PHYSICAL REVIEW A, VOLUME 62, 052712
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Two-photon transitions from the ground state of atomic xenon gas:S¥g(to Xe* nf andnp 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 excitefl states withn=4-8 undergo rapid
associative ionization with ground-state xenon atoms to form” Xevhile those excited tmp states withn
=8-11 do not. Subsequent Xedissociative recombinatiofDR) favors exit channels where xenon atoms are
formed predominately in 6 and 5 excited states. Comparisons with older optical studies suggest that
photoelectron spectroscopy provides a simple but effective means of studying shofgirdd®R dynamics.

PACS numbse(s): 34.80.Gs, 33.60:q, 32.10-f, 33.15—¢

INTRODUCTION tain information concerning the relative importance of Ryd-
berg states with different angular momenta in the process of
The dissociative recombinatio(DR) of rare-gas dimer DR and its inverse reaction, associative ionization.
ions has been the subject of a number of experimental

[1-17] and theoretica[18,19 studies due to their impor- EXPERIMENTAL ARRANGEMENT
tance in laser[20] and vacuum-ultravioletVUV) light _ _
source[21] plasmas. The DR of %€ ions, which, as in the The apparatus used for this study, and shown schemati-

case of the other rare-gas dimer systems,{Nér,", and cally in Fig. 2, can operate as either a photoionization mass
Kr,"), exhibits a very large recombination raable ). On ~ Spectrometer or a photoelectron spectrometer. Since both
the other hand, H& behaves oppositefi1] and is currently ~modes of operation have been described fully elsewhere
the subject of a number of experimental and theoretical stud25], only the relevant details are presented here.

ies[22-24. An ~10% Xe/He gas mixture, at a backing pressure of
Shiu et al. [5,6] performed a spectroscopic study of the =114 psi, was introduced via a pulsed valve as a free jet into
DR process, a vacuum system maintained atl0” ® Torr. The gas pulse
duration was~=170 us, which typically resulted in a system
Xe,"+e~ —Xe* + Xe, (1) pressure increase t85x 10 ° Torr. Although this paper is

primarily concerned with atomic Xe spectroscopy, it should
and identified a number of different final-state channels. Irbe appreciated that under the experimental conditions above,
their experiments, they found that the channel leading teold Xe, is also formed.
xenon-atom formation in Xe6p states dominated the reac-  Tunable ultraviolet (UV) photons from a frequency-
tion. However, it must be said that their method was not ableloubled Nd:YAG pumped dye laser operating at a 10-Hz
to sample channels which led to the production of nonradirepetition rate were focused with &r=84cm quartz lens
ating metastable atoms, the ground-state channel, or otherto the jet~20 mm below the nozzle pinhole to produce
channels which produced radiation with a wavelength outexcited Xe atoms by resonant two-photon absorption. Laser
side the range of detection of their spectromd®800<\  wavelength calibration was achieved by using an Fe/Ne hol-
<8900 A). Xenon energy levels and the strongest lines obdow cathode lamp to record optogalvanic Ne spectra. Two-
served in fluorescence are shown schematically in Fig. 1. photon excited X& atoms were either subsequently ionized
Hardy and co-workers have developed a technique foby (2+1) REMPI by absorbing a third photon from the same
identifying final product states formed in the DR of rare-gasUV laser pulse, or, as shown in the next section, underwent
dimer ions, which relies on a determination of their kinetic associative ionization in certain excited states by collisions
energies and so is not spectroscopically limited. They aréo produce Xg". In either case, since the jet was located
capable, therefore, of studying recombination to metastablbetween the grids of a 1-m-long linear TOF mass spectrom-
atom channels, though as of this time they have not exameter, the ionized species could be mass dispersed inside the
ined Xg* [38]. TOF mass spectrometer and detected with a two-stage mi-
The present paper describes an experiment where th@ochannel plat¢éMCP) detector.
technique of resonance-enhanced multiphoton ionization Electrons arising from the ionization events could also be
(REMPI) coupled with time-of-flight TOF) mass spectrom- extracted in separate experiments into a double focusing
etry and photoelectron spectroscopy have been used to oblectrostatic analyzer whose entrance was located 180° to the
flight tube axis of the TOF mass spectrometer and horizon-
tally ~5 mm from the focus of the UV laser beam in the jet.
*Corresponding author. Email address: rlipson@julian.uwo.ca A MCP mounted at the exit slit of the spectrometer was used
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TABLE I. Rate coefficients for the dissociative recombination
i H Nd:YAG q ; Digital
of rare-gas dimer ionffrom Ref.[19]). Pump Lacer ol
T
lon Rate coefficient (10’ cms™%) at 300 K Hammoni Lm
He," 0.0006 t
17 =
2 4 ' & Optogalvanic gh 5
AI’2 9.1 Wavemeter Acquistion Eé %
+ BBO crystal & n
KI’2+ 16 0=2v, E é '
Xe, 23
f=84cm
. . . . . N Babinet-Soleil
for detection. The kinetic-energy full width at half maximum < Compensator U
was experimentally determined to bel70 meV at 5-eV
paSS energy' ) ) . <<<\ Photoelectron
All MCP and optogalvanic signals were each processed ir Spectrometer

separate integrator/boxcar averagers, digitized, and stored In

a computer. FIG. 2. Schematic diagram of the apparatus used in the present

study.

RESULTS AND DISCUSSION . .. 1 . .20 . _—
ries limit at 97 834.4 cm' or the spin-orbit?P9,, series limit

Figure 3 shows a composite of threz+1) REMPI spec-  at 108 371.4 cm'. The single peaks observed at relatively
tra for 132Xe between 90200 and 96 800 cfiLines involv-  larger kinetic energie$>0.5 eV) in most of the spectra in
ing excited-state terms with configurations*Xef[3/2],,  Fig. 4 indicate that ionization yields the ground sta®,
nf[5/2],, n=4-8, X& np[1/2]y, np[3/2],, andnp[5/2],  |evel of Xe". This is in accord with published expectations
with n=8-11 are readily observed. These states all lig27]. The second peaks seen unexpectedly in thé& Xe
above the first ionization potential for Xat 90139.7 cm’ 8p[1/2], and Xé& 11p[1/2], spectra at lower kinetic ener-
[26]. gies (>3.5 e\) due to ionization to X&(?PJ,,) may be in-

Photoelectron spectra, obtained by+(2) REMPI at an  gjcative that these neutral atomic Rydberg levels suffer from
appropriately fixed UV laser wavelength, are shown in Figsinterstate perturbations.

4(@)-4(c) for the Xe&" np[1/2], (n=8,10,11),np[3/2]3, n When similar REMPI photoelectron spectra were mea-
=9-11, andnp[5/2],, n=9-11 levels, respectively. The syred for the X& nf atomic levels, the results were found to
identity of the parent ion cores could be unambiguouslybe markedly differentFigs. 6 and Y. Here, the lines could
identified by measuring the electron kinetic energies with theye attributed to ionization originating from totally different,
electron spectrometer. As illustrated schematically in Fig. 5jower-energy atomic states. In particular, the dominant fea-
an atomic Xe term can display one of two separate ionizatiofyres arise from X& (5d) states, although some Xd6p)
potentials corresponding to either tAB3, ground-state se- states do appear in certain spectra. The assignments for each
spectrum are listed in Table II.
* Initially, it was thought that stimulated emission down to

e @) Xe - the lower-energy Xe levels was the relaxation mechanism
€ 1/2-
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FIG. 1. Approximate partial energy-level diagram for xenon k oo
. e . 10l L] 1 1 Lo ol aobaaaaly 1 1 1 i 1 n
showing transitions observed by Sheti al. (after Refs.[5,6]) re- 97000 96500 96000 95500 95000 94500 94000 93500 93000 92500 92000 91000 90500
sulting from the dissociative recombination of Xeions and elec- WAVE NUMBER (cni")

trons. The arrows indicate the dominant transitions observed at 300
K. The thicker arrows indicate stronger intensities. A diagonal line  FIG. 3. A composite of thre€2+1) REMPI excitation spectra

through a state indicates that transitions to that state were unobsemecorded for the'®>Xe mass in the region between 90200 and
able due to technical limitations. 96 800 cm .
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prior to ionization. Consequently, experiments were carriedeft-hand sides of Figs. 18 and 1@b) display photoelectron
out to look for laser emission originating from the jet. How- spectra taken via the slow electron channel. A strong, zero-
ever, such a phenomenon was ruled out as no strong emisnergy peak is seen for the X&f excitation, which is ab-
sion could be observed. The answer to this surprising conursent from the X& 10p spectra. This peak arises from the
drum can be found by examining the TOF mass spectra obnization of excited, neutral %emolecules, which are not
the ions created during these two sets of experiments. Thigrmed at low pressures following XelOp excitation.

results following excitation of the Xe5f[3/2], and X¢& What is seen to be happening here is the initial formation
8p[1/2], levels, respectively, are shown in FigsaB-8(c).  of Xe,* molecules followed by autoionization to produce
In both the Fig. 8) (Xe* 5f[3/2],«Xe(*Sy)) and Fig. 80)  Xe," via the reactiorj28]

(Xe* 8p[1/2]o—Xe(*Sy)) traces, the feature seen near

m/z=130amu corresponds to the formation of *Xdy Xe* (nf)+Xe('Sy) —Xe,* —Xe," +e. (€
(2+1) REMPI. However, in Fig. &), a diffuse feature ap- ] ) S )
pears neam/z=270 amu which is attributed to the forma- This process is known as associative ionization, and gives
tion of Xe,". The two mass spectra were taken under free jef'S€ 0 the zero-energy electron peak seen in Fig. 10 and the
conditions that yielded a relatively low chamber pressure¥€2” Peak in the TOF mass spectrum in Figa8 Since the
(2% 105 mbar) implying a low jet density, and therefore €N€ray carried away by the electron is low, the resultant

Xe," was not believed to arise from the three-body associadround-state Xg¢ molecular ion must be left vibrationally
tion reaction: excited. At the same time, the electron density and the time

for reaction are such that the DR process

+ +
+Xe.
Xe™ +Xe+Xe—Xe, +Xe (2 Xe," +e —Xe* +Xe (4)
Evidence for reactiorf2) can be seen, however, when*Xe
np states are excited under higher density free jet conditions \ va o . i
[indicated by a higher chamber background presse®, =~ ~° 77 TTTTTTLTTpTTTTTUC Xe P, +e IP=108371.4cm

X10 °mbar, Fig. 8)]. b b Xe ’P, 0 +¢ TP =97834.4 cm’
Further evidence for the selective formation of,Xédol-
lowing excitation of X& nf states, but not Xenp excita-
tion, can be inferred from photoelectron spectra obtained by
gating the electron spectrometer detection at different times
Two different kinds of photoelectrons are possible above the
first ionization limit of Xe. One is a near-zero-kinetic-
energy electron resulting from neutral Xautoionization,
while the second faste(l.5—-4 eV} electron is formed by
atomic Xe(2+1) REMPI (Fig. 9). Since they have different
kinetic energies, the timing gates of the boxcar averager wer Ground State Xe(‘so)
set accordingly when recording spectra. Specifically, the fast
electrons arrived at the detects”90 nsec after laser excita- FIG. 5. A schematic energy diagram showing the excitation and
tion, while the slower ones followeek50 nsec later. The ionization process for Xeatomic terms.

Excited State Xe'
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FIG. 6. REMPI photoelectron spectra recorded by excit®gre* 4f[3/2],, (b) Xe* 5f[3/2],, (c) Xe* 6f[3/2],, (d) Xe* 7f[3/2],,
and (e) Xe* 8f[3/2], atomic terms. Dominant neutral ionization channels are indicated. The features connected by a line indicate neutral
state ionization, which yields both ground-state"Xapin-orbit components.

can occur, where Xerefers to the X& 5d and Xé& 6p atoms in collision with ground-state XS, atoms, but much

excited states observed in Figs. 6 and 7 and listed in Table lless efficiently for X& np (n=8-11) atoms under identical
To summarize these results qualitatively, associative ioneonditions. This means that the reverse process of DR of

ization appears to proceed efficiently for’Xef (n=4-8)  vibrationally excited Xg" ions with electrons tends to favor

Xe 5d[5/2]

Tg| Al 32
BE Xe' 5d[3/2 G 2 E _
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FIG. 7. REMPI photoelectron spectra recorded by excit®ge* 4f[5/2],, (b) Xe* 5f[5/2],, (c) Xe* 6f[5/2],, (d) Xe* 7f[5/2],,
and(e) Xe* 8f[5/2], atomic terms. Dominant neutral ionization channels are indicated. The features connected by a line indicate neutral
state ionization, which yields both ground-state"apin-orbit components.
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TABLE II. Kinetic energies and assignments for the recorded TABLE II. (Continued)
photoelectron peaks of the atomic levels of*Xgtf—8f). (Peaks
not determined are left blank Atomic state Kinetic energyeV) Assignment
Atomic state Kinetic energyeV) Assignment 3.74 Xe* 5d[3/2]3 (°PS),)
3.35 Xe* 6p[1/2]; (3PS,
Xe* 4f[3/2] 4.77 Xe* 4f[3/2], (*PS) 2.42 Xe* 5d[3/2]3 (2P,
4.52
3.47 Xe* 5d[3/2]3 (2PY,) 4.52 § -
3.09 Xe* 6p[1/2]1 (2P3/2) 4.20 Xe 5d[3/2]1( P3/2)
259 3.96 Xe* 5d[5/2]3 (°P3;)
14 3.35 Xe* 6p[1/2]; (3PS,
2.88 Xe* 5d[3/2]3 (°P3))
Xe* 41[5/2], 4.78 Xe* 41[5/2), (2P . o
3.67 Xe* 5d[5/2]3 (2P%) 4.82
3.46 Xe* 5d[3/2]3 (2PY,) 4.46
3.08 3.79 Xe* 5d[3/2]3 (°P3)
259 Xe* 5d[3/2]g (2P2/2) 3.42 Xe* 6p|:1/2]1 (ng/Z)
2.35 Xe* 5d[3/2]3 (2P2,) 2.94 . o oo
Xe* 5f[3/2]2 523 Xe* 5f[3/2]2 (Zpg/z) Xe* 8f[5/2]2 574 Xe* 8f[5/2]2 (2Pg/2)
3.94 Xe* 5d[5/2]3 (2PY,) 5.20 . -
3.61 Xe* 5d[3/2]g (Zpg/Z) 4.28 Xe 5d[3/2]1 (2P3/2)
3.22 Xe* 6p[1/2]1 (ZPgIZ) 4.06 Xe* 5d[5/2]g( Pg/?)
275 3.82 Xe* 5d[3/2]3 (°P3))
2.29 Xe* 5d[3/2]3 (2P%,) ;?:
1.90 Xe* 6p[1/2]; (3PS .
Xe* 5f[5/2], 5.24 Xe* 5f[3/2], (°P%,)
4.80 the formation of X& nf (n=4-8) final states over Xenp
4.07 Xe* 5d[3/2]9 (2PY,,) (n=8-11). At this time a quantitative explanation cannot be
3.81 Xe* 5d[5/21° (2P° offered for this striking difference. One possible reason that
[5/2]3 (“P3p)
3.59 Xe* 5d[3/2]3 (?PY,) was considered is a simple orbital size effect. The mean ra-
3.20 -
2.75 Xe* 5d[3/21 (P @) S
2.28 Xe* 5d[3/2]3 (?PS)) % Xe'513/2],
& _ .5
Xe* 6f[3/2], 5.49 Xe* 6f[3/2], (2PYy) gl b e m2x 10 mbr
5.19 ~ 100 120 140 160 180 200 220 240 260 280 300
4.75 b) f S —
4.21 Xe* 5d[3/2]9 (?P%,) 2 Xe'8p[1/2],
3.70 Xe* 5d[3/2]3 (2PY,) 2 P, =2x10° mbar
2po = P DTSR RN B BN S BN B EFEPE SPEEr R
g’g; Xe* 6p[1/2], (*P3y) - 1(IJO 120 140 160 180 200 220 240 260 280 330
- 9 3 A
2.38 Xe: 5d[3/2]5 (EP%Z) g Xe'8p[1/2],
2.01 Xe* 6p[1/2]; (2P3)) 5 P =3x10° mbar
Xe* 6f[5/2], 5.49 Xe* 6f[5/2], (°PS;) e e e .1;30. 200 0 240 280 280 300
4.94 mass to charge ratio, m/z
4.19 Xe* 5d[3/2]9 (?P%,)
3.92 Xe* 5d[5/2]3 (2P%,) FIG. 8. Time-of-flight mass spectra obtained by exciting (@e
3.69 Xe* 5d[3/2]§ (nglz) Xe* 5f[3/2], and (b) Xe* 8p[1/2], atomic levels under identical
> 86 o+ 5d[3/2]§ (ng’ experimental conditions(Chamber pressure>210~°mbar.) (c)
' 1 (°P1) Time-of-flight mass spectra obtained by exciting the* >8p[ 1/2],
Xe* 7f[3/2 5.64 Xe* 7f[3/2], (2P° atomic level under conditions with a higher background chamber
[3/2], [3/2]; (“P3p)
* 0 (2p0 ressure (X10 Smbar). In this case it is then possible to see
4.18 Xe* 5d[3/2)¢ (2PY,) p ( p

weak associative ionization occurring.

052712-5



X. K. HU, J. B. A. MITCHELL, AND R. H. LIPSON

PHYSICAL REVIEW A62 052712

a) fast electrons Calculations show, for example, that the mean radius for

Photoelectron signal (arb. units)

Xe* 11p[3/2], is 43.9 A, which is approximately four times
larger than the mean radius of Xdf[3/2], (9.26 A). More-
over, when N gas was introduced in the gas mixture to
minimize the number of collisions between Xe atoms by
simple dilution, Xe" signals were still strongly detected.
b) slow electrons Hence it was concluded that orbital size is not a dominant
criterion.

In Shiuet al's experimen{5,6], it was observed that the
lower-energy Xé&np states(and in particular the Xe 6p
state$ were the dominant final channel for DR. In fact, this
channel has also been identified in this work as having a

contribution to the process, as seen in Table Il. The major
o Pt ! channel leading to Xe5d is, however, more often seen in

0.2 -0.1 0.0 0.1 0.2 03 0.4 05 0.6
Time (usec)

this work, and so may be more favored than the formation of

Xe* 6p. The X& 5d channel could not be seen in the earlier
FIG. 9. (@) Time-of-flight mass spectra gated for the arrival of €XPeriments due to spectroscopic limitations, and so its im-
(a) fast photoelectrons produced by REMPI dbjislow photoelec- ~ Portance could not be accounted for. In other measurements
trons produced by Xeautoionization. concerning the recombination of the rare-gas molecular ions
Ne,", Ar,", and Kr", Hardy and co-workerfl4—-17 have
dius of a particular X& atom was estimated using the fol- identified channels formingn(+ 1)s states in Ne, Ar, and Kr,
lowing hydrogeniclike equatiof29]: n=2,3,4 as being major products of DR. Such states were
also not detected in Shiet al's experiment since, being

I(1-1)

n*2

n*?2 1
<rn*,|>27[l+§ 1-

metastable, they do not radiate after formation.
] ao, (5) An examination of the crude potential energy curves for
Xe," and Xe in Refs.[30] and[31] indicates that states

dissociating to the X¢Xe* 6p pass close to the minimum
wherez is the charge of the ion coréjs the orbital angular of the potential well of Xg" and thus could be a major
momentum, andh, is the Bohr radius. The effective prin- channel for direct DR. Dimer states dissociating tote*
ciple quantum numben*, is equal ton— &8, wheredis the  5d must lie quite close to these levels, and therefore intersect
quantum defect. If the resonant Xe atomic level frequemncy, the Xe™ ground state in the vicinity of its lower vibra-
and the ionization potential of the atorw,,,, are known tionally excited levels. Due to a lack of information on the
[27], n* can be calculated from the well-known Rydberg position and the shapes of the potential energy curves of the

formula dimer Rydberg states dissociating to highei* Xestates, and
in particular for those states that are participating in associa-
R tive ionization, we cannot comment on wifiystates should
v=Vion— P (6)  be favored ovep states in this region. This would seem to be

a question of intrinsic interest to the theory of DR and to the

modeling of dynamical effects in the dissociation of high

HereR is the Rydberg constant. molecular Rydberg states. It certainly appears that curve
Slow electrons Fast electrons
a) (exciting Xe' 5f[5/2]) (exciting Xe' 51[5/2],)
Eb g Tgi:g FIG. 10. (a) Left-hand side: photoelectron
%’ Z g £ spectra recorded by exciting Xe5f[5/2],,
g 3;: § < which shows the relatively large approximately
N j§ 2 zero kinetic-energy peak obtained gating for slow
:’% E £ 5 electrons; right-hand side: photoelectron spectra
ettt R EETPTRTET T P PRI ErTs obtained by exciting X& 5f[5/2], and gating for
0.005101520253.0354045505560 .0 0.5 1.0 152025 3.0 3.5 404550558 . .
PHOTOELECTRON KINETIC ENERGY (eV) PHOTOELECTRON KINETIC ENERGY (eV) fast electrons(b) Left—hano_l _S|de. photoelectron
spectra recorded by exciting XelOp[5/2],,
b) Slow electrons g 2 { Fastelectrons which shows the relatively small approximately
== % § . inetic- i i
= . . 4 o zero kinetic-energy peak obtained gating for slow
2 ting Xe 1 g exciting Xe 10p[5/2 . .
% g (exciting Xe 10p[5/2],) g E ( & P(5/2L,) electrons; right-hand side: photoelectron spectra
£E s E obtained by exciting X& 10p[5/2], and gatin
E & g g y g 2 gating
g2 22 for fast electrons.
2 o ha
0005101520253035404550556.0 0.0051.015202530354045505560
PHOTOELECTRON KINETIC ENERGY (eV) PHOTOELECTRON KINETIC ENERGY (eV)
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crossings in this region favor an exit trajectory toward the CONCLUSIONS
states rather than thestates. This conclusion could not be
gleaned from earlier and sloweus time scalg optically The experiment described in this paper demonstrates a

based DR studies, and therefore our results demonstrate thékthod for obtaining state-specific information concerning
dispersive photoelectron spectroscopy provides a powerfithe associative ionization and dissociative recombination of
method to sample the short-tinfes time scaledynamics in  rare-gas dimer ions. This type of information is very neces-
this regard. . _ sary for modeling light source plasmgg5] and plasma dis-
Another question that should be addressed with respect tﬂay paneld36,37. In future studies, we intend to examine

Xe;" DRis thﬁ reason for the very high thermal rate coeffi-jmiar processes in neon, argon, and krypton gases, as well
cient (23x10 "cm®sY), which is an order of magnitude as rare-gas mixtures.

greater than rates for lighter diatomic ions such as.O
Bates[19] has attempted to explain this in terms of it being
an example of super-dissociative-recombination. This is a
phenomenon where the recombination proceeds to high Ry-
dberg states so that the gradient of the crossing state is shal- .
low, leading to a very good Franck-Condon overlap between This work was supported by the Natural Sciences and
the initial ion state and the intermediate molecular stateEngineering Research Council of Canada, and the University
Super-DR has been demonstrated for a number of experﬂf Western Ontario. The authors thank Professor D. W. Set-
ments concerning the recombination of high vibrational lev-ser for valuable suggestions. X. K. H. is grateful to the On-
els of H,* [32—34. The fact that our results and others showtario government for financial support. R. H. L. would like to
that, for the case of X& DR, lower states are favored over thank CNRS for financial support at the University of
high Rydberg states perhaps weakens the argument th&ennes.

super-DR is responsible for the large rate.
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