelectron volt
balance of atoms in ionized gas and, hence, also theenergies in combination with the necessary equipment
spectrum of electromagnetic radiation emitted by that to characterize the beams and their overlap and to
gas. Understanding and diagnosing the state of aaccomplish signal recovery. To date, information on
electron-impact excitation of ions is almost exclu-
sively based on such experiments.
* Corresponding author. E-mail: Alfred.Mueller@strz.uni- By the combination of the well known merged
giessen.de beams approach with ion accelerator technology a
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new era of electron—ion collision studies began little knowledge. For the isonuclear sequence of iron ions,
over a decade ago [2]. Nine heavy ion storage rings for example, a complete set of rate coefficients for
equipped with electron cooling devices have become electron-impact ionization and recombination has
available world wide [3]. The majority of these been constructed not too long ago by Arnaud and
devices are concentrated in Europe. They provide new Raymond [5] from mostly theoretical calculations of
unique possibilities to study electron—ion collisions cross sections and atomic structures of these ions
with high precision in a wide parameter range. By including experimental results where available. Their
merging bright, cooled ion beams with very cold tables are viewed as a prime source of information for
intense and well characterized electron beams of the plasma modelers.

cooling device, energies in the electron—ion center-of-  The difficulty of establishing a consistent set of
mass frame from O to several kiloelectron volts are rate coefficients based on theoretical calculations
presently accessible. Energy spreads as low as ap-alone can be demonstrated by comparing results
proximately 10 meV have been experimentally veri- presently available for dielectronic recombination
fied at low energies. Intense ion beams (up to 1 mA of (DR) of a relatively simple-structured ion: lithiumlike
completely stripped uranium) can presently be made Fe?3* . |ron as an element and the Li-like system in
available, depending on the choice of accelerator particular is extremely important for plasma applica-

facility. Four of the rings (TSR in Heidelberg, ESRin  tions as well as for the basic understanding of elec-
Darmstadt, ASTRID in Aarhus, and CRYRING in  tronic collision phenomena. Because of this impor-

Stockholm) have devoted most of their beam time t0 tance numerous calculations of recombination rates
atomic physics. They provide complementing 0ppor- have been carried out for DR involving the lowest

tunities for experiments. The author and his collabo- ¢ore excited p and ¥ states of F&*.

rators have taken advantage of these opportunities at

several different storage rings to study charge-chang- € + F&#>"(1s°2s) — Fe*** (1s’ntn’¢")

ing electron—ion collisions covering ionization and
recombination of many ions in the whole range be-
tween Li* and U°* [4]. 1)

In spite of the numerous experimental facilites— Wheren = 2, 3,n" = n are the principal quantum
small scale or accelerator based—that have been sefiumbers and’, £’ the angular momentum quantum
up by now for electron—ion collision studies and in numbers of the intermediate excited sublevels popu-
spite of the steadily improving technology, experi- lated by the two electrons which are active in the DR
ment will never be able to provide all the data that are process. Results of different assessments of the rate
needed in modeling a plasma like the solar corona. coefficient for the process described by Eq. (1) are
Only theory and empirical scaling can provide the Ppresented in Fig. 1. There is clearly a qualitative
huge amount of atomic collision and structure data agreement of all the different approaches in that they
entering a realistic plasma modeling code. In fact, predict a broad rate maximum around®1 and a
experiments studying electron—ion collisions in the shoulder on that rate at abouts 10° K, where the
laboratory have even not become possible until the An # 0 transitions become important. Rate coeffi-
early 1960’s while theory on electron collision phe- cients for the temperature range relevant to the solar
nomena (which—for neutral atoms—is not all that corona (afT ~ 1-2 X 10° K) are within an uncer
much different from the theory for ions) had already tainty bandwidth of a factor of more than 3 between
been developed for decades. Because of the limita-the minimum and maximum predictions. At lower
tions on the experimental side and the pressing datatemperatures different calculations can differ from
needs of astrophysics and plasma fusion research iteach other by any factor depending on the temperature
was necessary to construct data bases for plasmaof interest. Highly charged ions in such low temper-
rate coefficients by using predominantly theoretical ature plasmask(T in the low electron volt range) may

Fe2 (1s’nen’€') — Fe*?"(1s°2s?) + hv, + hv,
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Fig. 1. Calculated plasma rate coefficients for dielectronic recom-
bination of F&** (1s22s) ions: short dotted [6], dashed [7], dotted
[8], dash-dotted [9], solid with diamonds [10], solid [5], short-
dashed [11], short-dotted with down triangles [12], squares [13],
circles [14], up triangles [15], short-dash-dotted [16], dot-dot-
dashed [17]. Atomic structure data entering prescribed rate formu-
las were taken from the Oak Ridge “Redbook” [18], the rate
coefficient referenced to Griffin and Pindzola [7] was calculated
from their binned cross section data by Maxwellian convolution.

exist, for example in interstellar gas clouds when the
plasma is driven by electromagnetic radiation from

hot sources such as x-ray pulsars and x-ray binaries.
For diagnosing such plasmas calculated rates for DR
like those displayed in Fig. 1 are not of much help. It

is most obvious that experiments are needed to test
theoretical approaches and their predictive capabili-

ties. And for particularly important cases, such as the e + A9t — [A@~ D+ ]**

iron sequence, experiments have to be performed to
provide a reliable source of ionization and recombi-
nation cross section and rate data. Such experiments
are now possible with highly charged ions at storage
rings. As an example, rate coefficients for ionization
and dielectronic recombination of ¥é ions are
presented in this article.

2. The processes

The electron collision processes of general interest
in this article involve multiply or highly charged

[AG@ D S TAG"D] 4 by, + ho,

11

atomic ionsA9" of a wide range of elements A. Two
major categories of collisions are distinguished:
(photo)recombination

e+ A —. .. A DT 4+ photon(s) 2)
and net single ionization
e+ A —. . .5 AT 4 2e (3)

Both observation channels are characterized by the
presence of direct and indirect mechanisms. The
indirect reactions proceed via intermediate excited
states indicated by the dots in Egs. (2) and (3).
Connections between ionization and recombination
can be established by the observation of resonant
intermediate excited states that decay to one or the
other of these two observation channels.

Mechanisms of recombination, i.e. net production
of AW~ jons from A% jons, are as follows.

(1) Radiative recombination (RR)

e+ A% - AQDT 4Ky

(4)

where the excess energy released by the binding
of an initially unbound electron is carried away by
a photon in a direct process. After radiative
recombination the captured electron can be in a
highly excited state and hence, further radiation
will be emitted until the electron is in its ground
level.
(2) Dielectronic recombination (DR) where, in a
first step,

®)

the excess energy released by the capture of the
electron is absorbed within the ion by the excita-
tion of a core electron; and where, in a second
step, the intermediate multiply excited state de-
cays by the emission of two or more photons

(6)

The first step of the DR process, the dielectronic
capture [DC, Eq. (5)], can only occur if the
kinetic energy E of the projectile electron
matches the differencg,. = E; — E; of total
binding energies of all electrons in the initial and
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final states of the ion. Its cross section can be  (2) Excitation-autoionization (EA)
described as

e+ AT S [AT] + e (10)
— —31 2
opc(E) = 7.88X 10 * cm® eV s (AT > AT | g 1)
1 A(f—DI . ) . I .
E Zg—f E _aé i? 22 (7 involving direct excitation of an inner-shell elec-
gi ( red tron to a bound configuration of th&"* jon and
whereg; andg; denote the statistical weights of subsequent autoionization of the intermediate
the statdf) formed by dc and of the initial state multiply excited JA97]** ion.
i), respectivelyA,(f — i) is the autoionization (3) Resonant-excitation-double autoionization
rate of |f) for a transition to|i) andT the total (REDA)
width of |[f). For the calculation of the cross e+ AT > [AG-D+]rx (12)

section for DRop has to be multiplied by the
fluorescence yield of the intermediate stte [AG- D+ 5 A@FDF 4 Dg (13)

(3) Three-body (or ternary) recombination (TR) ) . . _ .
involving a radiationless (dielectronic) capture of

et+e+ A" - A DY e (8) the incident electron by th&?" ion and sub-
sequent sequential emission of two electrons.

where one of the two electrons can carry away the REDA proceeds via intermediate compound

excess energy released by the recombination. TR gia40 of the projectile electron and the parent ion

becomes important at high electron densities and and thus is closely related to the DR process [in

low energies, i.e. in a regime that is outside the fact, Egs. (5) and (12) are identical].

scope of the present study. Multiple ionization can also proceed via direct and

Although not experimentally distinguished, the jngirect channels similar to the ones listed above for

different recombination mechanisms lead to very gingle jonization. In particular, inner-shell ionization
characteristic energy dependences in the measuredyith subsequent electron emission often contributes
cross sections and rates. DR produces narrow reso-conpsiderably to net multiple ionization of ions. For all
nances and can thus easily be identified in a measuredresonant processes the cross section can be calculated
recombination spectrum. The RR rate coefficient has by multiplying o5 [Eq. (7)] with the branching ratio
its maximum att = E.,, = 0 eV and drops off as a  for the particular decay path starting from the inter-
smooth function of energy. Only in specific cases mediate statéf).
where RR and DR have identical initial and final
states the two recombination mechanisms cannot be
isolated. In that case interference effects may be
observed.

Similarly, different ionization mechanisms leading With their high energy resolution and, compared to

; +1)+ q+ ; . . -
to net production of A"D* from A ions produce  pench-top measurements, high luminosity, storage
distinct features in the total cross section allowing the ring merged-beam experiments are particularly well

experimentalist to quantify individual contributions  g\ited for detailed studies of electron—ion collisions.
[19]. The most important single-ionization processes Among the available facilities, the heavy ion storage

3. Experimental issues

are as f9||0W§- o ring TSR of the Max-Planck Institute for Nuclear
(1) Direct ionization (DI) Physics in Heidelberg offers a number of advantages
e+ AT 5 AGTDH | 9 9) with respect to accessibility and beam intensity of

ions with not too high charge states. Most of the
proceeding in a single “knock-on” event. plasma-relevant measurements carried out so far at
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Fig. 2. Schematic of the cooler section of a storage ring (in this case the Heidelberg test storage ring TSR). The ion beam circulating in th
ring is merged with the electron beam (shaded) of the electron cooler. Products of charge-changing collisions, i.eAfbhtzedand
recombinedA®@~1* jons are separated from the beam of circulathg ions by the dipole magnet behind the cooler and detected on the
“inside” and “outside” of the ring, respectively.

storage rings have employed the TSR and this is also B ReprZViqe
true for the examples presented in this article. @(Bre) = 7

For the measurement of rates and cross sections
ions of the desired species are injected into the ring
from an accelerator. High beam currents up to the usually close to 1l; is the measured electrical current
milliamp range can be accumulated depending on the of the circulating ion beamy; the ion velocity (in the
ion species. The ions are cooled by the interaction laboratory frame)qge the ion chargele the interae
with the electron beam of the cooling device (see Fig. tion length of the two beams, the electron density,

2). So far, this beam has to serve both for the cooling @hdy = ¥(v;) the relativistic Lorentz factor for the
of ion beams and as an electron target for collision ion beam in the laboratory frame. The ratedasi-
experiments. By the implementation of an electron cally depend on the velocity spread within the elec-
target in addition to the cooler, future experiments tron beam and the collision cross section

will profit from easier beam handling, still better

energy resolution and a wider range of accessible a(v,q) = (oV,e) =j a(VIVE(V,q, V) d3v (15)
electron—ion center-of-mass energies.

When the ion beam is sufficiently cold the energy For the particular case of merged electron and ion
of the electron beam is detuned from “cooling” and beams in storage cooler rings, two velocity coordi-
accordingly, the relative energy between the ion and nates are commonly used to describe the electron-
electron beams is increased from zero. In the colli- velocity distribution in the rest frame of the ions:
sions with electrons of the cooler, stored ions change v}, the velocity component in electron-beam direction,
their original charge state and, by that, drop out of the and v, the velocity component perpendicular to
ring and can be detected without disturbing the the electron-beam direction. The energy (or velocity)
CirCUIating ion beam. Suitable partiCle detectors are Spreads are therefore characterized by two corre-
mounted both at the outer and the inner side of the sponding temperature§; for the longitudinal and
ring, typically behind the first beam-bending magnet T for the transverse direction. In the accelerated
downbeam from the electron cooling device (see Fig. electron beam, these temperatures are quite different

2) such as to facilitate collection of recombined and \yith T, << T, so thatf(v) is highly anisotropic. Its
ionized product ions, respectively. Counting rates athematical form is given by

Rexp are recorded as a function of the electron energy
which is rapidly scanned over a certain range usually ¢ omg
in small steps with intermittend beam cooling after (Vren V) =
each voltage step. )
Normalized collision rates are determined from _ MgV ~ Vre)
X exp K (16)
the relation 2kT,

[i€erNee (14)

Detection efficiencies of the particle detectors are

oup - T) [
2akT, OP\ 7 24T, ) \27kT,
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wherem, denotes the electron rest mass. The quantity
V¢ iN this formula is the average longitudinal electron
velocity in the rest frame of the ion

|Ve,|\ - Vi,\||

1+ (ViyVelc?)’ (17)

Viel =
wherec is the vacuum speed of light, and whexg,
andv; , are the longitudinal velocity components of
the electron and ion beams in the laboratory frame,
respectively. They are determined from

Ve = ¢\1 - [1+ (E/me)] 2 (18)
and
Viy = cy1—[1+ (E/mcdH] 2 (19)

The ion rest mass is representedriy The energies
E. andE; are determined by electron and ion accel-
eration voltages, respectively. The relative velocity
Ve, @S defined by Eq. (17), is principally different
from the velocityv,, in the electron—ion center-of-
mass frame. Assuming negligible transverse velocity

components in the ion beam the center-of-mass ve-

locity can be represented by

33
(Vrel * VH)Z + VZL

y (20)

Vem =

wherey andv, are distributed according to Eg. (16)
at given temperature§, and T,. The difference
betweenv,,,, andv,, is relevant only for low energies,
whereE = E,, comes close t&T, andkT,. There
the perpendicular velocity components (being of
the magnitude okT,/m, ~ 10° m/s) can make a
significant contribution to the size of,,,. Since only
E,. is directly accessible to a measurement, experi-
mental data are usually displayed as a function of the
relative energy

Erel = (Yrel - l) meC2 (21)
with
Yrel = [1- (Vrel/c)2]71/2 (22)

The statistical occurrence of velocity componewits
andv, in Eg. (20) results in an energy spread and
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hence, determines the energy resolutiorof the
measurement

r = Erel _ Erel
AE (KT, In 2)2 + 16E,,KkT, In 2

(23)

With electron beams adiabatically expanded in a
decreasing magnetic field temperatui€g, in the
vicinity of 1 meV are accessible. Careful acceleration
of the electron beam results in longitudinal tempera-
tures that can be as low as roughly 0.1 meV. Thus the
energy resolution in a storage ring experiment at
E,o; = 1000 eV can be as high as= 1000.

When E,, > kT,, kT, the velocity v, ap-
proaches/,,, and hence Eq. (15) can be rewritten as

a(vrel)mvreIJ\ O'(V) f(vrelv V) d3\/ = Vrelo'app (24)

The apparent cross section,,, results from the
convolution of the real cross sectiom with the
experimental velocity (or energy) distribution. This
guantity makes physical sense when the width of the
distribution function is much smaller tham,, (or Eg,
respectively). In this case, apparent cross sections

O-app: a(vrel)/vrel (25)

are used instead of rate coefficients

Particularly in recombination experiments, the
measured rates and cross sections are modified by
field ionization of Rydberg states in the beam-bending
magnets. For applications in plasma physics, this
truncation of the Rydberg state distribution has to be
considered. Statistical uncertainties of the measured
data can in most cases be reduced to insignificance,
total systematic uncertainties are typically of the order
of =20%.

The formalism described by Egs. (15) and (16) is a
generalization of what is needed to determine plasma
rate coefficientsa(T) from the measurements per-
formed at storage rings

_ 8
a(T) = (k) 3’2\/; f

(o}

=]

E
o(E)E exp(— kT) dE
(26)
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Different from the situation in merged beams exper- — —T T .
iments the plasma temperatufeis assumed to be
isotropic. The parameten is the reduced mass of the ~ _ sof
electron—ion collision system and as such is very close ”g
to me.

In the storage ring measurements the ensembles of
colliding particles, the electrons and ions, have a well
defined average relative velocity,. As a conse
guence, high resolution is obtained in the whole range
of accessible energies and hence, cross sections can I

1 1 - o 1 1 1 Il 1 "
be mea.sured in great detail. In contr.ast to that, e e 7050 1100
convolution of the measured data following Eg. (26)
leads to broad smooth dependences of plasma rate ) ) o )

ff- . t T h t f th d t | . th Flg. 3. Cross sections for electron-lmpact jonization ofFdons.

coefricien S_a( ), where most o € detalls In the The experimental data [22] are indicated by solid circles. The solid
cross sections are washed out. Nevertheless, theand dotted lines are the results of extensive theoretical calculations
details of the cross sections at low energies have a[22,23]. Direct ionization was estimated using the semi-empirical
strong influence on the size of plasma rate coefficients ©omula introduced by Lotz [24].

at low temperatures.

Y

* EAand REDA

-20

20 | Linkemann et al.

v
Chenetal.

£
---- direct ionization (Lotz) -

Cross section (10

Electron energy (eV)

different excitation stages in the parent ion beam. An

additional complication had to be faced in previous

4. Results for F€>* ions ionization experiments with Na-like ions. The parent
beams contain metastable autoionizing states which

The difficulties of theory-based determination of produce huge background signals when decaying in
plasma rate coefficients are highlighted by an inves- {he interaction path. In a storage ring experiment,

tigation of Na-like F&°'(1s?25°2p°3s). The poten however, storage of the ions for only a few seconds
tial of storage ring measurements can be well dem- ake the metastable states completely go away and
onstrated by this example. then the measurement can start without that back-
ground and with a parent beam where all ions are in
4.1. Electron-impact net single ionization their ground state.

As an example for the results obtained at the TSR
lonization cross sections of Li-like 8i" and CF* in Heidelberg, Fig. 3 shows the measured cross

[20], as well as of Na-like CI", Fe'*", and S&* sections for electron-impact single ionization of Fe

[21,22] have been measured at the TSR. The lower- ions in an energy range from below threshold up to
charge Na-like ions are already in the feasibility range about 1 keV. The experimental data are displayed
of modern ion sources which deliver sufficiently together with two theoretical calculations. Above 750
intense beams at the favorable low energies whereeV the cross section is dominated by indirect pro-
electron stripping and hence also production of back- cesses EA and REDA (see Sec. 2). Particularly
ground in the residual gas is greatly suppressed. remarkable is the wealth of resonance features which
Nevertheless, even for these ions the storage ringsare due to resonant electron capture DC and subse-
offer a decisive advantage: In the hot plasmas of ion quent emission of two electrons. Although theory
sources producing highly charged ions, usually large reproduces the overall size and structure of the mea-
amounts of ions in excited states are generated. Manysured cross section, the fine details observed in the
of these states live sufficiently long to reach the experiments are not matched by the calculations.
electron—ion interaction region and thus cause severe For the determination of the plasma rate coefficient
normalization problems due to unknown fractions of for electron-impact single ionization of & the
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measured cross section function has to be convolutedtation thresholds of all the states which can be

according to Eq. (26) with isotropic temperature-
dependent Maxwellians [Eq. (16}, =0, T =
T, = T,]. For each temperature the distribution has

expected to contribute, the extrapolation just requires
the knowledge of the cross-section energy depen-
dence beyondE = 1 keV. The related function can

to be integrated over the complete energy range from then be normalized to the experiment at the EA

0 to o0, which in principle requires knowledge of the

threshold. Cross sections for direct excitation can be

cross section at any given energy. For most practical approximated for example by the Gaunt-factor for-

purposes, however, energigs=> kT do not contrib-
ute much toa(T). For ions as highly charged as
Fe'>", however, temperatures up to the kiloelectron

volt range are of practical interest. In this respect, the

mula of Seaton [25] and van Regemorter [26]

¢
o=2.36X10"cm?eV? 59

EE;’ (28)

measurements displayed in Fig. 3 are not sufficient to wheref; is the oscillator strength for the transition
determine reliable plasma rate coefficients for temper- from excited statg to ground state, E; the related

atures beyon&T ~ 100 eV. A reasonable extrapo-

excitation energyE the electron energy, ang the

lation of the measured data towards higher energies iseffective Gaunt factor. Near threshold this is reason-

necessary before(T) can be calculated over the
desirable range of temperatures.

In the case of F€" the ionization cross section is
characterized by DI of th#l andL shells (ionization
of the K shell can be neglected at the energies of
interest here), by excitation of the shell and subse-
guent autoionization (EA) and by resondnishell
excitation with subsequent double autoionization
(REDA). DI of a given subshell (index) can be
rather well represented by the Lotz formula [24]

&

IVEIn—

l
L,

o,=4.5x 10 *cn? eV? (27)
where¢, is the number of equivalent electrons in the
vth subshell,l, the ionization potential of that sub
shell, andE the electron energy. The applicability of
Eq. (27) is demonstrated in Fig. 3 where the Lotz
formula apparently describes the low energy DI part
of the ionization cross section for #& very well.
Equation (27) can be easily evaluated for higher

ably well approximated bg = 0.2. At higher ener-
gies, the recommendation is

g =0.28 In(E/E;) (29)

For the present extrapolation, a single (averaged)
excitation thresholdg; = 800 eV was used and
smooth convergence assumedgpfrom 0.2 to the
function represented by Eq. (29). The oscillator
strength together with the branching ratio for the
autoionization subsequent to-shell excitation [in
other words, the constant factor in Eq. (28)] was
adjusted such that the experiment was matched by the
sum of the constructed cross sections for DI and EA
in the vicinity of E = 1000 eV. The=xtrapolated and
measured cross sections are shown in Fig 4. The
resulting data have then been used to infer the plasma
rate coefficient for ionization by employing Eq. (26).
The result is shown in Fig. 5 and compared with the
data recommended by Arnaud and Raymond [5] as
well as the rate coefficient determined on the basis of

energies and reasonable results can be expected asross section measurements by Gregory et al. [27]. Up

long as the energies are nonrelativistic.
The region of significant REDA contributions has

to temperatures of about 1& all three data sets are
in rather good agreement. Beyond that temperature

been covered rather completely by the experiment, an the uncertainties of the extrapolation of experimental

extrapolation of that part of the cross section is not

cross sections cause discrepancies between the differ-

necessary. The EA process involves excitation of a ent data sets. Apparently, the ionization rate coeffi-
large number of doubly excited states and the cross cients determined by Arnaud and Raymond fot¥e

section for those cannot easily be predicted. However,
since the experimental cross section covers the exci-

ions are pretty much confirmed by the experiments
below 10 K if a 20% difference is accepted. Beyond
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3.0x10™ T T

154+

Fe

2.0x10™ [

EA + REDA total cross section

1.0x10™

lonization cross section (cm’)

0.0
10* 10°

Electron energy (eV)

10°

Fig. 4. Measured and extrapolated cross sections for electron-
impact ionization of F&* ions. The experimental data [22] are
from Fig. 3. The cross section for energies beyond 1050 eV has
been inferred from the sum of the direct ionization contributions
from theL andK shells using the Lotz formula [24] and an EA
contribution with an energy dependence as predicted by the
Gaunt-factor formula [25,26]. The different calculated contribu-
tions are indicated by differently shaded areas.

10’ K the lack of a real experimental basis forbids
further conclusions on the recommended theoretical
data.

4.2. Dielectronic recombination

Recombination measurements with ions in inter-
mediate high charge states are relatively straightfor-
ward at storage rings. Most ions present in the solar
corona or in a fusion plasma can easily be studied for
example at the TSR.

The expected high quality of x-ray spectra from
astrophysical objects to be obtained in future satellite
experiments has led to a research program at the TS
in which recombination (and partly also ionization—
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g this work

c:) ----- Arnaud&Raymond

- ---0--- Gregory et al.

10.11 il At
10° 10’ 10°

Plasma temperature (K)

Fig. 5. Maxwellian plasma rate coefficients for electron-impact
single ionization of F&* ions. The present data were determined
from the cross sections given in Fig. 4 by convolution with a
Maxwell-Boltzmann distribution according to Eq. (26). The result
is compared with the data recommended by Arnaud and Raymond
[5] and the rate coefficients calculated from the experimental data
of Gregory et al. [27]. The three data sets are in fairly good
agreement at temperatures below KOAt higher temperatures the
differences in the three curves just reflect the uncertainty of the
cross section extrapolation beyond 1 keV.

magnitude) than previous results that are based on
calculations considering only pure LS coupling. Ex-
perimental data are also available at this time for
Fe'®", and measurements with ¥é ions have re-
cently been successfully completed. The results are

rPresently being prepared for publication.

The most detailed set of measurements in the iron

see the previous chapter) of the cosmically abundant IS0nuclear sequence is available forFeions [21],

ions F&" with q = 15, 16, ..., 23 is being studied.
Recently, the measurement of the recombination
spectrum of fluorine like F€* ions provided a
surprise for the astrophysics community [28]. Differ-
ent from all previous expectations the experiment
showed the importance of M1 excitations of fii, ,
core of Fé’* ions in DR. Hence, in the cold plasma
of x-ray driven interstellar nebulae, the DR rate
coefficient can be much higher (by two orders of

where recombination was studied in an energy range
from zero to more than 1000 eV covering resonances
due to core transitions froms3o 3¢’, 4¢' and higher,

as well as from 2 to 3¢', 4¢’ and higher. The rate
data are obtained with extremely high energy resolu-
tion particularly at the very low energies. Energy
spreadsAE as low as 10 meV have been observed in
storage ring experiments. This allows for the obser-
vation of the very rich structure in the recombination
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Recombination rate (10"° cm¥s)

this work
Arnaud&Raymond

Recombination rate coefficient (cm?s)
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Fig. 6. Measured and calculated dielectronic recombination rates
[21] of Fe'** ions in a narrow electron energy range. The
resonances are associated with configuratist@<f2p®3p,,,10¢

and 1s22s22p®4¢4¢’.

Fig. 7. Maxwellian plasma rate coefficients for dielectronic recom-
bination of F&°" ions with electrons. The present data (solid line)
were determined from the measurements of Linkemann et al. [21]
which cover the complete energy range from 0 to 1050 eV. The
dashed line represents the recommended rate coefficient determined
by Arnaud and Raymond [5].

(and ionization) rates and cross sections as demon-
strated for the ionization channel already by Fig. 3.

An example for recombination measurements is closedK andL shells. It is certainly also due to the
shown in Fig. 6. The total recombination rate, i.e. relatively advanced theoretical approach used in the
the sum of radiative and dielectronic recombination calculation that is shown in Fig. 6.

(RR + DR) rates, is shown as a functionBf= E,, The experimental plasma rate coefficients dis-
the electron—ion relative energy, in a range of only 3 played in Fig. 7 were deduced from the recombination
eV. Already in this narrow energy range there are a measurements [21] mentioned above. The contribu-
number of narrow resonances observed with peak tion of radiative recombination was subtracted from
widths of the order of 0.1 eV. These resonances are the measured data by representing the RR rate by a
associated with doubly excited intermediate configu- smooth curve with an appropriate\YE dependence
rations %72s°2p°3p,,,10¢ and 1s?2s?2p°4¢4(’. such that the resulting DR rate between fully resolved
Also shown in Fig. 6 is a theoretical calculation [21]. resonance peaks is zero. Since the measurements
The calculated rate is in almost perfect agreement covered the full energy range f- andL-shell core
with the experiment. A closer look, however, reveals excitations no extrapolation is necessary this time to
shifts in the resonance energies and differences in calculate the total plasma rate coefficients. The con-
peak areas. Apparently it is difficult to predict reso- tribution of K-shell excited resonances can be ne-
nance positions with uncertainties lower than a few glected in the temperature range presented in Fig. 7.
tenths of an electron volt, even with the most ad- The comparison of the experimental and the rec-
vanced theoretical approaches to DR. This difficulty ommended plasma rate coefficient data clearly reveals
of theory to calculate exact resonance positions hasagain the issue about resonance energies discussed
been a source of huge uncertainties in plasma rateabove (see Fig. 7). At low temperatures where the
coefficients at low temperaturek < 10° K). Fig. 1 plasma rates sensitively depend on the DR resonance
provides vivid testimony of this situation. For ¥& positions there is no agreement at all between the
the present theory does reproduce the experimentalpresent results and the data of Arnaud and Raymond
resonance energies rather well. This may be a conse-[5], which are preferably used in plasma modeling
guence of the relatively simple atomic structure of calculations. Apparently, the low-energy DR reso-
that ion with only one electron in the shell outside nances have not properly been accounted for in the
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theoretical plasma rate assessment. Above temperastrengths of DR resonances in order to perform
tures corresponding tkT < 10° K the two data sets  reasonable plasma modeling. Such information can be
approach each other to within the 50% level and obtained now experimentally at heavy ion storage
beyond 10 K can hardly be distinguished from each rings for almost all plasma-relevant ion species. The
other. experimental techniques have been well developed
Both the data of Arnaud and Raymond and the during the last decade and the measurements are
results of this work show a shoulder in the plasma rate precise and relatively straightforward.
curve at about 3< 10° K. This structure is due to Yet, there is another additional serious complica-
contributions fromL-shell excited core states with tion in the determination of realistic plasma rate
associated Rydberg series of resonances. The maxi-coefficients for electron—-ion recombination, which
mum at about 2< 10° K of the plasma rate is mainly  calls the presently used plasma rates in question even

due to high Rydberg states associated wigh-3 3¢ more than the previous considerations.
and 3 — 4¢ core transitions. The experimental rates It has been recognized early by Burgess and
reveal an additional structure at about<310* K Summers [29] and Jacobs et al. [30] that dielectronic

which is not reproduced by the results obtained by recombination in the presence of an electric field
Arnaud and Raymond. The bump is due to the lowest (DRF) is qualitatively and quantitatively different
DR resonances as the ones displayed in Fig. 6. In from DR in a field free environment. Clear evidence
many theoretical papers these low temperatures werethat DR cross sections depend on the presence and
excluded from the calculation of plasma rates becausesize of external electromagnetic fields in the collision
of the difficulties of calculating the resonance ener- region has been found in a number of experiments
gies sufficiently well. The resonance energy in turn [31-33]. These measurements were carried out with
has a strong influence on the strength of the resonancecontrolled external electric and magnetic fields and
if it is located at low energies. There, the relative have revealed substantial cross section enhancement
uncertainty of the calculated energy can easily be factors for high Rydberg states. Theoretical tech-
several hundred percent, and, since the DR crossniques have been developed to account for electric
section involves a H factor [apart from the Lorent-  fields and their influence on DR [34]. Calculations
zian resonance shape, see Eg. (7)] the size of ausing the DRFEUD package of Griffin et al. [35] have
resonance can be off also by several hundred percentbeen in reasonable overall agreement with available
For most purposes in connection with stellar atmo- experimental observations [36—39]. In the detalils,
spheres like the solar corona, these very low temper- however, there are discrepancies between theory and
atures are of minor importance in connection with experiment [33] which have been attributed recently
highly charged ions. Arnaud and Raymond [5] predict to the combined effects of crossed electric and mag-
peak abundance of E¥ in a (thermal) coronal netic fields [40—42]. Such fields are ubiquitous in any
equilibrium plasma at temperatures of aboux 21.0° kind of plasma and hence, field effects definitely have
K far above the temperatures where the discrepanciesto be considered when recombination rates are deter-
between the present data and the recommendedmined for plasma modeling.
plasma rate coefficients occur. However, there are  So far, there is no experimental result available
plasma environments such as x-ray driven interstellar concerning field effects on DR for E¥, however, a
nebulae where highly charged ions, e.g-FeFe'®™, comparison of theoretical DR calculations with and
and so forth up to F&€", are produced by photoien  without electric fields has been published previously
ization and the plasma temperature is only in the by Griffin and Pindzola [7] for this very ion. The
electron volt range. In such photoionized gases low- calculation includes Rydberg states with principal
energy recombination plays a most important role and quantum numbers up to 100 aad = 0 andAn = 1
determines the nature of the emitted radiation. There core transitions starting from thes3ubshell. The
it is essential to know the exact positions and maximum electric field was chosen to be 10 kV/cm
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6.0x10™ ; . rate coefficient from the DRF calculation is about a
Fe this work DR factor of 4 above the normal DR rate calculated

......... theory DR

,,,,,, theory DRF without inclusion of fields.

/ \
4.0x10™ - / E

5. Summary and outlook
2.0x10™° A
The comparisons of plasma rate coefficients deter-
mined theoretically or by experiments clearly reveal
00 ; o S the need for a better data basis than it is presently
Plasma temperature (K) available. Although there appears to be quite reason-
Fig. 8. Influence of an external electric field on plasma rate able agreement beme?n recomm?nded plasma rates
coefficients for recombination of E& ions with electrons. The for electron-impact ionization published by Arnaud
rate coefficients are for dielectronic recombination processes in- gnd Raymond [5] with the present experimental find-

volving 3s — 3¢ and 3 — 4¢ core excitations in the energy range . . . .
0-40 eV only. The solid line was calculated by convolution ings this agreement may partially be fortuitous. These

[according to Eq. (26)] of the experimental results of Linkemann et @uthors could already compare their predictions for
al. [21] restricted to the energy interval mentioned previously. the ijonization of F&" with an available experiment

These data were taken with no or at most little external fieldQ by Gregory et al [27] as well as a very advanced
V/cm) in the collision region. The theoretical curves were obtained )

by convoluting the cross sections published by Griffin and Pindzola theoretical calculation by Chen et al. [23] and they
[7] for zero field and for a field of 10 kV/cm, respectively, where ~ found satisfactory agreement within the existing un-

for the I_atter saturat_iop of the field enhancement was expected. The certainties of the experimental result. There are other
calculations were limited to Rydberg states upnte= 100. The . . . . .
experimental data are truncated by a field-ionization cutoff at about lon species with an even S|mpler electronic structure
the same principal quantum number. than Fé>* where the experimental and theoretical
ionization cross sections cannot be made to agree with
each other. An example for that is the ionization of
assuming that electric field enhancement of DR is Be" ions [43,44] where the experiments are about a
saturated at this field strength. In the energy region factor 1.5 above the theory even for DI only. Discrep-
right below the series limits of ¢’ Rydberg states, ancies of 50% and more between experiments and
i.e. at about 34 and 37 eV the field enhancement of the advanced calculations which treat all possible direct
cross section is roughly as high as an order of and indirect processes have always to be expected in
magnitude. The convolution of the calculated DR total single ionization cross sections. Differences in
cross sections with and without field using Eq. (26) partial cross sections for specific EA or REDA or still
produces the dashed and dotted curves in Fig. 8. Thehigher-order processes may be as much as a factor of
plasma rate coefficients presented in Fig. 8 are partial 10.
in the sense that only DR resonances up to 40 eV were  The situation concerning dielectronic recombina-
included in the convolution. The same restriction was tion of ions is apparently even more severe. Serious
applied to the convolution of the experimental DR discrepancies exist between different theoretical pre-
cross section of Linkemann et al. [21]. For the field dictions of DR plasma rate coefficients particularly at
free case theory can be compared with experiment. rather low temperatures, however, theoretical uncer-
The agreement in the investigated temperature rangetainties of as much as a factor 3-5 have been revealed
is truly remarkable. According to the present state of in our studies at storage rings even at temperatures
our knowledge the calculation of the rate coefficient relevant for the solar corona [28]. With the represen-
in the presence of a strong electric field can be tative example of F€" ions in this article the main
expected to give a reasonable result as well. At problems in accurately predicting plasma rate coeffi-
temperatures typical for the solar corona the plasma cients have been documented. An additional problem

Recombination rate coefficient (cm®/s)
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enters through the dependence of dielectronic recom- References

bination on the presence and size of external electro-
magnetic fields. Although the influence of electric
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electron beam in electron coolers at storage rings are
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As the examples in this article show, storage rings
have opened up vast possibilities to study plasma-
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