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Absolute cross sections for the emission of Balmer-a and Balmer-8 radiations from H + Ar collisions
between about 25- and 2500-eV hydrogen-atom energy and the polarizations of the emitted radiations are
reported. For hydrogen-atom energies above 250 eV, the contributions to these radiations from decay of the
long-lived 3s and 4s excited states of hydrogen are resolved. The emission cross sections reach maximum
values in the 100-eV hydrogen-atom energy range, where they are larger than the ionization cross sections
for this reacting pair. The experimental techniques used to make the measurements are described and the
results are compared with the work of other investigators. The available data are considered on the basis of

a suggested model for the interaction.

I. INTRODUCTION

The Balmer-alpha (H,) and Balma-beta (Hg)
emission lines of atomic hydrogen play important
roles in many diverse areas of physics. From
their fundamental contributions to the development
of the Bohr model of the atom to their current im-
portance in understanding hydrogen-containing
plasmas, these emissions have served as valu-
able tools to the physicist and astronomer. Their
emission wavelengths (at 656.28 and 486.13 nm,
respectively) are easily observable, a fact which
has enhanced their usefulness to the scientific
investigator.

This paper reports measurements of the emis-
sion cross sections for these radiations for H +Ar
collisions from 25- to 2500-eV hydrogen-atom
energy. Our motivation for these studies stems
from the need to interpret the observation of
these emissions in the proton aurora,! where they
are amongst the more prevalent atomic spectral
features present under some conditions.? Since
our measurements show that these emission cross
sections have maxima in the 100-eV hydrogen-
atom range and in fact are the largest inelastic
cross sections yet measured in this low-energy
region, the results presented should also be of
interest to the basic understanding of such reac-
tion types.

The accompanying paper? presents the same )
emission cross sections for H* +Ar collisions over
approximately the same energy range. The fact
that these cross sections have energy dependencies
vastly different from those reported here, and
are considerably smaller in magnitude at their
maxima, points to the significant differences be-
tween the details of the two interactions.

In addition to the difficulties associated with
production of a low-energy neutral-hydrogen-
atom beam of known intensity and the absolute
calibration of the photon detector used, these

measurements must resolve a third problem
relating to the long lifetimes of the 3s and 4s ex-
cited states of the hydrogen atom (1.6 and 2.3
x1077 sec, respectively). Thus, a hydrogen atom
excited to one of these states in collision with an
Ar target can travel many cm (at 10°~10° cm/sec
velocity) before decaying with the appropriate
Balmer-line emission. The technique employed
to overcome this difficulty is described in Sec.
II, where the neutral-beam generation, target-
density determination, and photon-detector-cali-
bration procedures are also discussed. A bonus
comes with solving this lifetime-related problem,
however, in that the fractions of the H, and Hg
radiations which originate from these long-lived
states can be separated from the total emission
observed for H-atom energies above 250 eV.

The results of the radiation polarization and
absolute cross-section measurements are pre-
sented in Sec. III. This section also includes a
comparison of our results with data obtained by
other investigators and a discussion of the results
on the basis of the interaction of these colliding
species.

1L EXPERIMENTAL PROCEDURE
A. Apparatus description

The technique used for generating the fast H-
atom beam involves photodetaching electrons from
negative hydrogen ions. The H~ ions, extracted
from a duoplasmatron source, are mass analyzed
and focused into a parallel or slightly convergent
beam about 1 mm in diameter.* This beam is then
directed through the cavity of a yttrium aluminum
garnet laser (1064 nm) modified to have totally
reflecting end mirrors. The reaction

H  +hv-H+e~ (1)
proceeds with an efficiency such that several

percent of the H™ ions are neutralized at 500 eV.5
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The details of the procedure are described else-
where.® The laser operates with a 50% duty-cycle
square-wave time dependence, giving rise to a
modulated H-atom flux with the same time depen-
dence. This permits convenient separation of the
photon-counting signal from background, as dis-
cussed below. The absolute flux of the H-atom
beam (~10! atoms/sec) is determined to within
+3% uncertainty down to 63-eV energy, increasing
to about +12% at 25 eV.

This energy-selected and highly collimated H-
atom beam then enters the target scattering cell
shown schematically in Fig. 1, through a 5-mm
diameter differential-pumping aperture. During
each cross-section measurement, the target pres-
sure (typically 1-4x10~* Torr) is monitored with
a Bayard-Alpert ionization gauge. Before and
after such periods, the gauge is calibrated against
a capacitance-diaphragm manometer, which is in
turn calibrated in the 0.1-Torr region against an
absolute micrometer-point contact oil manometer
of the type described by Ruthberg.” The capaci-
tance-diaphragm manometer linearity between
these pressure ranges has been demonstrated® to
be within +2.1%. Combining this uncertainty with
others associated with the pressure and tempera-
ture measurements gives an absolute uncertainty
of +6% and a relative uncertainty (one target gas
to another) of +4% for the target-gas-density de-
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FIG. 1. The target cell and photon detector.

termination.

The basic photon detector is also shown in Fig.
1. Photons produced by H +Ar collisions along the
beam axis pass through the target-cell and vacu-
um-wall windows, are focused into a parallel beam
by lens 1, pass through the appropriate interfer-
ence filter, and are imaged onto the photocathode
of a cooled photomultiplier tube (EMI 9658). The
detectors’s viewing field is established by the
square aperture (2 cm by 2 cm) inside the target
cell and the circular apertures (4 cm diameter)
fronting lenses 1 and 2. The focal lengths of
lenses 1 and 2 are about 19 and 7.5 cm, respec-
tively, giving rise to a 2.5 times demagnification
of the scattering region at the photocathode. Note
that the Polaroid plate can be inserted into the
photon path as well to allow study of the polariza-
tion of the emitted light.

The interference filters are about 107* uv-to-ir-
blocking types with maximum transmissions at
line centers ranging from 42 to 71%. Their full
width at half-maximum (FWHM) transmission band-
passes are typically about 1 nm wide.

The entire photon detector and the square aper-
ture inside the target cell can be moved along the
H-atom beam axis to allow observation of photons
from various positions along the axis, i.e., at
various penetration depths into the cell. This fea-
ture allows a partial separation of radiations from
the emitting states of the excited hydrogen atoms,
as will be described below.

Figure 1 shows that an electron beam passes
beneath the photon detector in a direction normal
to the H-atom beam. This electron beam, which is
modulated to the same time dependence as the H-
atom beam, is included to calibrate the photon de-
tector. The electrons are emitted from a tight-
loop filament and accelerated towards a shaped
anode for maximum current through the anode
aperture. An Einzel lens then focuses the elec-
trons through a 1-mm diameter aperture serving
as a virtual cathode for a second such lens which
focuses the electrons into an approximately paral-
lel beam of about 4-mm diameter as it passes
beneath the photon detector. The electrons then
enter a guarded Faraday-cup collector where
backscattered or secondary electrons are trapped.
Anelectron energy of 500 eV is normally employed,
the electron currents, on the order of 5 uA, being
determined to within +3% uncertainty. To make
certain that the same part of the photocathode
receives light from either electron or H-atom
impact collisions (appearing approximately as an
8-mm long “strip” of light at the photocathode
surface), the entire photon detector is rotated
through 90° when the electron beam is in use.

Great care was taken to assure the absence of
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stray electric fields within the target cell to pre-
vent Stark mixing of the various excited states of
the hydrogen atom. In addition, a Helmholtz coil
(and other magnetic shielding) was used to keep
the magnetic fields in the interaction region below
0.1 G, so that the ¥ xB electric fields in the fast
H-atom reference frame were minimal.

Two counters, sharing an input from the photo-
multiplier pulse amplifier/discriminator, are
gated on/off to receive counts during the beam
on/off cycles (after small delays to avoid the
switching intervals). Since all recognized sources
of background counts were found to be dc in char-
acter, the difference between the registered
counter outputs is thus a measure of the desired
photon signal. The analog outputs of the ioniza-
tion gauge supply and the instruments used to
monitor the various beam intensities are integra-
ted for present accumulation times (typically 40
sec) and recorded with the counter outputs for
computer analysis. All recording channels are
calibrated against standard current and voltage
sources before and after each cross-section mea-
surement period.

B. Background radiation check

Since the Ar atom has spectral lines in the vicin-
ity of the H, and Hy radiations of interest, it is
necessary to show that such background emissions
are not contributing substantially to the desired
photon signal. This is accomplished by performing
tilting interference filter (TIF) scans over the
spectral regions of interest.

If A is the wavelength at which an interference
filter has maximum transmission for photons at
normal incidence, the maximum transmission
wavelength X (¢) for other angles is given approxi-
mately by

oo 22)]".

where » is an “effective index of refraction” for
the filter. Thus by starting with a filter whose A,
is a few nm on the long wavelength side of the
spectral line on interest, it is possible to scan
the region around the line by angular rotation
(tilting) of the filter in the light beam path.

For these studies, the interference filter sta-
tion shown in Fig. 1 is replaced by a TIF assembly
which allows the tilt angle to be set to within +0.1°.
The result of such a test, a scan over the spectral
region including H, emission from H +Ar collisions
at 500-eV H-atom energy, is shown in Fig. 2(a).°
Note that the curve shown has the shape of a typi-
cal filter transmission-versus-wavelength curve
for about a 1-nm FWHM bandpass filter. Indeed,
if no other radiations except a single spectral line
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FIG. 2. (a) TIF wavelength scan over the H, emis-
sion line. (b) Relative interference filter transmission
versus photon angle of incidence. (c) Photomultiplier
sensitivity versus wavelength. (d) Measured and com-
puted variation of X (M) with coordinate y.

are present, such a scan should effectively mirror
the filter transmission profile (except for a slight
decrease in maximum transmission and increase
in bandpass).’® If other emissions are present,
one would expect a distorted or perhaps even
double-peaked curve unless, of course, the other
emission falls at the same wavelength as H,
(656.28 nm). No such emission is present in the
Ar spectrum.

For the case of Hg radiation, two Ar spectral
lines, at 486.22 and 485.94 nm, fall fairly close
to the Hy wavelength (486.13 nm). The Ar atom
transitions are 13s[13]°~ 4p[23]° and 3d[2%]°
- 4s[11]°, respectively.’* The first of these re-
quires outer-level electron excitation to quite a
high quantum state and is therefore not likely to
be an important contributor to the observed photon
signal. No such argument, however, can be made
for the second transition.

Nevertheless, we feel that it is highly unlikely
that this Ar-atom radiation is contributing appreci-
ably to the observed photon signal. First, the
485.94-nm Ar line is about 0.2 nm from Hg, and
any substantial amount of radiation at this wave-
length should distort the TIF scan to some extent.
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No such distortion is found. Second, both of
these Ar lines are only weakly observed in dis-
charge spectra, orders of magnitude down in in-
tensity from the brighter lines present.!’ Finally,
the Hg emission cross section reported here is
large and exhibits an H-atom energy dependence
very similar to that found for the H, emission
cross section, suggesting that similar processes
are responsible for the observations. No correc-
tion (or increased uncertainty) has therefore been
made to the data presented.

C. Photon-detector calibration

As noted earlier, an electron beam is included
in the apparatus to allow absolute calibration of
the photon detector. Since this is the first of a
series of papers presenting H, and Hg emission
cross sections for H and H* collisions with vari-
ous target atoms and molecules, a fairly complete
discussion of the detector calibration is given.

Absolute emission cross sections for the reac-
tions

e +He—~He*(n'S)+e” 3)

for n =3-6 decaying to the 2 'P level of He have
recently been measured by Van Zyl et al.’* Since
the upper states from which radiation is observed
are !Sin character, the radiationis unpolarized and
isotropically emitted. In particular, the 3'S—2!P
transition (at 728.13 nm) and the 4'S—~ 2 !P transi-
tion (at 504.77 nm) fall at wavelengths near the H,
and Hg lines of interest here. For 500-eV elec-
tron impact, the emission cross sections are
9.23 (+3.5%)x1072° and 2.05 (+2.8%)x1072° cm?,
respectively. These emission cross sections
serve as the basis of our photon-detector-calibra-
tion procedure.

For an electron or H-atom beam passing through
a low-density gas target, the total photon produc-
tion rate per unit volume at wavelength A is given
by

20) FoN o0, @

where F, is the beam flux, N, is the target density,
and o(A) is the emission cross section. If a co-
ordinate system with x along the beam axis, y
perpendicular to the axis, and z in the vertical
direction of the photon detector is used, the ob-
served photon counting rate will be

C(X) =Ng0'()\)be(y, Z)E(x,y’z’ A, )\f)dxdy dz ’ (5)

where E(x,9, z,),),) is the total detector efficiency
for photons emitted from point x, y, z and X is
the peak transmission wavelength (for normal in-
cidence photons) of the interference filter used.

The spatial integral must be performed over the
extent of the detector’s viewing field.

The detector efficiency E(x,y, z, X, ;) is com-
posed of the solid-angle acceptance of the optical
system, the transmission of the optical compo-
nents, the interference filter transmission, and
the net quantum efficiency of the photomultiplier,
i.e.,

Qx, 9,
E(x;yyz’)\)xf)z(—(#zr)) To(xyy:‘z;)\)

X Tf(x:y’z; )‘,)\f)Qm(x,y’ Z, A)- (6)

Fortunately, some simplification of this expres-
sion and thereby the integral of Eq. (5) is possible.
For the limited range of x,y, 2 covered in this
experiment, the net transmission of the various
windows and lenses is essentially independent of
the point of photon origin. Thus, the approxima-
tion that Ty(x,y,2, )= To(x) is made and T,() is
in turn calculated from the indices of refraction

for the materials used.

For the optical configuration used, the total
detector efficiency should not exhibit a strong
dependence on coordinate z for small z displace-
ments from the electronor H-atom beam axis
(i.e., the effect of beam diameter in this dimension
should be small). This was verified by deflecting
the electron beam in the +z direction and noting
that the measured photon counting rate was essen-
tially unchanged. Thus, the dependence of the
parameters in Eq. (6) on z can be dropped.

The solid angle Q(x,y) can be computed with
relative ease. Since the source of photons is loca-
ted at the focal point of lens 1 (see Fig. 1), the
photon trajectories beyond this lens are parallel,
and the solid angle is given simply by the projec-
ted overlap of circular apertures 1 and 2. Even
where the square aperture inside the target cell
begins to restrict the solid angle, the calculations
are not difficult.

The interference filter transmission T4(x,y, A, A;)
for a uniform filter located in the parallel light
beam between lenses 1 and 2 should depend upon
position x,y only from the fact that each x,y de-
fines an angle 6 at which photons are incident on
the filter. If a photon of wavelength A is incident
on the filter at angle 0 relative to the normal, the
filter views this photon as having an effective
wavelength 1 () given by

nato)=a[1-(229)°] 7, )

where 5 is the effective index of refraction of the
filter.!®* For angles out to about 4° (the geometric-
al limit for our detector), A, can be shifted by

0.3 to 0.4 nm from A for the filters used. For
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filters having FWHM transmission widths of only
about 1.0 nm, the effects of such wavelength.
shifts can be substantial.

The data in Fig. 2(b) are presented as an ex-
ample of how the filters were chosen. Shown is
the relative filter transmission curve for the fil-
ter used to view the 504.77 nm radiation from
e~ +He collisions. The X () positions for various
¢ are marked. Note that the relative transmission
curve peaks at about 2° incidence angle. This
constitutes an ideal situation, since the wave-
length uncertainties (+0.05 nm) associated with
this transmission measurement’® and the filter
temperature variations encountered from day to
day (x1.5°C with a filter temperature coefficient
of about 0.013 nm/°C) cause the wavelength scale
to be uncertain by about 0.07 nm. Any such wave-
length shifts thus increase the relative transmis-
sion for #<2° and decrease the transmission for
6>2° (or vice versa) causing minimal change in
the net relative transmission, which is obtained
by integration along the beam path beneath the
detector (and thus, over the angular range of 6
covered).

Similar data were obtained for the other filters
employed. It is estimated that the wavelength scale
and temperature variation uncertainties should
give rise to a net uncertainty of +2.5% in the inte-
grated relative filter transmission data for the
504.77-nm-line emission from He and for H,
emission from hydrogen. This uncertainty in-
creased to +3.5% for the Hg filter and to +4.5%
for the 728.13-nm He-line filter. (These uncer-
tainties include the results of a study of the depen-
dence of the relative filter transmissions on tem-
perature between 18 and 26°C, normal operating
temperature being 23.0+1.5°C.)

Assume for the moment that the net quantum ef-
ficiency of the photomultiplier is independent of
the photon source position x,y and is given simply
by

Qu(%,9,2) =€q), (8)

where g(\) is the relative photocathode sensitivity
as a function of X, and € is a wavelength-indepen-
dent efficiency parameter associated with the
photomultiplier gain and the pulse-counting dis-
criminator setting. The sensitivity g(x) was pro-
vided by the photomultiplier manufacturer (EMI)
as a costed calibration service, and their data are
shown in Fig. 2(c). The results are claimed to be
accurate to within about + 10% on an absolute
basis, butour needs call only for a relative g()
versus wavelength, which is here estimated to be
uncertain by +4%. The wavelengths of interest are
marked on the curve shown.

Under the various approximations discussed

above, the observed photon-counting rate can be
written as

Q
CO) =€, N a0 (g2 | TWT,0Na X0, (©)

where X(), the “effective beam path length
viewed,” contains those parameters requiring in-
tegration over the detector’s viewing field; i.e.,

o425

Tg(x,y,h,xg))
x( ALs20) dx dy. (10)
Note that I,, the total beam intensity, ., the
solid angle at the center of the detector’s viewing
field, and T;(x;), the absolute interference filter
transmission at its peak transmission wavelength
As, appear in the numerator of Eq. (9) and the de-
nominator of Eq. (10). Thus X(\) contains only

an integral over the spatial dependencies of these
parameters, where y,(y), the one-dimensional
beam -flux profile, satisfies the normalization

Iffn(y)dy- (11)

Thus for a given beam profile y,(y), the calcula-
ted 2(x,y), and the T¢(x,y,, A;) filter transmission
data of the type shown in Fig. 2(b) can be used to
compute an X(\) for each wavelength of interest.

By moving the photon detector along the H-atom
beam axis relative to the fixed electron-beam
axis, it is possible to study the dependence of
X(7) on the y coordinate (and thus the beam diam-
eter) for the electron beam. The computed varia-
tion of X(A) with such y displacements is shown by
the solid line in Fig. 2(d), where a comparison
with two sets of measured results (taken for the
normal and 90°-rotated detector orientations) is
made. The agreement is quite good, indicating
that the dependence of X(\) on y is small out to
+0.5 cm, and what dependence is present can be
approximately calculated.

During such studies, the image of the emitting
target-gas region sweeps across the photomulti-
plier cathode surface as the coordinate y is varied.
Since the computed X(\) assumes that the photo-
cathode sensitivity is independent of photon source
position x,y, i.e., no term of the type @,(x,v, )
is included in the X()\) integral, the agreement be-
tween these calculated and measured results sup-
ports the “uniform photocathode” assumption of
Eq. (8). Nevertheless, a +3% uncertainty in X(1)
is included to account for what nonuniformity may
exist.

The absolute interference filter transmissions
Ts(\;) were measured three times (at two different



21 BALMER-o AND BALMER-3 EMISSION CROSS... 721

TABLE I. Dependence of the photon-detector calibration parameters on emission-line

wavelength.
A(nm) Ty(A) Ts(Af) q®) X)
728.13 0.623 +0.5% 0.443 + 3.1% 0.056 +4.0% 1.547 + 5.8%
504.77 0.615 = 0.5% 0.463 = 5.2% 0.208 + 4.0% 1.754 + 4.6%
656.28 0.621 + 0.5% 0.712 + 6.3% 0.095 +4.0% 1.632 + 4.5%
486.13 0.614 = 0.5% 0.425 + 4.5% 0.227 + 4.0% 1.688 + 5.2%

laboratories!*) during the course of these studies.
The uncertainties in these transmission values
are taken to be 1.5 times the spread of the indivi-
dual measurements.

Values of the wavelength-dependent photon de-
tector calibration parameters, i.e., the last four
quantities in Eq. (9), are given in Table I.*®* The
uncertainties listed represent our best estimates
of the quadrature-combined relative uncertainties
(one wavelength relative to another) in all factors
composing these parameters.

By using the values in Table I, the computed
9,/4n (which was 0.00301), the known cross sec-
tions for emission of the 728.13- and 504.77-nm
radiations from He, and measuring the normalized
count rates C(A)/I,N, observed!® from electron
bomardment of He, the efficiency parameter € in
Eq. (9) and its uncertainty can be determined. The
values obtained are 0.245+ 10.2 % and 0.252
+10.3%, respectively.’” The closeness of these
values indicates that the wavelength dependencies
of the various parameters entering the calculation
have been properly accounted for. Furthermore,
the value of about 0.25 is close to that expected
based on the low photomultiplier voltage applied
(1200 v) and the pulse-counting discriminator
setting used.®

Since the electron and H-atom beam diameters
are similar, the wavelength-independent value of
€ determined above can be used in Eq. (9) to obtain
the H, and Hy emission cross sections for H +Ar

TABLE II. Comparison of the Balmer-alpha and
Balmer-beta emission cross sections from dissociative
excitation of Hy by 500-eV electrons.

Emission cross sections (1020 cm?)

Workers (Ref.) Balmer-alpha Balmer-beta

Vroom and
A 2 x o o o

deHeer (19a) 31.2 +12.0% 487+ 7.0%
Khayrallah

(19b) 30.7 £11.8% 4.80 +11.8%
Mohlmann et al. 44 4, 1 o 5.26 + 15.0%

(19¢)
Present results 31.4 +14.8% 5.08 + 14.3%

collisions.’® To check the detector calibration
procedure further, however, these same emissions
were observed from dissociative excitation of H,
by electron impact. The cross sections obtained
are compared with other recent data'® in Table
11.2°?1 Note that the agreement between all mea-
surements is within mutual uncertainties, the
present results falling 0.8% below (for H,) and
2.0% above (for Hg) the averages of the other data
listed.?? This is taken as further evidence that the
wavelength dependencies of the various parameters
entering the detector calibration have been properly
determined.

D. Excited-state lifetime effects

Since the lifetimes of the 3s and 4s excited states
of hydrogen are long, atoms excited to these states
in collisions with Ar can travel considerable dis-
tances before decaying. Fig. 3(a) shows the cal-
culated relative dependencies of the photon emis-
sion rates from the 3s, 3p, and 3d states of hy-
drogen as a function of distance into the target
cell. These data, calculated from the expression

Fy, =1-exp(-x/v7y;), (12)

where x is the distance into the cell, v the hydro-
gen atom velocity, and 75, the excited-state life-
times, show Fy,, the fraction of equilibrium be-
tween photon emission and collisional excitation
per unit path length under thin-target (single-
collision) conditions, for 800-eV atoms moving
through the cell. Here, the target-cell pressure
was assumed to have a step-function onset at

x =0, the point of entry into the cell.

Figure 3(b) shows the (normalized) count rate
obtained as a function of x for the H_ signal
under the same conditions. These measured re-
sults should fit the expression

C(%) =Cy33 F3g+C3p F3p +Cyqq Fyy (13)

where C;, are coefficients giving the fractions of
the total H, signal coming from decay of the 31
states. Since Fy,= F3;= 1.0 for x 23 cm into the
cell, the data have been least-squares fit to the
sum of a constant term (C;, +C,,) and a term with
the x dependence of radiation from the 3s state.
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FIG. 3. (a) Computed target-cell equilibrium frac-
tions for H, emission from the 3s, 3p, and 3d states
of hydrogen. (b) Measured H, signal as a function of
distance into the target cell at 800-eV H-atom energy .
(c) Measured H, signal as a function of distance into
the target cell at 160-eV H-atom energy.

The uncertainties in the fit coefficients result from
the fitting analysis. (The quantity K, is a small
correction applied to F,, to account for the facts
that the pressure profile near the cell entrance
does not have a true step-function onset and that
the pressure prior to the cell entrance is finite.
The value of K, typically 1.0+£0.5% of F,,, was
computed from an estimated pressure profile near
and prior to the cell entrance aperture.) By sum-
ming C;, (1.0 0.7% for the normalized data shown),
the total emission cross section can be obtained.
Data of the type shown in Fig. 3(b) were always
taken as a function of target-cell pressure and the
pressure-normalized count rates extrapolated to

zero pressure to remove the effects of second-
collision processes. In general, the pressure-
normalized count rates decreased with increasing
pressure and with increasing distance into the
target cell (where the longer path lengths through
the cell afforded larger opportunity for multiple
collisions). The magnitudes of the extrapolations
required ranged from essentially zero for H-atom
energies below 500 eV to about 10% at the highest
energies and longest cell distances. This signal
decrease was attributed to attenuation of the H-
atom beam (conversion to protons via the ioniza-
tion-stripping process, which have a much smaller
H, emission cross section®) and nonradiative col-
lisional deactivation of the long-lived 3s-state
hydrogen atoms in second collisions.

Since the ionization-stripping cross section for
H +Ar collisions is known,?® the amount of beam
attenuation could be computed and was found to be
only a few percent. If the remainder of the pres-
sure-normalized signal decrease with increasing
pressure is attributed to collisional deactivation
of 3s-state excited atoms, the cross section for
this process would have to be on the order of
2x107'® cm? in the 2-keV energy region. While
highly uncertain, this value is in very rough agree-
ment with the value of 3.1+ 1.0%x107*® cm? obtained
by Hughes and Kisner?* for 10-keV H(3s) atoms.

For H-atom energies below 250 eV, the separa-
tion of the radiation contributions from the 3p +3d
and the 3s states becomes more difficult. This is
due to the fact that F,, is closer to unity at these
lower velocities. It seems clear, however, that
most of the signal in the 100-250-eV energy re-
gion comes from decay of the short-lived 3p and
3d states. Data in this region are typified by the
160-eV results shown in Fig. 3(c).

For the case of Hy emission, the contributions
from the 4s, 4p, and 4d states are more difficult
to resolve. This comes about because the life-
time of the 4d state is 3.7x1078 sec (about 2.3
times longer than for the 3d state), and the
equilibrium fraction F, is still well below unity
for the data taken near the cell front at the higher
velocities. Thus, the fitting procedure used for
the n» =3 states was not applicable.

In principle, the result of Eq. (13) can be applied
(for n =4) by setting F,, =1 (the 4p lifetime is still
very short) and using the computed F,; and F, to
solve for the three C, coefficients. However, it
was found that the data were simply not of suf-
ficient quality to allow a meaningful three-param-
eter fit. In general, C,, was found to be very
small, but the fit gave negative values in some
cases.

That C,, was found to be small is not unreason-
able since only about 12 % of the hydrogen atoms
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excited to this state will decay via Hg emission
(the remainder decaying via Lyman-gamma and
Paschen-alpha emission).?® Thus, a fit of the form

C(») =Cys Fys+(Cyp +Cyg)Fyy (14)

was used to reduce the data at the higher velocit-
ies. This led to results which were consistent
with the simpler fit (where F =~ 1) when applied to
the data taken at large distances into the cell, but
yielded much-reduced fitting uncertainties. An
analysis revealed that so long as C,, 0.5C,,
(which certainly seems to be the case here), the
uncertainty involved in determining the total Hg
emission cross section from this approximation
did not exceed a few percent, even though the
relative C,, values might be uncertain by twice
this amount. At the lower energies, of course,
no such difficulty occurs since F =1 in this re-
gion.

E. Cascade effects

With one exception, the cascade contributions
to the measured signals should not be large. This
can be seen from the expressions (for the n =3
states)

S(3s) =P, +0.038P,, +0.039P,, +- . . , (15)
S(3p)=0.118(P,, +0.416 P, +0.319P, +. . -
+0.254P,; +0.236P,, +...), (16)
and
S(3d) = P,;, +0.004P,, +0.004P,, +. . -
+P,+0.63TP +. .-, an)

where S(31) are the signals resulting from the de-
cay of the 31 states and P,, are the probabilities
for excitation to the various !l states.?®

Note that only small fractions (x~49%) of the hy-
drogen atoms excited to the higher -lying np states
decay to the 3s and 34 states (the np states decaying
primarily via Lyman-line emissions). While lar-
ger fractions of the higher-lying ns and nd states
decay to the 3p state, the net effect of these cas-
cade transitions is still small since only 11.8% of
the excited atoms in the 3p states decay by H,
emission (the remaining 88.2% decaying via Ly-
man-alpha emission). Thus the only substantial
contributions to the observed H, signal from cas-
cade processes will be from sequences of the type
nf—3d - 2p, which dominate the decay schemes
for the nf states.

Since the lifetimes of the nf states are fairly long
(e.g., T4=T7.3x107% sec), the decay of the 3d
states so populated will exhibit a target-cell posi-
tion dependence. An attempt was thus made to
analyze data of the type shown in Fig. 3(b) by in-

cluding the 4f- 3d — 2p transition (presumably the
most important of such processes). It was found
that any appreciable assumed population of the 4f
state yielded a fit of diminished quality, since the
“effective lifetime” of this process is still some-
what shorter than the lifetime of the 3s state.
Note, however, that the effective lifetime of such
processes can be extended by including decay of
higher -lying nf states and allowing the 4f state it-
self to be populated in turn via cascade from higher
ng states. Indeed, it appears mathematically pos-
sible to construct an ensemble of high », high [
states which have an effective lifetime comparable
to that for decay of the 3s state. Similar argu-
ments can be made relative to the n =4 level of
excitation.

Nevertheless, we feel that the bulk of the radia-
tion observed to come from decay of long-lived
states must come from the 3s and 4s states. The
high quality of the target-cell-position fits to the
measured signals, the fact that the excitation
cross sections appear to drop off rapidly with in-
creasing quantum number #, and the results of the
radiation-polarization studies all tend to support
this contention.

III. RESULTS AND DISCUSSION
A. Emission-cross-section results

The H, and Hy emission cross sections for H +Ar
collisions are presented in Fig. 4, where they are
plotted as a function of laboratory H-atom energy.
Also shown are the fractions of the observed rad-
iations from the long-lived 3s and 4s states of -
hydrogen and from the short-lived p and d states.
The results have been corrected for the polariza-
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tions of the emitted radiations.

The uncertainties in the total H, emission cross
section are +149% down to an energy of 50 eV, in-
creasing to +20% at 25 eV, and to about +60 % at
17.5 eV. For the Hy results, the uncertainties
are +16% above 50 eV and increase to +30% at
32 eV.

The uncertainties in the contributions to these
cross sections made by the various individual
states exhibit considerable variation. For ex-
ample, at 800 eV, where the 3s and 3p +3d states
contribute about equally to the H, emission, the
individual cross sections are uncertain by +15%-
17%, while at 250 eV, where the emission is
dominated by decay of the 3p and 3d levels, their
contribution is uncertain by only +14%. Here,
however, the 3s state contribution is over +50%
uncertain. In general, where such individual con-
tributions are large, their uncertainties are
small, and vice versa.

The most striking features of these data are
the large maxima in the emission cross sections
in the 100-eV H-atom energy range. Further-
more, these maxima appear to be associated with
emission from the short-lived excited states
(probably from the 3d and 4d states, as will be
argued later). Note that the H, emission cross
section is almost 107! cm? at only 80-eV H-atom
energy and is still of order 107*8 e¢m? at only about
5 eV above the energetic threshold for the reaction
(which is about 12 eV endothermic).

B. Radiation polarization results

As mentioned earlier, the polarization of the
observed radiation (emitted at 90° to the H-atom
beam axis) was measured in this experiment (see
Fig. 1). In general, the polarization of such radia-
tion, defined as

-1

—I||+IJ_ ’ (18)
where I and I, are the observed emission inten-
sities with the planes of polarization parallel and
perpendicular to the H-atom beam axis, can be
used to obtain the total emission intensity from
the relationship

Lot =[90°%(3 - P) » (19)

where I, is the total intensity observed at 90° to
the beam axis.

Actually, the situation is more complex in this
experiment. The radiation from the 3s and 4s
states should not be polarized.?® Thus the directly
measured polarizations were found to decrease
with distance into the target cell, where decay
from these levels represented a larger fraction
of the observed light.

The procedure used to obtain a meaningful polar-
ization measurement was thus to take data close
to the cell entrance (at x=3 cm) where the con-
tributions to the total radiation from the 3s and
4s states are smallest. After determining the
fractions of the observed radiations coming from
the p and d ‘states in this position, the measured
polarizations were corrected by division by these
fractions to obtain the true polarizations of the
radiations from these states. However, since at
the lower energies only a total polarization could
be determined (because the contributions from the
long- and short-lived states could not be resolved),
it was decided to present a total polarization at
all energies. Thus the polarization of the light
from the p +d states was reduced in accordance
with the s-state radiation contributions at the
higher energies.

The polarization results so obtained are shown
in Fig. 5. Note that at the higher H-atom ener-
gies, where emissions from the 3s and 4s states
dominate, the net polarizations are small, while
at the lower energies the polarizations appear to
be about 0.3. Such high values support the conclu-
sion that most of the radiations in this low-energy
region must come from the higher angular momen-
tum states. The uncertainty flags shown in Fig. 5
represent both the statistical uncertainties of the
directly measured polarizations and the uncertain-
ties associated with the polarization-unfolding
process described above, combined in quadrature.
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C. Comparison with other excitation data

A comparison of the available data for excita-
tion of hydrogen atoms to the » =2 and 3 levels for
H +Ar collisions is made in Fig. 6. (Unfortunately,
no other data are available at the n =4 level of
excitation. The only other data of which we are
aware are those for the Lyman-alpha emission
cross section as reported by Dose et al.,*® which
fall about a factor of 2.5 below the results shown
between 2 and 50 keV H-atom energy.)

With the exception of the Lyman-alpha (L)
emission cross sections shown in Fig. 6, all the
other workers cited present “excitation” cross
sections as opposed to “emission” cross sections
(that is, the 3p-state excitation cross sections
have been adjusted for the Lyman-beta/Balmer-
alpha branching ratio for decay of this state.)
While our lower -energy results have not separa-
ted the contributions to the observed H, signal
from the 3d and 3p states, and this excitation
cross section can only be presented as that to the
3d state plus 12% of that to the 3p state, some
such adjustments can be made for the n =4 level
data to obtain the excitation cross sections. Thus
the curve labeled 4s has been adjusted upward
(from the emission data presented in Fig. 4) to

BALMER-« AND BALMER-3 EMISSION CROSS...
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account for the Paschen-alpha decay route avail-
able to this state. A similar upward adjustment
has been made to the curve labeled 4d +(~0.12)4p,
but by assuming (for determining the adjustment
factor) that all the radiation comes from decay of
the 4d state. Hence this curve represents the 4d-
state excitation cross section plus only approxi-
mately 12% of the 4p-state excitation cross sec-
tion. Note, however, that these adjustments
result in excitation cross sections which are
systematically about a factor of 3.5 lower at the
n =4 lével than at the n =3 level for all the states
involved.

If our 34 +(0.12)3p excitation cross section were
to be attributed entirely to the 12% of the decay of
the 3p state which results in H, emission, the
actual 3p-state excitation cross section would have
to be about an order of magnitude above that re-
ported by Orbeli et ql.2® in the few-keV H-atom
energy range, and well above the L, emission
cross section at 1-keV H-atom energy. We do not
feel that this is a likely situation, and therefore
conclude that the bulk of the observed H, emission
from this hybrid excitation cross section must
come from the 3d-state excitation.

There does not appear to be any violent disagree-
ment between our 3s- and (basically) 3d-state ex-
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citation cross sections and those determined by
Hughes et ql.®! at the higher H-atom energies. On
the other hand, it seems probable that these
higher -energy cross sections are somewhat too
small, because these workers did not account for
possible collisional deactivation of excited hydro-
gen atoms in their (high pressure) target cell.
This judgment is not inconsistent with the fact
that the 3p-state excitation cross section deter-
mined by Orbeli et al.2® (who made the measure-
ment by observing Lyman-beta radiation) is above
that reported by Hughes et al.>* (A similar situa-
tion is found for H +N, collisions, where more
results are available for comparison.)

The large 3s, 3d, 4s, and 4d excitation cross
sections found here, which states must all make
a cascade contribution to the population of the 2p
state and thus show up in the L, cross section
measurements, suggest that the 2p-state popula-
tion is heavily influenced by such cascade transi-
tions. Indeed, at 1-keV H-atom energy, about
one-half the L, emission cross section reported
by Birely and McNeal®” can be accounted for by
such cascade processes. (Actually, the situation
may not be quite so bad, because many of the long-
lived 3s- and 4s-excited atoms probably escape
detection in the Birely and McNeal experiment.
Thus their L, cross-section measurements are

probably too small.)

In more serious doubt, however, are the 2s-
state excitation cross sections reported by Birely
and McNeal.?” These measurements were made
by noting the increase in their observed L, signal
when the radiation was observed from a region
within the target cell where an electric field could
be applied. While such a field will Stark-mix the
2p and 2s states, causing the 2s state to decay via
L, emission as well, the applied field will also
mix the 3s, 3p; 4s,4p;3d, 3p; etc. states, opening
the opportunity for decay of these higher-lying
states via Lyman-beta, Lyman-gamma, etc.
transitions during the “field-on” measurements.
Thus the large cascade contribution for population
of the 2p state will be substantially reduced in such
a measurement, causing the 2s-state excitation
cross section to be badly underestimated. Note
that an upward shift of the 2s-state excitation
cross section would appear to “scale” better with
the value of the principal quantum number #n.

D. Discussion of the H + Ar interaction

In a previous paper,?® we reported cross sections
for the reactions H+Ar-H+Ar* +e”, H" +e” +Ar,
and H™ +Ar* over approximately the same energy
range covered in this experiment. Based on these
results, we speculated that the H™ +Ar* Coulomb
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state of the ArH molecule might serve as an
“intermediate collision complex” which could ex-
plain the observations. The data upon which this
speculation was based are shown in Fig. 7, where
the present results and other recent data have also
been included.

The H* +e~ cross section data are from our
results®® (below 3 keV) and from Stier and Barnett3?
(above 4 keV). The Ar* +e~ data include our re-
sults®® (below 3 keV) and those of McNeal et al.3*
(above 3 keV). The H™ +Ar* results are from
Aberle et al.*® (below 100 eV), our work®® (between
50 eV and 3 keV), and Stier and Barnett®® (above
4 keV). The L, emission and H(2s) excitation
cross sections are again those of Birely and Mc-
Neal.?” The present data for excitation of the 3s,
3d, 4s, and 4d states of hydrogen are also shown.

The reactions leading to the final-state collision
products shown are all exothermic by more than
10 eV. Classically, one might expect the,cross
sections for such reactions to reach maxima at
H-atom energies well above 10 keV. Yet, with the
exception of the Ar* +e~ cross section, all the
other data exhibit maxima (or at least cross sec-
tion structure) in the region below a few keV.

Note in particular that the H +Ar* formation
cross section drops very rapidly with decreasing
energy in the 1-3-keV energy region (v, =10°
cm/sec), in which region all the other cross sec-
tions (again excepting the Ar* +e~ result) seem
to be increasing or at least showing structure
with decreasing energy.

Our interpretation of these data was based on a
simple diabatic potential energy diagram of the
type shown in Fig. 8(a). We postulated that the
hydrogen and argon atoms came together along
the ground-state H +Ar curve shown and made a
transition to the H™ +Ar* state® at a crossing or
near crossing of these curves somewhere inside
~1 Ainternuclear separation. On the outward leg
of the collision, however, this state could not
survive its crossings with the states leading to
H*, Ar*, and H* +e~ (at least not for vy <108
cm/sec or so) and would thus “feed” these various
collision-product channels. Of course, since the
H™ +Ar* state does not cross the Ar* +e~ state,
this state could not be populated by this mechan-
ism, giving rise to the structureless decrease
with energy of this cross section.

Recently, the (adiabatic) potential-energy curves
for many of the low-lying excited states of the ArH
molecule have been calculated. Some of these are
shown in Fig. 8(b). The X, A, B, and C curves
for ArH and the X(*Z) curve for ArH* are from
Olson and Liu.’” The D, E, F, and G curves
(which lead to Ar* at large separations) are from
Vance and Gallup®® (who also calculated the X, A,
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FIG. 8. (a) Diabatic and (b) adiabatic potential energy
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B, and C-state curves, but probably not as ac-
curately as Olson and Liu). While no calculations
of the 2%, 2II, and 2A curves which lead to the
n =3 states of the hydrogen atom have been made,
these curves, like the A, B, and C states must be
Rydberg states of the ArH* ion as well. Thus, the
D, E, F, and G curves calculated by Vance and
Gallup (who did not include states leading to the
n =3 level of hydrogen in their basis set) are too
high in the region inside a few-A separation,
since these states will be “forced down” (by
avoided crossings) by the 2% and %Il states leading
to the n =3 states of hydrogen.?® It thus appears
that there must be a multitude of states “packed”
into the energy gap between the B(*T) state of
ArH and the X('T) state of ArH*.

The (diabatic) potential-energy curve for the
H™ +Ar* state® from Fig. 8(a) has also been drawn
in Fig. 8(b). Note that this curve (shown as a single
curve but actually consisting of 2% and 2II states)
appears to merge towards the region occupied by
the A(YT) state of ArH at the smaller separations.
That this AGZT) state is rather “ionic” in character,
can be nicely seen from the calculations of Vance
and Gallup, who express the wave function for this
state in terms of a linear combination of the wave



728 VAN ZYL, NEUMANN, ROTHWELL, AND AMME 21

functions for the various states of the system at
infinite separation, each being multiplied by the
appropriate state-weighting coefficient. The coef-
ficient multiplying the H™ +Ar* state becomes the
largest term in the expansion for internuclear
separations less than about 2 A. Olson and Liu
have also noted the importance of this Coulomb
state by calculating the A(*T) well parameters
with and without including this state in their basis
set. They find that omission of this state gives a
well depth for the A(T) state of ArH which is sub-
stantially too small and not in good agreement
with spectroscopic data.*

The influence of the Coulomb state can be seen
on other ArH states as well. For example,
Vance and Gallup find that the B(Y) state is
highly ionic in character in the internuclear sepa-
ration region between about 2.5 and 3.5 A[where
this state appears to cross the diabatic H™ +Ar*
state in Fig. 8(b)]. Similarly, the D(X) state be-
comes ionic between 3 and 4 A. Note also the
(adiabatically) avoided crossing between these B
and D states at about 3.5-A separation, the down-
ward trend in the B-state curve in this region
probably reflecting its ionic nature. A similar
situation results between the C and E states, again
probably as a result of the influence of the %I
Coulomb state., Thus the effect of the Coulomb
state can be followed right on through the calcula-
ted sequence of ArH molecular states, and there
is little reason to doubt that similar avoided cros-
sings would be found in the regions where the
Coulomb-state energy and the energies of the
n=3 and 4 levels of hydrogen are comparable.

Thus, whether we think of our collision model
diabatically [with transitions at curve crossings as
in Fig. 8(a)] or adiabatically [with transitions at
avoided crossings as in Fig. 8(b)], the outcome is
the same. That is, the reaction may proceed via
a basically ionic intermediate molecular complex.

In Sec. IIIC above, it was argued that the large
H, and Hg emission cross sections reported here
in the low-energy region most likely result from
the decay of the 3d and 4d states of hydrogen.
Furthermore, these radiations were found to be

highly positively polarized (see Fig. 5). With the
help of Macek,* we have calculated that the radia-
tion from the m, =0, 1, and +2 magnetic sub-
states of the 3d or 4d states should have polariza-
tions of +0.48, +0.26, and -0.70, respectively.
Since our measured polarizations are about +0.3
in the low-energy region, it would appear that the
vast bulk of the observed emissions from the 3d
and 4d states must come from the m, =0 and +1
substates.

If the reaction process leading to these d-state-
excited hydrogen atoms occurs on the outward leg
of the collision and proceeds through a basically
H™ +Ar* intermediate collision complex as postu-
lated, the polarization data can be explained.

In this picture, the m,; =0 substate would have to
be correlated with a 2% state of the ArH molecule.
Similar correlations between the m; =+1 and +2
with 2IT and %A states, respectively, can be made.
However, the (ground electronic) H™ +Ar* states
can be only 2T and %II in character since the
Ar*(2P) and H™(1S) states cannot be combined into

a A configuration. Thus, the radiation-polariza-
tion data are certainly consistent with the proposed
reaction model.

In summary, it appears that a class of (essen-
tially chemical) inelastic reactions occur in low-
energy H +Ar collisions. The available cross-
section data for both ionization and excitation pro-
cesses and the polarization of the light emitted
following such collisions are consistent with (but
do not prove) a reaction model involving the exis-
tence of an intermediate collision complex which
is ionic in character.
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