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Dissociative ionization of ICI studied by ion imaging spectroscopy
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The speed and angular distributions 6fibns, produced when ICI molecules were exposed to both
ultraviolet and visible radiation at 364608 nm, 355-608 nm, and 304532 nm, were measured

by velocity map imaging. An intense central feature in theimages was observed to be very
sensitive to the polarization of the ultraviolet light and is attributed to a dissociative ionization
mechanism involving three-body fragmentation: 4Qlv (visible)+3hv (ultraviolet— 1+ +Cl

+ e~ . The effect of varying the delay between the visible and ultraviolet radiation ort timedges
suggests that an intermediate gateway state of ICI reached by absorption of one photon of visible
light mediates the transition to the superexcited dissociative ionization stat00® American
Institute of Physics.[DOI: 10.1063/1.1484106

I. INTRODUCTION amount of kinetic energy, leaving the nuclei on the same
In conventional studies of photodissociation employingpomt of the repulsive potential energy curves for different

weak visible(VIS) or ultraviolet(UV) radiation, a molecule, initial excitation energies. At some wavelengths the aniso-

AB, absorbs a single photon and dissociates on the Iowegto_py of the_ rings was diminished, and the recoil energy
potential energy surface accessible within the Franckshifted to slightly larger values. Both of these effects could

Condon widow. If the photon is sufficiently energetic, how- E’e explai’!qed by the presence of low-lying resonances or
ever, the molecule may be excited to a neutral superexcited@téway” states accessed by absorption of several VIS pho-

state, AB** , which can then decay either by predissociation,ions. The GHsl experiment was performed also using the
velocity map imaging method, with radiation between 266
AB+hy—AB** —A+B*, (1)

and 609 nm. Discrete rings and an hour-glass-shaped central
or by autoionization, feature were observed, and a multiphoton DI mechanism was

AB-+ ho— AB* AB* +e. @) _proposgd. Electron imgges produced at 532 nm gre compat-

ible with this mechanism; however, the complexity of the
At energies close to ionization, excitation to ion-pair statesphenyl ring precludes an unequivocal interpretation of the
may also be importaritj.e., data. A DI mechanism has also been proposed by Bakker

AB+hy—AB** AT +B", (3 et al? for the single-photon ionization of thE,F states of

) o ) ) S H,. From the angular distribution of the *Hions, they as-
and if the ionic state is unbound, dissociative ionizatdh)  gjgned the electronic transitions to the states that are respon-
may occur, sible for the DI process.

AB+hv—AB* -A"+B+e". (4) The diatomic interhalogen molecules have been a sub-
é’_ect of great interest from both experimental and theoretical
points of view, not least because of the many curve crossings
and avoided crossings among the excited state potential en-
gray curve$ The rich manifold of low-lying electronic states

have been reported recently for®l CgHgl,* Ha,® NO,,8 and !s Iike!y to play an important role in multiphoton processes
CF,L.7 In the I, experiment velocity map images of'l pro- including DI_. Wg rep_ort here the results of_ a t_wo—color, pho-
duced with VIS radiation between 556 and 576 nm displayed©fragment ion imaging study of the DI of iodine monochlo-

discrete anisotropic rings and a continuous central peak th&ide (ICl). One or more VIS photons excite an intermediate
were attributed to a multiphoton DI mechanism. The recoil 9ateway” state, and several UV photons access the ioniza-
energy associated with the discrete rings was independent §Pn continuum. The use of two independent excitation

wavelength, indicating that the electron removed a variabl&ources allows us to separate the roles played by the inter-

mediate state and the superexcited DI state. Variation of the
dAuthor to whom correspondence should be addressed. Electronic maiHme delay between the.two sources as. well as their po.la”za_
mkawasa?@ip.media.kyoto-u.ac.jp tions allows us to obtain a more detailed understanding of

YElectronic mail: rigordon@uic.edu the DI mechanism.

The competition between photoionization and photodissoci
tion is inherently interesting because it is typically a multi-
electron and multi-continuum process.

Photoionization studies displaying these phenomen
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Visible wavelength, A (nm) molecular beam was directed along the axis of a 60 cm long
Wiley-McLaren time-of-flight mass spectrometer operated
607 608 609 under velocity-sensitive conditiorisThe skimmed molecular
\ | I | | beam source, the ionization chamber, and the flight tube were
_ each differentially pumped.
l The laser beams were linearly polarized perpendicular
AWV)-X) and/or parallel to the flight axis and focused onto the mo-
lecular beam between the repeller and extractor electrodes.
lons were accelerated by an electrostatic lens and focused
onto a microchannel platéMCP) detector mounted at the
end of the flight tube. The electrode voltages were typically
_ 2.5 kV for the repeller and 1.7 kV for the extractor. Typical
voltages used for the MCP were O(ffont face and 1.2 kV
| (rear of the MCP pajr with 3.3 kV applied to the phosphor
| screen. The image produced on the phosphor screen by
Iﬂl B each laser shot was captured by a frame grabber connected
Il to a CCD camera with a time-gated image intensifier
| (Hamamatsu, C4347and accumulated in a laboratory com-

I” signal intensity (arb. units)

0 ﬂ‘fh,{wwﬁwﬁwwmmw H‘N \ﬂwx“,www,#m@ ] puter. Typically, 20 000 laser shots were summed to produce
L T S a single two-dimensiongR-D) map of the transverse recoil
303.5 304.0 304.5 velocity of the I' ions (selected by appropriate choice of
time gate on the image intensifielThe images of the full
Ultraviolet Wavelength, A2 (nm) three-dimensional velocity distribution were calculated from

the 2-D maps by an inversion procedure developed by Mat-

FIG. 1. The I' spectra from ICl in the two-color experiment with nonreso- sumi et a|.11
nant ultraviolet plus visible laser lighsolid curvg and in the one-color
experiment with ultraviolet laser radiation onlgroken curve Vibrational

assignments for thé 3I1,(v')«X 2 *(v") transitions of ¥°Cl and P'CI . RESULTS
are discussed in Sec. IV C. The arrow indicates the wavelength at which the
images shown in Fig. 4 were measured. A. Excitation spectra of | % in one- and two-color

experiments

Figure 1 shows the'l excitation spectrum of ICI in the
two-color experiments using VIS laser light scanned from
We have used the velocity map imaging technique ton=607 to 609 nm and its second harmoni¢2=303.5 to

measure both the speed and angular distributions of atomi®04.5 nm(solid curve. The time delayAt, between the VIS
iodine ions>!° Linearly polarized UV and/or VIS lasers were (A\) and UV (\/2) beams was zero in this case. The solid
used to irradiate a molecular beam of ICl seeded in 1 atm ofurve shows the integrated kignal intensity, i.e., the appro-
Ar gas and pulsed at 10 H&General Valve, 0.8 mm orifice priate time-gated total current from the MCP, which was
diametey. The VIS laser radiation near 608 nm and the UV monitored as a function of the laser wavelength. The dashed
radiation near 304 nm were provided by a Nd:YAG-pumpedcurve in Fig. 1 shows the'lspectrum obtained in the one-
dye laser(Rhodamine B/Lambda Physik ScanMate 2EC, 6color UV experiment, in which the two sharp resonances are
ns pulse durationand its second harmonic generated in adue to the(2+1) REMPI of I* (?P,;,) and 1¢P5;,) atoms
KDP crystal, respectively. Some additional measurements irproduced by one-photon UV dissociation of f€[The two-
volving a one-color pump-and-probe scheme employed U\tolor spectrum of T clearly shows the two-photon reso-
laser radiation at 304.02 nm, which was used both to photolnances at 304.02 and 303.69 nm evident in the one-color
yse the ICI molecules and also to probe the resultingexperiment, superimposed on a continuous broad back-
I*(°P,,) fragment atoms by(2+1) resonance-enhanced ground. At this UV intensity, no signal was observed in
multiphoton ionization(REMPI). In the time-delay experi- the one-color experiment when the UV radiation was tuned
ments, the second and third harmonics of a Nd:YAG lasepff-resonance.

(Spectra Physics, LAB-130, 5-7 ns pulse duration, 10 Hz  Figure 2 shows excitation spectra in two-color experi-
provided radiation at 532 and 355 nm, respectively. The lasements with different combinations of VIS and UV laser
beam was focused with a 20 cm focal length lens into thevavelengths. Figure(d) was obtained by scanning the VIS
reaction chamber. The pump and probe lasers were generallyavelength,\, with the UV radiation fixed at 355 nm,
counter-propagated, except for the 3®D8 nm experi- whereas Fig. ) was obtained by scanning the UV wave-
ments, where they were co-propagated. For each wavelengtlength,A/2, with the VIS radiation fixed at 532 nm. In both
the pulse energies measured before the lens were 0.5 and §pectraAt was set at zero. The nonresonant two-color |
mJ in the UV and VIS, respectively, unless otherwise notedspectrum in Fig. &) shows a broad feature far>608 nm,
The delay time between two YAG laser pulses was controlledvhereas Fig. @) shows four sharp peaks that are due to
by a pulse generatdStanford Research, DG588nd could (2+1) REMPI of | and F produced by one-photon dissocia-
be extended to as long a2 us with a jitter of a few ns. The tion of ICI. The transitions of these REMPI peaks are given

Il. EXPERIMENT
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FIG. 2. The I' spectra from ICI in the two-color experiments, witl the

ultraviolet (UV) wavelength fixed at 355 nm while the visible wavelength O 1 OO 200

was scanned, and witflb) the visible wavelength fixed at 532 nm and UV
wavelength scanned. Vibrational assignments for tRe’Il;(v")

—X!3*(v") transitions of ¥°Cl and F’Cl are discussed in Sec. IV C. The \% (m/S)

arrows indicate the wavelength at which the images shown in Fgywére

measured. | and*ldenote the UV two-photon resonance-enhanced multi-

photon signals for RP3,) and IGP,), respectively. Assignments of these FIG. 3. Two-dimensional2-D) images of the 1 ions obtained from ICI by
transitions are given in Ref. 12. resonant one-color excitation at 304.02 nm, using the second harmonic of a

dye laser tuned to &+1) REMPI transition of T(?P,,,). The image was

taken with the ultraviolet polarizationE(,,) aligned perpendicular to the

by Junget all? Importantly, under the all our experimental detection axis. The lower panel shows the velocity distributior 1R ,,)
L . calculated from the upper image.

conditions, no T signal was observed at any wavelength

when the UV radiatio355 nm orA/2) was absent.

o ) o pendicular to the flight axis in the left images of Fig. 4 and
B. 2-D v_elocny |mrilg|ng maps and the kinetic energy parallel to the axis in the right images. It is apparent that the
distributions of | photofragments near 304 nm, . . o .
with and without 608 nm radiation properties qf the images are very sensitive to the alignment
of Eyy and insensitive tdys .

Figure 3 shows images obtained at 304.02 nm with The images in Fig. 3 and the middle panels of Fig. 4 are
only UV radiation present, corresponding to the sharp featurell anisotropic. The angular distributions are fitted well by a
shown by the broken curve in Fig. 1. This image resulted_egendre series truncated after the second term,
from (2+1) REMPI of I* atoms produced by one-photon UV
photodissociation of ICI. The single discrete ring displayed 1(8)1+ BPa(coso), ®)
in Fig. 3 is explained by a single-photon dissociation mechawherel (6) is the normalized intensity of the photofragment,
nism, as discussed in Sec. IV B. Figure 4 showsnhages 6 is the angle between the velocity of the fragment and the
corresponding to the broad feature in the solid curve of Figelectric vector of the dissociation laser beam, ghts the
1, produced with both UMA/2=304.40 nm and VIS (A one-photon angular anisotropy parameter. The fitted values
=608.80 nm, 12 mJ/pulseadiation. Seen here is a central of B8 are plotted in Fig. &). The 8 value derived for the ring
feature not present in the single-color image of Fig. 3. Bothin Fig. 3 has the limiting value of 2, and those in Fig. 4 are
the central feature and the faint outer ring are produced by approximately 0.7.

DI process, as explained in Sec. IVB. The images in the The center-of-mass translational energy distribution de-
various panels of Fig. 4 were taken with different polariza-rived from the I images shown in Figs. 3 and 4 are dis-
tion geometries. In the upper panels of Fig. 4, the UV polarplayed in Fig. %b). The peaks labeled A and B in Fig. 5
ization vector,E.y, was aligned parallel to the flight axis, correspond to the main features evident in the resonant one-
whereas in the middle panels it was perpendicular to the axigolor ion image and the two-color, off-resonance image
The polarization vector of the VIS radiatioR,,s, was per-  (Figs. 3 and 4 respectively. The kinetic energy distribution
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FIG. 5. (a) The angular anisotropy parametg) and (b) the c.m. transla-
tional energy distributions of the® Iphotofragment extracted from the im-

o
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ages of Figs. 3 and deft). In panel(a), the open squard#\) were obtained
0 100 0 100 200 by one-color ultraviolet photodissociation to yield4a@F (2P, using the
v (In/S) v (m/S) second harmonic of a dye laser tuned to thel2REMPI transition of

1*(2P),) at 304.02 nm, whereas the filled squaf@ were obtained by

FIG. 4. Two-dimensional2-D) images of the T ions obtained from ICl in two-color dissociative ionization to yield* #Cl+e~, using 304.40 and
the nonresonant two-color experiments using wavelengths of 304.40 an@08.80 nm. The distributions shown in pafigl correspond t¢A) one-color
608.80 nm. The image was taken with the ultraviolet polarizatiBp,J experiments at 304.02 nithin curve and to(B) two-color experiments at
aligned parallelupper panéland perpendiculafmiddle panel to the de- 304.40 and 608.80 nrtthick curve, respectively. The arrows indicate the
tection axis, respectively. The polarization vector of the visible laser lightMaximum available kinetic energies for each dissociation channel of ICl into
(Euis) is perpendicular and parallel to the detection axis in both images on* (*Po1.2) + CI(*P), induced by absorption of three ultraviolet photons and
the left and right sides, respectively. The lower panels show the velocityne Visible photon.

distributions of ¥ calculated from the middle images.

polarization is not shown in Fig. 6The peak translational
energy calculated from the velocity distribution is as small as
2.0 kcal/mol for 355%608.04 nm.

of the I fragments obtained with the UV laser only, tuned to

the two-photon resonance df (Fig. 3), shows a sharp peak p. Time-delay experiments

centered at 22.2 kcal/mol displayed in FigbpA. ) . 4 ki . .
The images obtained in the two-color nonresonant ex- Figure 7 shows the integrated bignal intensity versus

periment(Fig. 4) display an outer ring and a central peak. ééSTBthe Ot\‘ivo—color ;xperlrgents. Panesg c?rrgcs)zo:{%zzto
The ratio of the integrated"Irelative intensity of the outer 04 nm, and paneb) corresponds to '

ring to that of the central peak in the two-color nonresonanf : A negative time delay in these figures means that the
g P IS pulse precedes the UV pulse. Figur@7hows that the

experiments was found to be independent of UV pulse e+ signal intensity increases in this case with the delay be-

ergy between 0.5 and 3'5 mJ/pulse at 304.40 nm, with th'ta\/veen the VIS and US pulses, reaching an asymptotic value
608.80 nm pulse energy fixed at 12 mJ/pulse. at long delays. In Fig. (b), however, thd * signal was ob-

C. 2-D velocity imaging maps of I * from two-color served only when the UV and VIS pulses were temporarily
experiments with 355 +608 nm and 304 +532 nm overlapped within 10 ns.

Figures 6a) and §b) show the velocity image maps ob-
tained with two different sets of UV and VIS wavelengths, V- DISCUSSION

namely(a) 355+608.04 nm andb) 304.40+532 nm. Images Our previous studies identified several identifying char-
were taken with both sets of wavelengths wiihy, aligned  acteristics of dissociative ionizatiorf. These includé1) the
either paralle(upper panelsor perpendiculatlower panel$  production of ionic fragments with nonresonant radiation and
to the flight axis. In these imagest was set at zero. As in  the appearance of fragment ions with kinetic energy distribu-
the 304608 nm experiment discussed previoudfyg. 4),  tions that arg2) continuous,(3) peaked near zero, ard)

the images were very sensitive to the alignmenEg{ and  have maxima that are independent of the excitation energy. A
independent of that oE,,s. (The effect of varyingEy,s  further property of multiphoton DI i$5) the involvement of
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FIG. 6. Two-dimensional(2-D) images of the 1 ions obtained from ICI
with nonresonant two-color radiation, using wavelengths(a@f355 and

608.04 nm andb) 304.40 and 532 nm. The ultraviolet polarizatidfy(,) at 304 nml,7 and in the 490—=590 nm regi&ﬁ'.lgln particular,

was aligned either paralléipper two pane)sor perpendiculatmiddle pan- . . . .
els to the detection axis. The polarization vector of the visible laser Iightthe branching ratio and angular anisotropies of ground state

(Eyis) was perpendicular to the detection axis in all images. The lowerand spin orbit-excited | and Cl were measured.
panels show the velocity distribution of kalculated from the middle im- Yabushita and co-workel3?° calculated the adiabatic

ages. potential energy curves for the ground and first few excited

states of ICI. Some of the relevant states and their diabatic

dissociation products are shown schematically in Fig. 8. A
intermediate gateway states that access the superexcited Digh-resolution threshold photoelectron spectroscopic study
states. For diatomic molecules, propef®) necessarily im-
plies that a third bodyi.e., an electroncarries away a con-
tinuous amount of energy. Propelt) is also indicative of a 15+

continuous sink for energy. The present article reveals the - BXX* ijz(l) 7
presence of several of these effects in ICl, and, in particular, - J=2 ]
explores the role of intermediate states in prop€Bly i I'CPy) + CICP) + & |
The outline of this discussion is as follows: In Sec. Awe ~ 10} x211— _
- i i i - i AlCH + -(1S.) |
briefly review the electronic properties of ICl that are rel- "o, I'(P,) + CI('Sy)
evant to this study. In Sec. B we interpret the data obtained a >, B .
304+608 nm in light of a DI mechanism. Similarities and & [ 2'Z*_| ]
differences observed at 35508 and 304532 nm are ex- r_ﬁ 5 i ,3EE+ i
plored in Secs. C and D. | BT+ I* + CI* i
A. Electronic i | B? &+ Cl |
. properties of ICI | BIlg+ I +Cl* |
The visible absorption spectrum of ICl contains many B A3H1 ] [ +Cl .

closely spaced bands assigned to transitions toARH 0F x'iz+ - Il

(565—700 nm\** B3I+ (562-576 nm** and B'3Il,+
4 .

(566_57:_[ nn)ls_tatesl' A cqntlnu_um ban_d between 370 and FIG. 8. Diabatic correlation diagram for possible dissociative ionization

550 nm is a:SS|gned to dissociation via tBeState: ar!d @ mechanisms of IC(after Refs. 16, 17, 20, and 2INot shown are several

second continuum between 220 and 300 nm is assigned 1@=1 states lying above th& 3II, state. The solid arrows indicate the tran-

dissociation via highef)=0" and 1 state&>16 sition induced by the ultraviolet laser, and the open arrow shows the transi-

tion induced by the visible laser. The bound and repulsive states excited by

The photodissociation dynamics of ICI have been invess, ' 1o hoton are the gateway for excitation by the UV photons to the

tigated by state-selective photofragment translational speggpper electronic states. The symbols*l, €l and Ct denote the fragments
troscopy at various wavelengths between 235 and 248nm,1(?P,,), 1(2P,), CI(?Ps), and CIEP,,,), respectively.
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of ICI above the valence ionization region was performedtions for a diatomic moleculean ariseonly if a third body
using synchrotron radiatioft. The adiabatic{ "=0) ioniza-  (i.e., an electroncarried away the excess energy.

tion potentials for formation of theX?Il,,, A2l and Dissociative ionization occurs when a molecule is ex-
B2I1" states of the ICI ions are 10.0760.002, 12.5, and cited to a superexcited neutral state that can decay either by
~14 eV, respectivelySee Fig. 8. The dissociation limit for  dissociating into excited neutral fragments or by autoionizing
I"(®P,)+ CI(?P5;) is 12.604 eV. The formation of the to a dissociative ionic state. The distribution of kinetic ener-
higher spin-orbit states of [3P;) needs an excess energy of gies of the recoiling nuclei is determined by the competition
0.88 eV forJ=1 and 0.80 eV forJ=0, respectively. Ex- between ionization and dissociation. The distribution may be
tended vibrational structures seen in the photoelectron spepeaked near zero kinetic energy if the dissociative ionic state
tra for both theX and A band systems were assigned tois less repulsive than the superexcited neutral stSee Fig.
resonant autoionization of Rydberg states and also to ion-pa# of Ref. 3) If the molecule autoionizes near the repulsive
states, especially in the energy region of fetate of ICI.  wall of the neutral state, where the nuclear kinetic energy is
In the present study, the DI process can occur through thessero and the transition moment is likely to be large, then the

excitation processes. electron will carry away most of the available energy and
angular momentum. The longer the molecule survives in the
B. 304 and 608 nm neutral state, the greater the amount of potential energy that

) ) ) ) ) is converted into nuclear recoil energy. The detailed shape of
The discrete ring observed in the one-color IM&®. e kinetic energy distribution function is determined by the

3) and the partially resolved double peaks at 20.7 and 22.9¢ ra| and ionic potential energy curves and by the radial
kcal/mol in the recoil energy distributiofcurve A in Fig. dependence of the transition moment.

5(b)] were obtained with the UV radiation tuned to an iodine Both the central feature and the outer ring are explained
resonance. These featlu7res correspond to the peaks reporigd b processes. The low energy peak is attributed to disso-
previously by Jungt al-"" at 20.0 and 22.0 kcal/mol, and are ¢jation of the molecular ion on a weakly bound potential
attributable to one-photon dissociation of ICl at 304.02 nm toenergy curve, whereas the outer ring may be explained by
produce f+CI* and F+Cl fragments, followed by2+1) direct ionization on a repulsive ionic curve. Both mecha-

REMPI of the I atoms, nisms were observed for the holecule.(See Fig. 4 of Ref.

ICI+hy(UV)—1*+Cl/II* +CI*, (6a) 3. Strong evidence for the mechanism producing the dis-
crete ring in } is that the recoil energy of the rings varied
I*+3hv (UV)—I1"+e. (6b) very weakly with photon energy. A similar mechanism may
The B value for the ring in Fig. 3 has the limiting value of 2, also be responsible for the outer ring observed for
which indicates a parallel electronic transitioa@=0).  iodobenzené.
This finding is consistent with a transition from t&3 " Clearly, a key step in Dl is the transition to the superex-

(2440 ground state of ICl to primarily th&'3I1,+. (234])  cited state AB** in reaction(1). For single-photon excita-
state, followed by a nonadiabatic transition to thE. tion, the transition probability is determined by the electronic
(2422 state to form T+Cl productst’?2 (As shown in Fig. transition dipole moment and the Franck—Condon overlap

8, the diabatic products of thdS, states are *+Cl integral. For multiphoton excitation, however, the mecha-
V\;hereas those of thel®* state are91+CI* ) ’ nism may be complicated by the presence of intermediate

The two-color images shown in Fig. 4 were obtainedeleCtroniC states. The present experiments demonstrate that a
. L .
with the UV radiation tuned off-resonance. The outer ring intransition to such a gateway stafeB3", induced by absorp-

these images is not attributable to nonresonant multiphotoHOn of one VIS photon, is a necessary condition fpr DI of
ionization of F by UV (304.40 nrj laser light[produced by _ICI: The transition from'the gateway to the superexcited state
reaction(6a)], even though it has nearly the same energy a¥ mduceql b'y a.b sorption of several UV pho'gons, and. the
that in Fig. 3, because the dashed curve in Fig. 1 shows no Iangular dlstrlbu_tlon of the nuclear fragments is determined
signal produced byonresonanUV radiation, and also be- by the polarlza_non vector of the UV laser. The overall pro-
cause itsg value of 0.7 is much smaller than the limiting posed mechanism is therefore as follows:

value of 2 observed for resonant excitation. ICI+ ho (VIS)—ICI*, (78
The velocity map images of*lions produced by off-
resonant two-color irradiation of ICI at 304.40 and 608.80  ICI* +nhv(UV)—ICI**, (7b)

nm display an intense central featufeg. 4), which is ex- s R
plained by a DI mechanism. In a DI process, the electron can ICI** —ICI™ +e-, (70)
carry away a continuous amount of kinetic energy, so that the ICIT* 1t +Cl. (7d)
recoiling ion-neutral pair displays a continuous distribution

of kinetic energies that may be peaked near zero. The centréls discussed in the following section, a plausible candidate
feature observed in the limages of Fig. 4 resembles those for ICI* in step(7a) is the A%II; state. In our experiment,
observed in earlier studies of B182324previously it was the energy required for stefgb) corresponds to=3. Poten-
proposed that DI mechanisms contribute to the photoinducetial energy is removed from the nuclei in stépc), and
dynamics of §,°> CgHsl,* NO,,® CFyl,” CiHg, 2% and D,2* In nuclear recoil energy is released in st@d). The A2II and

the absence of collisions and dressed state effects, continB-2%, " states of ICl are possible candidates for ICl, as
ous structure in the fragment recoil kinetic energy distribu-shown in Fig. 8.
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The total energyk,,, available to the recoiling nucleiin  8.98 eV for the ion-pair state,"HCl~. For the 304.40

the overall process +608.80 nm experiment, however, a sharp peak correspond-
+3p _ ing to the total translational energy of 28 kcal/mol is absent

ICl+ ho (VIS)+3h(UV)— 1% (P)) + Cl+e 8 in Fig. 5(b) B. Likewise, the asymptotic dissociation limit is
may be calculated from the dissociation endfgyf ICI and ~ 12.1 eV for the ion-pair state,”k-CI". Our failure to ob-
the ionization potential of fPsy;). For 304.40-608.80 nm, Serve a Ct signal is a further indication that the ion-pair
E.y=238.2 kcal/mol forJ=2, 19.7 kcal/mol forJ=0, and State is not formed.
17.9 kcal/mol forJ=1. The formation of three different  ¢. 355+608 nm
states of T(3Pj) can explain the observed kinetic energy ) ) .
distribution shown in Fig. &) B, where the maximum avail- The vgloplty map image of'l ions prod.uced by two-
able translational energies for the thietevels are indicated C0l0r irradiation of ICl at 355-608.04 nm displays only a
by the arrows. The translational energy distribution bfig central gnlsotroplc feature, shown in the m@dle panel of F|g.
consistent with these threshold energies, suggesting that g.a). Th's feature corresponds to a tranglatlonal energy dis-
least two different] states of T(3Pj) are formed. The maxi- tribution peaked at 2.0 kcal/mol. Thé lon images shown in

mum observed kinetic energy exceeds the available enerdyd- 8@ are found to depend on the alignmentEjy , in

for J=2 by ~2 kcal/mol, suggesting a hot-band mechanistOOd agreement with the observations for 304.608.80
from ICI (X!3*, v"=2, E,=2.2 kcal/mo). The popula- nm excitation. In the time-delay experiment, thesignal for

5%. and hot bands o221 608.04 nm is observed only when the VIS pulse pre-
ICI were in fact observed in the photoelectron spectra rec€des the UV pulsgFig. 7(@]. This effect is attributed to a
ported by Yenchzt al?! and in the absorption spectra re- transition to a bound gateway state of ICI with one VIS pho-
ported by Hulthe et al ton [reaction(7a]. An ICI molecule in the bound gateway

The angular distribution of'lis well represented by Eq. state is then ionized by absorption of several UV photons.
(5) with only the P, term included in the series. It is well We note that the threshold for dissociation of ICI to ground
. . 3 H
known that for am-photon photodissociation with no bound Staté atoms is 576 nm. Th&"1I, state of ICI, however, is
intermediate states, the angular distribution includes even of¢cessible byn%% one-photon transition with VIS laser light
der Legendre polynomials up to orden.2526 Here, the ~around 608 nm,

tion of v”=2 at room temperature is 2.

absence of terms higher thar=2 could be explained if the ICHX IS )+ ho (VIS)— ICI(A 3T 9
three-photon dissociation of I€linvolves a bound interme- (X2 +ho(VIS) ( v 3
diate state, so that the anisotropy is determined entirely by |cj(A3[1,)+3hv(UV)—1*(3P,)+Cl+e™. (9b)

the last photon to be absorb&Possible explanations of the
small B8 values[B=0.7 in Fig. 5a) B] include (a) a long  For 355+608 nm, this reaction is endoergic by 2 kcal/mol.
dissociative lifetime of IC* in step (7d), (b) mixing of  As before, the energy defect may be explained by the pres-
several excited electronic states with different symmetries irence of vibrationally excited molecules in the molecular
step(7d), caused by strong nonadiabatic interactions of thebeam.
accessible states, aiid removal of angular momentum by The nonresonant two-color” I spectrum in Fig. @)
the electron emitted in stefc). Mechanism(a) is possible if  shows a broad feature far>608 nm, which is similar to the
the potential energy curve for ICt is flat or weakly bound. structure observed near 608 nm in the two-color spectrum of
In the latter case, ICF must be initially formed with suffi- 1" shown in Fig. 1(solid line). The similarity of these spectra
cient energy to dissociate. Mechanig is possible because suggests that the feature near 608 nm in Fig. 1 is produced
there exist as many as five possible final ionic statedy the absorption of a VIS photon. These features in Figs. 1
(X235 AZ?My;55, and B231).2! Mechanism(c) is  and 2a) are assigned to four overlapping transitions peaked
plausible because angular momentum carried away by that 608 nm, ACH;, v )—X(*=",v") with (v',0")
electron reduces the angular anisotropy of the recoiling nu=(17,0,(21,1),(28,2) for F°Cl and (28,2 for 1¥Cl. The
clei. This is true especially fqu- or d-wave electrons, which peak at 609 nm may be assigned to the transition
remove most of the angular momentum supplied by the phoA(CCIT; v’ =21)—X(*3",v”"=1) for I¥’Cl. The transition
ton. In the case of kphotoionization, where the intermedi- energies were calculated using the isotopic term values for
ate rovibrational level is completely defined, Baklatral®  the A state listed in Ref. 14 and the molecular constants of
were able to calculate the expect@dvalue using angular the X state listed in Ref. 27. Because vibrational cooling in a
momentum algebra. In the present case, where the electronjiet expansion is much less efficient than rotational cooling,
character and rotational angular momentum of the intermethe vibrationally excited ICl may survive in the free jet
diate states are not well defined and their coupling matrixwhile the rotational temperature is very 16 The photo-
elements are unknown, such a calculation would be mucklissociation mechanism in E€) is energetically accessible
more difficult. for a hot-band transiton from ICK!S",v"=2, E,

We note that ion-pair states, analogous to zero kinetic=2.2 kcal/mo).
energy electronfZEKE) Rydberg states, could conceivably The structures around 607.9-608.3 nm shown in Fig. 1
be responsible for the features seen in our images. Such iofsolid line) correspond to the rotational population of ICI
pair states have recently been observed in a multiphototX's *,v”=0,1,2)") with a Boltzmann temperature ef20
spectrum of ICI between 8.99 and 9.08 eV in the presence df. These features are the signature of the gateway transitions
a 1.25 kV/cm dc field. The asymptotic dissociation limit is present in the two-color DI mechanism. On the other hand,
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some of the structures overlapping the continuum bandifetime of this state(100 us at 607 nnr° explains the per-
around 608.3-608.9 nm in Fig.(%olid line) are not seen in sistence of the DI signal when the VIS pulse arrives before
Fig. 2@ and cannot be assigned to tihe-X transition. the UV pulse, whereas its short lifetime above the dissocia-
Those structures should be independent of the wavelength ¢ibn threshold requires that the pulses be temporally over-
the VIS photon and thus reflect the transition from(iJlto  lapped.
a higher electronic state induced by the UV photons. A possible competing mechanism at these wavelengths
This proposed mechanism is consistent with all of theis the 1VIS+2UV photoionization of ICI, followed by
experimental observations. For example, without VIS lasesingle-photon UV photodissociation of ICIIf this were the
light, no I signal was observed. As shown in Figagthe case, however, the translational energy of would be
angular distributions ofl depend sensitively on the direc- greater than 35 kcal/mol. The absence of such high energy
tion of Eyy, but not ofEy,s. [The effect of varyingEy,s ions indicates that this is not the main mechanism.
polarization is not shown in Fig.(8).] The two-color experi-
ments with 304-608 nm and 355608 nm utilize the same V. CONCLUSIONS
VIS laser wavelength and thus access the same gateway state
of ICI. We therefore expect that the results of the time-delaytoe
experiment performed for 355608.04 nm should apply to

304'40’:6?83'?&6%2 as \_/vell.bWetn(?[tesggeg;he 0L|1te[hr|ng (VIS) and ultraviolet(UV) laser pulse$304+608 nm, 355
present & nm IS absent at 5abuve nm. In he — gng nm, and 304532 nn). All the velocity map images of
former case we argugd that the ogter.rlng is caused by d|re?n produced by nonresonant bichromatic excitation of ICl
P'gﬁ‘ha r(;pulswe ']??r']c cprve,tv;);ggés clearly tt?e gasel fordisplayed a low velocity feature that is characteristic of a
2 € absence ot the fing a nm may be SIMPY  yissociative ionization (DI) mechanisn®* Nonresonant

the result of a much weaker transition to this state at longep, .~ 4 . dynamics of ICl to fornt fions is thus shown

yvavelengths. Th|s' me'chgmsm may also explain the vanisfy, proceed via three-body DI processes, in which the electron
ing of the outer ring in iodobenzene as the wavelength is

: carries off a continuous amount of kinetic energy. Time-
increased. . .
o . . delay measurements show that an intermediate gateway state
It is instructive to compare our results with those re-

29 ) ) . - (or stategresonant at the VIS photon energy enhances the DI
port_ed_ by Park_eet_ al._ for the smgle_color multlphoton dis processes. It is suggested that this gateway iAtHd , state,
sociation and ionization of GlIn their case a highly struc-

o L which is reached with a single VIS photon. Subsequent ab-
;unrstiiklr]f;:;rengrggszgt;t;u;o;nyvas.obs<tarve_dr:‘otr both C.:tl sorption of three UV photons leads to a superexcited DI
. - [neir prop IS 1S & WO-PNOTON EXClta g 10 The kinetic energy distribution of the recoiling nuclear
tion of a discrete Rydberg state followed by one-photon ®Xtragments is determined by the competition between disso-
C|tqt|on Qf the core tq produce a superexcited neutra] stat€,_+ion and autoionization of the DI state.
which either autoionizes to produce the molecular ion or
dlssouatgs to y_|eld excited Cl atoms. _The observ_ed k'net'%CKNOWLEDGMENTS
energy distribution of Cl results form either photodissocia-
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Velocity map imaging has been used to explore the pho-
xcitation dynamics of ICl induced by two-color radiation.
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