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Charge-changing cross sections for 1—70-keV H+ and Ho in collisions
with calcium and strontium metal vapors
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Absolute electron-transfer cross sections have been measured for H+ and H in collisions with Ca
and Sr metal vapor targets for energies between 1 and 70 keV. The measurements include cross sec-
tions for single- and double-electron capture by H+ and single-electron capture and loss by H . The
single-electron capture cross section for H incident has been calculated using the binary-encounter
approximation, and agrees with experiment to within a factor of 2 for energies between 2 and 70
keV. The electron-detachment cross section for H in collisions with Ca and Sr is determined from
the present measured data and previously measured charge-state equilibrium fractions. The high-
and low-energy structure in the cross sections for single- and double-electron capture by H+ are dis-
cussed in terms of the importance of inner-shell capture at high energies and a molecular picture at
low energies, and the cross sections are compared to those for Mg and Ba targets published in a pre-
vious paper. The cross section for single-electron capture by H rises at low energies; that for elec-
tron detachment from H decreases at low energies in agreement with theoretical predictions of 01-
son and Liu. This situation is discussed as the mechanism responsible for large negative-ion equili-
brium yields at low energies for alkaline-earth targets.

I. INTRODUCTION

In a recent paper' cross sections for single (cr&o) and
double (cr~ ~) electron capture in collisions of protons with
Mg and Ba atoms were reported. This work was initiated
to study alkaline-earth —metal vapor targets which up to
that time had received little experimental or theoretical at-
tention. The ensuing time has seen publication of dif-
ferential cross section measurements for H formation in
H+ + Mg collisions and two extensive measurements of
the D equilibrium yields (F ) in Mg, Ca, Sr, and Ba
alkaline-earth —metal vapor targets over the D+ energy
range 0.3 to 3.0 keV (Ref. 3) and 1.25 to 100 keV.
Theoretical work has included calculation of potential en-

ergy curves for positive, negative, and neutral states of
MgH (Ref. 5) and CaH, and for neutral states of CaH,
SrH, and BaH. The F measurements, apart from a
basic place in a program to study proton —alkaline-earth
collisions, were motivated by their significance in applica-
tions where one needs an intense negative ion beam. An
intense D beam accelerated to high energies and then
neutralized provides an energetic neutral beam for injec-
tion into fusion plasmas to heat and fuel the plasma.
Producing intense D beams for use in tandem accelera-
tors and for polarized D ion sources is of considerable
interest in nuclear physics experiments.

The D equilibrium yields for Ca and Sr targets are
particularly significant; they exhibit interesting structure
and are large for energies below 2 keV. Between 4 and 10
keV, F exhibits a broad plateau and rises abruptly as the
energy decreases below 4 keV. At 0.5 keV F reaches a
maximum value of 35%%uo in Ca and 50% in Sr. The max-
imum in F for a Sr target is the largest D equilibrium
yield measured to date, and that for Ca is comparable to
the maximum of -34% at 0.3 keV for a Cs target '

which had been, until the Sr measurement, the largest D
equilibrium yield measured.

The intent in the present work was to extend the origi-
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nal Mg and Ba measurements of o.
~o and o.i &

to Ca and
Sr targets and thus complete a study of H and H forma-
tions in single collisions of protons with alkaline-earth
atoms. In addition, because of the large D equilibrium
yields in Ca and Sr, we wished to expand the measure-
ments to include some pertinent cross sections which, cou-
pled with published theoretical work, might contribute to
understanding the mechanisms responsible for the large
F maxima found.

With the double-electron-capture cross section typically
two orders of magnitude smaller than that for single-
electron capture in most targets, the second-order process
D+~D ~D is the simplest likely mechanism for thick
target D production. Measurement of o.o ~ and croi is
then pertinent to an understanding of this process and to
the large F maximum in Ca and Sr. Also governing the
F yield is the electron-detachment cross section o.
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which, for a three —charge-state system, can be determined
at low energies from F and op i, and at high energies
from F and F, and the four cross sections o.

&p oI
opI~ and op lp

In this paper we report the measured cross sections o.
&p,

o.i I, opI, and op I for H+ and H incident on Ca over
the energy range 1.0 to 30 keV and on Sr over the energy
range 1.0 to 70 keV. The o ip cross section is determined
from these measured cross sections and our previously
measured equilibrium fractions for Ca and Sr targets over
the respective energy ranges stated above. With this infor-
mation and calculations for a Ca target, the mechanisms
for the structure and large yield in F in Ca and Sr are
discussed. Also, we have calculated o.Ip using the binary
encounter approximation. "

II. APPARATUS AND PROCEDURE

A. general description

A schematic diagram of the apparatus is shown in Fig.
1. With the exception of the equipment added for produc-
ing an incident H beam, this apparatus has been described
in detail in the report of our measurements of o.

zp and
oI i for Mg and Ba targets. ' Consequently, only a brief
description of the overall apparatus and a detailed descrip-
tion of the preparation of the H beam will be given in
this section. In Ref. 1 the reader will find a detailed
description of the preparation of the H+ beam, the metal
vapor target, the detection of the final charge components
of the beam, and the cross-section analysis.

A proton beam was obtained from a radio-frequency ion
source and accelerated to the desired energy between 1.0
and 70 keV. After momentum analysis and collimation,
the H+ beam was either passed through the metal vapor
target for o Ip and o.

I I measurements, or through the neu-
tralizer cell described in Sec. IIB below to prepare an H
beam which then passed through the scattering target for
o.pI and up I measurements. An in situ analysis of the
beam energy as a function of the accelerator energy and
ion source parameters determined the beam energy spread
to be -80 eV; its mean energy is known to within +100
eV.

The metal vapor scattering target was a stainless-steel
cylindrical chamber with a 1-mm-diam entrance and a 3-
mm-diam exit aperture and an effective target length of
5.5 cm. Two resistive cartridge heaters embedded in the
upper wall of the chamber heated the target, and two
chromel-alumel thermocouples measured the target tem-
perature. The target pressure was obtained by fitting the
Clausius-Clayperon equation to vapor pressure versus tern-
perature data of Hultgren et al. ,

' and cross sections were
measured for Ca and Sr target thickness values (~) be-
tween 0.1 and 8)& 10' cm . Preceeding data acquisition,
an adequate period of' time was spent outgassing the oven
at temperatures substantially higher than operating tem-
peratures. During the outgassing and data acquisition
periods the oven temperature was periodically cycled to
ensure that oxide films did not inhibit evaporation of the
pure metal. ' The Ca metal was 99.9%%u~ pure and the Sr
sample was guaranteed better than 99.5% pure.

The H+ and H components were measured with Fara-
day cups and the H component with a secondary electron

emission detector; the scattered beam components were ex-
perimentally verified to be completely collected at the
detectors. At each target thickness the secondary electron
emission coefficient y+ for H+ ions incident on the neu-
tral atom detector was measured, and the relation

y /y+=1. 1 was used to determine the coefficient y for
incident H atoms. ' Background pressures in the target
and detection apparatus were typically 2 to 5)& 10 Torr.

B. Neutralizer

For o'pI and op I measurements, a fraction of the H+
beam from the accelerator undergoes neutralization after
momentum analysis. The neutralizing apparatus consists
of a retractable cell into which H2 gas flows and an elec-
tric field which sweeps away the residual H+ and H
components in the beam. The neutralizing cell is a
stainless-steel cylinder with removable apertures (2-mm-
diam entrance and 3-mm-diam exit) on either end. A
113-mm Edwards diffstack oil diffusion pump provided
typical neutralizer base pressures 1 && 10 Torr. Follow-
ing the neutralizer housing a 720 V/cm electric field was
set up between 9-cm-long plates.

The major concern in preparing the H beam was con-
firming that 720 V/cm was a sufficient electric field to
quench all H (2s) metastable atoms, and to make negligi-
ble the effect of long-lived high-n excited states. In a 720
V/cm field, the metastable atoms have a lifetime less than
5)& 10 sec (Ref. 15) and thus decay to the ground state
before reaching the target. Radiative decay during transit
from neutralizer to target eliminates excited-state atoms
with n & 6. The electric field E„which ionizes the state n
is given by'

E„=(6.2X 10 V/cm)/(n)

For a 720 V/cm field the states with n & 30 are eliminat-
ed. Assuming that states from n =7 to n =30 are left in
the H beam after passing through the sweep plates, one
can estimate that this is about 1.3% of the neutral beam.
This estimation uses the Il'in et al. ' expression
o.„/o.p ——ap/(n) where o-„ is the cross section for forma-
tion of Rydberg atoms in state n, and ap is measured by
Il'in et al. to be of order unity for a thin H2 target. We
observed no change in measured cross sections when the
sweep field was reduced from 720 V/cm to 480 V/cm.
Morgan et al. ' have investigated the effects of excited-
atom impurities in an H beam on o.pI and op I for Xe
targets and found that altering the excited-atom popula-
tion of the H beam by a factor of -2-'had no measurable ef-
fect on the cross sections.

III. DATA ACQUISITION AND ANALYSIS

The cross sections were measured by plotting the
growth of a charge-state fraction of the total beam as a
function of target thickness. At a fixed energy, a rnea-
surement of the total beam and the separate H+, H, and
H currents was made for 20 to 100 different values of
target thickness m, taken while heating the target cell and
cooling it down. The particle-beam currents were mea-
sured with electrometers. Data acquisition was controlled
by a DEC 2060 time sharing system, interfaced to the ex-
perirnent through an IBM 7046 device coupler. The com-
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Ff=a,fm 1+—,'m- aixaxf
ail afl0 if

Under thin target single-collision conditions the solu-
tion to Eq. (1) reduces to the first-order term

Ff=a,fr, (3)

and cross sections may be obtained from the slope of F as
a function of m. Figure 2 is typical of linear data taken
during this experiment and the lines are a linear least-
squares fit to the data.

If single-collision conditions cannot be satisfied in the
experiment this simple procedure leads to errors in the
cross-section measurement. In the present experiment at
energies below about 5 keV, the negative fraction F ' for
protons incident had nonlinearities substantial enough that
a linear region could not be experimentally verified even at
the lowest m. values feasible for a reliable H signal. Also,
even if one has experimental verification of linearity be-
tween F and m., this may be too insensitive a test to verify

puter controlled the operation of the deflector voltage
which separated the final charge components of the beam
as well as the data acquisition rate by monitoring the ther-
mocouple voltage. This system routinely gathered data
for several hours without operator intervention.

In a three —charge-state approximation, the fraction F
of the total beam that goes from initial charge state i to fi-
nal charge state f evolves as a function of the target thick-
ness m =nI. (n =target number density; L, =effective target
length) according to

dFf =F'af+F"a f—F afI (1)
d&

In this equation, I denotes any charge-state loss mechan-
ism and x the third charge state. The solution to Eq. (1),
to second order in m, is given by' '

single-collision conditions. ' The magnitude of the
second-order term in Eq. (2) was therefore checked for all
of the fractions measured in the present experiment. As a
result, the cross section a» required a correction calcu-
lated at each energy below 15 keV; the corrections ranged
between 10 Jo and 15%%uo, and were due to the second-order
process H+~H ~H
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FIG. 3. Single- and double-electron-capture cross sections o.
&p

and o ~ ~ for collisions of H+ with Ca. o.~p. , present data us-

ing both H+ and D+ ions. o.
~

~.. L, present data using both
H+ and D+ ions. Curve G, present binary-encounter calculation
of o~p. The cross sections for D+ ions have been plotted at 2

the D+ energy; no isotope effect was observed.
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FIG. 4. Single- and double-electron-capture cross sections 0.[o

and a~ ~ for collisions of H+ with Sr. o.~o, , present data us-

ing both H+ and D+ ions. o.
~ ~. g, present data using both

H+ and D+ ions. Curve G, present binary-encounter calculation
of o ~0. The cross sections for D+ ions have been plotted at one-
half the D+ energy; no isotope effect was observed.

VA ——(2UA/m)', where m is the electron mass, in carry-
ing out the calculation.

The shortcomings of this formalism have been dis-
cussed extensively in the literature, one obvious one
being that the cross section is infinite [the denominator in
Eq. (4) goes to zero] whenever Ua & UA and the projectile
has energy

E= (Ma /m )( UB —U„),
where Mz is the projectile mass, and m is the electron
mass. For all alkaline-earth atoms Uz ~ Uz for capture
from the outermost target shell into the hydrogen ground
state, and expression (4) diverges for these capture process-
es. In this case the cross section was calculated via de-
tailed balance using the reverse reaction at equal ion
velocity in Eq. (4). If E is the proton impact energy, then
the cross section o.,(E) for a Ca target is equal to the
cross section oDB(E) for the reverse reaction with "

O'Da( E)= o' (Ca+( S~/2)
co

+H(1s) ~Ca('So) +H+; rE),

Reproducibility of the data over a period of several
months was +10%. Relative uncertainties assigned to the
data include reproducibility and, where appropriate, un-
certainty introduced by a quadratic nonlinearity correc-
tion. The results also have a systematic uncertainty of
+20% based on knowledge of the vapor pressure. '

IV. RESULTS AND DISCUSSION

A. H+ projectile

The present results for single- and double-electron cap-
ture for protons in collisions with Ca and Sr metal vapor
targets are shown in Figs. 3 and 4, respectively. We have
also computed a theoretical curve for the single-electron
capture cross section (curve G) using the binary-encounter
formalism. " In this model, a process 8++A~B+A+
has the classical binary-encounter cross section o., for
single-electron capture in a single binary encounter given
b 23

where z= m c,/m +, cof is the degeneracy of the
Ca+ + H reactants, and ~; is the degeneracy of the
Ca+ H+ reactants, and o., is computed using Eq. (4) at
incident Ca+ energy v.E.

The curves 6 in Figs. 3 and 4 are the sum of partial
cross sections for capture into n=1 and n=2 hydrogen
states and include contributions for capture from the three
outermost target subshells. ' Although binary-encounter
calculations are not expected to be reliable below about 20
keV, the calculation of cryo is seen to agree with the mea-
surements within about a factor of 2 over the two decades
in energy from 100 keV down to 2 keV. At the lowest and
highest energies it generally overestimates o.

~o by a factor
of 2, and so, for a practical tool to easily estimate a

I I I l I i ~ ~

+I.+
~I+,t

o, =(op%, )(UB/UA )[G(UB/UA, Va/VA)],

where

+(~a~&~ )

[I+(Va/VA)']' —( Ua/UA )'

E(Va/VA) (VA/VB)'[Va/(Va+ VA)]'" .

In Eq. (4),

oo ——1.312&10 ' eV cm

N, is the number of equivalent electrons in the target sub-
shell from which capture takes place, Uz and Uz are the
binding energies of the electron before and after capture
takes place. The velocity of the incident ion is V~, the
velocity Vz that of the electron in the target atom. Since
the formalism is classical, we used the relation
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FIG. 5. Single-electron-capture cross sectio~ curves o.lo for
collisions of H+ with Mg (Ref. 1), Ba (Ref. 1), Sr, and Ca
(present work) metal vapor targets.
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100

single-electron-capture cross section, it appears no worse
at low energies than at energies above about 50 keV.

Recently the binary-encounter formalism has been reex-
amined by Tan and Lee. For a region of intermediate
impact velocities the cross section given by Eq. (4) has
contributions from both electron capture and impact ioni-
zation, each contributing with different cross sections.
Within the framework of the binary-encounter formalism,
Tan and Lee determine an impact velocity region for
which both electron capture and impact ionization occur
and the size of the two cross sections over this region in an
effort to eliminate contributions of impact ionization in
their calculation of the electron-capture cross section. We
have also calculated o.Ip using these modifications' but
the results are in very poor agreement with the data. The
reason for this is not clear since, for an argon target, we
have reproduced the results of Tan and Lee which are in
reasonable agreement with measured data.

A composite curve of this laboratory's measurem'ents of
o.ip and o.

~ i for alkaline-earth targets is given in Figs. 5
and 6, respectively. The cross sections show a generalized
similarity in their behavior for Ca, Sr, and Ba targets
when compared as a group to the cross sections for a Mg
target. In the previous paper' for Mg and Ba targets it
was pointed out that, although one might expect low-
energy near-resonant behavior of crip for a Ba target com-
pared to Mg, the data do not support this expectation.
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I I I I a a a a I
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FIG. 7. Single-electron capture, oo ~, and loss, o.o~, cross sec-
tions for collisions of H with Ca. o o l .. A, present data using
both H and D atoms. o.ol.. 4, present data using both H and
D atoms. The cross sections for D atoms have been plotted at
one-half the D energy', no isotope effect was observed.

Similar statements are true for Ca and Sr. All three
species (Ca, Sr, and Ba) have at least six single-electron-
capture channels (with target excitation) lying below the
initial state contrasted to only two for H++ Mg col-
lisions. Several of these single-electron-capture channels
for Ca, Sr, and Ba lie within 1 eV of the initial state, lead-
ing one to argue (using energy balance) for a large max-
imum in o.

&p for Ca, Sr, and Ba targets at incident ion en-
ergies substantially less than 1 keV. The maxima in o&p
for Ca, Sr, and Ba do not support this conclusion: they
are only about 30% higher than the maximum in o&p for
Mg, and they occur at about 5 keV for the three targets.
As suggested in Ref. 1, since double-electron capture is
negligible, direct excitation of the target (without charge
transfer) may be the source of the nonresonant behavior of
o&p in Ca, Sr, and Ba. In support of this suggestion, all
three species have one or more direct target excitation
channels less than 2 eV above the initial channel which
could be energetically competitive with those single-
electron-capture channels that are close to the initial chan-
nel, thus reducing the probability of single-electron cap-
ture via these close single-electron-capture states.

The structure of o~ ~ for Ca, Sr, and Ba targets is
clearly very different than that for Mg (see Fig. 6). At
low energy Ca, Sr, and Ba double-electron-capture cross
sections are in general substantially smaller than o.

~ &
for

Mg: their maxima are roughly a factor of 4 smaller than
the maximum value for Mg. None of the three o i ~ cross
sections for Ca, Sr, and Ba rise below 2 keV. In the previ-
ous paper' it was argued that o.» for a Mg target rises as
the energy decreases below 2 keV because there is a curve
crossing of the incident and final states at a reasonable in-
ternuclear separation R„-6.6ap, with ap the first Bohr
radius. For a Ba target the curve crossing of the H+ + Ba
incident state and the H + Ba + final state occurs at a
very large internuclear separation R„-77ap. The location
of the crossings was determined assuming a constant po-
tential energy for the H+ + (Atom) channel and the
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Coulomb potential (—2e /R) for the H + (Atom) +

channel, where e is the electron charge and R the internu-
clear separation. If the energy defect at infinite separation
for the reaction H+~H is AE, then

f

—2e /R„
f

=
f

b,E„ f

at the crossing point 8„. For Ca, R~ —15ap, and for Sr,
R„-23ap. As in the case for a Ba target, at such large
separations the transition H+~H is far less likely than
in the case of a Mg target.

At high energies both o.ip and o.
1 1 exhibit structure

which we attribute to electron capture from inner shells of
the targets. For a Mg target Brinkman-Kramers calcula-
tions of Hiskes indicate that inner-shell capture becomes
important at about 50 keV. Although the present
binary-encounter calculations for o.

1p in Sr and Ca do not
show explicit structure in the cross section at high ener-
gies, the calculation does predict capture from inner shells
to dominate above about 50 keV. ' This is consistent with
the structure found in the experimentally determined g1p
cross section (see Fig. 5).

B. H projectile

The present results for the single-electron capture (ap 1)
and loss (o.p1) cross sections for H in collisions with Ca
are shown in Fig. 7 and those for Sr targets in Fig. 8. The
o.

p1 and o.
p 1 cross sections behave oppositely with energy.

For energies above 8 keV, ionization of H, op1, becomes
dominant. At 30 keV electron capture, op 1, is two orders
of magnitude smaller than ionization of H, and nearly
three orders smaller at 60 keV. At low energies, ionization
of H (oo~) falls by an order of magnitude between 10 and
2 keV while o.p 1 rises by about a factor of 3. Thus the
D equilibrium yield rises (via the two-step process
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FIG. 9. Electron-detachment cross section o.
~0 for H in

collisions with Ca and Sr metal vapor targets. 0, Ca target; 0,
Sr target.

H+~H ~H ) at low energies provided o ~o is small.
We have calculated o.

1p for Ca and Sr targets over the
energy range of the present data using the four cross sec-
tions ~1p, o.

1 1, o-p1, and ~p 1 reported in this paper and
our previously measured equilibrium fraction F and un-
published measurements in this laboratory of F . In
the low-energy limit one can write'

o io=oo i[(l~+ ) —il .

Equation (6) requires o.p1/o. 1p « 1, and two-electron
processes (o, ~

and o, ~) must be negligible. These re-
quirements are met quite well in Ca and Sr targets at 7.5
keV and below. At 15 keV and above a high-energy ap-
proximation of o.

1p was used':
pF oo ~1—1~p1

—1P= +OP —1 (7)
O1P

Equation (7) requires that up 1/crp1, o.
1 1/0 1p, and

o. 11/o. 1p all be much less than 1. These inequalities are
met quite well in Ca and Sr above 30 keV and reasonably
so between 15 and 30 keV. The values for F and F at
energies above 50 keV H+ energy were extrapolated from
our previous data. The results of the calculation of cT 1p
for Ca and Sr targets are shown in Fig. 9. For both tar-
gets o.

1p has a maximum around 2.5 keV and is falling
for energies below 2 keV. This is in agreement with
theoretical predications, based on ab initio molecular-
interaction —energy calculations of the neutral and
negative-ion CaH systems, that both the charge-transfer
and continuum electron detachment channels are small at
low energies.

Correspondingly, when solved for F at low energies,
Eq. (6) becomes

+:=f. l+(o —io~oo —»1

10

5
1

e s a l s i a a I I

10
H ENERGY (keV)

I i i s

100

Our data show both that o.
p 1 rises at low energy, and

o.
1p decreases at low energy: this fortuitous situation re-

sults in a large negative-ion equilibrium fraction in heavy
alkaline-earth —metal vapor targets.
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