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In the case of He-like ions, dielectronic recombination ends in the population of Li-like core excited
states. Likewise the charge-exchange collision process involving long-lived metastable He-like ions ends
in Li-like core excited states. The observation of satellites 152/2/'— 1522/"” and 1s23/"’ leaves open a cer-
tain number of questions. The case of Q%" (1525)3S, +H,, C**(152s5)’S, +H,, and N°"(1s25)’S, +H, is
considered. The satellites are seen, unpolluted by parent transitions on the one hand, and on the other
hand the parent transitions are observed. But a further test of the capture process is significant: the *L
to *L optical transitions in the vacuum ultraviolet range. The n =4 satellites in oxygen and nitrogen

coincide with the n =3 parent transitions.

PACS number(s): 34.70.+e¢, 32.80.Dz

I. INTRODUCTION

The observations and theoretical investigations of spec-
tra obtained by dielectronic recombination (DR) in a
plasma allow diagnostics for electron temperature T, and
electron density N,. In some cases, the models used are
not sufficient to explain the evolution of the line intensity
ratios Ix /Iw and Iz /Iw [1,2]. Then it is necessary to
search for other collisional processes that can populate
states similar to those obtained by DR and that stabilize
in the same way, leading to an enhancement of the ob-
served line intensities. The charge-exchange process
(CX) is a good candidate. In general, this mechanism is
taken into account under the following hypothesis: the
ions are in the ground state and do not contribute to the
formation of doubly excited ions. However, for He-like
ions, the 3L energy state nearest the ground state is the
1s2s 38 1» and for low-Z atoms, it is a long-lived metasta-
ble state (7 is approximately some milliseconds for
Z =<10).

In Sec. II, an overview on the collisions’ main features
is given; in Sec. III, the basic properties of Li-like core
excited ions are reviewed and some cases of relevance to
hot plasmas are considered. Finally, Sec. IV considers
the incidence of CX, DR, and ionization rate coefficients
on the problem of ionization equilibria of carbon, nitro-
gen, and oxygen, underlining that the consideration of
CX of metastable ions is important.
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II. DR AND CX COLLISIONS’
MAIN FEATURES

It is important to understand these collisions’ main
features, as cross section, population of excited states,
and lifetimes, in order to determine afterwards the rate
coefficients and the likelihood of the dominance of one
process as opposed to the other, or of their cooperative
effect.

A. Dielectronic recombination

For the process involving He-like ions in the ground
state (where Z is the atomic number),

AZ-D+, -

e A(Z'3)+tt

, (1)
it is understood that the electron energy is less than the
excitation threshold. Moreover, it is known that along
the He-like isoelectronic sequence, the DR cross section
will vary as

o~ L 2)

ZZ
and the populated doubly excited levels will be 1s2/n'l’
with n’ extending from 2 to «. As we show hereafter,
these states, given that they all are above the first ioniza-
tion limit in the Li-like sequence, will stabilize, sharing
their decay among autoionization and radiation at each
step of a cascade.

B. Charge-exchange processes

The change-exchange mechanisms have been observed
in particular in highly charged ion sources. The simple
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50 DIELECTRONIC RECOMBINATION VERSUS CHARGE. ..

capture, which appears during the collision between a
stripped ion and hydrogen atom, has been obtained
theoretically [3-5]; this process is obtained now well un-
derstood. Theoretical investigation of ions with many
open shells has not been done in general. However, many
experimental efforts have been extensively developed,
which allow one to measure cross sections for different
ionization stages and different atomic partners of the col-
lision. In particular, it is possible to establish experimen-
tal scaling laws for the cross sections [6,7]. The predicted
values present an uncertainty of £15%. In general, for
charge-exchange collisions at low velocities (V' <1 a.u.),

AIT+B A4 D4t (3)

the cross section is almost constant and given by the for-
mula

(4.00£0.7)x1072—2—_ cm?2, @)
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where g is the charge of the incoming ion and I, (eV) is
the ionization potential of the target. Furthermore, dur-
ing the collision the electron capture leads to a state-
selective populating of the projectile: one or two levels
with specific principal quantum numbers n. Different
Landau-Zener models allow one to predict the principal
quantum number of the most populated levels [8]. If we
consider a quasihydrogenic behavior of the system during
the electron transfer from the atom to the ion, it has been
shown that the most populated capture level corresponds
to a quantum number n of the order n=gq3/*/
[ (a.u.)]'/? [9] (where I is the ionization potential of the
atom in atomic units).

In general, the distribution of the population of each /
in the level n is not predicted theoretically, but experi-
mentally it has been possible to show that the collision
velocity is the leading element of the distribution in these
sublevels. This reflects the evolution of radial and angu-
lar couplings as a function of the velocity of the incoming
ion. Indeed, in all experiments where the total cross sec-
tions o are constant the partial cross sections o; evolve
with the velocity of the colliding ion. Moreover, the
charge-exchange cross sections are very large (of the or-
der of 1075 cm? and sometimes even larger). This leads
to a large associated collision rate coefficient (o cxV ), of
the order of 1077-10"% cm3s™!. These cross sections
and rate coefficients depend on the charge q of the ion
and are not much influenced by the -electronic
configuration of the ion for an ion charge q.

III. CXINVOLVING THE FORMATION
OF Li-LIKE CORE EXCITED IONS

We will first consider and review the general properties
of Li-like core excited jons. Although they have in gen-
eral the features of states populated in DR, it is of in-
terest to understand their structure and properties in
some detail.

A. Core excited Li-like ions

Attention was focused on the Li-like core excited ions
for which the electronic structure is well known. The po-
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sition of the energy levels E, with respect to the ground
level and to the first ionization limit of 1s>'S, allow one
to predict that all the levels stabilize via spontaneous
emission (cascades) and/or autoionization [7]. In general
the autoionization takes place towards the nearest contin-
uum 1s2!S,. The single capture that occurs during the
collision of O%*, C**, and N°>* with H, has been studied
theoretically and experimentally by many authors. In the
present work, we consider the single capture by long-
lived metastable He-like ions (1s2s)S; in particular, the
single capture that occurs during the collision of
0%%(1s2s)°S, with H, at a velocity of 0.39¥, with ¥V, the
atomic unit of velocity). In order to analyze the data for
0%*(1s25)3S,, the energy levels, transition probabilities,
and Auger rates have been calculated for (1s2Inl')**L,
with n=2,3 by Bliman et al. [10] and n =4 by Suraud
et al. [11]. The Li-core excited energy levels with corre-
sponding total fluorescence yields are given in Fig. 1 for
the case of O°*. The total fluorescence yield for each lev-
el is defined as

S4,+34,"°

where 4 ;j and A, are, respectively, the radiative transi-
tion probabilities and the autoionization rates. The line
fluorescence yield is obtained by multiplying the total
fluorescence yield by the branching ratio of the specific
transition. It is important to emphasize that, for Li-like
ions, it is possible to observe experimentally two types of
multiplets: 2L and *L. But when dealing with 2L states it
is necessary to carefully differentiate between the singlet
core 152/ 'L and the triplet one 152! 3L, which end in en-
ergetically different states. Moreover, these lithiumlike
states do stabilize differently. The sharing between
fluorescence and autoionization is different. All quartet
states ‘L are generally metastable against autoionization
and their decay is radiative. However, the lowest-lying
quartet states 1s2s2p *P¢ and 1s2p2 *P; deserve very
careful attention. Depending upon the value of J, the
fluorescence yield will vary significantly: 1s2s2p *P¢ /2,372
have an increasing fluorescence yield (see Fig. 2), whereas
1s2s2p *P¢ , autoionizes to 1s2'S, by spin-spin interac-
tion, at low Z values. The same remarks are nearly valid
for 1s2p2 *P, 53, (Fig. 3). For doublet states 2L, as is
shown in Fig. 1, the levels with singlet core 'L generally
lie above those with the triplet core 3L. This situation is
reproduced along the isoelectronic sequence; Figs.
4(a)-4(c) show the fluorescence yield of 1s2s3! versus
atomic number Z <10. As we discuss below, in some
specific cases the charge-exchange collision process ends
in populating a very narrow set of excited levels: in the
limit of low-energy collisions (E <25 keV amu) the most
probably populated level is nearly equal to

g3/t

n~——————- (6)
[I(a.u.)]V?’

where g is the incident ion charge, I is the ionization po-

tential of the atom in atomic units, and n is the principal

quantum number of the most populated level. The shar-

ing among sublevels is not statistical and depends upon

(5)
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the collision velocity. However, the sharing among 2L
and ‘L is globally statistical. The stabilization at each
step in the cascade is shared between a photon emission
and autoionization, as shown in Fig. 5.

B. Some CX cases of relevance to hot plasmas involving H,

It is well known that hydrogen plasmas are contam-
inated by impurities such as carbon, nitrogen, and oxy-
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FIG. 1. Li-core excited oxygen energy levels with corre-

sponding fluorescence yields. Energies in eV are given above
ground state 15225 %S, ,,. (a) Quartet states 1s2s2p — 1s2snl and
1s2p%—1s2p(nl). (b) Doublet states 1s2snl. For each nl the
lowest-lying level is 1s2s3Snl whereas 1s2s'Snl is slightly
higher. (c) Doublet states 1s2pn’l’. Each n’'l’ has two values:
the lowest one is 1s2p *Pn'l’; the highest one is 1s2p 'Pn’l’.
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FIG. 2. Li-like ions fluorescence yields ws of 1s2s 'S2p *P°,
1525228, 15252p *P°, 1525 3S2p 2P° versus atomic number Z.

gen. For these elements, the He-like metastable ion
1525 3S, state is long lived; the lifetime is 7>107*
Their radiative decay is associated with a magnetic- dlpole
transition M, nearly forbidden for low-Z atoms.

1. Experimental procedure

A charge and mass-analyzed He-like ion beam at 10g
keV is passed through a dlff'erentlally pumped collison
cell (inner pressure =3.5X107° Torr of H,). A Bragg
diffractometer (equipped with a flat crystal with 2d ap-
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FIG. 3. Li-like ions fluorescence yields wz of 1s2p? 2D, *P,
2§, and 152p2*P5,, 1, and 1s2p**Ps , versus atomic number Z.
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propriate to the wavelength interval and used in conjunc-
tion with a low-pressure flowing gas proportional
counter) looking at 90° to the beam direction directly into
the collision chamber records the soft-x-ray emissions
[12]. The vacuum ultraviolet (vuv) emission in the wave-
length range 100-200 A is recorded, making use of a
Rowland circle mount spectrometer equipped with a 3-m
grating with 300 lines /mm. A detector based on mul-
tichannel plates and the resistive anode readout tech-
nique is used [13]. The beam gas interaction length

wr
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viewed by both spectrometers is approximately 2 cm.
Under those conditions, radiative emissions following
single-electron capture are obtained. An electron spec-
trometer records the Auger electron emitted at an angle
of 10° from the incident ion direction [5].

2. Oxygen ion 0%

To illustrate the experimental situation, Figs. 6(a) and
6(b) show, respectively, in the case of oxygen the K
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FIG. 4. Fluorescence yield o along the isoelectronic sequence. (a) Fluorescence yields of 1s2s 'S 3s2S, 1s2s 3$3s2S, and
152535 4S; (b) fluorescence yields of 1s2s'S3p2P° 1s2s3S3p2P° and 1s2s3p *P% (c) fluorescence yields of 1s2s 'S3d 2D,

1525 353d 2D, and 1s2s3d *D.
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FIG. 5. The stabilization of the Li-like ion O°*.

fluorescence recorded in the collision
O’ +H,—0% (1snl)"’L,+H," . (7)

The decays 1snp — 152 1S, are seen: The He-like parent
transitions are seen in Fig. 6(a), while Fig. 6(b) recorded
at the same velocity shows the transitions due to the K
fluorescence of Li-like core excited oxygen ions following
the capture collision:

0% (1525)’S, +H, 0" (1s2In'I")**L,+H, " . (8)

In this case, the capture level n is typically n =4 and
the different radiative transitions are unambiguously
identified. Moreover, comparing the satellite positions
and the parent transitions, it is seen that 15s2s4p is coin-
cident with the He-like transition 1s3p —1s2. The au-
toionization spectrum shows that the continuum to
which the Li-like core excited states 1s2/n'l’ decay is the
He-like ground state 1s'S,. The low-energy peaks are
due to cascade feed from the capture level. In Fig. 7 the
highest energy peak corresponds to the capture level and
the lowest are due to cascade population. The most in-
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FIG. 6. (a) X-ray spectrum emitted in the single-electron
capture collision O'* +H—0%"(1snl)"*L +H™*. The K transi-
tions correspond to O°*(1snp)"*L —0°"(15?)'S+hv. (b) X-
ray spectrum emitted in the single-electron capture collision
0°*(1s25)’S+H—0*(1s2In'l")**L+H. The K fluores-
cence of core excited Li-like oxygen corresponds to
O’ (1s2In'I")**L —O°* (1s?21)’L + hv.
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FIG. 7. Autoionization spectrum following the capture col-
lision involving metastable He-like oxygen ion O%*.

tense peaks in the low-energy part of the spectrum are as-
sociated with the autoionization of 1s2s2p *Ps,, and
1s2p* *Ps 1, [3].

3. Carbon ion C**

In this case, the charge-exchange collision with H,
populates mostly n=3. The photon x-ray spectrum
shows a set of lines 1s2/3p decaying directly to 1s221.
This is well understood considering the fluorescence yield
wy of 1s2s2p *L,;, which is equal to 0.003 [14]. This
means that nearly all 15212’ (particularly, 1s2s2p *P¢
and *P?) nearly 100% autoionize and are not expected to
be present in the photon spectrum. In Fig. 8 are shown
the K photon spectra emitted by C**(1snp—1s?) ob-
tained in the CX collision C>* +H, [Fig. 8(a)], while Fig.
8(b) shows the x-ray spectrum from C*'(1s2s5)3S,
+H,—->C**(1s2131)**L,+H™.

The Auger spectrum obtained by Mack [3] shows an
intense group of lines of energies of 220-240 eV (stabili-
zation of 1s2121'**L; populated by cascades) and a
group of lines of energies around 270 eV emitted from the
levels directly populated (n =3).

4. Nitrogen ion N°*

As nitrogen is intermediate between oxygen and car-
bon, the capture level mostly populated is » =3. with a
small fraction going to n =4. To determine the position
of the transitions 1s2In’'l’—1s22l, 1s?n'l’, the He-like
spectrum is recorded. Figure 9(a) shows the He-like spec-
trum and Fig. 9(b) recorded in the same wavelength inter-
val shows unambiguously the decay of the Li-like core ex-
cited levels.

The complementary part of the photon stabilization
Auger spectrum was already observed: Mack [3] shows
two groups of peaks, the capture levels’ direction popula-
tion giving peaks of energies between 360 and 400 eV,
while peaks corresponding to a cascade feed of 152121’
are seen in the energy interval 320-340 eV.

The difference observed in the behavior of 1s2/2/’ for
the three ions is basically related to the fluorescence
yields of the levels (see O%*,C** N, in Figs. 2 and 3).
The described experiments show that the He-like spec-
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FIG. 8. (a) Photon spectrum for the emissions follow-
ing the CX process C>*(1s)%S,,+H,—C*"(1snl)"3L
+H,". (b) Photon spectrum from C**(1s2s)’S,+H,

—C¥*(1s2In'I")** L +H,".

trum is unpolluted by satellites on the one hand, whereas
on the other hand the satellites are alone (no parent tran-
sitions).

IV. RATE COEFFICIENTS AND THE
IONIZATION EQUILIBRIUM

The fact that DR and CX involving metastable ions
end in populating Li-like core excited states, raises two
important questions: what are the rate coefficients for
these processes and what is the consequence on the ion-
ization equilibrium?

A. CX rate coefficients

Low-energy (down to 10 eV/amu) charge-transfer cal-
culations for H+C?t —CY D+ +H* (¢=1-6) by Kat-
sonis and Maynard [14] have shown that these collisions
are essentially Coulomb-like: The cross sections can be
estimated with the charge-transfer Monte Carlo (CTMC)
method using a Coulomb potential in a large energy
range. Consequently, this method has been used to calcu-
late the charge-transfer cross sections of C** and O°*
colliding with H. The corresponding rate coefficients
have been calculated after integrating over a Maxwellian
distribution for a hydrogen plasma of temperature Ty .
The results are given in Fig. 10; the rate coefficients 4
presented in this figure are also given in parametric form
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FIG. 9. (a) Emissions following the CX process

N¢*+H,—N>*(1snl)"*L +H,". (b) Photon spectrum from
N3*(1s25)3S, +H,—>N**(1s2In'I')**L + H, ™.

in 10™% cm s, using the representation
A/n=yla+by)/(1+dy°+ fy%),

where n is the density in cm® and y is the energy in keV.
The corresponding values of the parameters are

10

Single e-transfer rate (1078 emds™)

1t .
NN BT Lt i aasul A Lia Lol 11

aul 1
0.01 01 1 10 100
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FIG. 10. Single charge-transfer rate coefficients 4 versus
temperatures in keV for collision of carbon and oxygen ions
(g =4 and 6) with hydrogen.
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a=8.3, b=0.94, ¢c=1.0, 4d=0.0116,

e=2.57, f=1.30X10"% g=4.6 for C**

a=13.3, b=1.20, ¢=1.0, d=0.0105,

e=2.50, f=0.86X10"% g=4.6 for O°" .

Note that if one wants to consider the carbon ions as hav-
ing also a Maxwellian distribution, the combined result is
easily calculated wusing a modified temperature
Troa=(T;+M;Ty)/M;, where Ty and T; are the tem-

peratures of the H and of the C and O ions and M; =12
and 16.

B. DR rate coefficients

In order to appreciate the influence of the various com-
peting atomic processes in plasmas including mul-
ticharged ions, the charge-transfer rate coefficients of Fig.
10 are to be compared with the rate coefficients of dielect-
ronic recombination for the same ions (C**,0°"). In the
case of highly ionized He-like ions, dielectronic recom-
bination rate coefficients have been calculated by
Younger [15] and Nilsen [16], both for astrophysical (so-
lar corona) and laboratory (magnetic fusion) plasmas. A
distorted-wave method has been used by Younger [15]
mainly in the LS coupling scheme to calculate the rates
for several He-like ions. Nilsen [16] used relativistic
configuration wave functions for evaluating the total
dielectronic recombination rates for multiply charged
ions with 10=Z =<54. These calculations constitute an
improvement over the older Burgess [17] and Merts-
Cowan-Magee [18] formulas. Here, the dielectronic
recombination rate coefficients for the He-like ions C**
and O%" have been evaluated on the basis of the work of
Younger [15] and of Nilsen [16]. In Fig. 11 these rates
are given for an extended energy region. In comparison
with Fig. 10 it is easy to realize that, even for the most
favorable energy values, the effect of the dielectronic
recombination is orders of magnitude less than the effect
of the charge transfer.

The CX rate coefficient can be compared with the DR
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FIG. 11. Total dielectronic rate versus temperature in keV of
carbon and oxygen ions (¢ =4 and 6).
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rate coefficient. For example, Andersen et al. [19] have
measured DR rate coefficient for O®*(1s2s)*!S. The ob-
tained values are of the order of 107 cm®s™!; the CX
rates are larger than DR ones and this allows an under-
standing of the dynamical behavior of Li-like core excited

ions.

C. Ionization rate coefficients

We also compare the aforementioned rates with the
electron collision ionization rates for the same ions
(C**,0%%), a competing process, and also for the corre-
sponding Li-like ions ionization, an inverse process popu-
lating the He-like levels. The rates presented in Fig. 12
are taken from the well known evaluation from Bell
et al. [20] and Kato, Masai, and Arnaud [21]. Such a
comparison was previously presented by Younger [15],
but due to a number of misprints occurring in the paper
the appreciation was not clear. Although smaller than
the charge-transfer ones, these rates are bigger than the
dielectronic recombination ones for low-Z ions; neverthe-
less, for high-Z ions, even if the dielectric recombination
rates are smaller, the electron collision ionization rates
are increasing only for higher energies, and consequently
the dielectronic recombination is more important for
low-energy regions.

The ionization rates are calculated for the ground-state
ions. It is clear that a calculation for the metastable ions
would give ionization rates intermediate between the
values for the Li-like and He-like ground-state ions.

D. Ionization equilibrium

Even though the number density of metastables is
small (in current experiments involving beams extracted
from electron-cyclotron-resonance ion sources—a hot
plasma device—we have always measured total He-like
ion beam metastable fractions of the order of 10% of the
total He-like ion beam), the rate coefficient times the He-
like ion number density is still in favor of the CX for po-
pulating the Li-like core excited levels. The simplest ion-
ization equilibrium model (Coronal model) is probably
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FIG. 12. Collision ionization rate versus temperatures in keV
of carbon ions (¢ =3 and 4) and oxygen ions (g =5 and 6).
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not sufficient to describe the behavior of the He-like ions.
For the He-like ionization stage, the simplest model
should include the following terms in the common rate
equations:

dn(z—2)+ _ ( y
dt TR 5 3yt oV, Yioniz

~nen iz g+ (V. )or
—non, ,+{0ov)cx
_nen:2_2)+ <0Ve >ioniz ’
where (Z—2)% is the charge of He-like cores and ¥, and

v are the electron and ion velocities, respectively, and n*
is the metastable number density. In typical times of or-

der 10712 g, the fraction that autoionizes restores the
ground-state He-like ion 152 'S,,.

V.CONCLUSION

We have shown that the charge-exchange collisons fa-
cilitate the distinction of levels likely to be identified. It
is important to stress that there are many other situations
where charge exchange and dielectronic recombination
cooperate for emission of satellites. Therefore Be-like
ions, having above their ground state a long-lived meta-
stable state 1s2 2s2p 3P0, and Ne-like ions, where the
2P3353P§ metastable state cannot decay to the respective
ground state, have to be carefully investigated. Account
must be taken of the stabilization of the Li-like core ex-
cited ions: they share their decay through photon radia-
tion and autoionization, the last mechanism restoring
ground-state He-like ions.
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