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H+ Ar collisions. I. Experimental charge-production cross sections*
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Absolute total cross sections for producing H+, Ar+, H, and e and the large-angle-scattering differential
cross section for H+ production have been determined for H+ Ar collisions. These determinations were made

by combining experimental measurements, described here, and theoretical calculations, described in the
following paper. The hydrogen-atom energy range covered extends from 3 keV down to 50 eV. An interesting
structured cross section is found for the H + Ar+ ion pair formation reaction. The experimental techniques
used are described and the cross sections are compared, where possible, with the data of other investigators.
An interpret'ation of the results, based on the details of the H+ Ar interaction, is suggested.

I. INTRODUCTION

The Aurora Borealis and the Aurora Australis
rank among the most magnificent and scientifically
interesting of all naturally occurring atmospheric
phenomena. First studied by Greek philosophers
as early as the sixth century B.C.,' the aurora
today remains the subject of intensive scientific
investigation. In spite of this voluminous effort,
however, such important topics as the total energy
input to the atmosphere and the eventual fate of
this input as a function of the nature of the precipi-
tating sponsor particles are not yet well char-
acterized. The discovery of atomic hydrogen line
emissions in the auroral spectrum by Vegard' in
1939, and his subsequent finding that these fea-
tures exhibited Doppler-shifted profiles, consti-
tuted direct evidence that fast hydrogen particles
contributed to auroral phenomena. Even though
the vivid optical displays. normally associated with
an aurora were soon attributed to precipitating
electrons, the so-called proton aurora is impor-
tant in its own right, in that this diffuse phenome-
non results in a total energy deposition into the
atomsphere of approximately the same magnitude
as the more localized electron-sponsored occur-
rences. 4

It was predicted by Bates' that a proton incident
on the atmosphere at auroral altitudes (typically
l00 to 300 km) should spend a large fraction of its
time as a neutral hydrogen atom because of charge-
transfer processes. Implicit in this reasoning is
the fact that the net atmospheric charge-transfer
efficiency is larger than its reverse counterpart,
i.e., the net ionization-stripping efficiency for
turning a hydrogen atom back into a proton. This
is certainly true in the energy range below 5 keV,
an important energy range in the aurora. The im-
portance of this lower energy regime is brought
out by measurements of the energy spectra of pre-
cipitating hydrogen particles in an aurora, as re-

H+Ar H'+e +Ar,

H+Ar- H+e +Ar',

H+Ar- H +Ar',

(&)

(2)

(3)

where multiple ionization phenomena have been
ignored The o'py cross section is, of course, that
defined by reaction (l), reaction (3) defines o, ,
The Ar' formation cross section a„,, represents
the sum of the cross sections for reactions (2) and
(3). Finally, the total negative charge production
cross section. o, is the sum of the cross sections

viewed by McNeal and Birely. ' These authors also
stress the importance of the neutral-hydrogen-
atom component of the incident Qux at lower ener-
gies. These observations, coupled with the fact
that all incident particles, independent of their
initial energy, must pass through the lower energy
regime on their route to eventual thermalization,
enhance the need for cross sections for auroral
processes at the lower energies.

In order to quantitatively compare the net effec-
tiveness of H' and H in sponsoring various auroral
phenomena at these lower energies, their equili-
brium charge-state fractions must be known.
This requires a knowledge of the charge-transfer
cross sections o,p and the reverse ionization-
stripping cross sections o» for all the important
atmospheric gas species. Numerous measurements
of the o» cross sections are available, ' fulfilling
this half of the requirement. On the other hand,
the ap~ data are meager, with only one recent set
of measurements' extending to below 1 keV hydro-
gen-atom energy.

To satisfy this need, an experimental program
was mounted to measure various cross sections
for charged-particle production for 50-eV to
3-keV hydrogen-atom collisions with N„O„Ar,
He, and H, targets. For Ar targets, three types
of reactions can lead to charged collision products.
These are
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for all three processes, and must obviously be
identical with o,', the cross section for total posi-
tive charge production. Nevertheless, the distinc-
tion is here made, as these total charge produc-
tion cross sections have been individually mea-
sured.

The technique used to determine the o„cross
section steins from the procedure employed by
McNeal and Clark' for making similar measure-
ments for H+ N, collisions above 1 keV. The
technique involves measuring o, and 0„,, indepen-
dently and determining Ooy from the relationship:

order that such data will not need to be detailed in
subsequent publications.

II. BASIC EXPERIMENTAL PROCEDURE

Consider a narrow paral1el beam of hydrogen
atoms of flux B (in atoms/sec) traversing a region
containing Ar atoms at density N (in atoms/cm')
Assume that a suitable detector can measure a sig-
nal S„(in ions/sec) produced along a beam path
length L (in cm), from a, process having cross sec-
tion o„(in cm'). These parameters are related
by the expression

+0& +t +Ar+ ' (4) S =BNLo (5)

Preliminary measurements, however, soon re-
vealed that the o~, measurement was fraught with
difficulty. Fast protons arising from reaction (1)
and scattered to large angles during their forma-
tion were found to be contributing to the measured
slow Ar' ion signal. The problem became in-
creasingly severe as the hydrogen-atom energy
was extended into the range below 1 keV.

It was found necessary to employ a combination
of experimental measurements and theoretical
scattering calculations to resolve this difficulty
and to extract the desired cross-section values.
While the procedures used are laborious, they do
result in rather complete data describing all
charge production channe1. s available to the post-
collision products. The experimental measure-
ments and the techniques applied for their accom-
plishment are described here, and the total cross
sections for H', Ar', H, and e are presented.
The differential cross section for H' production and
the theoretical scattering calculations allowing its
determination are described in the following paper
(paper II).
We have selected H+Ar collisions as a topic for

this first paper for a number of reasons. First,
the Ar target species, being an atomic system,
facilitated the theoretical scattering calculations
required for interpretation of the experimental
measurements. Second, the angular scattering of
the product H' was both predicted and found to be
large from this massive, high-Z target, making
it an obvious candidate for early exploration.
Third, the interesting structure evident in the
H +Ar' ion pair formation cross section warrants
attention over and above application of these re-
sults to understanding auroral phenomena. F.nally,
the sheer volume of material requiring presenta-
tion in order to justify the many new techniques
employed here prohibits consideration of more
than one collision type. However, the various
test data presented to establish the validity, of the
method include results for other target species in

Thus to determine the cross section 0, the other
factors in Eq. (5) must be measured or otherwise
determined. The procedures used to generate and
absolutely determine the magnitudes of B and N
are presented here. Those for determining S
will be considered in Sec. III.

The technique used in this work for generating the
fast neutral hydrogen-atom beam consists of photo-
detaching electrons from negative hydrogen ions
H . The H ions, formed in a duoplasmatron
source, are extracted, mass-analyzed, and focused
into a parallel or slightly converging beam having
a diameter on the order of 1 mm. " This beam is
then directed through the cavity of a YA1G laser
(1064 nm) whose end mirrors are totally reflecting.
The photodetachment reaction, i.e.,

H +hv- H+e,
proceeds with such efficiency that several percent
of the primary H ions are neutralized in the en-
ergy range of interest. ' The remaining emergent
H" ions are then electrostatically swept from the
beam path before the product hydrogen atoms enter
the target scattering cell.

The details of this procedure are presented else-
where" and will not be reviewed here. It should
be noted, however, that the execution of the mea-
surements reported here would have been difficult
without a neutral beam of the quality available.
For example, because the momentum transfer to
the hydrogen atom during its formation is negligi-
ble, the same stringent directionality and diver-
gence conditions imposed on the initial H beam
are maintained in its neutral counterpart. As will
be seen in the next section, having, a nondivergent,
directionally defined atom beam of small width is
fundamental to the measurements. Having a beam
whose absolute intensity can be determined to
within a +3% uncertainty'4 and an even smaller
relative uncertainty facilitates an accurate com-
parison. of various cross-section measur ements
made at different times under differing conditions.
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The target-cell density [the N in Eq. (5)j is d'e-

termined by simultaneous measurement of the tar-
get gas pressure and temperature. During the
course of each cross-section measurement period,
a Bayard-Alpert-type ionization gauge was used
to monitor the target-cell pressure. Prior to and
after each such period, this gauge was calibrated
against a capacitance diaphragm manometer at a
pressure comparable to that used during the cross-
section measurements (typically 1 to 3 x 10~ Torr).
A sufficient number of such calibrations were
made to allow the statistical variance to be ascer-
tained.

The capacitance diaphragm manometer was in
turn calibrated in the 0.1 Torr pressure region
against a micrometer-point contact manometer of
the type described by Ruthberg. " This apparatus,
constructed in our laboratory, is able to measure
pressure to within a +1% uncertainty in the O.l
Torr region.

A series of measurements over an extended
time period were undertaken to demonstrate the
pressure response linearity of the capacitance
diaphragm manometer between about 0.1 and 10 4

Torr. These studies, making use of the electro-
static calibration feature of the manometer, "
have been described elsewhere. " The conclusion
drawn from the studies was that the manometer
used has a linear response to pressure over the
range cited to within an uncertainty of +2.1/&.

The various uncertainties discussed above were
combined with others (e.g. , temperature measure-
ments, ionization gauge space charge nonlineari-
ti es, thermal tranSpir ation effects, instrument
zero drifts, measurement statistics, etc. , for a
total of 22 uncertainty sources) by quadrature
addition to give a net uncertainty of +6/z for the
target-c ell density determination.

III. - NEUTRAL SCATTERING TARGET CELL; DATA

ACQUISITION AND ANALYSIS

The neutral-atom scattering target cell used for
all the measurements reported here is shown
schematically in Fig. 1. The energy-selected pre-
cisely collimated H-atom beam enters from the
left through two 5-mm-diam differential pumping
apertures coaxial with the scattering c'ell axis.
Gas feed and pressure monitor ports are shown.
The charged particle trap at the rear of the cell
serves to prevent secondary ions/electrons ejected
from the neutral collector surface from re-enter-
ing the gas scatteri. ng region. The Ar target gas
pressure ranged from about 1 to 3 &&10~ Torr,
while the pressure in the main vacuum tank was
about two orders of magnitude smaller. This
large ratio kept the ba.'ckground neutral flux enter-
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FIG. 1. Target cell and charged particle detectors.

ing the cell (from background gas stripping of H

ions in the photodetachment region) at a level of
only about 10/o of the photodetachment generated
Qux. The contributions of these background neu-
trals to all signal measurements were evaluated
by switching off the photodetachi. ng YAlo laser
light source.

The basic charged particle detector arrangement
used is of the parallel-plate ionization-chamber
type first employed by Utterback and Miller. »'

However, two important changes were made.
First, the uniformity of the various charged parti-
cle collection fields within the cell is established
by employing field guard plates, as shown in Fig.
1, as opposed to locating the actual signal collec-
tors in the center of an "infinite" collector plane.
This feature allows placement of the signal collec-
tors much closer to the entrance to the target
cell; thus a "starting point" for the reactions oc-
curring within the cell can be reasonably estab-
lished. Second, rather than using a single collec-
tor, arrays of such collectors are employed: two
for negative charge collection and four for positive
charge collection. This allows measurement of
the various charged particle signals as a function
of the distance into the target cell.

For collecting negatively charged particles from
H+Ar collisions, the negative charge collectors
are connected to an electrometer and set to zero
potential (i.e., V„=O). The potential applied to
the 99.4/o transparent grid V is typically a few
hundred volts negative, and that to V„set to 0.6V,.
Under these conditions, electrons (contributions
from negative ions will be discussed later) pro-
duced by ionizing collisions along the neutral beam
path through the cell are driven to the negative
charge collectors by the negative grid potential.
If a fast angularly scattered proton or hydrogen
atom were to impinge on one of the negative charge
collector surfaces and eject a secondary electron,
this electron would be "trapped" at the collector
surface by the repulsion it experiences from the
negative grid potential. Similarly, if such a fast
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scattered particle were to impact on a positive
charge collector surface, any liberated secondary
electrons would also be trapped, because V, is
more negative than V„. Hence, the collection of
negatively charged collision products is relatively
free of erroneous contributions to the measured
signals from secondary electron effects."

If, on the other hand, the same procedure were
followed in collecting slow positive Ar' ions by
simply reversing all cell potentials, secondary
electron effects would generate problems. Thus,
if the grid potential were positive to drive slow
positive ions to the collectors normally used for
electrons, any secondary electrons released from
the collector surfaces would readily escape under
their attraction to the now positive grid potential
V, . Since a leaving electron looks identical, to the
detector, to an arriving ion, an overestimate of
the signal would result. Looking ahead, the authors
suggest that at least some of the disagreement be-
tween the Ar' production cross section reported
here and that reported by McNeal, Clark, and
Klingberg ' may be attributed to this problem. To
check this hypothesis, measurements were made
under target-cell conditions similar to those em-
ployed by these workers, and results similar to
theirs were obtained. '

To overcome this secondary electron problem,
the slow Ar' ions are collected at the positive
charge collectors shown in Fig. 1. For these
measurements, the positive charge collectors are
set to zero potential (V„=O); typical values for
V and V„are -15 and +75 V, respectively. Under
these conditions, the target-cell axis lies on a
plane whose potential is midway between that of
the grid and the negative charge collector, i.e.,
at +30 V. Slow positive ions formed are thus ac-
celerated toward and pass through the highly trans-
parent grid, "decelerating as they approach the
positive charge collectors, but still arriving with
about 30 eV energy. Note, furthermore, that the
grid potential is now negative with respect to all
collector surfaces, thereby trapping secondary
electrons as in the case of the negative charge col-
lection measurements.

Unfortunately however, the measurement of the
Ar'production cross section oA, + is afflicted with
yet another problem. This difficulty is illustrated
by the data shown in Fig. 2, where the measured
positive ion signals to collectors A, B, C, and D
(see Fig. 1) are plotted as a function of the dis-
tances of these collectors into the target cell.
Similar data at energies other than 630 eV show
that the disparity between the signals measured
at the various collectors increases with decreasing
energy, but diminishes to only a few percent at
energies above about 2 keV.
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FIG, 2. Relative positive ion signal to collectors A,
8, C, and D as a function of their distance into the tar-
get cel).

where S~+ is the desired Ar' signal, da„/dQ is
the differential proton production cross section,
and B and N are as defined earlier. Here dx is an
element of length along the neutral beam cell axis
(of total length X) from which a proton, scattered
at angle 8 and azimuth P, and into the range of
solid angle AQ, (x, 8, g, V), may reach the ith col-
lector surface under the influence of target-cell
potentials V. The experimental factor F(x, 6) ac-
counts for the target gas density gradient near the
cell entrance (x= 0) and certain geometrical limita-
tions preventing scattered protons produced near
the cell entrance from reaching the collector
stations (see the entrance configuration of the cell
in Fig. l).

If SA,+ is to be determined from the measured
S'„,, the second term on the right of Eq. (7) must
be evaluated. %bile computation of the orbits of
all scattered protons under the influence of cell
potentials V is tedious, the limiting factor in the
evaluation is a lack of knowledge of do„/dQ.

On the other hand, if only the angular dependence

It was soon realized that the increased signal
recorded at those collectors located deeper into
the target cell is due to arrival of fast protons
that have been scattered through large angles
during their collisional formation within the cell.
This scattered proton signal is superimposed on a
position-independent (and therefore collector-in-
dependent) signal corresponding to the rate of pro-
duction of slow Ar' ions. ~' Thus the total mea-
sured signal to the ith collector 8',- is given by

s', =8„;+BN . Flx, 6) „"dfl)dx,
O 40 &(x,8,e, &)
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of do»/dQ were known (as opposed to its absolute
value as well), the problem becomes tractable. If
the measured signals to collectors 8 and C, for
example, are written as

where S~~ and S~c are the scattered proton signals
to collectors B and C [nothing more than the last
term of Eq. (7) evaluated for these collectors],
the scattered proton signal to collector C can be
related to that to collector 8 by the parameter
X... ~~ere

fo [flan („- e o y)+(x~ 8)(do'Og/dQ)dQ] dx

f, [J,„,(„,,„,)Z(x, &)(do /dQ)dQ]dx

(10)

Since do»/dQ appears in both the numerator and
denominator of Eq. (10), its absolute value is not

required in order to determine Kc~. Consequently,
if its dependence upon 6 could be determined,
Kc~ couM be evaluated. Using the measured 8'B
and S„'c values and the computed Pcs, Eqs. (8) and

(9) can be solved for their two unknowns, S„,+ and

Sp~.
Parameters K„~ and KD~ can be similarly com-

puted, yielding four equations with the same two
unknowns. Solving these in various combinations
gives six separate values of 8„,, and S~~. If the
six values agree to within reasonable uncertainty,
this constitutes a check on the angular dependence
of dao, /dQ used in the analysis, for these indepen-
dent results are composed of scattered proton sig-
nals spanning rather different ranges of scattering
angle 0. In addition, once the value of S~~ is
available, the absolute value of dv»/dQ can be de-
termined by normalization of its angularly depen-
dent form to satisfy Eq. (7).

The angular dependence of dv»/dQ has been cal-
culated theoretically under the assumption that it
is comparable to do, /dQ, the differential cross
section for elastic scattering in H+Ar collisions.
%bile the reader may, and in fact should, question
the validity of this assumption, it should be
stressed that the scattering angles involved here
are generally large. To produce such large-angle
scattering, a rather violent small-impact-parame-
ter collision is required, at least at energies in
excess of 300 eV or so. Thus the proton nucleus
of the incident hydrogen atom must penetrate
rather deeply into the electron cloud of the Ar
atom. As a result of this rather strong encounter,
it is unlikely that the post-collision orbit of the

scattered particle will exhibit a strong dependence
on whether the particle leaves the colbsion as a
hydrogen atom. or proton. Of course, this argu-
ment is not really valid in the 100-eV region, as
an effective Z value of only a few charge units is
all that is required to produce substantial scatter-
ing. As will be presently discussed, however,
only collectors A and B can be used in any case in
this low-energy region. Except at ihe lowest ener-
gy of 50 eV, where the target-cell potentials are
sufficient to drive even forward scattered protons
to collector B, rather large scattering angles
(-80') are required to reach these collectors, thus
still demanding rather hard collisions. The validi-
ty of the assumption that the angular dependences
of dv»/dQ and do', /dQ are similar is taken up in
more detail in paper II.

As an example of this procedure for determining
oA, +, consider once again the data of Fig. 2. If
both sides of Eq. ('I) are divided by the product
NBL, , it can be written as

The "apparent measur'ed cross section" o', for
these data are 1.58, 1.80, 2.09, and 2.87 (all
times 10"cm') for collectors A, B, C, and D,
respectively. Using the computed KA~ = 0.4348,
Kc~ = 1.683, and K» = 2.652, the six possible solu-
tions for the Ar' production cross section yield
o„,+= 1.44 && 10 "cm' + 5.6%%, where 5.6%%uo is the
standard deviation of the determinations. Since
much of this variance can be accounted for by un-
certainties in the measured data, the close agree-
ment supports the conclusion that the angular form
of do» jdQ used in the analysis is not substantially
in error.

Attention is now directed to the effects of vari-
ous target-cell potentials on the measured ion sig-
nals. Figures 3 and 4 show the dependence of the
positive ion signals as functions of the grid poten-
tial V and the negative charge collector potential
V„. (In keeping with the philosophy stated earlier
of presenting various test data for species other
than Ar, the results shown are for N, targets at a
hydrogen-atom energy of 500 eV.)

Consider first the data of Fig. 3, the measured
positive ion signals at collectors A through D as a
function of grid potential V . Note that at V, values
more negative than about -10 V, the various sig-
nals reach plateau values, but rise dramatically
at less negative V, to considerably higher plateaus
at positive V . This behavior is attributed to
secondary electrons leaving the various collector
surfaces, with grid potentials less negative than
-10 V being insufficient to "trap" the secondaries
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FEG. 3. Relative positive ion signal to collectors A,
8, C, and D as a function of the grid potential V~.

generated by the impact of the fast scattered pro-
tons and hydrogen atoms. At positive V, all
secondary electrons mill be accelerated away from
the collector surfaces, giving rise to another
plateau region. " Note that, if provision mere not
included to evaluate the effects of the secondary
electrons and the scattered protons, it would be
tempting to assign an 8„+ signal to the process

2
that would be up to four times larger (depending
upon where into the target cell an ion collector
were located) than the correct value indicated by
the dashed line in Fig. 3.

The data of Fig. 4 show the dependence of the
same ion signals on the negative charge collector
potential V„. Note, for example, the curve for
collector B. The measured signal rises abruptly
with increasing V, to a "saturation" value at about

H+N2

UJ

R
O
CL

Ui
2

Ui
CC

I I

0 40 SO I20
NEGATIVE CHARGE COLLECTOR POTENTIAL

VnC (voItS)

PEG. 4. Helative positive ion signal to collectors A,
8, C, and D as a function of the negative charge collec-
tor potential V„o.

V„=25 V. This saturation plateau corresponds to
essentially a 100/o collection efficiency for the
slow target ions. The plateau is not totally flat,
homever, as can be seen by the turning up of the
signal again for V„~70 V. This increase results
from the influence of the V„potential on the orbits
of scattered protons. Larger V„, values accelerate
more scattered protons toward the positive ion
collectors, thereby alloming collection of protons
with smaller initial scattering angles. Basically
similar features are exhibited by the data for col-
lectors A and C. On the other hand, the curve for
collector D exhibits only a marginal plateau region.
In fact, for V„=110V, a protonproduced near
the target-cell entrance and scattered at 0' mill .

reach the rear of collector D under the influence
of the applied V„and V, .

In principle, this situation should cause no dif-
ficulty in our analysis in that the effects of the
target-cell potentials on the scattered protons are
taken into account. On the other hand, the analysis
takes the angular dependence of the differential
proton scattering cross section to be the. same as
that for elastic scattering. While this assumption
may be reasonable for large-angle scattering, the
elastic da, /dQ will probably far exceed do'„/dQ in
magnitude for forward or small-angle scattering.
Thus the analysis may be substantially in error if
it is applied to a situation where forward or very-
small-angle scattered protons are included.

As a result of this problem, the measured re-
sults for collector D are omitted for hydrogen-
atom energies below 400 eV. A similar situation
exists for collector C below 200 eV. In fact, at
energies below 80 eV, the data for collector B
suffer from a similar difficulty. As the analysis
used requires at least tmo collectors, however,
the results for collector 8 must be kept even
though they are rather ambiguous. Fortunately,
at least for Ar targets, a competing process es-
sentially negates the importance of scattered pro-
tons at these lom energies.

One other feature of the target-cell configuration
used should be discussed. Namely, if the positive
ion collection fields are made sufficiently large,
both the slow Ar' and the fast H' can be completely
collected. For collision energies below 1 keV, the
total cross section for positive charge production
o could thus be determined (above this energy the
potentials required caused breakdown in the cell).
Of course, o,' must be identical with a„yet to be
described. It mas comforting to find that these
independent measurements, taken under vastly
different experimental conditions and typically
months apart in time, were indeed the same. In
fact, the cross section ratio (a, /o,'), averaged
over the energies belom 1- keV, mas found to be
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FIG. 5. Relative negative charge signal to collectors
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1.001+3.6' (again, a standard deviation of the
ratios), with the largest single discrepancy of 7.3%
occurring at 50 eV where, as already and again to
be noted, the data include considerable uncertainty.
This agreement largely removes major concern
over independent evaluation of such otherwise
elusive problems as ions bouncing from collector
surfaces, substantial secondary ion emission from
the surfaces, or improper accounting for various
secondary electron phenomena.

Attention is now returned to collection of nega-
tively charged collision products. Here, as was
the case for positive ion collection, i:t was neces-
sary to investigate the effects of the grid potential
V on the negative charge signals to determine
whether the "saturation collection" condition had
been reached. It was found that the saturation
curves exhibited small structures at grid poten-
tials well in excess of those expected to achieve
saturation. As calculations of charged particle
orbits within the cell had already become routine,
it was soon realized that these structures were oc-
curring at precisely those potentials at which an
H ion, produced near the cell entrance and for-
ward scattered, would arrive at a collector edge
under the inQuence of the negative V . Following
the suggestion that the structure present in the
c, cross section for H+H, collisions might be due
to H formation, "we decided to investigate grid
saturation effects with an H, target.

One result of this investigation is shown in Fig.
5. Plotted here are the negative charge production
signals to collectors F and R (see Fig. 1) as func-
tions of the grid potential V . The data are for
250-eV hydrogen-atom energy, for which condi-
tions the H formation is substantial (as opposed
to the small structures mentioned above).

The authors interpret these results as follows.
Simple orbit calculations show that an H ion, pro-
duced near the cell entrance and forward scattered,
will reach the negative charge collector plane at
the boundary between collectors F and R if the
grid potential is set to -100 V. (This critical value
of V„ labeled V~ in Fig. 5 is, of course, energy
dependent. ) Thus at V*, H ions produced along
th'e first 5 cm of the neutral beam path within the
target cell should be collected along the 5 cm
length of collector R. At more negative V„ the
ions formed very near the cell entrance will be-
gin to be deflected sufficiently to reach the rear
of collector F, causing an increase in its recorded
signal. Because of the very large deflections re-
quired to saturate collector F for H ion collection
(because of its proximity to the cell entrance),
saturation to this collector does not occur until
V =-1200 V (not shown in Fig. 5). At this value,
the signals to the two collectors are the same.

For V values less than V,*, on the other hand,
forward scattered H ions cannot reach collector
F. The signal measured to this collector under
these conditions is therefore attributed to elec-
trons. At higher collision energies, the electron
collection saturation curve (i.e., curve F below
-100 V) remains about the same, "but exhibits a
plateau region before the onset for H collection
begins.

Thus by measuring the signal to collector R with

V, more negative than V,*, the sum of the e and
H signals can be recorded and o, determined.
A value V =1.2V* was used for the measurements
reported here. On the other hand, the signal to
collector F with V =0.8V* should be composed
largely of electrons. The v, , cross section there-
fore can be determined by subtraction. of the cross
sections measured at the two collectors.

Data at 250 eV were selected for Fig. 5 because
this represents a limiting case for separation of
the signals for e and H" detection. At lower en-
ergies, the electron saturation is not yet achieved
for collector F by the time that H" ions begin ar-
riving. By making the assumption, however, that
the electron saturation collection curve remains
the same at lower energies, it is still possible to
obtain a reasonable estimate of o, , by suitably cor-
-recting the data for this effect. This problem does
not affect the o', data obtained from collector B.

Looking ahead to the data for Ar targets, it is
found that substantial H ion formation. can again
occur. Unfortunately, however, the negative ion
contribution does not become large until the inci-
dent hydrogen-atom energy is about 100 eV or
lower, in which range the separation of the e and
H signals. becomes less definitive. In addition,
the separation of these signals by the techniques
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described assumes that the H ions are forward
scattered at their formation, as appears to be the
case at higher energies. This condition will al-
most certainly be increasingly violated with de-
creasing energy and is probably more severe with
the heavy Ar targets than with the much lighter
H2 targets. Obviously, if an H ion is scattered
slightly toward collector F during its formation,
it will be counted in with the "electron only" signal,
thereby resulting in a reduction of the measured
o, , cross section. This problem will be discussed
in more detail in conjunction with the presenta-
tion of the oo y results in Sec. V.

The effect of scattered protons on the o„,+ mea-
surements described earlier is rather substantial.
While the effect of scattered protons on the nega-
tive charge collection measurements is much
smaller, it cannot be ignored. Thus, large-angle
scattered protons can also arrive at the negative
charge collectors, this positive current now can-
celling a portion of the desired negative charge
signal. A relationship similar to Eq. (7) can be
written to represent the situation, with the excep-
tion that the last term is now negative.

Fortunately, do„/dQ is available from the posi-
tive ion studies discussed earlier. As expected,
the effect of this correction to the data is to in-
crease the 0, cross section. Once again looking
ahead, the authors suggest that this effect is at
least partially responsible for the somewhat larger
0, reported here as compared to the results of
other investigators.

For every charged particle collection measure-
ment investigated, the various signals were found
to be directly proportional to the neutral hydrogen-
atom beam intensity. On the other hand, such
signals were not always directly proportional to
target-cell density. Slight quadratic density de-
pendencies were observed (i.e., the cross section,
or signal divided by density, was a function of
density). There is little question that these effects
are due to multiple scattering phenomena. For ex-
ample, a hydrogen atom entering the target cell
could be elastically scattered through a small angle
before being ionization-stripped of its electron in
a subsequent collision. For most of the cross-sec-
tion results presented, the cross-section density
dependence rarely exceeded a few percent, but it
was rather pronounced for the o, , measurements
and those phenomena associated with angular pro-
ton scattering. To overcome this problem, data
were always taken as a function of the target-cell
density and a suitable zero-density extrapolation
performed. A +3% uncertainty from this source
was assigned to the cross-section values presented
here.

The various charged particle signals themselves

were assigned an uncertainty of +5% from such
sources as instrument calibrations, nonlinearities,
and the statistics associated with the signal mea-
surements. The uncertainties discussed here as
well as those placed on the hydrogen beam flux
and the density determination discussed in Sec. II
are combined with the uncertainties resulting from
the data-analysis procedures and presented in tab-
ular form in Sec. IV.

In the course of making the measurements de-
scribed here, numerous other tests and evaluations
of the data were undertaken. For example, by in-
tentionally diverting the entering hydrogen-atom
beam to an off-axis angular orientation inside the
target cell,"the effects of the various scattering
phenomena on the measurements could be evalu-
ated. Thus, if the beam were directed slightly
towards the positive charge collectors, a slightly
smaller scattering angle was required for a proton
to reach these collectors, thereby increasing the
scattered proton contribution to the positive charge
signal. Other tests included the effects of minor
defocusing of the entering beam, the effectiveness
of the charged-particle trap at the rear of the tar-
get cell, and an evaluation of the possibility that
charged particles were entering the target cell
along with the neutral hydrogen-atom beam. In all
cases, the results of imposing these and other
perturbations on the normal system operating con-
ditions behaved in a generally predictable way,
and were used to verify the appropriate criteria
for proper system operation.

IV. a, , o„gw. , AND go& RESULTS AND UNCERTAINTIES

The results of the measurements for the o.„o,',
0'g + and 0'py cross sections are here presented
and compared, where possible, with the data of
other investigators. The data are presented as
graphs of cross sections vs laboratory hydrogen-
atom energy. While the present measurements
extend only up to an energy of 3 keV, the various
plots extend up to 30 keV, so that better compari-
sons with the results of other workers can be
made. The results of the present studies are
plotted as solid data points with solid lines through
the points, and the results of other investigators
are displayed by open symbols and broken curves.

The first data presented, in Fig. 6, arethe 0,
and 0,'cross-section measurements. The 0, re-
sults of Dehmel, Meger, and Fleischmann~';
McNeal, Clark, and Klingberg 0; and Solov'ev,
Il'in, Oparin, and Fedorenko, "are shown for
comparison. The present results average about
15% higher than those reported by Dehmel et al.
(well within the combined uncertainties), and about
40% higher than those reported by McNeal et al.
(about 15% outside combined uncertainties). While
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FIG. 6. Total charge production cross sections. Solid
circles and triangles are present results. Other data
are from McNeal e~ aL. (Ref. 20), Dehmel eI' aE. (Ref. 29),
and Solov'ev et al. (Ref. 30).
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FIG. 7. Measured positive ion cross sections to col-
lectors A, B, C, and D and the Ar' production cross
sections. Solid circles are present results. Other data
are from McNeal eI' al. (Ref. 20) and Solov'ev e& al. (Ref.
30).

no direct comparison can be made, the present
results would appear to agree quite well with those
of Solov'ev et a/. , if a smooth cross-section extra-
polation were made across the energy gap between
the measurements.

Some fraction of the larger magnitude of the
present o, over those found in the other low-energy
investigations can be accounted for, as noted in
Sec. III, by the failure of the other investigators
to include the effects of protons scattered to their
negative charge collectors. As such corrections
depend on a detailed knowledge of the grid poten-
tial, the target-cell geometry, and the direction
and divergence of the hydrogen-atom beams em-
ployed, the present authors are in no position to
estimate the amount of correction required in these
earlier measurements. It seems possible, how-
ever, that such corrections would bring the re-
sults of all the measurements into agreement with-
in uncertainties.

As noted in Fig. 6, the present data points in the
region below 1 keV show alternately the results
of the o, and o,' measurements. The reader may
recall from Sec. III that the root-mean-square
deviance of these independent measurements is
only +3.6'%%uo on an absolute basis.

Figure 7 shows the "apparent measured cross
sections" to collectors A, 8, C, and D and the
o„,+ cross section determined from the procedures
outlined in Sec. III. Also sho~n are the oA, + re-
sults of McNeal et al..' and Solov'ev et al.'

Note first that the data for collectors A through
D are very close in the energy ringe above 2 keV.

The bulk of the observed positive ion signal here is
attributed to Ar'. On the other hand, these mea-
sured results begin to diverge substantially with
decreasing energy, showing the effect of. scattered
protons on the various collector signals. As men-
tioned earlier, to avoid the forward scattering
problem for proton production, signals to collec-
tors D and C are discarded below 400. and 200 eV,
respectively.

The flags on the oA, + cross section at a fern en-
ergies represent the standard deviations of the

a„,+ values obtained from the individual pairs of
collectors used for the analysis" and should not
be taken as absolute uncertainties.

Note the existence of the dominant peak in the
c„,+ cross section in the 70-eV region. (A close
analysis of the o, data in Fig. 6 reveals a slight
"hump" in this energy range. ) The present authors
attribute this structure to the H +Ar' ion pair
formation reaction and will attempt to confirm
this assignment when the oo, cross-section data
are presented in Sec. V. In addition, the existence
of a second structure in the 300-eV range is ap-
parent.

The present oA, + results are in good agreement
with the data of McNeal et al. at 3 keV. Note,
however, that the two results diverge rapidly with
decreasing energy. The present authors suggest,
as noted in Sec. III, that this discrepancy may re-
sult from secondary electron effects present in
the McNeal et a/. measurements. As these sec-
ondary electrons are caused by the impact of fast
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FIG. 8. Proton production cross sections. Solid cir-
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elastically scattered hydrogen atoms and inelas-
tically scattered protons to the collector surface,
the energy dependence of the problem shpuld go
approximately" as E '. Thus if this assignment
is correct, the OA, + data of McNeal et al. should be
largely free of such difficulty at the higher ener-
gies.

Attention is now directed to Fig. 8, which depicts
various results for the op, cross section. The
present results were obtained by subtracting v~+
from o', , as indicated by Eq. (4). Other measured
o» results shown include those of Stier and Bar-
nett"; Fogel, Ankudinov, Pilipenko, and Topolia~;
Williams"; and Solov'ev et ul. '

Also shown in Fig. 8 are the results of Boussel,
Pradel, Schlachter, and Spiess." These data do
not represent a total os cross section, but rather
do»/dQ integrated only over the 0 to 10 mrad ac-

ceptancee

angle of their detector. Thus these investi-
gators would not collect any protons scattered at
angles in excess of about 0.6'during their forma-
tion.

At first glance, the present results appear to
contradict (in both magnitude and energy depen-
dence) the data of the other investigators cited.
While the present results and those of Stier and
Barnett have comparable magnitudes in the 3 to
4 keV region, the comparison suggests a Op, which
exhibits structure in the 1 to 5 keV region. The
data of Williams fall mell below the present re-
sults in the 2 to 3 keV region, as does any extra-
polation of the work of Fogel et ul. In fact, the
Williams data agree rather well with the essential-

ly forward scattered proton production results of
Houssel et al.

Like the experiments of Houssel et el. , the ex-
periments of Williams and Fogel et al. are "cell
transmission" experiments. In all these studies, :

a hydrogen-atom beam was directed through an
Ar target cell whose dimensions were defined by
relatively small entrance arid exit apertures. Pro-
tons (and H ions) emerging froin the cell were
then separated and collected by various detector
ar rangements.

From the publications of Williams and Fogel
et ul. , it is difficult to determine their detector
acceptance angles for proton production. In view,
however, of the approximate agreement between
their results and those of Houssel et al. , it seems
probable that only rather forward scattered protons
were being detected, at least at the lower energies.

In view of the substantial numbers of protons
scattered at angles on the order of-10 or more
(see data of Figs. 2 or 7) during their formation,
it is apparent that any experiments: in which are
collected only those protons scattered essentially
in the forward direction will grossly underestimate
the o„cross section. In fact, if the present total
o» cross section is compared with the small-angle
integrated do„/dQ data of Roussel et al. , it ap-
pears that on the order of 90% of the protons pro-
duced in 700-eV hydrogen-atom collisions with
argon are scattered in excess of 0.6'during their
formation.

The o, and 0~+ results of McNeal et al. ' can
also be used to obtain a 0«cross section. McNeal
et al. do not present such data, as the uncertain-
ties in their 0, and o~+ measurements prohibit a
definitive evaluation. If the evaluation is made,
however, the energy dependence of the resulting
o» above about 5 keV is in general agreement with
those energy dependences-obtained by the other
workers cited. On the other hand, in the 1 to 5
keV range, the results are not inconsistent with
an approximate plateau region in o,-, as indicated
by the present data.

In sharp contrast to the disagreement between the
various 0'py cross sections for argon targets as
shown in Fig. 8, a similar comparison for the
much lighter H, target species indicates essential
agreement between the present method for ~„de-
termination and the results from the "ceH. trans-
-mission" measurements. Of course, the effects
of angular scattering aie far smaller for this
light low-Z target. In addition, a pronounced
structure in the op,- cross .section for this target.
in the 1 to 5 keV region is apparent, "similar to
what would be obtained if the present o„cross
section for argon targets is joined smoothly onto
the results of Stier and Barnett in.the 3 to 4 keV
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TABLE I. Cross sections and total uncertainties as a
function of hydrogen-atom energy.

H-atom
energy Cross sections (10 cm ) andtotal uncertainties

(eV) Ax'+ Oi

3000
2500
2000
1600
1250
1000
800
630
500
400
320
250
200
160
125
100
80
63
50

3.04+ 11%
2.64 + 11%

p

1.96 + 11/p
1.66 + 11%
1.44 + 11%
1.25 + 11%
1.08+ 11%
0.939 + 11%
0.812 +11%
0.690 + 11/p
0.550 + 11%
0.387 + 11/p
0.320 + 11%
0.216 + 11%
0.147 & 11%
0.106+ 13/p
0.0780 + 15%
0.0348 + 20 /p

1.70 + 11/p
1.24 + 11/p
0 782+12%
0.511+ 12%
0.373 + 13%
0.280 + 14%
0.196+ 15%
0.144 + 16/p
0.109+ 17%
0.0900 + 18%
0.0827 + 19/p
0.0636 + 20/p
0.0443 + 22%
0.0210+23%
0.0202 + 23%
0.0280 + 21 /p

0.0412 + 20%
0.0471 + 20/(I
0.0201+ 22%

1.34 + 29%
1.40+ 23%
1.51 + 18%%up

1.45 + 16%
1.29 +'15%
1.16+ 14/p

1.05 + 14%
0 940+13/p
0.830 + 13%
0.712 + 13/p
0.607+ 13%
0.486 + 139p
0.387+ 13%
0.229 + 12/p

0.196+12%
O. i. 19+ 14%
0 0643+25%
0.0310+48%
0.0147 + 56/p

region (see Fig. 8).
Smith, Duncan, Geis, and Hundel' have recently

made measurements of o» cross sections for hy-
drogen-atom collisions with molecular targets in-
cluding N2, O2, CO, and CO, ." While these work-
ers did not investigate Ar targets, their results
for these heavier molecules are not strongly
species dependent, and the ooy cross sections all
have a shape and magnitude rather similar to the
present oo, results for Ar targets. (The present o'0,

cross sections for N, and 0, targets are also
somewhat in conQict with the results of Smith
et al. , but the discrepancies are considerably
smaller than those found, for Ar targets, as shown
in Fig. 8.)

The uncertainties in the o„a~„and oo, cross
sections presented here are listed in Table I along
with the cross-section values themselves. These
total uncertainties incorporate the uncertainties in
the measurement of the various experimental pa-
rameters required for the cross-section determi-
nations, an estimate of the degree to which various
spurious phenomena could be contributing to the
measurements, and an approximate evaluation of
the uncertainties that result from the data-analysis
proc edures employed.

The basic uncertainties present in the measure-
ments of the various experimental parameters re-
quired for the cross-section determinations have
already been listed in earlier sections. Quadra-
ture combination of these individual uncertain-

ties" and an additional +7%%uo resulting from the
authors's inability to determine that the measured
signals are free from erroneous contributions
(secondary electrons and ions, bouncing ions, etc.)
to below this level, yield a +11% net uncertainty.
At the lowest hydrogen-atom energies, this net
uncer'tainty is increased to +13%%uo at 80 eV, +15%
at 63 eV, and +20% at 50 eV, to account for the
less mell-defined hydrogen-atom beam diameter
and collinearity properties and the somewhat
larger quadratic density dependencies of the mea-
sured signals found here. These uncertainties are
standard in the sense that they are applied to all
the measured cross sections. The authors know
of no other uncertainties that might affect the o,
cross-section measurement.

The OA„+ results suffer from the above standard
uncertainties as well as those arising from re-
moval of the effects of scattered protons on the
measurements by the techniques described. At
energies of 200 eV and above, three or more o~+
values were obtained by applying the data-analysis
procedures to various pairs of the positive ion col-
lectors, and standard deviations for the determina-
tions were computed. ' A plot of these standard
deviation values against the logarithm of the hy-
drogen-atom energy yields an approximately
straight line of negative slope having value of +9%
at 200 eV and diminishing to +2%%uo at 3 keV. Con-
sidered as an ensemble, about 7%%uo of the total num-
ber of individual o„,, determiriations fell outside
their respective "two times the standard deviation"
limits, as compared to the figure of about 10%
which would be expected from a large random
sample. The authors thus concluded that uncer-
tainties of twice the value found from the standard
deviation vs log, g plot would provide approximate-
ly 90% confidence limits for the results.

Of course, this procedure couM not be extended
to below 200-eV hydrogen-atom energy, as only
collectors A and 8 were used here to determine a
single oA, + value. Uncertainties in this region
were obtained simply by extrapolating the stand-
ard deviation vs log,g plot into this region and
again taking twice the extrapolated standard devia-
tion values. As can be seen from Fig. '7, however,
the effects of the protons scattered to these col-
lectors in the region below 100 eV become smaller,
because the 8"+Ar' pair production is the domi-
nant contributor to the positive ion signal in this
region. The uncertainty in the aA, + cross section
from the scattered proton source was thus reduced
from the extrapolated maximum value of +20/o at
125 eV to +10% at 50 eV.

In the above uncertainty analysis, it has been
assumed that the uncertainties in the various oA,+

determinations are purely statistical. As men-
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tioned in Sec. III, however, an incorrect assump-
tion on the angular dependence of do»/dQ will
also give rise to differing oA,+ values as derived
from different combinations of the positive ion
collectors used. In general, it is not expected
that the statistical functuations in the individual

o„,+ values from measurement of the various posi-
tive ion signals should exceed about +5/p. Thus
at energies below about 500 eV, the somewhat
larger standard deviations exhibited by the o„,+
results appear to indicate that the angular depen-
dencies of the required do„/dQ and the assumed
do, /dQ are beginning to differ. " However, as the
differences in the o„,+ values obtained from the
various collector pairs from this source are in-

, cluded in the "standard-deviation-related" uneer-
taintity already specified, no additional uncertainty
increase is made.

The uncertainty in the o„,+ cross section result-
ing from the effect of scattered protons is com-
bined in quadrature with the standard uncertainty
associated with the measurements themselves to
obtain the net uncertainty assignment for the o„,+
results. The results are given in the third column
of Table I.

Because the o„cross section is determined by sub-
tractingthe oA,+ cross section from the o,. re-
sults, the uncertainties in o„are given by

5o„=[(5oA,+ )'+ (5o,)'j"'. (12)

The results of this uncertainty evaluation are
listed in the fourth column of Table I. In fact,
these results are probably overestimates of the
true uncertainties, as the systematic uncertainties
have been included twice. However, as the o, and

o„,+ results were obtained at rather different times
during the total measurement program, the opy

uncertainties were assumed to be given by Eq.
(12).

p. 8 + Ar' ION PAIR FORMATION REACTION

The final results to be presented are those for
0'p

y shown in Fig. 9 together with the work of
Stier and Barnett, "Fogel et al. ,

"and Williams. "
Also shown are the small-angle integrated do, ,/
dQ results of Roussel et al. ,

"obtained with the
same techniques as used for looking at proton
production.

The cross-section data presented in Sec. IV are
of high quality from the viewpoint of minimum
uncertainty, high reproducibility, and satisfaction
of all the checks and tests to which they were sub-
jected. In sharp contrast, the op, results are not
up to these standards. Nevertheless, the mea-
surements were made and their results are pre-
sented here because they can be.used to interpret

IO-I5

H+ Ar

&o(

I I I I IIIII

+Ar

E IO-l6
D

O

LQ
M
CA
COc loi7

R-~

v

v o

0-I

lO-&8

o. I

i i iitil
IO.OI.O

H ATOM ENERGY (keV)

FIG. 9. H production cross sections. Solid circles
are present results. Other data are from Stier and
Barnett (Ref. 33), Fogel et A. (Ref. 34), Williams (Ref.
35), and Roussel. et aE. (Ref. 36) (small-angle scattering
only —see text). The OA, + data of Fig. 7 are shown for
comparison.

structures present in the o&,+ cross section, which
is also included in Fig. 9. The results also illus-
trate some rather interesting aspects of the basic
H + Ar' ion pair formation reaction.

Note the existence, once again, of the dominant
low-energy peak and the presence of a second
such peak in the 300-eV region. The omission
of a curve through the present data points in the
region between about 350 eV and 1.5 keV denotes
an inability to describe the cross-section shape
in this energy region. (The reader may recall
that these data. are basically obtained by subtrac-
tion of the negative charge signals to collectors F
and R. When the magnitudes of these signals are
of order 50 to 100 times their difference, the sub-
traction obviously becomes dubious. ) Above 1.5
keV, however, the data clearly indicate a rapid
rise in the cross section with increasing energy.

The flags shown on some of the data points are
estimates of the typical upper-limit relative un-
certainties present in the measurements and by
no means imply absolute uncertainty limits.

With the exception of the 2-keV data point of
Williams, the present o, , cross section blends
in rather smoothly with the higher-energy results-
of the other workers cited above. The present
results also exhibit an energy dependence very
similar to that found by Roussel et al. for basic-
ally forward scattered H formation and have a
magnitude about —,'as large as the Houssel et al.
data in the 2 to 3 keV region.

Unfortunately, the procedure employed for
determining the present op g cross section also
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suffers from the difficulty that the assumption is
made that the product H ions are forward scat-
tered (see discussion in Sec. III). Both the present
results and'those of Roussel et al. suffer from
this problem. 4' As noted earlier, "however,
dao, /dQ is much more strongly forward peaked
than its da„/dQ counterpart in the 2-keV energy
range. Thus the forward scattered H formation
rate should agree much more closely with the total
00 y than is the case for proton production in this
energy region. The authors thus conclude that the
true o, , drops rapidly with energy in the 3 to 1
keV region. " Furthermore, as present results
are uncertain by about a fe,ctor of 2 above 2 keV
(most considerations suggest that the measured
results are low), the present data and those of
Roussel et aL may be considered to be in approxi-
mate agreement.

While the angular scattering of the product H

will probably not be severe in the 1-keV energy
region, the assumption that the H will be for-
ward scattered at the lower energies will almost
certainly be increasingly violated with decreasing
energy. While "curve fitting" may be risky here,
it is interesting to speculate that the entire low-
energy peak in the OA,+ cross section is due to the
ion pair formation reaction, and to ask how much
the measured 0, , would have to be increased to
make it agree with aA,+ in this region. Such an
exercise was undertaken, and it was found that if
the true Qo y cross section could be determined
from the relationship

o, ,(true) = a, ,(measured)[1+ 50/E], (13)

where E is the hydrogen-atom energy in eV, a
rather interesting result was obtained. Not only
does o, ,(true) fall very close to a„,+ in the region
below 100 eV, but the difference between the two
cross sections, o„,+ —a, ,(true), which should be
the cross section for simple argon ionization
(reaction 2), becomes a smoothly decreasing func-
tion of energy in the region below about 600 eV.
In other words, both the low-energy peak and the
structure in o„,+ in'the 300 eV region disappear to
within the limits of measurement scatter.

The form of Eq. (13), i.e. , the Z '
dependence

of the "correction factor, "was not chosen at
random. Rather. , the authors have. found that this
form is approximately successful in treating the
scattered proton problem at higher energies.
While this fact does not necessarily justify applica-
tion of this form of correction to the a, ,(mea-
sured) results, it is not inconsistent with what
might be reasonably expected in terms of its gross
features. Thus, even though definitive experi-
mental verification is lacking, the author feels
comfortable in concluding that the lower energy

structures in the o„,+ cross section result from the
H + Ar+ ion pair formation process.

VI. DISCUSSTION OF THE RESULTS
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FIG. 10. Approximate potential-energy curves for the
H+ Ar system.
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It is probable that an interpretation of the struc-
tures in the cross sections presented here will
depend on the details of the collision process.
Fortunately, a sufficient number of potential
energy curves are available to begin to make some
constructive comments concerning the various
reaction mechanisms which may occur in H+Ar
collisions. A set of such curves is shown in Fig.
10.

The solid curves for the H+Ar, H'+Ar, and
H+Ar' states of the system were obtained from
the calculations of Kuntz and Roach. ' The ground-
state curve is in reasonable agreement with that
obtained by the scattering measurements of Mason
and Vanderslice44 in the 1.3 &R & 3.0 A region. The
H'+ Ar curve (exhibiting a well of depth 4.0 eV
at 1.38 A separation) is in good agreement with
the scattering results and analysis of Rich, Bobbio,
Champion, and Doverspike, "who obtain a simi-
larly shaped well of 4.2 eV depth at 1.25 A separa-
tion.

The long-dashed curves leading to the H*+Ar
and H+Ar* states at large separations (the n= 2

levels of H and the lowest 'P and 'P levels of Ar)
are rough estimates drawn by the present authors
as examples of how such curves might appear.

The short-dashed curve represents an estimate,
also by the present authors, made to illustrate the
gross features of the H + Ar' interaction energy.
This curve was taken to be basically similar to
the H + H' curve (the 1so, 2pa, O'Z„' bound state
of H, ), and the H + He+ curve computed by Ross
and Mason. ' To allow for the somewhat larger
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FIG. ll. Charge production and hydrogen-atom excita-
tion cross sections. The dashed curves are from Birely
and McNeal (Ref. 48).
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extent of the Ar' ion, as compared to H' and He',
the broad minimum characteristic of such ionic
curves was taken to occur at 1.8 A.~'

While the detailed shape of the H +Ar' curve in
the region inside 2 A separation is only approxi-
mate, it is consistent with a rough calculation
made by Olson4' which indicates that this ionic
curve intersects (diabatically) with the ground-
state H+Ar curve at about 0.96 A. The 8++Ar
curve also crosses the ground-state curve at 0.96
A. Thus these two crossings, at a potential energy
of about 14 eV, are almost certainly the first en-
countered by an approaching H+ Ar pair. As such,
the outgoing H' + Ar and H + Ar+ channels should
play an important role in the determination of
collision products.

If, during a lower energy H+Ar encounter at
small separation, an electron is given sufficient
momentum to escape the vicinity of the collision
in a time short compared to the time scale of the
nuclear motion, the system will probably separate
into the H'+Ar state. As such, the separating
system can cross the H*+ Ar and H+Ar* system
states, with the total-charge inequality preventing
transitions at their respective crossing radii.

Qn the other hand, if the electron is not ejected,
the collision products may separate along the
H +Ar' channel. During the separation, how-
ever, this state must diabatically cross all pos-
sible H~+ Ar levels, many of the H+ Ar* levels,
and the H'+Ar ionization continuum. The prob-
ability that the outgoing H + Ar system will sur-
vive such crossings will depend upon the matrix
elements of the interaction in the vicinity of the

H ATOM VELOCITY (cm/sec)

2xIO7 5xl07 IO 2xIO
I I

I
I

various crossings and the collision velocity.
The above comments appear to be consistent

with the cross-section data presented in Fig. 11.
The curve labeled H'+ e is a combination of the
lower-energy o,y cross, section determined here
blended smoothly into the higher-energy results
of Stier and Barnett. ' The curve labeled H +Ar'
is the present roughly corrected cr, ,(true) result
[see Eq. (13)] in the region below 350 eV. This
curve between 1 and 3 keV in an average of the
present oo y xesults and those of Roussel et al. ,

"
and is drawn to merge into the higher-energy re-
sults of the other workers cited in Fig. 9.

The curve labeled Ar'+ e represents the cross
section for simple Ar ionization and is obtained
by subtraction of the H +Ar' cross section shown
in Fig. 11 from the o„,+ data of Fig. 7. Also in-
cluded are the cross sections for population of the
2s ~d 2p levels of the hydrogen atom in H+ Ar
collisions as determined by Birely and McNeal. "

Note first that the H'+ e production cross sec-
tion is much larger than its Ar++ e counterpart
at the lower energies. This mould appear consis-
tent with the fact that a low-potential-energy cros-
sing to the H++Ar state is available to the inter-
acting system.

Of more interest here, however, is the energy
dependence of the H +Ar' cross section. As
seen in Fig. 11, this cross section at the higher
energies is increasing with decreasing energy.
However, it begins to decrease rather abruptly
at about 4 keV (vs & 10' cm/sec).

Note that this decrease appears to be accom-
panied by a marked increase in the H(2s) forma-
tion cross section. awhile definitive proof is not
available, this observation is consistent with the
idea that the outgoing H +Ar' channel is no longer
always able to survive its crossing with this H*
+ Ar curve, and is therefore feeding this channel.
The H(2P) cross section is also increasing with
decreasing energy in this energy range. '

Finally, the H'+ e cross section exhibits a
structure at about the same velocity at which the
H + Ar' cross section begins to decrease abruptly.
The authors are hesitant in attributing this struc-
ture to an P"+Ar' -8'+Ar+e transition, be-
cause this crossing occurs way out at about 10 A
separation. On. the other hand, the H ion should
be highly. polarized as the ionic collision products
separate, with its two electrons tending to be con-
centrated in the region between the separating
proton and the Ar' ion (in a wave function similar
to a stretched but still bound H, molecule). When
the separation has reached a point above the H'
+ Ar ionization contiriuum, the tenuous ionic bond
may "snap" in a sort of Auger autoionization like
process, leaving the remaining bound electron on
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the Ar+ core.
The structure in the H +Ar' cross section at

the low energies is in itself of interest. Olson"
has shown that if the difference between potential
energy curves for two crossing states of a system
goes through an extremum at an internuclear sepa-
ration inside a crossing, it is possible to obtain
oscillations superimposed on the general velocity
dependence of an inelastic total cross section.
Such a situation may in fact occur for the H + Ar+

and H+Ar curves shown in Fig. 10. There do
appear to be four distinct structures in the op

cross section presented in Fig. 9, as indicated by
the four tall vertical lines. These four lines, and
the shorter line at about 1100 eV, indicate the
positions at which structures might be expected if
each occurred at twice the velocity of the previous
one. While the existence of a structure at 1100 eV
cannot be established by the present data-, its
"predicted location" is close to the 1-keV data

point of Roussel et a/. ,
' which lies well above

any smooth curve fitted through the remainder of
their data. points.

Even if the structures in the op y cross section
cannot be attributed to the mechanism proposed by
Olson, their regularity may result from some sort
of quantum-mechanical phase-interference phe-
nomenon. Similar such structures, although not
quite so pronounced or r'egular, appear in the o, ,
cross sections for most of the other target species
studied in these investigations.

We conclude that ion pair formation may repre-
sent an important intermediate mechanism in
many low-energy neutral-neutral scattering pro-
cesses. (In fact, such ionic states may be present
and contribute to reactions even if neither of the
reactants forms stable negative ions at infinite
separation. ) Thus, any theoretical treatment of
such collisions must be considered incomplete if
provision for this mechanism is not included.
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