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Lyman-a emission from low-energy H impact on rare-gas atoms
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Absolute cross sections for the emission of Lyman-a radiation have been measured for low-energy

H impact on rare-gas-atom targets. Data were obtained for H energies from 2.5 keV down to about
0.05 keV, and include measurements of the Lyman-a polarization. Using previously measured cross
sections for Balmer-a and Balmer-P emission for the same collisions, it was possible to approximate-

ly evaluate the cascade contributions to the measured Lyman-o. signals, and to extract the cross sec-
tions for direct 2p-state excitation during the collisions. The results are compared with the work of
other investigators where possible.

I. INTRODUCTION

In a recent paper, ' excitation of low-energy hydrogen
atoms (H) in collisions with Ne targets was described in
considerable detail. Absolute cross sections for emission
of the Lyman-tx (L ), Balmer-a (H ), and Balmer-P (Hit)
radiations, and the radiation polarizations, were reported
for H energies from 2.5 kev down to about 0.05 keV. The
results of model calculations were also described, showing
how these data could be used to separate the total L-
emission cross section into the cross sections for direct ex-
citation to, and cascade population of, the 2p state of hy-
drogen.

In the present paper, the results of similar measure-
ments of the L -emission cross sections for H impact on
the other rare-gas-atom targets are reported. Also
presented are the results of similar model calculations in-
dicating how the total observed L emission can be divid-
ed into its direct 2p-state excitation and cascade 2p-state
population sources. These calculations are based upon the
H - and Hp-emission cross sections for the reactions,
which have now all been measured.

The techniques used to make the measurements report-
ed here, including the all-important procedure for abso-
lute calibration of the L photon detector, are identical to
those used for the H+ Ne investigations, ' and will not be
reviewed in this paper. Similarly, the model calculations,
the assumptions on which they are based, and their depen-
dence on various scaling-law parameters will not be re-
viewed. However, the results of some of the H + Ne stud-
ies will be presented again here, to allow a smooth follow-
ing of the cross-section data through the complete se-
quence of rare-gas-atom targets.

The emission of L radiation resulting from H impact
on rare-gas atoms has been the subject of several other in-
vestigations. In general, however, only the measurements
of Birely and McNeal extend down into the range of H
impact energies of interest here, and even these data ter-
minate at 1.0-keV H energy. Indeed, with the exception
of He targets, where the recent measurements of Grosser
and Kruger extend down to an H energy of 0.02 keV, lit-
tle experimental information about the L -production
mechanisms operative in such interactions is available.

As will be seen, again with the exception of He targets,
the role played by cascade transitions to the 2p state from
higher-lying ns and nd states populated during the in-
teractions is much larger than would have been casually
assumed, complicating the analysis of the occurring exci-
tation processes.

II. MEASUREMENT RESULTS AND DISCUSSION

In the figures below, the results of the present L-
emission studies are shown by the circular data points.
These values are the "apparent" L -emission cross sec-
tions measured by viewing the L from the collisions at a
distance of 4.3 cm into the target cell, ' and are henceforth
denoted by Q (L ). However, because of the long radia-
tive lifetimes of the excited ns states of hydrogen
( & 1.5 X 10 ' sec), some of the L produced by the
ns ~2p ~ 1s cascade decay sequence from the rapidly
moving excited H atoms will escape detection at only 4.3
cm into the target cell. (The same is true for the decay se-
quence nd ~2p ~ 1s, for those transitions originating
from the higher nd levels. ) Thus, these Q (L ) represent
only lower limits on the true emission cross section
Q, (L ), shown by the upper solid-line curves in the fig-
ures.

Also shown in these figures by solid-line curves are
Q„,(2p), the effective cross sections for cascade popula-
tions of the 2p state from higher-lying ns and nd states
occupied during the interactions. The contributions to
Q„,(2p) from ns~2p and nd~2p transitions are shown
separately as the dashed-line curves labeled by these tran-
sitions. (These data represent the products of the nl-state
excitation cross sections, deduced from the H - and Hp-
emission cross sections, ' and their appropriate nl~2p
decay branching ratios, summed over 3 (n ( 10.) Togeth-
er with the radiative lifetimes of each excited nI state,
these data were used to determine the fractions of the L
emission from cascade processes which escaped observa-
tion during the Q (L ) measurements so that Q, (L )

could be suitably determined. Finally, the cross sections
Q,„(2p) for direct excitation to the 2p state during the in-
teractions were determined from Q, (L ) —Q„,(2p), and
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are plotted in each of the figures as solid-line curves.
With the exception of a few scattered data points (usu-

ally at very low H energies), the uncertainties in Q (L )

are between +14% and +15%%uo, largely reflecting the un-
certainty in absolute calibration of the L -photon detec-
tor. The uncertainties in Q„,(2p) result primarily from
three sources. First, there are the uncertainties (typically
about +15%) in the cross-section measurements for the
H and H~ emissions for the reactions. ' Second, there
are the uncertainties in separating these total emissions
into their ns~2p, np~2s, and nd~2p emission com-
ponents. (The measured data provide only separation of
the ns ~2p component from the sum of the other two
components. ) This is necessary because the np~2s com-
ponent does not lead to cascade population of the 2p state.
This component, however, is generally estimated' to be
quite small (usually less than 10% of the total emission),
because of the very small branching ratios (about 0.12) for
np~2s decay. Finally, there are the uncertainties in the
model calculations' made to extrapolate the cross sections
for excitation to the n ) 5 levels from the n =3 and 4 lev-
els. Even though these uncertainties are taken to be quite
large (+40% to +50% for n =5, and +100% for n & 6),
the contribution made to the total Q„,(L ) from these
higher n levels is typically (10%.

The uncertainties in the computed Q, (L ) are typical-
ly found to be very close to those assigned to the mea-
sured Q (L ). However, the uncertainties in Q„(2p)
= Q, (L ) —Q„,(2p) vary considerably from one reaction
to another. (The bulk of the uncertainties in these L-
emission and Balrner-line-emission quantities were com-
bined in quadrature, being judged to be uncorrelated. )

When Q„,(2p) is very small compared to Q, (L ) as is
found for H+ He collisions, the uncertainties in Q„(2p)
are close to those found for Q, (L ). However, when

Q„,(2p) is a large fraction of Q, (L ) as in H+ Ar col-
lisions, the uncertainties in Q,„(2p) become quite large as
well. It would be impractical here to specify the uncer-
tainty in each of these computed cross-section curves at
each H energy, but typical values will be cited as the data
are presented.

The experimental results for Q (L ) obtained by Birely
and McNeal and by Orbeli et al. for H impact energies
below 10 keV are also presented. These investigators also
appear to have made measurements with detectors situat-
ed to view L from interactions occurring some 4 or 5 cm
into their respective target cells. Thus, comparisons of
their Q (L ) with those reported here should be reason-
ably valid, at least to within the extent that the respective
absolute calibrations of the L detectors employed are
similar.

Orbeli et al. calibrated their detector by observing L
from H+ + Ne collisions, using the measured L -emission
cross section of Andreev et al. for this reaction as a stan-
dard. In contrast, Birely and McNeal used the L-
emission cross section for H+ + Ar collisions reported by
Pretzer et al. as their standard, although they note the
close agreement between this result and the H+ + Ar data
of Andreev et al. Indeed, these two measurements are
well within mutual uncertainties for H+ energies in the
10—25 keV range (where the Pretzer et al. data average

to about 6% below the Andreev et al. results). In addi-
tion, the data of Pretzer et al. merge smoothly onto the
L -emission cross section for H + Ar collisions mea-
sured in this laboratory' for H+ energies below 3 keV.

While there is, therefore, no reason to believe that all
these L -detector calibrations are substantially different,
things are not as nice as they could be. Unfortunately, the
Pretzer et al. data were never corrected to account for an
increasing loss of L signal with increasing H energy,
due to the effect of Doppler shifting of the L wavelength
on the transmission of the narrow-bandpass 0& gas filter
used to isolate the L signal during the measurements. '

Application of such a correction necessitates increasing
the Pretzer et al. cross-section values by about 6% for
H+ energies near 10 keV and close to 20% for H+ ener-
gies near 25 keV.

In addition, the data of Pretzer et a/. were taken by
viewing L from the collisions at a distance of only about
1.7 cm into their target cell. Because Birely and McNeal
viewed the L at close to 5 cm into their target cell, a sig-
nificantly larger fraction of the L from the ns~2p~ls
cascade decay sequence was observed. The Q (L ) values
of Birely and McNeal should thus have been normalized
to slightly larger values (by perhaps 5—10%%uo) than those
determined by Pretzer et al. The combination of these
two effects suggest that the Q (L ) data of Birely and
McNeal shown here should be revised upward by approx-
imately 20%%uo.

A. H+ He collisions

The absolute cross sections for L emission resulting
from H impact on He targets are shown in Fig. 1. As
noted above, the present Q (L ) are typically uncertain
by between +14% and +15%%uo for H energies above 0.05
keV (becoming about twice as uncertain at 0.032 keV).
The estimated uncertainties in Q„,(2p) average here to be
about +25% (between +15% and +20% for the ns~2p
component, and +30%%uo to +35% for the nd~2p com-
ponent). However, because Q„,(2p) is here so small, the
uncertainties in Q, (L ) and Q,„(2p) are also small,
averaging to only about +14%%uo and +16%%uo, respectively.

As seen in Fig. 1, the present Q (L ) lie about 20%
above the values reported by Birely and McNeal, possibly
reflecting the absolute L -detector calibration problem
discussed above. However, increasing the Q (L ) of
Birely and McNeal by 20% causes their values to be even
further above those of Orbeli et al. and of Dose et al."
(The difference between these latter two measurements is
somewhat surprising, because both L detectors were cali-
brated against the data of Andreev et al. for H+ impact
on rare-gas-atom targets. ) Consideration of such higher-
H-energy data as reported by Hughes and Choe, ' for ex-
ample, sheds little light on this dilemma, for their results,
while in good agreement with those of Birely and
McNeal, were also normalized absolutely to the data of
Pretzer et al. for L emission from H+ impact on rare-
gas atoms.

Also shown in Fig. 1 are the data of Grosser and
Kruger for H energies below about 1 keV. These workers
examined the dependence of the L from the collisions as
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a function of an electric field applied in their target cell
and, via an analysis, were able to obtain the plotted
Q,„(2p) values. It can be seen that their data, at least for
H energies above 0.1 keV, exhibit an H-energy dependence
essentially identical to that obtained here. However, once
again the absolute L -detector calibration problem be-
comes significant.

Grosser and Kriiger normalized their L -emission data
for H+ He collisions to those of Birely and McNeal,
who as noted above, calibrated their results to the
H+ + Ar results of Pretzer et al. The uncertainties in
the data of Pretzer et al. were already cited as +45%, re-
flecting a tortuous path of L -emission intercomparisons
involving five calibration transfers between various reac-
tions back through the work of Dunn et al. ' and Fite and
Brackmann, whose measurements of L emission from14

electron-H atom collisions were, in turn, normalized to
theoretical predictions. ' ' We thus believe that there is
adequate justification to suggest that these results of
Grosser and Kriiger (and, for that matter, those of Birely
and McNeal ) be adjusted upward by about 20% based
upon the present Q~(L ) data.

It is not the purpose of this paper to discuss in detail
the theoretical calculations available for H-atom excita-
tion during the interactions of interest here. Indeed, such
older calculations as made, for example, by Levy, '

Flannery, ' or Bell et al. for H+ He collisions are com-
pletely inadequate in describing the experimental results
at lower H energies, due to neglect of the molecular nature
of the interactions. (Some comparisons of these calcula-
tions with experimental data have been given by Birely

FIG. 1. L -emission cross sections for H+ He collisions.
The measured data shown are from the following: , present re-
sults; k„Birely and McNeal (Ref. 5); ~, Orbeli et al. (Ref. 7);
~, Dose et al. (Ref. 11); and &&, Grosser and Kruger (Ref. 6).
The theoretical results are from: Q', Benoit and Cxauyacq (Ref.
22); and the long-dashed curve, Bell et al. (Ref. 21).
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FIG. 2. Schematic diabatic correlation diagram for H+ He
collisions.

and McNeal' and by Bell et al. ')

While we question the merit of looking at all such in-

teractions from the viewpoint of one-electron promotion,
molecular-correlation diagrams, the H + He~L reaction
seems an ideal candidate for such an analysis. The strong
binding of the l s electrons to the He atom probably justi-
fies the assumption that they remain in their core during
the interaction. Furthermore, the data shown in Fig. 1 in-

dicate that most () 85%) of the L resulting from the in-

teractions comes from direct excitation to the 2p state of
hydrogen, and not from cascade processes.

Bell et al. and Benoit and Gauyacq have calculated

Q,„(2p) for H+ He collisions under the assumption that
the operative excitation mechanism can be approximated
by a two-state rotational-coupling model. The states in-

volved are shown schematically in Fig. 2, where it has
been assumed that the He(ls ) core is frozen as the in-

cident atoms approach the united-atom limit. At an in-

ternuclear separation of about lao, according to these
models, a rotational transition occurs from the incident
2po. molecular orbital (MO) to the outgoing 2pm MO
leading to population of the hydrogen 2p state. The possi-
ble radial (translational) coupling leading to a 2pcr-2so.
transition at the (diabatic) crossing of these curves is ig-

nored, because this crossing presumably occurs at a much
smaller internuclear separation.

The results of these calculations are also shown in Fig.
1. As can be seen, at least for H energies below about 0.6
keV, these results are within about 25% of the Q,„(2p)
obtained here. This overestimate of the cross section
might be expected due to ignoring second-step rotational
transitions from the 2p~ MO back down to the 2scr MO
on the outward leg of the interactions. (Macek and

Wang have recently shown that consideration of such
two-step rotational couplings is needed to explain
product-H-atom excitation in H+ + He collisions, where
the same MO's shown in Fig. 2 are involved. ) Such calcu-
lations may thus more nearly reflect Q,„(2p)+Q,„(2s),



B. VAN ZYL AND M. W. GEAI.Y 35

I I I I I II( l I I l I li { I I I I { I l

H+Ne —L,

C3

10

C)
CC

cas(2p)

10

I I I 1 I { I I I I I { I { l ll

0.1 1.0
H-ATOM ENERGy (keV)

I I I { I I I I

FIG. 3. L -emission cross sections for H+ Ne collisions.
The measured data shown are from the following: ~, Van Zyl
et al. (Ref. 1); 4, Birely and McNeal (Ref. 5); 0, Orbeli et aI.
(Ref. 7); and g, Dose et al. (Ref. 11).

B. H+ Ne collisions

consistent with the fact that for H+ He collisions, the
cross-section ratio Q,„(2s)/Q, „(2p) is about 0.25 at the
lower H energies. ' The data presented here are, there-
fore, in reasonable agreement with this interpretation of
the interactions.

McNeal. Only for this reaction does their apparent
Q,„(2s) exceed their Q,„(2p) at the lower H energies, in
agreement with measurements made earlier in this labora-
tory. '

The H+ Ne interaction can also be examined with the
aid of a one-electron promotion, molecular-correlation di-
agram Under the assumption that the 1s 2s 2p Ne elec-
trons retain their core configuration during the collisions.
For Ne, this is probably still a reasonable assertion, be-
cause the outer-shell 2p electrons are bound by 21.6 eV,
about 8 eV more than the H atom's electron. Figure 4
shows the resulting diabatic molecular-correlation dia-
gram, indicating that the incident interaction channel
takes the form of a 3do MO.

A rotational coupling (3dcr 3dm-) is again possible here
to cause hydrogen excitation to the 2p state. However,
the incident 3do. MO must cross the 3po., 3so., and 4so.
MO's leading, respectively, to H(2s), H(3s), and H(4s)
formation, and even the 3pm MO leading to H(3p) forma-
tion, before approaching the Na(2p 3d) united-atom lim-
it. %'bile such diagrams give little information about
where these various crossing occur, the first few probably
occur at sufficiently large internuclear separations that ra-
dial transitions to the excited ns states of hydrogen will be
much more probable than at the 2po.-2su crossing in
H+ He interactions shown in Fig. 2. Thus, there is at
least qualitative agreement between this picture and the
relatively large Q,„(ns) and small Q,„(2p) found here for
the case of H + Ne interactions.

C. H+ Ar collisions

Figure 5 shows the results of the studies made for the
case of Ar targets. The measured Q (L ) are again un-
certain by about +15% for H energies above 0.04 keV,
and again lie about 20%%uo above those of Birely and
McNeal. Here, however, the data of Orbeli et aI. and

The data for L emission from H+ Ne collisions are
shown in Fig. 3. (The uncertainties in these data were dis-
cussed earlier, ' and will not be reviewed here. ) Note that
the present Q (L ) values again lie about 20% above
those of Birely and McNeal. Here, however, the data of
Orbeli et al. and Birely and McNeal are in essential
agreement, and those of Dose et al." are less discrepant
than for the case of He targets. This suggests that other
measurement parameters (for example, target-density
determinations) may as well be accounting for some of the
discrepancies among the results, as opposed to identifying
all such differences as due to the relative L -detector cali-
brations used for the measurements.

The prime reason for reviewing these data here, howev-
er, is to point out how different they are from the case of
He targets shown in Fig. 1. Indeed, at the lower H ener-
gies, Q,„{2p) is almost an order of magnitude smaller
than for He targets. The ns~2p component of Q„,(2p)
is almost comparable to Q,„(2p) for H energies in the
1—2-keV range, accounting for about 40% of the total L
emission (as opposed to less than 10% for He targets).
This enhanced relative importance of ns-state excitation
in H + Ne collisions was also noted by Birely and
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FICx. 4. Schematic diabatic correlation diagram for H+ Ne
collisions.
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FIG. 5. L -emission cross sections for H+ Ar collisions.

The measured data shown are from the following: ~, present re-

sults, L, Birely and McNeal (Ref. 5); and ~, Orbeli et al. (Ref.

7).

the present results are in surprising agreement, although
the data of Dose et al." (not shown here) are well below
the other values. The uncertainty in Q, (L ) is typically
also again about +15%. At the higher H energies, the
uncertainties in both Q„,(2p) and Q,„(2p) lie in the
+15% to +20% range.

The overwhelming feature of these results is clearly the
very large contribution made to the total L emission by
the nd~2p component of Q„,(2p) at the lower H ener-
gies. Indeed, for H energies below about 0.4 keV, Fig. 5

shows that about 70% of the total L emission comes
from this cascade process. The effect of this large cascade
contribution, however, and its estimated uncertainty of
about +20%, causes Q,„(2p)=Q, (L ) —Q„,(2p) to be-
come increasingly uncertain with decreasing H energy, be-
ing close to +70%%uo, for example, at 0.1 keV H energy.

Some confirmation of the (relative) smallness of
Q,„(2p) at the lower H energies is provided by the recent
studies of H + Ar collisions made by Grosser and
Kruger. These workers do not claim a definitive deter-
mination of Q,„(2p) in the spirit of their He-target work,
but their measured Q,„(2p)+Q,„(3s)+Q,„(3d) is con-
sistent with the fact that Q,„(2p) falls rapidly with de-
creasing H energy below 1 keV. In a subsequent report,
the value Q,„(2p)=2.9&&10 ' cm was given for an H
energy of 0.3 keV. This value is somewhat above that ob-
tained here (2.0)& 10 ' cm ), but well within the estimat-
ed mutual uncertainties for the two determinations.

For the cases of H impact on Ar, Kr, or Xe, the bind-
ing energies of the target's outer-shell electrons are close
to that for the H atom. In our opinion, there is, therefore,
little justification for attempting to describe such interac-

tions by a model allowing promotion of only the H
atoms's electron. (It is interesting to note, however, that
the incident MO s in such correlation diagrams join to in-
creasingly higher excited states of the united alkali-metal
atoms, providing opportunities for numerous rotational-
and radial-coupling transitions at or near various diabatic
curve crossings. )

An alternate explanation to account for the efficient
nd-state excitation found to occur in low-energy H+ Ar
collisions was postulated earlier. ' This involved view-
ing the interaction as the sequence H+Ar~H +Ar+~H( nd ) +Ar, where the transient-intermediate Coulomb
state provides the operative "coupling" mechanism. The
final nd-state populations thus result from the "second"
transitions occurring at (diabatic) crossings on the out-
ward leg of the interactions at large internuclear separa-
tions (as the ion-pair potential energy slowly climbs to-
wards its separated-ion value).

Because H and Ar+ have 'S and P configurations,
respectively, the Coulomb state(s) can only be X or II in
character. At large receding separations, where the inter-
molecular and H-beam axes become synonymous, these
molecular states thus reduce to the m~ ——0 and +1 sublev-
els of the excited nd states, but the m~ ——+2 sublevels
would not be populated (because they would come from a

b, molecular state). This would account for the large
positive polarizations of the H and H~ ernissions ob-
served for H+ Ar collisions at the low H energies, as
well as other features of the data. That the nd states
would be preferentially populated by this mechanism is
realistic, because the 3dp sublevel in particular, has a
highly extended wave-function lobe along the internuclear
axis, providing for its ease of population at the large inter-
nuclear separations. (As the H and Ar+ recede, the
loosely bound H electrons are probably concentrated be-
tween the H+ and Ar+ cores, similar perhaps to a distort-
ed H2 molecule. )

The 2pp wave function, of course, also exhibits a lobe
along the receding internuclear axis in this picture of the
interaction. Thus, it would not be surprising if a similar
2p-state-population mechanism would be operative in
H+ Ar collisions. The fact that Q,„(2p) also exhibits a
maximum at low H impact energies, as seen in Fig. 5, is
certainly not inconsistent with this suggestion.

D. H + Kr collisions

The L -emission cross sections for H impact on Kr tar-
gets are shown in Fig. 6. As can be seen, these results
(and, consequently, their uncertainties) are very similar to
those shown above for Ar targets. Once again, the strik-
ing feature of these data is the very large contribution
made to Q, (L ) by the nd~2p component of Q„,(2p)
at low H energies. Here, however, Q,„(2p) seems to again
emerge as the dominant source of L at very low H ener-
gies. (Had this been recognized as these data were being
acquired, additional measurements at still lower H ener-
gies would have been made. )

In general, if the interpretation given above for H + Ar
collisions is correct, a similar interpretation should be
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FIG. 6. L -emission cross sections for H+ Kr collisions.
The measured data shown are from the following: 0, present re-
sults; +, Birely and McNeal (Ref. 5); and ~, Orbeli et al. (Ref.
7).
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FIG. 7. L -emission cross sections for H+ Xe collisions.
The measured data shown are from the following: , present re-
sults; 4, Birely and McNeal (Ref. 5); and 0, Orbeli et al. (Ref.
7).

applicable to these H+ Kr data. The H and H~ emis-
sions from this reaction are again highly positively polar-
ized at the lower H energies. It is also interesting to note
that because of the lower ionization potential of Kr, the
H + Kr+ state is lower in energy than for the case of Ar
targets. Thus, the H + Kr+ ~H* + Kr transitions
occurring on the outward leg of the interaction must take
place at curve crossings at even larger internuclear separa-
tions than for Ar targets (where they already occur at) 5ao).

Note once again that the present Q (L ) values average
to about 20% above those of Birely and McNeal, and are
again in good agreement with those of Orbeli et aj. (Dose
et al." did not examine L~ emission from H impact on
Kr or Xe targets. )

For the case of H+ Kr collisions (and H+ Xe col-
lisions to be discussed below), a slight possibility exists
that some of the observed ultraviolet photons from the in-
teractions were not L . When the 02-gas filter used to
"isolate" L was evacuated, the photon-counting rate in-
creased by a factor of about 2. 1 (about 2.5 for Xe targets,
with both factors showing some dependence on H energy).
The counting-rate increase expected for a pure L signal'
was a factor of 1.79. However, while Kr and Kr+ (and
Xe and Xe+) have emission lines within the full wave-
length bandpass of the unfiltered photon counter, the
more intense of these emission lines (at least as produced
in gas discharges ) do not lie close to the 02-gas-filter
transmission windows. The possibility of substantial
L -signal contamination is thus considered remote.

E. H+ Xe collisions

The L -emission cross sections for H impact on Xe tar-
gets are shown in Fig. 7. The measured Q (L ) are again

typically uncertain by + 15%, as is the computed
Q, (L ). Here the uncertainties in Q„,(2p) range be-
tween about +20% and +25%, as do those in Q,„(2p) at
the higher and lower H energies, the latter being again
more uncertain for H energies between about 0.125 and
0.63 keV where its magnitude is smaller than Q„,(2p).
The Q (L ) obtained here and by Orbeli et al. are again
in good agreement, both being again approximately 20%
larger than the results of Birely and McNeal.

While the nd~2p component of Q„,(2p) is still a
non-negligible source of L for this reaction at the lower
H energies, it obviously makes a much smaller contribu-
tion than for the cases of Ar and Kr targets shown above.
The large maxima in this contribution found for these
other targets at H energies near 0.1 keV is simply not
present here. In contrast, Q,„(2p) does exhibit a max-
imum at the lower H energies, which is quite similar to
those found for Ar and Kr targets. This finding is in sup-
port of the tentative model given above for L emission
from H + Ar and H + Kr collisions.

Because the ionization potential of Xe is only 12.1 eV,
the H + Xe+ ground state at infinite separation lies only
11.4 eV above the initial H+ Xe ground state. The
Coulomb-state potential-energy curve will therefore (dia-
batically) cross the H(2p) + Xe state (at 10.2 eV) as the
ion pair separates, but will not cross the H(3d) + Xe state
at (12.1 eV) even at infinite separation. Thus the postulat-
ed mechanism for explaining the significant hydrogen
nd-state excitation during low-energy H impact on Ar
and Kr targets cannot occur for Xe targets, nicely con-
sistent with the experimental data.

However, it must be noted that the above argument
only applies to the ground-Xe+( P3/p) state. Because of
the large doublet splitting present in this ion (about 1.3
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FIG. 8. Measured polarizations of L radiation.

eV), the H + Xe+( P&&2) Coulomb state could still cross
the H(nd) + Xe states as the ion pair separates after its
production in the reaction sequence. While this may
weaken the above model to some extent, it may also sug-
gest that the P3/2 states of the Ar+ and Kr+ ions in-
volved as transient species during their respective interac-
tions are the most effective as the Coulomb-state inter-
mediaries.

The polarizations of the measured L emission for H
impact on all rare-gas atoms are shown in Fig. 8. These
data (obtained using Brewster angle-reflection tech-
niques') were measured by observing the emitted L at 4.3
cm into the target cell. All the measured Q (L ) report-
ed above were adjusted' to account for these polarization
data.

VAth the exception of a few data points for H + Xe col-
lisions, the L -polarization values obtained here are all
positive. To within uncertainties, the data for He targets

show little variation with H energy, similar to this regard
to the L -emission cross section itself (Fig. l). This is not
true for the ¹ target data, which exhibit the largest of all
the measured polarizations found here at the lower H en-
ergies, where the L -emission cross section is the smallest
found here (Fig. 3). The rapid drop in these polarization
values with increasing H energy is consistent with the in-
creasing contribution made to the total L emission by
Q„,(2p) from ns~2p transitions (which must result in
unpolarized L, because of the spherical symmetry of the
initial ns-state wave functions).

The polarization data for Ar and Kr targets also show
only minimal dependence on H energy. For these reac-
tions, the L -emission cross sections (Figs. 5 and 6) are so
heavily influenced by cascade processes that these results
provide little by way of increased understanding of the in-
teractions. However, for Xe targets, there is an indication
that the L polarizations do increase somewhat at the
lower H energies, where Q„(2p) exhibits its low H-energy
maximum (Fig. 7). This is certainly not inconsistent with
the possibility that the 2po state is being populated here
(from a Coulomb intermediate state) via the mI ——0 wave-
function lobe extending along the internuclear axis, as it
directionally approaches the H-beam axis at increasing in-
ternuclear separation.

It should be noted that a similar interpretation of the
positive L polarization for H+ He collisions would be
inappropriate. If the models of Bell et ah. ' and Benoit
and Gauyacq are correct, the collisionally receding 2p~
MO would feed the m~ ——+1 sublevels of the 2p state, sug-
gesting perhaps that the L polarization should be nega-
tive. Here, however, the intermolecular axis at the time
of the 2po. -2p~ transition is probably nearly perpendicu-
lar to the H-beam axis (the reference for our measured L
polarizations). Because of the very rapid intermolecular-
axis rotation occurring for such small impact-parameter
interactions, the electron cloud may lag behind this rota-
tion, giving rise to a charge distribution which is not syrn-
metric about the internuclear axis. Furthermore, addi-
tional rotational coupling between the 2p~ MO and the
3do. MO leading to the 2po state of hydrogen from the
united Li(ls 3d) atom (not shown in Fig. 2) can occur on
the outward leg of the interaction. Thus, the predictions
of these models and the measured L polarization are not
in direct conflict, although such models obviously over-
simplify the nature of the total interaction.

In summary, it is clear that L emission resulting from
H impact on rare-gas atoms is a complicated subject in-
volving a variety of differing excitation channels during
the interactions. While the data for He targets are basi-
cally consistent with simple theoretical predictions, '
the results for the heavier atoms can only be said to be in
qualitative agreement with much more poorly defined
models of the interactions, inviting more detailed theoreti-
cal work. In addition, in view of the good agreement be-
tween the present measurements and those of Orbeli
et al. for L emission from H impact on Ar, Kr, and Xe
targets, we suggest an upward revision of about 20% be
made to the data of Birely and McNeal, and to all other
results that have used these data as a L -calibration stan-

dardd.
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