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The cross sections for the formation of H(2s) metastable atoms in H* collisions with Mg and Ba alkaline-
earth-metal vapors have been measured over the energy range 1.5-90 keV. The absolute value of the cross
sections has been obtained by normalizing the present results to the cross section for -H(2s) formation in Ar
gas at 30 keV. In Ba, the cross section reaches a maximum value of 5.6 X 107'¢ cm? at 3 keV. In Mg, the
maximum value is 3.2 X 107 cm? and occurs at 7 keV. The measured cross sections exhibit structure at
high energies which is attributed to inner-shell capture. A comparison of the present results with previous
n = 6 electron-capture data in Mg indicates that the n~3 capture law is not obeyed. An analysis based on
data available for 16 different collisions between H* ions and ns' and ns® targets shows that the scaling law
for the velocity v,, at which the single-electron-capture cross section is a maximum is not consistent with the
Massey adiabatic criterion. Instead, the data are consistent with the relation v, o |AE_|'? where
|AE_|'"? is the energy defect of the collision. The fraction of the neutral beam in the 2s state formed by
collisions of H* ions with thin targets of Mg and Ba is also reported. In Ba, the fraction is equal to
0.254-0.05 at 2.0 keV and is rising at low energies. In Mg, the maximum value of the fraction is 0.134-0.03 .
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and occurs at ~ 7 keV.

I. INTRODUCTION

In this paper we present the results of a study
of metastable-hydrogen-atom formation in colli-
sions of energetic protons with magnesium and
barium alkaline-earth-metal atoms. Charge-
exchange collisions of this type, i.e.,

H* +X-H(@2s) +Xx*, (1)

are of considerable fundamental interest and

quite important in several areas of application.
The production of intense H(2s) metastable~

atom beams is important in nuclear physics re-

search since they can be easily nuclear-spin polar-

ized by selective quenching of hyperfine states in
electric and magnetic fields. The resulting polar-
ized H(2s) beam can then be used to produce po-
larized H™ ions via electron-attachment colli-
sions.!*? H(2s) formation data are also needed
in astrophysics research as input to cosmic-ray
streaming models, which are used to interpret
the origin of Lyman-« broad-emission lines in
quasistellar objects.® Timely interest in meta-
stable-hydrogen-atom production and destruction
in metal vapors also exists in the fields of metal-
vapor laser development,*'® controlled-thermonu-
clear-fusion research,® and in studies of the
Earth’s upper atmosphere, where metal atoms
have recently been detected in both the E and D
layers.”

Stimulated by the work of Donnally et al.,® sev-
eral experimental®™*? and theoretical’*~*¢ investi-
gations have been carried out for reaction 1 using
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cesium as a charge-exchange target. As a result
of these studies, the desirability of Cs over atomic
and molecular gaseous targets for the formation
of low-energy (E< 3 keV) H(2s) metastable atoms
is now well known. However, the scope of pre-
vious studies is narrow. Absolute cross sections
for reaction 1 using metal-atom targets are avail-
able only for Cs over the limited energy range
0.2-3 keV. The objective of the present study is
to obtain cross section data in other metal-atom
targets over an extended energy range.

We have measured the cross section o, for
H(2s) formation in proton collisions with magnes-
ium and barium atoms over the energy range
1.5-90 keV by observing the Lyman-« radiation
emitted during electric field quenching of the 2s
metastable atoms. The Lyman-« photons pro-
duced by the electric-field-induced 2s—-2p -~ 1s
transition were counted downstream from the tar-
get and the absolute value of the cross section de-
termined by normalizing the signal to the H*+Ar
data of Bayfield at 30 keV.?” The present results
are the first determination of o, ,, in alkaline-
earth-metal vapors. Total single- and double-
electron-capture cross sections for proton colli-
sions with Mg and Ba have been reported in a
separate paper.'® Combining the present results
with our total single-electron transfer data (which
we measured simultaneously with the 2s-state
capture cross section), we have determined the
metastable fraction f of the neutral beam over the
energy range 2.0~90 keV. Previous measurements
of f for metal-vapor targets have been limited to
Cs and K for energies less than 10 keV.11713,19-20
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Theoretical calculations of the cross section for
electron capture into the 2s state in proton-metal-
atom collisions have been very limited.'*™** Where
comparisons with experimental data are available
(for Cs at low energies) the agreement is not par-
ticularly encouraging. The present results pro-
vide data for assessing the reliability of extending
existing high-energy theoretical models of elec-
tron-capture-into-excited -states toproton colli-
sions with complex metal atoms.

II. EXPERIMENT
A. General description

A simplified diagram of the experimental ar-
rangement is shown in Fig. 1. Most of the appara-
tus used in the present experiment has been des-
cribed in detail. in the report of our work on to-
tal cross sections in Mg and Ba.'® In this section
a brief description of the overall apparatus and
a detailed description of the Lyman-« detection
system are presented. We refer the reader to
Ref. 18 for a detailed description of the beam
preparation, the metal-vapor target, the beam-
particle detection region, and the cross section
analysis.

A hydrogen-ion beam obtained from a radio-
frequency ion source was accelerated to the de-
sired energy between 1.5 and 90 keV. The beam
was momentum analyzed and collimated before
passage into the scattering target. The incident
proton beam energy was determined by measuring
the accelerator extraction voltage and adding to it
a small correction to account for the existence of
a plasma potential at the source. The correction
was obtained from an in situ analysis of the beam
energy as a function of the accelerator energy and
ion-source parameters. The measured energy
spread was ~80 eV and the mean energy is known
to within +100 eV.

The scattering target is a stainless-steel cylin-
drical vessel with an effective target length of
5.5 cm. The cell has a 1-mm-diam entrance ap-
erture and a 3-mm-diam exit aperture. The
target was heated by two resistive heaters em-
bedded in the stainless-steel block. The tempera-
ture was measured with two chromel-alumel

To omplifie;'s and scaler

thermocouples, and the pressure in the cell ob-
tained from P vs T data of Hultgren et al.2! The
scattering cell can be used either as a gas target
or as a metal-vapor target. To obtain absolute
cross sections in Mg and Ba the measurements
were normalized to the known cross section for
H(2s) formation in argon gas at 30 keV.” This is
accomplished by measuring the Lyman-« detec-
tion-system efficiency at 30 keV with Ar gas in the
target cell. The Ar pressure was measured with
a Baratroncapacitance manometer. A study of the
detector efficiency as a function of cell tempera-
ture was performed at constant Ar number density,
and the efficiency was found to be independent of
temperature over the range 300-870 K (the high-
est temperature used in the present work). The
detection-system efficiency was measured several
times during the course of the experiment (~4
months) and was found to change slowly and mono-
tonically with time. The total change in detector
efficiency from the beginning to the end of the ex-
periment amounted to 25% and was taken into ac-
count in the final data analysis.

The design of the apparatus ensured that the
scattered beam passed through the apparatus and
was completely collected by the beam-particle
detectors. To verify this, the Lyman-« signal
and the beam-particle signals were measured at
the lowest energy of the present experiment
for several different aperture sizes at the exit
of the target. No change in the cross section was
observed.

B. Metastable-atom detection

The metastable hydrogen atoms were detected
45 cm downstream from the target by applying a
transverse electric field of up to 700 V/cm which
induced Stark mixing between the 225, state and
the 2P, , state, and to a lesser extent between
the 2%S,,, state and the 2°P,,, state. The induced
mixing resulted in radiative decay of the 2°S,,
state to the ground state by emission of a Lyman-
« photon (1216 A). For a field of 600 V/cm the
lifetime of the 225, state of hydrogen is reduced
from the field-free two-photon-decay lifetime of
143 msec to 5 nsec.? Consequently, essentially
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all of the H(2s) atoms formed by electron-capture
collisions in the target survive the transit from
target to quench region, and decay with the emis-
sion of a Lyman-a photon in the field of view of
the detector.

Because of the interference arising from the
two channels 2°S,,,~ 2%P, , and 225, ,,~ 2?P,,,, the
Lyman-o radiation emitted in the quench region
has a polarization which is dependent on the
strength of the field and a corresponding electric
dipole angular anisotropy given by

1(0) = 3(I,/m) (1 ~ P cos®9) /(3 = P). 2)

In this expression [, is the total intensity of quench
radiation, 6 is the viewing angle relative to the
electric field, and P is the polarization fraction
defined by

P=(y=1,)/+1,), (3)

where I and I, are the radiation intensities,
viewed at 6 =90°, with electric field vectors paral-
lel and perpendicular to the quenching electric
field. The question of polarization of quenched
Lyman-a radiationhas introduced difficulties
when trying to compare data from past experi-
ments on H(2s) formation.?® The effect can be
large; assuming the atoms enter the quench field
adiabatically, Sellin ef al.?* have calculated a
polarization of —=56% at 600 v/cm. In order to
avoid this problem the quench radiation in the
present experiment was viewed at 6 =54.7° to the
electric field direction. In this case the emitted
radiation is independent of polarization since
cos?0 =% and I(9) =1,/(4n).

The quench electric field was applied across
two parallel plates 2.4 cm long and separated by
3.9 cm. Electric field fringe effects were sig-
nificantly reduced by a set of image plates located
3 mm behind the quench plates and extending 3
mm beyond the front edge. The image plates also
extended 2.6 cm beyond the downstream edge of
the inner plates. This arrangement reduced the
net deflection of the primary H* beam to less than
one degree at our lowest energy and ensured com-
plete collection of the primary beam during the
application of the quench voltage. The magnitude
and direction of the quench electric field were ob-
tained from a field mapping simulation of the ex-
perimental quench region. By this technique it
was determined that in the region where the ef-
fective Lyman-« radiation was emitted, the
electric field was uniform to within ~10%.

The Lyman-o detector was a channeltron elec-
tron multiplier.?® The output signal from the de-
tector was amplified and discriminated, and pul-
ses from individual photons were counted. The
photocathode of the detector was coated with
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cesium iodide to increase the quantum efficiency
for Lyman-q radiation. (Manufacturer specifica-
tions indicate that the quantum efficiency is maxi-
mum for Lyman-¢ radiation and is equal to 23%.)
Attached to the front of the channeltron was a
2-mm-thick lithium fluoride window which screened
the channeltron from stray charged particles and
provided a short-wavelength cutoff at 1080 A. The
CsI photocathode surface provided a long-wave-
length cutoff at 1800 A. A grounded mesh was
placed on the outer surface of the lithium fluoride
window to prevent excess charge buildup and to
reduce field penetration.

The photocathode of the Lyman-a detector was
T cm from the beam axis and viewed a 5-cm-long
beam path over which the solid-angle acceptance
efficiency changed by less than 8%. This geome-
trical arrangement resulted in a rather small
(<4%) velocity-dependent correction to the Lyman-
a signal since in a field of 600 V/cm the maxi-
mum decay length of H(2s) atoms in the present
experiment was 2 cm. The Lyman-o signal was
studied as a function of the applied voltage to the
quench plates and saturation of the signal was
evident over a range of several hundred volts.

Since the Lyman-a detector viewed a region
which was substantially larger than the trans-
verse extent of the beam, minor differences in
spatial scattering of the H(2s) atoms using Ar,
Mg, and Ba targets are negligible and have no
measurable effect on the detector efficiency. Also,
based on our knowledge of the electric field in the
quench region obtained from the mapping simula-
tion, we conclude that the electric field quenching
of H(2s) atoms before the field of view of the de-
tector is negligible. Furthermore, with a pres-
sure of 5x 1077 torr in the drift region and as-
suming an H(2s) collisional destruction cross sec-
tion of order 1075 cm?, the probability of collision-
al loss of H(2s) prior to detection is of order 1073,
which is negligible. This was demonstrated ex-
perimentally by varying the pressure in the drift
region and verifying that no change in the Lyman-
a signal occurred.

The Lyman-« signal was measured with different
polarities on the quench plates and no change in
the data was observed. This experimental check
demonstrated that several possible sources of
error were negligible, including effects caused
by the small deflection of the primary H* beam,
Lyman-a emission from surfaces due to electron
bombardment, and possible detector focusing ef-
fects due to the presence of the quench field. All
surfaces in the quench region were coated with
colloidal graphite to reduce the reflection of '
Lyman-a photons and to diminish the production
of Lyman-a radiation by fast-electron impact on
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the surfaces.

With the quench plates grounded, a small back-
ground radiation existed of magnitude typically
<5% of the signal with the voltage applied. The
background signal arose predominantly from col-
lisions of the primary H* beam with the ambient
gas in the quench region. (Background signal
due to the channeltron dark current was com-
pletely negligible.) The true H(2s) signal was ob-
tained from the difference in photon counts with
the quench voltage applied and with the quench
plates grounded. :

C. Data analysis

For an incident proton beam of current I* the
equivalent current of H(2s) atoms counted by the
detection system under single-collision conditions
with a target thickness of Il atoms/cm? is given
by

1(2s) = (we/M (0, .11 T*), 4)

where w is the solid angle viewed by the detector
and € is the photon detection efficiency. Using the
tabulated value of o0, ,=2.8%x 107! cm? for H* +Ar
collisions at 30 keV,'” we obtained the quantity
2we/m from the slope of the linear portion of the
measured I(2s) vs Il data. For Mg and Ba targets
0, Was then determined from similar measure-
ments. Approximately 20 datum points were mea-
sured as a function of II for each o, ,, determina-
tion. As a check on our measured overall detec-
tion efficiency jwe/m, we estimated the efficiency
based on calculated solid angles and the manu-
facturers’ quotations of the channeltron photo-
cathode quantum efficiency and of the Lyman-«
transmission coefficient of LiF. The estimated
value was within 25% of the results obtained by
normalizing the signal to H*+Ar collisions at 30

- keV.

The reproducibility of o, ,, was +12% over a
period of several months. We have assigned a
relative uncertainty of +15% to the data. The ab-
solute uncertainty of the data is more difficult to
assess owing to possible systematic errors as-
sociated with the calibration of the Lyman-« de-
tector in terms of ¢, , in Ar and in the evaluation
of the metal vapor pressure from thermodynamic
data. We estimate the overall uncertainty in the
absolute value of our data to be approximately
+35%. : '

The effect of cascade contributions from » >3
states to the observed Lyman-« emission is un-
known since there exists almost no information on

capture into n > 3 states using metal-vapor targets.

No estimate of the effect of cascade transitions is
made in the present work. However, we note that

cascade effects have been estimated to be ~10% in
atomic hydrogen®? and 5% in gases®® over the
present energy range.

III. RESULTS AND DISCUSSION

In order to verify the reliability of our apparatus
and experimental procedure we measured the
cross section o, ,, in Ar gas over the energy
range 3-70 keV. This measurement served as a
sensitive test of the Lyman-a detection system
since the cross section has both a maximum and
a minimum in the energy range studied. It can be
seen from Fig. 2 that the present results are in
good agreement with the data of Bayfield.'” There
are several other experimental determinations of
0., in Ar which we have not included in Fig. 2.%32°7%8
The general shape of the cross section is repro-
duced by all previous measurements. However,
discrepancies do exist in previous results at low
energies, and the present data tend to support the
measurments of Bayfield. At high energies, the
present results are in better agreement with the
data of Hughes et al.?®

Figure 3 shows the present results for o, ,, in
Mg and Ba vapors. We are aware of no previous
experimental or theoretical data with which to
compare the present results. However, Berkner
et al.?® have measured the cross section for elec-
tron capture into the » =6 state for H*+Mg colli-
sions, and we have included their data in Fig. 3.
The present results and those of Berkner et al.
are the only available information on electron
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FIG. 2. Cross sections for the formation of H(2s)
atoms in H* +Ar collisions. Solid circles represent
present data, open circles represent data of Ref. 17.
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FIG. |3. Cross sections for proton collisions with

Mg and Ba. Mg target: solid circles represent present
experimental results for H(2s) formation; the dashed
curve represents Ref, 29 data for » =6 capture (multi-
plied by ten). Ba target: open circles represent present
experimental results for H(2s) formation.

capture into specific hydrogen-atom principal
quantum states for H*+ Mg collisions.

High-velocity Oppenheimer-Brinkman-Kramers
theory for electron capture predicts a rough n™3
dependence.®® A comparison of the n=2 and n=6
capture cross sections shown in Fig. 3 for ener-
gies greater than 15 keV (which corresponds to
impact velocities greater than the orbital velocity
of the active electron) indicates that the »~3 scal-
ing law is not obeyed. A possible explanation for
this disagreement with theory is the failure of the
n~2 rule for small ». For a given collision system
the range over which the rule is applicable is still
an open question. However, high-energy experi-
mental evidence exists which supports the n™% law
in several gases down to n =2.25 A comparable
study to test the »~° prediction in metal vapors is
needed.

Low-energy behavior in asymmetric charge-
transfer collisions into specific quantum states
can be discussed in terms of the velocity v, at
which the single-electron-capture cross section
reaches a maximum value. Using the Born ap-
proximation, Drukarev®! has shown that when the
energy defect of the collision is small compared
to the ionization potential of the target, i.e., |AE.]
« I, the relation v,a|AE.]| is valid, in agreement
with the Massey adiabatic criterion.® However,
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FIG. 4. Velocity at the electron-capture cross-sec-

" tion maximum v, as a function of |AE,| 1/2 for ns! and

ns? targets. The data shown are experimental results
taken from the present work and from Ref. 34. Repre-
sentative error bars are indicated.

for the present case of capture into the 2s state
using Mg and Ba, the relation |JAE.|~I is a much
better approximation. For this case the analysis
of Drukarev predicts the relation v,a |[AE, |2,
We find that within experimental error the rela-
tion v, |AE.[V? is satisfied for capture into the
2s state in Mg and Ba targets. The corresponding
analysis based on the Massey criterion predicts
a maximum-velocity ratio in excess of twice the
measured value. Similar conclusions have been
obtained for total single-electron capture in
alkali-metal vapors.33

In Fig. 4 we plot v,, as a function of |AE.|"? for
available alkali (zs!)- and alkaline-earth (ns®)-
metal-vapor targets. We have also included in the
figure helium and molecular hydrogen. Helium
represents the first member of the alkaline-earth
sequence, and H, may be considered as a member
of either sequence. The data plotted in Fig. 4 in-
clude total electron capture (into all » states) and
capture into well-defined states.** In the case of
Cs, Rb, K, Na, and Li total cross sections were
measured and we have assumed capture occurs
primarily into » =2 states. Total cross sections
in He and H, have been interpreted as being due to
capture into the ground state of hydrogen. Post-
collision excited states of hydrogen are indicated
in the figure for Ba, Mg, H,, and He targets. The.
result shown in Fig. 4 is quite striking and strongly
supports the relation v,0|AE,|"? for ns targets,
even for those cases in which |AE.|~I is apparently
not a valid approximation, e.g., capture into ex-
cited states for H, and He targets.

Olson®® has derived an expression for the velocity
at the cross section maximum for charge transfer
at large internuclear separations where the poten-
tial curves lie parallel to one another. His result



2190 T. J. MORGAN AND F. ERIKSEN 19

is
Vp=14.5x 10"|AE, /12, ®)

where v, is in cm/sec and |AE,| and I are in eV.
As noted by Olson, this result is intended only as
a guide since several convenient approximations
were made to derive the formula. Substituting
|[AE,|~I into Eq. 5, we obtain

v,=14.5x 107 [AE. |2, (6)

which is in reasonably good agreement with ex-
periment (see Fig. 4) considering the nature of
the approximations.

OQOur results for the metastable fraction of the
neutral beam, f, due to electron capture in H*
collisions with Mg and Ba atoms are shown in
Fig. 5. These results were obtained by taking the
ratio of the cross section for capture into the 2s
state, o, ,, relative to the total capture cross
section 0,,. Both cross sections were measured
simultaneously and o,, has been reported in Ref.
18. Also shown in Fig. 5 is our evaluation of f at
100 keV based on the Brinkman-Kramers results
of Hiskes.* As can be seen from the figure, rea-
sonable agreement is found. For comparison we
have included in the figure recent determinations
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FIG. 5. H(2s) metastable atom fraction f of the neu-
tral beam as a function of proton energy for Cs, Mg, and
Ba thin targets. Cs target: --- represents the results
of Ref, 20; — *—, Ref, 12; — *+—, Ref. 13; solid
square at 100 keV, present evaluation of f based on
Brinkman-Kramers (BK) results of Ref. 36. Mg target:
open circles represent present experimental results;
open triangle at 100 keV, present evaluation of f based
on BKresults of Ref, 36, Batarget:solidcircles represent
present experimental results; solid triangle at 100 keV,
present evaluation of f based on BK results of Ref. 36.

of f for a Cs target. In this case the maximum
value of f is below 1 keV and has been reported

as 0.43+0.03 at 0.5 keV,™ and 0.55+ 0.075 at 0.6
keV.'? Although it was not expected that the meta-
stable fraction would reach such large values for
Ba, the present results indicate that an investiga-
tion at lower energies would be interesting.

In the case of Ba, the rise in the metastable
fraction of the neutral beam at high energies (see
Fig. 5) is due to the fact that ¢, , decreases less
rapidly with energy than o, for energies greater
than 50 keV. As can be seen from Fig. 3 the
cross section o, ,, in Ba shows an abrupt change
in energy dependence at 30 keV. This behavior is
more clearly illustrated in Fig. 6, where we have
graphed o, ,, as a function of energy on a semilog
plot. Also, as can be seen from Fig. 6, o, in
Mg exhibits an abrupt change in energy dependence,
but at a higher energy. This behavior is attribu-
ted to inner core effects and is consistent with
theoretical prediction. A discussion of the com-
parison between theory and experiment for the
onset of inner-shell capture in Mg and Ba has
been recently presented by Morgan and Eriksen.®
For comparison with the present results we have
plotted in Fig. 6 the cross section ¢, ,, for He and
Ar targets.?® The high-energy dependence for all
targets in Fig. 6 is similar and is attributed to
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FIG. 6. Cross section for the formation of H(2s)
atoms in Ar, He, Ba, and Mg targets. The Ar and He
data have been taken from Ref. 26. The Mg and Ba
data are present results.
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capture of electrons from closed shells of the
target. The relative magnitude of the cross sec-
tion at high energy for all targets shown in Fig. 6
is consistent with energy-defect arguments, as-
suming the electron is captured from the outer-
most closed shell of the target. As the energy de-
creases, o,, in Mg and Ba rises abruptly owing

to capture of electrons from the valence shell via

HYDROGEN ATOMS BY CHARGE... 2191

radially and/or rotationally induced transitions.!5+3
Since He and Ar are closed-shell structures, o, ,
does not exhibit this steep rise at low energies in
these gases.
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