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Single- and double-electron-capture collision of € (q=3,4) with CO at keV energies
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Absolute total single- and double-electron-capture cross sections ofg€3,4) with CO have been
measured at-0.5 keV/amu using a reflection-time-of-flight mass spectrometer with a laser ablation ion
source. The single- and double-electron-capture cross sections*fevith CO at 423+48 eV/amu are found
to be (0.96+0.12 X 10715 cn? and (0.99+0.13 X 10715 cn?, respectively. The single- and double-electron-
capture cross sections for*Cwith CO at 565+65 eV/amu are measured to(Bel6+0.42 X 1071 cn? and
(1.05+0.22 X 10715 cn?, respectively. This suggests that double capture should not be ignored in modeling the
emission from cascading processes in comet atmosphere.
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I. INTRODUCTION ion source. Figure 1 is a simple sketch of the present experi-
Electron capture during collisions between multiply mgntal setup. A deta_iled description of_ the experime_ntal fa-
charged ions and neutral atoms and molecules is an impoP—'"}y can be found in Refs{11,2§. Briefly, carbon ions
tant process in astrophysics and fusion plasmas becauseGt  (4=3.4) were produced by laser ablation of a high-
plays a crucial role for the energy loss, the charge state bapurity (99.999% solid Pyrolytic graphite target mounted on
ance, and for the characterization of these plasmas as well asrotatable manipulator inside the vacuum chamber. The en-
for many astronomical objects. Charge-transfer collisions inergy of a 50 ns Nd:YAG laser pulse was about 180 mJ at
volving carbon ions, in particular, are of practical importancel.06 nm. The ions of the laser ablation plasmas were ex-
because carbon ion is one of the major impurities in mag#racted into the incident drift tube through a small aperture of
netic fusion plasma devices, and it is also one of the mosan extractor which marks the entrance to the RTOFMS. The
abundant elements in astrophysical objects. A number of exextractor and the incident drift tube were both biase®¥at
periments on electron capture by partially stripped carbor=-1500 V relative to the ground. This extraction field cre-
ions have been carried out by several research teams in tlaes different drift velocities for ions of different charge state
last two decade$l—-12. However, charge-transfer reaction in the incident field-free drift tube, because ions of chagge
of CI* and other solar wind ions such a§"QOSi?*, Ne*", and  acquire additional kinetic energgE=-qe\,. Therefore, the
Fe* with molecules such as CO, GOand HO from the ions of the same mass to charge ratim/q), will bundle in
comet atmosphere, has only recently been recognized as tBpace as they drift along the drift tube. They can be identified
primary mechanism for the observed soft x-ray and extremey their time-of-flight in the drift tube.
ultraviolet emissiong13-21. Qualitative modeling of com- lons produced by laser ablation, however, have a range of
etary x-ray generated by charge-transfer process has begiitial kinetic energie<;. The spread of the kinetic energy of
carried out by Craveng22], Haberliet al. [23], and Kharch-  the same charge state ions limits the spatial resolution among
enko and Dalgarng24]. A reasonable agreement was foundions of differentm/q. Additional undertaking is necessary to
between the measured emissions and the modeling. Howecus the ions of samm/q at the plane of the detector. This
ever, because very limited experimental data of relevance tg accomplished by reflecting the drifting ions in the incident
cometary x-ray and EUV emission are available, the modeldrift tube by 168° into a reflection drift tube through a re-
ing was based on data extrapolated from the measureftector assembly mounted at the end of the incident drift
charge-transfer cross sections of O, C, and Ne ions with Hube. The reflector assembly consists of a highly transparent
and H,. Only recently, measurements on charge transfer befront plate and a solid back plate. Between them, there are
tween solar wind ions such as C, N, O, Ne, and moleculeseveral evenly spaced potential-gradient ring electrodes to
such as C(25,2G, CO,, and HO [27,28 have been per- maintain a uniform electric field across the reflector assem-
formed experimentally. In this paper, we report measureply. With this, ions with higher initial kinetic energy pen-
ments of total absolute single-electron-capty&C) and etrate further into the reflector assembly before they are re-
double-electron-capturd®C) cross sections for € and C*  flected into the reflection drift tube. The extra path taken by
with CO. These charge-transfer processes are believed to lige more energetic ions allows the slower ions to catch up in
important contributors to the observed UV and EUV emis-time. By choosing the appropriate potentials on the elec-
sions of comets through cascading. Present measuremenigdes of the drift tube and the reflector assembly, ions of the
also suggest significant contribution from double-electronsamem/q but with different initial kinetic energies, can ar-
capture processes to the observed emissions. rive at the incident plane of the CEM located at the far end of
the reflection tube at about the same tifié].
Il. EXPERIMENTAL METHOD The potentials of the front plate and the back plate of the
The measurements were performed by a reflection timereflector assembly were setdt=+15 V andV,=+900 V,
of-flight mass spectrometéRTOFMS with a laser ablation respectively. The range of initial kinetic enerByof the ions
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FIG. 1. A sketch of the reflector assembly and the reflection drift tube with a channel electron multiplier detector in the RTOFMS for
electron-capture measurement.

reflected into the reflection drift tube was obtained by anagrid 2 and be detected by the CEM. Similarly®* and
lyzing the trajectories of the reflected ions within the accep-Cl%?* can be blocked with appropriate values\9p. The
tance angle of the reflection drift tube. These rangeg;of values ofVy, were set based on theEgvalues and/,. In the
were found between 120 eV and 600 eV fot*Gons, and  single-electron-capture measurement,¥pewas set to 0 V,
between 80 eV and 400 eV for®Cions, respectively. The +595V, +1600 V, respectively, for measuring the parent
potentials applied to those electrodes were chosen for thiens, all product ions @™* (n=1), and the ions produced
optimum beam intensity and mass resolution. It is worth-by multielectron capture @"* (n=2). A higher voltage
while to point out that any product ions, which are formedwas used for double-electron-capture measurements, i.e.,
inside the incident drift tube by charge-transfer reaction beV, ,=+1530V was used to measure product ions,
tween the carbon ions and molecules, cannot be reflected@™* (n=2), andVy,=2200 V for measuring the product
into the reflection drift tube. The kinetic energies of theseions formed by more than two-electron capture process,
product ions in the reflector region are greater than theiCc@™* (n=2).
parent ions by 1500 eV for SC and 3000 eV for DC due to  The target CO gas was admitted through a leak valve into
the change of their charge states. Their trajectories after rehe laser ablation vacuum chamber. The pressure of CO was
flection are quite different from the parent ions. They aremeasured by a calibrated ion gauge mounted at the reflection
therefore, beyond the angle acceptance of the reflection tubgrift tube. The calibration method was discussed in a previ-
and these product ions are blocked from entering the refleGus publicatior[29]. The CO pressure during the experiment
tion drift tube. The parent carbon ions and only their produciyas about 2.6 10725 Torr. The residual gas pressure in the
ions produced in the reflection drift tube by charge exchanggeaction chamber was less than 2.00°° Torr.
reaction were detected by the CEM. Charge-transfer mea- The measurements were carried out in cycles to reduce
surement, therefore, is carried out in the reflection drift tubehe systematical uncertainty on the ion signal resulting from
region. The incident drift tube only serves as an integral parthe laser energy fluctuation and the changes in the target
of the mass spectrometry for the laser produced ions. surface conditions by laser ablation. In each cy®lg, was

A retardation field was applied between the end of thesequentially switched according to the calculated value set in
reflection drift tube and the CEM detector to separate thehe above discussion. About 3000 cycles were measured for
product ions from the parent iortsee Fig. 1. The ions lost  SC or DC process, respectively. The signals were recorded
their energies at the grounded grid@;). Because of their by the Tektronix digital oscilloscope, binned according to the
charge state difference, the kinetic energies of the parent ionswitching sequence, and stored in a computer for later analy-
and their product ions, after passing through grid 1, werssjs.
reduced toE;, E;—eV,, andE;-2e\, for parent ions, &, Figure 2 shows the typical TOF spectra in the measure-
product ions formed by single electron capturé €, and ment of the single electron capture. Two separate peak
product ions formed by double electron capturé¢*, re- groups are located at about 1u8 and 3us, respectively,
spectively. By applying an appropriate potential barkgs  corresponding to € and its product ions, € and its prod-
at grid 2(G,), selected carbon ions will be allowed to reach uct ions. Within each group, the largest peak, represented by
the CEM. For example, ifleV,>E; and (q-1)eVy,<E; a dashed line, corresponds to the parent ions and all their
—-eVp, Co will be blocked, Gq‘%" (n=1) can pass through product ions and neutrals. While the much weaker peak, rep-
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30000

One of the major experimental uncertainties comes from
the gain efficiency of the detector, which depends on the ion
o charge state and its incident kinetic eneri}]. Because
25000 A CEM was operated in the analog mode, the gain efficiencies
for C9* (g=4,3,2,1 needs to be calibrated. The calibration
procedure has been discussed in our previous publications
[11,26. It turns out that the difference in the efficiency with
carbon ions and oxygen ions, which we measured previously
is within 10%[26]. Other sources contributed to the experi-
mental uncertainty includé€l) 8% from the gas pressure for
the absolute ion gauge calibratiof2) 2% introduced from
the nonlinearity of the channel electron multiplier and the
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10000 - sured cross sections: it is about 6% for single electron cap-
ture and 8% for double electron capture. The quadrature sum
of the uncertainties give a total absolute uncertainty of 14%
for single electron capture and 15% for double-electron-
capture cross section.
In the low-energy collision regime, it is well known that
\ the electron-capture cross section strongly depends on the
internal electronic state of the ions. The presence of meta-
stable state ions in the parent ion beam make the interpreta-
T T tion of result very difficult. G* is Li-like. Its metastable state
(1s2s2p *P;) lifetime has been measured to be 2.3 ns and
Time of Flight (us) 129 ns forJ=1/2 and 5/2yrespectively{30]. While no mea-
surement is available fgr=2/3, thelifetime can be extrapo-
FIG..2. Typical time-of-flight mass spectra in the measuremeniated from the correspondinge2/3 lifetime of N** and &*
of the single and double electron capture 6 @nd C"" with CO. 30 Nevertheless, their lifetimes are too short to reach the

Signal at 3s, from large to small: laser produced pareft @ns;  refiection drift tube where the charge-transfer measurement
all product ions including &, C*, and C; and product ions exclud- is carried out

. 2% o .
ing C-*. Signal at 1.8us, from large to small: laser produced parent The radiative lifetime of the ©s 1S and 12s 3S meta-

4+ ; . H H H 2+ + . _
™" lons; all prqduct lons including €, C**, C*, and C; and prod stable states of € ion has been calculated to be abouyt$
uct ions excluding €. -
and 112 s, respectivel31]. Recent measurement, however,

o _gives only 20.59 ms for®s 3S[32]. Nonetheless, both their
resented by a solid line, corresponds to all the product iongfetimes are much longer than the flight time of the ion

and the neutrals, €"* (n=1). The smallest peak, repre- inside the RTOFMS. The 1.8s transit time does not allow
sented by a dotted line, corresponds to the product ions ang** jons to relax to their ground state prior to the measure-
the neutrals formed by multielectron capture processesments if they are present in the beam. The presence of long-
Cl™™* (n=2). These signal intensities were used to deteriyed metastable fraction in ion beam has been found in sev-

Signal (arbitrary unit)

5000

mine the charge-transfer cross sections. eral ion beam experiments using an ion-impact ion-source
[7], an ECR ion sourcg5], or a PIG ion sourcg2]. The
[ll. RESULTS AND DISCUSSION metastable fraction can account for as much as 5—32% of the

ion beam. These metastable ions are created by electron im-
pact ionization and excitation of the carrier gas.
In the present experiment, a laser induced plasma ion

The electron capture cross sectiofcan be derived from
the following expression:

lo/lo= 1-gont (1) source is used. This is a pulsed ion source where the ions
freely expand into the vacuum before they are extracted for
o =1 /(L) 2) the measurement. lons created by laser ablation of a solid

target are initially hot due to rapid collision with high-

wherel,, is the signal intensity of the product carbon iohs, density laser heated plasma electrg88-36. During the

is the intensity of the parent®ions, L is the interaction early expansion phase of the plasma, collisional equilibrium
length of the reflection drift tube, andlis the density of the is established between the plasma electrons and the ionic and
target CO gas. In Eq2), the approximation is valid because atomic species in the plasma. The internal temperature of
Ip/1p<<1 in our measurement, which also ensures single colthese heavy species is closely coupled to the temperature of
lision condition. The mean ion energies are estimated to béhe plasma electrons. As the temperature of the plasma elec-
6780+780 eV and 5076576 eV for*Cand C*, respec- tron drops when its energy is converted to its directed energy
tively. The measured charge-transfer cross sections are tabof expansion, the internal temperature of the atomic and
lated in Table I. Results of previous measurements with Hionic species cools. Since the electron densigyis ot

and CQ [2,3,5,7,12 are also listed in the table for compari- while the electron temperaturk, is ot ! [34], the internal

son. temperature of the atomic and ionic species freezes out when
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TABLE I. Measured charge transfer cross sectiofor C%* (q=3,4) with CO, CG,, and H.

Reaction EnerggyeV/amy  o(SO? (105 cm?)  o(DC)° (105cm?)  Reference  Method

Cc%*+CO 423+48 0.96+0.12 0.99+0.13 This work
C3*+H, 161 0.56+0.29 [2] d

192 0.77+0.06 0.45+0.04 (71 €

358 0.71+0.06 0.36+0.03 [7]

525 0.64+0.05 0.36+0.03 (7]

C3*+CO, 692 1.0£0.1 0.97+0.10 [7]

1750 1.1+0.1 1.2+0.1 [27] f
c*+Co 565+65 3.16+0.42 1.05+0.21 This work
C*+H, 387 3.91+0.87 [2] d

358 2.60+0.18 0.31+0.03 (7] e

832 2.44+0.12 [3] f

1692 2.30+0.16 0.24+0.02 [7]

520 3.87+0.48 (5] f

583 3.26+0.3% [5]

600 3.55+0.18 [12] f

43¢, single electron capture.
bDC, double electron capture.
‘RTOFMS and laser ion source.
dORNL-PIG ion source.
“lon-Impact ion source.

'ECR ion source.

9Capture into 8subshell only.

ne drops below the threshold density to maintain collisionalcess by Barany40] and Niehaug41]. This model has been
equilibrium. The freeze out temperature of a laser inducegbroven to be fairly successful in predicting the total charge-
plasma seeded with neutral chromium was first investigatetransfer cross section in collision of slow highly charged ion
by Drewell [36]. The investigation was carried out by the with hydrogen. In CBM[39], capture is assumed to occur at
simultaneous laser selective excitation of théS, meta- an internuclear distancB, when charge transfer becomes
stable and the ’S; ground state of Cr. His finding reveals classically allowed and the capture electron predominantly
the freeze out population ratio betwe@RS, metastable state into one specific shell, which is the largest integer satisfy-
and thea ’S; ground state to be about TOThis is consistent ing the inequality,

with the result obtained by Fang and Kwoiig7,38 and 12 A2

Wang and Kwong[11] on the metastable fraction of laser n= q{(2g"*+ 1)/[21(q + 20"},

produced &' and C* ions. Since the power and energy of \yhere q is the charge state of the projectile ahdis the

the ablation laser used by DrewgH6] is similar to our mea-  jgpjzation potential in atomic units of the target gas. The

surement, and the°S, metastable state of Cr is only ¢rossing radius for the over-barrier transition for hydrogenic

0.94 eV above it 'S; ground state, it is reasonable to as- system can be expressed as

sume that the £s 'S and 1s2s 3S (both are~300 eV above

the 1s? 1S ground statgmetastable fraction of the laser pro- R.=2(q-1)/(g?/n?-2l,).

duced CG* ions is much less than 1 We conclude that

there is no significant metastable state contribution to th

measured cross section in the present measurements. Tn the extendRezd gZBM’ the.two-electron transier may be ex-
Since neither theoretical nor experimental cross sectiongressed asr(Ry~Ry) [40] with

are available for CO, the electron capture cross sections are Rn=1{2(q-m+ 1Jm¥?+ m/I,

first compared to those estimated by the classical over-barrier

model (CBM); and then the SC cross sections are comparewherel,, is themth ionization potential of the target gas.

with those with H, because the modeling of x-ray emission  In the single electron capture reaction of*Gvith CO,

from comet atmosphere was based on electron-capture cro¥s model predicts that electron is captured into2 and

sections of H [23]. n=3 shells forgq=3 and 4, respectively. The SC cross sec-
The static classical over-barrier mod@BM) was first tions are estimated to be 0.830cn? and

proposed by Ryufukwet al. [39] for estimating electron- 5.66x 1071°cn? for C** and C*, respectively. Using the

capture cross section. It was later extended to estimate tr@gouble and triple ionization potentials of Cf@2], the DC

cross section for consecutive multiple electron transfer procross sections are estimated to be about %.1@*° cn?? and

The magnitude of the cross section is determinedrBf.
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1.48x 1075 cn? for C3* and C*, respectively. The overall Comparing the present SC cross sections d&f @

agreement is within a factor of two of our measurement. It is=3,4) with CO and that with H, it appears to be no signifi-

however worthwhile to point out that good agreement shouldant difference for both € and C* within the experimental

not be expected becaus®) a quasi continuum of unoccu- uncertainties. The DC cross sections fé# @nd C* with H,

pied energy states of the projectile ion is not satisfied for lowneasured by ltolet al. [7] are about 51% and 12% of that

n states, ang2) the complex structure of the target CO mol- for SC, respectively. However, in the reaction of"Cq

ecule. =3,4) with CO, the DC cross sections are as much as 102%
In Table I, two sets of cross section with, tre listed: ~and 30% of that of SC for € and C", respectively. Fur-

The data measured by Phanaifal. [2] used in the x-ray thermore, the DC reactions for"Cwith CO are faster by a

emission modeling of cometary atmosphere and the datictor of three than their respective reactions with Hi-

measured by Itolet al. [7]. The cross sections measured by nally, from Table I, the present measured SC and DC cross

ltoh et al. shows little dependence on the collision energiessections of € with CO are similar to that of COmeasured

between 100 eV/amu and 1690 eV/afff. For C3*, these at a higher energy7,27. Since C_Q is also found in comet

two measurements agree with each other to within the medtmosphere, and both DC reactions are as fast as that of SC,

surement uncertainties. However, thé*Qcross sections DC. process should not be ignored in the modeling comet

measured by Itofet al. [7] and Phaneuét al. [2] differ by ~ €MISSIONS.

more than one standard deviation of the measurement error.
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