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TABLE 1. Experimental and theoretical quantum
defects for s, p, d, and f waves in Rb and Xe.

Angular
Element momentum Experimental Calculated
Rb 0 3.14 3.15
Rb 1 2.66 2.74
Rb 2 1.35 1.47
Rb 3 0.01 0.00
Xe 0 4.02 3.90
Xe 1 3.56 3.46
Xe 2 2.43 2.22
Xe 3 0.03 0.00

parison, as well as a similar comparison of other
quantities calculated from HS potentials such as

the photo-ionization calculations of Ref. 4, gives
an assessment of the accuracy of the HS poten-
tials. The question can then be asked — can one
replace systematically the HS by a substantially
better central potential ? If not, comparison of
experimental phase shifts with those given in this
paper provide an experimental characterization of
nonlocal exchange effects.
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An optical technique has been used to investigate electron capture into the excited level
n=6 of hydrogen by 5- to 70-keV protons passing through magnesium vapor or neon. Photons
from the Balmer Hg transition which are emitted downstream of the target were analyzed with
a grating spectrometer and counted. From these the population of the levelz=6 and the cross
section for electron capture into »=6 have been obtained. Cross-section estimates for ion-
ization of the level #=6 collisions with Mg atoms are also presented. The electron-capture
cross sections are consistent with n=> extrapolations of electric-gap measurements for cap-
ture into higher quantum levels (#~ 9 to 15) reported by II'in and co-workers, Futch and
Moses, and Riviere. The results are compared with those of various theoretical models.

I. INTRODUCTION

At proton energies between about 5 and 30 keV,
cross sections for electron capture from metal

vapors are much larger than those for capture from
common gases. We have investigated one partic-
ular vapor, magnesium, and report here cross-
section measurements for electron capture into
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the »=6 level of hydrogen by 5- to 70-keV pro-
tons. To demonstrate the difference between
metal vapors and other gases, we also report
measurements for capture from neon. Total
capture and loss cross-section measurements
for magnesium have been reported in a separate
paper.?

The desirability of metal vapors as charge-ex-
change media for the formation of excited hydro-
gen atoms has long been recognized in polarized-
ion-source technology where metals have been
used for the production of hydrogen atoms in the
2s metastable state.? For some thermonuclear
fusion experiments, hydrogen atoms in more
highly excited states are of interest, and Hiskes
and Mittleman showed theoretically that lithium
and cesium should be desirable charge-exchange
materials for this purpose.® This was confirmed
in an experiment by Futch and Damm,* who showed
that the population of the excited levels with prin-
cipal quantum numbers » =9 to 13 was enhanced
when lithium, rather than water vapor, was used
as a charge-exchange medium for 35-keV D*.
Subsequently I’in and co-workers surveyed elec-
tron capture from metal vapors of groups I and II
of the periodic table.®~7 A theoretical survey of
electron capture into excited states from many
elements has recently been completed by Hiskes.®

Magnesium, in particular, has received consid-
erable attention: Measurements have been re-
ported by I1’in and co-workers, 5»7 by Futch and
Moses, ° and by Riviere.'® In these experiments
the electric-gap technique (field ionization of
highly excited states) was used to determine the
populations of highly excited levels (z~9 to 16):
It was assumed that the fractional population of a
level # is given by ar~%, and the constant @ was
determined experimentally. The measurements
of @ are in reasonable agreement with theoretical
estimates by Hiskes for the ratio of the cross sec-
tion for capture into an excited level (comparisons
are usually made for »=11) to that for capture into
all levels.

We have used an optical technique to investigate
electron capture into the excited level =6 by 5-
to 70-keV protons passing through Mg vapor. In
the experiment photons from the Balmer Hg tran-
sition which are emitted downstream of the Mg
ta'\get were counted. From these counts the pop-
ulation of the n=6 level and the cross section for
electron capture into # =6 have been obtained.
From the variation of the population of #=6 with
target thickness we deduce effective cross sec-
tions for excitation to and loss from »# =6 by colli-
sions with Mg atoms.

Our motivation for using the optical rather than
the electric-gap technique in this experiment was
that (a) measurements are more easily carried
out at low-proton energies and (b) excited states
of the entire beam emerging from the charge-ex-
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FIG. 1. Experimental arrangement.

change cell are included, thereby averaging pos-
sible variations of excitation over the angular
distribution of the emerging beam. The optical
technique, however, introduces complications in
the interpretation of the data, as will be described
later. Of the optically accessible levels, we
chose #=6, because # is large enough that F(x) is
proportional to »-3, making comparison with
other experiments simple, and it yields higher
counting rates than do levels with larger quantum
numbers.

II. APPARATUS AND PROCEDURE

The experimental arrangement Fig. 1 differs
from that described in Ref. 1 only by the addition
of an optical system for the detection of Hg radi-
ation. A collimated, momentum-analyzed beam
of H* or D+ passed through an oven in which Mg
was heated to produce Mg vapor. After charge-
exchange collisions in the oven, the beam con-
tained H¥, H—, and H atoms in various excited
states. The pressure (approximately 10~-¢ Torr)
in the drift region was sufficiently low that inter-
actions with the background gas were negligible.
The radiation from the decay of excited states was
focused by a quartz lens onto the entrance slit of
a grating monochromator which was set to analyze
Balmer Hg radiation. The charge components
were separated electrostatically and detected. In
this paper we describe only the optical system,
and we refer to Ref. 1 for a description of the
oven, and the detection of beam particles.

The photon detection system consisted of a
quartz lens, a grating spectrometer, and a photo-
multiplier tube. The lens focused light from a
0.48-cm-long section of the beam beginning 1.1
cm from the exit collimator of the oven onto the
entrance slit of the spectrometer, which was
aligned parallel to the beam axis. In this experi-
ment sensitivity was more important than spec-
tral resolution; consequently, we used 1.73-mm-
wide entrance and exit slits on the spectrometer.
This resulted in a spectral resolution of 30 A full
width at half maximum. The result of a spectral
scan of the Balmer lines originating from the s,
p, and d states of the levels n=4 to 9 is shown in
Fig. 2. Note that all lines are clearly resolved



182 ELECTRON CAPTURE BY PROTONS 105

H

€
8 (x250) (x50)

(orbitrary "units)
o

Counts per H atom

N AW

3700 4000

4900

Wovelength (RA)

FIG. 2.

Observed Balmer spectrum for 15-keV H°

produced in a magnesium-vapor target 6.5 x 1013-atoms/
em?® thick. No corrections for variations in spectral

sensitivity have been made.

except the #=8 line (3889 A) which is broadened
by an impurity line of slightly longer wavelength
(probably the 3914 A band of N,*). Our study was
limited to the Balmer Hg (z= 6) line at 4102 A.

The system was aligned by moving the lens and
scanning the beam image across the entrance
slit. A sample lens scan is shown in Fig. 3; the
solid line indicates the expected profile calcu-
lated by assuming that the beam is uniformly dis-
tributed in a cylinder of 1.1-mm diam, the size
expected from the collimation of the incident
beam. The observed profile did not change appre-
ciably even at the highest Mg densities used, and
we interpret this to mean that the beam enlarge-
ment due to scattering was negligible. The slight
displacement of the oven due to thermal expansion
was sufficient to displace the beam image from
the center of the spectrometer entrance slit, and
it was necessary to reset the lens position if the
oven temperature was changed.

A photomultiplier (EMI 6256S ), cooled to ~ 20°C
to reduce dark current, was mounted behind the
exit slit of the spectrometer. The photomultiplier
signal was amplified and discriminated, and pulses
arising from individual photons were counted with
standard scaler circuits. Two sets of scalers
were used to enable us to correct for photomulti-
plier noise: The incident beam was chopped at a
frequency of 10.5 Hz, and one set of scalers was
gated to record pulses when the beam was on, the
other when the beam was off (i.e., noise pulses).
The beam-off counts were subtracted from the

beam-on counts to yield the number of pulses pro-
duced by the beam,

To determine the overall detection efficiency of
the optical system we looked at the decay of ex-
cited states of N2 which are produced by proton
bombardment of N,. Of particular interest to us
was the O-O band (3914 A) of the first negative
band system of No+(B?Z, - X322 ) since it lies
very close to the Balmer Hp (4102 A) line. We
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FIG. 3. Dependence of the photon signal on lens
position. The solid line is the profile calculated from
the lens geometry and the assumption that the beam is
uniformly distributed over a 1.1-mm-~diam cylinder,
the size expected from beam collimation. The points
are experimental results for 30-keV H’ produced in a
target 5.5 X 1013—Mg—a’coms/cm2 thick; the error bars
are based on counting statistics.
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TABLE I. Emission cross section measurements
(10-1" em?/molecule) of the 0-O first negative band of
N2+ 3914 4) produced by bombardment of Ny by 60-keV
H*,

Philpot and Hughes (1964), Ref. 11 5.6 +2.2
Dufay, Desesquelles, Druetta, 3.0 £1.5
and Eidelsberg (1966), Ref. 12

Robinson and Gilbody (1967), Ref. 13 3.35+0.7
Thomas, Bent, and Edwards (1968), 2.2 0.6
Ref. 14 (extrapolated from 75 keV)

Weighted average 2.8 +0.4

estimate that the detection efficiency of our system
varies by less than 5% between 3914 and 4102 A.
Measurements of the emission cross sections for
this band have been reported by several groups,'!~
4 and in Table I we list their results and quoted
uncertainties for impact by 60-keV protons. The
experimental procedure was to admit N, gas to the
region viewed by the lens, adjust the proton ener-
gy to 60 keV, and set the spectrometer to observe
the 3914 A band. 15 '8 A plot of counts per incident
proton versus pressure was quite linear over the
pressure range used, 2x107° to 1 x10~* Torr.

The pressure was measured with a capacitance
manometer and an ionization gauge. From the
slope of this curve and the length of the beam path
viewed by our system, we obtained a number
which is the product of the emission cross section
and the detection efficiency. Using a weighted
average of the emission cross sections listed in
Table I, we find the overall detection efficiency

of our optical system to be (8.5 +1.6) x10~5 at

4102 A; the uncertainty is due mainly to uncer-
tainty in the value of the emission cross section.
This in situ determination was repeated periodi-
cally; except for day-to-day scatter of +5%, we
observed no change in the efficiency over a period
of three months.

The calculation of the overall detection efficien-
cy is more complicated if the 3914 A N,* band and
the Hp line have different polarizations and the
sensitivity of the detecting system depends on the
polarization. We used a Polaroid polarizing fil-
ter and an incandescent lamp behind a piece of
ground glass to determine the relative sensitivity
of the detection system for polarizations parallel
to and perpendicular to the beam direction. We
then measured the polarization of the 3914 A N,*+
calibration band at 60 keV and found it to be — 2
+3%, consistent with measurements reported in
Ref. 14, The polarization of the Hp line resulting
from electron capture in a thin Mg target was
measured at 15 and 30 keV and was found to be
4+3%. Since these measurements indicated that
the N,* band and the Hg line are both essentially
unpolarized, no polarization correction was neces-
sary in calculating the detection efficiency.

If the radiation from the beam is isotropic, the
number of Hg photons emitted in the observation
region is related directly to the number of ob-
served pulses by the inverse of the detection effi-
ciency. The radiation pattern for a polarized line
is not isotropic, but the deviation from isotropy
can readily be calculated in terms of the angle of
observation and the polarization of the light radi-
ated perpendicular to the beam. ! For our mea-
sured polarization this deviation is less than 2%;
since this is negligible compared to other experi-
mental uncertainties it has been neglected.

The number of counts from radiation at 4102 A
and the integrated signal from the H detector were
measured simultaneously. This was done both
with the electrostatic analyzer on, in which case
the H detector measured the neutral component,
and with the analyzer off, in which case the detec-
tor measured the total incident beam. From these
measurements and the various calibration factors,
we obtained the number of photons emitted in the
observation region per H atom, the number of
photons emitted per incident proton, and the num-
ber of H atoms per incident proton (neutral fraction
F,). The variation of these three quantities with
target thickness 7 (atoms/cm?) is illustrated in
Figs. 4 and 5. The solid lines shown in these
figures are discussed in Sec. IV B.

III. DATA ANALYSIS

To relate the photon signal to the population of
the =6 level in the oven, we must make assump-
tions about the population distribution over the
various substates of »=6, and the appropriate
transition probabilities. We will assume that (a)

o

-10.8

-106

Photon counts per 10’0 incident protons
H atoms per incident proton

Mg target thickness, m (10" atoms/cm?)

FIG. 4. Dependence of the neutral fraction F;, on
Mg-target-thickness 7 (curve A) and the number of Hg
photon counts per incident proton versus target thickness
(curve B). The beam energy was 15 keV. The curve is
the result of a least-squares fit to the solution of a three-
level model with two adjustable parameters: (a) the cross
sections for excitation from the ground state and (b)
ionization of the level =6 (see discussion in Sec. IVB).



182 ELECTRON CAPTURE BY PROTONS 107

T T T T T T T L e e R
T I

R s".&ﬁ

30

20

Photon counts per 10'0 H atoms

o1l I S W

° il
10 10" 10" 10

Mg target thickness, 7  (atoms/cm?2)

FIG. 5. The number of Hg photon counts per H atom
versus Mg-target-thickness 7. The curve is the solution
to a three-level model, using the results of the least-
squares fit to the data in curve B of Fig. 4 (see dis-
cussion in Sec. IVB).

the population within the oven has a statistical
distribution over substates, (b) outside of the
oven there is no mixing among states, and (c) the
states decay with field-free lifetimes. These
assumptions will be discussed later in this sec-
tion.

In this model the number of atoms within the
oven in a substate 67 is (2I+ 1)N,°/36, where N,°
is the total number of atoms in the n=6 level.
The transition probabilities, decay lengths, and
velocities in our experiment are such that expo-
nentials can always be approximated to better than
5% by a linear expansion; therefore, we can av-
erage over the length of the oven by considering
all excited atoms to be formed at the center of
the oven and decaying with the statistically aver-
aged transition probability

5
AB)=Y 2 (Zgzl)A(Gl-.n'l'), (1)
1=01',n’

where ' and I’ denote all lower states that can be
reached by radiative transitions. Once the atoms
leave the oven there is no longer any shuffling be-
tween states, and each state decays with a tran-
sition probability

A= 22 A®BL-n'l). 2)
U,n'

Only three transitions (6s -2p, 6p —2s, and 6d

-~ 2p) contribute to Balmer Hg radiation. Thus in
the observation region only a fraction A(67 - 2s,p)/
A(B7) of the transitions contribute to the Hg signal.
Neglecting cascade contributions to the population
of n=6,'® we can express the number of Hg photons
emitted in the observation region as

N(H6)= N exp[- v'lxlA(G)]

2
5 Aot
« %ﬂ{l - exp[- o5 AGD]}, (3)

where x, is the distance from the midpoint to the
exit of the oven, x, is the distance from the oven
exit to the observation region, x; is the length of
the observation region, and v is the velocity of
the atoms. To evaluate the expression we used
transition probabilities calculated by Hiskes and
Tarter'®»?° (see Table II), The distances x,, x,,
and x; were 2.2, 1.1, and 0.48 cm for our experi-
mental configuration. Although the values of N(Hg)
presented later were obtained from Eq. (3), a
simple expression, accurate to 4% in our energy
range, is obtained if we expand all exponents to
first order and rewrite Eq. (3) in terms of the en-
ergy of the atoms expressed in keV':

N6° =10°N(H 6)(1 1/E*2 - 6,1/E)"". (4)

We conclude this section with a brief comment
on the assumptions used in our analysis. Our de-
rived capture cross sections depend in a rather
complicated way on the distribution over substates
of the »=6 level and the radiative transition rates
of the substates. Both of these quantities may be
affected by electric fields. Aside from the small
stray electric fields that may exist in our appara-
tus, the atoms experience an electric field
E=¥xB <2 V/cm due to motion across the earth’s
magnetic field.

The Born-approximation calculations by Hiskes
show that in the absence of an external electric
field, essentially all of the capture is into the s,
p, and d states. If the capture occurs in a suffi-
ciently strong electric field, the fraction of the
excited states that would be in the d state, for ex-
ample, is distributed over five Stark states (see
the Appendix) in a way that has not been calculated
yet. After the neutral atom is formed in the =6
level, shuffling among the substates may occur
because of collisions with target atoms or Stark
mixing in spatially varying electric fields. As a
result there should be a diffusion through the sub-
states tending toward a statistical distribution.

We have chosen to analyze our data with the as-
sumptions that field-free lifetimes are applicable,
and the distribution over the substates of the =6
level is statistical within the oven. Of course an
exact analysis is impossible, because the popula-
tions of the substates are unknown, and the smail
electric fields probably make Stark decay rates
appropriate for some substates and field-free
rates for others. We showed that our assumptions
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TABLE II. Transition probabilities (10% sec™) used
in the analysis (from Ref. 19).

A(Bs—2p)=0.007 35
A(6p—25) =0.0286
A(6d —2p)=0.0514

A(6s)=0.0187
A(6p) =0.245
A(6d) =0.0839

A(6)=0.0519

are not precisely correct at proton energies of
30 and 60 keV by applying transverse magnetic
fields of up to 20 G in the oven and observation
regions. The equivalent electric fields were suf-
ficient to ensure Stark lifetimes,?! and in our
model should have made the photon counting rate
rise slightly (see Appendix). Experimentally the
counting rates dropped (20 +10)%, 22—2¢

The effects of making some different assumptions
about substate distributions are given in the Ap-
pendix. We note that it is unlikely that the calcu-
lated cross sections shown in Figs. 6 through 10
could be increased appreciably by any other rea-
sonable set of assumptions. However, if it should
be shown that capture takes place as calculated by
Hiskes, and that shuffling among substates is an
unlikely process, then our calculated cross sec-
tions would be reduced by factors of roughly 2 to
3.

IV. RESULTS FOR A MAGNESIUM TARGET

A. Cross Sections for Electron Capture
inton=6

By using Eq. (4) we can now relate the number
of photons emitted in x; to the population of the

TABLE III. Cross sections for electron capture into
the level n=6 from Mg, expressed in ecm’/atom and as
a fraction R(6) of the total capture cross section oy,
which was taken from Ref. 1. The indicated standard
errors do not include possible systematic errors
estimated to be = 30% for the cross section and * 20%
-for the ratio (Sec. IVA).

Proton
Energy olH" ~H@®n=6)]
(keV) (10~ cm?/atom) R(6)
5 3.6 +£1.1 0.0024 + 0.0008
7.5 8.0 +1.6 0.0036 + 0.0009
10 8.7 £1.6 0.0056 = 0.0013
15 144 +£2.2 0.0135 = 0.0029
20 10.5 +1.8 0.0170 + 0,0039
25 6.0 +0.7 0.0152 £ 0.0029
30 3.9 £0.5 0.0173 £ 0.0034
35 2.6 0.2 0.0183 + 0.0045
40 1.5 +£0.2 0.0180 + 0.0038
50 0.48+ 0.07 0.0118 + 0.0025
60 0.25+£0.17 0.0090 = 0.0063
70 0.15+0.08 0.0070 + 0.0039
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level =6 in the target, and from the linear de-
pendence of the photon signal on 7 at low pres-
sures (Fig. 4) we can obtain a cross section for
electron capture into the n=6 level, o[H*~H(x
=6)]. The results are presented in Table IIL

The standard errors given in the table are our
estimates of the relative reliability of the cross
sections. To obtain an absolute uncertainty for
the cross sections, we must also fold in a standard
error of +30% resulting from two possible sources
of systematic error, the determination of the pho-
ton detection efficiency discussed in Sec. II (+20%)
and the determination of the Mg vapor pressure
(+20%) discussed in Ref. 1. We are not able to
assign an uncertainty to the cross sections re-
sulting from our assumption of a statistical sub-
state distribution in the oven (Sec. II).

In Fig. 6 we compare our results with an =3
extrapolation of the measurements by I’in et al.®
for capture into the levels n=9 to 16, Also shown
in Fig. 6 are the results of various theoretical
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FIG. 6. Cross section for electron capture into the
level n=6 for the process H++Mg——H(n=6) +°*** versus
proton energy. Experimental: m, present work; O,
Ref. 5. Theoretical: H(Pr) and H(Po) are Brinkman~
Kramers (B-K) prior and post calculations by Hiskes;
N(H) is a B-K calculation by Hiskes using hydrogen-
like wave functions (see Sec. IVA). Curve N was ob-
tained by adjusting N(H) with Nikolaev’'s semi-empirical
prescription of Ref. 30; curve M1 was obtained by
multiplying the average of H(Pr) and H(Po) by ratios
suggested by Mapleton, Refs. 28 and 29; curve M2 was
obtained by adjusting Hiskes’s B-K cross sections for
capture into the ground state following a suggestion by
Mapleton (see Sec. IVA).
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models for the capture cross sections, all based
on the Brinkman-Kramers (B-K) form of the first
Born approximation.?” Although the B-K results
are known to overestimate the capture cross sec-
tions at low energies, such calculations have been
useful in describing electron capture: Hiskes has
shown that ratios of cross sections calculated in
the B-K approximation are in reasonable agree-
ment with measurements.?® Alternatively, Maple-
ton®® 2 and Nikolaev®® have determined correction
factors with which to adjust B-K cross sections;
for total electron capture from the common gases
these approaches have been quite successful.

For the determination of cross-section ratios
Hiskes has calculated B-K cross sections for elec-
tron capture into individual quantum states (n=1
to 11) for many of the elements. His results for
capture of the 3s%, 2p%, and 2s® electrons of mag-
nesium into the level n=6, using the best available
wave functions® in the prior and post approxima-
tions, are given by curves H(Pr) and H(Po) in Fig.
6. 32

Nikolaev®® has determined an empirical expres-
sion with which to adjust B-K cross sections cal-
culated with the post-interaction and hydrogen-
like wave functions with Z = Z g¢/negs determined
by Slater’s method.3* To allow comparison with
the present experimental results, Hiskes has
evaluated this form of the B-K cross section
[curve N(H)], *2 and we have applied Nikolaev’s
expression to curve N(H) to obtain curve N.

A different scaling procedure for Brinkman-
Kramers cross sections has been used by Maple-
ton.2® Cross sections for electron capture from
hydrogen calculated in the Jackson-Schiff (J-S)
form of the first Born approximation®” agree
quite well with measurements, and Mapleton has
shown that good agreement with experiment is ob-
tained for nitrogen, oxygen, and argon if the
(J-8)/(B-K) ratio, evaluated for capture into H(ls)
from hydrogen, is used to adjust the B-K results
for the target of interest.?® Although this method
of scaling B-K results has been proposed for, and
applied to, total capture cross sections, we have
used these ratios to adjust Hiskes’s B-K results
for capture into n=6. Curve M1 is the result of
multiplying the average of curves H(Pr) and H(Po)
by the (J-S)/(B-K) ratios.

As an alternative, Mapleton has suggested that
one might be able to estimate capture into an ex-
cited level of hydrogen by applying the following
scaling procedure to B-K cross sections for cap-
ture into the ground state®: First multiply the
B-K results by the (J-S)/(B-K) ratio to obtain the
cross section for capture into H(ls). Then, to
obtain the cross section for capture into a level
n, multiply this result by the ratio

n-1 l
-2 N 2 )2
E=Z 5 F, G,

R@)=1
1=0 m=-1 ™

Fi00

10 llllll‘llrf'l'

6)] /0'10

o [H*—H(n

R(6) =
[ —

Mg
# Present work
O Oparin etal. (extrapolated)
A Futch & Moses (extrapolated)
O Riviere (extrapolated)

o Lo o b by 1
(0] 10 20 30 40 50 60 70

H* energy (keV)

FIG. 7. Cross section for electron capture from Mg
into the #=6 level, expressed as a fraction of the total
electron capture cross section 049 Versus proton energy.
Experimental: @, present work and Ref. 1; O, Ref. 7;
A, Ref. 9; O, Ref. 10 (the extrapolation procedure is
described in Sec. IVA). The notation on the theoretical
curves is the same as that used for Fig. 6.

where Fyj,, is the momentum representation of the
hydrogen-like wave functions describing the cap-
tured electron, ***® and Af is the momentum change
vector associated with the relative coordinates of
the outgoing H atom.3® We have evaluated the

ratio R(6) for Mg and have applied this scaling
procedure to the average of Hiskes’s post and

prior B-K results for capture into the ground

state. The resulting cross section is shown as
curve M2 in Fig. 6.

Our results, expressed as a ratio of capture
into =6 relative to total capture,® are given in
the last column of Table III and in Fig. 7. Also
shown are extrapolations of experimental results
by Oparin et al.,” Futch and Moses,® and
Riviere.'® In these three sets of measurements,
it was assumed that the population of a level % is
given by an-3, and the constant @ was determined
from field ionization of the levels n~9 to 16, For
comparison with our # =6 results we have used the
reported thin-target values of @ and evaluated
an™® for n=6. The theoretical curves shown in
Fig. 7 are results of the various models described
previously. The Nikolaev correction is the same
for all states, hence the curve previously de-
scribed by N is identical to N(H). Similarly the
corrections used to obtain curve M1 of Fig. 6
are independent of quantum number; consequently
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TABLE IV. Cross-section estimates for magnesium target (Sec. IVB) in units of 10
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=18 cm?/atom.

Proton Three-level analysis Two-level analysis
energy Excitation to n=6 Ionization® of
(keV) from lower levels Ionization® of n=6 Ionizationb of n=6 9SS <16
10 0.0051 17 6.6
15 0.033 31 8.0 =13
30 0.029 15 8.3 10
50 0.032 15 9.4
60 5

2ypper limit for o[H(=6) —H'] (see Sec. IVB).
b1 ower limit for o[Hx=6) —H'] (see Sec. IVB).

curve M1 would be the average of H(Pr) and
H(Po).

B. Estimates for Electron Loss from n =6

In this experiment we were not able to measure
the cross section o[H(z=6) - H*] for the process
for the protons and the level . This is the solu-
tion to a two-level system composed of protons
and the level n. Because excitation to » from

H(p=6)+Mg~H 4+ 4+-- .

However, we can estimate this cross section by
analyzing the variation of the population of n=6
with target thickness (Fig. 4) in terms of a three-
level model in which we consider an “effective
ground state, 3% the n=6 level, and protons.’®» %
Of the five cross sections needed for the analysis
described in Ref. 40 three are known: The total
capture and loss cross sections (see Ref. 1) and
the cross section for capture into n=6. We de-
termined the other two cross sections, those for
excitation to #n=6 from the lower levels and ion-
ization of the n=6 level, by a least-squares fit

of our data (Fig. 4) to the solution of the three-
level model. The result of such a fit is shown

as the solid curve in Fig. 4. As a self-consis-
tency check, we used these cross sections and
this model to calculate the fraction of all H atoms
in the level n=6; the result is the solid line shown
in Fig. 5.

The cross sections obtained in this way are
given in Table IV; the quoted uncertainties indi-
cate the effect of the standard errors of the three
known cross sections. The physical interpreta-
tion for the excitation cross section obtained in
this way is ambiguous because the “effective
ground state” includes several levels.3 The cal-

-culated “ionization cross section” characterizes
the loss from z=6; since some of the loss may be
by excitation or deexcitation collisions, this
should be an upper limit on the true ionization
cross section for the level n=6.

A different method has been used by Oparin et

CEstimates of Oparin ef al. (Ref. 7).

al. for estimating the ionization cross section for
a level n.” They neglected excitation and calcu-
lated the ionization cross section from the relation

o[H() ~H ]=o[H" ~H ()] F+°°/Fn°°,

where F,® and F;,* are the equilibrium fractions
lower levels is neglected, this analysis should
give a lower limit on the ionization cross section.
Applying this analysis to our results, we obtain
the numbers listed in column 4 of Table IV. In
column 5 we list the estimates of Oparin ef al.”
for ionization of a highly excited level,

V. RESULTS FOR A NEON TARGET

We have also measured the cross section for
electron capture into »=6 from neon. The equip-
ment and procedure were identical to the measure-
ments with Mg, except that the oven was not
heated and Ne was introduced through a gas line;
the pressure was measured with a capacitance
manometer,

The results for the total capture cross section
0., the cross section for capture into n=6, o[H*
~H(z=6)], and the ratio o[H* - H(z=6)]/0,, are
given in Table V. The standard errors shown are
our estimates of the uncertainty, excluding any

TABLE V. Experimental results for a neon target.
The estimated standard errors in o[H —H(n=6)] and
R(6) do not include a possible systematic error of + 20%,
arising from the determination of the photon detection
efficiency (Sec. II).

Proton oy olH ~H(n=6)] R(6)
energy (10~% em?/atom) (10~!° cm?®/atom)

(keV) (= 10%) (= 15%) (+ 25%)
15 2.56 2.38 0.000 93
30 1.67 3.22 0.0019
45 1.15 4.52 0.0039
50 1.12 4,28 0.0038
60 0.98 3.92 0.0040
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FIG. 8. Cross section for electron capture into the
level #=6 for the process H*+Ne —H(®=6) +* * * versus
proton energy. Experimental: #, present work; O,
Ref. 6; V, Ref. 43. The notation on the theoretical
curves is the same as that for Fig. 6, with the exception
of curve N, which in this case was taken directly from
Ref. 30.
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FIG. 9. Cross section for electron capture from Ne
into the n=6 level, expressed as a fraction of the total
electron capture cross section 04y versus proton energy.
Experimental: m, present work; O, Ref. 6; {, Ref.

39 (the extrapolation procedure is described in Sec.
IVA). The notation on the theoretical curves is the same
as that for Fig. 6, with the exception of curve N, which
in this case was taken directly from Ref. 30.

errors introduced by our assumption of a statis-
tical substate distribution. The 0,, results are in
excellent agreement with measurements by Stier
and Barnett. 2

In Figs. 8 and 9 we compare our results for
capture into # =6 with theoretical calculations
discussed in the preceding section and with experi-
mental results (extrapolated from higher » values)
of II’in and coworkers® and of Riviere.3® Also
shown are the cross sections reported by Bobashev
et al.*®; in this experiment the intensity of the
Balmer Hg line was used to study electron cap-
ture in a strong magnetic field. For neon the
curve N was taken directly from Ref. 30, and the
intermediate B-K result N(H) was not calculated
separately.

To illustrate the difference between Mg and Ne
for the production of excited states, we show the
ratio of o[H+ —H(n=6)] for Mg to that for Ne in
Fig. 10, Again we compare with the various theo-
retical results and other experiments.

VI. DISCUSSION AND CONCLUSIONS

In a previous paper® it was shown that in the
energy range where they overlap, our total cap-
ture cross-section measurements for magnesium
vapor are in reasonably good agreement with mea-
surements by others. In the present paper we note
that our total cross sections for protons in neon
are in good agreement with the values of Stier and

100 — T ]
o L
s|z 10 —
£ls - 3
oo B 1
< <
T |x
Tt
+ |+
T T -
b|b E ]
- Mg / Ne .
| & Present work )
o Il'in etal. (extrapolated) \
\
\
0.1 PN [N TR NN WO T U N N
[¢] 10 20 30 40 50 60 70

HY energy (keV)

FIG. 10. Cross section for electron'capture from Mg
into the level n=6 relative to that for capture from Ne.
Experimental: m, present work; O, Ref. 6. The
notation on the theoretical curves is the same as that
for Fig. 6.
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Barnett, #

Comparisons of our excited-state yields with
other experiments are more difficult. Except for
the measurements in Ne by Bobashev et al., other
experimenters have used the electric-gap tech-
nique and, assuming an n~3 dependence, have de-
duced cross sections for hydrogen in the excited
levels =9 to 16.

Hiskes’s calculations show that the partial cap-
ture cross sections in Mg are proportional to n~3
for n =6 at proton energies above about 10 keV
and deviate from the » -* extrapolation by only 15%
for n=6 at 5 keV. In Ne, capture inton =6 is
quite accurately proportional to »~2 in the Brink-
man-Kramers approximation, even at a proton
energy of 5 keV. Consequently it seems reason-
able to use n~3 extrapolations for comparison of
our experimental results with those for higher »n
values. In Figs. 6 and 8 we show measurements
by others extrapolated down to =6 and indeed
find quite good agreement with the results of our
measurements.

In obtaining our cross sections, however, we
made an assumption about the distribution over
substates of the n=6 level, namely that in the
oven the substates were populated according to
their statistical weights., We also assumed that
field-free transition probabilities can be used.

If one accepts the validity of the »~3 dependence,
the quite good agreement with extrapolations of the
electric-gap measurements gives considerable
confidence in the usefulness of the model. How-
ever, we emphasize that the substate distributions
and the degree to which small electric fields af-
fect the results are unknown. (Even the exponent
in the n-% dependence has not been verified experi-
mentally to better than perhaps 15%. Our present
measurements do not permit a check of this de-
pendence. )

Data of the kind shown in Figs. 4 and 5 but in
regions of larger » have been reported by others
for several gases® and for magnesium. % ° The
decrease in the fraction of the atoms in the n=6
excited levels, as the gas target becomes thicker,
is of course connected with a large ionization
cross section for highly excited atoms. Riviere®
has shown that ionization cross sections extracted
from such data for the common gases are consis-
tent with the total scattering cross section of an
electron with the same speed as the atom. How-
ever, we do not know of electron-scattering data
that would make such a comparison possible for
magnesium, We have estimated upper and lower
limits for the ionization cross section of the =6
level; our lower limits agree with those obtained
in the same way by Oparin et al.” for the levels
n=9 to 16.

Opinions about comparisons between calculations
and experiment are best formed by the reader
after an examination of the figures. Briefly,

Hiskes’s assumption that reasonable ratios of
various quantities should be obtained from Brink-
man-Kramers approximation calculations is fairly
well born out for Mg and Ne, and in fact, Hiskes
has shown that this is true for all cases where ex-
perimental evidence exists. (In the absence of
other information one would probably average the
post and prior calculations. However, Hiskes
has shown that better agreement with experiment
is obtained with the prior approximation alone. )
Ratios obtained from the type of B-K formulation
used by Nikolaev or by Mapleton’s M1 prescrip-
tion are also in fair agreement with experiment.

A similar remark can be made about absolute
cross sections for capture into an excited state,
as estimated by the semiempirical formulation by
Nikolaev or the semitheoretical suggestions by
Mapleton.

Field-free Stark
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FIG. 11. Labelling of substates of the »=6 level for
field-free and linear Stark conditions. **
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TABLE VI. N(Hg)/Ng": The fraction (x 10°) of atoms captured from Mg into the =6 level that emit detectable
photons with the present experimental arrangement, evaluated for several assumptions about the decay mode and the

population distribution.

Field-free lifetimes

Stark lifetimes

Assumed
initial Proton No Statistical No Statistical

substate energy substate only in Always substate only in Always
populations (keV) shuffling oven statistical shuffling oven statistical
Statistical 5 3.16 3.612 3.96 3.69 3.85 3.96
Hiskes-Born® 8.63 5.54P
s only 3.37 8.16b
p only 5.78 5.79P
d only 18.6 4.00P
Statistical 30 1.64 1.74% 1.80 1.75 1.78 1.80
Hiskes~Born® 5.00 2.66P
s only 1.43 3.98P
p only 3.98 2.89
d only , 9.10 1.88P
Statistical 60 1.22 1.272 1.31 1.28 1.29 1.31
Hiskes-Born® 3.23 2.16P
s only 1.02 2.92P
 only 3.13 2.13P
d only 6.67 1.37P

2These values are shown in Figs. 6 to 10.

bAssuming that the populations of the corresponding field-free states are uniformly distributed over the Stark

states (see Fig. 11).

CPopulations calculated by Hiskes, using the first Born approximation (Ref. 32). The fractional populations of
the s, p, and d states are, respectively, 5 keV: 0.123, 0.581, 0.261; 30 keV: 0.101, 0.572, 0.283; 60 keV: 0.230,

0.576, 0.178.

ACKNOWLEDGMENTS

We take pleasure in thanking Dr. C. M. Van
Atta for his support of this research, Dr. J. R.
Hiskes for theoretical advice and for performing
the Brinkman-Kramers calculations, and Dr. R.
A. Mapleton for his suggestions on scaling pro-
cedures. One of us (SNK) would also like to ex-
press his appreciation to Professor B, J. Moyer
and Professor A. C. Helmholz for their support
during the course of this work. Much valuable
assistance was extended in the assembly and opera-
tion of equipment by J. Warren Stearns and Vin-
cent J. Honey.

APPENDIX

In Table VI we give examples for three different
proton energies of the calculated fractions of
atoms formed in the 7 =6 level that emit detectable
Hg photons. The derived electron-capture cross
sections are inversely proportional to the tabulated
numbers. The values used in deriving the cross
sections shown in Figs. 6 to 10 are designated by
the superscript “a” in the table. They are based
on the assumption that a statistical distribution
over substates is maintained in the oven, and no

mixing occurs outside of the oven. We note that
in this case the results change by only a small
amount if we use Stark instead of field-free life-
times.

Another plausible assumption is that capture
takes place as calculated by Hiskes, with no sub-
sequent shuffling among substates. This assump-
tion leads to cross sections roughly one-half to one-
third those shown in Figs. 6 to 10. Capture and
decay in a sufficiently strong electric field are best
described in terms of Stark substates, and the s,

p, d substate descriptions are replaced by parabolic
quantum numbers, as shown in Fig. 11.** The cross
sections for electron capture into a given substate
have not been calculated yet; in making up Table

VI we have assumed that the calculated capture in-
to an s, p, or dstate is evenly distributed over the
accessible Stark states.

According to Hiskes’s calculations, most of the
capture is into s, p, or d states, with essentially
nothing into the f or higher states. As an indica-
tion that the true cross sections are not likely to be
larger than those plotted in Figs. 6 to 10, we give
the values of N(Hg)/Ng° that would be obtained if
all of the atoms were in one of the s, p, or d
states (or the equivalent Stark states).
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The energy dependence of the total cross section for H++H2—» H(2s) +H§L exhibits two broad
maxima in the range 2—70 keV. The lower maximum occurs at an energy where the total
charge-transfer cross section is largest, and thus may be due to coupling with the ground-
state scattering channel. The observed energy dependence is similar tothat for H++H2—- Ly a,
but with the positions of both maxima shifted to higher energies by about 5 keV. The cross
section for H + Ar — H(2s) + Ar™ over the extended energy range 2—70 keV also exhibits only
two maxima. Internal and external quenching measurements of this cross section are in
agreement. Its absolute magnitude at 20 keV has now been independently measured by three
investigators, with results consistent with = 20%.

I. INTRODUCTION

The measurement of atomic collision cross sec-
tions basically involves the determination of three
-quantities: The incident beam intensity, the
thickness of the scattering target, and the scat-
tered beam intensity. In the study of the electron
or charge transfer process Ht*+X~H+ X+ at keV
energies, fast hydrogen atoms produced in the
scattering can be separated from elastically scat-
tered protons by an electric or magnetic deflec-
tion field. The study of charge transfer into an
excited state H(nl) necessitates additional state-
sensitive detection of a portion of the scattered
atom beam.

The metastable H(2s) atom component of a fast
hydrogen-atom beam can be selectively detected
through induced decay. An external dc electric
field applied to the beam couples the long-lived
2s state with the nearby short-lived 2p state. At
sufficiently high fields the mixed state has a short
lifetime and decays to the ground state within the
field region. This Stark-effect quenching of meta-

stable atoms therefore results in the emission of
Lyman-alpha (Ly-a) photons; an intensity mea-
surement of this radiation determines the inten-
sity of the metastable atom beam.

The direct study of charge transfer into H(2s)
was first undertaken by Madansky and Owent!
using a 10-keV proton beam and an H, gas-scat-
tering target. It was known that charge transfer
would occur at relatively large impact parameters,
and that atomic scattering at keV energies is ap-
proximately controlled by the screened Coulomb
potential. Thus an “external-quenching” type of
experiment was performed, in which fast H(2s)
atoms were searched for outside the scattering
cell, within a small solid angle centered around
the direction of the incident beam. This experi-
mental approach to measuring the cross section
095(Hp) for the H* +H, system has been used by
several investigators studying differing energy
ranges, *—*

Measurements of o094 have also been made for
protons incident on inert-gas targets.5=7 Argon
scattering targets were used by Jaecks, Van Zyl,



