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Cross sections have been determined for electron capture into the 3s and 4s states of atom-
ic hydrogen by proton and deuteron (1.2-8.2 keV) impact on Ar, He, and Kr, The He cross
sections both show an exponential increase with energy. Previous structure is confirmed
and additional structure is indicated in the 3s cross section for impact on Ar. These data
represent the first measurements of the 3s and 4s cross sections for impact on krypton.

INTRODUCTION

Nonsymmetrical charge-transfer collisions be-
tween ions and atoms have been extensively inves-
tigated both theoretically and experimentally. ' "
The adiabatic criterion proposed by Massey pre-
dicts that the variation of the charge-exchange
cross section with velocity will show a maximum
and then decrease with velocity. Although much
data seem to confirm'" the adiabatic criterion,
some cases have been reported which indicate
failure of this criterion. '" In particular, oscil-
latory behavior of the cross section below the
maximum has been observed. The present exper-
iment was undertaken to examine the region below
the predicted maximum in the cross section for
electron capture into the 3s and 4s states of H by
fast-proton impact on He, Ar, and Kr.

Cross-section measurements for electron cap-
into the 3s state and 4s state of H by fast-

proton impact on He and Ar have been reported"
at energies of 5 keV and above. This paper re-
ports cross-section measurements for electron
capture into the 3s state and 4s state of H owing
to proton and deuteron impact on He, Ar, and Kr
at energies less than 8.2 keV.

The techniques used for the measurement of the
3s and 4s cross sections were the same as those
described in Hefs. 1 and 2 and can be summarized
as follows. A monoenergetic beam of protons
(or deuterons} was passed through the target gas
in a differentiaily pumped collision chamber.
Charge-exchange collisions inside the chamber
produced various states of atomic hydrogen in the
partially neutralized beam. The beam passed
from the collision chamber into an evacuated ob-
servation chamber where light emission due to
the decay of excited atomic hydrogen in the beam
was observed.

Cross sections for capture into the 3s state were
determined by measuring the intensity of the ra-
diation in the 3s- 2P transition. Separation of the

radiation due to the 3s —2P transition from radia-
tion due to other transitions included in H (&=2
—2} radiation was accomplished by measuring the
H radiation at a point sufficiently far from the
collision chamber to ensure that the short-lived 3P
and 3d states had decayed to the extent that they
contributed essentially no radiation.

The cross section for capture into the 4s state
was determined from the measured intensity of
the 4s-2P transition using the same technique to
separate the 4s-2P radiation from the other
Hs (n=4-2} radiations.

APPARATUS

A schematic diagram of the apparatus as viewed
from above is shown in Fig. 1. A proton (or deu-
teron} beam was extracted from an Ortec model
320 radio-frequency discharge ion source at ener-
gies from 1 to 2 keV and then accelerated across
a single gap to the desired energy. The beam then
passed through an einzel lens and steering magnet
en route to a 30'magnetic ion-beam mass analyzer.
This analyzer consisted of a c-yoke magnet pos-
sessing 10-cm circular pole pieces and a 3-cm
gap. The beam then entered a 7-cm-long differen-
tially pumped collision chamber that had entrance
and exit apertures 0.16 cm in diameter. The dif-
ferential pumping system employed two 4-in. dif-
fusion pumps backed by mechanical pumps, a
cryogenic refrigerator, and a liquid-nitrogen trap.
From the collision chamber the beam passed into
an observation chamber with a 25-cm-long glass
window running parallel to the beam. After leaving
the observation chamber the beam was collected
in a Faraday cup. Elimination of secondary elec-
tron losses from the Faraday cup was achieved
through the use of deep-cup geometry and a sup-
pressor ring biased to -180 V. The Faraday-cup
current was measured with a model 414A Keithley
elect romete r.

The radiation passing through the window of the
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FIG. 1. Schematic diagram of the apparatus as viewed from above (not to scale). The entrance and exit apertures of
the collision chamber define the angular acceptance of the beam.

observation chamber was detected by a photomulti-
plier tube mounted on a track parallel to the beam
direction. A unit-magnified image of a 1-cm seg-
ment of the beam was projected onto the photo-
cathode by a lens system. Baird-Atomic 8-11
filters of the appropriate passband were used to
eliminate all but the H or HB radiation. Cooling
of the photomultiplier to ice-water temperatures
increased the ratio of signal to poise and stabilized
the drift. The signal from the photomultiplier was
amplified and then recorded on a chart recorder.
The signal due to the desired transitions was ob-
tained by recording the difference between the
photomultiplier output with the beam on and with the
beam off.

For the Thoneman radio-frequency discharge
source most investigators" have found inherent
energy spreads of approximately 100 eV. An in-

vestigation of the shape of the proton and deuteron
mass peaks showed that the resolution of the mag-
netic mass analyzer was such that no improvement
on the inherent energy spread was obtained.
Cross-section data were taken with the analyzer
set on the mass peak.

The existence of a plasma potential can lead to
a mean ion energy from 50 to 400 eV higher than
the extraction voltage. "" In this experiment a
200-eV plasma potential was assumed with a re-
sulting uncertainty in the beam energy of about
200 eV.

PROCEDURE

With the gas pressure in the collision chamber
fixed, the radiation intensity per unit beam cur-
rent was measured. Measurements were taken

TABLE I. Cross sections in units of 10 ' cm .

H' energy'
(keV)

Helium
4s

Krypton
4s

1.2
1.7
2.2
2.7
3.2
4.2
5.2
6.2
7.2
8.2

17.5 + 2.1
20.3 + 1.2
23.3+ 1.4
22.9+ 0.7
24.5 + 0.7
30.5+1.7
36.8+ 0.9
37.6 ~ 1.2
38.3+1.0
39.9+3.5

3.29~ 0.66
4.22 + 0.42
5.28 + 0.65
5.98+ 0.48
6.38 + 0.53
7.43+ 0.50
8.71+0.36
10.0+ 0.22
10.9+ 0.50
12.0+ 0.54

0.82 ~ 0.05
0.87 ~ 0.07
1.07 ~ 0.06
1.31 ~ 0.09
1.30+ 0.07
1.48+ 0.08
1.80 + 0.05
2.05+ 0.11
2.32 + O.Q1

2.75 + 0.14

0.147+ 0.006
0.159+ 0.013
0.191+0.012
0.225+ 0.016
0.245 + 0.021
0.315+ 0.018
0.411+ 0.014
0.515+ 0.017
0.617+Q.037
0.743+ 0.065

28.3+ 1.2
28.8+ 2.4
27.6+2.1
27.7+ 0.9
29.5+ 0.8
35.0+ 0.9
37.1 + 0.8
39.1 ~ 0.6
45.0+ 0.7
51.2 + 1.9

3.13 + 0.79
3.78+ 0.48
4.32 + 0.22
4.48+ 0.31
4.57+ 0.68
5.31+0.34
7.46 ~ 0.25
8.50*0.48
9.87 + 0.49
11.5 + 0.86

~ Deuteron data listed at proton energy having same particle velocity as deuteron energy
used.
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at a distance from the collision-chamber-exit
aperture greater than ~ v~„„where v is the veloc-
ity of the proton and ~, is the lifetime of the ~s state.
Since the radiative lifetimes of the 3s, Sd, and 3P
states are 16.0x 10-8 1.56x10-8 and 0.54 x 10~
sec, respectively, essentially all H radiation
measured at distances beyond ~ &T„ is due to
transitions from the 3s state. ' The radiative life-
time of the 4s state, 23.0x10 ' sec, is sufficiently
longer than the 2.6x10~ sec radiative lifetime of
the mixed state which includes the other Hz transi-
tions to ensure adequate discrimination against
those states at distances greater than & v7„.'

Gas pressures inside the collision chamber were
such that beam attenuation varied between 6 and
13%. For beam attenuations in this range only
single collision events should occur, with negligi-
ble scattering out of the beam. As a check on this
some measurements were taken with a 3.5-cm-
length target chamber. The results using the
3.5-cm chamber were in excellent agreement with
the 7-cm-chamber data indicating no appreciable
scattering out of the beam.

The proton (or deuteron) flux measured at the
Faraday cup was corrected for attenuation due to
neutralization inside the collision and observation
chambers, and the mean flux in the collision
chamber was used in the cross-section determina-
tions.

Although the ratio of the pressure in the collision
chamber to the pressure in the observation cham-
ber was between 50 to 70 for all the runs, there
was some H and H& radiation produced by charge

transfer from the gas outside the collision cham-
ber, In order to correct for this, background
radiation was measured in the following manner.
The collision chamber was opened to the low-pres-
sure region of the apparatus through a l-in. -diam-
eter valve, and the target gas was diverted into the
observation chamber at a point near the collision-
chamber-exit aperture. Gas flow was then adjust-
ed until the pressure in the observation chamber
was the same as that during the data run. Mea-
surements of radiation intensity were made in the
same manner as for a data run, and corrections
were made to the data-run measurements.

Using protons as incident particles, measure-
ments were made at accelerating potentials be-
tween 3 and 8 keV in 1-keV steps. %'ith deuterons
as incident particles, data were taken at acceler-
ating potentials having particle velocities equiv-
alent to proton accelerating potentials of 1, 1.5, 2,
2.5„3, and 4 keV. A data run consisted of mea-
suring the intensity per unit beam current 4 to 6
times at each energy of the above quoted ranges.
The average of these 4 to 6 measurements was
considered to represent the measured value for a
given data run. %hen a data run was repeated, no
attempts were made to adjust any changes in elec-
tronic gain. Instead repeated runs were normal-
ized to the original run. The mean of all data runs
taken (usually 3 to 5) is the quoted result. The
error bars indicate the standard deviation from
the mean.

Analysis of the data produced relative cross-sec-
tion curves. Absolute values for the cross sections
owing to impact on He and Ar were determined by
normalizing the relative curves to the published
values for absolute cross sections at 5 keV and
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FIG. 2. Plot of 3s and 4s capture by H' and D+ on He.
Also shown are the data of Ref. 2.
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FIG. 3, Plot of 3s and 4s capture by H' and D' on He
showing exponential increase in cross section with en-
ergy. A least-squares fit to the data was used to deter-
xnine the slopes of the straight lines shown.
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above. " Since an absolute value for the cross
section owing to impact on Kr was not available,
a different normalization procedure was needed.
Absolute determination of the Kr cross sections
required absolute-pressure measurements and
calibration of the detection system. Absolute pres-
sure was determined by measuring the beam at-
tenuation of a 5-keV proton beam in Kr, and using
the published value of the cross section for total
charge exchange. " Calibration of the detection
system was accomplished by taking the cross sec-
tion for 4s and Ss capture owing to 5-keV proton
impact on Ar as a known absolute value and mea-
suring the appropriate cross section before each
Kr data run.

is seen in the present results.
Figure 3 shows a plot of the logarithm of the He

cross section versus a linear energy scale for the
energy range of the pt'esent experiment. The
straight lines drawn through the data represent
a least-squares fit to the function e '~, where K
= 6.0 keV for Ss and K=4.2 keV for 4s.

Figure 4 shows log-log plots of the Ss and 4s
capture cross section versus energy for proton
and deuteron impact on Ar. Also shown are the
measurements of Hughes etal. ' The present data
seem to confirm the secondary maximum in the
Ss cross section near 6 keV previously reported.
There is evidence of additional structure near 2

keV in the Ss cross section.
This experiment shows ng evidence for any

structure in the 4s cross section for protons on
Ar below 10 keV.

Figure 5 shows log-log plots of the Ss and 4s
capture cross section versus energy for proton and
deuteron impact on Kr. No other measurements
have been made of these cross sections for this
target.

The flat region below 3 keV may indicate some
structure in the Ss cross section. The fact that
the magnitude of the cross section changes so
little over the entire range measured makes it less
clear that the behavior below 3 keV is indeed in-
dicative of structure.

The 4s cross section varies fairly smoothly with

energy. There may be some indication of change
in slope between 3 and 4 keV.

RESULTS AND DISCUSSION

Graphs of the data tabulated in Table I are shown

in Figs. 2-5. Energy values on these graphs rep-
resent the energy due to the equivalent proton ac-
celerating potentials plus the energy due to the
assumed 0.2-kV plasma potential. As previously
noted, the error bars show the standard deviation
from the mean of several trials and represent the
reproducibility which typically varied between 5

and 15%. Factors restricting the reproducibility
were poor signal-to-noise ratio, fluctuations in
target-gas pressure and beam current, and short-
term electronic drift.

Figure 2 shows log-log plots of the Ss and 4s
capture cross section versus energy for proton
and deuteron impact on He. Also shown are the
measurements of Hughes etaL. ' which had previ-
ously found a maximum in the Ss cross section at
40 keV and maximum in the 4s cross section at
50 keV. No evidence for any additional structure
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FIG. 5. Plot of Bs and 4s capture by H+ and D' on Kr.
FIG. 4. Plot of 3s and 4s capture by H+ and D+ on Ar.

Also shown are the data of Ref. 2.
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