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Resonance-enhanced multiphoton-ionization–photoelectron study of
the dissociative recombination and associative ionization of Xe2

¿
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Two-photon transitions from the ground state of atomic xenon gas, Xe(1S0), to Xe* n f and np Rydberg
states have been excited in an apparatus that combines ion time-of-flight and photoelectron detection capabili-
ties. Evidence is presented that shows that xenon atoms excited ton f states withn54 – 8 undergo rapid
associative ionization with ground-state xenon atoms to form Xe2

1, while those excited tonp states withn
58 – 11 do not. Subsequent Xe2

1 dissociative recombination~DR! favors exit channels where xenon atoms are
formed predominately in 6p and 5d excited states. Comparisons with older optical studies suggest that
photoelectron spectroscopy provides a simple but effective means of studying short-time~ns! DR dynamics.

PACS number~s!: 34.80.Gs, 33.60.2q, 32.10.2f, 33.15.2e
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INTRODUCTION

The dissociative recombination~DR! of rare-gas dimer
ions has been the subject of a number of experime
@1–17# and theoretical@18,19# studies due to their impor
tance in laser@20# and vacuum-ultraviolet~VUV ! light
source@21# plasmas. The DR of Xe2

1 ions, which, as in the
case of the other rare-gas dimer systems (Ne2

1, Ar2
1, and

Kr2
1), exhibits a very large recombination rate~Table I!. On

the other hand, He2
1 behaves oppositely@11# and is currently

the subject of a number of experimental and theoretical s
ies @22–24#.

Shiu et al. @5,6# performed a spectroscopic study of th
DR process,

Xe2
11e2→Xe* 1Xe, ~1!

and identified a number of different final-state channels.
their experiments, they found that the channel leading
xenon-atom formation in Xe* 6p states dominated the rea
tion. However, it must be said that their method was not a
to sample channels which led to the production of nonra
ating metastable atoms, the ground-state channel, or o
channels which produced radiation with a wavelength o
side the range of detection of their spectrometer~3800,l
,8900 Å!. Xenon energy levels and the strongest lines
served in fluorescence are shown schematically in Fig. 1

Hardy and co-workers have developed a technique
identifying final product states formed in the DR of rare-g
dimer ions, which relies on a determination of their kine
energies and so is not spectroscopically limited. They
capable, therefore, of studying recombination to metasta
atom channels, though as of this time they have not ex
ined Xe2

1 @38#.
The present paper describes an experiment where

technique of resonance-enhanced multiphoton ioniza
~REMPI! coupled with time-of-flight~TOF! mass spectrom
etry and photoelectron spectroscopy have been used to

*Corresponding author. Email address: rlipson@julian.uwo.ca
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tain information concerning the relative importance of Ry
berg states with different angular momenta in the proces
DR and its inverse reaction, associative ionization.

EXPERIMENTAL ARRANGEMENT

The apparatus used for this study, and shown schem
cally in Fig. 2, can operate as either a photoionization m
spectrometer or a photoelectron spectrometer. Since
modes of operation have been described fully elsewh
@25#, only the relevant details are presented here.

An '10% Xe/He gas mixture, at a backing pressure
'114 psi, was introduced via a pulsed valve as a free jet
a vacuum system maintained at'1026 Torr. The gas pulse
duration was'170 ms, which typically resulted in a system
pressure increase to'531025 Torr. Although this paper is
primarily concerned with atomic Xe spectroscopy, it shou
be appreciated that under the experimental conditions ab
cold Xe2 is also formed.

Tunable ultraviolet ~UV! photons from a frequency
doubled Nd:YAG pumped dye laser operating at a 10-
repetition rate were focused with anf 584 cm quartz lens
into the jet'20 mm below the nozzle pinhole to produc
excited Xe atoms by resonant two-photon absorption. La
wavelength calibration was achieved by using an Fe/Ne h
low cathode lamp to record optogalvanic Ne spectra. Tw
photon excited Xe* atoms were either subsequently ioniz
by ~211! REMPI by absorbing a third photon from the sam
UV laser pulse, or, as shown in the next section, underw
associative ionization in certain excited states by collisio
to produce Xe2

1. In either case, since the jet was locat
between the grids of a 1-m-long linear TOF mass spectro
eter, the ionized species could be mass dispersed inside
TOF mass spectrometer and detected with a two-stage
crochannel plate~MCP! detector.

Electrons arising from the ionization events could also
extracted in separate experiments into a double focus
electrostatic analyzer whose entrance was located 180° to
flight tube axis of the TOF mass spectrometer and horiz
tally '5 mm from the focus of the UV laser beam in the je
A MCP mounted at the exit slit of the spectrometer was u
©2000 The American Physical Society12-1
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for detection. The kinetic-energy full width at half maximu
was experimentally determined to be'170 meV at 5-eV
pass energy.

All MCP and optogalvanic signals were each processe
separate integrator/boxcar averagers, digitized, and store
a computer.

RESULTS AND DISCUSSION

Figure 3 shows a composite of three~211! REMPI spec-
tra for 132Xe between 90 200 and 96 800 cm21. Lines involv-
ing excited-state terms with configurations Xe* n f@3/2#2 ,
n f@5/2#2 , n54 – 8, Xe* np@1/2#0 , np@3/2#2 , andnp@5/2#2
with n58 – 11 are readily observed. These states all
above the first ionization potential for Xe2 at 90 139.7 cm21

@26#.
Photoelectron spectra, obtained by (211) REMPI at an

appropriately fixed UV laser wavelength, are shown in Fi
4~a!–4~c! for the Xe* np@1/2#0 (n58,10,11),np@3/2#2 , n
59–11, andnp@5/2#2 , n59 – 11 levels, respectively. Th
identity of the parent ion cores could be unambiguou
identified by measuring the electron kinetic energies with
electron spectrometer. As illustrated schematically in Fig
an atomic Xe term can display one of two separate ioniza
potentials corresponding to either the2P3/2

o ground-state se

FIG. 1. Approximate partial energy-level diagram for xen
showing transitions observed by Shiuet al. ~after Refs.@5,6#! re-
sulting from the dissociative recombination of Xe2

1 ions and elec-
trons. The arrows indicate the dominant transitions observed at
K. The thicker arrows indicate stronger intensities. A diagonal l
through a state indicates that transitions to that state were unob
able due to technical limitations.

TABLE I. Rate coefficients for the dissociative recombinati
of rare-gas dimer ions~from Ref. @19#!.

Ion Rate coefficient (1027 cm3 s21) at 300 K

He2
1 0.0006

Ne2
1 1.7

Ar2
1 9.1

Kr2
1 16

Xe2
1 23
05271
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ries limit at 97 834.4 cm21 or the spin-orbit2P1/2
o series limit

at 108 371.4 cm21. The single peaks observed at relative
larger kinetic energies~.0.5 eV! in most of the spectra in
Fig. 4 indicate that ionization yields the ground state2P3/2

o

level of Xe1. This is in accord with published expectation
@27#. The second peaks seen unexpectedly in the X*
8p@1/2#0 and Xe* 11p@1/2#0 spectra at lower kinetic ener
gies ~.3.5 eV! due to ionization to Xe1(2P1/2

o ) may be in-
dicative that these neutral atomic Rydberg levels suffer fr
interstate perturbations.

When similar REMPI photoelectron spectra were me
sured for the Xe* n f atomic levels, the results were found
be markedly different~Figs. 6 and 7!. Here, the lines could
be attributed to ionization originating from totally differen
lower-energy atomic states. In particular, the dominant f
tures arise from Xe* (5d) states, although some Xe* (6p)
states do appear in certain spectra. The assignments for
spectrum are listed in Table II.

Initially, it was thought that stimulated emission down
the lower-energy Xe* levels was the relaxation mechanis

00
e
rv-

FIG. 2. Schematic diagram of the apparatus used in the pre
study.

FIG. 3. A composite of three~211! REMPI excitation spectra
recorded for the132Xe mass in the region between 90 200 a
96 800 cm21.
2-2
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FIG. 4. REMPI photoelectron
spectra recorded by exciting~a!
Xe* np@1/2#0 levels, n58, 10,
and 11; ~b! Xe* np@3/2#2 , n
59 – 11; and ~c! Xe* np@5/2#2 ,
n59 – 11.
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prior to ionization. Consequently, experiments were carr
out to look for laser emission originating from the jet. How
ever, such a phenomenon was ruled out as no strong e
sion could be observed. The answer to this surprising con
drum can be found by examining the TOF mass spectra
the ions created during these two sets of experiments.
results following excitation of the Xe* 5 f @3/2#2 and Xe*
8p@1/2#0 levels, respectively, are shown in Figs. 8~a!–8~c!.
In both the Fig. 8~a! „Xe* 5 f @3/2#2←Xe(1S0)… and Fig. 8~b!
„Xe* 8p@1/2#0←Xe(1S0)… traces, the feature seen ne
m/z5130 amu corresponds to the formation of Xe1 by
~211! REMPI. However, in Fig. 8~a!, a diffuse feature ap-
pears nearm/z5270 amu which is attributed to the forma
tion of Xe2

1. The two mass spectra were taken under free
conditions that yielded a relatively low chamber press
(231025 mbar) implying a low jet density, and therefor
Xe2

1 was not believed to arise from the three-body asso
tion reaction:

Xe11Xe1Xe→Xe2
11Xe. ~2!

Evidence for reaction~2! can be seen, however, when Xe*
np states are excited under higher density free jet conditi
@indicated by a higher chamber background pressure,>3
31025 mbar, Fig. 8~c!#.

Further evidence for the selective formation of Xe2
1 fol-

lowing excitation of Xe* n f states, but not Xe* np excita-
tion, can be inferred from photoelectron spectra obtained
gating the electron spectrometer detection at different tim
Two different kinds of photoelectrons are possible above
first ionization limit of Xe2. One is a near-zero-kinetic
energy electron resulting from neutral Xe2 autoionization,
while the second faster~1.5–4 eV! electron is formed by
atomic Xe~211! REMPI ~Fig. 9!. Since they have differen
kinetic energies, the timing gates of the boxcar averager w
set accordingly when recording spectra. Specifically, the
electrons arrived at the detector'90 nsec after laser excita
tion, while the slower ones followed'50 nsec later. The
05271
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left-hand sides of Figs. 10~a! and 10~b! display photoelectron
spectra taken via the slow electron channel. A strong, ze
energy peak is seen for the Xe* 5 f excitation, which is ab-
sent from the Xe* 10p spectra. This peak arises from th
ionization of excited, neutral Xe2 molecules, which are no
formed at low pressures following Xe* 10p excitation.

What is seen to be happening here is the initial format
of Xe2* molecules followed by autoionization to produc
Xe2

1 via the reaction@28#

Xe* ~n f !1Xe~1S0!→Xe2* →Xe2
11e2. ~3!

This process is known as associative ionization, and gi
rise to the zero-energy electron peak seen in Fig. 10 and
Xe2

1 peak in the TOF mass spectrum in Fig. 8~a!. Since the
energy carried away by the electron is low, the result
ground-state Xe2

1 molecular ion must be left vibrationally
excited. At the same time, the electron density and the t
for reaction are such that the DR process

Xe2
11e2→Xe* 1Xe ~4!

FIG. 5. A schematic energy diagram showing the excitation a
ionization process for Xe* atomic terms.
2-3
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FIG. 6. REMPI photoelectron spectra recorded by exciting~a! Xe* 4 f @3/2#2 , ~b! Xe* 5 f @3/2#2 , ~c! Xe* 6 f @3/2#2 , ~d! Xe* 7 f @3/2#2 ,
and ~e! Xe* 8 f @3/2#2 atomic terms. Dominant neutral ionization channels are indicated. The features connected by a line indicate
state ionization, which yields both ground-state Xe1 spin-orbit components.
e
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can occur, where Xe* refers to the Xe* 5d and Xe* 6p
excited states observed in Figs. 6 and 7 and listed in Tabl

To summarize these results qualitatively, associative i
ization appears to proceed efficiently for Xe* n f (n54 – 8)
05271
II.
-

atoms in collision with ground-state Xe1S0 atoms, but much
less efficiently for Xe* np (n58 – 11) atoms under identica
conditions. This means that the reverse process of DR
vibrationally excited Xe2

1 ions with electrons tends to favo
neutral

FIG. 7. REMPI photoelectron spectra recorded by exciting~a! Xe* 4 f @5/2#2 , ~b! Xe* 5 f @5/2#2 , ~c! Xe* 6 f @5/2#2 , ~d! Xe* 7 f @5/2#2 ,

and ~e! Xe* 8 f @5/2#2 atomic terms. Dominant neutral ionization channels are indicated. The features connected by a line indicate
state ionization, which yields both ground-state Xe1 spin-orbit components.
2-4
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TABLE II. Kinetic energies and assignments for the record
photoelectron peaks of the atomic levels of Xe* (4 f – 8f ). ~Peaks
not determined are left blank!.

Atomic state Kinetic energy~eV! Assignment

Xe* 4 f @3/2#2 4.77 Xe* 4 f @3/2#2 (2P3/2
o )

4.52
3.86 Xe* 5d@3/2#1

o (2P3/2
o )

3.47 Xe* 5d@3/2#2
o (2P3/2

o )
3.09 Xe* 6p@1/2#1 (2P3/2

o )
2.59
2.14 Xe* 5d@3/2#2

o (2P1/2
o )

1.4

Xe* 4 f @5/2#2 4.78 Xe* 4 f @5/2#2 (2P3/2
o )

3.93 Xe* 5d@3/2#1
o (2P3/2

o )
3.67 Xe* 5d@5/2#2

o (2P3/2
o )

3.46 Xe* 5d@3/2#2
o (2P3/2

o )
3.08
2.59 Xe* 5d@3/2#1

o (2P1/2
o )

2.35 Xe* 5d@3/2#2
o (2P1/2

o )
2.07 Xe* 5d@3/2#2

o (2P1/2
o )

Xe* 5 f @3/2#2 5.23 Xe* 5 f @3/2#2 (2P3/2
o )

3.94 Xe* 5d@5/2#3
o (2P3/2

o )
3.61 Xe* 5d@3/2#2

o (2P3/2
o )

3.22 Xe* 6p@1/2#1 (2P3/2
o )

2.75
2.29 Xe* 5d@3/2#2

o (2P1/2
o )

1.90 Xe* 6p@1/2#1 (2P1/2
o )

Xe* 5 f @5/2#2 5.24 Xe* 5 f @3/2#2 (2P3/2
o )

4.80
4.07 Xe* 5d@3/2#1

o (2P3/2
o )

3.81 Xe* 5d@5/2#2
o (2P3/2

o )
3.59 Xe* 5d@3/2#2

o (2P3/2
o )

3.20
2.75 Xe* 5d@3/2#1

o (2P1/2
o )

2.28 Xe* 5d@3/2#2
o (2P1/2

o )

Xe* 6 f @3/2#2 5.49 Xe* 6 f @3/2#2 (2P3/2
o )

5.19
4.75
4.21 Xe* 5d@3/2#1

o (2P3/2
o )

3.70 Xe* 5d@3/2#2
o (2P3/2

o )
3.32 Xe* 6p@1/2#2 (2P3/2

o )
2.82
2.38 Xe* 5d@3/2#2

o (2P1/2
o )

2.01 Xe* 6p@1/2#1 (2P1/2
o )

Xe* 6 f @5/2#2 5.49 Xe* 6 f @5/2#2 (2P3/2
o )

4.94
4.19 Xe* 5d@3/2#1

o (2P3/2
o )

3.92 Xe* 5d@5/2#2
o (2P3/2

o )
3.69 Xe* 5d@3/2#2

o (2P3/2
o )

2.86 Xe* 5d@3/2#1
o (2P1/2

o )

Xe* 7 f @3/2#2 5.64 Xe* 7 f @3/2#2 (2P3/2
o )

4.18 Xe* 5d@3/2#1
o (2P3/2

o )
05271
the formation of Xe* n f (n54 – 8) final states over Xe* np
(n58 – 11). At this time a quantitative explanation cannot
offered for this striking difference. One possible reason t
was considered is a simple orbital size effect. The mean

TABLE II. (Continued).

Atomic state Kinetic energy~eV! Assignment

3.74 Xe* 5d@3/2#2
o (2P3/2

o )
3.35 Xe* 6p@1/2#1 (2P3/2

o )
2.42 Xe* 5d@3/2#2

o (2P1/2
o )

Xe* 7 f @5/2#2 5.65 Xe* 7 f @5/2#2 (2P3/2
o )

4.82
4.20 Xe* 5d@3/2#1

o (2P3/2
o )

3.96 Xe* 5d@5/2#2
o (2P3/2

o )
3.74 Xe* 5d@3/2#2

o (2P3/2
o )

3.35 Xe* 6p@1/2#1 (2P3/2
o )

2.88 Xe* 5d@3/2#1
o (2P1/2

o )

Xe* 8 f @3/2#2 5.74 Xe* 8 f @3/2#2 (2P3/2
o )

4.82
4.46
3.79 Xe* 5d@3/2#2

o (2P3/2
o )

3.42 Xe* 6p@1/2#1 (2P3/2
o )

2.94
2.46 Xe* 5d@3/2#2

o (2P1/2
o )

Xe* 8 f @5/2#2 5.74 Xe* 8 f @5/2#2 (2P3/2
o )

5.20
4.28 Xe* 5d@3/2#1

o (2P3/2
o )

4.06 Xe* 5d@5/2#2
o (2P3/2

o )
3.82 Xe* 5d@3/2#2

o (2P3/2
o )

2.95
2.15

FIG. 8. Time-of-flight mass spectra obtained by exciting the~a!
Xe* 5 f @3/2#2 and ~b! Xe* 8p@1/2#0 atomic levels under identica
experimental conditions.~Chamber pressure 231025 mbar.) ~c!
Time-of-flight mass spectra obtained by exciting the Xe* 8p@1/2#0

atomic level under conditions with a higher background cham
pressure (331025 mbar). In this case it is then possible to s
weak associative ionization occurring.
2-5
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dius of a particular Xe* atom was estimated using the fo
lowing hydrogeniclike equation@29#:

^r n* ,l&5
n* 2

z H 11
1

2 F12
l ~ l 21!

n* 2 G J a0 , ~5!

wherez is the charge of the ion core,l is the orbital angular
momentum, anda0 is the Bohr radius. The effective prin
ciple quantum number,n* , is equal ton2d, whered is the
quantum defect. If the resonant Xe atomic level frequencyn,
and the ionization potential of the atom,Vion , are known
@27#, n* can be calculated from the well-known Rydbe
formula

v5Vion2
R

n* 2 . ~6!

HereR is the Rydberg constant.

FIG. 9. ~a! Time-of-flight mass spectra gated for the arrival
~a! fast photoelectrons produced by REMPI and~b! slow photoelec-
trons produced by Xe2 autoionization.
05271
Calculations show, for example, that the mean radius
Xe* 11p@3/2#2 is 43.9 Å, which is approximately four time
larger than the mean radius of Xe* 4 f @3/2#2 ~9.26 Å!. More-
over, when N2 gas was introduced in the gas mixture
minimize the number of collisions between Xe atoms
simple dilution, Xe2

1 signals were still strongly detected
Hence it was concluded that orbital size is not a domin
criterion.

In Shiu et al.’s experiment@5,6#, it was observed that the
lower-energy Xe* np states~and in particular the Xe* 6p
states! were the dominant final channel for DR. In fact, th
channel has also been identified in this work as havin
contribution to the process, as seen in Table II. The ma
channel leading to Xe* 5d is, however, more often seen i
this work, and so may be more favored than the formation
Xe* 6p. The Xe* 5d channel could not be seen in the earli
experiments due to spectroscopic limitations, and so its
portance could not be accounted for. In other measurem
concerning the recombination of the rare-gas molecular i
Ne2

1, Ar2
1, and Kr2

1, Hardy and co-workers@14–17# have
identified channels forming (n11)s states in Ne, Ar, and Kr,
n52,3,4 as being major products of DR. Such states w
also not detected in Shiuet al.’s experiment since, being
metastable, they do not radiate after formation.

An examination of the crude potential energy curves
Xe2

1 and Xe2 in Refs. @30# and @31# indicates that states
dissociating to the Xe1Xe* 6p pass close to the minimum
of the potential well of Xe2

1 and thus could be a majo
channel for direct DR. Dimer states dissociating to Xe1Xe*
5d must lie quite close to these levels, and therefore inters
the Xe2

1 ground state in the vicinity of its lower vibra
tionally excited levels. Due to a lack of information on th
position and the shapes of the potential energy curves of
dimer Rydberg states dissociating to higher Xe* n states, and
in particular for those states that are participating in asso
tive ionization, we cannot comment on whyf states should
be favored overp states in this region. This would seem to b
a question of intrinsic interest to the theory of DR and to t
modeling of dynamical effects in the dissociation of hig
molecular Rydberg states. It certainly appears that cu
ly
w
tra

ly
w
tra
FIG. 10. ~a! Left-hand side: photoelectron
spectra recorded by exciting Xe* 5 f @5/2#2 ,
which shows the relatively large approximate
zero kinetic-energy peak obtained gating for slo
electrons; right-hand side: photoelectron spec
obtained by exciting Xe* 5 f @5/2#2 and gating for
fast electrons.~b! Left-hand side: photoelectron
spectra recorded by exciting Xe* 10p@5/2#2 ,
which shows the relatively small approximate
zero kinetic-energy peak obtained gating for slo
electrons; right-hand side: photoelectron spec
obtained by exciting Xe* 10p@5/2#2 and gating
for fast electrons.
2-6
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RESONANCE-ENHANCED MULTIPHOTON- . . . PHYSICAL REVIEW A 62 052712
crossings in this region favor an exit trajectory toward thf
states rather than thep states. This conclusion could not b
gleaned from earlier and slower~ms time scale! optically
based DR studies, and therefore our results demonstrate
dispersive photoelectron spectroscopy provides a powe
method to sample the short-time~ns time scale! dynamics in
this regard.

Another question that should be addressed with respe
Xe2

1 DR is the reason for the very high thermal rate coe
cient (2331027 cm3 s21), which is an order of magnitude
greater than rates for lighter diatomic ions such as O2

1.
Bates@19# has attempted to explain this in terms of it bei
an example of super-dissociative-recombination. This i
phenomenon where the recombination proceeds to high
dberg states so that the gradient of the crossing state is
low, leading to a very good Franck-Condon overlap betwe
the initial ion state and the intermediate molecular sta
Super-DR has been demonstrated for a number of exp
ments concerning the recombination of high vibrational le
els of H2

1 @32–34#. The fact that our results and others sho
that, for the case of Xe2

1 DR, lower states are favored ove
high Rydberg states perhaps weakens the argument
super-DR is responsible for the large rate.
I

l-
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o

on
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CONCLUSIONS

The experiment described in this paper demonstrate
method for obtaining state-specific information concern
the associative ionization and dissociative recombination
rare-gas dimer ions. This type of information is very nec
sary for modeling light source plasmas@35# and plasma dis-
play panels@36,37#. In future studies, we intend to examin
similar processes in neon, argon, and krypton gases, as
as rare-gas mixtures.
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