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Electron capture by heavy multicharged ions from atomic hydrogen at low velocities
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Total cross sections for capture of an electron by Xe'+ (2 & q & 12), Ar '+ {2 & q & 9), and Fe'+ (q = 5,6)
colliding with atomic and molecular hydrogen have been measured for velocities between 10' and 10' cm/s. The
cross sections vary from below 1 )& 10 "cm' to just above 100 p 10 "cm', with the measured va1ues for q & 4
all greater than 37 &( 10 "cm'. The cross sections are independent of ionic species for a given q and are generally
constant with changing velocity. The cross sections increase linearly with q up to q = 9, but for the highest-charge
states q = 9-12, the data suggest that the cross sections do not continue to increase as rapidly with increasing q.

I. INTRODUCTION

Electron capture by multicharged ions has re-
ceived considerable attention recently. Motivation
for this research activity derives from both basic
physics and applications. The large cross sec-
tions, dependence of cross sections on ionic
charge, and dominance of capture into excited
states provide new tests of our fundamental under-
standing of the electron-transfer process. In addi-
tion, multicharged ions occur in the plasmas of fu-
sion research and astrophysics and have signifi-
cant effect on the character and evolution of these
plasmas. Since capture is the largest inelastic
cross section for these ions at lom and interme-
diate velocities, it is generally important in physi-
cal environments mhere they occur.

The present paper is concerned with electron
transfer during collisions in which the velocity is
significantly less than the orbital velocity- of the
electron that is captured (Bohr orbit, v, =2 x10'
cm/s). In this low-velocity region, our previously
measured total capture cross sections' have not
accurately followed the generalized scaling rules'
for variation of cross section mith ionic charge or
velocity. Our previous measurements mere for
light ions of B, C, N, and 0 which had only a few
electrons remaining on the incident ion. The pre-
sent measurements are for heavier, partially
stripped ions of Xe, Fe, and Ar which retain sig-
nificantly more electrons, resulting in some change
in the character of the cross sections.

In the low-velocity region, a quasimolecular
concept is generally accepted as appropriate for
describing the collision. The energy levels of the
active electron in this quasimolecule can be cal-
culated for simple systems, and the collisionally
induced transitions between these molecular ener-
gy levels can be calculated in various approxima-
tions. Theoretical -calculations based on this ap-
proach have had some success predicting mea-

sured cross sections" but are not reasonably ap-
plied to collision systems which have many elec-
trons. In such cases with many electrons the
number of molecular potential curves and their in-
teractions is large, and additional approximations
can be made, usually leading to generalized results
dependent on the initial ionic charge, the initial
binding energy of the active electron, and the col-
lision velocity. ' ' The available experimental re-
sults at low velocities for collision systems with
many electrons are for multielectron targets, ',

and those experimental results have been able to
distinguish which of the predicted scalings of
cross section versus initial ionic charge and target
electron binding energy are most appropriate for
multielectron target cases.""The present mea-
surements test scalings for the important atomic-
hydrogen case in which a large number of elec-
trons are present only on the incident ion. In ad-
dition, the scaling of cross section with ionic
charge is tested for higher charges than in any of
the previous low-velocity experiments. Deta, ils
of the scaling of cross sections derived from pre-
sent data are presented in Sec. III.

II. EXPERIMENTAL TECHNIQUE

The measurements were performed with the
same apparatus and procedures described in Ref.
1. Ions are extracted from a Penning Ion Gauge

'(&IG)-type source and analyzed by crossed
magnetic and electric fields to select ions of a
given mass-to-charge ratio (m(q). These ions are
passed through a. thin-walled tungsten cell which
contains target gas and which can be heated to suf-
ficient temperatures to dissociate 92%%uo of the mo-
lecular hydrogen (by pa.ssing current directly
through the tungsten). Immediately after the tung-
sten cell, an electrostatic deflector is used to sep-
arate the ion beam into its charge-state compo-
nents so that the electron-capture cross section
can be determined.
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A. Uncertainties associated with ion beam

Some of the experimental difficulties associated
with the ion beam were more thoroughly investi-
gated for the present data than for the data of Ref.
1. Ion-beam identification was aided by increased
dispersion and by more precise control and moni-
toring of the magnetic field of the purifying mag-
net, which is located just before the tungsten cell
and well isolated from the many ion source pa, ra-
meters and m/q selection fields. The field of the
purifying magnet could. be measured and reset to
better than +0.2%, and the scaling of the measured
magnetic field required to transmit ions of differ-
ent m/q and acceleration voltage followed the cal-
culated scaling to about +0.5%%uo.

Ion-beam purity was found to be a significant
problem in some of the present measurements.
Electron capture provides a direct method of es-
timating ion-beam purities even for cases with
identical m/q of the incident ions. "'" Relative
intensities of the ion-beam components can be
estimated if the capture cross sections are known
for the different ion-beam components in any given
target gas. In the present case the following beam
contaminant problems were encountered and cor-
rected for: "Ar", contaminated by 5%%uo of "0",
4'Ar" contaminated by 4/0 of "B","Fe" contam-
inated by strongly variable amounts of "Si" (the
Si" component was undetectable, ~2% for data re-
ported here), and "Fe'" contaminated by traces of
"Cu'+ (Cu'+ was eliminated by careful control of
ion source parameters and m/q selector}. In addi-
tion, we found that the following ion beams were
uncontrollably contaminated so that measur ements
of capture cross sections could not be made: Fe"
conti, minated by N,

' and CO', Fe" contaminated by
Xe", Fe" contaminated by N', Fe" contaminated
by Ar" a,nd 0",Fe" contaminated by N", and
Fe" contaminated by several other beams of near-
ly the same m/q. In general production of Fe"
beams presented difficulty. Fe was introduced
into the source discharge as iron pentacarbonyl
Fe(CO), and a small amount of either Xe or Ar gas
was found to be essential to maintain source dis-
charge and sputter-clean the cathodes. Thus con-
taminants of C, 0, Ar, or Xe, as well as the al-
ways present N ions, could not be eliminated.
However, pure beams of Fe" and Fe" were ob-
tained.

Our previously reported cross sections for Ar"
(Ref. 1) were found to be incorrect, probably due
to undetected contamination by B". We have re-
checked many of our published measurements, and
this is the only case found to be in error. Since a
beam contaminant of this type contributes to the
measured number of incident ions N, , but does not

contribute to the electron capture signal N„ the
cross sections deduced from

o, i = (N, /N)}/t

(where f is target thickness) will be artifically low
if undetected contaminants are present. Our pre-
viously reported cross sections for Ar" in H,
and H are found to be too low by about 50/0. Those
previous measurements with Ar" were conducted
immediately a,fter measurements with B"ions.
The B"contaminant was not specifically searched
for in the earlier measurements with Ar" and the
BF, gas used is known to contaminate the ion
source for several days after its use.

The ion-beam transmission optics before the
charge-purifying magnet were used in a strongly
focusing mode for the present measurements, and
careful tuning was necessary to insure that the ion
beam was significantly smaller than the channel-
tron active area at the point of detection. This
was verified by sweeping the primary or charge-
transfer components across the detector with the
deflecting plates, or by fixing the deflecting vol-
tage and translating the detector across the beam.
A steeply rising, flat-topped response indicated
total ion-beam collection.

The question of ion-beam stability and its effect
on measured cross sections was tested in the pre-
sent experiments. For both the experiments de-
scribed in Ref. 1 and the present work, a single de-
tector was used to detect the incident ions and the
electron-capture ions, by means of programming
the voltage on the final electrostatic analyzer to
select which ion-beam component wa, s incident on
the detector. Typically, the primary beam was ex-
amined for 1 s, and the electron-capture compo-
nent for 5 or 10 s. The switching cycle was car-
ried out for 10 repeats to produce one trial of a
cross-section (or background) measurement. A
computer controlled timing, beam switching, and
counter gating. Beam-intensity fluctuations on
time scales of a few seconds could thus influence
a measurement. For the data of Ref. 1 the rela-
tive uncertainties reported were counting statis-
tics only and were sufficiently large to mask fluc-
tuations in cross-section measurements due to
beam-intensity fluctuations. For the present data
more time was spent on each data point and count-
ing statistics were reduced to a low level [usually
less than +1% standard deviation (s.d.)J. Also, for
these present results every cross-section trial
was repeated several times (generally four to ten
repeats}, both with gas in the tungsten cell and with
gas bypassing the cell but injected into the vacuum
chamber. The relative uncertainties given in the
tables are derived from statistical analysis of the
repeated trials, not from counting statistics. Thus
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TABLE I. Summary of experimental uncertainties (in percentage).

Source 0~ ~ ((H} ~..e-i(H2)

Typical statistical reproducibility
(90% confidence level)

Uncertainty ascribed to cross sections
used for normalization

10 10

Other systematic uncertainties

Ion-beam purity (effect on 0')

Beam collection and counting efficiency
Target-gas purity (effect on &)

Reproducibility of target-thickness
calibration (90% confidence level)

Measurement of relative target-gas flove

Uncertainty in dissociation fraction

Typical quadrature sum

2
3
3
4.5

13.6

2
3
6
3 1

13.6

the presently quoted statistical uncertainties rep-
x'esent reproduclblllty of measurements which ls
af fected by counting statistics and any of the other
variables which could change between trials, which
we believe are dominated by short-term ion-beam-
intensity fluctuations. Nevertheless, the reproduci-
bility given in the tables are generally better than

, +5%%uo at 90% confidence level.

B. Uncertainties associated with the gas target

The techniques for handling target gas and pro-
cedures for determining target density are identi-
cal to those previously described. ""We use the
gas bypass technique of Hayfield" so that the same
amount of gas enters the vacuum system whether
it enters the gas cell during a cross-section trial
or bypasses the gas cell during a background trial.
The relative amount of gas entering the vacuum
system is determined by measurement of the pres-
sure drop across a standard ext:ernal copper tube,
through which all target gas is required to pass.
The conductance of the copper tube is much lower
than that of the gas cell. This pressure drop can
be reproducibly measured to better than +1%%uo with
a capacitance manometer for the gas flows used
during the experiments. At the end of the present
series of measurements, the target thickness (par-
ticle density times cell length) was independently
ca,librated for hot- and cold-target conditions by
normalization to the known cross sections for H'
+ H'- H'+ H'at 20 keV for a hot target and to H'
+H, -H'+ (all products)' at 20 keV for a cold tar-
get, as described in Refs. 1 and 20. In addition,
the relative stability of this calibration was tested
during the several months of the present data
acquisition by measurements of the cross section
for ~'+ 8 (and H2) - 5"+ (products)' at 40keV (re-

peated on 16 differ'ent days). The variability of the
average of this measurement is 4.5%%uo at 90%%up con-
fidence level for the atomic-hydrogen target and
3.1'%%uo at 9(Pq confidence level for the molecular-hy-
drogen target, as reflected in Table I for the "re-
producibility of calibration. "

The total experimental uncertainties are tabula-
ted in Table I. A typical data, point has a total ab-
solute uncertainty of about +14%%uz (quadrature sum
of statistical reproducibility at 90% confidence
level, all systematic uncertainties, and uncertainty
ascribed to the cross sections used as standards
for calibration). Systematic uncertainties have
been estimated at a high confidence intended to be
equivalent to 90/p confidence level on statistics.

III. RESULTS AND DISCUSSION

All of the measured cross sections and statisti-
cal uncertainties are given in Table II. The gen-
eral character of the cross sections is illustrated
in Fig. 1, which shows the data for Xe" and Ar"
+H. The data for the lowest-charge states Ar",
Xe", and Xe" are decreasing abruptly with de-
creasing velocity and are well separated from
cross sections for more highly charged ions. This
behavior of Ar", Xe", and Xe" is typical of non-
resonant-capture cross sections between singly
charged ions and neutral atoms, which peak strong-
ly for collision velocities approximately equal to
the orbital velocity of the captured electron, and
for which capture is usually favored only between
atomic ground states. For q ~4 the measured
cross sections are all large and independent of
velocity in the range currently tested. This be-
havior is typical of multicharged ions, ""at least
for cases where many electrons are involved. For
highly charged ions, capture is usually favored to
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TABLE II. Measured electron-transfer cross sections for multicharged ions in 8 and H2.

Ion

Xe~+
Xe~
Xe~
Xe~+
Xe3+
Xe3+
xe"
Xe4'
xe"
xe4'
xe"
xe"
xe"
xe"
xe"
xe"
xe"
xe"
xe"
xe"
Xe'+
Xev+
Xe'+
Xe~+
Xev+

xe"
xe"
Xes'
xe"
Xes'
xe"
xe"
xe"
xe"
xe"
xe"'
xe"'
Xe
xe"'
Xe"'
xe"'
xe"+
xei 2+

xe'"
Fe"
Fe"
Fe"
Fe"
Fe"
Fe".
Fe~+

Fe
Fe+
Fe"
Fe"
Fe"
Ar2+

Laboratory
energy
(keV)

6.3
20.4
9.1

16.o
30.6
6o.6
12.0
21+3

40,8
80.8
15.3
26.7
51.0

101
132
18.3
32.Q
61.2

121
156
21.5
37.3,
71.4

141
182
24.0
42.6
81.6

162
208

27-0
48.o
91.8

182
234
30.0
53.3

102
202
261
110
222
121
242
17.6
26.2
51.Q
65.2
75.2

102.3
21.Q
31.6
45.2
60.9
78.5

124.2
10.5

Velocity
(10' cm/s)

0.96
1.73
1.16
1.53
2.12
2.99
1.33
1.77
2.45
3.45
1.50
1.98
2.71
3.86
4.41
1.64
2.17
2.97
4.22
4.79
1.78
2.34
3.21
4.56
5.18
1.88
2.51
3.43
4.88
5.54
1.99
2.66
3.64
5.18
5.87
2.10
2.80
3.83
5.46
6.19
4.p3
5.72
4.21
5.98
2.46
3.00
4.19
4.74
5.09
5.94
2.69
3.3Q

3,95
4.57
5.2Q

6.54
2.26

0,„,(H)
(10 "cm')

o.64(0.38)'
1.71(O.34)
0.92(0.19)
1.56(0.23)
2.34(O.38)
7.22(0.11)

53.1(2.1}
44.2 (1.3)
46.7(2.3)
53.6(o.e)
43.9(3.4)
44.V(1.5)
4 7.0(1.5)
46.6(1.1)
42.6(1.9)
56.9(2.7)
54.9(3.2)
50.8(2.5)
5V.3(2.5)
56.6(2.8)
68.O(3.4)
70.8(2.1)
62.8(3.8)
77.4(3.6)
73.2 (3.8)
76.3(2.4)
65.8(1.8)
VV.9(3.4)
V6.5(2.8)
71.1(3.6)
93.2 (3.1)
87.8(5.0)
95.3(9.2)
s1.6(4.s)
7g.6(7.8)

102.7(1.9)
g 7.8(7.4)
88.2 (8.2)
79.Q (4.4)
92.0(6.2)
95.8(8.4)

1o4.o(v. v)
81-0(5.3)
71.2 (8.5)
49.6(2.9)
51.4(2.5)
49.4 (1.4)
46.9(2.5)
46.4(2.2)
45.6(2.2)
48.9(3.5)
58.1(1.8)
53.5(2.0)
55.6{1.8)
57.2 (5.1)
50.7(2.8)
1.4o(o.3o)

e,e-~(H~)
(1O "cm')

17.6(0.3)
15.6(0.3)
2.25(0.21)
2.go(o.21)
4.93(p.17)

22.4(Q.6)
33.9(0.8)
2v. 6(o.g)
24.2(0.8)
3O.2(1.5)
3O.4(2.5)
32.3(0.6)
32.1(1.9)
35.1(0.9)
34.8(1.3)
31.4(1.1)
31.2(o.s)
28.5(O.6)
34.7(1.7)
54.e(4.o)
49.3(2.3)
52.5(1.3)
47.5(3.2)
4v.s(2.3)
52.2(2.V)

57.9(1.O)

53.8(1.6)
55.8(O.6)
53.2(1.4)
51.6(1.8)
69.4(o.s)
63.9(2.1)
v2.o(4.3)
65.5(1.2)
75.0(1.9)
79.8(4.0)
69.8(4.0)
72.7(1.3)
68.6(1.4)
72.6(2.1)
83.5(1.9)
83.v(5.v)
59.1(8.2)
59.7(5.3)
35.v(1.e)
32.6(1.2)
30.4(O.7)
3o.1(1.9)
29.s(1.o)
2s.s(o.e)
43.3(1.8)
43.0(0.7)
46.9(o.e)
45.0(1.0)
38.5(2.5)
41.5(2.O)

1.84(0.15)
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TABLE II. (Continued)

Ion

Laboratory
energy
{keV)

Velocity
(ao~ cm/s) (1O "cm')

~a~- i (H~)
(1O "cm')

Ar~+
Ar~+
Ar3+
Ar3+
Ar3+
Ar4'
Ar4'
Ar"
Ar"
Ar"
Ar"
Ar"
Ar"
Ar"
Ar"
Ar~'
Ar"
Ar+
Ar+
Ax+
Ar
Ar '
Ar'

25.2
44.2
15.8
37.6
66.3
21.1
50.1
88.4
26.4
62.7

110
31.7
75.5

133
37.0
87.9

155
42.2

101
177
55.7

114
199

3.49
4.62
2.76
4.26 .

5.66
3.19
4.92
6.53
3.57
5.50
7.30
3.91
6.04
8.00
4.23
6.51
8.64
4.51
6.97
9.24
5.18
7.41
9.80

2.44(O.23)
3.40 (0.36)

28.3(1.1)
24.3(2.3)
25.4{1.4)
38.4(2.3)
39.4(0.9)
36.S{2.1)
43.8(1.7)
44.6(1.7)
45.5(1.7)
51.1(3.9)
49.7(3.4)
53.2 (3.1)
v2.0(2.s)
64.7(2.0)
59.7(2.0)
67.7{4.7)
62.1(4.8)
62.4(2.o)
vs.6(4.9)
75.6(4.8)
6v.o(5.7)

3.21(O.3O)
3.81(O.25)

12.2(0.4)
13.4(1.0)
15.v(o.e)
32.V(O.S)
2e.s(o.e)
3o.v(o.e)
31.9(1.2)
34.2 (1.1)
36.0(1.3)
3s.2(o.e)
39.3(1.6)
37.6(1.6)
53.5(1.1)
49.6(1.2)
45.e(2.0)
62.9(1.8)
57.1(1.9)
55.3(0.9)
62.2 (4.2)
55.9(2.1)
56.6(3.4)

~ Numbers in parentheses are statistical reproducibility at 90% confidence level.
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FIG. l. Electron-capture cross sections for AH' and
Xe~+ in atomic H. Numbers indicate initial charge
state q. Circles numbers-connected by dashed lines
are Ar~ ', and numbers connected by solid lines are
Xe~ '. Relative uncertainties at 90% confidence level
are typically the same size as the circles.

several excited states of the final ion. It is also
seen in Fig. 1 that for 5 & q &9 there is no distin-
guishable difference in the cross sections for the
Ar and Xe ions (the Fe" and Fe" data were not
plotted on Fig. i because they lie on top of the
other q = 5, 6 data poi. nts).

Figure 2 shows atomic-hydrogen cross sections
for q =4-6 at 4 x10' cm/s from the present mea-
surements and from the previous data, ' plotted as
a function of the number of electrons remaining on
the incident ion. An interesting trend is exhibited
in that for a given ionic charge those ions with few
electrons remaining have distinctly lower cross
sec'tions than the heavy, many-electron ions. The
cases with few electrons are qualitatively similar
to the one-electron diatomic-molecule cases which
have been calculated in coupled-state approxima-
tjLons"" "where only a few avoided curve cross-
ings of the molecular stationary states determine
the cross sections. For these cases the cross
sections often decrease with decreasing velocity
from 2 to 0.2 x10' cm/s.

For the many-electron ions the picture is qual-
itatively more like the generalized models which
have been calculated assuming many curve cros-
sings"' or a generalized motion (tunneling) of the
electron in the average field of the colliding sys-
tem." In the many-electron case the cross sec-
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FIG. 2. Measured electron-capture cross sections in atomic H for ions of initial charge @=4-6as a function of the
number of electrons attached to the incident ion. For fewer than five attached electrons, the data are from Ref. l.
Remaining cases are present data.

tions have little variation with changing velocity
in the 2 to 0.2 x10' cm/s range Thu.s, the cross
sections for many-electron cases might be ex-
pected to be slightly higher than for the few-elec-
tron cases at 4x10' cm/s velocity, as observed.

In Ref. 1 it was argued that, for electron capture,
a number of multielectron systems might behave
like the more accurately calculable one-electron
diatomic-molecule cases. Within narrow velocity
limits this was demonstrated for (OH)" compared
to (CH)", (NH)" compared to (BH)'", and (CH)»'
compared to (BeH)". However, the present data
imply that many-electron ions do not, in general,
have cross sections the same as the one-electron
case of the same charge. Figure 3 shows present
data for Ar" and Xe" compared to the several
published theoretical results for 0",all with
atomic-hydrogen target. At the highest velocity
tested, the Ar" and Xe" results lie within the
extremes of the calculations, but at the lowest
velocity the theories are uniformly about a factor
of three lower than the present data. Qf course,
it remains to be proven experimentally that at low
velocities the 0" cross section follows the theory
rather than the present many-electron data. How-
ever, Figs. 2 and 3 are consistent in suggesting
that at low velocity the many-electron ions usually
have higher cross sections than the nearly fully
stripped ions of the same charge and velocity.

Comparison-of the present data with measure-
ments using multielectron targets show that the
character of cross sections with the atomic-hy-
drogen target is not qualitatively different from
data with other atomic species as targets. A re-
cent study by Muller eI' al."demonstrated the

E (keV/omu)

5 100.1 0.5
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I Iil

/, y"
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///
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I I I all!

80
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E
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O

~ 40
b
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0.1 0.2 0.5 1 2

v (108 cm/sec)
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FIG. 3. Electron-capture cross sections in atomic H
for ions of initial charge @=8. Open circles are pre
sent data for Xe ', closed circles are present data for
Ar +, open triangles are experiment for Fe + from Ref.
35, and solid square is experiment for O" from Ref.
35. Theories are represented by curves and are all for
0 ': Short-dashed curve is unitarized distorted-wave
approximation of Ref. 26, solid curve is two-coupled-
state calculation of Ref. 22, dot-dashed curve is classi-
cal theory of Ref. 25, long-dashed curves are eight-
state-perturbed-stationary-state results for atomic or-
bitals expanded on H and 0 nuclei (as indicated) from
Ref. 25. Error bars on present data are 90% confidence
level on statistical reproducibQity except that the outer
bar on the point at 0.34x 10 cm/s is total absolute un-
certainty at high confidence.



22 ELECTRO% CAPTURE BY HEA V Y MU LTICHARGED ION S FROM. . .

scaling of capture cross sections as a function of
the ionization potential of neutral atom targets.
Figure 4 shows present data for Xe"' incident on

H, H„and He as well as those of Miiller et al. for
a variety of multielectron targets all at v= 3.8x10'
cm/s. The present data are lower than those of
Miiller et al. but follow the predicted scaling with
ionization potential. As seen, the data follow most
closely the scaling (ionization potential), pre-
dicted by Presnyakov and Ulantsev. ' From the pre-
sent data we have 68 cases for q &4 in which we
can compare the cross sections for the H, and the
H targets for a given ion and velocity. The ratio
B=o(H)/o(H, ) is found to be 1.36+ 0.02 (s.d. of

Ion

Lab Present Muller Ratio
energy 0„, &(He) 0«&(He) Muller to
(keV) (10 ' cm ) (10 '6 cm) present

Xe + 61.2
Xe~+ 71.4
Xe"+ 100

16.1(0.8)
24.6(0.7)
34.3(1.4)

21.5
26.5
46 0

1.34
1.08
1.34

0 &(Ar) ~. . .(Ar)

61.2 30.6(1.0)
71.4 52.8(2.1)

Average ratio = 1.29 + 0.05 s.d.

42.4
69.0

1.38
1.31

TABLE III. Comparison of present cross sections for
He and Ai targets with those of Muller, Salzborn et a$.

(0-f3

Xe = Xe
10+

v= 3.8 x )0 cm/s

This value from Ref. 17, all other values of lVfuller

et al. were obtained from Ref. 10 by interpolating or ex-
trapolating from measurements at energies slightly dif-
ferent from those of the present measurements which are
given in the table.

Ol

0
)0-f4

H H~

Cs Na Cd Xe KrAr Ne He

)0-t5
1i I I

I I I I I l I

5 )0 20
IONIZATION POTENTIAL (eV)

50

FIG. 4. Electron capture for Xe ' in various gases at
3.8 xlOT cm/s as a function of ionization potential of the
target gas. Present data are open circles with inner
error bars for statistical reproducibility at 90&o con-
fidence level and outer bars for absolute uncertainty
at high confidence. Solid circles are data of Muller
et al. (Ref. 17) with inner and outer error bars of the
same meaning but at 679-', confidence level. Theories
are represented by curves: Solid curve is from Groz-
danov and Janev (Ref. 6), short-dashed curve is from
Presnyakov and Ulantsev (Ref. 3), and dot-dashed
curve is from Olson and Salop (Ref. 4). The long-dashed
curve is scaling deduced from other experimental values
(Hef. 16).

mean) ~ This is a remarkably stable ratio and is
very close to the inverse square scaling with tar-
get ionization potential, which predicts R = 1.32.

We have measured cross sections for a few spe-
cific ions with He and Ar targets specifically to
compare with results of Miiller, Salzborn et al.
Table III shows the comparison. Miiller eI; al.
state that their absolute uncertainty is +25%%up

""
(presumably at 67% confidence level corresponding
to one s.d. on statistics). Since our present data
are uncertain by +14%%up (at high confidence intended
to correspond to 90'%%up confidence level), the quadra-
ture sum of the quoted experimental uncertainties
is 29'%%up —equal to the average discrepancy between
the sets of data of Table III. The discrepancy is
qualitatively the same as observed earlier'" for
Ar" +Ar capture cross sections.

The most interesting scaling of present cross-
section data is with initial ionic charge. Figure 5
shows calculated cross sections compared with
present data for Ar" and Xe" at 4x10' cm/s, all
for the atomic-hydrogen target. This scaling has
recently been discussed by a number of authors
(see Refs. 2 and 11 for examples), and a linear
scaling of 0. . .with q is generally accepted. Ex-
perimental data for q up to 8 and for nonatomic-
hydrogen target were analyzed by Muller and Salz-
born, ' who found 0 fx: q'" as the best fit. Ryufuku
and Watanabe have made a best fit to their uni-
tarized distorted-wave calculations for the atomic-
hydrogen target and find 0 fx:q' ' as a best fit."
The two theories plotted on Fig. 5 give approxi-
mately o cps. The present data (while uniformly
lower than the generalized theories) show the ex-
pected scaling quite reliably up through q = 9.
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FIG. 5. Electron capture for ions in atomic H as a
function of initial ionic charge q at 4 && 10~ cm/s. Open
circles are present data for Xe~ ' and solid circles are
for Ar~'. Dashed curve is from Grozdanov and Janev
(Ref. 6), and solid curve is from Olson and Salop (Bef.
4)

There are only three data points for q & 9 and al-
though the scatter prevents a definitive statement,
these data suggest that, for higher q, the cross
sections increase less than linearly with q.

Figux'e 6 shows data for Xe" for various targets
at low velocity. The suggestion of less-than-lin-
ear scaling in cr, , y vs Q' is apparent in all ca,ses.
Of course, the experimental data do not include
multiple-electron capture (for multielectron tar-
gets), capture of electrons into the continuum, ""
or capture into doubly excited states which auto-
ionize before charge analysis. At high velocities,
near 4xlo' cm/s, the scaling of o. . .vs q is
significa. ntly di.fferent but generally follows a pow-
er of q at a given velocity. However, for heavy
ions distinct oscilla. tiori about this power-law be-
havior has been observed"'" and qualitatively may
be associated with capture into autoionizing
states. " The present suggested departure from
linear scabng at low velocity may be a manifesta-
tion of this same process. The measurements at
high velocity show slow oscillation of o vs q for q
=6-15 with Ta."ions on H. If the present depar-
ture from cr ~x:q represents the same effect, mea-

FIG. 6. Electron capture for iona of Xe~ ' in H, H2,
Xe, and Ne as a function of initial ionic charge q. Data
for H and H2 targets are present results for e =4 && 107
cm/s, and data for Xe and Ne targets are from Muller
(Ref. 10) for v = 2 x 10' cm/s.

surements at higher q should show completion of
an oscillation in cr vs q.

Clearly the question of o vs q scaling should re-
main a point of investjgation. It is an important
issue for applied as well as basic considerations.
For example, in the fusion program it is impor-
tant to have accurate estimates of the production
of protons in collisions such as Fe"'+H in order
to model the energy deposition of injected neutral
beams used to heat fusion plasma. The present
results suggest that generalized theories may
overestimate the electron-transfer cross sections
for high-q ions in atomic hydrogen.
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