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Cross sections for electron capture by N+', 0+' (1 & q & 5), .and C+' (1 & q & 4) incident on atomic and

molecular hydrogen have been measured in the velocity range (0.3-5.2) )& 10' cm/s. The capture cross
sections for the higher incident charge states ar'e large, in many cases exceeding 1 X 10 " cm'. For relative
velocities above the Boh'r velocity, all the measured cross sections were found to decrease monotonically
with increasing velocity and to scale in magnitude roughly as q . Furthermore, for these higher velocities the
cross sections for electron capture from H, are systematically larger than the corresponding cross sections for
electron capture from H. For relative velocities below the Bohr velocity, no simple behavior of the measured
cross sections was observed. The behavior of the cross sections at 1'ow velocities is discussed qualitatively

using the Landau-Zener formalism. For higher velocities reasonable agreement was found with the classical
trajectory Monte Carlo calculations of Olson and Salop.

I. INTRODUCTION

Electron transfer is the dominant inelastic atom-
ic process in many physical systems and has there-
fore been studied extensively over the years. Nu-
merous collision pairs have been examined, with
bombarding energies ranging from thermal to
many MeV. Most work has involved singly or
doubly charged light-ion projectiles bombarding
targets of molecular or rare gases. A small but
increasing number of measurements have been
made using atomic-hydrogen targets.

Until recently, investigations involving multiply
charged ions have been limited to ions with vel-
ocities significantly greater than the Bohr velocity. '
%ith the development of ion sources designed
specifically to produce multiply charged ions,
charge transfer processes can now be studied for
a wide range of projectile charge states and en-
ergies.

Such studies are of considerable interest for
their intrinsic value in furthering the understand-
ing of charge transfer mechanisms as well as for
their potential -application in various areas of
technology. For example, collisions between
multiply charged impurity ions and deuterium or
hydrogen atoms in plasmas can result in energy
and particle loss from the plasma and are thus
important to the magnetically confined fusion pro-
gram. ' In addition, charge transfer plays a sig-
nificant role in the present scheme of heating pro-
totype tokamak fusion devices to ignition tempera-
ture by the injection of neutral hydrogen or deu-
terium beams. One potential source of difficulty
in this scheme is charge transfer or stripping of

the injected beam in collisions with multiply
charged impurity ions near the plasma boundary.
Collision of the resultant fast ions with the v,essel
walls can liberate further impurities, resulting in

'- significant plasma cooling and the initiation of in-
stabilities. ~ Charge transfer cross sections per-
taining to this, situation can be measured by born™
barding an atomic-hydrogen target with multiply
charged ions having the velocity of the injection beam.

Progress in theoretical work describing charge
transfer processes has lagged somewhat behind the
experimental effort. &b initio calculations are dif-
ficult, since extensive basis sets are necessary to
adequately describe the simplest charge transfer
processes. ' For certain types of nonresonant col-
lisions, however, less detailed calculations in-
volving a I.andau-Zener formulation or two-state
approximations have proven useful at low velocities. '

The present work has been undertaken to provide
a comprehensive set of measurements of single-
electron charge transfer cross sections for dif-
ferent charge states of nitrogen, oxygen, and car-
bon (N"', 0",1 &q&5, and C", l &q &4) bombard-
ing atomic- and molecular-hydrogen target gases.
In addition to having applicability to the neutral
beam injection problem, these results should
prove useful for testing various theoretical cal-
culations of charge transfer processes involving

- multiply charged ions.

II. EXPERIMENTAL METHOD

A. General description

Carbon, nitrogen, and oxygen ions of charge +1,
+2, and +3 were produced in an electrori-bombard-
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FIG. 1. Schematic diagram of the apparatus. EA,
electrostatic analyzer; MA, magnetic analyzer; FS, foil
stripper; GS, gas stripper; QL, electrostatic quadrupole
lens; CS, electrostatic charge selector plates; HT, hy-
drogen target oven; CA, electrostatic charge analyzer
plates; CEM, channel electron multiplier.

ment source which was part of a conventional 600-
keV accelerator. After acceleration, the ions were
electrostatically deflected through 90' and their
momentum was analyzed by bending through 8'witb
a magnet. A schematic of the experimental ap-,
paratus is shown in Fig. 1. Ions of higher charge
states were produced by passing a selected beam
through a gas cell or a thin formvar foil. After
stripping, a given charge state was selected by
deflection plates CS and was directed into the tar-
get cell. The primary and charge transferred
beams emerging from the target cell were altern-
ately deflected by plates CA into a channel elec-
tron multiplier. Incident particle fluxes ranged
from 2x10'/sec for lower charge states to as low
as 50/sec for +5.

The experimental system was pumped by five
separate diffusion pumps, with the 15-cm pumps
on either side. of the target cell having liquid-
nitrogen traps. Base pressures in the system
were less than 1x10 ' Torr (1.3x10 ' Pa), and
operating pressures were typically 2x10 7 Torr (2.7
x10 ' pa).

The use of electrostatic deflectors for charge-
state selection is quite convenient for beams such
as were employed here. However, some problems
arise which must be recognized and accounted for.
In the case of nitrogen, for example, the bulk of
the ions produced by the ion source were N', . ions.
These molecular ions can be dissociated by col-
lisions ~ith background gas after the initial 90'
deflection but before magnetic analysis. As a re-
sult of this dissociation, a beam of nitrogen ions
having —,

' the energy of the molecular ions is pro-
duced. This slow N' component is magnetically
analyzed at the same field as the N+' beam ex-
tracted directly from the source. Since the deflec-
ti.on plates CS select beams of the same energy per
unit charge, there is an accidental overlap between
the slow N' and the N'~ beam produced by stripping
the incident fast N+ beam. As a result of this
accidental deg.eneracy in the charge selection, +4
and +5 beams were obtained by extracting the

weaker +3 component directly from the source
and passing it through a stripper foil. Similar
problems occurred for the C+' and 0"beams
which were obtained using CO in the ion source.
Because of the mass differences in the slow dis-
sociation products formed from CO+, they could
be separated from the desired multiply charged
ions by careful adjustment of the lens and charge
selector. The beam charge-state purity was
checked by increasing the hydrogen target thick-
ness and scanning the voltage on deflector plates
CA for spurious charge transfer components. In
the worst case the beam purity was determined to
be better than 95%.

Particles were detected with channel electron
multipliers employing conventional pulse-counting
techniques. A scan of the beam profiles of the in-
cident and charge transferred beams produced a
flat-topped response on the movable detector shown
in Fig. 1, indicating complete beam collection. The
efficiency of the detector for all ions and neutral
particles investigated was taken to be 1. The de-
tector cones were grounded and ungridded. Care-
ful checks were performed to ensure the linear
response of the detection system as a function of
count rate over the entire range of particle ener-
gies. Identical count rates were always observed
with either the fixed or the movable detector.

B. Atomic-hydrogen target

The atomic-hydrogen target was produced by
thermally dissociating molecular hydrogen in an
oven similar to that used by McClure. ' The oven
was formed by rolling 0.025-mm tungsten foil into
a tube having a nominal diameter of 6 mm. The
target cell was defined by positioning two tungsten
apertures 25 mm apart insid'e the tube. The diam-
eters of the entrance arid exit apertures were 0.25
and 2.0 mm. The small target-cell entrance aper-
ture also served as a beam-limiting aperture,
while the large ratio of exit to entrance apertures
ensured that no beam was intercepted at the exit
aperture.

Hydrogen gas was admitted to the target cell
through a gas handling system with which the rela-
tive gas flow to the cell could be. carefully mea-
sured and controlled by determining the pressure
drop ~I across a capillary using a capacitance
manometer. This technique proved most useful in
providing excellent reproducibility of target gas
density from run to run. As discussed below, ab-
solute target densities were determined by normal-
izing our relative data to well accepted previous
results of other investigators. Another feature of
the gas handling system was the addition of a valve
which could be used to bypass the target cell and
admit the target gas flow directly into the region
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ture and the deflection plates CA were arranged to
eliminate the line-of-sight path from the detectors
to the oven for all except on-axis measurements of
neutrals. Photon background counts were reduced
in this manner to a level where reliable data could
be obtained using the extremely small beam fluxes
obtained during parts of the experiment;

C. Data acquisition and reduction
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FIG. 2. The dissociation fraction f * and the ratio
R * of double-electron-c apture signals for H2 and Ar tar-
get gases as a function of the oven heating current and
temperature.

surrounding the oven tube through a comparable
conductance. This "gas dump" technique allows
the subtraction of counts'which arise as a result of
aperture scattering or from collisions with back-
ground gas. '

The primary consideration in using the atomic-
hydrogen target is the measurement of the fraction
of the molecular hydrogen dissociated in the oven.
We used the mell established method of observing
double electron capture for protons passing through
the target cell under single-collision conditions. '
In principle, this measurement can be made using
any incident ion that has a significant double-elec-
tron-capture cross section. For our purposes, a
proton beam at 20 keV was selected, and the pri-
mary beam (typically 10 "A) was measured with
an electrometer while the H charge transfer com-
ponent was counted. Details df the analysis are de-
scribed in the Appendix. The results of our dis-
sociation measurements are given in Fig. 2. The
same tungsten target cell was used for all mea-
surements. All the cross sections presented in
the present communication were taken for a mea-
sured dissociation fraction 0.92~0.03. Oven-wall
temperatures were monitored with a pyrometer for
each data point, and reproducibility of +20 K for a
given heating current mas observed over the dur-
ation of the experiment. Operating conditions were
determined by setting the oven current to 130 A as
measured using a precision current shunt and a
digital voltmeter, and corresponded to a pyromet-
rically determined temperature of 2350 K.

Preliminary measurements revealed that the
heated oven was a copious emitter of electrons as
well as photons, which were detectable by the chan;
nel electron multipliers used. The electron current
resulted from thermionic emission and was sup-
pressed by floating and appropriately biasing the
oven heater supply. A plate having a 3-mm aper-

N~

(N; +N;) A.P (2)

where N, andN, . are defined above, and Ap is the
pressure drop across the capillary of the gas
handling system. Absolute cross sections were
obtained from the relative count rates defined in

Eq. (2) by determining the relation between the
measured pressure drop ~p and the actual target
thickness for the target cell. For the H, measure-

For all measurements involving charged product
species, the particle detector was positioned off

axis, and the primary and charge transferred
beams were alternately deflected into the detector
and counted. Corrections to the raw data were
made by subtracting counts obtained in the gas
dump mode. This correction was typically 10-
20%, most of which was due to aperture scattering.
The incident +4 and + 5 beams were of such low
intensity that background counts from photons from
the oven were significant and had to be subtracted,
thereby introducing additional statistical uncertain-
ty of up to 10% in some cases.

In a conventional charge transfer measurement
under single-collision conditions, a cross section
would be obtained from the expression

N,-

(N, ++~N~) m.

mhere N,. is the number of incident ions remaining
after the target, N,. is the number of product ions
(or atoms), the sump, N„ is over all possible re-
action products, and m is the effective target-den-
sity-target-cell length product (target thickness).
The products arising from stripping of the incident
ions were measured to be smaller than those for
electron capture by factors of 10 to 100 in the en-
ergy region studied, and hence the sum in Eq. (1)
was replaced by N,. with an accuracy of much better
than 1%. Direct measurement of e is difficult, par-
ticularly for an atomic hydrogen target. Since re-
liable cross section measurements exist that could
be used to normalize our relative results, we de-
cided to obtain absolute cross sections by the fol-
lowing procedure.

The raw data mere reduced to relative count
rates using the relation
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ments, this normalization was accomplished by
measuring the charge transfer signal C„for the
reaction H++H~ H+H~ at 20 keV and comparing
our result to the earlier cross-section measure-
ments of Stier and Barnett, "and McClure, ' g,o
=6.0x10 "cm . This gave a target-thickness cal-
ibration m/b, P = 5.80x10'' particles/cm' Torr.

For the hot atomic-hydrogen target, we must
take into account the presence of undissociated
molecular hydrogen in the target cell. As shown
in the Appendix, m*(H) foi the hot target is given by

~,.(H)+,.(H. )(1-f*)i2f* '

where m*(H) is the atomic-hydrogen target thick-
ness, C,*, is the relative count rate of neutrals pro-
duced in electron transfer collisions by protons in.
the hot target cell, f is the dissociation fraction,
and d»(H) and o „(H,) are the single-electron
charge-exchange cross sections for atomic- and
molecular-hydrogen targets, respectively. Mea-
surements of C,*o were made for 20-keV protons,
and the value of &y„(H) = 5.2x10 "cm' as indepen-
dently determined by Me+lure' and Bayfield" was
used in Zq. (3) to calculate n*(H)/Sp (2.66x10'4
particles/cm' Torr).

To establish consistency in this normalization
procedure, relative cross sections O„were also
measured for 50- and 100-keV protons and were
found to reproduce the energy deyendence of pre-
vious measurements. '"" As a further check,
estimates were made of the gas density in the, tar-
get cell employing gas kinetic theory. Conductances
were calculated for the capillary of the gas hand-
ling system and the target-cell assembly. These
estimates for both hot- and cold-target conditions
agree with those obtained above using the normali-
zation procedure to within 8/0 for H, and 2% for H.

It was established in both the calibration proced-

ure and cross-section measurements that the ob-
served charge transfer signals were linear with
b,P. Target-cell densities were typically 3x10"
cm ' for 8 and 6x10" cps 3 for H2, and were
chosen to result in a charge- transfer component
which was 2% or less of the primary beam to en-
sure single-collision conditions.

III. UNCERTAINTIES

Table I lists estimated systematic uncertainties
from various sources associated with both the tar-
get-thickness calibrations and the individual cross-
section measurements. In those cases where in-
sufficient data are available for statistical analysis,
the uncertainties have been evaluated at a level
which is considered roughly equivalent to the 90%
confidence level on statistically derived quantities.
The reproducibility of the target-thickness calibra-
tions represents the 90% confidence limits on the
values obtained on seven different determinations
made at various intervals during the experiment
(4 months). The uncertainty due to ion-beam im-
purity represents the worst possible case where
some difficulties were encountered in resolving
the higher-charged species from slow molecular
ion dissociation contaminants (see Sec. 11A). The
assessment of possible effects on the cross sec-
tions due to target-gas impurity is based on the
dissociation-fraction measurements as well as on
measurements made with the hydrogen gas valve
closed, which allow estimates of residual scatter-
ing due to gases evolved from the gas handling
system. The experimentally measured dissociation
fractions are sensitive to gas purity since atomic
hydrogen is the only neutral species that has a zero
cro-ss section for double-electron transfer to m-
other atom or ion. The dissociation fractions were
measured as a function of temperature on three
different occasions during the course of the experi-

TABLE I. Summary of systematic uncertainties.

Source

Reproducibility of target-thickness
calibration (90 jg C.L.)

Measurement and reproducibility of ~,
Target-gas purity (maximum effect

on o.;&)
Ion-beam purity (maximum effect

on o~g)
Beam collection and counting efficiency
Uncertainty in f (maximum effect

on o;~)
Reproducibility of temperature

(maximum effect on x)
Quadrature sum

+3

+2
+3

+9%
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&ABLE D. t barge transfer cross sections 0;& for carbon ions incident on atomic- and molecular-hydrogen targets.
Total relative uncertainties are given (see Sec. HI). All cross sections are in 10 cm /molecule for H2 and 10 '~

cm2, /atom for H.

c"
energy
(keV)

Relative
velocity

(108 cm/s) 0-4, (H) 0-43(H2)

8.6
20
40
50
60

100
150
200
240
300

' 400
500
600
700
800
900

1000
1200
1350
1650

0.37
0.57
0.80
0.90
0.98
1.27
1.55
1.79
1.96
2.20
2.54
2.84
3.11
3.35
3.59

,3.80
4.01
4.39
4.66
5.15

6.1 6 0.7 2.0 + 0.2
8.9 + 0.8 4.9 + 0.5

8.3 + 0.7 8.2 + 2.8
8.4+ 0.8 13.0 + 1.2

14.8 + 1.4 7.9 k 0.8
5.5 + 0.7 7.5+ 0.7 7.5 + 0.7 10.0+ 0.9

16.4 + 1.5 12.4 + 1.1
4.0 + 0.5 5.6.+ 0.5 6.9 + 0.6 8.0+ 0.7

16.2+ 1.5 14.1 + 1.3
3.2 + 0.4
2.4 + 0.3.
1.7 + 0.2
1.4 + 0.2

4.3+ 0.4
3.3 + 0.3
2.6+ 0.2
1.9+ 0.2
1.5+ 0.1

5.1 + 0.5 6.4 + 0.6 13.1 + 1.2 13.0+ 1.2

3.1 + 0.3 4.4 + 0.4

4.5+ 0.5

2.8+ 0.3
1.7+ 0.2
1.2 + 0.1

6.5 + 0.6

4.7 + 0.4
3.1 + 0.3
2.4 + 0.2

6.6 + 2.0

3.4 + 0.4
1.9+ 0.2
1.1 + 0.2

9.1+ 1.3

5.6+ 0.6
4.2+ 0.5
2.3+ 0.2

8.8 + 0.8 10.3 + 0.9 14.7+ 2.9 14.9 + 2.2

ments, and the listed uncertainty reflects the scat-
ter in the various values obtained. The quadrature
sums represent our assessment of total systematic
uncertainties in the relative experimental measure-
ments, but do not reflect any uncertainties in the
cross sections used for normalization; the con-
sistency in existing measurements of these cross
sections at 20 keV is better than 15% for both H

and H, targets. Statistical uncertainties in the in-
dividual measurements at 90% confidence level
ranged from a few percent for the lower charge
states to 20% for some of the +4 and +5 datapoints.

' The uncertainties listed in Tables II-IV represent
the combination in quadrature of relative system-
atic uncertainties from Table I with statistical un-
certainties at 90% confidence level.

The effects of metastable ions in the projectile
beam on charge transfer measurements have been
recently investigated. "'" For our 0» measure-
ments, a number of data points were acquired with
N" beams obtained by direct extraction from the
source, by stripping N+' ions on gas, or by strip-
ping in a thin foil; The cross sections obtained for
these three measurements agreed to within the
statistical uncertainties of 5-10%. For this par-
ticular case, there would appear to be either in-
significant metastable contamination of the pri-
mary beam, or negligible difference in the charge
transfer cross sections for metastable and ground-

state ions. The latter conclusion is supported by
results obtained by Dmitriev et al. , who investi-
gated metastable content in He-like multicharged
ion beams by measuring both electro. ~apture and
-loss cross sections for foil- and gas-stripped
beams, as well as beams extracted directly from
the ion source. They found that the electron-cap-
ture cross sections were relatively insensitive to
mode of beam preparation, while the electron-loss
cross sections varied by factors of 2 to 6, indicat-
ing significant and varying metastable content.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The results of the present measurements are
shown in Figs. 3-5 and are enumerated in Tables
II-IV. Some of these data have been reported pre-
viously in brief communications. '4 Prior results
of other investigators are given for comparison. "
There is agreement to within 10% with the work of
Crandall et al.2 for molecular-hydrogen targets.
The agreement of Q'yp for nitrogen and oxygen ions
with the early work of Stebbings et al." involving
an atomic-hydrogen target is comparable, if their
results are renormalized as suggested by Shah and
Gilbody. " The original normalization by Stebbings
et al. relied on their own earlier measurements of
H'+H charge transfer cross sections. Since more
recent measurements by McClure' and Bayfield"



SINGLE-ELECTRON CAPTURE BY MULTIPLY CHARGED IONS. . .

Q)

~M
bO

Q4
cd

N
Q)

Q

Q
~A

0

QO

CD

+I + +I
QO

QO

+I
QO

LQ

+I

0

+I
CO

O
M

H

0
+I
QO

QO

0 0 0
+I

t
t lA

N

h04
cd

bS0
"e

I

cd

Q

0
8

cd 0
Q g

cd

cd ~
g 8
o Q

CD

g
Q 0

N

0

Q
ba gp0

Q
~A Q)

so 8

N ~g ~0 &O+
Q

N ~
N
N

4 N

N Q

cd4 N+ N
g) 0

cd

o&

b

8
b

Q)

80 Q

0 "0

O R O

+I +I +I

t

O
O + O

+I
t t O

0 W A QO

+I +I +I0 CO t-
0 + lO

+I

0
+I

CD

CO

0
+I

CO

EQ CIQ

Q O
+I
CO O

CQ

CD

+I

QO

t

+I
LQ

QO

+I

LQ

CO

+I

0

0

QO

0 0 0 0
+I + +I +I
CD M CD CO

CO

QO

0
+I
CD

t CO

Q O O
+I +I +I
t 0
t t CO

CO W lA

0 0 0
+I +I

CO O
CO W LO

0

0
+I

LQ, lQ

0 0
O

CO

0
H

LQ

CO

O Q
+I
QO CD

aA ~

Q Q
+I
CD

CO QO CD

0 0 0
+I +I +I
t W QO

QO CD

O O Q O Q
+I +I+I ++I

CO CD M CD

t LQ ~ ~ CO

0 0
+I

CD

CD

0 0
+I +I
M cq
CO QO

Cg QO CO ~ M CO

0 0 0 0 0
+I +I + +I

CO CO W 00 LQ

CO

O 0
+I +I
QO

O CO tt M ~ M M CO t ~ CO CO CO M CD M lA QO
t QO CD CD M ~ CO QO 0 M ~ CO t QO M M M t QO

0 Q 0 0 Q O H + R H N N N N N

i
P m

q)

0 Q 0 0 0 CO 0 0 0 0 0 0 0 0 0r I 0 Q 4 CO CO 0 4 0 4 0 O ~ 0 e
LQ

I

0 0 0 0 0 00 0 LQ 0 0 O
CO t t CD 0

0 0 0
O lg LQ

CO CO



R. A. PHANEUF, F. W. MEYER, AND R. H. McKNIGHT

~W
bG

Q

Cd

R
Q

~R

Q
O

z
b

O t LQ

+I +I +I +I
N O LQ O

~ ~ ~ ~

00 CO

CD CO O
~ ~ ~ ~

+I +I +I +I

CO M CD

-H +I'~ 00 CD

O

00
O
+I
00
t

CD

bQ

Cd

ba0

I

Cd

O
Q

p

Cd

8o o
~W

P Cd0~
8
O

0
l

gO

K

.8 0
Q

bS

o 8
.~CV'" 8b

CG ~
0 O
+
O
Q
Q) ~IK

rn

Cd

O

m
O

R
M+ R0

A ~Cd

g
CD

b

CO

b

N

o 8
e e~

O ~ CD.

N
+I +I

CR
~ ~

CO

LQ

O

O
LQ

+I +I + +I
00 CD LQ O

00
~ ~ ~

rl O O
+I H +I

O
00 CO

O O
H +I

00

+I +I
LQ 00 t
00 CO

o
.0

+I
O
+I +I

O O
+I +I

O

O
+I

'O

LQ- LQ

O O
+I +I
CD

O
H

LQ

O
+I

O
+I
O

O O
+I +I
CQ

O O
+I +I
O CO

LQ CO

O CD

O
+I +I

o ~
+I

CO

O
+I
O

O O O O
+I +I +I

LQ O CO
~ ~ ~ ~

LQ

O O
+I

CD

O.
+I

CO

O O
+I +I

CQ

O O O O
+I + +I

00
O

t CD CD 00 LQ O Q LQ O O O CO CD H t
CO t CD r I W LQ t CD M ~ CO M ~ CO 00 O

O O O O O H H H H H N N N CQ N A CQ

O
Q7
M

O O O LQ O O O O O O O O O O O O O~ g e t- O LQ O y O O O O O O O O LQ
LQ CO 00



SINGLE-ELECTRON CAPTURE BY MULTIPLY CHARGED IONS. . . 541

C ENERGY (keV)
20 100 200 . 600 IOOO- I400

I I, I t I I

CARBON IONS ON H2

CARBON IONS ON H

0 ENERGY (keV)

20 IOO 200 600 1000 1400
I I I I.

I I I—OXYGEN ON H ---OXYGEN ON H)

10.0

E
C3

(0
O

IO.O—

CU

E

Q
O

I.O I I I I ~ . I

2. 4 5
INCIDENT ION VELOCITY (10 cm/s) I.O—

FIG. 3. Experimental electron-capture cross sections
for C+~ +H C+~ ~+H+ (solid points and curves) and for
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The solid curves are labeled by the incident ionic charge
q. Diamonds, q =1; circles, q =2; squares, q =3; tri-
angles, q =4. The open semicircles n are measurements
of o32{H2) (Ref. 2);~ are measurements of o43(H2) (Ref.
2).

suggest that this normalization results in cross
sections that are "approximately 30%%uq too large, the
data from Stebbings et al. that are shown have been
reduced by 30% to reflect these more recent re-
sults.

Asymmetric charge transfer processes involving
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N+~ +H2 —N+' +H2+ (open points and dashed curves).
The solid curves are labeled by the incident ionic char'ge
q. Diamonds, q =1; circles, q =2; squares, q =3; tri-
angles, q =4; inverted triangles, q =5. The open semi-
circles ~, ~, and D are measurements of o32{H&), o43(H2),
and o', 4(H, ), respectively (Ref. 2). The solid semicircles
g are measurements of ogp(H) (Ref. 16).
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FIG. 5. Experimental electron-capture cross sections
for 0+~+H 0+' ~+8+ (soli.d points and curves), and
for 0 '+H2 0 +H2+ (open points and dashed curves).
The solid curves are labeled by the incident ionic charge
q. Diamonds, q=1; circles, q=2; squares, q=3; tri-
angles, q =4; inverted triangles, q =5. The open semi-
circlesw, ~, and D are measurements of o32(H2),
o43(H2), and o54(H2), respectively (Ref. 2). The solid
semicircles g are measurements of o&p(H) (Ref. 16).

singly charged projectiles' have been described in
terms of the adiabatic criterion. This simple
treatment predicts a cross section for charge
transfer which increases with increasing projec-
tile velocity to a maximum for v=aIb ZI/O, where
Ib,@1 is the energy difference between the initial
and final states of the system in the separated-
atom limit and a is some internuclear separation
characteristic of the dynamical collision system.
Hasted and Lee have evaluated many asymmetric
charge transfer reactions and from empirical con-
siderations have chosen a value of (7-8)x10 ' cm
for a." Happ and Francis have applied a quasi-
molecular model using semiempirical orbitals and
arrived at a similar criterion for the location of
the peak of the charge transfer cross section. "
At higher velocities they calculate the asymmetric
cross sections to have the same energy dependence
as that for symmetric charge transfer.

For multiply charged incident ions, both col-
lision products are positively charged. As a re-
sult, the appropriate potential curves for the prod-
ucts are repulsive, as is indicated schematically
in Fig. 6. The repulsive curves correspond to the
ground state and to various excited states of the
products and are shown crossing a potential curve
characteristic of the initial ion-atom system. For
the large internuclear separations at which charge
transfer occurs, the behavior of this potential
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4'q+ 8

!
)4+q 1 + Q+

FIG. 6. Schem6, tic representation of the potential
curves of the electron-transfer reaction A+~ +B A+~ ~

+ Q+

curve is dominated by the polarization of the tar-
get system by the incident ion.

In the case of charge transfer involving multiply
charged ions, it is useful to consider a Landau-
Zener formalism, as was initially done by Hasted
and co-workers. "" Using such a treatment,
Bates and Moiseiwitsch~ and Dalgarno" calculated
cross sections for charge transfer between various
multiply charged ions and atomic hydrogen for lom-
velocity collisions. More recently, Salop and OI-,
son have applied this model to calculations of
charge transfer processes between fully stripped
multicharged ions and atomic hydrogen for rela-
tive velocities less than 10' cm/s. a~

culations involved modification of the Landau-
Zener theory to a multicrossing syStem. The
cross sections calculated were all greater than
10 ~' cm2 at a relative velocity of 10' cm/s. They
found that the important final states of the product
heavy ion were excited states having asymptotic
energies sortie tens of eV below the initial state.
These states were most likely to cross the initial
states in a region where the Landau-Zener. formu-
la gives a large probability of charge transfer.
Some evidence for the participation of excited
states of the multiply charged product ion in these
charge transfer processes appears to have been
found by Isler, who recently reported the prompt
appearance of Balmer lines from 0+' when neutral
hydrogen atoms are injected into ORMAK, the Oak
Ridge tokamak device. '

Salop and Olson further found that the velocity
dependence of the cross sections weakened as the
number of participating final excited states (i.e. ,
the number of pseudocrossings) increased. The
relative energy independence of our measured ~»
cross sections at velocities below 2x10' cm/s
mould suggest on this basis the presence of mul- .

tiple exit channels for these reactions.
For velocities above 3x10' cm/s, the cross sec-
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FIG. 7. Cross sections for electron capture by N+~,
'C+~, and 0+~ incident oo atomic hydrogen as a function
of the incident ionic charge q; 0 for v =3x10 cmjs;

for v =4x108 cmjs.

tions fall sharply. Presnyakov and Ulantsev have
studied charge transfer between multiply charged
ions (q&10) and atoms. " They assume coupling
between a number of levels and calculate cross
sections for transfer into various excited states.
A general result of their calculation is a q' sealing
of the cross section for incident velocities above
Sx10' cm/s. In Fig. 7 the charge scaling of our re-
sults is shown; there is some evidence for the pre-
dicted behavior. Nikolaev et al. have experimental-
ly investigated charge transfer cross sections at
projectile velocities above Sx10' cm/s for various
multiply charged ions on rare gases. ' They find
o. . .o:q", where Ã increases with increasing vel-

s

ocity. In the case of nitrogen projectile ions, for
example, they found that N increased from 1.5 to
3.0 as the relative velocity increased from 2.6 to
8.0x10' cm/s.

Olson and Salop have calculated cross sections
for a large number of charge transfer reactions in
the high-velocity region (v&2x10' cm/s). ~' The
calculations predict ionization as well as charge
transfer cross sections. A classical Monte Carlo
method was used which entailed numerically solv-
ing the 12 coupled Hamilton's equations of motion
for a three-body system with a random distribution
of initial conditions. The three bodies were the
incident ion N+', the hydrogen-ion target, and the
electron initially moving around the hydrogen ion.
The electron distribution about the proton is de-
scribed classically. Coulomb forces represent
the interactions between all bodies. Since electron
screening effectively reduces the binding energy
of the electron relative to a fully stripped ion with
q=Z, the charge of the partially stripped ionX"
is given by an effective charge q«. The latter
was determined from spectroscopic energy levels
by fitting the excited levels z of the final state in
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X+' ' to a one-electron hydrogenic model. Figure
8 compares the results of these calculations as
well as earlier absorbing-sphere calculations by
Olsori and Salop" with the present results for
0. . .for 0"+H. There is good agreement be-
bveen experiment and theory for higher velocities.
The calculations for incident nitrogen and carbon
ions agree correspondingly well. Figure 8 also
shows calculations 6f c» by Happ and Ortenburger, "
and by Happ and Francis. "

The results for an atomic-hydrogen target are
compared with those for molecular hydrogen in
Figs. 3-5. The single sharp maximum and similar
shapes of all the g»(H) and c»(H, ) cross-section
curves suggest, for this set of reactions, partici-
pation of relatively few quasimolecular potential
curves in the charge transfer collision. For
g»(H, ) and a»(H), on the other hand, multiple
curve crossings seem to be occurring, since these
cross sections exhibit broad maxima for all three

~ incident ions.
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FIG. 8. Theoretical calculations of 0, ~ for the. re-
actions of 0 +H 0+ ~+H. For q =1: RO, Rapp and
Ortenburger (Ref. 29) and RF, Rapp and Francis (Ref.
19); for q =4, 5, 6, 7"a,tv =7x10~ cm/s: OSI, Olson and
Salop (Ref. 28); for@=3, 4, and 5: OSII, Olsonand
Salop (Ref. 27). For comparison, results of the present
measurements, as well as the measured cross section
oio for H'+H H+H+ (Ref. 7), are also shown. For
identification of symbols, see Fig. 5. Flags on the ex-
perimental points denote the total relative uncertainties
(see Sec. III).

FIG. 9. The ratio of the electron-capture cross sectj.on
032 for N+ incident on H and H2, respectively, as a func-
tion of relative velocity.

The measurements of o» cover the widest vel'-

ocity range and serve to illustrate the differences
between the atomic and molecular targets. At low

velocities, the cross section c»(H) is larger than

&r»(H, ) for all three incident species. At high
velocities the opposite case holds, with g»(H) ap-
proaching —,'o»(H, ). The crossover occurs for
relative velocities approximately equal to thy Bohr
velocity. The behavior of the experimental ratio
o 32 (H2. )/(7» (H) with velocity is shown in Fig. 9 for
incid. ent N" ions.

There is a lack of data for o~,(H~) and o M(H2) in
the velocity region between the present results and
those of Crandall et a/. However, if smooth extra-
polations are made between the existing data, it is
obvious that no simple .scaling procedure with vel-
ocity or initial ion charge will suffice to explain
the low-energy behavior of these charge transfer
cross sections. In terms of the general Landau-
Zener model of these systems, this low-energy
behavior would depend critically on the locations
of the diff@gent excited states relative to the initial
state, and on the locations of the crossing points.

V. SUMMARY

Our charge transfer measurements are charac-
terized by a number of important features. The
cross sections measured for the higher charge
states exceed 1x10 "cm2 in most instances. For
incident velocities less than approximately the
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Bohr velocity, the quasimolecular nature of the
collision complex becomes dominant, and signifi-
cant differences appear between the cross sections
for atomic and molecular targets. There seem to
be no simple. scaling laws that predict the low-
velocity behavior of these cross sections. For
higher velocities the cross sections for the higher
charge states appear to depend only on the incident
charge state and relative velocity, showing almost
no dependence on ionic species. " Scaling with ion
charge gives approximately a q' dependence; the
power of q is a slowly increasing function of vel-
ocity. The significant differences in the cross sec-
tions determined for atomic and molecular hydro-
gen cast doubt on any estimates of cross sections
for atomic targets made by scaling results for
molecular targets. There is some indication,
however, that for the higher velocities studied
here the cross-section ratio for atomic and mol-
ecular targets is approaching a constant factor of
0.5.

For velocities below the Bohr velocity, a quali-
tative understanding of the various experimental
cross sections would seem to be found in the Lan-
dau- Zener formalism. The scaling observed for
higher velocities is not inconsistent with that pre-
dicted by existing theoretical treatments of charge
transfer. The classical Monte Carlo calculations
of Olson. and Salop are particularly interesting be-
cause the good agreement with the present charge
transfer data would lend credence to their calculat-
ed ionization cross sections for which no experi-
mental results exist at present.
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E*,(Ar) T
E,(Ar)

(A2)

If one defines R =E,(H2)/E ~(Ar), and R *=E*,(H2)/
E*,(Ar), simple algebra leads to an expression for
the dissociation fraction f * as t

RB*—1
A/Z*+W2 —1

' (AS)

Figure 2 of the main text was obtained from mea-
surements of the appropriate quantities defined
above.

Because of the presence of undissociated H, in
the target cell, a correction must be applied to the
hot-cell data. The dissociation fraction can be
written as

v+(H)
2v +(H2 ) +n' +(H)

Rearranging, one obtains

(A4)

v*(H, ) =
2

))'*(H) . (A5)

The fraction of incident beam particles undergoing
charge transfer is given by

C;*, =o„(H,) v*(H ) +o„(H) )) *(II)

present measurements) is allowed to pass through
the hydrogen target cell, a certain fraction will
undergo double charge transfer under single-col-
lision conditions. This fraction will drop as the
target cell is heated due to the dissociation of H,
and changes in cell conductance.

If similar measurements are made using argon
in the target cell, changes due to cell conductance
may be cancelled out by taking suitable ratios @f

hydrogen and argon measurements.
Ignoring double-scattering terms (justifiable for

the present measurements), Bayfield has shown
that the ratio of the fraction of the beam converted
for hot- and cold-target conditions is

E*~(H, H2) z' ~)'2 )) *(H2)),(s, ) r" ~"(e,)+w"(e)/&2)'
(Al)

where * indicates the hot cell and m is the target
thickness. Similarly, for an argon target,

APPENDIX

In our experiments the fraction of dissociated
hydrogen present inside the hot target cell was
determined by using double electron transfer, a
technique originally developed by Loclayood et al. '
The treatment below is essentially that of Bay-
field "

If a 20-keV beam of protons (as used in the

w+(H) =
o,, (H) +o„.(H )(1 —f *)/2f *

which gives Eq. (3) of the main text.

(A6)

1 f 4

~'(2 ( )
g(H) 2f g (J ( 2)

If we measure f*, C,*,. and o,, (H, ), then))*(H)
can be written as
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