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Charge transfer between C2¿ and H2, N2, He, and CO at electron-volt energies

H. Gao and Victor H. S. Kwong
Department of Physics, University of Nevada, Las Vegas, 4505 Maryland Parkway, Las Vegas, Nevada 89154, USA

~Received 29 April 2003; published 5 November 2003!

We measured the total charge-transfer rate coefficients for C21 with H2 , N2 , and CO using a cylindrical
radiofrequency ion trap. C21 ions were produced by the electron impact of residual CO in an ultrahigh-vacuum
chamber. The rate coefficients for C21 with H2 , N2 , and CO are measured to be 8.77 (0.71)
310211 cm3 s21 (Tequiv52.633103 K), 1.08 (0.07)310210 cm3 s21 (Tequiv51.173104 K), and 4.58 (0.29)
310210 cm3s21 (Tequiv51.173104 K). The rate coefficient for C21 with He is estimated to be less than
10212 cm3s21 (Tequiv54.383103 K).
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I. INTRODUCTION

In the interstellar cloud, multiply charged ions are form
and coexist with neutral atoms and molecules. Under as
physical conditions that the interstellar gas is not in therm
dynamic equilibrium because of its low density@1,2#, ion-
neutral charge-transfer reaction may play a dominant rol
the distribution of elements among its various ionizati
stages@3–6#. Therefore, it is important to know the charg
transfer rate coefficients at the temperatures of these env
ments for modeling these astrophysical plasmas.

Carbon ions have been observed in a wide range of as
physical regions and in fusion plasmas. Charge-transfer
actions of C21 have been of interest for the past 20 yea
since it is typical of the many multiply charged species
these environments. In addition, a standing problem ex
i.e., an underabundance of C21 and C1 ions was observed in
the HI region towards several unreddened stars~aEri, lSco,
and nSco! @7#, because the ratios of C21:C1 and C1:C in
this region were observed to be inconsistent with radia
recombinations in a hot, partially ionized intercloud mediu
@7,8#. Charge-transfer reaction has been proposed@8# to ex-
plain the observed underabundance of C21 and overabun-
dance of C. In the case that this disparity is due to cha
transfer between carbon ions and H atom, the charge-tran
rate coefficient for C21 and C1 has to be of the order o
10211 cm3/s and 10212 cm3/s, respectively. However, Mc
Carroll and Valiron@9# showed that charge transfer is u
likely to be important in the conversion of C21 to C1 and
C1 to C, because such charge-transfer probability estima
by the Laudau-Zener approximation is negligibly small
thermal energies. A quantum-mechanical calculation@10#
agreed with McCarroll and Valiron@9# that the charge-
transfer process of C21 with H is slow with a rate coefficien
of 1310212 cm3/s. Recentab initio calculations@11# for
C21 with H above 10 eV agree with that of@10# to the same
order magnitude. In addition, the contribution of C1 by the
charge-transfer reaction between C21 and He was excluded
due to the slow reaction rate@2#. This, however, has not bee
confirmed experimentally.

In this paper, we report the first measurements to
knowledge of charge-transfer rate coefficients of grou
state C21 with H2 and He, and ground state C21 with N2 and
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CO at electron-volt energies. The former two reactions m
shed light on the problem of C21 underabundance in the H
region. All these reactions with molecular gases and He
be important in astrophysical regions where carbon ions
these molecules coexist.

Charge-transfer reactions between C21 and H2, N2 , O2 ,
and CO at keV collisional energies have been investiga
experimentally by Phaneufet al. @12#, Nutt et al. @13#, Lep-
utschet al. @14#, Burnset al. @15#, and Unterreiteret al. @16#.
To the best of our knowledge, no theoretical work and m
surements have been reported for C21 with H2 , N2 , He, and
CO at electron-volt energies.

II. EXPERIMENTAL METHOD

The general experimental technique, which combines
ion trap and laser-plasma/electron beam ion source de
oped by Kwonget al. @17#, has been described in detail i
previous publications@18,19#. Since the facility has been up
graded over time and new procedures have been adopte
the measurement, procedures involving the current meas
ment can be found in the preceding article by Chen, Gao,
Kwong @20#. Here, only the specific use of the facility d
rectly related to current measurements will be discussed

In this measurement, C21 ions were produced by the elec
tron impact ionization of residual CO gas (4310211 Torr) in
an ultrahigh-vacuum chamber. We did not use laser abla
of a carbon target to generate C21 ions in this measuremen
because of the instability of the ion production. We were a
to produce a measurable amount of C21 ions from the re-
sidual CO in the vacuum chamber with an electron bea
The presence of a trace amount of CO in the reaction ch
ber does not introduce a measurable systematic error in
measurement. The unfocused electron beam used for ion
tion was created from a BaO dispenser cathode and wa
ased at a potential between241 V and2150 V. The base
pressure in the vacuum chamber was about 4310211 Torr
with H2 and CO as the major components. The mass res
tion (m/Dm) of the TOF is about 23 at 6 amu.

The electron beam produced C21 ions were stored in a
cylindrical radiofrequency~rf! ion trap where charge transfe
with the neutral atom/molecule of interest occurred. T
trapping parameters~radiofrequencyf 51.44 MHz, ampli-
tudeV05275 V, and dc biasU0520 V) were chosen to se
©2003 The American Physical Society04-1
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lectively store C21 ions. The axial well depth wasqDz
510.73 V, and the radial well depth wasqDr512.68 V.
Since the difference in the mass-to-charge ratio between21

(m/q56) and N21 (m/q57) is 1 amu, N21 ions were also
stored in the trap when N2 was used as a target gas. Oth
ions produced by electron impact of the residual gases
target gases, i.e., O21 (m/q58), C1 (m/q512), O1 (m/q
516), and CO1 and N2

1 (m/q528), were almost excluded
from the trap by a judicious choice of the trapping para
eters, and the energy and duration of the electron beam.
ure 1 shows the typical operating points of C21, N21, C1,
and O21 in the stability diagram of the rf trap@17#. While the
operating point for C21 is well within the stable region of the
trap, the operating points for O21, C1, O1, N21, and CO1

are at the edge of, or outside, the stability region. Figur
shows the TOF mass spectrum of the C21 ions released from
the ion trap after 400 ms storage time with N2 as the target
gas in the reaction chamber. It can be seen that C21 is well
separated from N21 in the TOF spectra, therefore the pre
ence of N21 in the trap did not affect the determination
C21 ions for data analysis.

Each target gas—H2, N2 , He, and CO—was admitte
separately into the reaction chamber through a separate
handling system for each measurement. Each gas pres
was measured separately with a calibrated quadrupole m
analyzer. The absolute calibration of gas pressure has
discussed in a previous publication@17#.

III. DATA ANALYSIS AND RESULTS

Figure 3~a! shows the C21 ion signal intensity versus de
lay time plots for five different H2 pressures. The scatter o

qz
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FIG. 1. The operating points of several ions in the stabi
diagram of the rf trap. Hereaz andqz are the Mathieu parameter
for the rf trap. The trapping parameters aref 51.44 MHz, V0

5275 V, U0520 V, qDz510.73 eV, andqDr512.68 eV.
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FIG. 2. TOF mass spectrum of the C21 ions released from the
trap after 0.4 s. N21 is well separated from C21.
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FIG. 3. ~a! Decay curves of normalized relative intensity of C21

ions vs storage time at different pressures of H2 in a near-spherical
pseudopotential well withqDz510.73 eV andqDr512.68 eV. The
solid line is the least-squares fit to a single exponential function.~b!
C21 decay rate vs H2 pressure.
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the data points is due to the fluctuation of the ion signa
The solid lines are the least-squares fit of the data b
single-exponential decay function. The slopes of the fit
lines in Fig. 3~a! give the charge-transfer rates at a giv
pressure of the target gas. The plot of the decay rates o
stored C21 versus the pressure of H2 gas is shown in Fig.
3~b!. The slope in Fig. 3~b! is obtained by the weighted leas
squares fit by a linear function, and the rate coefficient
C21 interaction with H2 is obtained from this slope. Simi
larly, the behavior of charge-transfer reactions rates for C21

with N2 and CO is shown in Figs. 4 and 5, respectively. T
charge-transfer rate coefficients of C21 are measured to b
8.77 (60.71)310211 cm3/s with H2 , 1.08 (60.07)
310210 cm3/s with N2 , and 4.58 (60.29)310210 cm3/s
with CO, respectively. The charge-transfer reaction rates
C21 with H2 and N2 are similar, but both reactions ar
slower than that for C21 on CO.

IV. DISCUSSION

Since the target gases H2, N2 , and CO are at room tem
perature~300 K! and the temperature of the stored C21 ions,
corresponding to about110 of the pseudopotential well dept
@21–23#, is 1.73104 K, an equivalent temperatureTequiv is
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FIG. 4. ~a! Decay curves of normalized relative intensity of C21

ions vs storage time at five different pressures of N2 . The solid line
is the least-squares fit to a single exponential function.~b! C21

decay rate vs N2 pressure.
05270
.
a
d

he

r

e

r

introduced to reflect the mean relative velocity of the C21

and the H2, N2 , and CO molecules. This equivalent tem
perature of the collisional system is given by

Tequiv/m5Ti /mi1Tn /mn ,

where the ion temperature isTi , the target gas temperature
Tn , mi and mn are the masses of C21 ion and target mol-
ecules, respectively, andm is their reduced mass. The est
mated equivalent temperatures are 2.633103 K, 1.17
3104 K, 1.173104 K, and 4.383103 K for H2 , N2 , CO,
and He, respectively.

The C21 is Be-like and has three low-lying metastab
states, 2s2p 3P0,1,2. Some fraction of the C21 ions can be
collisionally excited to the metastable state by the elect
impact excitation@24,25#. The effect of the metastable ion
in the charge-transfer measurements in the ion beam
observed by Unterreiteret al. @16# and Greenwoodet al.
@26#. About 10% of the ions were determined to be in t
metastable state@16#. Recent calculation by Erreaet al. @27#
predicts that, at a collision energy of 600–10 000 eV,
cross section of electron capture by the C21 ion from H2 at a
metastable state could be twice that at ground state. H
ever, the amount of metastable state ions in the ion beam
be controlled by the electron impact energy. At an elect
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FIG. 5. ~a! Decay curves of normalized relative intensity of C21

ions vs storage time at five different pressures of CO. The solid
is the least-squares fit to a single exponential function.~b! C21

decay rate vs CO pressure.
4-3



ta

a-

e
e
he
be

y
ef
ra
im

rg
e
un
ta

im

ient
is
s

und

ffi-

rate

c-

s.

H. GAO AND V. H. S. KWONG PHYSICAL REVIEW A68, 052704 ~2003!
impact energy of 70 eV, the amount of the ions at the me
stable state was not observable@16#.

The lifetime of the 2s2p 3P1
o metastable state was me

sured to be 8.360.5 ms by Kwonget al. in this laboratory
using electron impact excitation@25#. C21 ions produced in
the 2s2p 3P1

o state will likely decay to their ground stat
during the initial relaxation time of 400 ms built into th
measurement timing protocol. However, the lifetime of t
2s2p 3P0

o and the 2s2p 3P2
o states has been predicted to

of 231010 s @28# and about 200 s@29#, respectively. The
C21 ions produced at these metastable states are likel
stay in the trap and contribute to the measured rate co
cients. We checked the contribution by the metastable f
tion in the current measurement by varying the electron
pact excitation energy from below threshold energy (Vth
542.13 eV) to more than three times the threshold ene
i.e., fromV541 V to V5150 V. We observed no differenc
in the measured rate coefficient within the experimental
certainty. This suggests that the contribution by the me
stable fraction is negligible.

Finally, the charge-transfer reaction rate of C21 with He
was measured. Since this measurement is extremely t
s

C

a,

. A

B

ys

c-
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consuming due to the slow reaction rate, the rate coeffic
was determined only to its upper limit. This determination
based on the C21—He reaction at two different pressure
~i.e., 1.531027 and 6.531027 Torr). With the He pressure
changes by a factor of 4, no observable difference was fo
in the storage time of the C21 ion within experimental un-
certainty. An upper limit on the charge-transfer rate coe
cient is estimated to be less than 10212 cm3/s.

In summary, we have established the charge-transfer
coefficients for C21 with H2 , N2 , and CO to be 8.77
(60.71)310211 cm3/s (2.633103 K), 1.08 (60.07)
310210 cm3/s (1.173104 K), and 4.58 (60.29)
310210 cm3 s21 (1.173104 K). The rate coefficient for
C21 with He is estimated to be less than 10212 cm3/s
(4.383103 K). This confirms that the charge-transfer rea
tion of C211He is a relatively slow process.

ACKNOWLEDGMENT

This work is supported by NASA under Grant No
NAG5-6727 and NAG5-11990 to UNLV.
e,
ev.

,

H.

nd

nd
@1# G. Steigman, Astrophys. J. Lett.181, L110 ~1973!.
@2# G. Steigman, Astrophys. J.199, 642 ~1975!.
@3# G. B. Field and G. Steigman, Astrophys. J.166, 59 ~1971!.
@4# A. Dalgarno, Nucl. Instrum. Methods Phys. Res. B9, 655

~1985!.
@5# G. A. Shields, inMolecular Astrophysics, edited by T. W.

Hartquist~Cambridge University Press, Cambridge, 1990!, p.
461.

@6# A. Dalgarno and J. L. Fox, inUnimolecular and Bimolecular
Reaction Dynamics, edited by C. Y. Ng, T. Baer, and I. Powi
~Wiley, New York, 1994!.

@7# J. B. Rogerson, D. G. York, J. F. Drake, E. B. Jenkins, D.
Morton, and L. Spitzer, Astrophys. J. Lett.181, L110 ~1973!.

@8# G. Steigman, Astrophys. J. Lett.195, L39 ~1975!.
@9# R. McCarroll and P. Valiron, Astron. Astrophys.44, 465

~1975!.
@10# S. E. Butler, T. G. Heil, and A. Dalgarno, Astrophys. J.241,

442 ~1980!.
@11# J.-P. Gu, G. Hirsch, R. J. Buenker, M. Kimura, C. M. Dutt

and P. Nordlander, Phys. Rev. A57, 4483~1998!.
@12# R. A. Phaneuf, F. W. Meyer, and R. H. McKnight, Phys. Rev

17, 534 ~1978!.
@13# W. L. Nutt, R. W. McCullough, and H. B. Gilbody, J. Phys.

11, L181 ~1978!.
@14# P. Leputsch, D. Dumitriu, F. Aumayr, and H. P. Winter, J. Ph

B 30, 5009~1997!.
@15# D. Burns, J. B. Greenwood, K. R. Bajajova, R. W. M

Cullough, J. Geddes, and H. B. Gilbody, J. Phys. B30, 1531
~1997!.
.

.

@16# E. Unterreiter, J. Schweinzer, and H. Winter, J. Phys. B24,
1003 ~1991!.

@17# V. H. S. Kwong, T. T. Gibbons, Z. Fang, J. Jiang, H. Knock
Y. Jiang, B. Rugar, S. Huang, E. Braganza, and W. Clark, R
Sci. Instrum.61, 1931~1990!.

@18# Z. Fang, D. Chen, and V. H. S. Kwong, Phys. Rev. A62,
042709~2000!.

@19# V. H. S. Kwong, D. Chen, and Z. Fang, Astrophys. J.536, 954
~2000!.

@20# D. Chen, H. Gao, and V. H. S. Kwong, Phys. Rev. A68,
052703~2003!.

@21# D. A. Church and H. G. Dehmelt, J. Appl. Phys.40, 3421
~1969!.

@22# R. D. Knight and M. H. Prior, J. Appl. Phys.50, 3044~1979!.
@23# A. Munch, M. Berkler, Ch. Gerz, D. Wilsdorf, and G. Werth

Phys. Rev. A35, 4147~1987!.
@24# A. Brazuk, D. Dijkkamps, A. G. Drentje, F. J. de Heer, and

Winter, J. Phys. B17, 2489~1984!.
@25# V. H. S. Kwong, Z. Fang, T. T. Gibbons, W. H. Parkinson, a

P. L. Smith, Astrophys. J.411, 431 ~1993!.
@26# J. B. Greenwood, D. Burns, R. W. McCullough, J. Geddes, a

H. B. Gilbody, J. Phys. B29, 5867~1996!.
@27# L. F. Errea, A. Macias, L. Mendez, and A. Riera, J. Phys. B32,

4065 ~1999!.
@28# C. A. Laughlin, Phys. Lett.75A, 199 ~1980!.
@29# C. D. Lin, C. Laughlin, and G. A. Victor, Astrophys. J.220,

734 ~1978!.
4-4


