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Absolute total one- and two-electron-transfer cross sections of O3¿ and O2¿

with CO at kilo-electron-volt energies

H. Gao, Z. Fang, and Victor H. S. Kwong
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Absolute total one- and two-electron-transfer cross sections for Oq1 (q53,2) with CO were measured at
;1.5q keV energies. The measurement was carried out by a technique that combines a laser ablation ion
source and a reflection time-of-flight mass spectrometer. The single- and double-electron capture cross sections
for O31 with CO are (1.2660.18)310215 and (0.7260.11)310215 cm2, respectively. The single-electron
capture cross section for O21 with CO is (0.7660.11)310215 cm2.

DOI: 10.1103/PhysRevA.63.032704 PACS number~s!: 34.70.1e, 32.80.Pj, 52.50.Jm, 95.30.Dr
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I. INTRODUCTION

Charge-transfer processes between singly and mult
charged ions and neutral atoms and molecules are of con
erable importance in astrophysics and fusion plasm
Charge-transfer collisions between these ions and CO m
ecules are of particular interest because CO molecules
been found in a wide range of astrophysical objects and
gions@1–4#, and their presence can play an important role
the chemistry that controls the photon emission of that
gion. Measurements using CO as a target gas have bee
ported at eV energies with ions such as O21, He1, and N21

@5–8#. However, very few measurements have been mad
keV energies~with H1 and He21) @9#. The lack of data at
this energy range limits our ability to determine the chemi
processes in astrophysical plasmas and planetary object
a case in point, recent reports on the observations by
Rontgen x-ray satellite~ROSAT! and the Rossi x-ray Timing
Explorer of extreme ultraviolet and x-ray emissions from t
comet C/Hyakutake 1996 B2 have generated intense inte
in the mechanisms of the x-ray source. Among these me
nisms, charge transfer between the minor/heavy solar w
ions such as Oq1, Cq1, and Siq1 and molecules such as C
and H2O from the comet appears to be the most promis
mechanism@10# to explain the source of soft x-ray emissio
However, modeling such as that used by Haberliet al. @11#
requires detailed and accurate single- and multielec
charge-transfer cross sections between minor/heavy s
wind ions and major cometary neutrals such as H2O and CO.
The lack of experimental and theoretical cross section d
can compromise the accuracy of the model. In the cas
Haberliet al. @11#, the charge-transfer cross sections for Oq1

and CO were assumed to be within 20% to 30% of the m
sured cross sections for Oq1 and H2. Although a reasonable
agreement was found between the observed emissions
the results of the emission model, it is essential that th
cross sections be measured accurately for further refinem
of the model. The limited bandwidth of the ROSAT does n
have enough resolution to identify all the emission lin
However, with NASA’s Chanda x-ray observatory, its hig
resolution capability enables us to resolve individual spec
lines, thus giving us a better insight into the emission l
spectrum of future comets and the source of the emis
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line. These emission lines can be used to reveal the che
try of comet atmospheres and solar wind. The correct in
pretation of the emission lines is critically determined by t
accuracy of the charge-exchange cross sections.

A facility that combines a laser ablation ion source and
reflection time-of-flight mass spectrometer~RTOFMS! has
demonstrated its suitability in measuring charge-trans
cross sections at keV energies@12#. This paper will focus on
absolute total cross section measurements for the follow
charge-transfer processes at;1.5q keV energies:

O311CO→O211products~ ion or ion1neutral!, ~1!

O311CO→O11products~ ion or ion1neutral!, ~2!

O211CO→O11products~ ion or ion1neutral!, ~3!

where reactions~1! and ~3! are single-electron capture~SC!
processes and reaction~2! is a double-electron capture~DC!
process.

II. EXPERIMENTAL METHOD

Figure 1 shows the schematic of a reflection time-of-flig
mass spectrometer with a laser ablation ion source. A
tailed description of the experimental facility can be found
Ref. @12#. Oxygen ions were produced by laser ablation o
high-purity ~97%! solid Ta2O5 target mounted on a rotatabl
manipulator inside the vacuum chamber. The energy of
50 ns Nd:YAG~yttrium aluminum garnet! laser pulse was 40
mJ. The laser beam was focused on the ablation target
an f 533 cm lens at an incident angle of 45°. At this pow
density, Oq1 ions with q<5 were routinely produced. The
laser ablation target and the front grid of the RTOFMS we
grounded~see Fig. 1!. The ions of the laser ablation plasma
were extracted into the incident drift tube through a sm
aperture of the extractor which marks the entrance to
RTOFMS. The extractor and the incident drift tube we
both biased atV0521500 V relative to the ground. Sinc
ions of chargeq acquire additional kinetic energydE5
2qeV0 from the extraction field, ions of differentq will
have different drift velocities in the field-free incident dri
tube, and will be separated in their time of flight according
their mass-to-charge ratio. However, ions produced by la
©2001 The American Physical Society04-1
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FIG. 1. The schematic of the
reflection time-of-flight mass
spectrometer~RTOFMS!.
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ablation have a wide range of initial kinetic energies. T
spread of initial kinetic energy can limit the mass resolut
of the ions. To improve the mass resolution further refin
ment on the TOF mass spectrometer is required. This refi
ment was accomplished by reflecting the ions 168° int
reflection drift tube at the end of the incident drift tube. T
reflector assembly consists of a highly transparent front p
and a solid back plate. Between them there are sev
evenly spaced potential-gradient ring electrodes to main
a uniform electric field across the reflector assembly. W
this setup, ions with higher initial kinetic energy penetra
further into the reflector assembly before they are reflec
into the reflection drift tube. The extra path taken by t
more energetic ions allows the slower ions to catch up
time. By choosing the appropriate potentials on the el
trodes of the incident drift tube, the reflector assembly, a
the reflection drift tube, ions of the samem/q but with dif-
ferent initial kinetic energies can arrive at the detector pla
at about the same time@12#.

The potentials of the front plate and the back plate of
reflector assembly were set atV15110 V andV251600 V,
respectively. The reflection drift tube was floated at the sa
potentialV0 as the incident drift tube. The potentials appli
to those electrodes were chosen for the optimum beam in
sity and mass resolution of the reflected parent oxygen io
Any product ions produced due to charge transfer betw
the oxygen ions and molecules inside the incident drift tu
could not be reflected into the reflection drift tube because
the change in their charge states. The parent oxygen ions
only their product ions that were produced in the reflect
drift tube as the result of the charge-exchange reaction w
detected by a channel electron multiplier~CEM! detector lo-
cated at the end of the reflection drift tube.

The parent Oq1 ions can be identified by their TOF spe
trum with t}q21/2. Figure 2 shows a mass spectrum of las
produced oxygen ions in the RTOFMS. However, this TO
spectrum cannot be used to identify the ions such as O(q21)1

and O(q22)1 produced through single-electron capture a
double-electron capture from their parent ion Oq1, since the
energy transfer between Oq1 and CO is negligibly small in
the charge-transfer process. Product ions keep very sim
kinetic energyEi2qeV0 ~whereEi is the initial kinetic en-
ergy of the parent ion Oq1 as produced by laser ablation! to
their parent ions after the reaction inside the reflection d
tube. To distinguish the product ions from the parent ions
03270
s

-
e-
a

te
ral
in
h

d

n
-
d

e

e

e

n-
s.
n

e
f
nd

n
re

-

d

lar

ft
a

retardation field was applied to the ions between the end
the reflection tube and the CEM detector~see Fig. 1!. The
ions were first retarded by the grounded grid 1. Because
their charge differences, the kinetic energies of the par
ions and the product ions, after passing through grid 1, w
reduced toEi , Ei2eV0, andEi22eV0, for Oq1, O(q21)1,
and O(q22)1, respectively. By applying an appropriate p
tential Vg2 at grid 2, selected oxygen ions are allowed
reach the CEM. For example, ifqeVg2.Ei and (q
21)eVg2,Ei2eV0 , Oq1 are blocked, and O(q21)1 and
O(q22)1 can pass through grid 2 and thus be detected by
CEM. A similar argument can be used to determine the va
of Vg2 to further block O(q21)1 and O(q22)1. Depending on
the reflector’s setting, only ions that have initial kinetic e
ergy Ei within a certain range can be reflected into the
flection drift tube. The reflecting trajectories of the ions
the ion reflector were analyzed to estimateEi in this range.
For O31 ions the range ofEi is between 120 eV and 600 eV
and for O21 ions it is between 80 eV and 400 eV. The valu
of Vg2 were determined based on theseEi values andV0.

FIG. 2. Mass spectrum of the laser-produced oxygen ions in
RTOFMS.
4-2
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During the O311CO measurement, by settingVg250 V, all
the parent ions and their product ions can pass through g
and can be detected by the CEM. By settingVg251620 V,
parent O31 ions were blocked while all the product ions an
neutrals were allowed to pass. By settingVg2511100 V,
both the parent O31 ions and the single-electron captu
product ions O21 were blocked while double-electron ca
ture product ions and neutral O atoms formed by thr
electron capture were allowed to pass. By settingVg25
13700 V, only neutral O could be detected. During O21

1CO measurement,Vg2511100 V was used to block par
ent O21 ions, andVg2513700 V was used to block th
parent ions and the single-electron capture product ion O1.

To reduce the systematic uncertainty on the ion signal
to the laser energy fluctuation and the changes in the ta
surface conditions, the measurements were carried ou
cycles. In each cycle,Vg2 was sequentially switched accord
ing to the calculated values set in the above discussion,
0 V, 1620 V, and11100 V for measurement of single
electron capture for O31; 0 V, 11100 V, and13700 V for
measurement of double-electron capture for O31 and single-
electron capture for O21. A total of about 3000 cycles wa
measured for each of these charge-transfer processes
signals were recorded by a Tektronix digital oscillosco
binned according to the switching sequence, and stored
computer for later analysis. The typical superposition of
TOF spectra in the measurement of the single-electron
ture of O31 is shown in Fig. 3. Three distinct peaks a
observed. The dominant peak represented by a dashed
corresponds to the parent ion O31, while the much weaker
peak represented by a solid line corresponds to the pro
ions and the neutrals (O21, O1, and O!. The smallest peak

FIG. 3. Typical time-of-flight mass spectra in the measurem
of the single-electron capture of O31 with CO. Signals from large
to small: laser-produced parent O31 ion; products including O21,
O1, and O; and the products excluding O21.
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represented by a dotted line, corresponds to the product
and the neutrals (O1, and O!. The differences in the signa
intensities give the relative population of the parent ions a
their product ions. A slight shifting of the TOF spectra t
ward shorter arrival time by the product ions is due to t
higher average kinetic energies of the product ions in
retardation region.

The CO gas was admitted through a leak valve into
laser ablation vacuum chamber. The pressure of CO
measured by a calibrated ion gauge mounted at the reflec
drift tube. The calibration method was discussed in a pre
ous publication@13#. The CO pressure during the experime
was 2.031025 Torr. The residual gas pressure (H2 , H2O,
and CO! of the reaction chamber was less than 2.031029

Torr.

III. RESULTS AND DISCUSSION

A. Results

The electron capture cross sections can be derived from
the expressions

I p

I 0
512e2snL ~4!

and s'
I p

I 0nL
, ~5!

whereI p is the signal intensity of the product oxygen ions,I 0
is the intensity of the parent Oq1 ions, L is the interaction
length of the reflection drift tube, andn is the density of the
target CO gas. In Eq.~5!, the approximation is valid becaus
I p /I 0!1 in our measurement, which also ensures sing
collision conditions. The ion energies, according toEi
2qeV0, are 48606240 eV for O31 and 32406160 eV for
O21. The measured charge-transfer cross sections are t
lated in Table I. Results of previous measurements with2
@14# are also listed for comparison.

B. CEM efficiency calibration

The gain efficiency of the detector depends on the
charge state and its incident kinetic energy@14#. Since the
CEM was operated in the analog mode, the gain efficienc
for Oq1 (q51, 2, 3! need to be determined experimentall
The calibration of the gain efficiency was carried out
measuring the pulse height distribution of an individual ox
gen ion of a specific charge state and kinetic energy. This
be done by defocusing the ion beam with the electrost
lens inside the incident drift tube until the individual ion ca
be detected. No significant difference in the efficiency h
been observed.

C. Experimental uncertainty

The uncertainty of the gas pressure is estimated to
about 8% from the absolute ion gauge calibration, the unc
tainty from the linearity of the channel electron multiplie
and the preamplifier is about 2%, the uncertainty of pu

t

4-3



H. GAO, Z. FANG, AND VICTOR H. S. KWONG PHYSICAL REVIEW A63 032704
TABLE I. Measured charge-transfer cross sections for Oq1 (q53,2) with CO and H2.

s Energy
Reaction (cm2) ~eV/amu! Reference Method

O211CO ~SC! (0.7660.11)310215 203610 This work Experimental, RTOFMS and
O311CO ~SC! (1.2660.18)310215 304615 laser ion source
O311CO ~DC! (0.7260.11)310215 304615
O211H2 ~SC! (1.260.6)310216 188 @14# Experiment, ORNL-PIG source
O311H2 ~SC! (9.461.5)310216 281
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height calibration is about 10%, and the statistical unc
tainty of the measured cross sections is about 6% for sin
electron capture and 8% for double-electron capture.
total absolute uncertainty of the cross section is estimate
be about 14% for single-electron capture and 15%
double-electron capture after a quadrature sum.

D. Discussion of the results

It is well known that the existence of metastable states
the parent ion beam can, in some cases, dramatically ch
the measured electron capture cross sections@12,16#. The
radiative lifetime of the metastable states of O21 and O31

ions ranges from 1.22 ms@17# to seconds@18#, much longer
than the flight time of the ion in the RTOFMS. This sho
transit time does not allow the ions to relax to their grou
states prior to their reaction with CO. Such an unknown m
ture of metastable and ground state ion species in the
beam can lead to measured cross sections difficult to in
pret. The metastable fractions in the pulsed laser plasma
source have been investigated experimentally by Kwong
Fang @19# and Fang and Kwong@6,20# in their charge-
transfer study of O21 (2s22p2 1D metastable state,t;37 s
@18#, 2s22p2 1S metastable state,t;0.55 s @18#, and
2s22p2 3P ground state! using an ion trap, and Wang an
Kwong @12# in their electron capture study of C21

(2s2p 3P0,1,2 metastable states,t>8.26 ms@21# and 2s2 1S
ground state! using the same facility for the current measu
ment. In both cases, their results are in agreement with
ground state measurements reported in@18,22#. This would
suggest that the metastable fraction in the pulsed la
plasma ion souce is negligibly small. We conclude that th
is no significant contribution by the metastable state ions
the present measurements.

Since neither theoretical nor experimental cross sect
are available for comparison, the result will be compa
with previously measured charge-transfer cross section
Oq1 (2<q<6) with H2 at keV energies. The single-electro
capture cross section for both O31 and O21 with H2 is sig-
nificantly smaller than the current measurement with CO
.

J.
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the target gas. This is not surprising. These cross section
determined by the crossings of potential surfaces formed
an ion and a molecule during their brief collision; the C
molecule has a much more complex internal energy struc
than has the hydrogen molecule, so it is quite conceiva
that the number of crossings of the charge-transfer chan
is higher for CO than for H2, resulting in a higher probability
for charge transfer to occur with CO. In the past, a numbe
quantal calculations on charge transfer between an ato
ion and a neutral atom have been made. However, very
charge transfer calculations between an atomic ion an
molecule have been reported@15#. One of the major difficul-
ties in these calculations is the lack of accurate knowledg
these potential surfaces formed by the ion and molecule
ing their nonbinding collisions. Since the quasimolecule do
not form permanently, the accuracy of the potential curv
~surfaces! cannot be verified experimentally. Accurate cro
sections are essential in the modeling of a wide range
fusion and astrophysical plasmas in which charge tran
take place.

In the computational modeling of x-ray emissions fro
comets@11#, the measured electron capture cross secti
between Oq1 and H2 @14# were used to calculate the casca
ing from high to low charge states. However, measureme
of O31 and O21 with CO have shown that both single
electron capture cross sections are much larger than
reactions with H2 by a factor of 1.34 and 6.33, respectivel
Furthermore, the double-electron capture cross sectio
more than half of that for single-electron capture. The
sumption that the cross sections for the reactions of hig
charge states of oxygen ions with CO are within 20% to 3
of those with H2 should be viewed with caution.
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