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From time-of-flight spectra of metastable Ar* atoms emerging from sustained discharges in Ar, we observe
discrete nonthermal peaks due to excited products of dissociative recombination (DR) of Ar,” formed by
reactions in the discharge. These peaks are in addition to the expected Boltzmann distributions of metastable
atoms from direct excitation by fast primary electrons. From the peak velocities, and thus the kinetic energies
released in the dissociation, the DR product states are uniquely determined, regardless of subsequent radiation.
As we have previously found from Kr,"* [A. Barrios ef al., Phys. Rev. Lett. 69, 1348 (1992)], most of the
excited DR products are (n+ 1)s states, but Ar,™ also yields smaller amounts of 4p and 3d states. We have
also recently shown [G. B. Ramos et al., Phys. Rev. A 51, 2945 (1995)] that, surprisingly, in studies of
Ne,* and Ar,™ DR, a substantial but undetermined fraction of reactions go to a purely ground-state channel.
In addition, we have found that under certain conditions in Ar discharges, the relative amount of the higher
excited-state products, including 4p, 3d, Ss, and 5p can be dramatically influenced. The velocity peaks also
become narrower than expected from the thermal distribution of the parent Ar,™ as the energy level in the
product atom increases. These studies in argon discharges have included variations in source pressure, dis-
charge voltage, and strength of the axial magnetic field.
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I. INTRODUCTION

Because dissociative recombination (DR) is the only fast
two-body process that can remove thermal free electrons and
is thus the dominant electron-loss mechanism in low-
temperature, low-pressure ionized molecular gases such as
planetary ionospheres, laboratory electrical discharges [1],
and interstellar clouds [2], it has been subject to numerous
theoretical and experimental studies for about four decades.
Most experiments have been confined to the measurement of
reaction rates and only a few have managed to establish the
product states, which are often very important in the chem-
istry of the medium. Two recent international conferences
have been devoted to DR [3,4], which has also recently re-
ceived renewed attention with the addition of storage-ring
techniques to the experimental methods.

The final electronic states of the product atoms of the DR
reaction in Ne,, Ar,*, and Kr," were studied earlier by
Mehr and Biondi [5] using optical spectroscopy on a pulsed
discharge afterglow to identify the spectral lines emanating
from the electronic states of the product atoms and thereby
identify the product final electronic states. Recently in this
laboratory, nonthermal metastable atoms effusing from sus-
tained discharges in neon, argon, and krytpon gases have
been studied using time-of-flight (TOF) spectroscopy [6—8].
The nonthermal distributions have been identified as prod-
ucts of DR reactions.

It has long been commonly believed that DR of free elec-
trons with rare-gas dimer ions heavier than He, ", such as

e+Ar2+<—>(Ar2*)unstable—>Ar*+Ar+ EKe’ (1)
yields one atom in the np® ground-state configuration and
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the other predominantly in the np>(n+1)p excited state [9].
Here Exg indicates the dissociative kinetic energy (KE) re-
leased to the atoms. This belief arose because optical mea-
surements [5] showed that the (n+ 1)p radiation to the lower
(n=1)s states dominated over radiation from higher states
and it was thought [10] that the repulsive potentials leading
to the (n+ 1)s excited products passed inside the inner turn-
ing point of the ground state of the ionic ion potential curve
rather than intercept it, as required for a direct dissociative
recombination process [11]. However, no radiation from the
(n+1)s product states could be observed because these
states are either metastable or radiate in the vacuum ultravio-
let, which was not detected in those experiments. TOF spec-
troscopy overcomes these difficulties as this technique al-
lows direct observation of the KE released in the reaction.
We have found convincing evidence that in fact (n+1)s
states dominate the excited DR products of all three species
Ne,*, Ar,*, and Kr,* [6—8]. We note that in a recent study
by Malinovsky et al. [12], reporting DR production of 3p
and 3d states from Ne," using a traditional optical tech-
nique, the authors displayed calculated potential-energy
curves for Ne, " and Ne, * that indicated a curve crossing by
3s repulsive states near the inner turning point of the Ne,™
ground vibrational state, which provides a mechanism for
our observed 3s production. A similar situation must occur in
Ar," and Kr,™ even though, to our knowledge, it has not
been shown. We report here the results of our study of the
dissociative recombination of Ar,* by time-of-flight spec-
troscopy. We have recently reported our observations of
purely ground-state products of DR in Ar,* [8] and here we
focus on the higher-energy product states that we have ob-
served.

The TOF technique used here has been previously de-
scribed [6—8]. It allows the direct measurement of the KE
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released in reaction (1). from Egg and the known values of
the molecular ion internal energies, and assuming that the
initial kinetic energy is thermal (near O eV) as expected [5],
one can deduce the values of the electronic energies of the
final atomic states. This determination is thus independent of
any radiation subsequent to the dissociation.

II. APPARATUS

The molecular-beam apparatus used here is the same as
the one used previously [8]. The DR reaction occurs in a
continuous discharge effusive source maintained by electrons
produced by a directly heated thoria-coated tungsten ribbon
(2.5X0.025 mm?). The source is surrounded by a solenoid
that produces a variable axial magnetic field of up to 225 G.
The gas pressure, the discharge current, the discharge volt-
age, and the applied magnetic field were variable in this
work. We have previously discussed in detail the operation
of this source with the applied magnetic field [13]. Within
the discharge, the high-energy electrons (energies approxi-
mately equal to the discharge voltage in eV) create both ex-
cited states of atoms and atomic ions. Excited states are also
produced by energetic secondary electrons following the ion-
izing collisions. At the pressures used here, molecular ions
are formed principally by associative ionization

Ar*+ Ar—Ar," +e, 2)

where Ar* is in a sufficiently high Rydberg state (n>5), or
(2) could occur if both atoms are metastable. Subsequently,
slow electrons undergo dissociative recombination with mo-
lecular ions to form fast neutral products. The effect of the
axial magnetic field is to constrain the discharge, by con-
stricting both fast and slow electrons to a narrow region
along the axis, in alignment with the filament and the exit slit
of the discharge. Thus excitation, ionization, and DR all oc-
cur close to the axis, which increases the observed yield of
metastable atoms very effectively (by a factor of 10-100).
Sweep plates located downstream from the source maintain
an electric field of about 50 V/cm, which removes all
charged particles and long-lived Rydberg states from the
atom beam. The detector consists of a tungsten catcher plate
from which Auger electrons are collected and detected by a
Channeltron electron multiplier. Our system is sensitive only
to atoms in the metastable state. This is due to several fac-
tors. First, fast neutral atoms (with the exception of ground-
state direct product atoms) lack sufficient energy to eject
electrons from the catcher plate. Second, charged products
and atoms in the Rydberg state are removed from the beam at
the sweep plates. Third, the flight time (>200 wsec) is long
enough for all other species to decay.

III. TREATMENT OF THE EXPERIMENTAL DATA

Knowing the ionization energy of a rare-gas atom E;, the
dissociation energy of the molecular ion D, and the energy
of the final state Egg, the dissociative kinetic energy Exg can
be calculated using

Exg=E;—Dy—Eps. (3)
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Since we are dealing with homonuclear systems, the energy
of the individual atoms E, is equal to one-half of Exg. The
ionization energy E; for argon is 15.76 eV [14]. The binding
energy of the molecular ion Dy is less well known. We used
1.23+0.03 eV [15-17] for argon in our calculations. The
energies and corresponding velocities for the states in the
final product atom that are accessible in our experiment are
shown in Table L.

We have shown [8] that the velocity of a DR product in
the laboratory system is the sum of the c.m. thermal velocity,
as given by a velocity distribution that is assumed to be
Maxwellian and with a most probable velocity v, , and the
randomly directed velocity vpg of the DR reaction product in
the c.m. system [8]. Thus the peak due to DR to a single final
state is broadened by the Boltzmann distribution of the ions.
The DR atom flux dJ is then given in time space as [8]

dJ(t)=(c/tYexp(—{[(L/t) —vpgr]/v,}?)dt. 4)

In Eq. (4), ¢ is an arbitrary constant related to the flux of
atoms from a particular transition, L is the length of the flight
path, and ¢ is the time of flight. The velocities expected
vpg can be found from Egg in Eq. (3) for the DR reaction to
a specific state in the product atom. DR occurs primarily
with low-energy electrons [5], so the electron energy is as-
sumed to be near zero. Under these conditions and the as-
sumption that the Ar,* parent is in its ground electronic and
vibrational state, vpg is given in Table I. Our experimental
data were fitted to the function in Eq. (4), where the free
parameters were ¢, v, a function describing the background
(either a constant or a straight line), and #;, the time when
the beam chopper opened. When more than one DR product
was thought to be present in the experimental data to be
fitted, Eq. (4) was summed over all the product velocities in
the data. The fitting procedure used minimized y?. When
there was a question of which DR product was present in a
particular time distribution, the time distribution was fitted
with each possible DR product and the least-squares criterion
(minimum x2) was used to determine which product was
dominant in the distribution. This procedure is subject to
some uncertainty, but in most cases gave reasonable fits to
the data.

IV. DISCUSSION OF THE OBSERVED STATES

Figure 1 shows a time spectrum that we routinely observe
from our discharge. It shows a small ground-state DR prod-
uct peak, a much larger 4s DR product peak, and the Max-
wellian velocity distribution of the thermal metastable atoms
emanating from our discharge. This figure can be considered
as a standard that can be compared to other spectra that we
will discuss, which were taken with various source condi-
tions.

The final product states that we have found to be present
in our spectra under various conditions are shown in Table II.
The corresponding velocities Vpg and channel numbers can
be found in Table I. Figure 2 shows a spectrum whose fit
requires a total of six of these states. The states used in the fit
are the 3p ground state (5907 m/sec, channel 5.2), the 4s
and 4s’ metastable states (2661 m/sec, channel 11.5), the
4p[1/2] J=0 state (1737 m/sec, channel 17.7), the
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TABLE I. Calculated velocities and channel numbers for dissociative recombination in argon. The channel
numbers shown are for our experimental apparatus where the flight path is 1.227 m and the time channel
width is 40 usec. The state designation is from Ref. [5].

State Energy level Velocity vpr Channel
designation J (cm™1) (eV) (M/sec) number
3p 0 0 0 5906.883 5.19
4s[3/2] 2 93 143.8 11.548 - 2675.795 11.46
4s[3/2] 1 93 750.64 11.624 2641.819 11.61
45'[1/2] 0 94 553.71 11.723 2596.173 11.82
4s'[1/2] 1 95 399.87 11.828 2547.192 12.04
4p[1/2] 1 104 102.1 12.907 1974.155 15.54
4p[5/2] 3 105 462.8 13.076 1868.738 16.41
4p[5/2] 2 105 617.3 13.095 1856.39 16.52
4p[3/2] 1 106 087.3 13.153 1818.311 16.87
4p[3/2] 2 106 237.6 13.172 1805.965 16.99
4p[1/2] 0 107 054.3 13.273 1737.339 17.66
4p'[3/2] 1 107 131.8 13.283 1730.691 17.72
4p'[3/2] 2 107 289.8 13.302 1717.048 17.86
4p'[1/2] 1 107 496.5 13.328 1699.032 18.05
4p'[1/2] 0 108 722.7 13.480 1587.966 19.32
3d[1/2] 0 111 667.9 13.845 1282.487 23.92
3d[1/2] 1 111 818.1 13.864 1264.929 24.25
3d[7/2] 4 112 750.2 13.979 1150.012 26.67
3d[7/2] 3 113 020.4 14.013 1114.491 27.52
3d[3/2] 2 112 138.9 13.903 1226.585 25.01
3d[3/2] 1 114 147.8 14.152 952.075 32.22
3d[5/2] 2 113 426.1 14.063 1058.922 28.97
3d[5/2] 3 113716.6 14.099 1017.255 30.15
3d’'[5/2] 2 114 641.0 14.214 871.540 35.20
3d’'[5/2] 3 114 822.0 14.236 840.064 36.52
3d'[3/2] 2 114 805.2 14.234 843.037 36.39
3d’'[3/2] 1 115 366.9 14.304 737.206 41.61
5s[3/2] 2 113 468.6 14.068 1052.931 29.13
5s[3/2] 1 113 643.3 14.090 1027.933 29.84
5s'[1/2] 0 114 861.7 14.241 833.002 36.82
5s'[1/2] 1 114 975.1 14.255 812.484 37.75
5p[1/2] 1 116 660.1 14.464 398.079 77.06
4p'[1/2] J=0 state (1588 m/sec, channel 19.3), the tion of the apparatus is insufficient to completely resolve

3d[1/2] J=0 state (1282 m/sec, channel 23.9), and the
3d[7/2] J=4 state (1150 m/sec, channel 26.7). The data
shown in Figs. 2(a) and 2(b) were taken with different dis-
charge voltages; the other conditions were the same. The
4p'[1/2] J=0 and the 3d[7/2] J=4 states appear only in
Fig. 2(a), while the 4p[1/2] J=0 state appears only in Fig.
2(b). The velocity used to fit the two metastable states, 2661
m/sec, is a weighted average of the velocities of the two
states, weighted by their statistically expected amplitudes of
5/6 and 1/6. The source conditions used for these data were a
pressure of 11 mTorr, a current of 220 mA, and a magnetic
field of 175 G. The data of Fig. 2(a) were taken with a
discharge voltage of 50 V, while the data of Fig. 2(b) were
taken with a discharge voltage of 45 V.

The 3d'[3/2] J=1 (737 m/sec, channel 41.6) and the
5s'[1/2] J=0 (833 m/sec, channel 36.8) DR product states
are illustrated in Fig. 3(a), superimposed on the thermal
Maxwellian velocity distribution of the metastable atoms that
are directly produced in the discharge. The velocity resolu-

these two DR product states. Figure 3(a) also shows DR
products to the 4s and 4s’' metastable states. Figure 3(b) is
an expanded plot of the TOF data in the range near the
3d’ and 5s’ DR direct products. The source conditions for
these data were a pressure of 15 mTorr, a discharge voltage
of 105 V, a discharge current 300 mA, and a magnetic field
of 123.5 G.

Spectra that indicate DR reaction products in the
3d[5/2] J=3, 3d[3/2] J=1, 3d’'[5/2] J=2, 55'[1/2]
J=0,5s'[1/2] J=1, and 3d'[3/2] J=1 states are shown in
Fig. 4. The fit to the data (line) in Fig. 4(a) requires DR to six
final states of the product atoms whose velocities are near the
most probable velocity of the thermal distribution. The figure
also illustrates a laser deflection technique used to separate
the two metastable states [8]. Briefly, a laser tuned to the
811.73-nm closed 4s[3/2] J=2 to 4p[5/2] J=3 transition is
used to deflect atoms in the 4s J=2 metastable state from
the atom beam. Figure 4(a) shows the laser-off time distribu-
tion, the laser-on time distribution, and a fit to the laser-on
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FIG. 1. Time distribution from our discharge showing the Max-
wellian distribution of thermal atoms, DR products to the 4s states,
and a small peak due to DR to the ground state. The arrows indicate
the position of the ground-state product (left-hand arrow) and the
4s states (right-hand arrow).

time distribution. The data were best fit with the function in
Eq. (4) corresponding to DR products in the 3d[3/2] J=1
(952 m/sec, channel 32.2) and the 5s'[ 1/2] J=0 (833 m/sec,
channel 36.8) states. Figure 4(b) shows the difference be-
tween the laser-on and laser-off time spectra. Since only the
J=2 metastable state is deflected, the difference is due only
to atoms in the /=2 metastable state. The data were fit with
four DR product functions [Eq. (4)] corresponding to the
3d[5/2] J=3 (1017 m/sec, channel 30.1), the 3d'[5/2] J=2
(871 m/sec, channel 35.2), the 3d'[3/2] J=1 (737 m/sec,
channel 41.6), and the 5s'[1/2] J=1 (812 m/sec, channel
37.7) states. These states can all radiate to yield the
4p[3/2] J=2 state, which is deflected. The source condi-
tions for these data were a pressure of 4 mTorr, a discharge
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voltage of 70 V, a discharge current 200 mA, and a magnetic
field of 185 G.

DR to the 3d[5/2] J=2 (1058.9 m/sec, channel 29.0)
state is shown in Fig. 5. This figure illustrates how, under
some source conditions, the DR product can dominate the
time spectrum. The source conditions were a pressure of 8
mTorr, a discharge voltage of 50 V, a discharge current of
290 mA, and a magnetic field of 134 G.

A spectrum showing DR reaction with products in the
5p[1/2] J=1 (398 m/sec, channel 77) state is shown in Fig.
6. This state is the highest-energy state (116 660.1 cm™ !,
14.464 eV) in the product atom accessible in our time-of-
flight apparatus in its current configuration. The figure illus-
trates a time spectrum with DR to this state and a time spec-
trum without it. The two spectra were taken with different
source conditions. The counting time on the later spectrum
was selected so that the peak intensity of the Maxwellian
time distribution was the same as the peak intensity of the
former spectrum. The difference spectra and a fit to this dif-
ference using the function of Eq. (4) is shown in Fig. 6(b).
These data were fit with a single DR function corresponding
to DR to the 5p[ 1/2] J=1 state. The velocity was also a free
parameter in this fit. The velocity determined from the fit
was 363 m/sec, which is 35+ 5 m/sec slower than the veloc-
ity calculated using the binding energy of 1.23+0.03 eV for
the Ar;r molecule. If the energy of the electron causing the
DR of the ionic molecule is assumed to be near zero, then we
may calculate a binding energy of 1.245%+0.007 eV. The sev-
eral determinations of the binding energy of Ar,” are
1.23%+0.02 eV [15], 1.26%0.03 eV [16], and 1.33+0.02 eV
[17]. Since the energy of the electron causing the DR in our
apparatus is unknown and set to zero in our calculations, as
is any internal energy in Ar,*, our value should be regarded
as a lower limit on the binding energy of Ar,*. The small
velocity width of the arrival time peak contributes to the
uncertainty of 7 meV, which implies a narrow energy in the
initial state.

TABLE II. Comparison of this work and the previous dissociative recombination work.

Final- DR Energy

state product level Present Biondi [13]

designation J (em™h) work (300 K) (7200 K) Figure
3p 0 0 yes no no 2(a)
4s[3/2] 2 93 143.8 yes no . no 2(a)
4s5'[1/2] 0 94 553.71 yes no no 2(a)
4p[1/2] 0 107 054.3 yes yes yes 2(b)
4p'[1/2] 0 108 722.7 yes yes yes 2(a)
3d[1/2] 0 111 667.9 yes no no 2(a),2(b)
3d[3/2] 2 112 139 yes no no 10(d)
3d[7/2] 4 112 750.2 yes no no 2(a),5,7
3d[7/2] 3 113 020.4 yes no no 10(c)
3d[5/2] 3 113716.6 yes no no 4(b),7
3d[3/2] 1 114 147.8 yes no no 4(a)
3d'[5/2] 2 114 641. yes no no 4(b)
5s'[1/2] 0 114 861.7 yes no no 3(a),3(b)
5s'[1/2] 1 114 975.1 yes no no 4(b)
3d'[3/2] 1 115 366.9 yes no no 3(a),4(b)
5p[1/2] 1 116 660.1 yes no yes 6
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FIG. 2. Six direct product states of DR and a fit to the data. The
data in (a) were fitted with functions [Eq. (3)] with velocities of
5907 m/sec (channel 5.2), 2661 m/sec (channel 11.5), 1588 m/sec
(channel 19.3), 1282 m/sec (channel 23.9), and 1150 m/sec (channel
26.7). The data in (b) were fitted with DR functions with velocities
of 5907 m/sec (channel 5.2), 2661 m/sec (channel 11.5), 1737
m/sec (channel 17.7), and 1282 m/sec (channel 23.9) (see the text).

DR to the 3d[7/2] J=4 and the 3d[5/2] J=3 states is
shown in Fig. 7. Figure 7(a) shows the data and a fit to the
DR peaks. These states were also shown in Figs. 2(a) and
4(b); however, the yield is markedly different. Figure 7(b) is
an expanded plot that shows how well the theoretical func-
tion fits the data. The figure again illustrates how, under
some source conditions, the products of the DR reaction
completely dominate the thermal Maxwellian time distribu-
tion. These data and the fits illustrate similar data used to
study the yields of these two states as a function of discharge
parameters.

V. YIELDS OF SOME OF THE FINAL PRODUCT STATES
AS A FUNCTION OF DISCHARGE PARAMETERS

When the source is operated with no magnetic field, the
4s and 4s’ DR products are the only ones readily observ-
able. With various discharge conditions and with the applied

TIME CHANNEL NUMBER

FIG. 3. DR to the 3d'[3/2] J=1 and the 55'[1/2] J=0 states.
The data in (a) show the Maxwellian distribution and DR to the
metastable states. (b) is an expansion of the data in (a) around the
DR peaks. The velocities of the peaks are 737 m/sec (channel 41.6)
(3d") and 833 m/sec (channel 36.8) (5s').

magnetic field, the other DR products in Table II can be
observed. We studied the yield of specific DR products under
various discharge parameters, rather than the relative yield of
one DR product to another, because we are unsure of the
relative efficiency of our detection system as a function of
the kinetic energy of the various DR products [8]. Since all
charged particles and Rydberg states are removed from the
atom beam by the sweep plates, the atom beam will contain
only neutral particles. The shortest flight time we observe
(that of the ground-state products) is 208 wsec, which gives
all states except the two metastable states time to undergo
radiative decay. This implies that, with the possible excep-
tion of the ground-state products, all the DR products we
observe are in the metastable states. The direct ground-state
products of DR do have sufficient kinetic energy to over-
come the work function of our tungsten catcher plate, but the
detection of ground-state atoms of these energies (5.5 eV) by
a detector similar to ours is unknown (probably small). How-
ever, we have shown [8] that a substantial fraction of the
ground-state DR products are reexcited in the discharge to
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laser on, and the line is a fit to the laser-on data. In (b) the circles
are the difference data between laser on and off and the line is a fit

to these data.

metastable states and are thus detected.

We have found that the yield of some DR product states
varies sharply as a function of discharge parameters. The
yields of the ground state, the 4s[3/2] J=2 and 4s'[1/2]
J=0 metastable states, and the 3d[7/2] J=4, the 3d[5/2]
J=3, the 3d[7/2] J=3, and the 3d[3/2] J=2 states have
been studied as a function of discharge voltage, discharge
pressure, and discharge magnetic field.

As will be seen, all of these parameters can influence the
relative amount of various DR states, but the behavior is not
easily understood. We found no significant variation in the
production of any of these states as a function of discharge
pressure in the range of pressures from 12 to 14 mTorr; how-
ever, at lower pressures of 1-4 mTorr we found significant
variation in the production of the 3d states as a function of
pressure. Figures 8(a) and 8(b) show the yield of the 4s and
45’ metastable states and ground-state direct products as a
function of discharge voltage, with a discharge pressure of

12.5 mTorr and a magnetic field of 173 G. Figures 8(c) and
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FIG. 5. Single DR direct product line to the 3d[5/2] J=2 state.
Also shown is the Maxwellian velocity distribution and DR to the
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with DR (open circles) and one without DR. (b) is the difference
between the two spectra in (a). The line is a fit to the data.
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expansion of the spectra around the DR peaks is shown in (a). The yield of these two states as a function of discharge voltage is shown in

(c) and (d).

8(d) show the yields of the combined 4s and 4s’ metastable
states and the ground state, respectively, as a function of
magnetic field with a source pressure of 12.5 mTorr and a
discharge voltage of 50 V. The vertical scales are all arbi-
trary. These data represent the DR product peak heights, after
the subtraction of background.

Figures 7(c) and 7(d) show the relative yield of the
3d[7/2] J=4 and 3d[5/2] J=3 states as functions of dis-
charge voltage. The data were determined by least-squares
fitting to the function of Eq. (4) to the experimental data. The
source pressure was 7 mTorr, the magnetic field was 144 G,
and the discharge current was 290 mA.

We studied the yields of DR products in the 3d states at
several discharge pressures in a range that allowed us to
maintain all other discharge parameters at the same value.
This study is illustrated in Figs. 9(a)-9(d). The discharge
parameters used, other than pressure, were a magnetic field
of 82 G, a discharge voltage of 50 V, and a discharge current
of 200 mA. The pressure was varied from 1 to 4 mTorr. The
data were all fitted using Eq. (4) in order to identify the states
produced. We found that the most important 3d state ob-
served varied with discharge pressure. Figure 9(a) illustrates

the 3d[7/2] J=4 state, which was observed at a discharge
pressure of 1 mTorr; Fig. 9(b) illustrates the 3d[5/2] J=3
state, observed at a pressure of 2 mTorr; Fig. 9(c) illustrates
the 3d[7/2] J=3 state, observed at a pressure of 3 mTorr;
and Fig. 9(d) shows the 3d[3/2] J=2 state, which was ob-
served at a pressure of 4 mTorr.

VI. WIDTHS OF THE OBSERVED DR PRODUCT PEAKS

As shown by Eq. (4), the width of the DR product veloc-
ity peaks contains information regarding the velocity distri-
bution of the precursors of the DR reaction, presumed to be
the Ar,* molecule. Our data show a correlation between the
fitted width of the DR peak and the dissociation energy. The
width of the direct product lines and the associated final
product states are shown in Table III. The correlation is
shown in Fig. 10.

VII. DISCUSSION

We have observed several final states in the DR of Ar,*
that have not previously been observed [5]. In the cases of
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FIG. 8. Yield of the ground-state and the 4s and 45’ metastable-state DR products as a function of discharge parameters. The metastable-
state DR products yield as a function of (a) discharge voltage and (c) magnetic field and the ground-state DR products yield as a function

of (b) discharge voltage and (d) magnetic field.

the metastable states and the ground state, the previous ex-
periments were not able to detect these states because they
detected only the optical radiation from DR products in the
discharge afterglow region. However, this is not the case in
the case of the 4p, 4p’, 3d, 3d’, and 5s' states we ob-
served as direct products of the DR reaction.

We can offer a qualitative explanation for the yields of
some of the observed DR transitions. Previously, we studied
the effects of the application of a longitudinal magnetic field
to our glow discharge [13]. The Ar," is primarily formed
through associative ionization by reactions such as (2),
which depends on the formation of a high (n>5) Rydberg
state Ar*, or it can be formed by two metastable atoms.
Rydberg states would also decay along the flight path to the
metastable states, so one would expect that the formation of
the metastable states would follow the same trend as the
formation of the Rydberg states in the discharge. One would
also expect that the yield of DR products would also follow
the trend of the data defining the production of Ar,". Our
data are consistent with these expectations. The trend of the
4s and 45’ final product yields versus applied magnetic field
shown in Fig. 8(c) clearly follows the trend we have ob-

served for the production of thermal metastable states in our
discharge. The yield of ground-state atoms as shown in Fig.
8(d) also follows that same trend, though it is obvious that
there are other mechanisms involved in the production and
observation of the ground-state direct products that are not
involved in 4s and 4s’ production. Regarding our study of
the DR yields as functions of discharge voltage, we note that
Becker and Lampe [18] studied the production of the Ar, ™"
molecule as functions of electron energy using pulsed mass
spectroscopy. The argon pressures they used, 5—8 mTorr,
were slightly lower than our discharge pressures. We digi-
tized the Ar,” data shown in their paper for the shortest
delay time they used and reproduce it in Fig. 10. Compared
to our data in Fig. 8(b), Fig. 10 shows a similar increase in
relative yield at approximately 35-40 V and a second broad
feature, peaking at a lower yield, at approximately 70 V.
Taken together, we conclude that our observed DR yields for
the ground 4s and 4s’ states increase with the production of
both Ar* metastable states and Ar, " molecules, as expected.

The production of 3d[5/2] J=3 and 3d[7/2] J=4 states
was also studied as a function of discharge voltage as in Figs.
7(c) and 7(d). Since it is generally thought that a curve cross-
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FIG. 10. Widths of the DR direct product lines as determined
from the fitting of the data to the function Eq. (4). Note the group-
ing of the ground 4s and 45’ states at approximately 100 eV width.

ing is required in an efficient DR process, and clearly our
data show that these final product states occur in a very nar-
row range of discharge voltages, a possible explanation
would be that some electric fields in the discharge cause a
coupling between the initial attractive (Ar,™ +e~) transient
Rydberg state and the repulsive states that dissociate to
Ar(3d[5/2] J=2) or Ar(3d[7/2] J=4) and the ground-state
argon atom. This is not a totally unreasonable assumption,
since a strong perturbation, such as a pseudocurve crossing,
is generally considered essential for efficient DR, and clearly
our data show that these product states can be produced in
our discharge. Such predissociations by small fields have
been seen in high-n states of H, by Helm (see Ref. [4], p.
145).

The observed widths of the direct product lines is also
puzzling. As can be seen in Fig. 10, the widths fall into two
groups, with the DR lines corresponding to the ground 4s
and 4s' states being approximately the width expected if the
parent molecules had velocity distributions approximately
equal to the velocity distribution of the metastable atoms
effusing from our source. States other than the ground and
metastable states are considerably narrower. Clearly, these
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TABLE III. Dissociation energies and width of dissociation lines.

Final- DR Energy Kinetic

state product level energy Width
designation J (cm™Y) (eV) (m/sec) (1073 eV) (m/s)
3p 0 0 7.27 5907 94+ 17 675+125
4s[3/2] 2 93 143.8 1.49 2673 13330 800200
45'[1/2] 0 94 553.71 1.40 2594 133%+30 800+ 200
4p[1/2] 0 107 54.3 0.628 1735 10x2 225+25
4p'[1/2] 0 108 722.7 0.525 1586 10=4 225+90
3d[1/2] 0 111 667.9 0.342 1281 31 122+70
3d[3/2] 2 112 139. 0312 1226 2.1x0.1 100+ 20
3d[7/2] 4 112 750.2 0.275 1148 1.3+0.3 80+40
3d[7/2] 3 113 020.4 0258 1111 2.1x0.1 100*20
3d[5/2] 3 113 716.6 0.215 1016 1.0x0.2 7030
3d[3/2] 1 114 147.8 0.188 950 1.33£0.2 80+10
3d'[5/2] 2 114 641. 0.158 869 0.42£0.05 45+5
5s'[1/2] 0 114 861.7 0.144 831 5.0%0.5 155+15
S5s'[1/2] 1 114 975.1 0.137 811 0.42*0.05 45+5
35'[3/2] 1 115 366.9 0.13 737 0.54=0.04 51+6
5p[1/2] 1 116 660.1 0.032 395 1.2+0.1 78+9

widths indicate that the precursors of the DR reactions that
yield the ground and 4s,4s’ states come from a group of
atoms in reaction (2) that have a velocity distribution that is
approximately Maxwellian, with a most probable velocity
close to that of the metastable argon atoms in the discharge.
These reactions could occur in the positive column of the
discharge and the Ar,"* ions would then have approximately
thermal velocity distributions. All DR reaction products that
we have observed, whose velocity distributions were nar-
rower than those expected from a thermal distribution of
Ar," ions, are states that are only produced under specific
discharge conditions; for example, see Figs. 7(c), and 7(d) as
well as Fig. 9. If the Ar,* ions have subthermal velocity
distributions, as they clearly do, it may be related to the fact
that these outgoing states are so near the ionization limit that
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FIG. 11. Data of Becker and Lampe [18]. The data shown in
their paper, most appropriate to our experimental situation, were
digitized and plotted.
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the reaction can yield only separated DR product atoms in
the subthermal range of velocities. These narrow velocity
distributions resulting from direct products to higher-lying
states in the product atom are clearly not understood. How-
ever, it should be noted that if DR yields these higher-lying
states from Ar,™ ions with the normal Maxwellian velocity
distribution characteristic of our discharge, they would not
be observed because the velocity distribution on precursor
Ar," ions would broaden the DR product TOF distribution
until it was not observable.

VIII. SUMMARY

We have used a TOF technique to study the final product
states of the DR reaction in Ar,* by the observation of non-
thermal distributions of metastable atoms emerging from a
discharge. Under normal unperturbed conditions the domi-
nant excited products of DR are the 45 and 45’ states, but an
undetermined non-negligible fraction goes to purely ground
states. None of these channels is explainable by current theo-
retical potential calculations, whose focus has been on the
dimer states that radiate at larger internuclear distances that
are not important in DR. When an axial magnetic field is
applied, the density of dimer ions in the discharge increases
greatly. Under these conditions, we observed substantial
yields of 4p, 3d, 3d’, 5s', and 5p states, with varying
relative amounts that depend on discharge conditions. Cer-
tain conditions seem to emphasize certain product channels,
indicating that the couplings to these states can be affected
by local conditions. Our observations of the widths of the
DR product TOF distributions reflect the velocity distribu-
tions on the parent Ar,* ions plus any energy acquired from
the recombining electrons. The narrow velocity widths of
these higher state channels shows that there must be a supply
of subthermal electrons in the source and also that the DR
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events that contribute to these peaks must occur where the
ions are also subthermal.

IX. CONCLUSION

Clearly, much theoretical work must be done to explain
some of our experimental results and it is hoped that this
paper will stimulate interest and theoretical work on the DR
reaction in Ar,* under unperturbed conditions and also how
the DR reaction can be affected by local and external electric
and magnetic fields in argon discharges. We have shown that,
although it can provide only qualitative information on prod-
uct branching ratios, the time-of-flight method of studying
these reactions is a valuable tool in providing detailed infor-
mation for these theoretical investigations that cannot be ob-

RAMOS, SCHLAMKOWITZ, SHELDON, HARDY, AND PETERSON 52

tained by optical observations. The TOF method used here is
primarily effective for the rare-gas dimers, whose metastable
states are not only observable because of their high energy
but also because all higher Rydberg states can radiate to them
during the flight time. The energy resolution available from
the TOF method is much better than other methods when
applied to the slower direct products and we know of no
other method that can provide information on the velocity
distributions of the precursors of the DR reaction.
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