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Cross sections have been measured for the emission of Lyman-0. radiation in collisions of
1-25-keV hydrogen atoms with He, Ne, Ar, Kr, and Xe owing to excitation of the fast atom
to the 2p and 2s states. The intensity of Lyman-e emitted spontaneously from collisionally
excited H(2p) was measured at 54.7 or 125.3' with respect to the H beam in an essentially
field-free collision chamber with an oxygen-filtered photometer calibrated by reference to
previous results for H' on Ar. After a small correction for cascade effects, the data yield
the cross sections for population of the 2p state in these collisions. An electric field, oriented
in the direction of the beam, was applied within the collision chamber '.o quench collisionally
excited H(2s), and the resulting increase in Lyman-e radiation has been used to derive the
cross sections for formation of the 2g state. The viewing geometry and the electric field
orientation were designed to minimize the effects of polarization of the light emitted from
H(2p) and H(2s), and of changes in polarization when the quenching electric field was applied
that might otherwise lead to large errors in the 2s cross section. The cross sections in-
crease in magnitude and degree of structure with increasing atomic number of the target.
Except for collisions with Ne, excitation of H(2p) is always more probable than excitation of
H(2s). A relationship between the emission and stripping cross sections is presented, the
relative probabilities of excitation and stripping being rather independent of target. Our re-
sults are compared with previous measurements made at higher energies and with theoretical
estimates of these cross sections. The present extension of previous results to lower energy
has revealed new structure in the energy dependence of the cross sections for the heavier
targets. Existing theoretical treatments of these collisions fail to yield either the magnitude
or energy dependence of the cross sections at energies below 5 keV.

I. INTRODUCTION

The experiments reported in this paper have been
carried out as part of a laboratory measurements
program with the goal of obtaining cross sections
for excitation and ionization of atmospheric and
other common gases by 1-25-keV protons and hy-
drogen atoms. This energy range is of particular
interest in space physics because of the precipita-
tion of significant fluxes of protons with these en-
ergies during breakup auroras and in quiet proton-
induced auroral arcs. ' ' At these rather low ener-
gies, a primary proton flux is readily converted by
electron-capture collisions to an equilibrium mix-
ture of H', H, and H, with H being the major con-
stituent. Hydrogen-atom collisions therefore will
be of major importance in any process involving
low-energy proton bombardment. While several
groups of investigators have reported H impact ex-
citation cross sec tions in this energy range, '

there have been very few studies made of excitation
in H collision processes, particularly below 10
keV. This is surprising not only in view of the
importance of such processes in many applications
but also because of the fundamental role the pro-
cesses play in heavy-particle collision physics.

In previous publications we have reported cross
sections for positive-ion and electron production
in collisions of 1—25-keV H with a variety of target

gases and for emission of Lyman-n radiation
from H atoms excited by collisions of 1—25-keV H

with Nz (Refs. 6 and 10) and 02.' In this paper
cross sections are reported for emission o' Lyman-
& from H(2P) and H(2s) produced in the processes

H+M- H(2P)+M,

H+M- H(2s)+M,

where M=He, Ne, Ar, Kr, or Xe and the range of
impact energies is 1—25 keV. Processes (1) and

(2) are only illustra, tive of many detailed processes
involving all energetically accessible excited and
ionized states of the target gas. The cjllisional
excitation cross section that we obtain is the sum
of the cross section for all of these individual pro-
cesses that result in excitation of the H to the
specified state. Brief accounts of this work have
been given elsewhere. "'

Excitation of Lyman-G radiation in electron-cap-
ture collisions of protons with rare gases has been
studied by a number of groups. ' Collisional ex-
citation of fast hydrogen atoms has received much
less attention. Dose and co-workers have mea-
sured ' the cross section o(2P) for emission of
Lyman-& radiation from 2P hydrogen atoms pro-
duced in collisions of 3-55-keV H with He, Ne, and
Ar. Cross sections for emission of Lyman-n from
2s [cr(2s)] and 2P hydrogen atoms formed in bom-
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bardment of these targets plus Kr and Xe by 5-40-
keV H atoms have been reported by Qrbeli et al.
Gur work was motivated by the need to extend the
rare-gas data to lower energies and to resolve
significant discrepancies between the previously
reported results for o(2P). In the earlier work,
it was assumed that the angular distribution of
quench-induced Lyman-o. radiation from H(2s) was
isotropic. It has recently been shown 3' that sub-
stantial apparatus-dependent anisotropies in this
radiation can exist and must be taken into account
in the measurements of a(2s). Our measurements
were carried out with an experimental configuration
designed to minimize these effects.

The five rare gases together represent a series
of targets having a wide range of polarizabilities
and internal excitation energies. Especially in the
case of the lighter atoms, they are simple enough
in electronic structure to permit the development
of meaningful models of collisional excitation and
ionization processes by comparison of approximate
theoretical calculations for the H+ rare-gas
collision system with experimentally measured
cross sections. The results reported here are
compared to the available calculations and some
systematic trends in the cross sections for the
various targets are identified.

II. EXPERIMENTAL PROCEDURE

The apparatus used to prepare and detect H' and
H beams and bring them into collision with thin gas
targets has been described in detail elsewhere
and only the improvements will be discussed here.

In this work Lyman-n emitted during bombard-
ment of the rare gases by H' and H was viewed at
54. V, 90, or 125. 3 with respect to the beam direc-
tion by a photometer which is a modified version'
of an instrument developed by Clark and Metzger
for satellite studies of auroral Lyman-n. It con-
sists of an EMR 542J solar-blind photomultiplier
with a MgF2 end window preceded by an Q3 filter
with MgF2 windows and a retractable SrF& filter.
The effective path length through the O2was 10 mm.
Except at several narrow transmission windows
the oxygen effectively absorbs all light with wave-
lengths shorter than 1V5. 0 nm and the photomulti-
plier is insensitive to longer-wavelength radiation.
The MgF2 windows provide a short-wavelength cut-
off at approximately 112.0 nm when the O2 filter is
evacuated. With the SrFz filter retracted, the
transmission function for the photometer at the
most transparent O2 window, centered at 121.6
nm, has a full width at half-maximum transmission
of approximately 0. 3 nm and is nearly a maximum
at 121.56V nm, the Lyman-n wavelength. For the
gases studied in this work, the only significant
spectral features located near the oxygen windows
are a He xi line at 121.52 nm (Ref. 39) and a Kr z

resonance line at 116.49 nm (Ref. 40) near the 02
window at 116.V nm; however, the Kr resonance
line at 123.58 nm and the Xe resonance lines at
129. 56 and 146.96 nm (Ref. 40) fall within the range
of sensitivity of the photomultiplier. In order to
rule out these lines as a source of contamination of
the Lyman-n results, an auxiliary set of experi-
ments was carried out in which the oxygen-pressure
dependence of the photometer signal for 1-25-keV
H atom impact on Kr and Xe was compared with that
for Ne and Ar at all three viewing angles. These
experiments established that with the filter evacu-
ated, about 60—95% of the countable photons from
Kr and Xe targets were Lyman-n, but that for Kr,
the contamination could be eliminated effectively
by the addition of 150-torr Q2. For Xe, however,
the contamination could be successfully eliminated
only at 90 . Apparently the reduced transmission
of the 02 filter for Doppler-shifted Lyman-n at
54. V or 125. 3 precluded successful elimination of
the Xe contaminant radiation. The values of o(2P)
for He, Ne, and Ar reported in this paper were
measured at 54. V and 125. 3'with the Q~ filter evac-
uated. The v(2P) measurements for Kr were also
carried out at 54. V and 125. 3', but with enough Q,
added to eliminate the contamination. For Xe,
o(2P) was measured at 90' with 700-torr 02 in the
filter.

With the SrFz filter inserted, only radiation with
wavelengths & 128 nm is transmitted and this signal
is a measure of the long-wavelength contamination
of the observed signal. This background signal in
these measurements was found to be insignificant
when sufficient O2 was added to block the Kr and
Xe resonance lines.

The region viewed by the photometer was defined
by a pair of narrow rectangular collimating slits
oriented with their long dimension perpendicular
to the axis of the beam. The maximum acceptance
angle of the photometer was 1.2 in the umbra and
1.8 in the penumbra of the viewing zone.

The output pulses from the photomultiplier were
fed into a preamplifier, amplifier, and discrimina-
tor, and were counted with a sealer. Beam cur-
rents were measured with a digital charge integra-
tor, and a differential capacitance manometer was
used for target-pressure measurements. Matheson
UHP He and Ar and resea, rch grade Ne, Kr, and
Xe were used without further purification.

The photometer was calibrated by normalization
of our Lyman-n emission cross sections for 1—25-
keV H' impact on Ar, made at 54. V and 125. 3 with
the oxygen filter'evacuated and in the absence of a
quenching electric field, to two previous absolute
determinations of this cross section' '" carried out
at 90'. Subsided. ary calibration points at these
angles and at 90 were measured with G~ in the
filter to make the v(2P) measurements for Kr and
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FIG. 1. Cross section for emission of Lyman-e radia-
tion in collisions of 1-45-keV H" with argon in the absence
of an applied electric field. The Lyman-o. photometer used
in this work was calibrated by normalizing the present
data to the absolute measurements of Pretzer et al. and
Andreev et aL as described in the text: See Pretzer et
al. , Ref. 13; see Andreev et aE. , Ref. 15.

Xe absolute. In order to compare data obtained at
different viewing angles, one must take account of
the angular distribution of the radiation, which is
given by

$1 i(1
—Pcos'6)

4« (3)

where ~ is the viewing angle, I~ is the total inten-
sity, and I'= (I, —I,)/(I„+I,) is the polarization. The
components I and I, are the intensities of radia-
tion measured at 90 with respect to the reference
axis with polarization parallel or perpendicular to
that axis. The intensity measured at 54. I or 125. 3'
is related to the total intensity in a manner indepen-
dent of polarization. The desired cross section 0
deduced from intensity measurements at either of
these two angles is related to cross sections ogo.
obtained from measurements at 90 by

cr= (1 —
g &) ogo'.

Previous measurements' ' ' of the polarization of
Lyman-n radiation from H' on Ar in our energy
range indicate that this correction is & 3% at ener-
gies & 8 keV, no more than 5/q at energies as low
as 3 keV, and hence can be ignored. Polarization
effects have, therefore, no significant effect on the
photometer calibration. Viewing at 54. 7 or 125. 3
then ensures that there are no polarization effects
on the cross sections for the other gases relative
to Ar.

The normalizing factor was determined graph-
ically by the superposition of our relative data on
the absolute measurements so that the best overlap

was obtained in the 3-25-keV range as shown in

Fig. 1. The excellent agreement of our energy de-
pendence for this cross section with that of the
earlier measurements, which were carried out with
different Lyman-n detection techniques, is a useful
verification of the reliability of our experimental
procedure. Frequent checks of the normalization
were made during the measurements of cross sec-
tions for H impact on the rare gases to account for
the effects of small drifts in photometer sensitivity.

For studies of H(2s) formation in (2) an electric
field was applied within the collision chamber in a
direction parallel or antiparallel to that of the
beam. The field was generated by application of
a voltage of the same magnitude, but of different
sign, to a pair of parallel plates oriented perpen-
dicular to the beam direction. The plates were
coated with cadmium to minimize reflection of
Lyman-n and each had a 0. 375-in. -diam hole to
allow the beam to pass through without striking any
surfaces. Lyman-n emitted from a portion of the
beam track midway between the plates was viewed
at 54. 7 or 125. 3' with respect to the beam and the
electric field direction using the photometer with
its oxygen cell evacuated. This experimental con-
figuration minimizes the effects of the polarization
of quench-induced radiation from H(2s) for which
the reference axis in Eq. (3) is the direction of the

applied electric field. In this configuration, both
quenching plates were completely blocked from the

viewing zone of the photometer. The field needed
to quench H(2s) was determined by increasing the

applied voltage until no further enhancement of the
Lyman-n signal could be detected with further in-
creases in voltage. Care was taken to demonstrate
that the magnitude of the saturation voltage and the
enhancement of the signal owing to electric quench-
ing were unchanged when the direction of the field
was switched from parallel to antiparallel with
respect to the beam direction. The experimentally
determined differences between the Lyman-n count
rate with the field on and with the field off was used
to calculate o(2s), the cross section for emission
of Lyman-n from H(2s). Because the intensity ob-
served at 54. 7 or 125. 3 with the field on and off
is related to the total intensity in a polarization-
independent manner, the anisotropies in the radia-
tion from H(2p) and the changes in anisotropy as the
field is switched on cannot affect determinations of
o(2s) from the differences in intensities with the
field on and off.

We believe that from. gas to gas the relative H(2P)
Lyman-o. ' emission cross sections v(2P) for H-atom
impact are accurate to within 15%. This estimate
is based on contributions of & 5/0 from measure-
ments of the secondary electron emission current
and photometer counts as well as & 2/~ from non-
linearity in the pressure measurements for each
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FIG. 2. Cross sections for emission of Lyman-0. radia-
tion in collisions of j.-55-keV H atoms with He. The
broken curves labelled gz and 0- give the results of Born-
wave and four-state impact-parameter calculations. The
results for H(2s) are divided by 10: See Orbeli et al. ,
Ref. 26; see Dose et al. , Ref. 25; see Levy, Ref. 33(a);
see Flannery, Ref. 34.

target gas. The required subtraction of photometer
counts leads to an additional fractional error in
o'(2s). If the ratio of photometer counts with the

quenching field on to the number of counts observed
with the field off is 7, the subtraction process
causes a fractional error in o(2s) of = [(Y+1)' /
(Y —1)] times the fractional error in the number of
counts with the field off. The reproducibility of the
experimental measurements was always well within
these estimates. The absolute cross sections have
an additional uncertainty of about +10% owing to
errors in the neutral beam detection technique'
and there are uncertainties of about + 25/0 in the
previous determinations of the Lyman-n emission
cross section for H'+Ar to which our results were
normalized.

III. EXPERIMENTAL RESULTS

The cross sections o(2p) and o(2s) for emission
of Lyman-n radiation from H(2s) and H(2P) formed
in 1-25-keV H bombardment of the rare gases are
shown in Figs. 2—7 and compared with previous
results, where available.

In Fig. 2 our results for a helium target obtained
at 54. 7 and 125. 3' are compared with the 90 mea-
surements of Qrbeli et a/. , who employed a ther-
moelectric hydrogen-atom detector. Their method
of pressure measurement was not given. Metasta-

ble H(2s) was quenched by an electric field appl. ied
within the collision chamber. A Seya-Namioka
vacuum monochromator and a scintillation photo-
electron counter were used to analyze and detect
the Lyman-0. radiation, and the relative measure-
ments were normalized to the value of o(2P) for
H'+Ne determined by Andreev et al."with an ear-
lier version of the same apparatus.

Also shown on Fig. 2 are the 90' measurements
of Dose et al. This group used a classical Ruther-
ford-scattering calculation to relate the total H

beam flux to the secondary-electron emission owing
to H atoms elastically scattered at 2. 2 . The
pressure of the scattering gas was monitored with
an ion gauge, but no details were given concerning
the calibration or corrections for the relative sen-
sitivity of this device for different gases. Lyman-
a radiation was detected with a He-I~ counter,
calibrated by normalization to the determination of
o(2P) for H' on He of Andreev et al. '~ Thus all three
sets of H-atom data shown in Figs. 2-7 are tied to
the same set of absolute determinations.

The cross section for emission of Lyman-n from
H(2P) drops off rapidly with increasing energy.
While the agreement in energy dependence between
the three determinations of o(2P) is satisfactory,
our results are systematically larger by about 35%
and 80/0, respectively, than those reported by
Qrbeli et al. and Dose et al. Contamination of the
Lyman-o. signal by the He-Ir line at 121.52 nm can
probably be excluded both as a potential systematic
error in the measurement of a(2P) for a helium tar-
get and as the source of the discrepancy. Neither
a He-I~ counter nor a Seya-Namioka monochromator
as employed by Qrbeli et al. would have discrimi-
nated against this line if it had been present. The
total cross section for slow positive-ion production
(o,) for impact of H on He is about an order of mag-
nitude lower than our value of v(2P) at 3 keV.
Furthermore, since the He-rr line arises from a
state of He' with principal quantum number equal
to four, the cross section for excitation of the He-rr
line must be considerably smaller than cr,. There-
fore, even at 10 keV, where o,=o(2P), and at 25
keV, where cr, = 10 u(2P), contamination by the He-iz
line is not expected to be a serious source of diffi-
culty.

The cross section o(2s) also decreases monoton-
ically for a He target as the impact energy is in-
creased from 1 to 25 keV. As is emphasized by the
plot of the o(2s)/o(2P) ratio in Fig. 3, o(2s) for He
is considerably smaller than o(2P). At impact en-
ergies&8 keV, the' comparison between our H(2s)
results and those of Qrbeli et al. is quite favorable;
however, our results for v(2s) do not show the pla-
teau at lower energies indicated by the previous
work.

The present results are in somewhatbetter agree-
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ment with Levy's Born-wave values o3 than with
the four-state impact-parameter cross sections o

calculated by Levy '" and Flannery; however,
the low-energy maxima predicted by these theoreti-
cal treatments were not observed.

Lyman-n emission cross sections for a neon
target are given in Fig. 4. Levy calculated his
theoretical curves by multiplication of the Born-
wave cross sections by experimentally determined
velocity depe-ndent scaling factors. The H(2p) cross
section is nearly energy independent from 1 to 10
keV, and drops off more gradually than for a He

target in the 10-25-keV range. Inspection of Fig.
3 shows that neon is the only rare-gas target for
which o(2s)/a(2p) is greater than -0.6 in the 1-40-
keV energy range. At energies & 4 keV, we have
a(2s) &o(2p). The agreement between our cross
sections and those of Qrbeli et al. for both 2s and

2P excitation is very good, as is the agreement be-
tween our work and that of Dose et al. at energies
& 10 keV; however, we did not observe the maxi-
mum in the curve at F-- 6 keV reported by the latter
workers. The agreement between our measure-
ments and the scaled Born calculations for Ne is the
best for any of the rare-gas targets for which a
comparison can be made.

Figure 5 shows our results for an argon target.
The cross section o(2P) is quite similar in shape to
that for Ne, but is larger in magnitude by about a
factor of 2. Extension of the a(2s) measurements
to 1 keV reveals structure in the. emission cross
section which had not been previously observed.
The cross section drops off quite rapidly with in-

FIG. 3. Ratio of emission cross sections for H(2g) and

H(2p) formed in collisions of 1—40-keV H with the rare
gases. The ratios for Kr and Xe have been divided by 10:
See Orbeli et al. , Ref. 26.

FIG. 4. Cross sections for emission of Lyman-e
radiation in collisions of 1-55-keV H atoms with Ne:
See Orbeli et a/. , Ref. 26; see Dose, Ref. 25; see Levy,
Ref. 32.

-l6
IO

c (2p)

CU
E

CO
I—

IO-l7

CO
CL

o2Bp)) CASE L+D

~ ~
~ ~ S

~ ~

~,o THIS WORK

+,& ORBELI et al.
~ DOSE-- LEVY

/IO

IO-18

IOO IOI

ENERGY, keV

FIG. 5. Cross sections for emission of Lyman-& radia-
tion in collisions of 1-50-keV H atoms with Ar. The re-
sults for H(2s) are divided by 10: See Orbeli et al'. ,
Ref; 26; see Dose, Ref. 25; see Levy, Ref. 32.

creasing energy in the 1—7-keV energy range and
then rises to a plateau at - 20 keV.

As for Ne, the agreement between our o(2p) re-
sults and those of Orbeli et al. in the region of
overlap is quite good; however, the large disparity
between the work of Dose et al. and other workers
is apparent. The cross sections of Dose et al. are
similar in energy dependence, but lower in magni-
tude, than other measurementsby a factor of 2-3.
Our H(2s) emission cross sections for an argon
target appear to be systematically lower than those
of Orbeli et al. by about 20%.

There is fairly good agreement between the scaled
Born calculation of a(2p) and our measurements;
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FIG. 6. Cross sections for emission of Lyman-e
radiation in collisions of 1-40-keV H atoms with Kr:
See Orbeli et al. , Ref. 26; see Levy, Ref. 32.
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The over-all comparison of our work with the re-
sults of Orbeli et al. in the common energy range
is quite favorable. Qnly in the case of a He target
does the difference between their values and ours
exceed the sum of the relative errors in the two

however, the theoretical curve for o(2s) decreases
monotonically in the same range where our mea-
surements show the cross section rising to a pla-
teau.

The Lyman-n emission cross sections for H
atoms incident on Kr shown on Fig. 6 are quite
similar in energy dependence and, especially for
a(2p), in magnitude to those for Ar. Our results
for o(2s) and o(2p) are in satisfactory agreement
with those of Orbeli et al. over the range in which
they overlap, although the two maxima reported in
their o(2p) work could not be resolved. Extension
of the measurements to 1 keV in the present work
reveals the existence of substantial new structure
in the energy dependence of cross section.

Levy's scaled Born calculations for Ar and Kr
also show a remarkable similarity. Hence, the
agreement between theory and experiment for o(2P)
is quite good, but, for &x(2s), the scaled Born cal-
culation fails to predict the observed energy depen-
dence.

Figure 7 gives our results for hydrogen-atom
collisions with xenon. The structure in o(2p) is
more pronounced than that we have observed for
H-atom impact on any other target gas. Qn the
other hand, o(2s) rises monotonically with increas-
ing energy. In the common energy range, the en-
ergy dependence of our o(2p) results agrees well
with the previous work, although our values are
smaller by 15% at energies below 15 keV.

IV. DISCUSSION
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FIG. 7. Cross sections for emission of Lyman-o,
radiation in collisions of 1—40-keV H atoms with Xe:
See Orbeli et al, Ref. 26

cross sections. A general trend exists as the mass
of the rare-gas target atom increases. Our o(2p)
values are greater than those of Orbeli et al. by
-20-40% for He and by =10%for Ne. For Ar, the

results of the two studies are of comparable mag-
nitude, whereas our curves for Kr and Xe fall = 15/p
below those given previously. The same general
trend is displayed in the o(2s) results. Although the
direction of the trend is consistent with what one
would expect if Orbeli and co-workers had used a
liquid-Nz trapped McLeod gauge to measure scat-
tering gas pressure and had not corrected for the
pumping effect of mercury streaming to the cold
trap, ' the magnitude of the trend is greater than
one would expect from this effect. Differences in
beam-detection methods would not lead to this kind
of systematic difference.

Qther possible sources of the difference include
polarization effects in the measurements. Accord-
ing to Eq. (4), the o(2p) measurements made at 90
would be in better agreement with ours if in the
1—25-keV energy range the polarization of the 2P
Lyman-n radiation were negative and fairly large
for He and Ne, nearly zero for Ar, and positive and

fairly large for Kr. Theoretical estimates'
and existing results ' "on the polarization of Ly-
man-n radiation from H(2P), obtained by observing
the ratio of measurements at different angles, both
indicate a large positive value of the polarization
for He, Ne, and Ar. The errors attendant to this
experimental determination of the polarization are
quite large, and, especially for a Ne target, the
results are of questionable validity. ' Polariza-
tion cannot be invoked in the case of Xe, as both
sets of o(2P) measurements were performed at 90 .

When o(2s) is measured at 90' by observing the
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difference in the signal with the quenching field on
and off, it is assumed that the Stark-induced Ly-
man-n radiation is isotropic and that the polariza-
tion of the 2P-1s radiation is unaffected by the
field. While the latter assumption has not been ex-
amined in detail, the effect of the former for the
geometry and strength of the quenching field em-
ployed by Qrbeli et al. probably requires a rather
small correction and can be ignored.

Finally, since a Seya-Namioka spectrometer can
have substantially different transmission for the
components I~~ and I„' systematic errors could
have been induced in the work of Orbeli et a/. if
the polarization of the Lyman-a radiation in any of
the H-atom impact experiments were markedly dif-
ferent from that in the H'+ Ne o(2P) measurements
which they used for detector calibration.

The discrepancy between the o(2P) measurements
for H+Ar of Dose et al. and the results of either
our experiments or those of Orbeli et a/. is much
larger than the sum of the relative errors in the
values being compared. The most probable cause
of this discrepancy lies in the large uncertainties
in the method used by Dose et al. to calculate the
8-atom flux. As these authors pointed out, '~' the
method is extremely sensitive to the values of the
parameters used to make the large screening cor-
rections in the classical H-atom Rutherford-scat-
tering calculations.

In order to convert the phenomenological emission
cross sections reported here to H(2s) and H(2p)
population cross sections, small corrections should
be subtracted to account for cascade effects. Based
on considerations of the lifetimes and probability of
collisional excitation of states of the H atom with
higher principal quantum numbers, one can ignore
cascade effects other than the formation of H(n = 2)
via Balmer-o. (H ) transitions. In the absence of
an applied electric field, the 3s and 3d levels are
connected to H(2P) and the 3p level is connected to
H(2s) by an allowed transition. There are very few
data on excitation of H(n = 3) in H-atom bombard-
ment. Lyman-P measurements for H-atom impact
on the rare gases imply that 3P-2s transitions are
responsible for only 3-5% of the 2s H atoms which
are formed. Recent H measurements show that
e(3s) & 0. 1 o(2P) and o(3d) ~ 0. 1 o(2P) for impact of
10—35-keV hydrogen atoms on He, Ne, and Ar.
Owing to the relatively long H(3s) radiative lifetime
of 1.6&&10 7 sec in field-free space, only - 50/o of
1-keV H atoms, 20% of those with 10-keV kinetic
energy, or = 12% of the 25-keV H atoms formed
under our experimental conditions, could radiate
H followed by Lyman-n before moving downstream
from the field of view of the photometer. On the
other hand, = 100% of 1-keV H(3d), - 90% with 10
keV, and 75% with E= 25 keV could yieldH followed
by Lyman-n in the photometric viewing zone. We

H +X-H'+X+ e (5)

is quite similar for the different target atoms
studied here. Figure 8 gives the ratio of o(2s),
a(2P), and o(n = 2) to oo, (Ref. 50) for the rare
gases. It is important to note that, as these ratios
are not constant, the energy dependence of the ex-
citation cross section differs from that for oQj,

'

however, especially for o(2P) and o(n= 2) with He,
Ne, and Ar targets, the magnitude and energy de-
pendence of the relative probability of promotion
and removal of an electron is rather insensitive to

conclude, therefore, that corrections of —10 to
—15% would be required for the field-free o(2P)
measurements in order to obtain the H(2P) popula-
tion cross section. Application of an electric field
shortens the H(3s) lifetime and may enhance other
cascade transitions, but it also will enhance the
transitions to the 1s level from potential cascade
states since it has been observed that Lyman-P
intensity is enhanced by application of an electric
field. It is not expected that application of an elec-
tric field leads to a significantly larger cascade
contribution than that occurring under field-free
conditions.

Consideration of recently reported cross sections
for destruction of H(2s) in collisions with rare-gas
atoms in our energy range '4 shows that, under
our experimental conditions, collisional quenching
of metastable 2s H atoms would not affect our val-
ues of o(2P) and o(2s).

The results of our work can be summarized by
noting the following general properties of the cross
sections for Lyman-n emission in impact of 1-25-
keV H atoms on the rare gases.

(i) At fixed impact energy, there is a trend toward
increasing cross section with increasing number of
electrons in the target atom. This correlation holds
exactly for either v(2s) or o(2P) at E ~ 10 keV and
for v(2s + 2P) at E ~ 6 keV.

(ii) For the lighter targets He and Ne, the cross
sections decrease monotonically with increasing
energy. Pronounced structure appears in the en-
ergy dependence of o(2s) for Ar and Kr and in v(2p)
for Xe. It is the appearance of this structure which
invalidates the correlation in property (i) at lower
impac t energies.

(iii) For all of the rare gases except neon, the
probability of excitation of the H projectile to the
2s level is no more than = 0. 6 times the probability
of 2P excitation. At the high end of our energy
range, the o(2s)/o(2P) ratio is = 0. 5 for all five rare
gases. There is no indication of a "statistical" val-
ue of 3 for this ratio anywhere within our energy
range.

(iv) The relationship between the emission cross
sections and the stripping cross section cro, for the
process
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the identity of the target. A similar correlation
between the excitation and stripping cross sections
has also been observed for a number of diatomic
and polyatomic target molecules. "

There are some interesting similarities and dif-
ferences between the systematics of Lyman-n ex-
citation processes in hydrogen-atom and proton im-
pact on the rare gases in our energy range. The
correlation of the magnitude of both o(2s) and o(2P)
is quite clear cut for proton impact. In com-
parison with the magnitude of o(2P) for H' bombard-
ment, ' ' the H jmpact cross sectjon is larger
for a He or Ne target, comparable for Ar and Kr,
and smaller for Xe. In the case of 2s excita-
tion i4, is, aa, as, as the H-atom cross section exceeds
the H' value at E & 25 keV for He and at E & 15 keV
for Ne and Ar. For Kr and Xe, the values of o(2s)
are smaller for H than for H' impact.

In contrast to property (iii) for hydrogen-atom

FIG. 8. Ratio of a.(2s), cr(2p), and the sum 0.(2s) +o(2p)
to the stripping cross section opi of Williams (Ref. 50)
for impact of 2-25-keV hydrogen atoms on the rare gases.
The ratios involving o.(2p) and o (2s) have been divided by
10 and 100, respectively.

impact, there are two well-resolved maxima [such
as those in o(2P) for H'+Ar in Fig. 1] in the 2p

emission cross section for collisions of protons
with all of the rare gases except He. This struc-
ture becomes more pronounced as the complexity
of the target atom increases. Qn the other hand,

only for an Ar target have two maxima been ob-
served in o(2s). (The 2s measurements for Kr do
not extend below 10 keV. )

Distinctly different behavior in the o(2s)/o(2P)
ratio is displayed in H and H' impact. For all of
the rare-gas targets, the ratio increases with in-
creasing H' impact energy, with the probability of
electron capture into the 2s state becoming compar-
able to or exceeding the probability of 2P capture
at energies ~ 20-25 keV.

The ratio of the 2s, 2P, and the total n = 2 emis-
sion cross section to 0,0, the electron-capture
cross section into all states of H for proton impact,
is nearly independent of energy and relatively in-
sensitive to the identity of the target for the rare
gases. Similar behavior has also been observed
in electron capture collisions with a number of other
target molecules. "

There are a number of significant deficiencies in
existing theoretical treatments of hydrogen-atom
excitation collisions. As Levy has previously
pointed out, the agreement between the shape of
the measured and calculated cross section curves
is considerably better for o(2P) than for o(2s); and,
for targets more complicated than He, the unscaled
Born and four-state treatments seriously overesti-
mate the magnitude of these cross sections. Ex-
tension of the measurements to lower energies has
shown that neither the four-state nor the Born cal-
culation predicts the correct energy dependence of
either o(2s) or o(2P) for a, He target at E( 5 keV,
and has revealed new structure in the cross sec-
tions which will provide an interesting test of future
theoretical approaches. Further experiments in
which the polarization of Lyman-n radiation from
H(2P) is measured with a reflection-type analyzer '
would also be helpful in gaining a more detailed un-
derstanding of these collision processes.
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