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Charge exchange between multicharged ions of C, N, and 0 and molecular hydrogen*
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Cross sections for single- and double-electron capture have been measured for incident ions of C, N, and 0
with initial charges + 3 to + 6 colliding with molecular hydrogen at velocities between 0.3 X 10 and 1.2 X 10
cm/sec. The single-electron-capture cross sections for a particular incident charge are nearly constant with

changing velocity. The single-capture cross sections range from about 7 X 10 ' cm' for + 3 incident ions to
40X 10 ' cm for +6 incident ions. Double-electron-capture cross sections are roughly one order of
magnitude smaller. The data are qualitatively interpreted on the basis of the molecular potential-curve model
for slow collisions.

I. INTRODUCTION

For collisions of ions and atoms at velocities
near and less than the velocities of the electrons
in the atoms, the exchange of electrons is gen-
erally the largest inelastic process. Such charge
exchange not only tests understanding of atomic
collisions, but is also an important process in
many physical phenomena. Electron transfer has
been extensively investigated, but collisions of
multicharged ions with atoms or molecules at
velocities below the Bohr orbit velocity have re-
ceived little attention, partly because of the dif-
ficulty of producing beams of slow multicharged
ions.

Recently, specific interest in electron transfer
involving multicharged ions has been stimulated
by the need for data in several areas. In the high-
temperature plasmas encountered in astrophysics
and controlled thermonuclear research, heavy
ions (often thought of as impurities) exist in fairly
high charge states. Electron-transfer cross sec-
tions are large for velocities corresponding to the
temperature of these plasmas. Thus, even though
plasmas are dominated by electron collisions,
charge transfer may modify plasma properties
and influence emissions of light or particles which
are observed in plasma diagnostics. There are
other specific related problems apart from plasma
modeling and diagnostics. For example, in astro-
physics the degree of ionization of ions in the cool,
low-density interstellar medium may be controlled
by charge transfer. ' In fusion research, the heat-
ing of a thermonuclear plasma by neutral beam
injection may be impaired by charge transfer be-
tween the injected beam and multicharged impurity
ions at the outer edges of the plasma. ' Since elec-
tron transfer to multicharged ions from neutral
gases is expected to occur predominantly into ex-
cited states, charge exchange is a possible mech-
anism for producing a population of excited states

with enough energy for ultraviolet or x-ray
lasers. '4 This partial list of problems requiring
data on electron transfer with multicharged ions
provides strong motivation for research in this
area.

Charge exchange involving multicharged ions is
of fundamental interest as well. The theories of
electron transfer divide into slow and fast velocity
regimes determined by whether the collision time
is long or short compared to electron orbit times.
For the slow collisions of present interest, suc-
cessful calculations of electron-transfer cross
sections have been based on viewing the collision
event as the formation of a quasimolecule and
modeling the response of the electrons to the
changing potentials as the nuclei approach and
recede during the collision. With multicharged
ions, dominance of features such as formation of
excited states and multiple electron transfer pro-
vide new challenges for the comparison of theory
and experiment.

This paper presents data for various ions of C,
N, and 0 incident on molecular hydrogen at ve-
locities between 0.3x10' and 1.2x10' cm/sec for
reactions

X"+H, -X '~+ (H, products)'i ~ ' .

Collision systems with fewest electrons are most
amenable to quantitative physical understanding.
In addition, hydrogen (or deuterium) is the prin-
cipal constituent in both astrophysical and thermo-
nuclear plasmas while C, N, and 0 are significant
multicharged impurities in these plasmas. Thus
both theory and application single out atomic hy-
drogen as the most interesting target, with molec-
ular hydrogen, protons, and helium also of con-
siderable interest. The present results partially
fulfill the need for accurate data. The cross sec-
tions obtained in this experiment are interpreted
in light of the quasimolecule model and are com-
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pared with recent theoretical calculations and
other related experiments.

II. EXPERIMENTAL TECHNIQUE

A. Ion source

The primary obstacle to experiments with multi-
charged ions at low velocities has been the dif-
ficulty of producing slow ion beams. The ion
source for the present experiments relies on mag-
netic confinement of an intense discharge and is
referred to as a cold-cathode Penning ion gauge
(PIG) type. The present ion source was developed
for use in the Oak Ridge Isochronous Cyclotron and
has been described in detail elsewhere. " The
source is operated in a continuous (dc) mode and
is capable of producing a large variety of partially
stripped ions of charge up to 9 or 10.

In the configuration employed for the present
experiments (see Fig. I), ions are extracted trans-
verse to the magnetic field so that ion cyclotron
orbital motion results. The ions are extracted
into a region where curved electrostatic plates
provide a crossed electric field. With all other
parameters held constant, the electrostatic field
can be varied so that only ions with a particular
mass-to-charge ratio are passed through the exit
slit at the edge of the magnetic field. The selected
ion beam is then transported to the collision cham-
ber. The configuration of ion source and mag-
netic-electrostatic fields imposes practical limita-
tions on the range of energies at which ion beams
can be accelerated. At low extraction potentials,
the ion trajections do not enter the region of the
electrostatic field. At high extraction potentials,
the electrostatic deflection potential exceeds vol-
tage holding capability. The practical range of
ion beam energies varies somewhat with charge
and mass but is roughly 5 to 30 kV times the
charge of the ion for C, N, and 0 ions. The pre-
cise value of electrostatic field required to ex-
tract a particular ion depends on other parameters

ION SOURCE

DETECTO

FIG. 1. Schexnatic of the apparatus discussed in Sec.
IIA and C.

such as magnetic field, source position, extrac-
tion angle, etc. Thus, unambiguous identification
of the ion beam is aided by the charge state anal-
ysis which is an indigenous part of the present col-
lision experiments.

8, Cross-section determination

A schematic diagram of the experiment is shown
in Fig. I. Incident ions undergo charge-changing
collisions within the gas cell, and the subsequent
charge-state analysis allows determination of
charge-transfer cross sections. For single-col-
lision conditions and detection of all ions in each
of the final charge states, cross sections are ob-
tained from the relationship

Nz=N; rr;&nl, (2)

C. Geometry

The collision geometry determines whether or
not some of the above conditions are adequately
satisfied. The ion beam was highly collimated at
the gas cell so that only a small fraction of the
original beam participated in the collision experi-
ment. A 1-mm-diam collimator was placed 13 cm
before the gas cell, and the gas cell entrance was
a 0.25-mm aperture. The gas cell was 1.23 cm in
length, and the exit aperture was 1.0 mm in diam-
eter. The entrance of the parallel-plate electro-
static analyzer' was located 2.0 cm after the gas
cell. The analyzer was fitted with large apertures,
entrance 0.3 cm wide by 1.0 cm high and exits
appearing to be 1.0 cm circular, when viewed at
the 45 beam exit angle. The exits were variously
spaced from 13 to 21 cm along the front plate from
the entrance with channel electron multipliers'
mounted as detectors.

The collision geometry provided a number of
advantages. First, the ion beam intensity was

where Nz is the number of ions in a given final
charge state (in this case formed by charge ex-
change), N, is the number of primary incident
ions of charge +i, n is the density of molecules
in the gas cell, l is the length of the gas cell, and
0;& is the cross section to be measured.

In applying Eg. (2), a number of precautions
must be observed. All of the incident particles
must be accounted for, and the probability of any
particle suffering more than one collision should
be negligible. All of the incident ions should be of
a particular atomic species, charge, and elec-
tronic state. All collisions should take place within
the gas cell, and n and l need to be precisely mea-
sured quantities. 'The uncertainties in realizing
these conditions are evaluated in the following four
sections.
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sufficiently diminished by the collimation that
individual incident ions could be counted by a chan-
neltron. Second, the geometry allowed full trans-
mission of incident and scattered beam particles
through the analyzer. Specifically, for accurate
alignment of the system, any ion entering the gas
cell and scattered vertically by less than about 2'
would be detected, whereas, in the horizontal
plane, because of the beneficial effect of analyzer
focusing, particles scattered up to about 4 would
be detected. Third, the small entrance and exit
apertures of the gas cell allowed high differential
pressures between the gas cell and collision cham-
ber (about 5x10 ' Torr in collision chamber for
1x10 ' Torr in the gas cell). The effective length-
ening of the gas cell by effusion of gas through end
apertures was minimized by the small openings.
The short gas cell allowed relatively high pres-
sures without introducing a significant multiple-
collision probability.

D. Determination of physical quantities

The single-electron transfer cross sections were
obtained by simultaneously counting the number
N& of incident ions of X" and the number Nz of
scattered ions of X' ' ". The procedure is illus-
trated in Fig. 2, which shows the count rate at
each detector as a function of analyzer voltage
for a particular case. For a given detector, peaks
in count rate at various analyzer voltages cor-
respond to the different charge states of ions which
have the incident velocity. For a stable incident
ion beam and for single-collision conditions, the
cross sections for charge transfer of one or more
electrons could be obtained from the heights of
each of the charge state peaks of either detector.

However, to avoid relying on ion beam stability,
and to readily subtract background, both detectors
were used. The spacing of detectors was set ac-
cording to the ratio of charges of the incident and
desired charge-changed ions. The analyzer voltage
was set to a value where the primary incident ion
was detected in one detector (i channel) and the
charge-exchanged ions were incident in the other
detector (f channel). For the case shown in Fig.
2, this voltage is indicated by an arrow. The num-
ber of counts in each detector were then accumu-
lated until a preset number of incident ions were
counted. This procedure was repeated with and
without target gas in the gas cell; background
counts in the exchange channel with no gas in the
collision cell were subtracted from the scattered
particle signal. Typically, 10 primary incident
ions were counted at a rate near 10 kHz. For
single electron charge transfer, the background
was usually l%%uq due primarily to charge exchange
along the total flight path of the ion beam. Gas
was added to the collision cell until an additional
1-2% of the incident ions underwent single-electron
transfer.

This technique relies on both detectors having
the Same counting efficiencies. For most of the
data, the channeltrons were operated with the in-
put at ground potential and no grid or other ob-
struction to the beam. 'The counting efficiency
for these reasonably fast ions is expected to be
100%.' " The relative counting efficiency of the
two detectors was checked by deflecting the pri-
mary beam onto either channeltron. Within beam
stability limits (about a 5%%ug), the count rate was
always the same. This check was repeated after
any "retuning" of the ion beam.

For these experiments, single charge transfer
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Flo. 2, Count rate into
each detector as a function
of analyzer voltage for
03+ + H2 at 10 kV with gas
cell pressure much higher
than used in the experiment.
Dotted line is detector for
incident beam (i); solid
line is detector for charge-
exchanged beam (f).
Arrow indicates voltage
setting for data collection
for single-electron trans-
fer.



D. H. CRANDALL, M. L. MALLORY, AND D. C. KOCHKR 15

should be the only significant source for loss of
particles from the incident beam. Double electron
capture was found to be about an order of mag-
nitude smaller. From close examination of graphs
like Fig. 2, ionization to higher charge states is
at least two orders of magnitude less than single
electron pickup for all present cases so that ion-
ization cannot account for a significant loss of
incident beam particles. Angle or energy scatter-
ing out of the acceptance geometry is negligible
for this experiment. A correction was made for
the particles lost from the primary beam to single-
electron capture by adding the increase of particles
in the charge-exchanged bea, m, ¹ „ to the total
incident or primary beam pa, rticle count N;. This
correction was generally about 2% and an uncer-
tainty of a 2% is allowed for the overall determina-
tion of the number of incident ions.

A further check for single-collision conditions
was obtained by observing the linearity of increase
in the number of exchanged particles N, „with
increasing gas cell pressure; or, alternatively,
checking that the cross section as calculated from
(2}was constant with increasing gas pressure.
These checks indicated that single-collision con-
ditions persist to about a factor of 4 greater pres-
sures than used in the experiments and support the
conclusion that the only significant loss of particles
out of the primary beam is to single charge trans-
fer.

Less stringent conditions were allowed for the
double-electron-transfer cross-section measure-
ments. The ratio of double transfer to single
transfer was obtained directly from comparisons
of peak heights on data plots like Fig. 2 with low
gas pressure in the cell and with background sub-
tracted. This technique relies on ion beam sta-
bility over a period of about 2 min during which
5-10/p intensity variation was not uncommon,
which resulted in degraded reproducibility for the
double-electron-transfer cross sections. In ad-
dition, for the double-transfer determinations,
higher pressures were used resulting in as much
as 7 or 8~/g of the primary ions undergoing single
transfer. The correction for incident ions lost to
single-electron pickup was applied as described
above. The uncertainty in ¹ and the accompanying
possible error due to multiple collisions are es-
timated to be + Vip for the double-transfer mea-
surements.
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beam so that the full beam could be passed through
the vacuum chamber to other experiments. The
pressure was measured by the capacitance mano-
meter at the entrance to the flexible coupling. The
pressure in the gas cell differs from that at the
manometer because of the conductance of the flex-
ible coupling relative to that out the ends of the
gas cell. This correction was measured directly
as illustrated in Fig. 3. The 0.25-mm aperture
was assumed to have negligible conductance com-
pared to the 1.0-mm aperture and was removed
so that a McLeod gauge could be coupled directly
into the gas cell. The gas cell was mounted in a
large vacuum vessel with the same couplings and
pressure measurement system as during the col-
lision experiments. Comparisons were made over
the entire experiment pressure range with the
McLeod gauge cooled"'" to about 0 C and at room
temperature with H, and He working gas. Figure
4 shows the comparison of the Mc Leod gauge and
capacitance manometer pressure readings. The
measured ratio is constant over the pressure
range with an average value of 0.85. The ratio
was estimated using calculated conductances to be
0.90 in reasonable agreement with the measured
value. For cross-section determination, the ca-
pacitance manometer values were multiplied by
0.85. The capacitance manometer was compared
directly with the McLeod gauge and another ca-
pacitance manometer by coupling all three devices
directly to the large volume at static pressure.
The direct comparison showed agreement among
the three devices to better than 2/p.

The physical length of the gas cell was accurate-
ly measured by a micrometer, and the effective
addition to this length by effusion out of the end
holes was estimated to be one half the diameter of

E. Pressure measurement

Gas was admitted to the collision chamber
through a flexible coupling about 1.3-cm diameter
by 22-cm length. The flexible coupling allowed
rotation of the gas cell and analyzer out of the ion

FIG. 3. Arrangement for direct measurement of actual
gas cell pressure by McLeod gauge, relative to pressure
measured at gas input point by capacitance manometer.
Gas supply, capacitance manometer, and gas cell are as
used for charge-exchange data except that 0.25-mm-input
aperture of gas cell is replaced by McLeod gauge access.
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each hole. Most data were acquired with a gas cell
1.23 cm long with 0.25-mm entrance and 1.0-mm exit
aperture, giving an effective length of 1.30 cm. Some
data were taken with a longer cell (2.54 cm) and three
different diameter entrance holes (1.0, 0.5, 0.25
mm). Data with the different gas cells and aper-
tures all agreed to within about 10'%%uo after conduc-
tance and effusion corrections were applied.

With no gas input to the cell the pressure in the
cell is expected to be near the base pressure of
the vacuum system (2X 10 ' Torr) The on.ly moni-
tor on the evacuated cell pressure was the capaci-
tance manometer which could detect no pressure
difference between the gas cell and the separate
reference vacuum of the manometer (configuration
as in Fig. 3.). Since the reference pressure was
about 2&&10 ' Torr, and the lowest pressure differ-
ence detectable by the manometer is a few &&10 '
Torr, the evacuated cell pressure is asserted to
be at least as low as 5~10 ' Torr. With lx10-'
Torr pressure in the gas cell, the vacuum-cham-
ber pressure rose to about 5X10 ' Torr. A test
for the effect of this pressure rise on background
was carried out by partially closing the valve to
the chamber pump so that a similar rise occurred
without gas added to the cell. The increase in
charge-transfer background due to the rise in
vacuum chamber pressure was negligible up to
chamber pressure above 2x 10 ' Torr.

High-purity gases were used, but some uncer-
tainty should nevertheless be allowed in the cross
sections for gas contamination. The gas feed sys-
tem, of vacuum-tight copper tubing, was evacuated
frequently to pressures of a few mtorr and the
closed system held pressure below 50 mTorr for

F. Uncertainties

Table I presents estimated uncertainties from
various sources. The average reproducibility is
given at 90/p confidence level for a few data points
which were repeated on separate experimenting
days, and in some cases with different length gas
cells and different apertures. These reproduci-
bilities are taken as representative for all data
points. Qther uncertainties are estimated at a
high confidence level and the independent uncer-
tainties are combined in quadrature. The result-
ant total absolute uncertainties of + 15%%up for single-
transfer cross sections and +22'%%u~ for double cap-
ture do not include any allowance for the possibil-
ity of excited states in the incident beam which
will be discussed in Sec. IIIE.

III. RESULTS AND DISCUSSION

A. Single-transfer cross sections

The cross sections for single-electron capture
for various ions of C, N, and 0 incident on H, are
shown in Figs. 5, 6, and 7, respectively. All of
the single-transfer cross sections are nearly in-
dependent of velocity. However, for all cases the
cross sections 043 are large and increase with de-
creasing velocity to the extent that they violate

TABLE I. Summary of uncertainties.

Source
Single

transfer (%)
Double

transfer (%)

Reproducibility (90% CL)
Pressure+ conductance
Temperature (+8 C)
Effective length of gas cell
Gas purity (maximum effect

on cross section)
Incident beam (N~)
Relative counting efficiency

Quadrature sum

+6
+10
+3
+5

+2
+5

+ i5/p

+15
+10
+3
+5

+7
+5

+ 22%

over 8 hours. During use, the tubing was filled '

to regulated pressure of about 20 lbs. Given these
vacuum 'conditions and careful procedures with
gas handling, it is reasonable that the target gas
in the collision cell was pure to parts in 104 or
better. To estimate the uncertainty in cross sec-
tions due to gas impurity, we allow for contamina-
tion of parts in 10' and allow for a difference in
cross section between H, and impurity of a factor
of 10 to 50. This estimate gives a high confidence
limit on the effect of impurities on measured
cross section of 5%.
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FIG. 5. Electron-capture cross sections o;f for car-
bon ions incident on molecular hydrogen. The initial
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F&G. 7. Single-electron-capture cross sections o~f for
oxygen ions incident on molecular hydrogen.
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the pattern that single transfer increases with in-
creasing incident charge. These general features
can be interpreted by employing a few qualitative
aspects of the quasimolecular model for slow col-
lisions.

The initial state of a multicharged ion plus a
neutral molecule has potential energy that is rela-
tively constant as a function of internuclear separa-
tion for distances greater than the size of the
atom. For any final state consisting of two ions

(which have a long-range Coulomb repulsion) the
potential energy increases with decreasing inter-
nuclear separation beginning at large nuclear
separation. Those two-ion final states which have
separated energies of 5-50 eV lower than the
initial state can have potential curves that inter-
sect that of the initial state at internuclear separa-
tions about a, (the Bohr radius) and larger. Initial
and final states having potential curves that cross
at large internuclear separation (many a, ) do not
interact. Thus for the present case of multicharged
ions plus neutral target proceeding to final states
of two ions, those final states that have separated
atom energies very close to the initial state will
have curve crossings at such large internuclear
separation that electron transfer is not favored.
Those initial and final states having curve cross-
ings at separations of a few a, will interact such
that potential-curve crossings are avoided. In
this region the probability of transit of the collid-
ing system to the final state is sensitive to the pre-
cise potential energies, the strength of interaction
of the nearby energy levels, and the velocity of
the collision.

For the cross sections studied here, it is likely
that several product states are populated which
have avoided curve crossings with the initial state
at separations of the order of a few a, . Curve
crossings at these moderately large internuclear
separations result in the large cross sections
observed and the availability of several such in-
teractions with different product states could pro-
duce the observed constancy of the total cross
sections with changing velocity
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The interaction of initial and final states de-
creases with increasing electronic excitation of
the final states. Thus, charge transfer into ex-
cited states decreases with increasing principal
quantum number n of the final ion state. This
additional qualification helps in interpreting the
anomalously large cross sections, 043 Because of
the final-states Coulomb repulsion, electron trans-
fer will be largest into final states of the system
having 10-30 eV energy defect relative to the in-
itial state; however, for more highly charged in-
cident ions colliding with a neutral target, the
final states meeting this criterion have higher
electronic excitation. Examination of atomic
energy levels' reveals that for 4+ to 3' trans-
fer with C, N, or Q ions there are numerous
final states with n &3 which satisfy the energy de-
fect criterion, but for 5' to 4', the satisfactory
levels have n~4. While the cross sections gen-
erally rise with increasing incident charge, it is
not unreasonable that a„can be larger than o,4

because of the effect of electronic excitation of
final states on the total electron transfer. For
higher incident charge the relative effect due to
high electronic excitation in the final states be-
comes less dramatic so that cross sections again
increase with increasing incident charge.

For the present case, vibrationally excited
levels of H,

' and dissociated H'+H states of the
target are also possible product states. This rela-
tively broad range of final excited target states
can absorb some of the energy which would other-
wise result in excitation of the final multicharged
ions. The multicharged ions are still likely to be
formed in excited states, but the number of such
levels which can contribute to the total transfer
cross section may be larger in the present case
than with neutral-atom targets. Some information
on this question exists from measurements we
have made with the same ions but with helium tar-
get. For Q"+He- Q"+He' the cross section is
one third that for molecular-hydrogen target at
all velocities, and for N"+He-N" +He' the cross
section is one half that for molecular-hydrogen
target at all velocities. Thus there is no observed
difference in the cross sections that can be identi-
fied as characteristic of a molecular target. It
has been pointed out by Qlson and Salop" that the
cross section for molecular H, is expected to be
lower than for H' target at these low velocities
where potential-curve crossings dominate the
cross section. This reduction in charge transfer
for the molecular case is primarily due to the
Franck-Condon factors for overlap of various
vibrational levels which reduce the matrix ele-
ments connecting initial and final states of the
system.

B. Direct comparisons to theory

A few charge-transfer calculations with multi-
charged ions for collision velocities v~ 1&10'
cm/sec have been attempted. The simplest system
to consider is a one-electron diatomic molecule.
Electron transfer for such systems as X+X'
-X'+X have been successfully predicted with a
quasimolecule model. "" A general approach for
estimating the transition of the electron between
potential curves of the colliding system, developed
by Landau" and Zener, "has been widely applied,
even with multicharged ions. " This method is
most reliable when the significant potential-curve
crossings are well defined at reasonably large in-
ternuclear separation, and has been applied by
Salop and Qlson" to electron transfer in collisions
of fully stripped C, N, Q, Ne, Si, and Ar with
atomic hydrogen. At collision velocity of 0.1X 10'
cm/sec, the predicted cross sections are spread
over two orders of magnitude, 1 to 100x10 " cm',
with individual cases being sensitive to exact na-
ture of the curve crossings. At v=0.8X10' cm/
sec, the calculated cross sections are reasonably
constant with increasing velocity and scale as q' '.
The present data are qualitatively similar to pre-
dictions of Refs. 19 and 20, but precise cross-sec-
tion prediction for individual cases relies on accu-
rate calculation of coupling and potential curves
for the particular case considered. For C"+He
and 8"+He, accurate potential curves have been
combined with close-coupling calculation of the
electron transfer between curves over a wide
range of internuclear separations, and quantitative-
ly correct cross sections were predicted. "'"
Such calculations on collisions of near fully
stripped ions with H and accurate measurements
of the same systems should definitively test the
reliability of these techniques.

In many cases, the number of interacting poten-
tial curves makes such detailed numerical calcula-
tion prohibitive. Qlson and Salop" have attempted
to develop a method for applying the one-electron
diatomic molecule model with Landau-Zener
curve crossing to such cases. A large number
of one-electron coupling matrix elements are com-
puted and parametrized by the initial charge q and
internuclear separation. By empirically deducing
a functional form for the matrix elements, cross
sections can be calculated using an extension of
the Landau-Zener method. The calculation has
been applied for H, H„and rare-gas targets.
The comparison with present data for incident
ions of charge 4, 5, and 6 at collision velocity
O. VX 10' cm/sec shows agreement better than
+30% except for o,4 for N" and 0", where
present data are about —', of the calculation. Com-
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parison of Olson and Salop calculations with data
of Muller, Klinger, and Salzborn"" for Ar" in
Ar also shows reasonable agreement.

C. Double-transfer cross sections

Figures 5, 6, and 8 show that double-electron
transfer is roughly one order of magnitude small-
er than single transfer. For oxygen ions (Fig. 8)
double transfer is even smaller, but 0,4 rises so
rapidly that it might become significant relative
to o65 at velocities lower than those studied. This
rapid rise of o,4 with decreasing energy is qualita-
tively similar to the C"+He case" and may be
due to a single potential-curve crossing at fairly
large internuclear separation, favoring double
transfer. Double-electron transfer is usually
significantly lower than single transfer (see Refs.
19, 24, 26-28), but in particular cases, double
transfer can dominate over single transfer. ""

D. Comparison —higher energy and scaling

At collision velocities above 4&& 10' cm/sec
considerable data exist" and qualitatively suc-
cessful calculations trace back to the classical
model of Bohr" and quantum model of Brinkman
and Kramers. " Based on these results, it is
anticipated that the present cross sections, if
extended to higher energy, would begin to de-
crease rapidly at some velocity between 2 and
6x 10' cm/sec. Also based on the many high-en-
ergy results some scaling laws have been fairly
successful. A widely used scaling rule is that the
charge-changing cross sections be proportional
to q'. For electron capture this rule is appropri-

ate only in the high-velocity regime for cases
where the electron binding energy in the unfilled
shell of the incoming ion is larger than & tv'
where m is electron mass and v is the collision
velocity. " The present data should tend to this
limit at velocities above those measured. For
comparison, the quantity (ma', )q' is plotted on Fig.
V. While the data do not fit this scaling, they are
of this magnitude and indicate some tendency to-
ward such scaling at the highest velocity.

E. Comparison with other data

Data from Flaks and Ogurtsov" for o» of N"
in H, are shown on Fig. 6 with the present data.
Their data are about 10/q lower than present val-
ues —within the uncertainties of either experiment.
They used significantly different geometry (long-
er gas cell and lower pressure) and different de-
tectors; the agreement is highly satisfactory.

Data for Ar ' and Ar" were obtained in order
to compare to data of Klinger, Muller, and Salz-
born'~ " (Fig. 9). The data of Klinger et al. have
been reduced 20%%u~" from values given in Ref. 24
to reflect a more accurate determination of their
effective scattering length. However, their data
remain consistently 40% greater than our mea-
surements, a discrepancy equal to the sum of un-
certainties of the separate measurements. The
ratios of cross sections for increasing numbers
of electrons transferred in one collision are well
reproduced. The present data for Ar" were con-
taminated slightly by the presence of Q'+ in the in-
cident beam which was revealed by examination
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FIG. 8. Two-electron capture cross sections (T&f for
oxygen ions incident on molecular hydrogen.

FIG. 9. Electron-capture cross sections for argon
ions incident on argon. Present data: ~, (T43 + (T54,

JL (T$3 Q 052. Data of Refs. 24 and 25: 0, 043 0
(T53' I:I
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of scans like Fig. 2. From such plots and ratios
of cross sections for 0,4 of Ar" and 0» of 0"
(Ref. 34), the error in N; was estimated (less
than 5%) and a correction was made.

A possible source of error in measured results
is the presence of excited-state ions in the inci-
dent beam. Muller, Klinger, and Salzborn" main-
tain that there are no metastables in the beam of
ions from their ion source, but that a metastable
component is for med in char ge transfer. By usi. ng
a beam of ions formed by charge transfer as the
incident beam in a second collision experiment,
they observe significant enhancement of charge
transfer and ionization for Ar ions in Ar.
Dmitriev et aI,."have also directly observed such
enhancement due to metastables in the incident
ion beam. They observe that ion beams produced
by foil or gas stripping give higher apparent cross
sections for ionization and slightly higher for
charge transfer than beams produced directly in
a PIG ion source. We have not yet made direct
tests for the presence of metastable ions in the
beam. However, indirect evidence, relying on
the assertion that cross sections for charge ex-
change out of metastable ion states should be

larger than from ground states, suggests no sig-
nificant metastable contamination of present data.
First, present data are lower than those of
Klinger et al. which are asserted to be free of
metastables. Second, as the incident ion beam
charge state is changed, one would expect the
fraction of metastables in the beam would change
since Li-like ions should not be contaminated by
metastables, whereas He-like or Be-like ions
are likely to be. In the present case for N", N ',
and N" incident ions, the largest charge-transfer
cross section is o43 which should be the least
likely to be enhanced by excited states in the in-
cident beam.
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