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The reaction rate constants for charge transfer from atomic hydrogen to 0' and 0+
ions have been measured at temperatures near 1.5&& 104 K by using a stored, multi-
charged ion gas interacting with a hydrogen atomic beam. The results are k(O+~, H)
= 1.4(0.6) x 10 ~ cm3/sec and k(O+, H) = 10.2(6) & 10 ~ cm /sec in agreement with recent
theory.

PACS numbers: 34.70.+e, 82.30.Fi

As a result of interest arising from astrophys-
ical processes' and applications to magnetically
confined fusion plasma research, as well as for
basic theoretical reasons, there has been con-
siderable recent theoretical and experimental
effort on electron transfer from atomic hydrogen
to multicharged ions. We have used a confined,
multicharged' ion gas' with measured tempera-
ture and selected mass-to-charge ratio, ' inter-
acting with a beam of hydrogen atoms, to meas-
ure the rate constants for charge transfer from H

to 0"and H to 0". These are the only measure-
ments for mean. relative ion energies in the elec-
tronvolt range, and the first direct measurements
of charge transfer rate constants for multicharged
ions interacting with H atoms. Cross-section
measurements with energies as low as 11 eV/u
have been completed for carbon ions on H by
Phaneuf. 4

The rate-constant calculations of Butler, Heil,
and Dalgarno' for intermediate charge states of

C, N, and 0 interacting with H extend from 10'
to 5 & 104 K. The lowest energy to which the cal-
culations for related collisions by Green, Ship-
sey, and Browne' apply is 13 eP, while the uni-
tarized distorted-wave approximation of Ryufuku

and Watanabe' has a lower energy limit of only
25 eV/u. This energy gap in the theory has re-
cently been bridged by Bottcher and Heil, ' who

have modified the theory of Butler, Heil, and

Dalgarno for C" and C" on H to extend it beyond
the lowest energy of the beam measurements.
Otherwise, the rate-constant calculations of But-
ler, Heil, and Dalgarno, which are potentially

highly sensitive to the energy separations of the
avoided crossings of the potential energy sur-
faces, ' are untested. Questions associated with

the necessity of translation factors and switching
functions in the general theory have not been
wholly settled. Any measurement with relative
energy in this range is relevant to the theory.

In the measurements reported here, multi-
charged ions of oxygen were produced by electron
impact ionization of 0, gas inside a Penning trap,
where they were stored for times of the order of
seconds. " The stored ions move harmonically in

the dc electric and magnetic confining fields,
with axial angular frequency ru, = (q V/mz, ')'~' and

radial motion angular frequencies su+ = co, —cu

and v = &u, '/2ur, + ~, '/4v, ', where ~, =qB/m is
the cyclotron frequency, t/" is the relative poten-
tial difference between the trap electrodes, and

zo is a characteristic electrode dimension. The
dependence of these frequencies on the charge-to-
mass ratio q/m permits selective ion detection,
as well as selective ion accumulation by el.imina-
tion of unwanted ions by resonant excitation dur-
ing the formation interval. ' Following formation,
the stored ions of interest interact with a neutral
beam composed of about 65/g H atoms and 35' H,
molecules, produced in a radio-frequency dis-
charge source. The exponential depletion of the
ion number with stoI'age time occuI's with a time
constant v which is related to the atomic beam
density n and the charge transfer rate constant
k = fo"f(v)o(v)v dv by k = (nv) '. The basic meas-
urement consists of determinations of ~, n, the
mean relative energy of the ions, and information
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about the distribution function f(v)
The vacuum apparatus consists of two bakable

ultrahigh-vacuum systems connected by a valve,
as described in Ref. 2. The Penning trap is
mounted in one system with pressure measured
by a calibrated nude ion gauge and a quadrupole
residual-gas analyzer. The accuracy of the pres-
sure calibration ultimately rests on the agree-
ment of our measurements of singly-charged-ion
charge transfer rate constants"" with those of
others, made by using different methods at much
higher pressures. The second vacuum system,
which held the hydrogen discharge source, was
connected to the main system through a 0.02-in. -
diam orifice and the valve. The passage of the
atomic beam from the source through the trap
was identified by the increased production of ions
during electron impact ionization.

The number of ions stored in the trap was
measured by a resonant absorption technique. "
A tuned circuit composed of an external induc-
tance and the capacitance of the trap structure
was excited at resonance by a stable oscillator.
After the storage interval, the ion axial motion
frequency ~, was swept through resonance by a
100-msec sweep of the trapping potential V. A
modulation of the rf amplitude by the excited co-
herent ion motion, proportional to the ion num-
ber, was produced and detected as the ions were
driven from the trap. Ion numbers for each q/m
were determined from signal amplitudes after
integration of a predetermined number of similar
signals.

The mean energy was similarly determined
with the same circuitry, but with no excitation
applied to the tuned circuit. When swept through
the tuned-circuit resonance, the incoherent mo-
tion of the ions induced a fluctuating potential dif-
ference across the tuned circuit in addition to the
usual thermal noise. This incoherent signal is
proportional to the ion number and to the mean
ion energy. '" The magnitude of this signal,
scaled relative to the basic tuned-circuit tem-
perature of 350 +50 K and to the relative ion num-
ber, was used to calibrate the stored-ion mean
energies. Ion m/q ratios other than the one de-
sired for study, particularly other charge states
of oxygen, were removed from the trap by reso-
nant excitation at the frequencies w, and ~ dur-
ing the electron creation pulse. Under these con-
ditions, the 0"mean energy was found to be
(1.45 +0.6) & 10' K and the 0"mean energy was
(2.5 +0.6) && 104 K in the 15-V confining dc poten-
tial well used. A factor of =2.5 correction for
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FIG. l. He+-ion temperature signals produced by
ions at axial resonance with the tuned circuit. Top:
The ion temperature decreases slowly as a result of
interaction with the circuit. Bottom: At t 0, the radial
ion motion is excited by a 1-msec pulse of rf at the
cyclotron frequency, resulting in a delayed increase
in the mean axial energy.

ion cooling due to the adiabatic decrease of the
confining potential before detection is included.

The establishment of the observed mean stored-
ion energy, its correspondence to a temperature,
and the identification of the form of the distribu-
tion function f (g) as a thermal one follow from
the rapid relaxation of the stored-ion motional
degrees of freedom.

During and shortly after formation, the ions
assume a mean temperature proportional to the
confining axial potential as a result of the loss of
the higher-energy ions axially from the well and
the concomitant cooling of the stored remainder. '
The distribution subsequently remains thermal
through continuous relaxation, with an ion-ion
collision time constant expected to be the Spitzer
self-collision time" t„suitably scaled for a one-
component ion gas. The relaxation time has been
directly measured for He' ions, as shown in Fig.
1. The ions are brought to resonance with the
unexcited tuned circuit, so that their mean axial
energy is continuously monitored. Superimposed
on the slow temperature decrease due to energy
dissipation in the tuned circuit, one sees an in-
crease at time t, due to a 1-msec resonant pulse
of rf energy into the cyclotron motion. The re-
laxation from this radial excitation to the axial
motion is seen to occur over a time interval of
&30 msec. Scaling this data indicates compar-
able relaxation times for 0" and 0" ions under
measurement conditions. Relaxation rates by
other means, e.g. , by field inhomogeneities,
should be comparable for all q/m ratios. All
processes which occur slowly compared with the
relaxation time constant, such as the storage-
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time measurements, will not significantly alter
the thermal character of the ion distribution.

Long-lived metastable states can be produced
by the electron impact ionization process, which
may result in capture rate constants different
from those observed for the ground-state ions. "
The rates k(0+', 0,), k(0", 0,), k(0+', H, ), and
k(0", H, ) were independently measured with sta-
tic gas at several pressures. A single decay con-
stant, "in agreement with other measurement
methods, '4 was observed for 0+' collisions with

O„but for the 0"-H, charge transfer reaction,
the ion loss curve required a fit by two exponen-
tials, indicating that the long-lived 'S or 'D lev-
els of 0"have a different rate constant for cap-
ture from H, than does the 'P ground state. The
shorter decay-time-constant component is asso-
ciated with the metastable states, since it was
not observed when 70-eV electrons were used to
produce 0"as compared with 400-eV electrons.
No metastable-state effects were identified in the
H measurement, probably because of the low pop-
ulation of metastable levels with the ionization
parameters chosen.

The density n(H) of atomic hydrogen was ob-
tained relative to the calibrated density n(H, ) by
a ratio method. With use of a molecular beam

I
C

(source not discharged) the density of beam plus
background relative to background density alone
n (H, )/n(H, ) was obtained by ionizing H, in the
trap. The relative fractions of stored H' and H, '
ions produced by dissociative ionization with 200-
eV electrons of the H, beam and of the background
at the ion trap site are shown in the lower part of
Fig. 2. For the background measurement, the
valve connecting the source and measurement
chambers was partially closed, blocking the di-
rect molecular beam. 7.„wasmeasured with

2
both valve settings, and k(0", H, ) in each case
was found to be in excellent agreement with the
independent static-gas determination.

With the source discharged, the clearly altered
ratio of H' and H, ' ions produced by ionizing the
mixed H and H, neutral beam is shown in the up-
per part of Fig. 2. This unambiguously demon-
strates the increased density of H, and decreased
density of H, in the beam. From this observation,
the relative density n(H)/n" (H, ) was obtained.
The known cross sections for ionization" of H

and H, were used to correct this neutral-beam
density ratio. With use of the relative magni-
tudes of n" (H, ), n'(H, ), and n(H, ), the density
n(H) was obtained relative to the calibrated den-
sity n(H, ).

A decay constant T is measured, where 7

=7„,'+ ~H, '+7„'.v„,is the storage time con-
stant for 0"measured in 0, plus the residual
gases, without the neutral beam. 7„,is the time
constant for 0" measured in H, . It is obtained
from separate measurements in background H,
(beam blocked) and in background H, plus an H,
molecular beam. The final result is corrected
for the reduced H, density in the dissociated
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FIG. 2. Stored-ion signals of H+, H&+, and He+ pro-
duced (top) by ionizing residual gas aud a 65/o-H, 35%-
H2 beam, and (bottom) by ionizing residual gas and a
H2 beam.

FIG. 3. Theory of Butler, Heil, and Dalgarno (solid
line) and experimental results (shaded areas). (The
shaded areas represent + 1 standard deviation uncer-
tainty. )
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beam when the source is discharged. Clear dif-
ferences in 7 were obtained when the beam was
blocked, or the source not discharged.
7„is the effective time constant for 0"to cap-

ture an electron from H; it is calculated from
the data. Representative time constants are, for
0", 7.„,= 16 sec, ~» = 38 sec, and ~ = 10.6 sec
and for 0", 7„,=4.5 sec, ~H, =4.8 sec, and 7.

=2.1 sec T.he results for k(0",H) =[n(H)TH] '
are shown in Fig. 3, where they are compared
with the calculations of Butler, Heil, and Dal-
garno. '

Although the precision of the rate constants
k (0",H) is limited by the precision of the indi-
vidual component measurements, the data show
that k(0+', H) is significantly larger than k (0+',
H) as Butler, Heil, and Dalgarno predict, and
that the two measurements are in good agree-
ment with the theory. No effects associated with
hypothetical metastable states in the beam atoms
or molecules were identified. In further planned
measurements, the density and relative purity of
the atomic beam at the trap will be increased to
permit measurements with improved precision.
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