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Single electron-capture cross sections have been measured for boron ions B~+ with initial charges q = 2, 3,
and 4 incident on an atomic hydrogen target. The cross sections cr» and cr43 are large and show little

dependence on the ion energy for the range studied, 6q to 23q keV. The cross section cr„ increases with

increasing energy in this same range. Also reported is a survey of single electron-capture cross sections for
ions of carbon (2&q &4), nitrogen (2&q &5), and oxygen (2&q &5) at the single energies 8q keV also
incident on atomic hydrogen.

I. INTRODUCTION

In a previous paper' (herein denoted I) we re-
ported measured values for electron-capture
cross sections for keV energy, multiply charged
ions of boron, carbon, nitrogen, and oxygen in-
cident on helium and argon, and, in some cases,
on molecular hydrogen. In this paper we report
results for these ions incident on atomic hydrogen.
Preliminary cross-section vaIues based on a small
part of this work mere fi,rst presented by the pre-
sent authors in 1976.'

Electron-capture studies using thermally dis-
-sociated hydrogen as a target gas began in 1960
with the work of Fite, Stebbings, Hummer, and
Brackman, ' who used protons as incident ions.
This work was subsequently extended over a wide
range of proton energies by McClure, Bayfield, '
and by W'ittkower, Hyding, and Qilbody. ' The
first work with a multiply charged incident ion,
He+', was done by Fite, Smith, and Stebbings, '
and was followed by the later studies of Shah and
Gilbody, ' and of Bayfield and Khayrallah. '

In the past several years there has been in-
creased interest in the measurement of electron-
capture cross sections for multiply charged ions
incident on atomic hydrogen. This has been spur-
red primarily by the controlled nuclear fusion
effort and by the realization that electron capture

can be both an important energy-loss mechanism
in tokamak reactors"" as well as a potential
particle loss mechanism for the neutral beam
heating scheme for magnetically confined plas, -,

mas. "' Thus, since our first work in 1976 '
experiments have been carried out by Phaneuf,
Meyer, and McKnight'4 for ions of carbon, ni-
trogen, and oxygen, by Qardner et. a/. "for ions
of iron, and by Kim et a/. for ions of tantalum,
tungsten, and gold. " These three works used
"fast" ions, i.e., those with relative velocities
larger than or comparable to v„ the characteris-
tic velocity of the electron in the hydrogen ground
state. Experimental results have been reported
by Crandall et a/. ' using "slow" ions of boron,
carbon, nitrogen, and oxygen. Results have re-
cently been published by Nutt, eI;al. ' for slow C '
and Ti" ions. New studies carried out by Shah
and Gilbody' and by Olson et a/. are evidence
for renewed interest in the He" + H system.

Published theoretical treatments of slow-elec-
tron-capture collisions are few in number; they
have generally been limited to systems in which
only a few final electronic states need to be con-
sidered. The work has, therefore, been limited
primarily to one-electron systems such as H'+H,
C"+H, etc. The calculations performed by Olson,
Shipsey, and Browne for C" and B"incident on

H, and by Harel and Salin" for C ', however, are
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directly applicable to the present work and will
be discussed further with the presentation of the
data.

II. EXPERIMENTAL METHOD

Cross sections were measured using a standard
beam-gas target method. Ions with known cha.rge-
to-mass ratio q/m and kinetic energy were ex-
tracted from the Oak Ridge Penning Ion Source
Test Stand (ORNL-PIG). "'" After leaving the
source, these ions were magnetically reanalyzed
in order to eliminate unwanted lower charge
states, q —1, q —2, etc. , produced by electron-
capture collisions in the background gas. The
purified beam was then highly collimated and

passed through the atomic hydrogen target gas
cell. Product ions were selected by charge state
q' with a large parallel-plate electrostatic anal-
yzer and were counted individually with use of a
Johnston MMI particle multiplier and its accom-
panying electronics. Details of the experimental
apparatus, gas handling system, and electronics
may be found in paper I.

The atomic hydrogen was produced in an in-
directly heated tungsten gas cell by thermal dis-
sociation of molecular hydrogen at temperatures
near 2500'K. Details of the vacuum furnace con-
struction are given in Ref. 24; The heating was
obt'ained by passing a large (-600 A) pulsed dc
current through a thin wall tantalum cylinder
mounted coaxially around the tungsten gas cell.
The heating current was pulsed at a frequency of
10 Hz and had a 6t% "on" duty factor. The large
mass of the tungsten gas cell prevented appreci-
able variation of its temperature during the "off"
part of the heater cycle. To eliminate any spuri-
ous ion-beam steering effects associated with the
magnetic fields caused by the heater current, beam
ions were gated through the target only during the
off part of the heater cycle.

The following procedure was used to take data.
First, with the cell at operating temperature, a
given beam of ions was transmitted through the
apparatus. Then argon gas was admitted to the
gas cell through a Varian leak valve from a re-
servoir maintained at a pressure near 1000 Torr.
To make measurements of the intensities of the
initial-charge-state component q, the single-elec-
tron-capture component q —1, and the double-
electron-capture component q —2, the parallel-
plate analyzer voltage was stepped electronically
among the three transmission peaks while syn-
chronously routing pulses from the particle multi-
plier to a multichannel sealer. (Details of the
electronic system required to perform this step-
ping can be found in I.) To evaluate the fraction

of the scattering signal produced by background
gas, the incident and product ion intensities were
remeasured with the target gas flow bypassing
the scattering cell and flowing directly into the
surrounding vacuum chamber. Next, without
changing the leak valve, the reservoir was evac-
uated to below 10"' Torr and refilled with molec-
ular hydrogen to the same absolute pressure as
before. Following the procedure outlined above,
the intensities of the charge state components q,
q —1, and q —2 were measured both for molecular
hydrogen entering the gas cell and for it bypassed
into the vacuum system. This complete cycle was
repeated several times.

The scattering signals for hydrogen and argon
were combined to form the following ratios:S,(H, H2) S (H H

(1}S" (Ar) S~,~a.r)

where Sr, ~,(X) is the signal (gas-bypass cor-
rected) for Y"+ X-Y"~"'+X~"collisions.
Since the final state of the target species X was
not analyzed after the collison, X~" refers to all
possible configurations of internal degrees of
freedom, including the continuum. The signals
8, , ~, for hydrogen are written with both H and

H, in parentheses because the gas call contained
a small amount of undissociated H, . Under single-
collision conditions the signal Sr, ,(H, H, ) can be
produced only by residual H„and, if the cross
section g,", ,(H, ) is known, it is a measure of the
amount of H, present. Assuming molecular flow
conditions, conservation of mass flow, and equal
temperatures for Ar, H, and H, target particles,
one can easily show" that

gq, q-x(H} 1 R. —E(r,"„-i(H~)/(xq",, &(Ar)&~-
a,", ,(Ar) W 1 —+ i '

where F is given by

E =B,c...(Ar)/o,",,(H, )

Since F, the fraction of undissociated H„ is in-
dependent of incident ion specie and charge state,
F is written without subscripts and superscripts.
One is free, therefore, to choose the ion species
and charge state that allow the best measurement
of F. For the present experiments, F was mea-
sured for every incident ion with initial charge
larger than two. Having relatively large cross
sections for double-electron capture from Hm, B",
and C" ions produced the most accurate values for
F, which was measured four times at approxi-
mately equal. intervals during the accumulations
of the data. Values of 0.089+0.048, 0.147 +0.084,
0.140 +0.029, and 0.153+0.069 were obtained se-
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quentially, with C" used for the second one and
B"used for the other three. Since these values
are consistent with each other, their error-
weighted average value F=0.13 i0.02 was used to
correct all the final atomic hydrogen cross sec-
tions for residual undissociated H, . Though con-
sistent with this value, values of E obtained using
incident ions other than B"and C"were of such
poor statistical quality that they mere not used in
the computation of cross sections.

In order to use Eq. (2) to calculate vr, ,(H), it
is clear that a knowledge of the cross sections
o,", , (Ar) and or, ,(H, ) is required. The cross
sections o r, ,(Ar) required for normalization of
the present data were reported in paper I. Ad-
ditional required cross section ratios p. . .(H, )/
a,", ,(Ar) were measured using the techniques
described in paper I.

If the assumption of equal temperatures for
the Ar, H, and H, particles that was used in the
derivation of Eq. (2) is not made, then the result

p. . .(H) 1 T (Ar)

o. . .(Ar) v 2 T(H)
(4)

is obtained, where 100% H, dissociation has been
assumed for convenience. Clearly the cross sec-
tions reported here will be too large if T„&T„,.
We now discuss this possibility. Atoms at tem-
perature T,. striking a surface at temperature T
rebound with a temperature T given, on the
average, by ~

T = T, +a(T —T,),. .

where ~, the dimensionless quantity known as
the thermal accommodation coefficient, depends
on the type and temperature T of the surface
material and on the type of atoms striking the
surface. It is easily shown that after N bounces,
an atom will have a temperature T„given by

T»= (1- a)"T, +[1—(1—a)~]T. (6)

For Ar on a clean tungsten surface at 2335'K, ~
has been measured" to be about 0.33. The gas
cell used in our experiments was made entirely
of tungsten and was of a double-wall design. A

typical atom had to strike the cell walls an es-
timated 200 times before entering the region
where it could interact with beam ions. Using
a = 0.33 and N= 200 in Eq. (6) leads to a value of
T~ quite equal to T . One predicts, therefore,
that the argon atoms were probably "thermally
accommodated", that is, nearly in thermal equi-
librium with the -2500 'K gas cell. Direct evidence
for equal accommodation in the present gas cell
of Ar and H, at both 300 'K and about 1900 'R can
be found in Fig. 30 of Ref. 27. For temperatures
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FIG. 1. Electron-capture cross sections for boron
ions incident on H. The squares are the present data for
B +, the triangles for B +, and the circles for B +.

above 1900'K, the H, begins to dissociate. The
thermal accommodation coefficient for H has not
been measured. However, if one assumes only
100 bounces, then e for H on tungsten must be
less than 0.015 in order to introduce a 10' or
larger error in the reported cross sections. Such
a low value for a is quite unexpected but cannot
be completely ruled out at present.

The influence of leaks in the gas feed lines and
in the scattering cell itself are correctly discussed
in Ref. 33. If leaks existed in the relatively cold
gas feed lines, then the analysis shows that the
cross sections reported here would be at most
40fo too large Thi. s can only occur if there were
large leaks at cold places near the scattering cell
itself. . Such a leakage conductance is effectively
cold if hydrogen does not dissociate at its tem-
perature. As time went on, one significant crack
did develop in the outer tungsten wall of one of
our two scattering cells. The crack was in a re-
gion operating close to the full target temperature;
the reader is referred to the target design details
and discussion of temperature profiles in Ref. 24.
The scattering cells used by other investigators
are single walled, rather than double walled. The
single-walled cells are found to dissociate H,
adequately, providing strong evidence that the
leakage conductance due to our ceH. crack was
very likely hot, resulting iri no significant error.
In addition, a last portion of our data was taken
with a different cell having no significant cracks,
the original cell of Ref. 24. The results repro-
duced our earlier B", B4', and He'+ results to
within +15'%%up .

The 'measured cross sections for B", B", and
B"ions incident on atomic hydrogen are plotted
vs incident ion energy in Fig. 1. The data for
043 and o» show 1itt le dependence on the energy
for the range studied. The data for 032, however,
show a rise with energy. Note that the cross sec-
tions do not increase monotonically with the in-



1400 L. D. GARDNER et ul.

TABI E I. Energy defects &E in eV and initial. -state-
final-state crossing distances Rc in. atomic units for cap-
ture into various states in the collision system B'+ + H.
Crossing distances were estimated using the methods of
Bates and Moiseiwitsch'and are tabulated in units of
Bohr radii. Energy defects were calculated using the
data of Moore for B+ and B+ and of Eidelsburgh for
B4+. The units are electron volts.

B+(ls 2s S) incident
Final ion Rc

+(1s'2s'
B+(1s22s 2p 3P)
B+(ls 2s2p Q)
B+(ls2s3s S)
B (1s2s3s S)

11.6
6.9
2.5
4 5

-5.3

3.1
4.4

11.2

Final ion
B+(1s S) incident

2+ (1s22s 2S)
'+(1s'2p 'P)

. 2+(1s23s 2S

+(1s'3p 2P)
+(1s23d 2D)
+ (1s24s 28)

24.3
18.3
2.0
0 4
0.02

-5.10

3.1
3.6

28.0
140.0

Final ion
B+(1s S) incident

+E

B (1 S)
B'+(1s2s 'S)
B +(1s2s ~S)

B~(1s2p 3Z)
B'+(1s2p 'Z)
B3+(1 3 3S)

B +(ls3s ~S)

B~(1s3p 3a)
B"(1s3d'D)
B"(1s3d 'D)
B"(1s3p '~)
B~(1s4s 3S)

B~(1s4s 'S)
B3+(1s4p 3P)
B3+(1s4d 3D)
B (1s4d iD)
B3+(] 4f 3~)
B (1s4f P)
B3+(1s4p i~)
B (1s5s S)

245.8
47.2
43.0
42.9
40.2
12.4
11.2
11.2
10.6
10.6
10.4
0.7
0.3
0.3

- 0.02
0.01
0.01
0.01

-0.05
-4.5

1.5
2.8
2.9
2.9
3.0
6.9
7.5
7.5
7.9
7.9
8.0

110.0

Reference 28.
Reference 29.' geference 30.

cident ion charge: o32& 0'2y for energies at least
as high as about 40 keV.

Energy defects for capture of the H (1s}electron
into certain final states of the boron ions are listed
in Table I. Also included are the approximate
crossing distances at which molecular potential-
energy curves are computed to cross using tbe

100
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80

FIG. 2. Comparison of values for the cross section
for B3+ incident on H. The closed triangles are the
present data, and open triangles are the data of Crandall
et al. (Ref. 17). The solid curve is the theoretical pre-
diction of Olson et al. (Ref. 21).

methods of Bates and Moiseiwitsch" (see I).
Polarizabilities of the final-state ions have been
neglected in the calculation of the crossing dis-
tances. Since the polarizability of ions increases
rapidly with the degree of excitation, "tbe cros-
sing distances may be in error by 2 to 3 a. u. for
final states with large principal quantum numbers.

Table I shows that in the B4'+H case, there
are numerous crossings near 7 to 8 a. u. for cap-
ture into the n=3 states of the final B"ion. An
absorbing sphere approximation" in the many
curve crossing limit leads to an estimate for
e4e, (H} of about w(7.5a,)'-50x10" cm', in re-
markably good agreement with the measured value.

In the 8"+H system there are three reasonably
well- separated initial-state-final- state crossings.
For the present range of ion-atom velocities, one
expects that tbe two inner crossings at 3.1a, and
4.4a, are most important. 'The large magnitude
of the cross section o„, however, may imply that
the outer crossing at 11a, is also important.

The B"+H collision system has been treated
theoretically by Olson, Shipsey, and Browne" in
a molecular-orbital, close- coupling approximation.
Their results, along with the recent experimental
results of Crandall et al. ,"are compared with the
present data in Fig. 2. A reasonable degree of
agreement between the two data sets and the theory
is evident.

Table I shows that there are only two final states,
B"(1s'2s '8) and B"(182P 'P), which cross the
initial state at "reasonable" internuclear separa-
tions. Since the n =3 states of B2' cross at very
large separations, one suspects that these states
are probably relatively unimportant for the pre-
sent velocity range. However, Qlson et al." re-
port that the magnitude of the cross section o,2

at the higher energies studied bere is due pri-
marily to a noncrossing interaction between the
initial state and these n =3 states. Thus one may
conclude that the simple curve crossing picture
is inadequate in some cases.

Table II lists the cross sections for ions of
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TABLE O. Electron-capture cross sections for various multicharged ions incident on H.

Incident ion Energy (ke V)
Present data

Cross section (10 ~8 cm )

Crandall, Phaneuf, and Meyer
Energy Cross section

B2+

B3+

B4+

C2+

C3+

C4+

N+
N+
N'+

p2+
3+

O4+

p5+

16
24
32
16
24
32
16
24
32
40
16
24
32
40

19.2 + 5.0
7.2+ 2.5

38 +11
6.5 + 2.6

17.7 + 6.1
50 +12
4.2+ 1.8

36 +13
46 +18
56 +20
2.2~ 1.0

61 +21
50 +17
65 +24

13
24
25

24
30
38

44

14.2 + 1.2
6.8 ~0.6

26.5 +3.9

16.3+1.8
29.3 + 2.6

19.3 + 0.8
29.2 + 0.6
26.7 + 1.2

34.8+2.0

This value is an interpolation between measured points.

boron, carbon, nitrogen, and oxygen incident on
atomic hydrogen. Notice that for fixed incident
ion charge the cross section increases with atomic
number Z for q = 2 but decreases with atomic
number for q ~ 4. With use of a curve-crossing
model and computed energy defects, "this be-
havior can be understood qualitatively. In parti-
cular, assume that in the case of the incident
X" ions the important crossings are those with
the n = 2 states of the corresponding X ions. In
most cases capture is most favorable for 5 &R,
& 15 a.u. ; for larger R, coupling matrix elements
are too small. Thus one finds that in going from
boron to oxygen these crossings move to smaller
values of R, because the energy defects increase
in this same order. Thus, the cross sections o»
should decrease in this same order, as is ob-
served. Similarly, if one assumes that for the
X~ ions the n =3 states of the final X" ions are
the important ones, then the crossings which oc-
cur at quite large separations for boron move to
progressively smaller separations while going
from boron to oxygen. Thus, the cross sections
a32 should increase in this same order. Again
this is observed. For the incident X4' ions, how-
ever, the n =3 states of the corresponding X3' ions
have energy defects that are approximately equal,
independent of atomic species. Since the cros-
sings with these states will occur at approximately
equal internuclear separations, independent of
atomic species, one expects that the cross sec-
tions o„will be approximately independent of
atomic species, as is observed experimentally.

Also listed in Table II are values for the cross
sections measured by Crandall, Phaneuf, and
Meyer. " There is considerable disagreement be-
tween the two data sets, the present data being on

average 50% higher than those of Crandall et al.
The reason for this discrepancy remains unknown.
Such disagreement was not found for the cold tar-
get gases studied in paper I. The atomic hydrogen
targets used in the two experiments both produce
atomic hydrogen by thermal dissociation of mole-
cular hydrogen, but similarities generally end
at this point. The target of Crandall et al. , based
on a design of McClure, 4 uses a resistively heated
tungsten tube with H, admitted directly into the
scattering region. The indirectly heated, double-
walled target used in the present experiments is
thoroughly described in Ref. 24.

If the targets are different, so are the data
normalization procedures. Crandall et al."nor-
malize directly to the cross section oyp for protons
on atomic hydrogen. The present data for a given
ion is normalized to the cross section for that
ion incident on argon. Our normalization pro-
cedures were established as accurate to +20% in
paper I. Although the present method of normali-
zation for atomic hydrogen studies is a little more
complicated, we can find no systematic effects
in the procedure that can account for the differ-
ences in the two data sets.

III. SUMMARY

Cross sections for electron capture by multiply
charged boron ions incident on atomic hydrogen
have been measured as a function of energy. The
cross section cr» is in reasonably agreement with
the close-coupling calculation of Qlson et al."

Electron-capture cross sections were also
measured for C~' (2 cq c 4), N"(2 ~ q ~ 5), and
0"(2~ q ~ 6) incident on atomic hydrogen These.
data were taken at collision energies of Sq keV.
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The trends of these cross sections with atomic
number for a fixed incident charge can be under-
stood qualitatively using a simple curve-crossing
model. .
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