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Reported herein are measured absolute single, double, and triple charge exchange (CE) cross sections for the
highly charged ions (HCIs) C9* (¢=5,6), 07" (¢=6,7,8), and Ne?* (¢=7,8) colliding with the molecular
species H,O, CO, and CO,. Present data can be applied to interpreting observations of X-ray emissions
from comets as they interact with the solar wind. As such, the ion impact energies of 7.0g keV
(1.62—-3.06 keV/amu) are representative of the fast solar wind, and data at 1.5¢ keV for O®* (0.56 keV/amu)
on CO and CO, and 3.5¢ keV for O°* (1.09 keV/amu) on CO provide checks of the energy dependence of the
cross sections at intermediate and typical slow solar wind velocities. The HCIs are generated within a 14 GHz
electron cyclotron resonance ion source. Absolute CE measurements are made using a retarding potential
energy analyzer, with measurement of the target gas cell pressure and incident and final ion currents. Trends in
the cross sections are discussed in light of the classical overbarrier model (OBM), extended OBM, and with

recent results of the classical trajectory Monte Carlo theory.
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I. INTRODUCTION

Charge exchange (CE) of highly charged ions (HCIs) with
neutral atomic and molecular species is a dominant process
that occurs in a variety of high electron temperature plasmas.
These plasmas include fusion devices [1-3], various astro-
physical regions involving the interaction of HCIs (as solar
and stellar winds, or as magnetospherically confined ions)
with cometary neutral species [4—7], circumstellar neutral
clouds [8], and planetary atmospheres [9,10]. A summary of
abundance of the HCISs in the solar wind [11] is given in Fig.
1. One sees that the most important solar wind species in-
clude C59+ N5+ Q-8+ and Neb+, for which the current
paper presents absolute charge exchange cross sections. An
important diagnostic of CE in these plasmas is the observa-
tion of x-ray emission following the electron transfer into
high-n orbitals of the HCI projectile, and subsequent radia-
tive decays in the x-ray spectral region [6,12].

Recent CE cross sections and n-state distributions have
been reported for N7*, O’* ions colliding with H,0, CO,,
and CO [13]; and Ne'%* ions with He, Ne, Ar, CO, and CO,
[14]. Comparisons have been given with results in the clas-
sical trajectory Monte Carlo (CTMC) model, the Landau-
Zener (LZ) approximation [15-18], and the classical over-
barrier model (OBM) [19-21]. Cross sections for CE of C7*
ions (for ion charge ¢=1-4) with H,, CH,, C,H¢, C;Hg, and
CO, have been reported and discussed in light of the incident
ion-energy dependence, scaling laws, and target ionization
potentials [22].

Theoretical approaches that have allowed a direct com-
parison with fusion and astrophysical ion-neutral systems are
the CTMC, molecular-, and atomic-orbital close-coupling
methods, and the continuum distorted-wave method
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[18,22-24]. Theoretical work has progressed in calculating
transition probabilities and branching ratios; and the under-
lying database of CE cross sections and x-ray emission spec-
tra has increased. These have led to an emphasis on deter-
mining specific (n,l) state distributions following electron
capture. The resulting cascade processes have been modeled
with comparisons to both laboratory [25] and solar-system
[10,26,27] x-ray spectra.

Presented herein are absolute single and multiple CE
cross sections for various charge states of C, N, O, and Ne
ions colliding with molecular targets. The goal of this work
is to benchmark results of theoretical calculations, and to
provide needed data in the areas of comet, planetary, circum-
stellar, and fusion physics. The experimental approach for
generating the HCIs of known charge-to-mass, charge ex-
changing with the neutral species, measuring the ion charges
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FIG. 1. Ion species and their abundance in the solar wind [11].
Shown are the average of the abundance in the fast and slow com-
ponents of the solar wind, all relative to the summed O®~8* jon
abundances. Other abundances (not displayed) are H*=1600 and
He?*=70. Histogram bars shown in bold outline indicate species for
which CE cross sections have been measured at JPL.
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and currents after the collision, and error determination is
discussed in Sec. II. Results are given in Sec. III and dis-
cussed in light of previous experimental data, and of theoret-
ical results in the CTMC and classical and extended OBM
models. Conclusions and a view towards future work are
given in Sec. IV.

II. EXPERIMENTAL CONSIDERATIONS

The experimental study uses the electron cyclotron reso-
nance (ECR) ion source and the CE x-ray detection beam
line at the JPL Highly Charged Ion Facility. Details of the
beam lines [28], the CE geometry, system calibration, and
errors [29-32] have been given previously, and only subse-
quent changes are discussed in the following.

Prior to the start of the measurements a LabView data
acquisition system was assembled and programmed. This
system makes use of the current-sampling protocol available
with the Keithley 6514 digital electrometer, improving sta-
tistical errors and streamlining the data-taking process which
is now under personal-computer control.

In terms of the CE gas cell, all measurements were taken
with the largest cell exit aperture diameter possible
(4.09 mm) consistent with maintaining good pressure within
the cell, and limiting the pressure gradient towards the ion
exit region. Such gradients introduce the possibility of CE
outside the geometric limits of the cell, and hence add un-
certainty to the effective path length of the cell, and to the
final absolute cross section.

In a separate study the effect of aperture diameters was
examined in greater detail on the more challenging cases of
SHe?* charge exchanging with He and H, [55]. The scatter-
ing kinematics of light ions incident on light targets results in
the largest angular spread in the CE products, especially for
the exothermic case of the partners *He?* +He. The 4.09 mm
diameter exit aperture results in an acceptance half angle of
1.93°, yielding a collection efficiency for scattering from H,
of 98-99%; and a collection efficiency of about 90% for
scattering from He, with efficiencies depending on the inci-
dent ion energy. A detailed model of the cell, and corrections
for the uncollected ions for these limiting cases can be cal-
culated using differential cross sections [33,34]. These re-
sults are in excellent agreement with the experimental study
of Kusakabe et al. [35] using an acceptance half angle of
2.50°. A comparison with a low-energy (up to 430 eV), two-
channel radial coupling calculation [36] in the system C®*
+H shows that the collection angle effects are negligible, and
that essentially the full collection of CE products was
achieved in the present and previous JPL studies.

In any study using an ECR ion source it is important to
consider the role of metastable ions in the parent beam, and
indeed the present 14 GHz ECR source has been used to
measure metastable ion lifetimes in oxygen and iron ions
[37,38]. The extent to which the presence of metastable ions
will affect a CE measurement depends on both the meta-
stable population and its CE cross section relative to that of
the ground state. As in previous studies (see Ref. [32] for a
detailed discussion), tests were carried out herein to examine
the sensitivity of cross section to metastable ions.
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One test of metastable content involves running the ECR
plasma chamber in “low pressure” (=2 X 10~ Pa) and “high
pressure” (=7 X 107> Pa) modes, and comparing cross sec-
tion results for a given ion-molecule pair [32]. Using a sec-
ond beam line [28] one is able to trap all ions in the Kingdon
ion trap and monitor the emitted photons from a metastable
level. In a second test, one can introduce a quenching gas
(N, or Ar) into a long section of the beam line between the
90° charge/mass selection magnet and the electrostatic “Y”
deflector [28]. In both tests the ECR and beam-line gas-
pressure conditions can be adjusted to reduce the metastable-
level photon emission intensity in the trap to below its
detection limit.

Additionally, a separate series of measurements using the
beam attenuation method [32,39-41] was used as a diagnos-
tic of metastable content. This was done by varying the pres-
sure of Ar in the CE gas cell, and monitoring the decreasing
transmission of the ions, with break points, as a function of
increasing Ar pressure. A summary of the metastable diag-
nostics is given in Ref. [32]. In sum, these diagnostics served
to exclude the effects of metastable HCI states in the cross
section determinations.

The errors in this study are described in detail in recent
Fe?*-He CE results [32]. An error propagation was per-
formed by adding the 20 statistical errors, taking into ac-
count the number of measurements for each ion-molecule
pair, in quadrature with the errors in measuring the gas den-
sity, ion current ratios, absolute currents, ion beam instabili-
ties, and the effective gas-cell collision length (including a
correction for gas streaming) of 7.2%. Use of the digital
electrometer led to an improved signal sampling and a direct
digital output which improved the statistical error. The final
convoluted 20 errors in the data are listed for each measure-
ment in Table I. These errors averaged to 8% (o,,1), 12%
(O'q’q_z), and 20% (O'q’q_:;).

III. RESULTS AND DISCUSSION

Shown in Table I are the present single (o, ,_;), double
(04,4-2), and triple (o, ,3) CE cross sections for the indi-
cated charge states of C, O, and Ne ions colliding with the
molecular targets CO, CO,, and H,0. (These targets com-
prise a subset of the most important comet species, with
additional targets being H, C, O, and OH.) All data are dis-
played in Figs. 2-5, along with results of the OBM and
CTMC calculations where available. Prior to obtaining the
experimental results, a series of measurements overlapping
the earlier data of Ref. [31] was undertaken. This served as a
consistency check, especially of the digital electrometer, the
data-acquisition software, and the angular-collection effects
of the larger exit aperture in the CE cell. All present and
earlier [31] data are displayed in Figs. 2-5. Data for single
CE are considered first, followed by multiple exchange re-
sults, and energy dependences in the cross sections.

A. Single charge exchange results

The o, ., results for target molecules CO, and CO are

shown in Fig. 2. Because the ionization potential (1) of CO,
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ION CHARGE

FIG. 2. Absolute single CE cross sections (the sum of single
capture and autoionizing double capture events) for highly charged
ions with CO and CO,. All values in Figs. 2-5 are listed in Table I
herein and in Ref. [31]. Some data points have been slightly dis-
placed along the charge axis, and some error bars removed for
clarity. Comparisons are given to results in the classical over-barrier
model [19-21], and to CTMC results [23]. The legend is as follows:
&, C9*, 0%, Ne?* on CO; ¥, C¢*, O, Ne?* on CO,; V, C36+,
N7+ 0378+ Ne’* on CO, (from Ref. [31]).

(13.78 eV) is close to that of CO (14.01 eV), the o, are
expected to be similar on the basis of the OBM, in which the
Ip is the only free parameter. The expression for the cross
section in the OBM is obtained through the crossing radius
R, for hydrogenic systems, and is given as

qg-1

Re=———.
< g 2n—1Ip

(1)
where n is the final principal quantum number, and the CE
cross section is given by 7R 2. Equation (1) can be a useful,
first-order guide towards estimating single CE cross sections
for unknown species, based only on their Ip’s.

Referring to the o, . cross sections for 0°* and O7* on
CO, (Fig. 2), one sees that the present results agree with
those of Ref. [31] to within the combined 20 error limits.
Indeed, all of the data in Fig. 2 for a given charge state

20 .

L H20 4

-
o
I

Gg,q-1 (10715cm?)
>
T

ION CHARGE

FIG. 3. Absolute single CE cross sections (the sum of single
capture and autoionizing double capture events) for highly charged
ions with water. Filled triangles (A) are present data for C>*, O%*,
Ne’*, and Ne®*. Open triangles (A) are data from Ref. [31] for the
ions indicated. Comparisons are given to results in the classical
over-barrier model [19-21], and to CTMC results [23].
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FIG. 4. Absolute double CE cross sections for CO, CO,, and
H,O at an ion acceleration potential of 7 kV. The legend is as
follows: @, C7*, O7*, Ne?" on CO; V¥, C7*, O9*, Ne?* on CO,; A,
C9*, 07, Ne?* on H,0; V, C4*, N*+ 0%, Ned* on CO, (from Ref.
[31]); A, C#*, N**, 09*, Ne?* on H,O (from Ref. [31]); ¥, N’* on
CO, (from Ref. [31]); %, N7* on H,O (from Ref. [31]).

cluster together and exhibit a uniform trend of increasing
cross section with ion charge ¢. This is supported theoreti-
cally by both the OBM and CTMC results [23], with good
agreement in slope for the more sophisticated CTMC calcu-
lation. As expected the cusps of the OBM are not observed
experimentally, and are an indication that electron capture is
occurring into a range of final-state projectile n levels rather
than into a single n level.

Shown in Fig. 3 are absolute single CE results for C, N,
O, and Ne ions colliding with H,O (Ip,=12.62 eV). The trend
of increasing cross section with ¢ is maintained up to the
highest level studied (¢=9). The dependence (or lack
thereof) on I is established by comparison with unpublished
CE measurements with CH, as the target [42]. The I, of CH,
is 12.99 eV, close to that of H,O, and it is found that the
CH, cross sections agree well with the H,O results for ¢
<6, and straddle the three cross section values for N7+, O7*,
and Ne’*. The trend of increasing single exchange cross sec-
tion with increasing charge is also seen in the CTMC calcu-
lation with comparison to data for H,O, CH,, and CO,
(see Fig. 5 of Ref. [23]).

There is a consistent positive offset of all measured data
above the CTMC by typically 15-50 %. This was also the
case for earlier CTMC calculations for O%* and Ne'%* [23].
One source of the discrepancy could lie in the fact that
present experiments also include effects of autoionizing mul-
tiple captures to adjacent energy levels (leaving just a single
electron captured), and hence contribute to the true single
capture cross section. The CTMC includes only the direct
single electron capture (SEC), and thus would be an under-
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FIG. 5. Absolute triple CE cross sections for CO, CO,, and H,O
at an ion acceleration potential of 7 kV. The legend is as follows:
¢, 0%, Ne?* on CO; ¥, O7*, Ne?* on CO,; A, O, Ne?* on H,O0;
V, 09" on CO, (from Ref. [31]); A, O9* on H,O (from Ref. [31]).
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estimate to the sum of all direct and indirect paths leading to
Oyg-1- In addition, assuming that the classical nature of
CTMC is not the limiting factor at these collision energies,
the offset may lie in the assumption that there is only one
active electron. For example, Hasan et al. [13] use the
CTMC to calculate the average n for SEC in He, CO, CO,,
and H,O for the projectiles N’* and O’*. While these CTMC
cross sections are consistently low, the best value is for fast
N7* on He, where the assumption of one active electron be-
comes more reasonable.

B. Multiple charge exchange results

As has been pointed out in recent publications [13,23,25],
multiple electron exchanges play a noticeable role in the
modeling of x-ray emissions from cometary systems. Experi-
mentally, the measurement of double and triple CE cross
sections (which include all indirect capture-autoionization
paths) is more difficult due to the lower outgoing ion cur-
rents involved. Shown in Figs. 4 and 5 are the present results
for the absolute double and triple CE cross sections for all
7.0 kV ion-molecule pairs studied herein, along with com-
parisons given to earlier data [31]. The present data, with 2o
error limits, are also listed in Table I. An enticing feature of
the double CE cross sections in Fig. 4 is the noticeable un-
dulation with respect to ¢g. There is a consistent and signifi-
cant minimum at g=5 for both C°* and O°* on any target,
which might be the result of a loss of flux into the single and
triple CE channels. Such an effect was observed in the single
and double CE cross sections reported for the Fe?*H¢ system
(see Fig. 3 of Ref. [32]). Noted there was a clear maximum
in the double CE cross section for Fe®*, accompanied by a
minimum in the single CE cross section; and a maximum in
the single CE cross section for Fe!** with a minimum in the
double exchange. This effect was ascribed to the varying
contribution of the autoionizing double capture (ADC) chan-
nel to the single CE, where the competition between ADC
and radiative stabilization will depend upon the initial
nl,n'l" capture states. The continued study of this possibility
awaits improvements in the experimental technique, accom-
panied by refinements in the theory to include the many open
capture-ionization channels.

Perhaps just as interesting is the phenomenon that for a
number of charge states and ions the double-exchange CO,
cross sections lie above the H,O cross sections, with the CO
cross section value lying between. The pattern is true for g
=3-7, with the CO,-H,O differences being greater than 20.
Given the inverse relationship between /p and cross section,
this is not expected on the basis of the first /p values, but
would be expected on the basis of the second Ip’s. From
Auger spectra these are known to be 24 eV for CO,, 26 eV
for CO, and 27 eV for H,O [43]. The same trend and similar
values can be arrived at by using Koopman’s theorem on ab
initio calculations on the corresponding singly charged ions
[44,56]. The consistency of the experimental data and error
limits is noteworthy, with the data having been acquired with
different hardware and software over a period of about five
years. The same trend is evident in the smaller triple
exchange cross sections in Fig. 5.
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Comparing the multiple and single exchange cross sec-
tions, it is interesting that the closely matching results for
g=5 and ¢g=6 differ at ¢g=7 for single exchange on H,O
(Fig. 3). This is also seen in all double exchange results, with
the N7* results lying higher than the Ne’* and O’* cross
sections (Fig. 4). But for the single exchange results (Figs. 2
and 3) the Ne®* cross sections are somewhat larger than for
08+, especially for H,O. On average, for all targets and pro-
jectiles, the ratio of single to double CE cross sections is
about 4.5, and that of double to triple about 2.8. It appears
that inclusion of multiple CE data into models would be
needed [14], especially if one were interested in obtaining
plasma properties to an accuracy of 10-15%, consistent with
spacecraft measurement accuracies. Furthermore, through
single and sequential CE interactions the HCIs can be con-
verted to lower charge states having large CE rate coeffi-
cients that can markedly affect the state of the plasma [45].

C. Energy dependence of the charge exchange results

Ions in the solar wind have a bimodal velocity distribution
with comparable numbers of ions in both the fast and slow
components [11]. In order to model the solar wind-comet
interaction it is important to understand the dependence of
CE cross section on projectile energy. In terms of the experi-
mental parameters, an accelerating potential of 7.0 kV for an
O’* ion corresponds to an ion velocity of approximately
770 km/s (fast solar wind), 1.5 kV to 360 km/s (slow solar
wind), with 3.5 kV (540 km/s) lying in between.

Examination of the 3.5¢ keV O°* on CO results (Table I)
shows that they are essentially identical to the 7.0 keV re-
sults. Results for lower-energy 1.5¢ keV O® ions colliding
with CO and CO, are also similar to one another; they are
also close to the corresponding 7.0g keV values, but show a
slight trend towards higher cross sections with decreasing
energy. One fairly close comparison is with the energy de-
pendence among single, double, and triple exchange cross
sections for C%* (¢g=1-4) ions incident on several poly-
atomic molecules. Referring to Fig. 3 of Ref. [22], it is found
that near 1 keV/amu (12 keV) the multiple CE cross sec-
tions are generally flat, or have a small positive or negative
slope with energy. This was also noted in the CE studies of
He”*+CO [46] and He’*+H,O [47], where the slope for
single exchange was positive, while that for double exchange
was negative in this energy region. Another study [48] gave
a similar behavior for single exchange by He** on CO,, CH,,
CO, and H,O. It is interesting to point out that the results for
He”*+H,0 [47] are in excellent agreement with the study of
Seredyuk et al. (see Fig. 5 in Ref. [49]). The single lowest-
energy point in Ref. [46] that appears to be in disagreement
is an extrapolated rather than measured point.

Lithiumlike O>* was reported to have a metastable state
with a measured lifetime of approximately 1 us [50]. Al-
though O°* is not expected to have metastable levels, never-
theless data were taken at both high and low ECR pressure
modes, and at acceleration potentials of 3.5 kV and 7.0 kV.
The latter tests served to lengthen the flight time (5.9 us vs
8.3 us, or ~5.9 lifetimes to ~8.3 lifetimes) to allow the
metastable ions more time to decay, albeit both flight times
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are already sufficiently long. Data were taken on the O*
+CO system at both potentials, and under high- and low-
pressure conditions. No statistically significant trend in o5y
was detected either with flight time or quenching gas pres-
sure, and hence the effect of any metastable level in O°* was
deemed negligible.

Finally, for the sake of completeness, a set of cross sec-
tions was calculated for the CO target using the extended
overbarrier model (EOBM) [52] and the assumptions therein.
The CO binding energies were taken from Refs. [53,54].
Calculated results for single-charge exchange cross sections
for C>* are 7.4 (units of 10715 cm?, see also Table I), with the
predominant channel being a single electron transfer to the
projectile; and 8.4 for Co*, with the predominant channel
again being a single electron transfer. Calculated results for
double-charge exchange strings for C>* are 0.62, with the
predominant channel being three electron transfers and a
single autoionization; and 1.2 for C%*, with the predominant
channel again being three electron transfers and a single
autoionization. Thus, for the C3* and C®* projectiles the cal-
culated single exchanges are overestimated relative to mea-
surement by a factor of about 1.7, and the double exchanges
are calculated to lie within about 15% of measurement.
Analogous EOBM estimates were derived from strings for
other collision partners in Table I, and these results will be
reported in a future publication.

IV. CONCLUSIONS

Using the JPL Highly-Charged Ion Facility absolute
single, double, and triple CE cross sections have been mea-
sured for C?* (¢=3,5,6), 0" (¢=5-8), and Ne?* (¢=7,8)
ions colliding with CO, CO,, and H,0O. Diagnostics were
carried out in all cases for possible contributions from meta-
stable levels. Good agreement is found with earlier measure-
ments of Greenwood et al. [31], and measurements for
CH, (Ip=12.61 ¢eV) [42] agree well with data for H,O
(12.62 eV). All single exchange measurements are consistent
with the trend of increasing single CE cross section with ion
charge, in agreement with trends in the overbarrier and
classical trajectory Monte Carlo models. However, data are
15-50% above the results for the CTMC model. An interest-
ing minimum in the double CE cross section for all ions
studied here and in Ref. [31] is observed at g=35, which may
be an indication of flux from the autoionizing double capture
channels directed towards the single ionization channel, as
was observed in earlier studies for the Fe?*-He system [32].

For most charge states in Figs. 2-5 there is a well-
behaved clustering of cross sections that is essentially inde-
pendent of the projectile ion. However, some persistent mea-
sured differences exist for g=7 and ¢=8. These could be
explored by further studies of the nitrogen ions between N**
and N7*; to cover the charge range g=8—-10 one would select
from the unstudied Mg, Si, and S series (Fig. 1) to both
provide data as well as establish trends. In terms of target
gases, the agreement of the CO and CO, single CE cross
sections coupled with the consistency exhibited for multiple
exchange indicate that only one of this pair need be studied
extensively, with spot checks for the other. In this regard,
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given the importance of the /p it would be interesting to add
a low Ip molecule such as CH;0H (/,=10.84 eV) to one of
the other middle-valued pair [Ip, (H,0)=12.62¢eV, Ip
(CH4)=12.61 eV]. Indeed, first results using CH;OH and
CH, as targets are in preparation [42].

Finally, an assessment of measurements required for the
comet x-ray problem is given, and suggestions can be made
for data on the solar-wind ions N, Mg? (¢g=6-10), Si?*
(g=7-10), and S?* (¢q=6-11) charge exchanging with the
comet neutral molecules. X-rays have also been observed at
both Venus and Mars, and these HCIs participate in CE pro-
cesses at Mars [51]. All results would benefit from additional

PHYSICAL REVIEW A 75, 032704 (2007)

theoretical inputs through extensions of the CTMC model
and the multichannel Landau-Zener approximation [14].
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