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We have measured the dielectronic recombination cross section of Se251 ions at center-of-mass energies
from 1 to 1800 eV using merged electron and ion beams in the Heidelberg heavy-ion Test Storage Ring~TSR!.
All dielectronic resonances involving changes ofDN50 andDN51 of the core principal quantum numberN
are covered with high-energy resolution~ranging from,0.6 eV at,90 eV to'6 eV at 1600 eV!. A strong
contribution ofDN51 Rydberg resonances at 1200–1700 eV is observed. The results are compared with
isolated-resonance intermediate-coupling calculations of the cross section. Good agreement is found for the
DN50 and the low-lyingDN51 resonances. For theDN51 Rydberg series the resonant pattern continues to
be well reproduced by theory, whereas the total energy-integrated cross section significantly exceeds the
theoretical prediction. From experimental and theoretical results rate coefficients for isotropic plasma tempera-
tures between 100 and 2000 eV are also derived.

PACS number~s!: 34.80.Lx

I. INTRODUCTION

Dielectronic recombination~DR! @1,2# has a strong influ-
ence on the abundance of ions in different charge states and
the population of excited levels in hot, thin plasmas. Recent
studies@3# using merged electron and ion beams either in a
single-pass arrangement@4# or in an ion storage ring@5–8#
as well as measurements using an electron-beam ion trap@9#
have provided detailed experimental data about the DR of
few electron systems up to boronlike configurations. These
measurements were generally in good agreement with theo-
retical predictions using a ‘‘standard computational method’’
@10# in which the total DR cross section is obtained from the
radiative and autoionizing decay rates of many individual
doubly-excited resonances. For many-electron systems the
number of resonances contributing to the DR rate increases
strongly. Nevertheless, calculations using this method were
performed even for systems with 10 and more electrons@11#.
The purpose of the experiment reported here was to test the
predictions of the DR cross section for such complex sys-
tems using the well-defined experimental conditions and the
high energy resolution offered by the merged-beams tech-
nique in ion storage rings.

For our study of the DR cross section of a complex
highly-charged ion we have chosen the fluorinelike system
Se251, whose recombination with electrons leads into neon-
like excited states, some of which are highly relevant for
x-ray laser research. In fact, laser gain in the soft-x-ray re-
gion was first demonstrated successfully@12# in a laser-
produced Se plasma at an electron temperature of about 1
keV, which was composed mainly of Se ions in the fluorine-,
neon-, and sodiumlike charge states at about equal fractions.

For the 2p53s-2p53p transition array of the neonlike
Se241 ions, plasma-kinetic calculations predict an inversion
created mainly by electron-impact excitation from their 2p6

ground state@13#. However, also dielectronic recombination
is expected to contribute significantly to the population of the
relevant Se241 levels @14#. The present measurement of the
DR cross section for Se251 appears useful in providing ex-
perimental information about the total DR rate coefficient
and in testing the reliability of detailed calculations which
can be used to derive the partial DR rates into excited
Se241 levels. In contrast to a recent measurement of the DR
cross section of fluorinelike Xe via the doubly-excited states
2p43l3l 8 in an electron-beam ion trap@15#, the present ex-
periment covers the entire energy range of the Rydberg reso-
nances which yield the dominant contribution to the DR rate
coefficient at keV electron temperatures. The formation of
intermediate doubly excited states involving a change of
DN51 of the principal quantum numberN of a core elec-
tron is described by the capture reactions

Se251@2s2~2p5!3/2#1e2

→HSe241@2s22p4 3lnl 8# ~n53, . . . ,̀ !

Se241@2s2p5 3lnl 8# ~n53, . . . ,̀ !.
~1!

The radiative stabilization of these states to singly excited
configurations of Se241 ~mainly 2s22p5nl8) leads to DR
resonances at electron energies between 400 and 1800 eV. At
lower electron energies, further contributions to the recom-
bination cross section are caused by radiative recombination
and by dielectronic resonances due to capture reactions in-
volving innershell orDN50 excitations according to

*Present address: Department of Physics and Applied Physics,
University of Strathclyde, Glasgow G4 0NG, Great Britain.

PHYSICAL REVIEW A MARCH 1996VOLUME 53, NUMBER 3

531050-2947/96/53~3!/1413~11!/$10.00 1413 © 1996 The American Physical Society



Se251@2s2~2p5!3/2#1e2

→HSe241@2s2~2p5!1/2nl# ~n515, . . . ,̀ !

Se241@2s 2p6nl# ~n57, . . . ,̀ !.
~2!

To study these processes, we have measured the recombina-
tion cross section also at electron energies between'1 eV
and the 2s2p6 excitation threshold at'210 eV. Preliminary
results of the present experiment have been presented earlier
@16#.

II. EXPERIMENT

A. Measurement procedure

The measurements were performed in the heavy-ion Test
Storage Ring~TSR! @17# at the Max-Planck-Institut~MPI!
für Kernphysik in Heidelberg. Pulses of80Se251 ions with a
kinetic energy of 480 MeV~beam velocityv i50.113c) were
produced by the MPI tandem and booster facility. Using a
stacking technique@18# based on repeated multiturn injection
and electron cooling@19# of the stored ion beam, dc currents
of up to 100mA, corresponding to'3.83107 circulating
ions, could be accumulated in the ring. The mean storage
time of the ions~210 s at an average residual gas pressure of
5310211 mbar! was long compared to the decay times of
any metastable levels so that the Se251 ions were in their
(2p5)3/2 ground state. In one of the straight sections of the
storage ring, the circulating ions pass through an electron
cooling device and travel inside an intense collinear electron
beam over a length of 1.5 m. The electron beam with a
diameter of 5.1 cm is confined by a longitudinal magnetic
field set to'50 mT in the present experiment. For electron
cooling, which yields typical ion beam diameters of 2–3 mm
and a low ion energy spread~see below!, the average elec-
tron velocity is matched to that of the ions. For recombina-
tion measurements, on the other hand, the electron energy in
the center-of-mass~c.m.! frame of the ions can be varied
over a wide range by changing the electron beam energy
while keeping the ion energy fixed. The recombination prod-
ucts are separated from the circulating ion beam at the first
dipole magnet downstream of the electron cooling device
and counted on a detector. In the present experiment, the
recombined Se241 ions were detected by a multichannel
plate with a measured efficiency of.95%. After subtraction
of the background rate due to electron capture of the Se251

ions in the residual gas and the further data analysis de-
scribed below, the count rate at this detector yields the re-
combination cross section, which was measured in this way
as a function of the average c.m. electron energy between
'1 and 1800 eV. The corresponding electron energy in the
laboratory ranged from'3.3 keV for matched electron and
ion velocities to'11.5 keV for the highest c.m. energy. The
electron density was controlled by the operating conditions
of the electron gun and generally increased with the accel-
eration potential. The count rates for signal and background
were of similar magnitude and amounted to'13104 s21 at
values of'63107 cm23 for the electron density and'25
mA for the ion current during a typical measurement at
higher c.m. energies.

A detailed description of the experimental setup and the
measuring technique for DR measurements at the TSR has
been given elsewhere@6#. The acceleration voltage of the
electron cooling device was set by a high-precision power
supply and could in addition be modulated by a square wave
at '12 Hz, adding the output of a high-voltage amplifier
with a pulse rise time of'1 ms and a maximum amplitude
of '1.5 kV. The count rate at the recombination detector was
recorded separately for the two levels of the high-voltage
modulation. One of the levels was keptfixed and usually
~except for the scan range ofE,90 eV discussed below! set
in a region where the electron-ion recombination rate was
much smaller than the electron capture rate on the residual
gas; the rate observed for this level thus provided a continu-
ous measurement of the background. The other level was
scanned and the related count rate after subtraction of the
count rate at the fixed level provided the energy dependence
of the recombination cross section. In this difference signal,
the effects of background fluctuations slow compared to the
modulation frequency were thus strongly suppressed.

The measuring procedure depended on the scan range of
the average c.m. energyE. ForE,90 eV, thefixed level of
the modulated acceleration voltage was set to match the elec-
tron to the ion velocity, so that quasipermanent cooling, in-
terrupted only for periods short compared to the time con-
stant of the beam heating (*0.1 s!, could be applied to the
ion beam. For a storage lifetime of'210 s, a nearly constant
beam intensity was maintained by injecting ion pulses at
intervals of'10 s, thus replacing the losses. Since electron
cooling ~typical cooling times*0.1 s! remains efficient dur-
ing the measurement, this scheme strongly suppresses the
influence of the ion energy spread on the c.m. energy reso-
lution ~see below!. Moreover, it avoids variations of the av-
erage ion velocity caused by the drag force acting on the ions
in the electron beam, as discussed in Ref.@6#. The c.m. en-
ergy range where this measuring scheme could be applied
was limited by the available modulation amplitude.

For higher energies, the electron beam energy was always
detuned from the cooling energy during the energy scans
which lasted for'60 s. Between the scans ions were refilled
into the ring while the electron energy was set back to the
cooling energy. To compensate the electron drag force, which
leads to slow changes of the ion velocity, an induction accel-
erator was used@6# in the c.m. energy range of 90–210 eV;
no such compensation was required in the high energy range
of 400–1800 eV. Since no cooling was provided during the
measurements in these energy ranges, the ion energy spread
increased, in particular by Coulomb collisions within the ion
beam ~intrabeam scattering!. While slow background fluc-
tuations could not affect the difference count rate obtained by
the modulation technique described above, slight background
variations occurring faster than the modulation period were
found to influence the difference signal at the highest elec-
tron energies, when the electron beam had the highest inten-
sities and its gas load on the vacuum system became strong
enough to cause appreciable pressure variations even within
the 12-Hz modulation period. The resulting background in
the difference signal corresponded to,5% of the strongest
DR signal in the given energy span and was corrected for by
subtracting a linear background from the final cross section,
fitted to the noise levels at the scan range limits.
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The average ion energy and its spread were monitored@6#
during the measurement using the spectrum of the Schottky
noise generated by the circulating dc beam, which represents
the distribution of the ion revolution frequencies. The contri-
bution of the ions to the c.m. energy spread is given by

DEion5~DEi /Ei !A~me /mi !EiE, ~3!

whereEi is the average ion energy andDEi /Ei the relative
energy spread of the ions in the laboratory frame, whileme
andmi denote the electron and the ion mass, respectively.
The energy spreadDEi /Ei typically amounted to
'231024 during electron cooling; when cooling was
stopped the ion beam energy spread and its diameter in-
creased within a few seconds by factors of'10 and'2,
respectively, but after this initial blow-up the heating rate by
intrabeam scattering became much smaller so thatDEi /Ei
varied only little during the energy scans with the uncooled
ion beam. The electron velocity distribution in the comoving
frame is characterized by a transverse temperature
kBT'50.1 eV and a longitudinal temperature of
kBTi&1023 eV. Except for the smallest c.m. energies
(E,10 eV!, the c.m. energy spread is essentially determined
by Ti and represented by a full width at half maximum
~FWHM! of @6#

DEel54~EkBTiln2!1/2. ~4!

The effective energy resolution of the DR spectra is given by
the total spreadDE5(DEion

2 1DE el
2 )1/2 and varies}E1/2 as

doesDEel alone. In the measurements, the total spreadDE
ranged from'0.6 eV atE'90 eV~with quasipermanent ion
beam cooling! to '6 eV atE51500 eV~without ion beam
cooling during data taking!—see also Sec. IV.

B. Data analysis

In the standard evaluation procedure of recombination
measurements at the TSR described earlier@6#, the recombi-
nation rate coefficient aL(E) is obtained from the
background-corrected count rateR, the nominal length of the
interaction region,L51.5 m, the electron densityne , the
number of stored ionsNi , and the ring circumference
C555.4 m using the relation

aL~E!5
Rg2

LneNi /C
, ~5!

whereg25@12(v i /c)
2#21'1.006 is the relativistic trans-

formation factor between the c.m. and the laboratory frame.
The quantitiesNi andne are derived from the ion and elec-
tron currents recorded during the scans and from the beam
geometry well known for the magnetically guided electron
beam. In Eq.~5! the electron densityne and the average c.m.
energy E are assumed to be uniform along the nominal
length of the interaction region. The related measured cross
sectionsL(E) is obtained dividingaL(E) by the average
electron velocity in the c.m. system, which is always large
compared to the electron velocity spread in the energy range
considered here. The average c.m. energyE is deduced from
the ion beam energy and the space-charge corrected electron
acceleration potential@6#.

For this standard evaluation procedure the principal sys-
tematic uncertainty lies in the use of a nominal interaction
lengthL, thereby disregarding the effect of the merging and
demerging regions adjacent to the straight interaction zone.
Here the electron beam is bent in and out of the ion orbit by
toroidal sections of the magnetic guiding field on a radius of
0.8 m for the TSR electron cooler; thus, along their trajecto-
ries the ions additionally travel with the electrons for
'0.20 m on either side of the straight interaction zone,
where the angle between electron and ion beam—reaching
about 14 degrees when the beams separate—and thus the
average c.m. energy are increasing. Considering widely
spaced narrow resonances in the cross section, the additional
contributions to the experimental signal from these merging
regions are hardly observable as they spread out over wide
energy intervals below the respective resonance energies.
Hence, the resonances will still appear as narrow peaks in the
measured cross sectionsL(E) with widths corresponding to
the energy spreadDE estimated above, and the integrals over
such isolated peaks will continue to represent the energy in-
tegrated cross sections of the DR resonances in a good ap-
proximation. However, the situation changes when densely
spaced DR resonances yield a relatively high recombination
cross section over an extended c.m. energy range, as in the
present experiment. In this case it appears desirable to ac-
count in more detail for the merging regions.

To determine the size of the contribution from the merg-
ing regions contained in the measured cross sectionsL(E),
we use our knowledge of the guiding-field geometry from
magnetic measurements to calculate the c.m. energy
Ẽ(x,E) as a function of the positionx along the ion beam
and of the nominal c.m. energyE. This calculation includes
variations of the angle between the electron and ion beams
also within the nominal interaction zone, in particular in the
transition region between the solenoidal and the toroidal sec-
tions of the magnetic guiding field. The rate coefficient for
an ideal situation without merging regions, denoted by
a(E), is then given by

a~E!5aL~E!2Da~E!, ~6!

where the correctionDa(E) amounts to

Da~E!5L21E a„Ẽ~x,E!…dx2a~E!. ~7!

Here, the integral extends over the complete overlap length
of the electron and ion beams. For the energy-averaged ex-
perimental cross section, found from the rate coefficienta by
dividing it by the average c.m. velocity, the corresponding
relations are

s~E!5sL~E!2Ds~E!, ~8!

where the correctionDs(E) amounts to

Ds~E!5L21EAẼ~x,E!

E
s„Ẽ~x,E!…dx2s~E!. ~9!

Formally, Eqs.~8! and ~9! represent an integral equation
which can be solved iteratively in order to finds(E) for
sL(E) and Ẽ(x,E) given. The correctionDs(E) can be
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found by initially settings(E)5sL(E) in Eq. ~9! and using
the resultingDs(E) in the right-hand side of Eq.~8! to de-
termine a new estimate ofs(E), for which the procedure is
repeated. Results forDs(E) with numerical accuracies well
below 1% were obtained after usually,15 iterations. We
note that in this experiment the energyẼ(x,E) deviated from
the nominal average c.m. energyE due to the angle between
electrons and ions in the merging regions by up to 180 eV at
E50 and by up to 325 eV atE52000 eV.

This correction was applied to all data presented. The sys-
tematic error of the absolute cross-section scale is estimated
to be615%, where the dominant error stems from the par-
ticle current measurement and the detector efficiency. The
influence of the inaccurate knowledge of the effective over-
lap lengthL, which contributes to the systematic error of the
cross section scale when using the standard evaluation pro-
cedure@6#, is strongly reduced by the merging-region correc-
tion. The relative uncertainty in comparing values of the
cross section measured at largely different energies is esti-
mated to be65%. The error of the absolute energy scale is
estimated to be60.4 eV and61.8 eV for c.m. energies of
80 and 1000 eV, respectively, and roughly scales as}E1/2; an
additional uncertainty of about60.3 eV is expected in the
energy range between 90 and'150 eV, where the drag force
of the electron cooler is relatively strong and could be com-
pensated only approximately by the induction accelerator
mentioned above.

III. THEORY

A calculation of the DR cross section caused by the reso-
nances described by Eqs.~1! and ~2! was performed in the
isolated-resonance approximation, finding the energy-
integrated cross sectionŝd due to a doubly-excited reso-
nanced from its autoionization and radiative decay rates
Aa , Ar according to the relation

ŝd5
2p2

k2
gd
2gi

Aa~d→ i !( fAr~d→ f !

(kAa~d→k!1( f 8Ar~d→ f 8!
. ~10!

Here, gd and gi denote the statistical weights of the reso-
nance and the initial (2p5)3/2 core, respectively,k is the lin-
ear momentum of the incident electron, and atomic units are
used. The energies and decay rates were obtained using the
AUTOSTRUCTUREpackage@20#. The summation variablef in
Eq. ~10! symbolizes the bound configurations of Se241, i.e.,
(2p5)3/2nl, (2p

5)1/2nl (n,15), and 2s2p6nl (n,7). The
summation variablesf 8 andk denote all decay channels con-
tributing to the total autoionization and radiative decay
widths of the resonance. Rydberg resonances were included
up to a maximum quantum numbern corresponding to the
estimated experimental cutoff@6# for detecting Se241 ions
formed in highly excited states.

The theoretical results forŝd are combined into an
energy-averaged DR cross section

s̄~E!5~1/dE! (
d

~E,dE!

ŝd , ~11!

where the sum at a given energyE runs over all resonances
in an energy bin (E,dE) of width dE centered atE. The

width dE is chosen to be large compared to the decay width
of the resonances and small compared to the experimental
resolution; it varied between 0.1 eV for the energy range
0–80 eV and 0.6 eV for the range 1200–1800 eV. For a
comparison with the measured cross section, the result of Eq.
~11! is then convoluted with the experimental c.m. energy
distribution; at c.m. energiesE*10 eV we use a Gaussian
with a width DE accounting for the longitudinal ion and
electron velocity spread, as discussed in Sec. II.A., and at
lower energies both the transverse and the longitudinal ve-
locity spread of the electrons are taken into account by using
an appropriate asymmetric energy distribution@6#.

Two types of intermediate-coupling atomic-structure cal-
culations were carried out to obtain the resonance energies,
autoionization decay rates, and radiative decay rates needed
for the evaluation of Eq.~10!. The first method, which we
call perturbative-relativistic, solves standard radial Schro¨-
dinger equations for all bound and continuum orbitals and
then diagonalizes a Hamiltonian which includes the kinetic
energy, the electrostatic potential energy, and one-body rela-
tivistic terms to obtain resonance energies and wave func-
tions. First-order many-body perturbation theory is then ap-
plied to obtain autoionization and radiative rates using the
previously calculated energies and wave functions. The sec-
ond method, which we call semirelativistic, uses the radial
Schrödinger equations including the relativistic kinetic en-
ergy correction and Darwin terms and a Hamiltonian with
the kinetic energy, electrostatic potential energy, and spin-
orbit terms. The computer codeAUTOSTRUCTUREcalculates
cross sections for lown explicitly and for highn by extrapo-
lating radial wave functions using quantum-defect theory. In
general, configuration interaction within a complex is in-
cluded for lown, while high-n (n>5) contributions are cal-
culated in a single-configuration approximation. For rela-
tively low-charged ions, like Se251, we ignore Breit
interaction and QED corrections, and multipolar terms be-
yondE1 in the calculation of the radiative decay rates.

IV. RESULTS AND DISCUSSION

A. DN50 DR

In Fig. 1~a! we show an overview of the measured recom-
bination cross section of Se251 ions with low-energy elec-
trons, covering the range of intrashell DR resonances accord-
ing to Eq.~2!. The low-energy resonances can be attributed
to the (2p5)1/2 excitation which leads to a Rydberg series
with a limit at '43 eV. The amplitudes of the higher Ryd-
berg resonances of this series decrease rapidly so that no
structure occurs in the measured spectrum at the series limit.
A second series of resonances can be attributed to the excited
core state 2s2p6 and leads to a Rydberg peak with a cross
section of'1.3310219 cm2 at the series limit ('210 eV!.
For the lower members of this series, the fine structure is
partly resolved. In the low-energy region, also a contribution
due to nonresonant radiative recombination is clearly visible
in the observed cross section; it will be discussed in more
detail in Sec. IV.B.. As explained in Sec. II.A., the spectra
above and below 90 eV were obtained using different mea-
suring procedures. The spectra in the low energy range offer
a better energy resolution than those for the higher energy
range. On the other hand, in these spectra the background
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due to electron capture of Se251 ions in the residual gas has
to be removed separately; this was done by subtracting a
constantsuch that the signal count rate at 89 eV agreed with
the one expected from radiative recombination~cf. Sec.
IVB !. In the higher energy range the background due to elec-
tron capture in the residual gas was continuously measured
and subtracted using the modulation technique described in
Sec. IIA, but since the count rate at the fixed reference level
still contained a finite contribution from radiative recombi-
nation, a constant level was added to the difference count
rate so that again the resulting signal rate agreed with that
expected for radiative recombination at 89 eV.

Figure 1~b! shows the calculated DR cross section, folded
with the experimental c.m. energy distribution as discussed
in Sec. III, including Rydberg resonances withn<100. The
energy distribution used below 90 eV, where the cross sec-
tion was measured with a quasipermanently cooled ion beam
~see Sec. IIA!, accounts for the electron temperature only.
The transverse temperature was set tokT'50.1 eV corre-
sponding to the cathode temperature@6#. The longitudinal
temperature was determined from the observed FWHM of
the 2s2p6 8l resonances at 78 eV. By a Gaussian fit to the
cross section, taking into account the fine structure splitting,
a total c.m. energy spread ofDE50.6 eV is obtained. Ne-
glecting the influence of the ion energy spread on the total
spread we setDEel5DE, which yields a longitudinal elec-
tron temperature ofkTi50.4231023 eV using Eq.~4!.

Above 90 eV, where the ion beam could not be cooled
during the measurements, the c.m. energy spread increases
because of the ion energy spread according to Eq.~3!. This

effect was studied in detail measuring the 2s2p6 8l reso-
nances at 78 eV also with the procedure normally used only
above 90 eV. An energy spread ofDE51.4 eV was observed
as compared to the value ofDE5DEel50.6 eV observed
before. Simultaneously, an ion energy spread of
DEi /Ei52.431023 was deduced from the Schottky spec-
trum. Combining the corresponding energy spreadDEion
from Eq. ~3! at the given resonance energy with the electron
contribution DEel determined above, we obtain
DE5(DEion

2 1DE el
2 )1/251.4 eV, in agreement with the ob-

served energy spread. Hence, the theoretical cross section
above 90 eV in Fig. 1 is folded with a Gaussian c.m. energy
distribution whose width corresponds to thisDE scaled
}E1/2 according to the discussion in Sec. IIA.

Very good overall agreement is found~see Fig. 1! be-
tween the folded theoretical DR spectrum and the resonant
contributions to the experimental cross section. The reso-
nance energiesEn and integrated cross sectionsŝn for indi-
vidual DR peaks were determined from the measured cross
sections(E) by fitting the theoretical line shape function@6#
plus a smooth background describing the nonresonant con-
tribution. For the Rydberg series (2p5)1/2nl, a detailed com-
parison between the experimental and theoretical results is
presented in Table I. The resonances of this series are asso-
ciated with a core excitation in which only the angular mo-
mentum coupling within the 2p5 shell is changed. An elec-
tron captured in one of the doubly excited states (2p5)1/2nl
can stabilize radiatively mainly by a transition of the Ryd-
berg electron to a nonautoionizing (2p5)1/2nl state of
Se241 with n,15, while the spontaneous radiative decay of
the (2p5)1/2 core state back to the (2p5)3/2 ground state is
too slow ~decay rate 0.4ms21). Taking the simple scaling
laws @21# of Aa5can

23 and Ar5crn
23, one expects the

integrated DR cross sectionsŝn of the Rydberg resonances
to vary as

ŝn}En
21n23ca /~11ca /cr !. ~12!

This implies a rapid decrease of the DR cross section with
increasingn and very small contributions of high-lying
Rydberg states close to the series limit, which is an unsual
situation for the DR viaDN50 resonances. The measured
cross section of the (2p5)1/2nl doubly excited states, multi-
plied by the resonance energyEn to eliminate the variation

FIG. 1. ~a! Measured free-electron capture cross sections(E)
and~b! calculated DR cross section for Se251 ions as a function of
the average c.m. electron energyE showing two Rydberg series of
DN50 DR resonances@Rydberg energiesE`2(25/n)2R indicated
by vertical bars#. The measured cross section includes the signal
due to nonresonant radiative recombination, which decreases with
increasing energy. The mark at 90 eV indicates the border line be-
tween the two energy ranges where different measuring procedures
have been used. The theory shows only the resonant contribution to
the cross section, convoluted with the experimental c.m. energy
distributions as specified in the text.

TABLE I. Measured and calculated resonance energiesEn and
energy-integrated,l -summed DR cross sectionsŝn of Se

251 ions
for the (2p5)1/2nl doubly excited states.

En ~eV! ŝn (10
221 cm2 eV!

n Expt.a Theory Expt.a Theory

15 4.936 0.01 4.96 972.46 123 997
16 9.476 0.01 9.49 433.66 92 417
17 13.246 0.02 13.36 285.96 41 245
18 16.476 0.03 16.57 171.16 40 164
19 19.226 0.06 19.29 120.66 50 119
20 21.486 0.06 21.56 96.96 17 91
.20 ,500 486

aStatistical errors only.
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ŝn}En
21 , is shown as a function ofn in Fig. 2. Fitting a

power law to the measured cross section yields an exponent
of 23.060.4 in accordance with Eq.~12!.

The theoretical values of the cross section and the reso-
nance energy, listed in Table I, are in good agreement with
the experimental results. A fit of the Rydberg formula
En5E`2R(25/n)2, whereR denotes the Rydberg energy
constant, yields a series limit ofE`542.7060.01 eV. This
value has to be compared with a more precise experimental
result of 42.91 eV from Ref.@22#. The small deviation of
'0.2 eV is consistent with the estimated systematic error of
the absolute energy scale (60.3 eV!.

For the second series ofDN50 resonances, 2s2p6nl,
experimental and theoretical results are listed in Table II. The
energies and individual cross sections of the resolved fine
structure terms forn57,8 are discussed below. As for the
other innershell DR series, the limitE` can be obtained from
a fit of the Rydberg formula to the observed resonance ener-
gies. The result, representing the excitation energy

2s2(2p5)3/2-2s2p
6, is E`5210.7460.1 eV and agrees well

with the value of 210.80 eV from Ref.@22#. To explain then
dependence of the resonance strength~see Fig. 3!, a some-
what more complicated model than for Fig. 2 is needed,
which reflects the different possibilities of radiative stabili-
zation as well as the opening of new autoionization channels.
Thus, the drop ofŝnEn betweenn57 andn58 is caused by
the opening of the additional autoionization channel
2s2p6nl→2s2(2p5)1/21e near 43 eV ~cf. Fig. 1!. For
highern, the resonance strengthŝnEn first tends to a con-
stant value, which indicates that the dominant stabilization
processes leading to DR occur with the Rydberg electron as a
spectator and are represented by radiative transitions within
the core, forming the states 2s2(2p5)3/2nl and
2s2(2p5)1/2nl. As usual forDN50 DR, the decrease of the
autoionization rate described byAa5can

23 affects the cross
section@see Eq.~10!# only for very high Rydberg levels close
to the series limit. On the other hand, since the Rydberg
states 2s2(2p5)1/2nl are stable against autoionization only
for n,15, a second drop of the resonance strength occurs at
n515, and the size of this decrease indicates the relative
importance of the radiative core transition 2s2p6-
2s2(2p5)1/2.

It is seen from Table II and Fig. 3 that the theory describes
the measuredn dependence of the cross section but overes-
timates its absolute value by approximately 20%. More spe-
cific information about the origin of this discrepancy can be
obtained by considering the individual cross sectionsŝnl of
the resolved fine structure terms forn57,8 listed in Table
III. The calculated cross sections forl<2 agree reasonably
with the measured values, whereas the total contribution of
the unresolved resonances with higherl is clearly overesti-
mated. This is also evident from the direct comparison of the
measured and the calculated cross section near the
2s2p67l resonances in Fig. 4. Because of the high statistical
weight of the high-l states, predictions of the DR cross sec-
tion are particularly sensitive to thel dependence of the auto-
ionization rate, which decreases for higher orbital angular
momentum.

B. Radiative recombination

Nonresonant radiative recombination~RR! occurs prefer-
ably at low c.m. energiesE. For energiesE!q2R the cross

FIG. 2. Measured and calculated DR resonance strengthŝnEn

as a function of the principal quantum numbern for the series
(2p5)1/2nl. The curve represents the power lawŝnEn5anb with
fitted constantsa andb ~see text!.

FIG. 3. Measured and calculated DR resonance strengthŝnEn

as a function of the principal quantum numbern for the series
2s2p6nl.

TABLE II. Measured and calculated resonance energiesEn and
energy-integrated,l -summed DR cross sectionsŝn of Se

251 ions
for the 2s2p6nl doubly excited states.

En ~eV! ŝn (10
221 cm2 eV!

n Expt.a Theory Expt.a Theory

7 22266 60 2678
8 4626 40 601
9 105.06 0.1 b 105.65 2766 17 376
10 125.26 0.1 b 125.56 2426 18 284
11 140.36 0.1 b 140.05 1976 18 235
12 151.76 0.1 b 151.77 1676 19 204
13 160.46 0.1 160.42 1836 20 182
14 167.76 0.2 167.24 1286 20 165
15 173.26 0.3 172.74 906 24 125
16 178.06 0.4 177.46 726 23 116
17 181.86 0.4 181.39 686 24 107
.17 17326 150 2010

aStatistical errors only.
bAdditional uncertainty of60.3 eV for these energies by possible
shifts of the ion energy~see text!.
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section varies roughly as}E21 and final Rydberg levels give
a large contribution to the total RR rate. A theoretical predic-
tion can be obtained from the semiclassical hydrogenic RR
cross section given by Kramers@23# and by Bethe and Sal-
peter@24#. RR cross sections for multicharged ions measured
in earlier merged-beams experiments@25–28# could ~except
for significant deviations at very low energies&0.01 eV
found in some experiments@26–28#, see below! be well re-
produced by this description introducing a suitable effective
nuclear chargeZeff for ions with a few-electron core. For a
2s2(2p5)3/2 core the total cross section assumes the form

s r~E!5 (
n53

ncut

sn
r ~E!1 1

32s2
r ~E! ~13!

with @24#

sn
r ~E!5

32

3A3
a3pa0

2
Zeff
4
R2

n~Zeff
2
R1n2E!

, ~14!

wherea is the fine structure constant anda0 the Bohr radius.
The almost filledn52 shell yields only a small contribution
to the total RR cross section in Eq.~13!. In comparison to the
contributions2

r (E) of a completely openn52 shell ~where
the statistical weight of the core and the final state amount to
1 and 8, respectively! the cross section for the transition
(2p5)3/21e→2p6 with the sameZeff is reduced by a factor
of gf /8gi51/32 according to the statistical weights of
gi54 for the (2p5)3/2 core andgf51 for the 2p6 final state.
The upper limitncut of the sum in Eq.~13! represents the
highest quantum number for which the ions formed by RR
can reach the recombination detector. This limit is caused by
the field ionization of recombined ions in highly excited
states when they pass through the storage ring magnets be-
tween the interaction region and the detector, as discussed in
more detail in Ref.@6#. For the present measurement, we
estimaten cut5150.

As can be seen from Eq.~14!, the cross section for a final
state with a principal quantum numbern!nmax(E)
5(Zeff

2
R/E)1/2 decreases rather slowly (}n21) as n in-

creases; forn@nmax(E), however, then dependence of the
cross section changes tosn

r (E)}n23. Thus, at a given elec-
tron energyE the dominant contribution to the RR cross
section comes from states withn<nmax(E). The value of
nmax varies from 92 at 1 eV to 10 at 90 eV. Since the esti-
mated experimental cutoffncut5150 is considerably higher
thannmax, it is expected to have a very small influence on
the total cross sections r(E) for E*1 eV. On the other hand,
the high values ofnmax suggest that the hydrogenic approxi-
mation with a choice ofZ eff5q525 for the effective nuclear
charge should be adequate. This is also supported by a
distorted-wave calculation of the RR cross section in which
we summed the partial cross sections up ton cut; this result
was found to coincide within 10% with the hydrogenic cross
section from Eqs.~13! and ~14! for Zeff5q525 over the
energy range from 1 to 100 eV.

The experimental rate coefficient at lower c.m. energies is
plotted in Fig. 5 together with the theoretical RR rate coef-
ficient calculated from Eqs. ~13! and ~14! setting
Zeff525.@We here show the rate coefficientsa(E) defined by
(2E/m)1/2s(E) instead ofs(E) since they vary less strongly
with the energy.# With the measured signal adjusted to the
theoretical RR rate at 89 eV~see Sec. IVA!, the experimental
rate coefficient confirms the trend of the theory over the ad-
jacent energy range up to 230 eV and down to 50 eV. At
lower energies between 50 eV and'10 eV the theory fails to
reproduce the experimental signal, which is observed to be
considerably higher than predicted. The reason of this dis-
crepancy is not well understood; since it appears in the low
scan range where no simultaneous measurement of the back-
ground count rate was available~see Sec. IIA! it cannot be
excluded that variations of the residual-gas pressure during
the scan have caused a systematic dependence of the back-
ground rate on the c.m. energy. Apart from this, a reasonable
description of the observed nonresonant recombination sig-
nal between'1 and 230 eV is obtained using the theoretical

FIG. 4. DR cross section at energies around the 2s2p6 7l reso-
nances. The measured data after subtraction of a smooth fitted func-
tion representing the nonresonant background are shown by a his-
togram. The theoretical cross section~smooth curve! was folded
with the experimental c.m. energy distribution. The weak
(2p5)1/2nl Rydberg resonances, converging to a series limit at
'43 eV, are marked below the curves.

TABLE III. Measured and calculated resonance energiesEnl and
energy-integrated DR cross sectionsŝnl of Se

251 ions for the re-
solved sublevels of the doubly excited states 2s2p6nl, n57,8.

Enl ~eV! ŝnl(10
221 cm2 eV!

nl Expt.a Theory Expt.a Theory

7s 26.0 ,20 51
7p1/2 29.636 0.05 29.76 1086 23 123
7p3/2 30.476 0.03 30.57 1976 20 176
7d 34.516 0.01b 34.4 3396 31 402
7l ( l.2) 37.236 0.01b 37.1 15826 39 1926
n57 ~sum! 22266 60 2678
8s 70.6 ,20 10
8p 73.1 ,20 43
8d 76.66 0.1 b 76.0 796 21 84
8l ( l.2) 78.46 0.1 b 77.8 3836 20 463
n58 ~sum! 4626 40 601

aStatistical errors only.
bEnergy of dominant peak.
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RR cross section from the hydrogenic model of Eqs.~13! and
~14!.

The spontaneous recombination rate during electron cool-
ing ~fixed electron energy corresponding toE50! was mea-
sured to be (4.860.4)31029 cm3 s21; compared to the RR
rate coefficient calculated from Eqs.~13! and ~14! for the
given electron temperatures, this indicates an enhancement
by a factor of 2. The enhancement observed here seems to be
of the same nature as the one seen with other multicharged
ions under equivalent conditions at the TSR@6,26,28# and in
one experiment with single-pass merged electron and ion
beams@27#. As discussed earlier@28#, the results and the
experimental parameters of different measurements indicate
that the rate enhancement may be related to the low electron
velocity spread in longitudinal direction~corresponding to a
thermal energy of,1 meV! and to the presence of a longi-
tudinal magnetic guiding field for the electron beam. Pos-
sible explanations of this phenomenon are presently under
discussion@29#, and recent experimental results@30# clearly
indicate that the enhancement occurs in a limited range of
electron energies (E&0.01 eV!; hence it should not have an
impact on the DR measurements of the present work.

C. DN51 DR

The dielectronic resonances corresponding to the reac-
tions listed in Eq.~1! are distributed over the energy range of
400–1800 eV. These c.m. energies were covered by five
overlapping scans each'400–600 eV wide. As described in
Sec. IIA, the background due to electron capture of Se251

ions in the residual gas was continuously measured and sub-
tracted using the count rate at a fixed energy within each of
the scan ranges, where no DR signal was present and the RR
signal could be neglected owing to the high c.m. energy. The
results in the overlap regions of the energy scans were found
to agree within the statistical errors and thus were averaged.
An overview of the measured cross section is given in Fig.
6~a!.

From the tabulated excitation energies@22# of Se251, one
can identify the dominant Rydberg series of DR resonances,

corresponding to the excitations 2p4(1D)3d ~1671–1686
eV! and 2p4(3P)3d ~1624–1662 eV!, which give rise to
several series limits in the given energy regions. Significant
contributions to the DR cross section are not observed near
the excitation thresholds 2p4(1S)3d ('1723 eV! and
2s2p5(1P)3p ~1737–1823 eV!. The structure due to the
2p43s excitation thresholds ('1500–1600 eV! cannot be
identified among the strong peaks in this energy region,
which obviously belong to the dominant 2p43d series. At
lower energies, the 3l3l 8 resonances are clearly separated.
The 3l4l 8 and 3l5l 8 resonances can still be identified as
separate manifolds extending over'280 eV and'180 eV,
respectively, whereas the higher manifolds 3lnl 8 (n>6) are
already overlapping. The large integrated cross section re-
sulting from the Rydberg manifolds leads to a relatively
strong influence of the merging regions of the electron and
ion beams on the experimental cross section. To indicate the
size of this contribution, the correctionDs(E) determined
according to Sec. IIB and the uncorrected cross section
sL(E) are plotted in Fig. 7. It is seen that, because of the
merging regions, the peaks of the different manifolds are
accompanied by broad low-energy tails which, in the uncor-
rected cross section, sometimes add significantly to the cross
section observed at lower manifolds and to the background
level. The correction for merging-region effects is thus im-
portant for avoiding artefacts, in particular in the energy-
integrated cross section discussed below. More narrow struc-

FIG. 5. Measured recombination rate coefficient
(2E/me)

1/2s(E) for low energies, showing the nonresonant radia-
tive recombination signal and the DR resonances of the (2p5)1/2
and 2s2p6 series as indicated by the vertical bars. Also plotted is
the RR rate coefficient calculated from Eqs.~13! and ~14! using
Zeff5q525. The experimental cross section was matched to the
theoretical RR cross section at 89 eV as described in the text.

FIG. 6. ~a! Measured free-electron capture cross sections(E)
and ~b! calculated DR cross section of Se251 ions via theDN51
resonances. The dominant peaks are due to the 2p4 3lnl 8 doubly
excited states. The energy ranges of the various excitation thresh-
olds 2p4(1D)3d` and 2p4(3P)3d` are indicated by the shaded
regions. The theory was convoluted with the experimental c.m. en-
ergy distribution discussed in the text and includes Rydberg reso-
nances with principal quantum numbersn<100.
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tures in the correctionDs occurring at sharp resonances in
the cross section reflect the peak broadening caused by varia-
tions of the angle between the electron and the ion beam over
a fraction of the nominal interaction zone, which are also
included in the functionẼ(x,E) ~see Sec. IIB!.

The theoretical DR cross section, shown in Fig. 6~b!, was
obtained as discussed in Sec. III and folded with a Gaussian
energy distribution. The experimental energy spreadDE was
scaled up according to the expected energy dependence
}E1/2 from the value ofDE51.4 eV observed for an un-
cooled ion beam atE578 eV ~see Sec. IVA!. This yields
DE'4 eV at 600 eV andDE'6 eV at 1600 eV. The reso-
nant structures observed in the experiment are well repro-
duced by the folded theoretical spectrum. The quantitative
agreement is particularly good for the 3l3l 8 resonances, de-
picted in detail in Fig. 8. The use of relativistic wave func-
tions is important to reproduce the energy positions and the
resonance strengths, especially in the range of 500–600 eV,

as shown by calculations where nonrelativistic Thomas-
Fermi wave functions were used. The calculation for this
resonance group also shows that the dominant resonances are
due to the 2p4 core excitation, whereas the contribution of
the resonances with a 2s2p5 core is less than 10% of the
total 3l3l 8 cross section.

Because of the large number of doubly-excited states giv-
ing rise to DR resonances which are not resolved at the
present c.m. energy spread, we cannot give a state-by-state
comparison of experimental and theoretical results. How-
ever, in Fig. 9 we present a comparison of the energy-
integrated experimental and theoretical cross sections for the
DN51 DR resonances between 400 eV and a variable upper
limit of integration. For the integrated cross sections of the
3l3l 8 and 3l4l 8 manifolds, the theoretical integrated cross
section differs from the experimental one by less than 10%,
whereas the difference increases up to'20% when the inte-
gral includes also the higher-n manifolds. Thus, the relative
contribution of the high-n states is underestimated by more
than the systematic error of the experiment (65% for rela-
tive contributions!. The discrepancy might be explained by
the fact that in contrast to then<4 manifolds the high-n
(n>5) contributions are calculated in a single-configuration
approximation only. Many weak DR resonances underesti-
mated by the theory may add up to yield an additional con-
tribution to the measured cross section with a rather smooth
energy dependence because of the finite energy resolution.
Some weaker, apparently underestimated resonances can be
seen in Fig. 6~b!, in particular on the low-energy side of the
manifold 3l5l 8 ~1180–1260 eV!.

D. Rate coefficients for high-temperature plasmas

From the measured and calculated recombination cross
sections we can derive total DR rate coefficients for Se251

ions in a plasma with a Maxwellian electron energy distribu-
tion at a given temperatureTe by

a~Te!5
4

~2pmekBTe!
1/2E

0

` E

kBTe
e2E/kBTes~E!dE.

~15!

The resulting rate coefficients via theDN50 and the

FIG. 7. Measured cross sectionsL(E) for the DN51 reso-
nances, as deduced using the standard evaluation procedure, and the
correctionDs(E) ~shaded area! which accounts for the merging
regions of the electron and the ion beams and which was subtracted
from sL(E) to obtain the experimental cross sections(E).

FIG. 8. Measured free-electron capture cross sections(E)
~dots! and calculated DR cross section~smooth curve! due to the
2p4 3l3l 8 and 2s2p5 3l3l 8 doubly excited states. The theory was
convoluted with a Gaussian of 4 eV FWHM, representing the ex-
perimental c.m. energy distribution. Weak 2s2p5 3l3l 8 resonances
can be seen at energies*710 eV.

FIG. 9. Energy-integrated cross section of theDN51 DR reso-
nances, shown as a function of the upper limit of the integration
range ~lower limit 400 eV! for experiment~full line! and theory
~broken line!.
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DN51 resonances are presented as functions of the plasma
temperatureTe in Fig. 10. The contribution of theDN50
resonances was found from the measured cross section of
Fig. 1~a!, from which the RR cross section calculated by Eqs.
~13! and~14! and a smooth function describing the additional
nonresonant background below 50 eV~see Sec. IVB! were
subtracted. The corresponding theoretical rate coefficient, de-
rived from the calculated cross section of Fig. 1~b!, is in
good agreement with the experimental result. For the
DN51 resonances we first consider the contribution of the
3l3l 8 and 3l4l 8 manifolds only. Also here the experimental
and the theoretical results of the present work are in good
agreement with each other; moreover, both results are close
to an earlier theoretical calculation of rate coefficients@14#
used in the discussion concerning the Se241 soft-x-ray laser
scheme~cf. Sec. I!. When allDN51 resonances up to 1800
eV are included, the rate coefficients derived from the ex-
perimental and the theoretical results differ from each other

significantly. Thus, the experiment indicates that for a tem-
perature ofkBTe51000 eV~close to the value encountered
in the x-ray laser scheme of Ref.@12#! Rydberg resonances
with n>5 yield (5263)% of the total DR rate coefficient,
while theory predicts a relative contribution of only'42%
for these high-n resonances, which by their radiative decay
may considerably influence the excitation of low-lying lev-
els, including those involved in the x-ray laser scheme.

V. CONCLUSION

We have measured the energy dependence of the DR
cross section due to theDN50 andDN51 resonances for
fluorinelike selenium ions and compared the results with ex-
tensive calculations in the isolated-resonance approximation.
The energy resolution of the measurement was&0.6 eV up
to 90 eV and'1.4–2 eV in the range of 90–210 eV for the
DN50 resonances. The measured cross sections for these
resonances are well reproduced by theory. In the higher en-
ergy range of 400–1800 eV, covering allDN51 resonances
up to theN53 excitation thresholds of Se251, the resolution
was'4–6 eV. The theory included configuration interaction
within a manifold for lown and used a single-configuration
approximation forn>5. For the low-n doubly excited mani-
folds very good agreement between the measured and the
calculated DR spectra is found, but also for the high-n dou-
bly excited states, leading to a large energy-integrated DR
cross section, the calculation reproduces the observed reso-
nant structures rather well. On the other hand, recombina-
tions via weaker unresolved resonances underestimated by
theory appear to result in a significant additional contribution
to the integrated cross section and to the total DR rate coef-
ficient in a high-temperature plasma.
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