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Observation of dissociative recombination of Ne2+ and Arz+
directly to the ground state of the product atoms
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J. R. Peterson
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(Received 7 October 1994)

Using data gathered by the metastable atom time-of-Aight technique, evidence is presented for the first
time that some of the direct products of dissociative recombination (DR) in Ne2+ and Ar2+ are purely
ground-state atoms. These results are very surprising because there are no evident curve crossings be-
tween the initial molecular-ion potentials and those of the repulsive ground states. Such curve crossings
have been thought to be necessary for DR to occur. Using a laser-based atom beam deflection tech-
nique, it is shown that at least some of the fast ground-state atoms produced by DR are reexcited to
metastable states that are easily detected.

PACS number(s): 34.50.—s

I. INTRODUCTION

It has long been commonly believed that dissociative
recombination (DR) of free electrons with rare-gas dimer
ions heavier than Hez+, such as

e +Ar2+ = (Ar2* )„„„,bl, ~Ar'+ Ar+ Etc,
where Ez indicates the dissociative kinetic energy
released to the atoms, yields one atom in the np ground-
state configuration and the other predominantly in the
np (n+ 1)p excited states [1]. This belief arose because
optical (visible wavelength) measurements [2—4] showed
that the (n +1)p radiation to the (n + 1)s states dominat-
ed over similar radiation from other (higher) states. Also,
it was generally thought [5] that direct population of the
(n + 1)s states probably did not occur because the (repul-
sive) potential-energy curves leading to those Ar*+Ar
states passed inside (at smaller internuclear separations
R ) than the potentials of the Ar2+ ground state and thus
the potentials did not intersect near the region of
Ar2+ (v =0), as is required for a direct DR process [6,7].
However, it should be recognized that in those experi-
ments, radiation from the (n + 1)s states was actually not
observable; these states are either metastable or they radi-
ate in the vacuum ultraviolet, which was not detected in
those experiments. Furthermore, sufficiently reliable cal-
culations have not been prepared to allow an accurate
picture of the appropriate potentials.

Recently, however, we have found convincing evidence
that in fact the (n +1)s states actually dominate the ex-
cited products of all three species Nez+, Arz, and Krz+
[8,9], indicating that the older assumptions were in-
correct. As a partial explanation (in addition to the lack
of uv detection in the experiments), we note that in a re-
cent study by Malinovsky et al. [10],which reported DR
production of 3p and 3d states from Nez+ using a tradi-
tional optical technique, the authors displayed calculated

potential energy curves for Nez and Nez that indicated
a curve crossing by 3s repulsive states near the inner
turning point of the Nez+ ground vibrational state, which
provides a mechanism for 3s production. A similar situa-
tion must occur in Arz+ and Krz+ even though it has not
been shown.

We report here evidence that in some of the DR reac-
tions involving Nez+ and Arz+ both atom products are
completely in the ground state. This 6nding is totally
surprising, as the repulsive ground-state potentials must
lie well inside the inner turning points of the ionic ground
state. %'e shall defer further discussion of these results
until after they are presented.

The technique we have used to detect the metastable
(n +1)s products is also used here, and the data again re-
veal the importance of those states. Using a time-of Aight
(TOF) technique we are able to measure the kinetic ener-

gy Ex released in reaction (1). From it and the known
values of the molecular-ion internal energies, and assum-
ing that the initial kinetic energy is thermal (near 0 eV) as
expected, we are able to deduce the values of the elec-
tronic energies of the final atomic states. This method is
thus independent of any radiation subsequent to the dis-
sociation.

II. APPARATUS

The molecular-beam apparatus used here is the same as
the one used previously with some small changes [11].
The apparatus is shown in Fig. 1. The metastable atoms
are generated in a continuous discharge source main-
tained by electrons produced by a directly heated thoria-
coated tungsten ribbon (2.5X0.025 mm). The gas pres-
sure was variable and ranged between 3 and 20 m Torr in
this work. The discharge voltage ranged between 25 and
125 V. The data presented here were taken with a source
pressure of approximately 8 m Torr for both neon and ar-

1050-2947/95/51(4)/2945(6)/$06. 00 51 2945 1995 The American Physical Society



2946 RAMOS, SCHLAMKOWITZ, SHELDON, HARl3Y, AND PETERSON 51

isolation valve lsolatl~~n valve

Sol wo/d Source

chyle&bar

8 ~ ~

1
~ %% R4I

' SNeep plateS

I(

To pulop

Chopper ~-—

Cathodic Apode
li'lament slit

Interaction chamber

fo pulnp

Oe&ector cl&antber
I

LQ
Detector

to pOlllp

FIG. 1. Molecular-beam ap-
paratus. The length of the flight
path is 1.227 m. The laser radia-
tion for the deAection experi-
ments is introduced after the
anode slit. The second beam-
defining slit is located at the po-
sition of the chopper.

gon and discharge voltages of 100 V for neon and 52 V
for argon. The source is surrounded by a solenoid that
produces a variable axial magnetic field of up to 225 G; it
is normally operated at about 175 G t 1 1]. This field was
found to increase the ratio of fast metastable atoms to
thermal metastable atoms by at least 10 times the ratio
found with no magnetic field.

Within the discharge, the high-energy electrons with
energies approximately equal to the discharge voltage in
eV create both excited states of atoms and atomic ions.
Excited states are also produced by secondary electrons
following primary colhsions. At the pressures used here,
molecular ions are formed principally by associative ion-
ization

Ar*+ Ar ~Arz+ +e,
where Ar* is in a sufficiently high Rydberg state (n )5).
Subsequently, slow electrons dissociatively recombine
with molecular ions to form fast neutral products. The
effect of the axial magnetic field is to constrain the
discharge, by constricting both fast and slow electrons to
a narrow region along the axis, in alignment with the fila-
ment and the exit slit of the discharge. Thus excitation,
ionization, and DR all occur close to the axis, which in-
creases the observed yield of fast metastable states so
effectively.

The exit slit for the source is 6.35X0.5 mm and pro-
duces a vertical ribbon beam which is defined by a second
6.35X0.5 mm slit 46.3 cm downstream from the source.
The angular spread of the beam is thus 2.2X10 rad.
The chopper wheel slits give an open time of 86 ps. The
Aight path passes through three vacuum chambers where
the vacuum is maintained at about 1 X 10 Torr. Sweep
plates located at the second set of beam-defining slits
maintain an electric field of about 250 V/cm, which re-
moves all charged particles and long-lived Rydberg
states. The detector entrance slit, which is 6.35X0.1

mm, passes the particles in the beam to a tungsten catch-
er plate from which electrons are ejected by the Auger
effect. The electrons are collected and detected by a
Channeltron electron multiplier. The data are processed
with an Ortec multichannel scalar card and software
operating in a Zenith personal computer. The channel
width used in these experiments is 40 ps and the sweep
length is 90 channels to allow the detection of the slow
tail of the Maxwellian velocity distribution of metastable
atoms from the discharge.

III. EXPERIMENTAL RESULTS

In the following discussion it is assumed that one of the
DR products is always in the ground state. We will con-
sider only the nascent states of the other product atom.
All deduced relations are based on this model. Typical
time distributions for neon and argon are shown in Figs.
2(a) and 2(b). The most prominent features in these dis-
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FIG. 2. TOF distributions for (a) neon and (b) argon. Distri-
butions showing DR reaction products to the s states and to the
ground state. The typical Maxwellian TOF distribution is also
shown. The time channel width is 40 p/s in both cases with
t =0 at channel 0. The arrow indicate the ground state and the
3s state (neon) or 4s state (argon).
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tributions are the broad Maxwellian distributions with
most probable velocities of approximately 875 m/s for
neon and 700 m/s for argon. These velocities both corre-
spond to an approximate temperature of 1000 K, which
is characteristic of the metastable atoms in the discharge
region. At shorter arrival times, below channel 20, are
the smaller superthermal fast atom peaks that result from
dissociative recombination. Actually these peaks can be
grouped into a "fast" peak representing DR to an excited
state and a smaller "superfast" component, which we did
not distinguish earlier [11] and which we now identify
with purely ground-state products. These peaks can be
seen clearly in the short arrival time data of Fig. 3.

Knowing the ionization energy of the rare-gas atom E;,
the dissociation energy of the molecular ion Do, and the
energy of the final states EFs, the dissociative kinetic en-

ergy E& can be calculated using

E =E.—D —E (2)

Since we are dealing with homonuclear systems, the ener-

gy of the individual atoms Ed is equal to one-half of Ez.
The ionization energies E,. are 21.56 and 15.76 eV for
neon and argon, respectively [12]. The binding energies
of the molecular ion Do are less well known. We used
1.27+0.02 eV [13] for neon and 1.26+0.03 eV [14] for
argon. The energies and corresponding velocities for the

I

superfast peaks are 10.08 and 7.21 eV, which correspond
to velocities of 9823 and 5906 m/s for neon and argon,
respectively. These are the velocities expected from the
DR reaction directly to the ground state. The velocities
of the fast peaks are 4172 and 2661 m/s for neon and ar-
gon, respectively. The neon fast peak velocities agree
with the velocity computed from a (2J+1) weighted
average of the velocities for DR to the 3s [5/2] J=2 and
the 3s'[ I/2] J =0 metastable final product states. In ar-
gon, these are the 4s and 4s' states. The weighting fac-
tors used were the statistical weights of 5:1 expected for
the metastable-state populations of 5 to 1. The corre-
sponding energies of these products are 1.71 and 1.66 eV
for the J =2 and 0 states in neon and 1.49 and 1.40 eV
for the J=2 and 0 states in argon.

IV. ANALYSIS OF THE DATA

The velocity of a DR product in the laboratory system
UI is the sum of the c.m. thermal velocity given by the
Maxwellian velocity distribution characterized by a most
probable velocity U& and the randomly directed velocity

vDR of the product in the c.m. system. Thus the peak
due to DR to a single final state is broadened by the
Boltzmann distribution on the ions. The DR atom Aux

dJ from the source discharge within a laboratory angle
about OL 0 is given by

2K 2 2 2 2
UL cos8L exp[ —( U„+ U + U, ) ]sinODRd ODRd pDRsinOL d OL, d QL, u& duL

477 U I, ~L DR ~DR
(3)

where

and

U =(UL sinOL cospL —UDasinOD„cospDR)/v

U~ =(UL sinOL sin/I —UDRsinODRsinPDR)/v

U~ —( UL, cosOL U DR COSODR ) /Up

For small angles 601, this distribution reduces to

nv AOJ UIdJ= exp
27T U DR

1/2

(UL UDR )
dvl )

Up

(4)

which, when converted to the TQF distribution, becomes
2(I./t) vDR—

dJ(t) =—expt4
(5)

where C is an arbitrary constant, I. is the length of the
Qight path, and t is the TOF. The velocities expected
VDa can be found from Eq. (2) for the DR reaction to a
specific state in the product atom. DR occurs primarily
with low-energy electrons [7] so the electron energy is as-
sumed to be near zero.

Figures 3(a)—3(c) are expanded plots of the fast arrival
time distributions showing the data and fits to the data
using Eq. (5). The only free parameters in the fits are the
background, the amplitude of the peaks, and To, the time

at which the chopper is open. It can be seen that the po-
sitions of the peaks agree well with those expected for the
products of the DR reaction to the ground state and the
metastable states. We have found that in DR to the 3s (in
neon) and 4s (in argon) states, the widths of the DR lines
agree with the widths U characteristic of the Maxwellian
velocity distribution. The widths of the ground-state
peaks are somewhat wider than the widths U characteris-
tic of the Maxwellian velocity distribution. The peak in
the data near channel 3 shown in Fig. 3(a) illustrates the
DR reaction to the ground state in neon. The data were
fitted using three lines with velocities of 9823, 4172, and
2880 m/s. These velocities correspond to DR directly to
the ground state, to the combined 3s [3/2] J =2 and the
3s'[1/2] J =0 states and to the 3p [5/2, 3/2] J =3,2, 1,2
states. As mentioned earlier, the velocity used for the 3s
state is a weighted average of the velocities expected for
the metastable states. The data in the figure show peaks
that have areas with ratios of 0.014, 0.043, and 0.005 for
the ground 3s and 3p states compared to the area of the
thermal distribution. The data shown are sums of data
taken with a variety of source conditions where the
discharge voltage ranged from 85 to 120 V and the
discharge pressure ranged between 13 and 28 mTorr.
They indicate that under some source conditions a sub-
stantial fraction of the DR reactions proceed directly to
the ground state of both atoms.

The data shown in Fig. 3(b) illustrate the DR reaction
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to the ground state in argon. The data were fitted using
two lines with velocities of 5907 and 2661 m/s, which re-
spectively correspond to DR reactions directly to the
ground state and to the combined 4s[3/2] J =2 and
4s'[1/2] J=O metastable states. Again, the velocity is
the weighted average of the velocities for the two com-
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FIG. 3. Expanded TOF distributions for (a) neon, (b) argon,
and (c) the laser on-off difFerence time distribution for argon.
The time interval in all cases is 40 p/s per channel with the
t =0 at channel 0. The circles are the data points, the squares
are the fit to the data. A line through the 6t points is drawn to
guide the eye. In all cases the only free parameters were the
amplitude of the peaks and not their position.

V. METASTABLE-STATE IDENTIFICATION
BY LASER DEFLECTION

Although the arrival times of the superfast peaks in
both Ne and Ar just match the expected velocities ex-
pected from purely ground-state products, which is a
surprising result, it is also surprising that these atoms are
even detected in our apparatus. Certainly the kinetic en-

ergy of the ground-state product of the DR reaction (10.0
and 7.3 eV for neon and argon, respectively) is slightly
above the work function of the tungsten catcher plate (4.5
eV), but there is no report in the literature [15] of neutral
atoms in this velocity range being detected with a detec-
tor of our design which normally depends on the Auger
effect for the metastable states to eject electrons from a
catcher plate. Since the sweep plates remove charged
particles and high Rydberg state atoms from the atom
beam, the only species to reach the detector are neutral
metastable or ground-state atoms. If the ground-state
products of DR were somehow reexcited to a metastable
state in the source, they would be easily detectab1e. To
examine this possibility, we have used a laser-induced
deflection technique which is sensitive only to metastable
argon atoms. For this study, the flight path has been
lengthened to 122.7 cm and the beam-defining slits have
been narrowed to give better angular definition to the
beam for metastable-state separation measurements. The
metastable states are separated by deflecting the J=2
metastable state with the force due to the resonant ab-
sorption of laser radiation. Windows have been added at
two locations in the beam path to allow the introduction
of laser radiation perpendicular to the beam path.

The J=2 metastable state component of the atom
beam was deflected by passing laser radiation perpendicu-
lar to the atom beam resonant to the
4s[3/2] J =2~4p [5/2] J =3 transition in argon. This
transition forms a closed system as the J=3 state can
only decay to the J =2 state and because the lifetime of
the J =2 metastable state is much longer than the TOF
in our experiment. The laser radiation was derived from
a grating-stabilized diode laser tuned to the saturated ab-
sorption line in an argon discharge. The design of the
laser is similar to that described by MacAdam, Steinbach,
and Wieman [16]. The wavelength of the transition is
811.73 nm and our laser system yields approximately 15
mW with a long-tenn stabilized linewidth of approxi-
mately 30 MHz. A quarter wave plate was used to con-
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FIG. 4. TOF distribution for argon. The figure shows a TOF
distribution with the deflecting laser off (circles), the deflecting
laser on (squares), and the difference between the two (triangles).
Since only the 4s J=2 state in argon is deflected, the difference
spectrum represents a pure 4s J=2 time distribution. Note the
deflection of the ground-state peak.

VI. CONCLUSION

We conclude from these results that some of the DR
events in our apparatus produce both atoms in the
ground state and that among those superfast DR prod-
ucts, some, perhaps many, are reexcited into metastable
J =2 states. Such reexcitation could occur either by elec-
tron impact or by electron exchange with thermal meta-
stables. Preliminary estimates show that neither process
seems likely, but whatever process occurs probably takes
place within the narrow discharge region. Estimates of
the metastable densities based on the arrival rates at the
detector and its subtended solid angle are insufFicient for
the exchange process, so we conclude that the effective
mechanism must involve those primary and secondary

vert the linear polarized radiation from the laser diode to
0.+ radiation. The laser radiation was chopped at 0.5 Hz
to compensate for any small variations in atom beam in-
tensity.

Figure 4 shows three arrival time spectra taken with
the laser on, the laser off, and the difference between the
two. In our apparatus, we have deflected about 70% of
the thermal metastable atom beam compared to the sta-
tistically expected defiection of 83% of the beam. The
difference between the laser on and off spectra yields a
pure 4s[3/2] J =2 rnetastable atom spectrum. The data
in Fig. 3(c) show the difference between laser-on and
laser-off time distributions for argon. Since only the
4s [3/2] J =2 metastable state is defiected, these
difference data represent a time spectrum for the
4s[3/2]J =2 metastable state only and the data clearly
show the ground-state peak at 5907 m/s. Because our
detectors are designed specifically to detect thermal meta-
stable states, these defiection data should resolve any
question concerning the mechanism of detection of at
least some of the super fast products.

electrons within the discharge whose energies are
sufticient for the excitation, which includes cascading
from higher states [17,18]. The magnetic field certainly
aids this process by confining the electrons. We can also
consider the possibility of direct detection of ground-state
DR products. Although the efficiencies of kinetic ejec-
tion of secondary electrons by neon atoms of 10 eV and
argon atoms of 7.3 eV are not known, they are probably
small but nonzero. These metastable atom deflection
data do not rule out that possibility, but they certainly
explain the detectability of at least some of the ground-
state DR products.

Further studies are certainly warranted, but the obser-
vation of a superfast peak whose velocities correspond to
ground-state DR seems convincing and we can envision
no alternative source other than DR. We have con-
sidered the possibility of artifacts, but without success.

Although the finding of some DR to ground-state
channels is very surprising, there is some rationale for its
occurrence. For instance, dissociative recombination in
the absence of a curve crossing was once considered
negligible, but it has very recently been found by Guber-
man to explain experimental results in the case of HeH+
[19], where the process yields primarily n =2 states. We
have already found [8,9] that in Nez+, Arz+, and Kr~+
the excited products are dominated by (n+1)s states
which were previously not expected because of the sup-
posed lack of appropriate curve crossings. A similar
effect as in HeH+ must also occur here for the primary
(n +1)s channels and also for the more weakly coupled
ground states. We are aware of no actual theoretical
work on the DR of Nez+ of Arz+. Most calculations of
the potential-energy curves of the excited neutral dimers
have been aimed toward interpreting the observed optical
spectra from afterglows or laser-induced transitions and
little attention has been given to other aspects relevant to
DR, with the recent exception of Malinovsky et al. ,
whose work focused on the DR production of Ne (3p)
and Ne (3d) states [10]. As mentioned earlier, the Nez+
and Nez potentials shown in the latter work indicate the
possibility of DR to the Ne (3s) states, which were not
discussed. It is hoped that our present and earlier results
[8,9] will stimulate some theoretical efforts to understand
both the dominance of the (n + 1)s state and the ground-
state channels. It would be interesting to examine the
relative production of ground-state and excited channels
by some method that is independent of the internal ener-

gy in the products, such as translational spectroscopy
carried out on DR products using the technique of a
merged electron beam plus storage ring experiment at
high ion-beam energies.
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