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Excitation of low-lying excited states of hydrogen in 1—5-kev collisions of
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Cross sections for the production of excited hydrogen in the 3d, 3s, 4s, and Ss states have been
measured for 1- to 5-keV H ions incident upon He, Ar, Xe, and N2. The results show nominally flat cross

~ sections which scale as a function of principal quantum number faster than n '. Comparison is made with

similar results for np states, and the implication. that these results' may have on some recently proposed
collision models is'discussed.

I. INTRODUCTION

This paper reports on the measurement of cross
sections for detachment of H ions of energy
1-5 keV into various low-lying excited states of
hydrogen resulting from collisions of H with rare-
gas atoms and molecular nitrogen. These mea-
surements were made by observing Balmer emis-
sion in the decay of the excited state of interest,
and serve to complement similar measurements
made in thy Lyman series

Electron detachment dominates the total inelas-
tic cross section for H . Until recently no mea-
surements were reported of cross sections to in-
dividual states of the resulting hydrogen atom.
orbeli and co-workers measured cross sections
for production of H(2p) and H(2s) over a range of
H impact energy from 5 to 40 keV. ' These mea-
surements were made by monitoring Lyman-n
radiation, in the case of H(2s) produced by elec-
tric field quenching of the metastable H(2s).

Recently Risley and co-workers have extended
the Lyman-a measurements to 1-keV incident H

energy, and have also measured emission of
Lyman P, Lyman y, and Lyman 5.' These mea-
surements result in cross sections for excitation
of H(2p), H(2s), and H(3p). In addition, results
were presented for excitation of some mixed
states produced by the small electric fields en-
countered in their apparatus.

Because dipole selection rules favor the detec-
tion of the np series of states in the Lyman series,
the current series of measurements of Balmer
radiation -was made to determine cross sections
for the ng. and &gal states. These measurements
then serve to complement the igp-state measure-
ments of Risle.y et aE.

Since the negative hydrogen ion is a relatively
simple two-electron system, it serves as a useful
prototype for negative-ion detachment reactions.
Information on apportionment of the total detach-
ment cross section among individual ground-state

and excited-state hydrogen-atom output channels
yields information. about the dynamics of negative-
ion detachment.

'II; METHOD

We wish to measure cross sections for the ex-
citation of H(ns) and H(nd) from Balmer emission.
The very small fine-structure separation in hy-
drogen precludes optical resolution of the radiation
from states of different angular momentum, but to
separate their contributions we can exploit the
fact that different angular momentum states decay
with significantly different lifetimes. Because the
negative hydrogen ion loses little momentum in

stripping collisions with the target atom, the
residual excited hydrogen atom travels with nearly
the primary beam veIocity in-the laboratory sys-
tem. Atomic states with different lifetimes will
have different and characteristic spatial distribu-
tions of radiation.

The study of such distributions has a long his-
tory' and enjoyed a renaissance with the study of
radiation emanating from a fast beam of particles
in collision with a foil target. 4 These techniques
were fj.rst applied to cross-section measurements
from thin gas targets by Hughes and co-workers. '
Hughes et al. have measured cross sections for
the production of low-lying excited states of hy-
drogen in collisions of protons and neutral hydro-
gen atoms with gas targets using a technique simi-
lar to that reported here.

In order to predict the spatial distribution of
radiation from an excited state in the beam, con-
sider the density of an excited state j, n, , as a
function of the distance y from the target entrance.
This density is governed by the differential equa-
tion

dna/dy =- n&(1/tfrs —tJ, tn, )+ nsvs, cd+ nt(A, r/U) .

16 2256



16 EXCITATION OF LOW-LYING EXCITED STATES OF. . . 2257

dn~ 1

dp '

vTj
(2)

and simple exporiential decay results.
Because of the large detachment cross section

for the H beam, there is an increasingly signifi-
cant component of neutral hydrogen in the beam
as it traverses the target region. The fraction of
protons remains insignificant. The second term
in Eq. (1) containing the beam density, and ex-
citation cross section should therefore be re-
written as a sum of two terms:

n„ntoj, +n, n, oj (3)

where the additional subscript affixed to the den-
sity refers in the conventional manner to the
charge state of the beam. Expressi. ons for n»
and n~ are given by well-known relations in terms
of known attachment and detaehinent cross sec-
tions. '

Including the above complication and neglecting
for the moment the sum that represents cascade,
Eq. (1), as modified by Eq. (3), can be solved
exactly:

n, (y) =n, (0)n,y~(o~ Fj +vjpFjp). (4)

Here n, (0) is the H beam density at the target
entrance (y =0), and y,. is a characteristic length
equal to -the product of the beam velocity and the
natural lifetime 7j. The coefficients Fj and Fjo

The beam velocity is v; n, and n, are the beam
and target densities, respectively; 7& is the natural
lifetime of the jth excited state;A„. is the spon-
taneous transition probability from state i to state
j', oj, is the total loss cross section for the excited
state j in collisions with the target; oj is the pro-
duction cross section for the state j in collisions
with the target; and n, are excited-state densities
for states of higher excitation.

The first term describes the decline in excited-
state population due to natural decay and colli-
sional deexeitation. The second term describes.
the production of the excited state as a consequence
of collisions with the target atom. The last sum
accounts for cascade population of the excited state
from states of higher excitation. Because of the.
last term, and the fact that similar equations
govern the densities n„ the system to be solved
is a coupled set of differential equations. If we
neglect this cascade contribution for the moment,
Eq. (1) can be solved, and predicts an exponen-
tially growing population of excited states in the
beam as it traverses the target region. We have
provision to pass the beam through the target and
into an evacuated flight region. Once the beam has
left the target region, n, =0 and in the absence of
cascade, Eq. (1) becomes

are given by

&p-z [1 exP( y/yg &Pogq)]
+

a I [exp(-n, yo„,) —exp( —y/y; —n, yu, , )]
1

Qt t ~+nt3)-0't —ntp 0'tot

and

&-xo [1 exp( y/y~ say'&i )]
F~p(y) =

Otot ~ +ntpjOjt

o „[exp(-n,yo„,)- exp(-y/y, —nfy(T g)]'
+tot ~ + nt p j(Tjt nt p jotot

(5)

(6)

and

Fq (y) =F~ (L) exp[-(y- L)/y~] (8)

&p(y) = +p(L) exp[-(y —L)/y, ] .
The Balmer signal can be written

VdQ
njA~~,

4m'
(10)

where UdQ/4w is the effective-volume-solid-angle
product for the detector, e is the detection effi-
ciency, and A,, is the transition probability from
the state j to the dipole allowed state with prin-
cipal quantum number 2. Using our result for nj
we can write for'the Balmer signal as a function
of p,

ldQ
N(y) =Ipnt 4 eQ yg[Fj (y)oj +Fop(y)oyp]4~

where Ip is the number of ions/sec, the effective-
volume-solid-angle product has become an effec-
tive-length-solid-angle product, and yj is the
branching ratio for the state j in the Balmer se-
ries, where

The symbols o yo and 0~, refer to the detachment
and attachment cross sections, respectively, and

o„t is the sum of the two.
We are able to observe the excited-state decay

both inside the target region, 0 & j~ L, , and in an
evacuated decay region, y &I.. The solution given
by Eqs. (4)-(6) applies inside the target region.
The solution to Eq. (2) in the decay region is sim-
ply

n~(y) =n,.(L) exp[-(y- L)/y~].

For the purposes of the next paragraphs we can
allow the exponential term in Eq. (7) to be absorbed
in the definition of Fj. For y~L, , Fj is now de-
fined by Eqs. (5) and (6). For y&L, Ez is given
by
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Xg =&g2~; =&y2pg/& ~ (12)

III. STARK MIXING

The foregoing analysis depends upon our ability
to calculate and utilize the proper natural lifetimes
for the set of fine-structure states corresponding
to a given principal quantum number. Because the
fine structure for hydrogen is small, electric
fields of less than 1 V/cm require a new set of
diagonal states which may be significantly per-
turbed from the field-free basis of nl' states. ' The
new states made up of linear combination of n)
states have new and different lifetimes and branch-
ing ratios in the Balmer series. The field-free
states are said to be "Stark mixed" by the per-
turbing electric field.

In our experi. ment there are three possible
sources of such electric fi.elds. They can arise
if surfaces which view the beam are not equipo-
tential, from space charge from the beam itself,
and from the motion of the charged particle in the
magnetic field of the laboratory; Fields due to
this last cause, which are estimated to be 0.4
V/cm for a 5 keV beam particle, will dominate
all others for beam velocities corresponding to
1 keV ion energies and greater. These fields
complicate the analysis and prevent the measure-
ment of 4d and 5d cross sections due to the mix-
ing of the j ~ ~2, magnetic substates with those of
the p and f states.

Equation (11) gives the detected signal in terms
of the incident beam intensity, the target density,
the natural lifetime of the excited states, and
several cross sections including the excitation
cross section, cr& we wish to measure. Values for
the cross sections cr&, have not been measured in
this energy regime. We therefore choose target
densities such that F&» F,, The derived values
for o~ are not significantly altered for a wide
range of assumed values for 0,.0. As we use narrow
bandpass filters, the sum over states contains
only terms referring to states with the same prin-
cipal quantum number and differing angular mo-
mentum.

pumping ratio between the target and the decay
region is approximately 60. Since this ratio leads
to a finite pressure in the decay region, the Bal-
mer signal in this region must tpe corrected for
beam-background- gas collisions. This correc-
tion is accomplished by making provision to admit
gas into the decay region while evacuating the
target region. During these measurements the
pressure in the decay region, as monitored by the
ionization gauge near the Faraday cup, is made
equal to that observed during signal-taking. The
background signal so obtained is then subtracted
from the signal measured with gas admitted through
the target region. A capacitance manometer mon-
itors the target- region pressure. Commercial,
"ultra pure" grade gases were used.

The photometer collects'light with an f/1 lens
from a section of beam of length 0.5 to 2 cm, con-
trolled by a. field stop. The light is collimated
and passed at normal incidence through interfer-
ence filters of approximately 7.5 nm full width at
half maximum (FWHM). Even at f/1 collection

' angles, Doppler frequency shifts are not important
at energies below 5 keV. For Balmer-~ radiation.
an S-20 photomultiplier was used, but for Balmer-P,
and Balmer-y measurements a Bialkali photo-
multiplier was substituted. The S-20 tube was
cooled to approximately -10'C to lower its dark
rate, while the Bialkali tube was run at room tem-
perature. The output of both tubes was single-
photon-counted at each photometer position for
the amount of time necessary to integrate the
Faraday cup current to a preset amount of charge.

Since this series of measurements was norma-
lized to other cross-section measurements, ' no
attempt was made to determine values for the
efficiency or length-solid-angle product. As re-

TO PUMPk

(Im)

IV. PROCEDURES TO
PUMP

TO
PUMP

The spatial distribution of radiation was mea-
sured using an apparatus of conventional nature
as shown in Fig. 1. The transparent flight tube is

.glass process pipe which has been coated on the
interior with a thin layer of conductive tin oxide.
A movable photometer is able to view both the
build-up region between the two target bulkheads,
and the decay region between the second target
bulkhead and the Faraday cup. The differential

(NOT TO SCALE).

FIG. 1. Schematic drawing of the apparatus. (a) Duo-
plasmatron source; (b) einzel and quadrupole lenses;
(c) mass analysis magnet; (d) ionization gauge; (e) einzel
lens; (f) first beam collimator; (g) second beam collima-
tor; (h) first target bulkhead and aperture; (i) second
targe't bulkhead and aperture; (j) movable photometer;
(k) transparent flight tube; (1) Faraday cup; (m) ioniza-
tion gauge.
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quired by Eq. (6), we measured the time integral
of N(y) and Io, and monitored target density, n,
The branching ratios, y&, are known, and. the
functions E& (y) and E&0(y) are calculable from
known cross sections. In our situation the target
was quite thin and Ez» E&0 so that we may correct
for the neutrals adequately by a reasonable esti-
mate for e&0. We analyze our data with the assump-
tion of equal cross sections for H and H impact.
Measurements were taken for many values of y.
Each measurement was taken for the same inte-
grated current after corrections for detachment
losses and was normalized to a common value for
target density.
. The ensemble of signal versus distance deter-
minations showing the effect of the background gas
is given in Fig. 2. The target length was 10 cm
though some data were taken with other lengths. .
The absence of data in the region of 10 cm is due
to a "blind spot" caused by the target bulkhead.

Several phenomena may affect the cross-section
measurements in addition to those already men-
tioned. First, contributions to the state population
arising from cascade transitions have not been
included in Eq. (2). An estimate of the magnitude
of this effect was made as follows. Several low-
lying cross sections of interest have been mea-
sured in this experiment and the work of Risley
et al.2 These results point to p-state cross sec-
tions that scale with principal quantum number
n approximately as n ', and s-state cross sec-
tions that scale as n 4, see Fig. 5. As a worst-
case approximation, a model calculation was per-
formed which assumed pg

' scaling and assessed
the contribution to the measured Balmer-P radia-
tion by cascade from n = 5 and n = 6 populations
via the system of equations represented by Eq. (1).
The results are shown for assumed field free
states in Fig. 3. The results show little distortion
of the shape of the decay curve, but produce a 12/p

,correction to the extracted p- and d-state cross

sections, and a small effect on the derived s-state
cross section. Second order, or double cascade,
which would be expected to alter the long-lived s
states the most are not incorporated in this mod-
el, but we always reproduce the s-state lifetimes
correctly, and so have no reason to suspect that
second-order processes are significant. It should
be emphasized that since the experimental evidence
indicates scalirig closer to n~, cascade correc-
tions should be less than a few percent. No cas-
cade corrections have been applied to any of the
data presented here.

In reporting measurements 'of total cross sec-
tions from emission data taken over a restricted
solid angle, proper allowance must be made for
the possible anisotropy of emission due to polari-
zation. ' Of the cross-section measurements re-
ported here, only the 3d cross section is subject
to such effects. The polarization fraction of 3d
emission was measured for all gases by measuring
the intensity parallel apd perpendicular to the beam
line through HN-38 Polaroid material. The mea-
sured polarization fraction for the total emission
declined steadily as a function of y. The maximum
observed value was less than 0.10 for any gas, and
corresponding inferred values for the 3d polariza-
tiori fraction were, less than 0.30 for the most re-
liable data. Corrections to our total cross sec-
tions would therefore be at most 10%. However,
measurements of the polarization fraction were
not demonstrated to be independent of distance as
they should be. Because of our inability to bound

the values of the derived 3d polarization as the
fraction of 3d radiation declined to zero, no cor-
rections have been applied to the 3d cross-section
values reported here.

The second term in Eq. (1) accounts for depopu-
lation of the excited state via collisions with the
target gas. The cross sections for such processes
are in general not known for our work, but related
cross sections have been measured, "and they may
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FIG. 2. Sample data illustrating effect of finite decay
region pressure: circle, raw signal; square, signal with
background subtracted.

FIG. 3. Results of model calculation for first-order
cascade with assumed n 3 scaling and field free n =4
states.
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be expected to be -large. Corrections have not been
applied because of the uncertainty about the size
of the relevant cross sections.

All cross sections presented here are based upon
measurements taken at target pressures less than
0.25 mTorr where we observe no deviation from
linearity with changing target pressure T. he cross
sections we report. are derived from fits where the
effect of az, has been effectively neglected by using
very small values for o&,. If we fit our data to
Eq. (li) with an assumed value of 2x 10 " cm'
for all o,-„ the results for g~ differ from those re-
ported by less than 7%%u&, .

V. MEASUREMENTS

A. n = 3 cross sections

In this series of measurements the Earth's field
barely mixes the 3P/, (m = ~2) state with the 3D,/
(m = ~2). The mixing results in a shift of less than
2%%uo in either lifetime, and hence is unobservable
in our apparatus. We analyze our data on the
basis of field-free states.

The cross section for production of 3p excited
states is small enough that, in conjunction with
the small branching ratio in the Balmer, the 3p
signal is too small in the target region to enable
reliable values for 3p production cross sections
to be found. In addition there is little data out-
side the target region since the 3p decay length
is quite small over our energy range. However,
at the higher energies, for He and Ar targets we
can do a least-squares fit to the entire light curve
to find 3p cross sections that agree within +40%
with the values obtained from the stronger Lyman
emission. ' We may derive 3s and 3d cross sec-
tions by (1) performing a least-square fit to the
light curve as a whole; (2) performing a least-
square fit to only the data at large y where there
is no 3p or 3d contribution, thus obtaining the 3s
cross section, and then, using this value, deter-
mine the 3d cross section from the rest of the
decay curve; or (3) obtaining a value for the 3s
cross section from (1) or (2), and utilizing the 3p
values from Ref. 2, determine the 3d cross sec-
tion from the target region emission. For He and
Ar where. data are available from Ref. 2, all three
methods agree within 10%%u~ except for the case of
1- and 2-keV 3d cross sections where methods (1)
and (2) yield abnormally large 3d cross sections
and correspondingly extremely small 3p cross
sections. At these energies little information is
available for the 3d decay since, for example, at
1 keV the 3d decay length is about 0.7 cm. There-
fore it is concluded that method (3) gives the most
reliable results and it is adopted at 1 and 2 keV.

For Xe and N, no accurate 3P results exist, and
hence we use only methods (1) and (2) for energies
of 2 keV or greater. However, reliable 3d data
at 1 keV are not obtainable in this manner. We
feel that we can reliably estimate the 3p cross
sections within a factor of 2 from the higher en-
ergy results, and ass&me relative energy indepen-
dence of these cross sections to derive 3d results
from the target data as in method (3). Because of
the small 3p branching ratio, the uncertainty in
this procedure is less than 10%. The results for
the 3d and 3s cross sections are shown in Fig. 4.

The Balmer-o. cross sections have been put on
an absolute basis by measuring the emission of
Balmer cy from the 3s state arising from the colli-
sion of 5-keV H' with Ar. The cross section for
this process at this energy has been measured by
Dawson and Loyd as 3.6&&10 " cm'. ' Measure-
ments for proton impact can be made in the pre-
sent apparatus with no significant change except
for beam species. Consequently proton checks
were made often during the course of the work.
Values for (ldQ/4v) obtained from such measure-
ments showed no systematic drifts and were sub-
ject to the same +5% reproducibility that charac-
terized all the data.

The uncertainty in the measured cross sections
due to. possible systematic error is estimated to
be +2 P/q for these mes, surements. The cross sec-
tion to which ours are normalized traces- its
absolute value to a spectrometer calibrated to
+40%%u

"
8. n =4 cross sections

For the case of Balmer-P radiation, fields in
the frame of the moving atom due to the magnetic
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FIG. 4. Cross sections for excitation of:H(3d), H(3s),
H(4s), . and H(5s) in collisions of H with molecular nitro-
gen, xenon, argon, and helium. The results for H(3d)
have been multiplied by 3.0.
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field of the earth can cause significant mixing be-
tween states of different l for j = —,

' and —,'. Pro-
bably only the 4E,~, state contributes significantly
to radiation that would otherwise be ascribed to
the 4dlevel, and our results are generally con-
sistent with a pure-state lifetime of 36 ns for the
apparent 4d radiation. Nevertheless, at the high-
est energies measured we are able to extract more
than a 36-ns component, and we feel that there
may be some admixture of 4f radiation. (The
4F,&, states have no branching ratio in the Balmer,
but the 4F,&, states for m, ~ —,

' have a branching
ratio of Q. 5Q and an apparent lifetime of 49 ns. )
Earlier preliminary reports of these results pre-
sented values for 4d cross sections, "but we no
longer believe that reproducibility of pure-state
lifetimes is a sensitive indicator of state purity.
The 4$,~, state is unmixed, and we confine our
Balmer results to this state.

The results for the 4scross sections are pre-
sented in Fig. 4. These values are placed on an
absolute basis by measuring the cross section for
production of H(4s) in 5-keV collisions of protons
with Ar. This cross section has been measured to
be 8.5@10 "cm'. ' The uncertainties in these
values are the same as for the Balmer-n results.

C. n = 5 cross sections

In our apparatus nearly all states of the n = 5

level where j ~ —,
' are completely mixed at all beam

energies utilized. The measured distribution of
Balmer-y radiation is consistent with the assump-
tion of fully mixed lifetimes. In addition, since
the fields required for mixing vary approximately
as n ', a calculation shows a small admixture of
5P,~, population to the 5S,~, state. As a result we
reduce our data with the assumption of a 5s-state
lifetime 12% shorter than the field-free value at
5 keV, and must make additional corrections to
our derived cross sections to account for the fact
that some radiation is actually contributed by the

5p state, and that the branching ratio from the
mixed state is no longer the field-free value.
These corrections amount to about 15% at 5 keV.

The results for cross sections for excitation of
H(5s) are given in Fig. 4. There are no analogous
Balmer-y cross sections for normalization, as
there were for Balmer o. and Balmer P. We rely
on a calibrated source of spectral irradiance to
intercalibrate the photometer efficiency between
Balmer p and Balmer y." Based upon the manu-
facturer's stated accuracy, we believe this pro-
cedure is accurate to 10%. In addition, because
for Balmer y we take data over a relatively
smaller fraction of the decay curve, and because
fewer data were taken, the uncerta. inties in the
5s cross sections are larger than those for the

others. It is estimated that the data from this,
experiment alone may be uncertain to +25gp.

VI. SUMMARY

We have measured excitation cross s'ections for
the 3s, 4s, 5s, and 3d states of hydrogen produced
in low-energy collisions of H with rare gases and
molecular nitrogen. One obvious feature is the
relative energy independence of the results, even
allowing for the restricted energy range sampled
in this experiment. The cross sections are re-
latively flat with no strong evidence of threshold
behavior except in the case of Xe. Ip this regard,
the results are reminiscent of those for H impact
and dissimilar to the case of H' impact. '

Orbeli et al. noticed that, over their energy
range (5-40 keV), the cross section for 2s and 2p
production in the case of H impact is two and per-
haps three or more times larger than the analo-
gous cross section for H impact. Our results,
for states of principal quant'um number 3, 4, and

5, can not be directly compared with any analo-
gous cross sections measured for neutral impact.
At 5 keV comparisons with data for n = 3 and
n =4 excitation extrapolated from 10 keV would

indicate H cross sections to be 1.5 to 4 times
larger than those for neutral impact. Significantly,
at 1 keV, for 2p and 2s excitation where data
exist, " the ratio of H to H impact cross sections,
which is still 1.5 to 2 at 5 keV, has declined to
nearly unity.

Orbeli et aL argued that the efficiency of H in

producing H(2P) or H(2s) might be explained by a
model due to Drukarev which ascribed the large
n=2 cross sections to the large overlap between
the wave function of the outer electron in the in-
coming ground-state negative hydrogen ion and
the excited-hydrogen wave function. " In this mod-
el the use of the Born approximation produces a
cross section dominated by a mechanism requiring
the detachment of the inner electron followed by
a, readjustment of the remaining electron to the
new field, resulting in an abnormally large H(2s)
excitation cross section.

For the'higher values of n which are the subject
of our work, the overlap will be small, so the
Drukarev model would appear to,fail to account
for the large cross sections we find. However,
the Born approximation, on which this model
relies, is known to have dubious validity at: the
low energies used here. Consequently, our re-
sults are not necessarily at variance with the
Drukarev model. -

At the lowest energies used in this work, cross-
section measurements for n =2 state production
imply that the H impact collision looks very
little different from neutral impact. The outer,
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weakly boure electron may be stripped off at
1arge internuclear distance, allowing the collision
to proceed, as a neutral-atom-rare-gas collision.
At these low energies, there are no data, for pro-
duction of states of higher principal quantum number
in collisions involving 8 impact. Therefore, we
cannot test the application of this model to colli-
sions studied in this work. At the highest beam
energies used, the indication that the H 'impact.
cross sections are probably larger than those for
H impact imply that the outer electron must be a
participant.

Figure 5 compares the results of the present
experiment with the np results of Risley et a1. by
plotting the log of the excitation cross sections
versus the log of the priricipal quantum number.
The gi'ound-state cross section. s have been synthe-
sized from the total-detachment cross sections"
by subtracting cross sections for excitation of the
higher m levels. The "nP"-state results may con-
tain some contributiori from nD, &, states at the
higher n levels. The lfnes shown simply, connect
the points, and the scaling behavior indicated is
provided only to assist in the reading of the graph.

Figure 5 1ndicates that the s- and p-state cross
sections may scale somewhat differently. The
"kink" in the P-state curve 'at n =2 suggests a
larger 2p cross section than might be expected
from sealing the higher nP cross sections. If
the collision w'ere modeled as one involving early
detachment of the ou'ter electron at large inter-
nucle3r distance, an examination of 8-He or
H-Ar molecular correlation diagrams might imply
that the o.-m rotational coupling between the in-
coming ground state and the 2p excited state is
contributing significantly. ~' However, as we have
mentioned, before, this model for the collision
would seer@ to be in question at energies above
5 keV-where the H iinpact cross sections are pro-
bably larger than those for H impact.

Rules for' construction of a diabatic molecular
correlation Qiagram for a negative-ion system
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FlG. 5. Excited-state cross sections for 5 keV impact
on He and Ar showing approximate scaling results.
Ground-state cross sections are synthesized from the
total detachment cross sections (Ref. 17) by subtracting
the cross section to higher states. The ns cross sec-
tions are taken from this work and Bef. 1. The 'hP"
results are taken from Ref. 3. The highest np- results
may contain some. contribution fiom nD&&2 levels.

are uiiclear. The identification of separated atom
states is unambiguous, but for H -rare-gas sys-
tems, states that are the necessary limits for one-
electron orbitals have riot been shown to exist
for times long with respect to the collision time.

Finally, it may also. be pointed out that the ratio
of 3p to 2p excitation, or the 3s to 2p ratio i.s not
significantly different for H, H, or H impact at
energies near 5 keV. The implication can be
drawn that molecular promotion may affect the
2p population, and "set the Scale" for the various
cross sections, but the apportionment of excited-
state populations is governed by outer crossings
that are independent of input channel. Values for
H impact cross sections indicate qualitative
behavior similar to that for H impact, but the
outer electron clearly must be taken into account.
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