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in collisions with magnesium and barium atoms
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Absolute total cross sections for single- and double-electron capture by H+ in collisions with Mg and Ba
have been measured for energies between 1 and 100 keV. The single-electron-capture cross section has also

been calculated with the Gryzinski formalism of the classical binary-encounter approximation. The measured

cross sections exhibit both high- and low-energy structure. The high-energy behavior is in accord with the

Brinkman-Kramers results and classical predictions for the energy at which inner-shell capture becomes

important. The low-energy behavior is discussed in terms of a molecular picture of the collision. The cross
sections are shown to be critically dependent on curve-crossing effects which occur at avoided crossings
between potential curves. At low energies the double-electron-capture cross section in Mg shows pronounced

structure consistent with a description of the collision in terms of transitions via the intermediate H (1s)
state. It is shown that this mechanism is not important in Ba, since curve crossings are expected to take

place at internuclear separations too large for transitions to occur. A possible explanation for the decrease in

single-electron-capture cross section in Ba at low energies is suggested in terms of competition from direct

target-excitation collisions. For single-electron capture in Mg, recent low-energy perturbed-stationary-state

calculations and high-energy classical-trajectory Monte Carlo calculations by Olson and Liu are in good

agreement with experiment. The present classical binary-encounter approximation results for single-electron

capture in both Mg and Ba agree with experiment to within a factor of 2 over the entire energy range.

Measurements of single- and double-electron capture are also reported for Ar targets. A pronounced second

maximum in the double-electron-capture cross section is found.

I. INTRODUCTION

Electron transfer in heavy-particle collisions
has long been of fundamental and practical inter-
est. A substantial amount of theoretical and ex-
perimental work has been performed and is sum-
marized in recent reviews. ' Most work has in-
volved gas targets and more recently an increas-
ing number of measurements have been made on

alkali metals and atomic hydrogen. However, a
detailed physical understanding of single-electron
transfer is not yet available and much less is
known about the process of double-electron trans-
fer in a single collision.

One particular class of collision targets —alka-
line-earth metal vapors (Mg, Ca, Sr, Ba)—have
received very limited attention. Except for Mg
we are aware of no previous experimental or theo-
retical cross-section information. There are sev-
eral reasons for this void. From an experimental
point of view studies of collisions using alkaline-
earth vapor targets have been very limited since
their chemical activity and physical properties
introduce experimental difficulties associated with
production and use of the vapors. From a theo-
retical point of view alkaline-earth atoms are quite
interesting. They contain two outer electrons (ns')
and are heliumlike atoms which exhibit strong con-
figuration mixing. These properties make the
s tudy of two- elec tron atoms an impor tan t topic

in atomic physics but lead to difficulties when try-
ing to model the collision. The problem of two

active electrons is particularly complicated and

computationally difficult. Accurate representa-
tion of the very complex electronic wave functions
is a problem. The use of hydrogenlike wave func-
tions to simulate target electrons has severe lim-
itations and further, the effective charge concept
is not always suitable for heavy targets. Although
somewhat better, Hartree- Fock wave functions
still only account for average electron properties.
However, it should be noted that recent work on

determining accurate ground-state heliumlike
wave functions is encouraging. At high energies
core effects play an important role in electron
transfer collisions and must be taken into account
by treating the core and active electrons equally.
At low energies, the collision is complicated to
model since the low ionization potential of alkaline-
earth atoms results in many molecular potential
energy crossings between incident and final colli-
sion channels.

The present study has been motivated by several
recent developments. New theoretical studies on
single- and double-electron transfer in proton-
magnesium collisions have been carried out by
Olson and Liu and work is in progress by others.
Also, extrapolations based on trends in known
cross sections indicate that barium may be a very
attractive charge-exchange target for producing
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negative hydrogen ions. The need for collisional
information on the production of both neutral hy-
drogen and its negative ion are of current interest
for neutral beam injection into fusion plasma de-
vices and in ion source development for high-en-
ergy accelerators and storage rings. Finally,
recent experimental results indicate that the bari-
um laser is one of the most promising pulsed
lasers in the near infrared. '

In this paper we report absolute measurements
of the total single- and double-electron capture
cross section for proton collisions with magnesium
and barium atoms. In addition, we present the
results of a calculation based on the classical
binary-encounter approximation for single- elec-
tron capture. We have also studied capture into
the metastable 2s state of hydrogen from magnes-
ium and barium atoms and this topic is the subject
of a separate paper. " The energy range of the
present study is 1-100 keV. This range includes
(i) the low-energy region where a quasimolecular
picture of the collision is appropriate and molecu-
lar level crossings associated with the evolution
of potential states of the collision system play a
critical part in the dynamics of the collision; and

(ii) the high-energy region where core-electron
effects contribute in an important way to the elec-
tron transfer process. These features cannot of
course be explained within the rubric of a three-
body model and may be expected to lead to struc-
ture in the total cross section at both high and low
energies. Indeed, interesting structure, which
can be attributed to the multielectron nature of
the alkaline-earth atoms, is observed in the cross
sections measured in the present work. The struc-
ture is discussed in terms of a molecular picture
at low energies and in terms of inner-shell core
effects at high energies. We have also carried
out measurements in argon and found two pro-
nounced maxima in the double-electron capture
cross section.

The results of this study help to fill the gap in

our knowledge of electron transfer collisions and
serve to test the range of validity of recent low-
energy Landau- Zener and perturbed- stationary-
state calculations and high-energy classical tra-
jectory Monte Carlo calculations as well as the
pr es ent binary- encounter approximation calcula-
tions.

Extensive theoretical work on electron capture
has been carried out for the H'+H collision which
serves as a prototype in the formulation of scatter-
ing theories. Experimental data on more complex
atoms over a wide range of energies are required
to test the limits of application of existing models.
It is hoped that the present results will help meet
this need and stimulate further theoretical work

on asymmetric charge transfer involving targets
with two active electrons surrounding a closed-
shell structure.
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FIG. 1. Schematic diagram of the apparatus. The
channeltron and quench region mere used in our study of
the formation of H (2 s) atoms (H,ef. 11).

II. APPARATUS AND PROCEDURE

A. General description

A schematic diagram of the apparatus is shown
in Fig. 1. H ions were produced in a radio-fre-
quency ion source. The ions were extracted from
the source and focused with an electrostatic gap-
lens assembly. After passing through a four-ele-
ment accelerating column, the ions reached the
desired energy. The beam was electrostatically
steered into a 20' bending magnet and passed
through a trimming magnetic field and a final set
of horizontal and vertical steering plates before
entering the target chamber. The beam was col-
limated by several apertures between the accel-
erating column and the target. After the target, .

the beam was charge separated by an electric
field and the ion components measured with Fara-
day cups while the neutral component was measur-
ed with a secondary emission detector. (As shown
in Fig. 1, the apparatus also contains a Stark
quench region and a solar blind channeltron which
were used in our study of electron capture into
the n =2 state. ") The apparatus was evacuated by
four diffusion pumps. Ambient pressures with the
target cell hot were typically 5 &&10 Torr in the
target region and 2&&10 Torr in the detector re-
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gion. With no vapor in the target cell the back-
ground neutral component of the primary H' beam
was always less than 1%. The beam energy was
measured with an electrostatic voltmeter cali-
brated by the National Bureau of Standards. For
radio-frequency ion sources the mean ion energy
can be up to 400 eV higher than the extraction
voltage due to the existence of a plasma sheath. '

To account for this plasma potential an in situ
energy analysis of the beam was performed. A

three-element retarding field energy analyzer,
based on a design of Hopman et al. ,

'3 was construc-
ted and installed in the detection region. A care-
ful study of the beam energy as a function of ac-
celerator voltage and ion source operating para-
meters was performed. For a given accelerator
voltage changes of up to 200 V in the beam energy
were observed for different ion source operating
conditions used in the present experiment, and
were reproducible to within about +15%. Under
typical conditions the beam energy spread was
measured to be less than 80 eV and the 'energy of
the beam was known to within +100 eV based on
uncertainties associated with the energy analyzer.

B. Scattering target

The scattering target cell used in the present
experiment is shown in Fig. 2. The cell is made
of stainless steel and could be used as a conven-
tional gas target or as a metal-vapor target. The
beam entered the cell through a 1-mm diam. aper-
ture attached to a stainless-steel tube which pro-
trudes from the cell. A similar tubular arrange-
ment existed at the 3-mm diam. exit aperture.
The purpose of the tubes is to allow for auxiliary
heating to the apertures in order to prevent clog-
ging of the holes by vapor condensation. The tubes
were heated by passing a current through a tanta-
lum wire w'rapped around the tubes. This arrange-
ment is particularly desirable for multiple-colli-
sion studies where the pressure in the cell may be
up to three orders of magnitude greater than un-
der thin target conditions. (We are presently
carrying out multiple-collision experiments in
alkaline-earth vapors. '4) The effective target
length of the cell is 5.5 crn and was obtained by
adding a small correction to the geometrical length
to account for an assumed linear pressure drop
through the tubes. The correction due to the finite
size of the apertures is negligible since, under
present molecular flow conditions, the reduction
in density inside the target near the apertures
approximately cancels the increase in density out-
side the apertures. As a check on our apparatus
and experimental technique we measured the
single- and double-electron capture cross sections,
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FIG. 2. Scattering target cell (not to scale). The
flange containing the gas-in and pressure measuring
lines was replaced by a blank flange when the cell was
used as a metal-vapor target.
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in argon gas . When us ed as a gas
cell, a gas inlet line and pressure measuring line
are connected to the target cell through a mini-
conflat flange at the bottom (see Fig. 2). The gas
target pressure was measured with a capacitance
manometer with the gauge mounted on a thermo-
statically controlled heater to improve s tability
and reduce the effects of ambient temperature
variations. Cross sections in argon were mea-
sured for both cold and hot targets and the data
were found to be independent of the cell tempera-
ture.

The cell was heated by two 150-W resistive heat-
ing elements which were press fit into holes in the
cell cylinder. When used as a metal-vapor oven
a blank flange replaced the one showy in Fig. 2.
In this case a stainless-steel gasket was used to
make the seal since it was found that copper re-
acts with barium at high temperature. The oven
and the tubular apertures were surrounded by a
layered stainless-steel heat shield. Two chromel-
alumel thermocouples, one above the beam line
and one below, served to measure the temperature
of the cell. Data were taken under conditions in
which the two thermocouples read essentially the
same temperature. The thermocouples were cali-
brated at 273 K, 373 K, and in situ by observing
the melting plateau of a temperature versus time
plot (with constant power in the heaters) for lead
at 600.7 K. As a result of these tests we estimate
the uncertainty in temperature to be +2 K. Data
were taken for oven temperatures from 580 to
680 K for magnesium (99.99%) and from 720 to
870 K for barium (99.99%). Care was taken to
outgas the oven at temperatures considerably high-
er than operating temperatures for several hours
before data were taken. Values of vapor pressure
as a function of oven temperature were obtained
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from a curve fitted to the available data points
given by Hultgren et al.

C, Detection region

The detector region consisted of a 1-m diam. ,
0.3-m deep stainless-steel chamber pumped by a
liquid-nitrogen trapped diffusion pump. The cham-
ber contained a set of angled plates for beam
charge analysis, two Faraday cups, and a second-
ary emission detector. Care was taken to ensure
that the beam components intercepted the center
of the detectors. Beam profiles obtained by scan-
ning the charged beams across the Faraday cups
demonstrated a well resolved plateau. The entire
apparatus was aligned with the aid of a laser lo-
cated before the bending magnet. The target and
neutral detector were positioned such that laser
light passed through the magnet and target and

intercepted the center of the in-line secondary
emission detector.

An important consideration in low-energy ab-
solute cros s- section measurements is to ensure
complete collection of the scattered beam. This
was experimentally demonstrated by changing the
angular acceptance of the detectors and measuring
the cross sections for a 2-keV D' incident beam
(the lowest energy used in the present experiment).
Cross sections were measured for half-angle ac-
ceptances of 25, 18, and 15 mrad with no obser-
vable differences in the data. Most of the data
reported were taken with a half-angle acceptance
of 18 mrad. The Faraday cups were designed to
ensure complete electrostatic suppression of sec-
ondary electrons. Typical suppression voltages
of 200 V were applied and a plateau in the signal
was clearly evident. The secondary emission de-
tector consisted of a grounded stainless-steel disk
surrounded by a positively biased cylinder to col-
lect secondary electrons. Complete collection was
experimentally verified. The number of secondary
electrons per incident proton y was measured
several times during a run and the relation y /y'
=1.11 was used to determine the secondary emis-
sion coefficient y for hydrogen atoms. This rela-
tion has been verified down to 1.5 keV by Pradel
et al. ' and recently demonstrated to hold for en-
ergies well below 1.0 keV." The use of this re-
lation in the present experiment assumes that
yo/y' is independent of target surface and angle of
incidence of the beam.

III. DATA ACQUISITION AND ANALYSIS

The fraction of the total beam in a particular
.charge state 0, E„is related to the target thick-
ness m =nL, where n is the target density and L
is the effective target length, by the coupled dif-

ferential equations

——= Q (Froj —E o r) j, k =1, 0, -1.

The solution, under thin- target- single-collision
conditions (first-order solution in rr), for a beam
initially in charge state j is

+k ~)k~'

The cross section v, ~ and o', &, for the capture of
one and two electrons, respectively, can therefore
be obtained from the slope of the experimental data
for the neutral and negative ion fractions as a func-
tion of target thickness. Figure 3 shows typical
data taken during the course of the present experi-
ment. The lines represent a least-squares fit to
the data. Although simple in approach, this meth-
od can lead to errors if single-collision conditions
are not truly satisfied. It has recently been demon-
strated' that experimental verification of linearity
between Ek and m may not necessarily provide a
sensitive enough test to guarantee single-collision
conditions if competing secondary cross sections
are large. Over the present energy range, colli-
sion cross sections vary by several orders of mag-
nitude and care must be taken to estimate their
effects and, where appropriate, make corrections
to the first-order solution; even for small values
of w. (The range of rr used in the present experi-
ment was 0.5 to 8&(10" cm '). In the case of Mg,
cross sections for competing processes are known'

and where necessary corrections to the data were
made. The largest correction was -15% and oc-
curred in o, , at high energies. This is due to the
fact that at the higher energies of the present ex-
periment o &o is almost five orders of magnitude
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FIG. 3. Measured H and H fractions as a function
of Ba target thickness for a 50-keV 8+ beam. The lines
represent a least-squares fit to the data and frere used
to determine the slope.
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greater than o, &. Since competing collision cross
sections are not available for Ba, estimates of the
corrections were made based on extrapolations of
the Mg results. This procedure introduced addi-
tional uncertainties in our 0'&

&
cross section in Ba

at high energies. Assigned relative uncertainties
are based on these second-order correctj. on ef-
fects, as well as on reproducibility of the data
over a period of several months (+10%) and on
our knowledge of the effective target length (+ 3%).
The uncertainty in the energy is negligible except
at low energies where it reaches +10% due to an
uncertainty in the primary beam energy of +100
eV. A systematic uncertainty of +20% is also
assigned to the data based on knowledge of the va-
por pressure (see Ref. 15).

IV. RESULTS AND DISCUSSION

The present results for single- and double-elec-
tron capture in argon gas are shown in Fig. 4 to-
gether with previous data of Stier and Barnett
and Williams. ' - Ar measurements were undertaken
in order to check our apparatus and experimental
technique, and to investigate the low-energy behav-
ior of the double-electron capture cross section
o f f The s tudy of o

& &
at low energies was moti-

vated by recent results in xenon gas which showed
a pronounced second maximum in v& &

at about 3
keV. Although earlier measurements had indi-
cated structure in o'&

&
for both Ar and Xe the re-

sults of Morgan et al. showed that the low'-energy
maximum in Xe is a factor of 2 larger than pre-
viously reported. The present results show that
the low-energy maximum in Ar is approximately
a factor of 2 larger than previously reported. For
energies greater than 10 keV the recent o'&

&
results

in Xe and the present o, , results in Ar agree with
earlier measurements. The present results for o„in

e
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FIG. 4. Single- and double-electron capture cross
sections o&0, o&~ for collisions of H with Ar. of0..
a, present data; 6, Stier and Sarnett (Ref. 20).
o&&. g, present data~ 0, %Qliams {Ref.21).
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FIG. 5. Single-electron-capture cross section o&p for
collisions of H' with Mg. , present data using H+ ions;
0, present data using D+ ions; 6, Berkner et al. (Ref.
1'9); U, Futch and Moses (Ref. 23); a, Il'in et al. (Ref.
24); curve P, present Gryzinski calculation; curve A,
perturbed-stationary-state calculation of Olson and Liu
(Ref. 6); curve 0, classical Monte. Carlo calculation of
Qlaon and Liu (Ref. 6); curveN, Nikolaev's semiem-
pirical prescription (Ref. 19); curve + Mapleton's
semiernpirical prescription {Ref.19). The cross sec-
tions for D+ lone have been plotted at $ ths D+ energy.

Ar are in good agreement with the measurements of
Stier and Barnett over the entire energy range. The
data for Ar were taken with both cold and hot tar-
gets and with H' and D' incident ions. Neither a
cell temperature effect nor an isotope effect were
observed.

The single-electron-capture cross section in Mg
is shown in Fig. 5. The present results are in gen-
eral agreement with previous experiments. " '24

A classical impact-parameter calculation and
Brinkman-Kramers (BK) calculations in both the
prior and post approximations using hydrogenlike
and Hartree-Fock wave functions have been per-
formed. The results of these calculations show a
maximum at about the right energy but lie well
above the data and have not been included in Fig. 5.
Two semi empir ical pr escriptions for adjusting BK
results for complex atoms have been suggested by
Mapleton" and Nikolaev2' and applied to Mg by Berk-
neretaL" (curvesM and%in Fig. 5). Bothprescrip-
tions improve the BKresults significantly but fail to
accurately reproduce the experimental data at high
and low energies. At low energies, where the charac-
ter of the collision is molecular, BKsemiempirical
adjustments are not expected to give quantitatively
accurate results. At high energies the disagreement
cannotbe explicitly attributed to the neglect of inner-
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stant potential energy curves (Ref. 34). The cross sec-
tions for D+ ions have been plotted at & the D+ energy.
An isotope effect was not observed.

.4 to take into account the number of equivalent
target electrons available for capture.

Curve P in Fig. 5 is the sum of the cross sec-
tions for capture into n =2 states computed direct-
ly from expression (3), and into the n =1 state
computed from expression (3) using detailed bal-
ancing. The cross section includes contributions
from the 3s, 3P', and 2s subshells of Mg. As can
be seen from Fig. . 5 the results of the calculation
agree with the present experimental data to within
a factor of 2 over the entire energy range. Simi-
lar agreement is found in the case of Ba (see be-
low). Based on the present results we expect the
model to predict o« to within a factor of 2 or 3 for
H' collisions with other alkaline-earth targets and
perhaps for other collisions which have similar
internal energy balance.

In Fig. 7 we present results for the double-
electron capture cross section in Mg together with
previous experimental 3'33 and theoretical '3 data.
The presence of Coulomb attraction in the post-

collision channel distinguishes this collision pro-
cess from the more extensively studied single-
electron capture process. The shape of the cross
section —a sharp high-energy maximum followed
by a pronounced rise in the cross section at low

energy —suggests two distinct mechanisms 3.re
important in determining the double-electron cap-
ture process in Mg. The structure in the cross
section is similar to that found in Ar (see Fig. 4)
and in Xe. A survey of the literature shows that
structure of this kind is not present in proton col-
lisions with simple molecules or alkali-metal
atoms. A complete explanation of the two mech-
anisms involved in the formation of H requires
a careful study of the molecular potential energy
curves of the collision system and a determination
of the strength of the coupling matrix elements
associated with avoided crossings of the molecular
states during the collision. In the case of double-
electron capture in'Mg, it has been suggested
that the high-energy maximum is due to the in-
coming H'+Mg(3s ) channel passing diabatically
through the series of curve crossings on the inward
portion of the trajectory and interacting with the
H +Mg ' channel on the repulsive wall of the po-
tentials. The low-energy behavior is attributed
to an avoided crossing between the H'+Mg(3s )
channel and the H + Mg'(4s) channel on the outward
portion of the trajectory, followed by a series of
curve crossings which lead the attractive Coulomb
potential out to the H +Mg ' products. Assuming
the avoided crossings at 2.9 and at 5.8 A are the
low energy H rate determining transitions, Olson
and Liu have performed a crude I andau-Zener
calculation for 0, , and good agreement is found
with the present measurements (see Fig. 7).

The present results for single- and double-elec-
tron capture in barium are shown in Fig. 8. We
are aware of no previous experimental or theoret-
ical data for this collision. Furthermore, we are
not aware of any potential energy curves for HBa'.
The set of likely single-electron exchange channels
in Ba is much more complex than in Mg. For H'

+Mg collisions there are only two exothermic
charge exchange states lying below the initial
state. In the case of Ba, there are seven H(1s)
+Ba'(ns, nP) states and many more H(1s) + Ba'
(nl;I &1) states below the initial state. In addition,
several of these states are within 1 eV of the ini-
tial state. Based on simple energy balance argu-
ments it would appear that o'« in Ba shouM exhibit
near-resonant behavior, i.e. , reach a rather large
maximum value at an energy well below the pres-
ent range. The present results do not support this
expectation (see Fig. 8) down to 2 keV. The maxi-
mum value of the cross section is only 30%%uo higher
than in Mg and occurs at about 4.5 keV. Since
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FIG. 8. Single- and double-electron capture cross
sections ogp +g g for collisions of H+ with Ba Ogp..
a, present data using H+ ions; Q, present data using
D ions; solid curve, present Gryzinski calculations.
a& &.. ~, present data using H+ ions; 0, present data
using D ions. The cross sections for D+ ions have
been plotted at 2 the D' energy.

R„=28.8/AE „A (6)

where 4E„is the energy defect of the states at
infinite separation in eV. For Mg, b E„=8.2 eV
and B„=3.5 A. For Ba, &E„=0.7 eV and B„
=41 A. At such large HBa' separations coupling

there are several H'+ Ba* excitation states about
1 eV above the initial state it may be that at low
energies, the competing process of direct target
excitation without charge transfer dominates the
collision. The other competing process, that of
double-electron capture, is negligible based on
the present measurements.

The solid curve in Fig. 8 is the present result
for o'~p based on the Gryzinski formalism of the
binary- encounter approximation. The calculation
was carried out in the same manner as for Mg
(see above) and includes capture from the 6s,
5p', 5s', and 4d'p subshells of Ba. A factor of 2

agreement is found with experiment over the pres-
ent energy range.

At low energies the magnitude of o, &
in Ba is

small in comparison to Mg. Based on a simple
Coulomb approximation for the potential energy
curves at large internuclear separations R, i.e.,
the potential energy of the H +Mg '(Ba ') system
is -2e /R and the potential energy of the ion-plus-
neutral system is constant, the crossing between
the initial state and the final Coulomb state occurs
at an internuclear separation

matrix elements are small and the crossing will
be traversed diabatically. The important differ-
ence between low-energy H formation in Mg and
Ba is that in the case of Ba the Coulomb potential
crosses collision states at large separations for
which transitions are unlikely. In contrast, the
crossings in Mg are at reasonable separations for
transitions to occur (see Fig. 6).

The high-energy structure in o'«and o'« in both
Mg and Ba can be discussed in terms of inner-
electron core contributions to the capture process.
Hiskes ' has performed BK calculations which
clearly show that capture from the n =2 shell of
Mg becomes important at 50 keV. As can be seen
from Figs. 5»d 7 both &~p and o'~-~ begin to de-
crease less steeply with energy at —50 keV. A
semilog plot of the data clearly shows the change
in energy dependence. Further evidence for high-
energy inner-shell capture in H' collisions with
complex atoms is seen in the recent o«measure-
ments of Meyer and Anderson. " Their data for
H'+Cs collisions show a distinct change in energy
dependence at -15 keV; in agreement with BK pre-
dictions' of a significant 5P core contribution at
20 keV. As can be seen from Fig. 8 both a&p and
o&„,in Ba exhibit structure in the energy range
15-40 keV. In contrast, the Ar data for o'&0 (see
Fig. 4) do not exhibit high-energy structure in
accordance with BK predictions 6 that inner-shell
contributions are not important below about 300
keV in inert gases. It should also be mentioned
that the modified classical theory of Thomas is
in good agreement with BK predictions for the on-
set of inner-shell capture in Mg and Ar. ~ Finally,
a comparison of the magnitude of both, 0'~p and

o&, in Ba and Mg clearly shows the effect of inner-
shell capture. For example, although 0, &

in Mg
is larger than o'« in Ba for E & 25 keV, at 80 keV
o'« in Ba is more than a factor of 10 larger than
o& &

in Mg.
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