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Thermal energy charge transfer between S2¿ and H2, N2, and CO
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~Received 21 April 2003; published 5 November 2003!

We measured the charge transfer rate coefficients for the reactions S211H2→products, S211N2

→products, and S211CO→products using a radio frequency trap. S21 ions are produced by laser ablation of
a solid tungsten disulfide target. We derive the rate coefficient of the reaction from the decay rate of the stored
ions in the trap. The rate coefficients for the above three reactions are 1.58(0.13)31029 cm3 s21 at Tequiv

51077 K, and 1.67(0.12)31029 and 1.78(0.13)31029 cm3 s21 at Tequiv56462 K.

DOI: 10.1103/PhysRevA.68.052703 PACS number~s!: 34.70.1e, 82.30.Fi, 32.80.Pj, 95.30.Dr
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INTRODUCTION

Sulfur is one of the abundant, heavier elements produ
through stellar nuclear synthesis. The emission lines fr
various ionization stages of sulfur have been observed
used for plasma diagnostics in a wide range of astrophys
regions and in objects such as HI regions, molecular clou
interstellar medium, quasars, x-ray photoionized nebu
and planetary nebulae. These multiply charged ions of su
are formed by photoionization and they coexist with neu
helium and hydrogen as well as other molecules. Since th
regions are not in thermodynamic equilibrium because of
low particle density@1#, the distribution of the element
among the various ionization stages is governed by sev
competing processes. These processes include charge
fer recombination and ionization, dielectronic recombinati
radiative recombination, and electron impact ionization. I
neutral rich environment, charge transfer recombination
ionization can be the dominant process that controls
states of ionization in astrophysical plasmas@2–6#. For ex-
ample, charge transfer of solar wind heavy ions has rece
been confirmed as a major excitation mechanism for x-
sources in comets@7–9#. For a realistic modeling of astro
physical plasmas, it is of paramount importance that
charge transfer recombination and ionization rate coefficie
of multiply charged ions such as sulfur be known accurat
at the temperature of these environments.

Despite its importance, no experimental studies have b
made on sulfur ions at eV energies. Moreover, quantal tr
ments of low-energy collisions are also unavailable. T
may be due, in part, to the complicated electronic, vib
tional, and rotational structures of the molecules and
availability and accuracy of the position and orientation s
sitive potentials of the pseudomolecule formed during
collision. An experimental study of the charge transfer p
cesses of S21 with atoms and molecules is therefore partic
larly useful, not only to explain the ionization structures
astrophysical plasmas, but also to stimulate theoretical tr
ments in this energy range.

I. EXPERIMENTAL METHOD

The experiment was carried out using a technique
combines a laser ablation ion source and ion storage. A
tailed discussion of the technique and the description of
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facility have been published earlier@10# and will not be re-
peated here. In the following, we shall highlight only th
details as they pertain to this measurement. One of
unique features of this technique is its ability to produce a
store a single type of ion to be studied without contaminat
of a carrier gas. The S21 ions were produced directly by
laser ablation of solid tungsten disulfide (WS2) targets. We
chose tungsten disulfide as the target material over pure
fur and other solid compounds of sulfur, such as zinc sulfi
~ZnS! and tantalum disulfide (TaS2), because of the repro
ducibility of the ion signal in the trap. Furthermore, S21

(m/q516) and other low-charge-state ions such as1

(m/q532), W1 (m/q5184), W21 (m/q592), and W31

(m/q561.3) that were produced simultaneously during la
ablation have a distinct difference in their mass-to-cha
ratios. These ions can be excluded from the ion trap b
judicious choice of the trapping parameters. In these m
surements, we used approximately 10 mJ/pulse of the sec
harmonic~532 nm! output emission of a neodymium-dope
yttrium aluminum garnet~Nd:YAG! laser as the ablation
source. The power density of the laser at the ablation ta
surface was estimated to be about 109 W cm22. We limited
the power of the laser to eliminate the formation of high
charge-state ions of tungsten and sulfur.

The ion trap parameters were set at a rf of 1.00 MHz,
amplitudeV05360 V, and dc biasU0535 V to store S21.
The characteristics of the trap can be found in a previ
publication@10#. The set parameters generated a pseudo
tential well for S21 with an axial well depth ofqDz
517 eV and a radial well depth ofqDr539 eV. At these
trap parameters, the low-charge-state tungsten ions and
singly charged sulfur ions were in the unstable region of
trap and were not stored in the trap.

The stored ions in the trap were analyzed by extracting
of the ions from the trap by two push-pull voltage puls
~1200 V and2200 V! applied simultaneously at the en
caps of the trap. The extracted ions were then injected in
time of flight ~TOF! mass spectrometer. They were focus
by an electrostatic lens in the TOF tube to a 1-in.-diame
microchannel plate detector assembly. The signal outpu
the multichannel plate is amplified by a340 preamplifier
before it is fed into the terminated input of a digital sco
through a 50V impedance matched transmission line. T
use of a transmission line enables us to preserve the temp
profile of the stored ions as they are intercepted by the
©2003 The American Physical Society03-1
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tector. As part of an ongoing effort to improve the ma
resolution, the length of the TOF drift tube in the ion tra
detector system has been increased from 0.3 to 0.58 m.
mass resolution (m/Dm) of the current system is about 18
mass 16. While the time of flight of the ion signal was us
to identify the type of ion, the integrated ion signalI (t)
5*DtS(t)dt @where S(t) is the time dependent ion signa
recorded in the digital scope andDt is the duration of the ion
signal# was used to measure the relative S21 population
stored in the trap prior to their extraction. Figure 1 shows
TOF mass spectrum of the stored S21 ions in the trap. The
single peak indicates that only S21 ions are stored in the trap
The 1/e decay time for the stored ions has been measure
be in excess of several minutes at the base pressure
310210 Torr.

The ground state of S21 is 33.69 eV above its neutra
ground state. The reaction channels with both single
double electron capture from reactant molecular gas are
ergetically possible, for example,

S11H2
11 DE1a<7.90 eV,

S211H2→S11H1H11DE1b<5.52 eV, ~1!

S12H11 DE1c<2.02 eV,

S211N2→S11N2
11 DE2<7.75 eV, ~2!

S211CO→S11CO11 DE3a<9.32 eV,

S11C11O1DE3b<0.98 eV. ~3!

However, the parameters of the trap were set to store o
S21. Ions with m/q greater than 18 or smaller than 8 a
outside the stable region of the trap and will not be stor
Low-charge-state tungsten ions, S1 ions formed during lase
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FIG. 1. Time of flight mass spectrum of the S21 ions released
from the trap after 0.4 s storage time.
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ablation, and all product ions produced by single elect
transfer and double electron transfer were also excluded f
the trap. For this measurement, our present facility allows
to measure only the total charge transfer rate coefficient

The mean relative integrated ion signalI r(t) is related to
the total charge transfer rate coefficientk by a single expo-
nential function:

I r~ t !5exp@2R~ t2t0!#, ~4!

with

I r~ t !5~1/N! (
N51

N

@ I ~ t !/I ~ t0!#N ~5!

and

R5nm^v1s1&1nb^v2s2&5nmk1Rb , ~6!

whereN is the number of individual measurements,nm is the
density of the reactant gas,nb is the density of the residua
background gas in the ultrahigh-vacuum chamber,I r(t) is
proportional to the number of S21 ions at timet, ands1 and
s2 are the charge transfer cross sections to all channels
cluding single and multiple electron transfer with the rea
tant molecular gas and with residual gas, respectively.v1 and
v2 are the relative velocities of the interacting multip
charged ions with reactant gas molecules and the residua
molecules, respectively.Rb is the decay rate of S21 ions in
the ultrahigh-vacuum system with only residual backgrou
gas present.I r(t) is obtained by taking the ratio of the inte
grated ion signal at a delay timet, I (t), and at the shortes
delay time of 0.4 s,I (t0). This procedure minimizes the
measurement error due to the short-term fluctuation and
long-term drift of the ion signal caused by the rando
change of the laser power and the gradual change of
surface conditions of the target as the ablation laser d
into the target. More than a hundred cycles for each de
time were carried out. We measured the integrated ion sig
at about ten different storage times over one decade of
initial value at the shortest delay to obtain an ion dec
curve.

The data set containing the mean relative integrated
signal I r(t) was fitted to Eq.~4! using the weighted least
squares method. The weight for each point is determi
from its statistical uncertainty. The decay rateR and its sta-
tistical uncertainty were determined from the fitting alg
rithm. The rate coefficientk was obtained by a weighte
least-squares fit of the decay ratesR at each reactant molecu
lar gas densitynm to Eq. ~6!. The uncertainty of the rate
coefficient was a quadratic sum of the statistical uncerta
derived from the data fitting and the uncertainty of the re
tant gas density measurement. Absolute calibration of the
gauge to measure the reactant gas density has been des
in a previous publication@10# and will not be elaborated
here.

The charge transfer rate coefficients were obtained fr
the slope of the decay rates of the stored ions in the pres
of a reactant gas of known density. Since the ions are p
duced directly from a solid target, the complexities and u
3-2
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certainties caused by the interaction between the ions
their carrier gas, as in some conventional ion source,
totally eliminated. In all the measurements, ultrahigh-pur
grade or research grade reactant gases were used. The
of the neutral reactant gas in the reaction chamber was
ther confirmed by a Vacuum Generator DX-100 quadrup
residual gas analyzer.

II. DATA ANALYSIS AND RESULTS

Figure 2~a! shows the time dependence ofI r(t) at six
different H2 pressures. The solid lines represent the resul
the weighted least-squares fit. Figure 2~b! plots the decay
rates as a function of H2 pressure. The slope of the solid lin
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FIG. 2. ~a! Decay curves of normalized relative intensity of S21

ions vs storage time at six different pressures of H2 in a pseudopo-
tential well withqDz517 eV andqDr539 eV. The solid line is the
least-squares fit to a single exponential function.~b! S21 decay rate
vs H2 pressure.
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gives the charge transfer rate coefficient of 1.58(0.1
31029 cm3 s21. In a similar way, Figs. 3~a! and 3~b!, 4~a!
and 4~b! show the results of the reactions S211CO
→products and S211N2→products, respectively. The rat
coefficient of S21 with CO is 1.78(0.13)31029 cm3 s21 and
of S21 with N2 is 1.67(0.12)31029 cm3 s21. The estimated
uncertainty of the result is mainly due to the uncertainty
the statistical fluctuation of the ion signal,62.5%, and the
uncertainty in the absolute calibration of the target gas d
sities,68%.

III. DISCUSSION

The S21 ions produced by laser ablation can be in a v
riety of excited states immediately after production. Th

Time (s)

0.0 0.5 1.0 1.5 2.0 2.5

R
el

at
iv

e
Io

n
In

te
ns

ity
(a

rb
.u

ni
ts

)

0.1

1

0.54
1.09
1.64
2.18

CO Pressure (10-8 Torr)

CO Pressure (10-8 Torr)

0.0 0.5 1.0 1.5 2.0 2.5

D
ec

ay
R

at
e

(
s-1

)

0.0

0.5

1.0

1.5

(a)

(b)

FIG. 3. ~a! Decay curves of normalized relative intensity of S21

ions vs storage time at four different pressures of CO. The solid
is the least-squares fit to a single exponential function.~b! S21

decay rate vs CO pressure.
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rapidly cascade to their ground state and low-lying me
stable states through allowed transitions and collisional
excitations by plasma electrons. We have shown in previ
measurements that the ions stored in the trap produce
low laser power are in their ground state@11–13#. S21 ions,
however, unlike other ions we measured previously, hav
3p2 1D1 metastable state only 1.4 eV above the grou
3p2 3P term. This small energy gap can favor the populat
of the metastable state and, therefore, it is quite possible
a significant amount of S21 ions can be in this low-lying
3p2 1D1 state. This can make the current result difficult
interpret.

The ratio of the number of 3p2 1D1 metastable state ion
to that of 3p2 3PJ ground state ions depends on the dens
and the temperature of the plasma electrons during the
similar expansion of the laser induced plasma in vacuu
The expansion dynamics of a laser induced plasma has
investigated by Dawson@14#, Rumsby and Paul@15#, Mea-
sures, Drewell, and Kwong@16#, Drewell @17#, and Kwong
and Fang@11#. During the early phase of its expansion, t
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FIG. 4. ~a! Decay curves of normalized relative intensity of S21

ions vs storage time at four different pressures of N2 . The solid line
is the least-squares fit to a single exponential function.~b! S21

decay rate vs N2 pressure.
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plasma is highly collisional, and collision equilibrium is e
tablished between the light plasma electrons and the he
neutral and charged species in the plasma. The internal
perature of the atomic and ionic species is closely couple
the temperature of the plasma electrons through rapid c
sion. As the temperature of the plasma electron drops w
its initial energy is converted to its directed energy of expa
sion, the internal temperature of the atomic and ionic spe
decreases rapidly. Since the time dependence of the elec
densityne is proportional tot23 while the time dependenc
of the electron temperatureTe is proportional tot21 @15#, the
internal temperature of the atomic and ionic species free
out whenne drops below the threshold density to mainta
collisional equilibrium. In the case of the laser induced ch
mium plasma, the freeze-out population ratio between
a 5S2 metastable state and thea 7S3 ground state of neutra
chromium was measured by Drewell@17# using simultaneous
laser selective excitation of the metastable and ground s
Cr atoms seeded in the chromium plasma. His finding
veals that the freeze-out population ratio between the m
stable and ground states is about 1023. Since the power den
sity of the ablation laser used in Drewell’s measuremen
similar to that in the current measurement, and thea 5S2
metastable state of Cr is only 0.94 eV above itsa 7S3 ground
state, it is reasonable to assume that the metastable fra
for laser produced S21 ions is below 1023. If we assume that
the rate coefficient for the metastable state ion is unreas
ably large, i.e., five times larger than that for the ground st
ion, the error introduced in the measurement is<0.5%, far
less than the69% uncertainty of the measurement. W
therefore conclude that the effect due to the metastable s
ions is negligible.

The ground state 3p2 3P term has three fine structure lev
els. These fine structure levels are about 0.4 and 0.6 eV a
If we assume a similar freeze-out collisional temperature
estimated by Drewell for a chromium plasma@17#, all fine
structure levels will be populated. Our measurements, th
fore, reveal the charge transfer between H2, N2 , and CO and
the 3p2 3P ground term of S21 ions with an unknown popu-
lation of its fine structure levels.

The presence of H2 , N2 , and CO in the trap can affect th
storage time of the ion in the trap through elastic collisio
with the stored ions. However, the probability of S21 in a
potential well of 17 eV being kicked out of the trap by elas
collisions with reactant gas at room temperature~0.04 eV! is
negligibly small. This loss mechanism can be ignored in
analysis.

The concept of ion temperature in a rf trap has been
vestigated extensively by several investigators in the p
@18,19#. The existence of an ion temperature is essentia
the correct interpretation of the rate coefficientk5^vs&,
with v having a Maxwellian distribution and a charge tran
fer cross sections that depends on the velocity. An exper
ment was carried by Knight and Prior@19# with a tunable
laser to map out the ion distribution in a rf trap. The o
served Gaussian distribution of stored ions in the trap imp
a Maxwellian velocity distribution. This is consistent wit
the concept that ions stored in a rf trap have a tempera
@19#. Based on these findings, the mean energy of the sto
3-4
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S21 ions is about 1.7 eV. This mean energy correspond
an ion temperature of about 104 K, which can be calculated
by using the relation between the mean energyE and the
temperatureE5(3/2)kT since the velocity distribution of the
ions in a rf trap is nearly thermal@19#.

Because the temperature of the neutral reactant gas
room temperature~300 K!, we introduce an equivalent tem
perature that corresponds to the mean relative velocity of
S21 and the reactant gas molecules@20#. This equivalent
temperatureTequiv of the collisional system is given by

Tequiv/m5Ti /mi1Tn /mn ,

where the ion temperature isTi and the reactant gas temper
ture is Tn . mi and mn are the masses of the ions and t
neutral species, respectively, andm is their reduced mass
d

J

i,

-

e
. D
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Using this relation, the equivalent temperatures for ea
measurement are estimated to be 1077 K for S21 with H2
and 6462 K for S21 with CO and N2. Our result for S21

with H2 is about 40% smaller than the multichannel Landa
Zener calculation (2.631029 cm3 s21) using the H2 ioniza-
tion Franck-Condon factor@21#. A quantal calculation is not
available in this energy region. To the best of our knowled
no calculation, Landau-Zener or quantal, is available
comparison with the results for the reaction of S21 with CO
and N2.
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