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The field-ionization of near-dissociation ion-pair states of | 5

T. Ridley,¥ M. de Vries, K. P. Lawley, S. Wang,” and R. J. Donovan
Department of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh, EH9 3JJ,
United Kingdom

(Received 15 March 2002; accepted 9 July 2002

Using a resonant multiphoton excitation pathway, it is shown that electronic states down t630 cm
below the first ion-pair dissociation threshold of ¢an be efficiently converted from initially
prepared well-defined low-states to long-lived £;>4 us), subthreshold zero ion kinetic energy
(ZIKE) ion-pair states which are analogous to high, zero electron kinetic energy, Rydberg states. A
pulsed electric field is used to dissociate the ZIKE states and produce free-ion(ipaird"

+17). Direct excitation to very high vibrational levels of the ion-pair states is ruled out and
polarization data are used to probe the spectroscopic character of the doorway states to free-ion
formation. The ion-pair dissociation limit, determined from the extrapolation to zero field of the
onset of the prompt'l/1~ signal, agrees well with the literature value. ZD02 American Institute

of Physics. [DOI: 10.1063/1.1503777

I. INTRODUCTION old is again below the molecular IE. In these multiphoton

) o _excitation experiments, small dc fields are applied during the

Only about 50 examples of photodissociative ion-pair«zero-field” time delay period in order to determine the ion-

formation, AB+hv—A*+B", are known even though this  pajr dissociation limit from the extrapolation to zero field of
channel is available to all molecules if the anion B stable  the onset of the ion signal. Previous threshold ion spectra
to autodetachment. Following on the success of thresholgere usually only recorded in the positive ion charfifet?
photoelectron spectroscopy, Martin and HepBdrfound — The spectra to be presented here could be equally well re-
that subthreshold ion-pair states are long-lived states anal@yrded in either the™l or I~ channel. The 1 signal was
gous to highk, zero electron kinetic enerdy EKE), Rydberg  recorded as it has the advantage of not being swamped by
states! They designated the technique threshold ion-pair projons produced by photodissociation of the parent molecular
duction spectroscopyTIPPS and applied it to the study of jon |5 and hence a discrimination field is not necessary,

O, (Ref. 2 and HCI® The exact analogy between these sta-nless it is used to further explore the ZIKE states.
bilized ion-pair states and the precursor ZEKE stévesere

the vibrational quantum numbew, of the former is analo-
gous to the principal quantum number, of the Rydberg
statg suggests calling them ZIKEzero ion kinetic energy
states.

The work on Q and HCI, as well as subsequent
studies® on H,, D,, and HS, involved single-photon exci-

II. EXPERIMENT

The apparatus comprised a dual laser system, a pulsed
tation to ionic dissociation limits which lie above the first molec_ular beam, a tlme-of-fhgr(fl'OF) mass spectromete_r,
ionization energy(IE) of each molecule. In a previous and signal collection electronics. The laser system consisted

' of two independently tunable dye lasdes Lambda Physik

paper’ we have shown that multiphoton pathways can b .
used to access the ZIKE states of ICI, which were then dsl_:LSOOZ and a Lambda Physik FL200gumped by a XeCl

tected in the T or CI~ mass channel by pulsed-field disso- excimer lasera Lambda Physik EMG201IMSCThe funda-

ciative ionization. In ICI, as in most of the halogens, interh—mental’vl’ gnd frequency .double(?b,z, outp.uts. of j[he dye
C153 were introduced collinearly into the ionization cham-

alogens and alkyl halides, the ion-pair threshold lies belov\ber via a 6 cnfocal length lens. The visible radiation and its

the molecular IE. The atomic ion production channels ar . .
highly structured both above and below the free-ion thresrﬁrequency doubled output were focused at slightly different

A . istances from the lens. The lens was positioned such that
old, indicating the role of doorway states which are couple - ; : :

. : : . he visible output was focused in the detection region of the
to the dense manifold of ion-pair states just below threshol

OF mass spectrometer whilst the UV output was slightly

and the continuum above. . . . ... _defocused at this point. In addition, the frequency doubling
In the present work we investigate the near-d|ssocuat|org:r stal was slightly detuned from its optimum  doublin
region of the ion-pair states of Wwhere the ion-pair thresh- Y ghtly P 9

angle. Both measures were taken to produce the correct bal-

ance of laser powers to achieve the required excitation path-

dAuthor to whom all correspondence should be addressed; electronic mailyay. The fundamental output of C153, from a second laser,
tr01@holyrood.ed.ac.uk ; ; ; :

Ypresent address: Molecular Spectroscopy Group, Steacie Institute for M(ErOVIded the pr?be ph0t0m3' This Wa_S directed into the
lecular Sciences, National Research Council of Canada, 100 Sussex Drivehamber at 18(_) to the pump _b_eams via a second 6 cm focal
Ottowa, K1A OR6, Canada. length lens. This lens was positioned such that the foci of the

0021-9606/2002/117(15)/7117/5/$19.00 7117 © 2002 American Institute of Physics
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visible outputs of the pump and probe lasers coincided. Laser 100

. . X[2I ] I +
wavelengths were calibrated from thefluorescence excita- 32
tion spectrum. :

The two counterpropagating dye laser beams intersectec
the molecular beam at 90° between two electrodes separate g |
by a distance of 1.6 cm. A high positive or negative potential
was applied to the upper electrode, while the lower electrode | e
at the entrance to the TOF tube was grounded. The lower
electrode contained a 1.5-mm-diam pinhole through which
ions passed before entering the 52-cm-long flight tube which
was terminated by a microchannel plak¢CP) detector. For
the field-induced dissociation experiments, a high voltage 5
pulse(1.25 kV/cm with a 20 ns rise time and a duration of =
2 us, at a variable time delay after the laser pulse, was usec~ 40 F
to complete the dissociation of any long-lived ion-pair states g
just below dissociation. This field, according to its direction, > 3 v
also served to accelerate positive or negative ions into the
flight tube. A variable dc voltage of up t430 V could also 20k
be applied to the upper electrode.

The TOF profiles were recorded on a Lecroy 9344 digi-
tal oscilloscope. The excitation spectra were recorded by
processing the signal from the MCP detector with a Stanford
Research SR250 boxcar and storing it on a PC.

The pulsed jet system was of conventional design and
employed a commercial pulsed valg@eneral Valve, nozzle Py
diameter 250um). Helium or argon at a pressure of 200— R/A
400 Torr was passed over solig &t room temperature and

the resulting mixture of,l and carrier gas expanded through FIG. 1. The multiphoton excitation pathway via=20 of theB(0;) and
the nozzle v=168 of theE(O ) states of J. Also shown are typical Rydberg states
' which can act as doorway states to free-ion formation.

17, 16/

B(Ou+) I(ZPB/Z) * I(2})1/2)

1P, )+1P )

X(0g+) 3

IIl. RESULTS AND DISCUSSION

A. lon-pair formation using three-color multiphoton
excitation

fluorescence in a static cell at room temperature, a very dif-
ferent picture emerges. The strong accidental resonances ob-
served in a jet-cooled experiment are now all very weak, less
lon-pair formation from § using multiphoton excitation than one-tenth of the intensities of the strongest bands. The
was investigated in a two-laser, three-color experiment usintatter are now optimized double resonances, i.e., the pump
a dye laser fundamental;, and its frequency doubled out- step is excited by radiation that comes from the peak of the
put, v,, (2v,) to pumpv—168 of theE(O ) ion-pair state v, laser line and not from the wing. These optimized double
via v=20 of theB(0,/) state, through an accidental double resonances involve highlevels which have very low popu-
resonance. The third color was used to probe the energy réations under jet-cooled conditions.
gion around the first threshold for ion-pair formation, by One result of this analysis of the jet-cooled spectrum is
scannings in the range 18 000—19 000 ¢t as illustrated  that the two-photon transition energy is not exactly equal to
in Fig. 1. An accidental resonance in which, 3vq. In an experiment in which the ion-pair dissociation
~17 900 cm * was chosen because the total three-photon erthreshold is to be measured, the crucial factor is the total
ergy (v, +v,+v,) lies below the ion-pair formation thresh- energy of thel level populated in the intermediate ion-pair
old. Thus, competition between ion-pair formation by ab-state. This can be determined most accurately by a rotational
sorption of a secona, photon and av; photon at the third band contour simulation of thE(Og)HB(OJ) transition,
step can be minimized. from which it was shown that the rotational level accessed in
In the present experiment, an accidental resonance othe E(O ) state isJ~13. Using the known term value of
curs whenv, is exactly equal to the energy of an allowed 53 675. 5 cm? for v=168 of this stattand an estimate®
transition between rovibronic Ievels of tB€0,) andE(O ) value of 0. 014 cm?, it was calculated that thid level is
states and; lies within =2 cm* of a transition WhICh ex- 53678.0 cm above v=0, J=0 of the ground state. The
cites the appropriate rovibronic level in tBeéOu ) state from  error limits on this value, arising from the uncertainties in the
the ground state. Under these circumstances, there is sorterm value, theB value and the numbering of thielevel are
v, radiation that comes from the tail of the laser line, and isestimated to be<s+2 cm *. This is the dominant source of
hence very weak, that can excite the very efficient pumghe error limits of the observed free-ion dissociation thresh-
stage. In a pulsed molecular bedjat-cooled experiment, old values.
only accidental resonances involving lovlevels are ob- The I and I production spectra are shown in Fig. 2.
served strongly. When the same energy region is studied vi@he first ion-pair threshold for,lis calculated to occur at
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g FIG. 2. The three-color free-ion formation spectrum of
-~ I, recorded via the'l (a) and I (b) mass channels with
= no delay on the extraction pulse; (o) the extraction
EQ pulse was delayed by 385 ns. The energy scale is rela-
7 tive tov=0, J=0 of the ground state. The field-free and
g L field-induced thresholds are marked by arrows. Aster-
— isks denote weak bands due tes{ v,+ v3) transi-

L * ;

(a) I+ * tions.
W
. ] . ! . ] A ! A 1 . 1 .
71700 71800 71900 72000 72100 72200 72300 72400
Total energy / cm-!

72062 cm?, using the literature valuds' for the IE of I,  states in the ion-pair formation process. The features marked

84295 cm'!, the electron affinity of |, 24673 cit, and the  with an asterisk in Fig. 2 are caused by two-coles andv,
dissociation energy of the ground state of 12440 cm™. only) signals.

Thg[ spectrurplin Fig. ) shows a clear onset at 71864 The highly structured ion-pair spectra gf Irecorded in

cm =, ~200 cm * below this field-free value of the lowest poth the I and I” mass channels, reveal the presence of
ion-pair formation threshold. This value is consistent Withdoorway states that are coupled to the dense manifold of
the decrease_ expected from t/r21e apphegl figid,of 1.25  near dissociation vibrational levels of ion-pair states con-
kV/cm according to the usualf6’? electric field dependence verging on the first dissociation limit of [3P,) + 1~ (}Sy)
observed in ZEKE spectroscopy. Above the threshold, thepen peiow this threshold, and equally to the ion-pair con-

. : o
spectra of f an(_j I are a"’T‘OSt identical, but _the Isignal tinua when above. Using the present intermediate state, only
continues, albeit weakly, in the energy region below the, . ;

and 1, doorway states can be accessed and the ion-pair

! . . 0

field-lowered threshold where, on energetic grounds it can" . .

only be formed by the absorption of another photon to astate; to which they are+ coupled, assuming homogeneous
dissociative state ofz*l. The fact that there is very little’| couplmg,_mu.st be th&(0y )_and v(1y) _sta_tes._

ion signal below the threshold in the spectrum shown in Fig. Polarization data can give further insight into the nature
2(a) is due to there being only a few resonant intermediateolc the doorway states. Figure 3 shows the TOF profile of the
states available to assist the photoionization process. AboJe Signal following a three-photon excitation of 72267
threshold, the 1 and I signals are of roughly equal inten- €M %, ~200 cni* above the dissociation threshold after a
sity, indicating that the ion-pair dissociation channel is thedelay of 700 ns. The polarization experiments were carried
dominant process in this region. The highly structured specout with the two pump photons;; andv,, always polarized
trum, with little or no continuum ion-pair production be- perpendicular to each other. This produces a broad, though
tween individual peaks, indicates the crucial role of doorwaynot quite isotropic, distribution ah; sublevels of theE(Oé’)

r T T T 1 T
o
5 r
< -
< F
= [
=1
%D r FIG. 3. TOF profiles of thel signal recorded follow-
& F (b) ing excitation~200 cn ! above the free-ion formation
S F threshold using probe photons which were polarized
~r parallel(a) and perpendiculatb) to the TOF axis. The
= | extraction pulse was delayed by 700 ns.
- (a)
[ . 1 A 1 . 1 A
14.5 15.0 15.5 16.0 16.5

TOF / ps
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state, as can be seen from the very similar areas under tmeolecular beam. It is estimated that the molecules will have
two TOF spectra when the plane of polarization of the probdraveled approximately 2 mm in 4s which should be com-
photon is turned through 90°. pared with the 1.5 mm aperture through which the ions are
The fast and slow arrivals of the double-peaked TOFcollected. When He, at the same backing pressure as Ar, was
profile shown in Fig. 8a) are characteristic of free ions, cre- used as the carrier gas, it was found that ZIKE ions can only
ated with kinetic energy by photolysis, that are initially mov- be observed with delays less thamu&. In the Ar expansion,
ing either towardslow), or away from(fas?), the entrance to the molecules travel with a lower postexpansion velocity and
the flight tube. This was recorded with the electric vecépr, hence spend a longer time in the detection region.
of the probe photon parallel ip the TOF axis. Wheia of the These delayed pulsed-field dissociation experiments
probe photon is perpendicular i the bimodal TOF spec- show the existence of long-livegd-4 us) ion-pair states of,l
trum is replaced by a single-peaked one, as shown in Figdown to 30 cm? below the dissociation limit. In ICl, they
3(b). If the probe transition is a perpendicular one aiid, have been observed 50 cfbelow the limit’ These states
molecules withlliz (high m; stateg are preferentially disso- are analogous to the high lying ZEKE Rydberg states which
ciated, scattering the ions largely perpendicularztand  have been observed down to only 10 ¢nbelow the ioniza-
hence leading to a single-peaked TOF profile. If the probdion energy. The conversion of the Rydberg doorway states
transition is a parallel one, molecules wifh z (low m; into these long-lived states is favored by the high density of
state$ are preferentially dissociated, leading to scatteringon-pair vibronic levels. An important difference between
predominantly in thet z direction and hence a bimodal TOF threshold heavy ion states and their electronic counterparts
profile. If € is perpendicular t@, the above-mentioned pat- (Rydberg states witm=100) is that, since the effective
terns are reversed, the bimodal distribution now being assdRydberg constant is proportional to the reduced mass of the
ciated with a perpendicular final transition. A bimodal TOF ion pair, there is a much greater density of states at a given
spectrum is clearly seen wheithz, indicating a parallel tran- energy below threshold in the case of ion-pair states. For
sition. The profiles shown in Fig. 3 were recorded using aexample, at a binding energy of10 cm %, the density of
single transition chosen at random; a more systematic studyigh-v ion-pair states is 200 times higher than that of high-
will have to be undertaken to see if all of the doorway statesRydberg states.
accessed from this particular intermediate state, haye 0 A further consequence of the larger reduced mass in
symmetry. threshold ion-pair states is that the period of vibration is
If, as seems likely, the doorway states are Rydberg irmuch greater, leading to much longer lifetimes even before
nature, then they must lmgp or nf states where=10 and 6, conversion to high} states. Taking a lower limit to the life-
respectively, if the states have a ground stafé;,, ionic  time as the vibrational period=hén/SE, corresponding to
core andn=7 and 4, respectively, if they have a spin-orbit the ion-pair state decaying if the ions return to the inner
excited,?I1,,,, core. The doorway states could also be ion-turning point of the rectilinear motionJ&0), we find =58
pair states from a higher energy cluster, e.g., those dissociats for a state 10 cit below dissociation and=1.8 us for a
ing to 1" (®*Pg) + 17 (1Sy), or even one of these mixed with state 1 cm? below dissociation. One might thus expect life-
a Rydberg state, a three state interaction. However, one tyganes of this order of magnitude even in the absence of any
of transition which is apparently not seen is that going di-conversion to high} states. However, in the present work,
rectly to the long-lived ion-pair levels-30 cm® below time delays up to Sus are used and therefore we must be
threshold,E(v~10%) —E(v=168), the transition which is dealing with very highJ states.
the strict analog of the ZEKE experiment.

C. Measurement of the free-ion formation threshold

B. The lifetime of ZIKE states Delayed pulsed-field dissociation experiments were car-

The I spectrum was also recorded with the high voltageried out using a delayedt 1.25 kV/cm high voltage pulser
pulse delayed by 385 ns, i.e., a relatively short time after théor cations and— for aniong superimposed on a constant
laser pulse, and is shown in Fig(c2 By comparison with small dc voltage(0 to =30 V). This dc field lowers the
the spectrum recorded without a delay shown in Fi@),dt  dissociation threshold producing pairs of ions with low trans-
can be seen that even at such a short delay, all structure up tational energy. lons formed in this way, or by excitation
~30 cmi ! below threshold has already disappeared. The iombove the field-free threshold, during the duration of the la-
signal continues above the field-free threshold because trser pulse will subsequently be referred to as prompt ions.
ions are created with kinetic energies that are insufficient td’he small dc field also pushes all the prompt ions of a se-
move them, in 385 ns, to a position in space that will resultected polarity, whether initially moving toward or away
in a flight time that is significantly different from that of the from the entrance to the flight tube, toward the entrance of
ZIKE ions. the flight tube, before the high voltage acceleration pulse is

Similar spectra showing structure t030 cm ! below  applied. With our experimental arrangement, this results in a
threshold were recorded with a pulsed field delayed by up tdonger arrival time due to the lower potential drop experi-
5 us. However, even this may not be a measure of the reanced by these ions. ZIKE states which lie below the dc
lifetime of the ZIKE states since there is a loss of signal dudield-lowered threshold are resistant to small-field ionization
to the movement of the excited molecules out of the detecand are only ionized later by the large pulsed field giving rise
tion region of the TOF, in the direction of the motion of the to a TOF peak whose arrival time is invariant with the ap-
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T " T " T T which a single rovibronic level is populated after the two
pump steps are only approximated because an accidental
double resonance is used. Population of a single rovibronic
level could be achieved by having all three photons indepen-
dently tunable in a three-laser arrangement. This will result
in a more flexible experiment which will yield more accurate
threshold values.

IV. CONCLUSION

It has been demonstrated that electronic states down to
30 cmi ! below the first ion-pair dissociation threshold of |
can be efficiently converted to long-live@>4 us), sub-
threshold ion-pair, ZIKE, states which are analogous to high
FIG. 4. The prompt1 ion spectrum recorded as a function of an applied dc Rydberg, ZEKE, states. By collecting negative ions it was
field; 7.81 Vicm(solid line) and 9.38 V/cm(dotted ling. The 1.25 kv/iem  possible to use one less applied field than in previous TIPPS
extraction pulse was delayed by 3. The two field-induced and the ~ eyperiments where positive ions were collected. It has been
field-free thresholds are marked by arrows. L

shown that polarization data can be used to probe the spec-

troscopic character of the doorway states which are neces-

plied dc field. lons observed in this way will be referred to assary for the observation of free-ion formation. The ion-pair

ZIKE ions. ThUS, the boxcar can be gated, unique|y, on eitheﬂiSSOCiaﬂon limit was determined from extrapOIation of the

prompt or ZIKE ions. field-dependent onset of the prompt ion signal. We propose
In the conventional TIPPS experiment, the free-ionthat the multiphoton approach used here, in which the need

threshold is measured by the extrapolation to zero field of thé® generate vacuum ultraviolet or extreme ultraviolet laser

observed high-energy maximum of the ZIKE ion signal. ThePhotons is avoided, can be further applied to this area of

free-ion threshold of diatomics can also be determined fromOn-pair spectroscopy.

the prompt ion signal. The prompt/l~ ions that are created

at threshold with essentially zero relative velocity show aACKNOWLEDGMENTS
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