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Absolute total one- and two-electron-transfer cross sections of & and 0%*
with CO at kilo-electron-volt energies
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Absolute total one- and two-electron-transfer cross sections %or (@Q=3,2) 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 O°* with CO are (1.26:0.18)x 10 ® and (0.72-0.11)x 10" *° cn?, respectively. The single-electron
capture cross section for?® with CO is (0.76-0.11)x 1015 cn?.
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[. INTRODUCTION line. These emission lines can be used to reveal the chemis-
try of comet atmospheres and solar wind. The correct inter-
Charge-transfer processes between singly and multiplypretation of the emission lines is critically determined by the
charged ions and neutral atoms and molecules are of consi@ccuracy of the charge-exchange cross sections.
erable importance in astrophysics and fusion plasmas. A facility that combines a laser ablation ion source and a
Charge-transfer collisions between these ions and CO moleflection time-of-flight mass spectromet®®TOFMS has
ecules are of particular interest because CO molecules hagémonstrated its suitability in measuring charge-transfer

been found in a wide range of astrophysical objects and ref0Ss sections at keV energig<]. This paper will focus on
gions[1—4], and their presence can play an important role indbsolute total cross section measurements for the following

the chemistry that controls the photon emission of that recharge-transfer processes-at.5q keV energies:

gion. Measurements using CO as a target gas have been re-
ported at eV energies with ions such a&"QHe", and N°*

[5—8]. However, very few measurements have been made at
keV energiegwith H" and Hé") [9]. The lack of data at

this energy range Iimits.our ability to determine the chgmical 0?* +CO—O" + products(ion or iont+neutra),  (3)
processes in astrophysical plasmas and planetary objects. As

a case in point, recent reports on the observations by th@here reactionl) and (3) are single-electron captut&C)

Rontgen x-ray satellittROSAT) and the Rossi x-ray Timing processes and reacti¢?) is a double-electron captut®C)
Explorer of extreme ultraviolet and x-ray emissions from theprocess.

comet C/Hyakutake 1996 B2 have generated intense interest

in the mechanisms of the x-ray source. Among these mec_ha- Il EXPERIMENTAL METHOD

nisms, charge transfer between the minor/heavy solar wind

ions such as &, C9%, and S* and molecules such as CO  Figure 1 shows the schematic of a reflection time-of-flight
and H,0 from the comet appears to be the most promisingnass spectrometer with a laser ablation ion source. A de-
mechanisn10] to explain the source of soft x-ray emission. tailed description of the experimental facility can be found in
However, modeling such as that used by Habetlal. [11] Ref.[12]. Oxygen ions were produced by laser ablation of a
requires detailed and accurate single- and multielectrohigh-purity (97%) solid TgOs target mounted on a rotatable
charge-transfer cross sections between minor/heavy solananipulator inside the vacuum chamber. The energy of the
wind ions and major cometary neutrals such a®knd CO. 50 ns Nd:YAG(yttrium aluminum garnegtiaser pulse was 40
The lack of experimental and theoretical cross section datenJ. The laser beam was focused on the ablation target with
can compromise the accuracy of the model. In the case afnf=33 cm lens at an incident angle of 45°. At this power
Haberliet al.[11], the charge-transfer cross sections f6f O  density, O ions with g<5 were routinely produced. The
and CO were assumed to be within 20% to 30% of the mealaser ablation target and the front grid of the RTOFMS were
sured cross sections for"O and H,. Although a reasonable groundedsee Fig. 1 The ions of the laser ablation plasmas
agreement was found between the observed emissions am@re extracted into the incident drift tube through a small
the results of the emission model, it is essential that theseaperture of the extractor which marks the entrance to the
cross sections be measured accurately for further refinemeRTOFMS. The extractor and the incident drift tube were
of the model. The limited bandwidth of the ROSAT does notboth biased a¥/y,=—1500 V relative to the ground. Since
have enough resolution to identify all the emission lines.ions of chargeq acquire additional kinetic energgk=
However, with NASA’s Chanda x-ray observatory, its high- —qe\, from the extraction field, ions of differerq will
resolution capability enables us to resolve individual spectrahave different drift velocities in the field-free incident drift
lines, thus giving us a better insight into the emission linetube, and will be separated in their time of flight according to
spectrum of future comets and the source of the emissiotheir mass-to-charge ratio. However, ions produced by laser

0%" + CO—0?* + products(ion or ion+neutra), (1)

O*" 4+ CO—O" + products(ion or ion+neutra), (2)
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ablation have a wide range of initial kinetic energies. Thisretardation field was applied to the ions between the end of
spread of initial kinetic energy can limit the mass resolutionthe reflection tube and the CEM detectsee Fig. 1 The
of the ions. To improve the mass resolution further refinedions were first retarded by the grounded grid 1. Because of
ment on the TOF mass spectrometer is required. This refingheir charge differences, the kinetic energies of the parent
ment was accomplished by reflecting the ions 168° into dons and the product ions, after passing through grid 1, were
reflection drift tube at the end of the incident drift tube. Thereduced toE;, E;—eV,, andE;—2eV,, for 09, 04~ 1+,
reflector assembly consists of a highly transparent front platand 392", respectively. By applying an appropriate po-
and a solid back plate. Between them there are severagntial Vy, at grid 2, selected oxygen ions are allowed to
evenly spaced potential-gradient ring electrodes to maintaineach the CEM. For example, ifjeVy,>E; and (@
a uniform electric field across the reflector assembly. With—1)eVy,<E;—eV,, 0" are blocked, and © V" and
this setup, ions with higher initial kinetic energy penetrateO(d~2)* can pass through grid 2 and thus be detected by the
further into the reflector assembly before they are reflecte@EM. A similar argument can be used to determine the value
into the reflection drift tube. The extra path taken by theof Vg, to further block &~ 1* and 3% 2. Depending on
more energetic ions allows the slower ions to catch up irthe reflector’s setting, only ions that have initial kinetic en-
time. By choosing the appropriate potentials on the elecergy E; within a certain range can be reflected into the re-
trodes of the incident drift tube, the reflector assembly, andlection drift tube. The reflecting trajectories of the ions in
the reflection drift tube, ions of the sam&q but with dif-  the ion reflector were analyzed to estim&gin this range.
ferent initial kinetic energies can arrive at the detector plangor G** ions the range of; is between 120 eV and 600 eV,
at about the same tinfd.2]. and for G ions it is between 80 eV and 400 eV. The values
The potentials of the front plate and the back plate of theyf Vg4, were determined based on theBgvalues andV,.
reflector assembly were set\af= +10 V andV,= +600 V,
respectively. The reflection drift tube was floated at the same |,
potentialV, as the incident drift tube. The potentials applied
to those electrodes were chosen for the optimum beam inten ] o*
sity and mass resolution of the reflected parent oxygen ions 100 m

Any product ions produced due to charge transfer betweer o*
the oxygen ions and molecules inside the incident drift tube
could not be reflected into the reflection drift tube because ofg 80
the change in their charge states. The parent oxygen ions ans )
only their product ions that were produced in the reflection g o*
drift tube as the result of the charge-exchange reaction weré 607
detected by a channel electron multipl{€EM) detector lo-
cated at the end of the reflection drift tube.

The parent @ ions can be identified by their TOF spec-
trum with tocq~ Y2, Figure 2 shows a mass spectrum of laser-
produced oxygen ions in the RTOFMS. However, this TOF 5 o>
spectrum cannot be used to identify the ions such@s®"
and G9-2* produced through single-electron capture and
double-electron capture from their parent iofi*Qsince the 0+
energy transfer betweenO and CO is negligibly small in E——————
the charge-transfer process. Product ions keep very simila 6 7 8 9 0 11 12 13 14 15
kinetic energyE;—qge\, (whereE; is the initial kinetic en- . .
ergy of the parent ion © as produced by laser ablatjoto Tins of Flight (h)
their parent ions after the reaction inside the reflection drift FIG. 2. Mass spectrum of the laser-produced oxygen ions in the
tube. To distinguish the product ions from the parent ions, RTOFMS.

Ion Signal (ar
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120 represented by a dotted line, corresponds to the product ions
and the neutrals (© and Q. The differences in the signal
intensities give the relative population of the parent ions and

100 7 A their product ions. A slight shifting of the TOF spectra to-

[\ ward shorter arrival time by the product ions is due to the

%0 A higher average kinetic energies of the product ions in the

[ retardation region.

’ \ The CO gas was admitted through a leak valve into the

60 ] \ laser ablation vacuum chamber. The pressure of CO was
| \ measured by a calibrated ion gauge mounted at the reflection

| \ drift tube. The calibration method was discussed in a previ-

40 / \ ous publicatiorf13]. The CO pressure during the experiment

/ \ was 2.0<10°° Torr. The residual gas pressure JHH,O,

[ \ and CQ of the reaction chamber was less than>21®°

20 / \ Torr.

Signal (arbitrary unit)

\ Ill. RESULTS AND DISCUSSION

A. Results

10 1 The electron capture cross sectiorcan be derived from
Time of Flight (us) the expressions

FIG. 3. Typical time-of-flight mass spectra in the measurement | ConL

of the single-electron capture offO with CO. Signals from large [ -l-e” (4)
to small: laser-produced parenfion; products including &',
O", and O; and the products excluding©

and o~ ——, (5)
During the G + CO measurement, by settivg,=0 V, all lonL
the parent ions and their product ions can pass through grid 2 . ) ) ) )
and can be detected by the CEM. By setting=+620 v, ~ Wherel is the signal intensity of the product oxygen iohs,
parent G* ions were blocked while all the product ions and is the intensity of the parentO ions, L is the interaction
neutrals were allowed to pass. By settidg,=+1100 V, length of the reflection drift tube, a.mdls.the. den§|ty of the
both the parent & ions and the single-electron capture target CO gas. In EdS5), the approximation is valid because
product ions &* were blocked while double-electron cap- !p/lo<<1 in our measurement, which also ensures single-

ture product ions and neutral O atoms formed by three€ollision conditions. The ion e+nergies, according Ep
electron capture were allowed to pass. By settig= ~ —0d€Vo, are 4866240 eV for G* and 3246-160 eV for

+3700 V, only neutral O could be detected. During O o?. The measured charge-traqsfer Cross sections are tabu-
+CO measuremeny/y,=+1100 V was used to block par- lated in Table_ I. Results of previous measurements with H
ent &" ions, andVy,=+3700 V was used to block the [14] are also listed for comparison.
parent ions and the single-electron capture product ién O

To reduce the systematic uncertainty on the ion signal due B. CEM efficiency calibration
to the laser energy fluctuation and the changes in the target
surface conditions, the measurements were carried out i
cycles. In each cycle/y, was sequentially switched accord-
ing to the calculated values set in the above discussion, i.
0V, +620 V, and+1100 V for measurement of single-
electron capture for &; 0 V, +1100 V, and+3700 V for
measurement of double-electron capture féf @nd single-
electron capture for €. A total of about 3000 cycles was
measured for each of these charge-transfer processes.

The gain efficiency of the detector depends on the ion
gharge state and its incident kinetic enefdy]. Since the
eCEM was operated in the analog mode, the gain efficiencies
for 09" (q=1, 2, 3 need to be determined experimentally.
The calibration of the gain efficiency was carried out by
measuring the pulse height distribution of an individual oxy-
gen ion of a specific charge state and kinetic energy. This can
e done by defocusing the ion beam with the electrostatic
fs inside the incident drift tube until the individual ion can

signals were recorded by a Tektronix digital oscilloscopey " oo cted. No significant difference in the efficiency has
binned according to the switching sequence, and stored in Been obser\;ed

computer for later analysis. The typical superposition of the
TOF spectra in the measurement of the single-electron cap-
ture of " is shown in Fig. 3. Three distinct peaks are

observed. The dominant peak represented by a dashed line The uncertainty of the gas pressure is estimated to be
corresponds to the parent iorf Q while the much weaker about 8% from the absolute ion gauge calibration, the uncer-
peak represented by a solid line corresponds to the produtainty from the linearity of the channel electron multiplier

ions and the neutrals @0, O, and Q. The smallest peak, and the preamplifier is about 2%, the uncertainty of pulse

C. Experimental uncertainty
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TABLE |. Measured charge-transfer cross sectiofor 0%* (q=3,2) with CO and H.

o Energy
Reaction (crf) (eV/amy Reference Method
O?>"+CO (SO (0.76+0.11)x 10" 1° 203+10 This work Experimental, RTOFMS and
O*"+CO (SO (1.26+0.18)x 10" 1° 304+ 15 laser ion source
O**+CO(DC)  (0.72+0.11)x 10 *° 304+ 15
O?"+H, (SO (1.2+0.6)x 10716 188 [14] Experiment, ORNL-PIG source
O*"+H, (SO (9.4+1.5)x 1016 281

height calibration is about 10%, and the statistical uncerthe target gas. This is not surprising. These cross sections are
tainty of the measured cross sections is about 6% for singledetermined by the crossings of potential surfaces formed by
electron capture and 8% for double-electron capture. Than ion and a molecule during their brief collision; the CO

total absolute uncertainty of the cross section is estimated tmolecule has a much more complex internal energy structure
be about 14% for single-electron capture and 15% fothan has the hydrogen molecule, so it is quite conceivable

double-electron capture after a quadrature sum. that the number of crossings of the charge-transfer channels
_ _ is higher for CO than for K resulting in a higher probability
D. Discussion of the results for charge transfer to occur with CO. In the past, a number of

It is well known that the existence of metastable states ofluantal calculations on charge transfer between an atomic
the parent ion beam can, in some cases, dramatically chané@ and a neutral atom have been made. However, very few
the measured electron capture cross sect[d2s16. The charge transfer calculations between an atomic ion and a
radiative lifetime of the metastable states of'Cand G*  molecule have been reportgth]. One of the major difficul-
ions ranges from 1.22 nj47] to second$18], much longer ties in these calculations is the lack of accurate knowledge of
than the flight time of the ion in the RTOFMS. This short these potential surfaces formed by the ion and molecule dur-
transit time does not allow the ions to relax to their grounding their nonbinding collisions. Since the quasimolecule does
states prior to their reaction with CO. Such an unknown mix-not form permanently, the accuracy of the potential curves
ture of metastable and ground state ion species in the iofsurfaces cannot be verified experimentally. Accurate cross
beam can lead to measured cross sections difficult to inteections are essential in the modeling of a wide range of
pret. The metastable fractions in the pulsed laser plasma iofysion and astrophysical plasmas in which charge transfer
source have been investigated experimentally by Kwong anghke place.

Fang [19] and Fang and Kwong6,20] in their charge- In the computational modeling of x-ray emissions from
transfer ZStUgyl of & (2s”2p* 'D metastable state;~37's  comets[11], the measured electron capture cross sections
[18], 2s"2p°’S metastable stater~0.55 s[18], and petween G and H, [14] were used to calculate the cascad-
2s°2p? P ground state using an ion trap, and Wang and ing from high to low charge states. However, measurements
Kwong [12] in their electron capture study of °C  of 03+ and G* with CO have shown that both single-
(252p 3Py 1 » metastable states>8.26 ms[21] and 2*'S  glectron capture cross sections are much larger than their
ground stateusing the same facility for the current measure-reactions with H by a factor of 1.34 and 6.33, respectively.
ment. In both cases, their results are in agreement with theyrthermore, the double-electron capture cross section is
ground state measurements reported1i8,22. This would  more than half of that for single-electron capture. The as-
suggest that the metastable fraction in the pulsed lasejymption that the cross sections for the reactions of higher

plasma ion souce is negligibly small. We conclude that thergnarge states of oxygen ions with CO are within 20% to 30%
is no significant contribution by the metastable state ions inyf those with H should be viewed with caution.

the present measurements.
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