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Continuum state spectroscopy: A high resolution ion imaging study
of IBr photolysis in the wavelength range 440—685 nm
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The photodissociation of jet-cooled IBr molecules has been investigated at numerous excitation
wavelengths in the range 440-685 nm using a state-of-art ion imaging spectrometer operating under
optimal conditions for velocity mapping. Image analysis provides precise threshold energies for the
ground, 1€P5,,) +Br(?Ps,), and first excited I(?P5,) + Br(?P,/,)] dissociation asymptotes, the
electronic branching into these two active product channels, and the recoil anisotropy of each set of
products, as a function of excitation wavelength. Such experimental data have allowed mapping of
the partial cross-sections for parallek., AQ)=0) and perpendiculaii.e., AQ)=*+1) absorptions

and thus deconvolution of the separately meastmeoim temperatueparent absorption spectrum

into contributions associated with excitation to #héll(1), B3I1(0") andII(1) excited states

of IBr. Such analyses of the continuous absorption spectrum of IBr, taken together with previous
spectroscopic data for the bound levels supported byAtteand B state potentials, has allowed
determination of the potential energy curves for, @Rihdependenttransition moments to, each of

these excited states. Further wave packet calculations, which reproduce, quantitatively, the
experimentally measured wavelength dependent product channel branching ratios and product recoil
anisotropies, serve to confirm the accuracy of the excited state potential energy functions so derived
and define the valué120 cm ) of the strength of the coupling between the bouf) @nd
dissociative ¥) diabatic states of 0 symmetry. © 2001 American Institute of Physics.

[DOI: 10.1063/1.1337049

I. INTRODUCTION ground state rovibrational constants and potential energy

. 9 . . . _ . _
The fragmentation of IBr molecules following excitation fgnctlon. The bond dissociation energo(1-Br), first es

in the visible wavelength region has long been a source Otﬁmated' by extrapolat|on.of the otgerved sequence of band
fascination to both experimentalists and theoreticians, noli]ead.S n theA—.X ab§orptlon systg has regently begn de-
least of all because of the mixed adiabatic—diabatic picturéermmed via direct, isotope selective, yelocny mapping mea-
required to interpret its spectroscopy and predissociatioffi'€Ments of the ground state Br atomic fragments that result
dynamicst2 For future reference, Fig. 1 shows the diabatic/following (gxcnatlon at energies just above .the dissociation
adiabatic correlation diagram of IBr and its separated fraglhreShOIdl- The deduced thresholds for forming ground state
ments, illustrating the electronic configurations and molecuProducts from bothPBr and F'Br molecules are consistent
lar term symbols together with the labels of the electronicVith an equilibrium valueD¢(I-Br)=14798+1 cm *.

states of interest for this study. Early spectroscopic investi-  The minimum of theB °I1(0") state lies above this en-

gations identified two progressions of vibrational band head§rgy (Te=16168.4 cm*),” but vibrational levels with’
in the near infraredIR) and visible? These were attributed =<3 have been observed in fluorescence, albeit with fluores-
to transitions from theX 12+(0+) ground state to, respec- cence lifetimes that decrease with increasirigandJ’, and
tively, the ASII(1) andB3[I(0") states resulting from a are all substantially smaller than the estimated radiative life-
o*—* orbital promotion. Subsequent higher resolutiontime of 3.9us.” B state levels withy' >3 predissociate much
studie§~" have served to confirm these assignments and téaster. The fluorescence quantum yield from these levels is
provide detailed information about the rovibrational levelthus too small to be detectable, but e X absorption spec-
structure within the bound regions of these two excited staterum shows a progression ofliffuse) vibronic band heads
potentials, while analyses of thB—X dispersed emission converging to the first excited dissociation limit, associated
spectrurfi and more recent high resolution far IR absorptionwith the products {Pg,) + Br(?Py,,).% In a diabatic picture,
measurements have led to a refined parameterization of thRe predissociation of levels with' >3 is viewed as a con-
sequence of a coupling between the boBW@I(0") and
dDepartment of Chemistry, University of Durham, South Road, burhamrepulsiveY(0™) state potentials in the vicinity of their cross-
,DH13LE, UK. _ . L ing point on the outer limb of th® state well, at energies
Department of Chemistry, Technische Universitaarmstadt, 64287 close to they’ =5 level of the diabatid® state. The alterna-
Darmstadt, Germany. . . . . .
9Department of Physics and Astronomy, University of Alabama, Tusca-lV€ adiabatic picture recognizes that these states have the
loosa, AL 35487. same (0) symmetry and that there will thus be an avoided
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'z o gations of the adverse effects of | atom quenching &f.8r
0422/ A Two color, time delayed double resonant excitation viaAhe
-~ 2 andB states of IBr has also been proposed as a test example
z 1+ wherein coherent contrgbf the Bf*/Br product ratio might
0 I* + Br* be demonstrable in a pulsed experim&rfor completeness,
I 1\ we note that the literature also contains reports of at least
2341 \ three PTS studies of IBr photolysis at shorter wavelengths
. (spanning the range 248—308 nfh%°
I lon imaging method8! and, particularly, the more re-
cent velocity mapping variant of the technigifeare now
. widely recognized as providing a particularly direct and in-
11 formative visualization of product branching ratios and the
2431 velocity (speed and angulgdistribution of fragments arising
I in photofragmentation processes. Here, as part of an on-
going program devoted to the “continuum state spectros-
- copy” of halogens and interhalogets3***we report the

use of such methods in a comprehensive study of the pho-
tolysis of jet-cooled IBr molecules over the wavelength
range 440—685 nm. Image analysis provides precise thresh-
FIG. 1. Diabatic/adiabatic correlation diagram of IBr. The columns on theg|(d energies for the ground;+Br, and first excited +Br*
left hand side represent: the occupancy of the molecular orbitals,. L ’ ' g
(popmpm* pa*) of the individual electronic configurations, the term sym- dISSF)CIatlon a}symptotes, and accu,rate measures of the elec
bol of the electronic state and the quantum number of the projection of thdfOnic branching into these two active product channels and
total angular momentum onto the internuclear agls,Diabatic and adia-  the recoil anisotropy of each set of products, as a function of
batic correlations are drawn as sofid—) and dashed——-) lines, respec- excitation Wavelength. Given such Comprehensive experi-
tively. Only those correlations involving electronic states which can be ] . ; "
reached via single photon excitation from the ground state are shown. men_tal data it has p_rOVEd pOSSIble to dEtermme Partlal Cross-
sections for parallgi.e., AQY=0) and perpendiculai.e., AQ)

==+1) absorptions and, guided by the results of time-

crossing in the region of strong configuration mixing. Con-dépendent wave packet calculations, to deconvolute the
tinued interest in this particular interaction arises from theSeparately measure@oom temperatupeparent absorption
fact that the coupling between these two states is of “interSPectrum into contributions associated with excitation to the
3 3 1 ; ;
mediate strength,” i.e., the mixing is thus not particularly A TI(1), B H.(0+) and"II(1) excited states. This analy-
well described in either a limiting diabatic or adiabatic pic- SiS Of the continuous absorption spectrum of IBr, taken to-
ture. More recent investigations of the predissociation ofd€ther with the existing spectroscopic data for6 7”;6‘ bound
these highen levels in theB state well include experimen- |€Vels supported by th, A, andB state potentials"°thus
tal and theoretical studies of the resonance Raman spectru@{OWs quantitative determination of the potential energy
of IBr,***?measurements and analysis of the “action” spec-CUfVeSlfOV, andRindependenttransition moments to, tha,
trum for forming ground state Br atoms following excitation B @nd “TI(1) excited states. For simplicity, and as is the
of jet-cooled IBr molecules in the wavelength range 5g2_convention for _most other halog(?nsi and interhalogens, we
550 nm*® femtosecond pump—probe studies of wave packehenceforth assign the lab€él to this “11(1) state. Further
evolution on the coupled®/Y potentiald® and two time- Wave packet propagations on the diabatic potentials for the
dependent wave packet studies of this latter prote¥s. A, B, and C states, all+owing for possible transfer of flux
The absorption spectrum of IBr is continuous at energie®€tween theB and Y(0") state potentials, and comparison
above 18349 cmi(\=<544.84 nm, the threshold for form- with the experimentally measured, wavelength-dependent
ing spin-orbit excited Br atomghenceforth indicated Br, product channel branching ratios and recoil anisotropies,
where the asterisk is intended to distinguish them fronProvide additional validation of the excited state potentials
ground state produdts The absorption maximizes at so derived and allow rather precise determination of the cou-
~500 nm, and thereafter declines monotonically reaching #/iNg strength between thB and Y diabatic states. Use of
minimum at~360 nm'’ The literature contains many stud- this information in an accompanying investigation—both
ies of the direct dissociation of IBr molecules following ex- €xPerimentdf and theoretical—of theB/Y diabatic state
citation in this region, including two earlier photofragment cOUPling and the vibrational level structure Bf state IBr
translational spectroscofTS studies, at 531 nifi and at molecules will form the basis of a separate publicafion.
several different wavelengths in the range 480-530"hf,
as well as Bf quantum vyield measurerr;ents. at. NUMErous,; =ypERIMENT
wavelengths in the range 440-540 Ah%? All indicate a
substantial population inversion in the*Band Br products The experiments were conducted in a new, custom de-
resulting from IBr photolysis ak ~500 nm. This observa- signed and built ion imaging spectrometer. Figure 2 provides
tion has inspired proposals for a*Blaser, operating on the a cross-sectional overview of the apparatus, which com-
2p,,,—2P3, magnetic dipole transition at 2.714m, based prises:(A) a differentially pumped molecular beam source
on 532 nm, or even solar, photolysis of ff*and investi- chamber; (B) a separately pumped photolysis chamber,

po prn pr* po*
molecular orbitals
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y FIG. 2. Vertical cross-section through
ion imaging spectrometer comprising:
B (A) molecular beam source chamber
cryo shield 7 ] X z with pulsed nozzle;(B) photolysis
; chamber with ion optics and liquid ni-
trogen cooled cryoshield to provide
nozzle skimmer =l jon optics gate valve detector extra pumping of the source region;
deflector (c) field free TOF region{D) detector
; chamber which can be separated from
bolows the remainder by a gate valve. The
X,y,zaxes are defined as shovwnaxis
(A) D pointing into the plank This depiction
~— shows the spectrometer with the
= AN (€) D) “standard” flight path ofd=460 mm.
- — This can be reduced =262 mm by

laser beams (perp.)

o Nad

ﬁ

removing the bellows and gate valve

I _‘J ol or extended, as for the present work,
(B) L to d=860 mm by inserting a nipple
between the detector chami@&) and
= o b o the detector flange.
I ] ] I l l | turbo pump
turbo pump turbo pump 460 mm

f—— o |

equipped with three independently biased, annular electrodeke molecular beam passes through the skimmer and along
the designs of which have been optimized for velocity mapthe center axis of the annular ion optic assembly. To mini-
ping, surrounded by a grounded, liquid nitrogen cooled copmize degradation of the IBr sample on exposure to stainless
per cryo-shield to provide additional pumping of the sourcesteel surfaces, the requisite sample gas mixtaigscally
region; (C) a TOF region; andD) a separately pumped de- 0.5% IBr in Ar, contained in a Pyrex bulb at a backing pres-
tector chambefwhich can be isolated from the remainder of sure of~760 Tor is delivered to the main body of the valve
the experiment by a manually operated gate valv@e co- through a fine bore PTFE tube located concentrically within
ordinate system used in the following description is alsothe Swagelok piping, and maintained as a slow continuous
shown in Fig. 2. flow past the rear of the poppet by gentle pumping with a
ChambergA) and (B) are engineered in the form of a throttled rotary pump. Prior to use, theolid) IBr sample
single cuboid(all major flanges 1SO-K/F; and separated (BDH) was pumped to remove air and preferentially much of
from each other by an internal bulkhead which supports @he Br, contaminant from the vapdr-4 Torr at room tem-
centrally mounted skimmgBeam Dynamics, Model 10.2, 1 perature.
mm orifice diameter The molecular beam is provided by a The design of the ion optics was guided by numerous
pulsed valve(General Valve Series 9, 0.5 mm orifice, with simulations using theiMION 3D software packagéScien-
lota One nozzle drivermounted on 1/4 in. Swagelok tubing, tific Instruments Services, version;@he eventual design is
which is user translatable along th@xis and aligned so that illustrated in Fig. 3. The three electrod@speller, extractor

cryo shield (0V)

MCPs

short drift path (262 mm)

TOF plate (0V)

Extractor (4080 V)
Repeller (5kV)  Lens (2040 V)

--+—— Boundary of vacuum chamber and TOF tube (0V)

FIG. 3. Detial of ion optic assembly, showing lines of equipotential calculated wsingn 3D (version 6. The bias voltages shown are those for optimal
velocity mapping when using the reduced source—detector flight patk 862 mm by removing the bellows and gate valve. The experiments reported in this
study employedi=860 mm, for which the experimentally determined optimal electrode voltagesWgpe 5 kV, Vi,;=3.95 KV, V =2 kV. Superim-
posed are ion trajectories originating at different positions in the source volume and with different angles relative to the TOF axis whichlsstregetdhie
velocity mapping.
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and leng are held rigidly on insulating supports mounted off absorption maximum at~500 nm, i.e., a sufficient fraction

a single flange, having been prealigned during assembly tof the molecules with bonds preferentially aligned parallel to
ensure maximum parallelism and cylindrical symmetry abouthe electric vectore, of the photolysis pulse could be pho-
the z-axis; each is biased by a separate 0-5 kV power supodissociated with a single laser shot that the probabilities of
ply. The entire ion optic assembly may be demounted as dissociation and thus the fragment recoil distributions
unit after removal of the stainless steel bellows that constishowed clear deviations from that expected on the basis of
tutes the minimum length TOF tulk€). Spherical and chro- projecting the transition moment onto the polarization vector
matic aberrations can only be minimized, not eliminated(| . €|?). Thus typical photolysis pulse energies used were
when designing any electrostatic lefisin reaching this only ~0.6 mJ(at 680 nm, ~0.15 mJ(at 500 nm and ~0.8
eventual design, we paid particular attention to ensuring thanJ (at 440 nm, in a pulse width o~7 ns and focused to a
all insulating components were screened from any ion in theliameter in the interaction region 6f0.5 mm(correspond-
source region, and that the surrounding cryo-shield induceig to a pulse intensity of~10 MW cm™2). Ground state |

no field gradients in this region. Figure 3 serves to demonatoms, and both ground and spin-orbit excited Br atoms were
strate that the field lines in the center of the source region ar@nized, in the interaction region, by two photon resonance
suitably parallel to one another and perpendicular to the exenhanced multiphoton ionizatigRREMPI) via the following
traction axis, and shows the quality of the velocity mappingtransitions:

in the focal plane of the detector. Our ion trajectory simula- 2hp(r=304.67 nm

tions suggest that the present design features reduce chnq-_5p5;2pg/2) - I(..5p46p1;2Dg,2)

matic aberration by a factor 0f3.5 relative to that achiev-

able with a “conventional” ion optic design, i.e., three hw .
optimally separated, biased, parallel, flat annular electrodes, — 1 +e, @)
but offer little reduction in the amount of spherical aberra- 2hp(\=260.62 nm

tion. Figures 2 and 3 show that the spectrometer has beedr(..4p%?P3,) ———  Br(..4p*5p*;*DY,)
designed withx andy steering plates at the entrance to the
TOF region. These deflector plates were not required in the
present work but are included in the design in or@®rto
allow the ion cloud to be steered onto the center of the de- 2hv(\=262.55 nm
tector (if necessary, or (b), upon application of a suitably Br*(..4p%2P9,) ———  Br(..4p*5p%;2S),)
timed voltage pulse, to deflect ions of a chosen mass off the
detection axis. h P

The photolysis and probe laser outputs are counter- ——Briter, ®)
propagated in the-x and +x directions, respectively, pass- and detected, isotope specifically in the case of atomic Br, by
ing between the repeller and extractor electrodes and focuseflonitoring just those ions impacting on the MCP/phosphor
so that their respective foci overldjm both space and time  screen with the appropriate TOF. The necessary probe wave-
with the early time part of each expanding gas pulse. Figur¢engths were generated by frequency doubliimg KDP or
2 shows the front face of the microchannel ple#CP) de- BBO, as appropriajethe output of an excimer pumped dye
tector 460 mm distant from this source region. For thelaser (Lambda-Physik Compex 201 plus FL2002 operating
present work, imaging of relatively heavy, and thus slowwith the dyes Kiton Red and Coumarin 503, respectively
moving ions, the image resolution was improved by extendimages were obtained by repeatedly scanning backward and
ing the drift path to 860 mm by insertion of an additional 400forward across the Doppler profile of the fragment transition
mm stainless steel nipple. The final chambigj houses an of interest. For all definitive experiments reported here, both
impedance matched pair of 40 mm diameter active areghe photolysis and probe laser photons were polarized verti-
MCPs mounted in front of a UV enhanced fast phosphorcally in the laboratory frame, i.e., with their respective
(P47 screen which is viewed by a CCD camera equippedrectors alongy, but, as discussed more fully below, checks
with a time gated image intensifiéPhotonic Sciende were made to establish that the measured images were insen-

The three chambers are each pumped by turbomoleculaitive to the choice of probe transition and/or to the direction
pumps(Leybold Turbovac 151, 145 I/s J)l backed by two  of €yrope.
stage rotary pumps$lLeybold Trivac D10E. Typical base Each ion image resulting from a single laser shot is pro-
pressures during operation werex80 ®—2x10°° Torr in  cessed with a centroiding algorithm provided with the com-
the source chamber,X110"8 Torr in the photolysis cham- mercial camera software DaVid.a Vision) running on a
ber, and 4 10 8 Torr in the TOF and detector regions. Pentium 1l 350 MHz PC. This algorithm takes advantage of

Photolysis wavelengths in the range 685—440 nm wer¢he finite size of an individual ion impact as it is seen by the
provided by a Nd:YAG pumped dye lasépectra-Physics camerdatypically 2—3 pixel FWHM by analyzing 3 3 pix-
GCR-250, operating at 532 nm or 355 nm as appropriategls around its maximum to calculate the center of gravity for
plus a Sirah Cobra Stretch dye lasethe photolysis laser this particular event. The intensity of this event is added at
beam was focused into the interaction volume using a planahe appropriate X,y) pixel coordinate to a buffer, and the
convex quartz lens withi =20 cm. This laser output has a complete image is obtained by accumulating such counts
specific bandwidth of~0.05 cmi . As we show below, the over 10 000—20 000 laser shots. The signal letieds, events
photolysis step was easily “saturated” particularly near theper laser shotfor each of the measurements were carefully

hv
— Brf+e, 2
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FIG. 4. (a) Unprocessed raw ion images afiy) 2D
slices through the reconstructed 3D recoil distributions
of ground state | atoms resulting from photolysis of
jet-cooled IBr molecules at six wavelengths in the range
440-540 nm. Only the 254251 pixels center parts of
the images are showr.denotes the electric vector of
the photolysis lighti.e., axis of cylindrical symmetyy

(c) shows the corresponding velocity distributions, with
features due to theHBr and HBr* product channels
(and the kI products from photolysis of,l contami-
nanb indicated.

chosen in order not to “saturate” the algorithm by multiple automatic procedure which uses the underlying symmetry of
impacts onto the same detector position within a single lasethe photodissociation process in comparing, respectively, the
shot and in order not to blur the image due to space chargepper/lower and left/right halves of each image with respect
effects. Typically, pulse energies of 2—14 of probe light to a test origin, and minimizes the squared differences with
(~20 ns pulse duration, focused to a beam diameter o$ub-pixel resolution. The centering was tested by performing
~0.015 mm using arf=13 cm plano-convex quartz lens, the reconstruction on each quadrant individually and com-
corresponding to pulse intensities250 MW cm ?) were  paring the resulting velocity distributions, which turned out
used to ensure that the required small signal levels were bée be almost identical and only showed minor differences in
low ~50 ions per shot. the intensities(3) Finally, the images were four-fold sym-
Further analysis requires the reconstruction of the 3Dmetrized(in order to increase the signal-to-noise ratmd
velocity distributions from the accumulated 2D ion images(4) the 3D velocity distributions reconstructed, from which
for which purpose an algorithm based on the filtered backthe velocity and angular distributions were extracted. To de-
projection proposed by Satet al®’ is applied. Prior to re- termine meaningful errors, the total signal of each image
construction, the images were processed in the followindi.e., the number of ion eventss conserved, and the statis-
manner:(1) In order to reduce the noise in the raw ion im- tical errors(proportional to the square root of the number of
ages, which is unavoidable with the present centroiding aleounts in an individual pixglare propagated throughout the
gorithm and which will be amplified by the reconstruction whole reconstruction and analysis process.
procedure, the images were smoothed using a 2D Gaussian The quality of ion images recorded with this new ion
filter (with a FWHM of 2 pixels. (2) It is important to define  imaging spectrometer is very higeee column(a) of Fig. 4
the center of the images, i.e., the position of the velocityand images presented in Ref.]10he images show very
origins, as precisely as possible. This was achieved with alittle asymmetry, and sharp structures observed at the longer
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wavelengths are attributable to photolysis of parent molsub-pixel resolution’® All modeling of images recorded on
ecules with different levels of vibrational excitation. The the | atom product thus assumed the partner fragment to be a
ground state spectroscopyand the bond dissociation hypothetical®®Br species.
energy® are both well established. Thus the velociin Even a cursory inspection of these images suffices to
pixel spacg of products arising from monochromatic pho- illustrate that both the branching into ground and spin-orbit
tolysis of parent molecules in any given rovibrational levelexcited state Br atoms, and the recoil anisotropy of thBi
can be calculated. The observed velocity distributions are thproducts, show a marked wavelength dependence. Before
result of dissociations originating from a range of parentanalyzing these dependencies in detail, however, it is neces-
quantum states. These can be simulated as a sum of Gaussgry to review possible factors that can affect the detailed
profiles, each centered at the velodipixel) position appro- appearance of such ion images. One is saturation. As men-
priate for the originating parent level of interest, with relative tioned earlier, signal levels were maintained at or beles0
weightings appropriate for a Boltzmann parent rotationalion impacts per laser shot in order to minimize the chances
state population distribution. This rotational temperature, thef multiple impacts on the same detector position, and any
relative intensities attributed to the various parent vibrationalmage blurring from space charge effects. Many different
levels, the width of the Gaussian profiles, and the pixel tacombinations of molecular beam seeding ratio and density,
velocity scaling factor are all adjustable parameters in the fitand photolysis and probe laser intensities, can yield such low
The results reported previoushestablishingl ,=12+1 K,  signal levels, but not all will necessarily be free @the
while the relative intensities of the vibrational levels could “saturation” effects. In particular, in the present experi-
best be simulated (by calculating the appropriate ments, the measured angular distributions of the recoiling
free—bound Franck—Condon overlagpassuming a vibra- products were found to be markedly dependent on the pho-
tional temperatureT i, =250+ 10 K. tolysis laser pulse energy. This was particularly evident for
signal appearing ai~0° (whered is the angle between the
vector of the photolysis laser radiation and the direction of

lIl. RESULTS AND DISCUSSION photofragment recojij only at very low incident pulse ener-
. ) _ gies (below ~150 uJ pulse ! for A~500 nm, near the peak
A. Br* product branching fraction, T’ of the parent absorptigrwas the angular distribution of the

Figure 4 displays raw imagéteft hand columpand 2D | +Br* products unarguably independent of the incident pho-
slices through reconstructed 3D recoil distributidosnter  tolysis pulse energy. Possible artifacts, such as this saturation
column of ground state | atoms resulting from photolysis of Of the photolysis transition, become strikingly obvious in
jet-cooled IBr molecules at six different wavelengths in thehigh resolution, high signal to noise images.
range 440-540 nm. Each was recorded using the 860 mm Halogens and interhalogens are proving popular test
flight path, with the same voltage settings on the ion opticgnolecules for demonstratingnd interpretingthe alignment
(Vrep= T5 KV; V= +3.9 kV; Viene= +2 kV) and with and/or orientation of atomic products arising in photodisso-
the € vector of the photolysis radiation aligned vertically, as ciation processe¥~** The primary concern of the present
indicated. The corresponding velocity distributions arework is to provide accurate measures of the branching ratios
shown on the right of each image. IBr exists in equilibriumand angular anisotropies of the product channels active in the
with I, and Bk. Since } absorbs, at all photolysis wave- Visible photodissociation of IBr but, since the latter at least
lengths relevant to Fig. 4, images obtained by monitoringcan be sensitive to such orientation and alignment effects, it
ground state | atom products will necessarily exhibit addi-was necessary to test for their presence. Any substantial
tional (generally weak rings associated with formation of product alignment will reveal itself as an apparén{cose)
two ground state | atom@r an H1* combination from I, moment in the angular anisotropy of the image and/or via
photolysis. Such features are indicated in Fig. 4. Theyifferences in the detailed appearance of the image when
present no problem in the image analysis that follows, sinceecorded with the probe polarization aligned normailg.,
energy conservation dictates that they appear at velocitiealongy) or parallel to the TOF axigalong z). To test for
(and thus radji well separated from theHBr/Br* products these effects we recorded | atom images from IBr photolysis
of interest. The fact that the parent sample contaiff8d  at 499.9 nm, using these two orthogonal polarizations and
and I181Br molecules, in roughly equal abundance, affects théwo different | atom probe wavelengths—at 304.67 fiq.
velocity resolution of the | atoms from IBr photolysis, how- (1)], and at 307.74 nm, using tH&3, 2P, two photon
ever. Because of the mass dependence of the momentumansition?® The angular anisotropies displayed by the vari-
partitioning upon fragmentation, | atoms formed in associa-ous images were indistinguishable by eye andghgaram-
tion with a "Br atom will recoil 0.8% slower than those eters extracte¢see belowwere the same within their corre-
deriving from I8Br photolysis (for the same total kinetic sponding error bars, encouraging the view that any product
energy release This splitting is not resolved even in the alignment effects are sufficiently small to have negligible
present high resolution images, since it corresponds to lesaefluence on the branching ratios and angular anisotropies
than one pixel in image radius, though it is worth recallingreported in this work. Any orbital alignment of the | atom
that we could distinguish this velocity difference when moni- photofragments will degradgo ~23% of the nascent valye
toring the individual Br isotopes arising in the near thresholdthrough coupling with the #5/2 nuclear spin, on a time
dissociation of IBr via the shift in the peak positions in the scale that is short compared to the laser pulse duration.
respective velocity profileeeach of which can be fitted with Given this extent of hyperfine depolarization, we can actu-
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wavelength / nm (b)] illustrating the deduced variation in recoil anisotropy
540 520 500 480 460 440 . . .
1.0 — : parameterp, with fragment recoil velocity. Th@ values are
O, derived by analyzing the reconstructed images, as a function
084 T voL of radius,r (and thus recoil velocityp), in terms of the
' $ 8§ 5 function
5 g * 3
B 0.6 o
8 (I [(v,0)=f(v){1+ BP,(cosh)}, (5)
g L
5 041 T § where 6 is the angle between thevector of the photolysis
§ 3 ® this work ° | diati d the direction of photof t recoil
g g g aser radiation an e direction of photofragment recoil,
024 F o Ref. 22 f(v) is the speed distribution of the detected photofragment,
Q ¢ B is the anisotropy parameter, afg(x)=(3x*—1)/2 is a
ool ' . ‘ , second order Legendre polynomf4lg takes limiting values
18000 19000 20000 21000 22000 23000 of +2 and—1 in the case of prompt dissociations following,
photon energy / cm” respectively, a pure paralléle., AQ)=0) or pure perpendicu-

FIG. 5. B photof  branching fractiork fing hotolvei lar (i.e., AQ==1) excitation of the parent diatomic mol-

. 5. Br photofragment branching fractior, resulting from photolysis . I

of jet-cooled IBr molecules measured in the present W@k plotted as a e.CUIe' Panelgc)—(f) show representatl\_/e angu"ar_ distribu-

function of excitation wavelength. The error bars representithe statis-  tions, each of which has been normalized to unit area, for

tical error band of the measurements. Also shown are the previous brancldifferentr (and thusv), together with the respective best-fit

ing fraction measurements of Leone and co-workesRef. 23. curves. Clearly, the slowest featune~{40), associated with
formation of H-Br* products is well described hg=2, im-

ally quantify the total laboratory frame alignmemgz), in p_Iyipg that th_ese pro_du_cts a_rise as a re_sult of prompt disso-
the case of the former probe transition, for which line ciation following excitation via arfessentially pure parallel

strength factors are knoﬁnby analysis of images recorded transition. The fastest feature, at-127, is due to | atoms

with different laser polarizations. Use of E@1) of Ref. 41 formed in the dissociation ofl The angular distribution of
yields a vaIueAgz)~0.08 (corrected for hyperfine effeots these products fits well 8~ — 1, indicating that the forma-

far from the limiting values of+4/5 and —2/5 associated tion of ground state | atoms_ from photodissqciqtion at 520
with a fully aligned samplein the high J limit). Further nm results from a perpendicular parent excitation. Note that

support for the view that there is minimal alignment of thethe large error bars in panele) anq (f) arise ffom thg low
atomic products formed at all photolysis wavelengths invesSignal levels, and thus the poor signal-to-noise ratios, asso-
tigated in this work is provided by the facts thét: none of ciated with the$e featur_es. .
the fits to the measured angular distributions is improved of gr_eate_r interest in the context of the pfese”t wprk_ IS
significantly by inclusion of aP,(cos6) term; and(ii) in the recoil anisotropy of the | atoms formed in association

photolyses where both | and Bor Br*) fragments have W'thl gro;md stat(_ef Brtproduc;t_s, forlwhlch.t;c]hg bestﬁt
been imaged, the derived recoil anisotropies are identical. evz \tlﬁs rom .?OS'I |v<_at osneglla |;/e Vc? ues wi b mcregs]:nngth
Figure 5 shows a plot of the wavelength dependen nd thus recort velocily. Similar trends were observed for Ine
b : . +Br products formed at all excitation wavelengths in the
ranching fraction, . o .
range 490—540 nm. Since the photolysis is performed using
O +Br a narrow bandwidth laser source, and the products are both
r=——>"" (4) . o :
O\ 1pr+ O 45 atoms, the faster#Br product recoil velocities must derive
from more internally excited parent molecules. Our previous
simulationg® of images of the Br products arising in the near

. . . . threshold dissociation of IBr established a parent beam rota-
atom images recorded in this work, together with the result§ional temperature F .~ 12 K. A rotational temperature of

of the earlier room temperature, time-resolved laser gain ver; .
P ’ 9 12 K corresponds to an average rotational energy~&f

Sus absorption measurem_ents O.f _Leone and co-wo?%ers.cm,l which, if released as kinetic energy would amount to
The excellent agreement is gratifying. The results demon;

. ; . . less than one pixel at these recoil velocities-©1). Thus
_ *
strate clea_lrly that the spin-orbit excited Br _fragmentann we conclude that the fastest | atoms must arise from excita-
channel is open at the thermodynamic threshold, (

. i i iati f vibrati I it t I-
~18349 cm L2 corresponding oo <544.84 nn, that ion (and dls_;soc!a ionof vibra ionally exci t_ad paren_[no
I peaks at a value 0f£0.75 atx '3525 am. and that IBr eculed[the vibrational level spacing in IBX) is 267 cm -].

: phot™~ ) ; ; _
photolysis at all wavelengths in the range ~ 475 nm In order to explain the observed velocity depend@param

leads to an inverted spin-orbit lation distribution in th eter for the K-Br products we would then require that 520
cads to a erted spin-orbit population distributio ®hm excitation promotes ground and vibrationally excited IBr
Br atom products.

molecules to dissociative excited state potentials vith

=0 and 1 with very different relative efficiencies. Further

indication that such may indeed be the case is provided by
Panel(a) in Fig. 6 shows the experimentally measured Ithe observation thaall 1+Br products resulting from IBr

atom product velocity distribution resulting from IBr pho- photolysis at yet shorter excitation wavelengtig (<490

tolysis at 520 nm in greater detail, together with a pinel  nm) exhibit an angular anisotropy parame@<?2. We re-

(where o, g+ and o, g, are the relative cross-sections for
the respective product channeldeduced from analysis of |

B. Product angular anisotropies
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FIG. 6. (a) Velocity distribution of | atoms resulting from 520 nm photolysis of jet-cooled IBr molecules, and the accompaniyimmuiity, together with

(b) a plot showing the variation of the recoil anisotropy paramegenyith recoil velocity. All error bars represent thelo (statistica) error bands of the
measurements. The right hand panels-(f) display the variations in the angular distributions of different velocity sub-gréups different image radir)
within the total | atom yield. All four distributions are normalized to unit area. The best-fits according t6)Egolid lineg are shown together with their

+ 10 error bandgdashed lines Note that the large error bars, particularly in parie)sand(f), reflect the poor signal-to-noise ratio in the corresponding parts
of the image.

turn to these observations later, after derivation of the bedhe spread of parent velocities perpendicular to the molecular
IBr excited state potential functions yet available. beam axis and the pixel “resolution(including Gaussian
Figure 7 shows reconstructed 3D recoil distributions offilter) of the camera. The remainder is presumably attribut-
the "Br atom fragments arising in the photolysis of jet- able to residual imperfections in the ion optics or, more prob-
cooled IBr molecules at 630 nm and at 520 nm, and of thebly, to small image distortions caused by the optical cou-
Br* fragments that result from near threshold photodissopling of the phosphor screen to the camera and/or to
ciation at 540 nm. Again, the vector of the photolysis ra- imperfect synchronization between the camera and frame
diation was vertical, as indicated, but the radii of the variouggrabber. For comparison with other ion imaging systems, the
rings in the different images are not directly comparable with30 ms* velocity resolution presently achieved translates
one another because not all were taken using the same exto an energy resolutiol\E/E, ~3.8% for a Br atom re-
traction voltages. Plots showing the corresponding velocitycoiling with a kinetic energy of 1 eV.
dependent intensity and recoil anisotropy distributions are  The Br image recorded at,,—=630 nm is representa-
displayed to the right of each image. These are arguably theve of all images taken in the wavelength range 885,
best images on which to base any discussion of the image630 nm, each of which shows the-Br product recoil
resolution achieved to date, though it should be fairly obvi-anisotropy to be well described in terms of E®) with
ous that IBr(with its very closely spaced rovibrational level 8=—1 in agreement with the well-established perpendicular
structurg is a far from ideal test-case molecule with which to nature of theA(1)«—X(0™") transition. Imaging studies in
demonstrate the ultimate experimental resolution. The sharphe 545—-600 nm region, where the jet-cooled parent absorp-
est "°Br images were fitted assuming that products arisingion spectrum comprises a progression of resonances associ-
from a parent rovibrational quantum state spanned 3.7 pixelated withB-X vibronic transitions superimposed on an un-
(FWHM) after application of the X2 pixel Gaussian filter derlying continuum andB is a fluctuating function of
[or 3.2 pixels(FWHM) with no filter functior]. This trans-  wavelength, will be reported separatélyThe Br* image
lates to a velocity spread of 30 m%s(26 ms ! without filter ~ recorded al pho=540 nm is characteristic of all other Br
function), of which only a small fraction can be attributed to images taken in the range 54Q ,,,=440 nm, and is well
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FIG. 7. The left hand panels show 2D
slices through the reconstructed 3D re-
coil distributions of ground stat&Br
atoms resulting from photolysis of jet-
cooled IBr molecules ata) 630 nm
and (b) 520 nm, and of(c) "°Br* at-
oms from IBr photolysis at 540 nm.
Reduced ion optic voltages were used
when recording(a): Vge,=1.25 KV,
Vewr=1.0 kV, V ¢ne= 0.5 kV, and(c)
Veer=1.9 KV, V=15 KV, V e
=0.75 kV. Again, only the center part
of each image, corresponding to the
indicated velocity/pixel interval, is
displayed.e denotes the electric vector
of the photolysis light. The right hand
panels show how the corresponding
product yield and recoil anisotropies
vary with the recoil velocity.

described byB~2. Only at wavelengths closer to the ener- merits more comment. These Br atoms partner the | atoms

getic threshold X o= 544.84 nm do the BF images show

that give rise to the middle peak in the velocity distribution

any clear deviation from limiting behavior. Careful analysisshown in Fig. 6. The deduced velocity dependence of the
of the I+Br* ring in these images recorded at photon ener+ecoil anisotropy parameter of these Br products is in excel-

gies just above the dissociation threshold sh@adeclining

lent accord with that found for the partner | atoiifsg. 6).

with increasing pixel radius. Such trends are wholly consis-This is an important observation. The images in Fig. 7 have
tent with a progressive breakdown of the axial recoil ap-higher velocity resolution than the | images, in part because
proximation with increasing parent rotational, and with thethey are isotope specifid OF separation allows monitoring
associated dramatic behavior observed at energies just abowk just the "°Br atom produdt and also because they were

the I+Br dissociation thresholt?*®

deliberately recorded with lower ion optic voltag@s order

The image of the ground state Br atoms measured folto expand the image on the detegtdrhe quantitative agree-

lowing IBr photolysis at\ ,no=520 nm shown in Fig. (b)

ment between th@ versus velocity plots obtained by mea-
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wavelength / nm B state levels withy’=3"13(i.e., at energies well below this
620 600 580 560 540 520 S00 480 460 440 excited asymptoteand the present observation of a substan-
2 parallel "o Y E e e § 8 g ¥ | tial parallel contribution(i.e., 3>0) to the HBr products
. formed above this asymptote indicate that parallel absorption
I+ Br* can lead to formation of ground state products. The latter
I+Br reflects the role of the well documented interaction of the
l+7Br+| | diabatic B and Y potentials at extended bond lengths, and
I +™Br encourages analysis of the present data to estimate a wave-
length dependent partial cross-section for parallel absorption.
Since the wavelength dependence of the branching fraction,
I' (Fig. 5, and theB parameters for the individual product
channels leading to ground and spin-orbit excited bromine
415 perpendicular * atoms (Bg, and Bg+, re;pectiyely, see Fig,)&re known, we
- can calculate an effective anisotropy paramesgy,, for the
16000 17000 18000 19000 20000 21000 22000 23000 total product flux at any given wavelength from the expres-
photon energy [em™] sion

c ¢ A

? ®

oo en

(=]

isotropic

anisotropy parameter
[ »]

FIG. 8. Plot showing the wavelength dependence of the angular anisotropy Beri=I'Bgr+(1-T") B, . (6)

parameters for the#Br and HBr* product channels as determined by . . - .
analysis of images obtained by monitoring théilled symbols and”8r  INtegrating each image over alend then fitting the result in

(open symbols products. Theg parameter for a given spin-orbit product terms of Eq.(5) should yield the sam@¢ values, but the
channel is obtained by identifying the radiu®f the maximum signal as- former procedure is preferred since it is less Susceptib'e to

sociated with that channel, and fitting the angular distribution of all signal in . . . .
the spread of radii in the vicinity af that contain>10% of the peak signal. the inevitable background noise between real features in the

The error bars represent thelo error bands of the measurements. image. Givengeg(\), the wavelength dependent probabili-
ties for parallel and perpendicular absorpti¢?),(\) and
Pperd ), follow from

suring the I(Fig. 6) and "°Br [Fig. 7(b)] atoms and the fact P_=(Burt1)/3 (72
that, as Fig. 6 showed, the other product channelsB(f, par o
and HI from the L, impurity) imaged at this photolysis and
wavelength show constant, limitingg values across the i 4
whole peak profile, serves to reinforce the conclusion that Prerp= (2~ Ben) 3= (1= Ppay). (70
the observed velocity dependefitis a genuine photophysi- The simple summation in Eg6) is valid since, as shown by
cal effect requiring explanation and not, for example, someSiebbelest al,*® the effective anisotropy parameter is sepa-
artifact of the design or operation of the ion optics. rable into contributions from individual excitations even in
Figure 8 presents a compilation of all of the angularthe case of coherent excitation of overlapping parallel and
anisotropy measurements recorded in the present workerpendicular absorptiorisuch as have been invoked to ex-
Clearly, given the foregoing discussion of the velocity de-plain polarization of the angular momentum of atomic
pendence of thg@ parameter for the-+Br products arising in ~ photofragment).
IBr photolysis at\ ,no~520 nm, we need a protocol for as- Ppar and Pyep can be converted torp,, and opey, the
cribing a singleB value to the flux associated with any given partial cross-sections for paralléle., B—X) and perpen-
product channel. For the purpose of this plot, we identify thedicular absorption, if the total absorption cross-section is
radiusr of the maximum signal associated with any givenknown. Unfortunately, the absorption spectrum of IBr vapor
product channel of interest in the velocity distribution, and fitreported by Seery and Brittbhonly spans the wavelength
the angular distribution of all signal in the spread of radii inrange 606=Xx=220 nm, and thus omits much of the-X
the vicinity of r that contain>10% of the peak signal. The absorption system in the red. We therefore re-recorded the
present findings are in good qualitative agreement with thentire UV/visible spectrum of five different IBr samples
one previous estimate ¢ for the I+-Br and H-Br* products  (each with its own particular but inevitable Band L con-
from IBr photolysis at 490 nmi° and demonstrate that the tamination, and of pure By and b, across the range 800
measured anisotropy of the ground state product channel A=250 nm, at 2 nm resolution, using a Perkin Elmer
sensitive both to the parent excitation wavelength and, akambda Bio 10 spectrometer. All samples were pumped at
Fig. 6 showed, the extent of parent interabrationa) ex-  room temperature to remove air and, in the case of IBr, to
citation. remove preferentially much of the Bcontaminant. Figure 9
shows a representative spectrum, in which structured absorp-
tion arising from residual,l is clearly visible. This latter
absorption can be removed by subtraction of an appropri-
The B state is the only excited state of Osymmetry, ately weighted absorption spectrum of puse Br, contribu-
i.e., that can be reached via\d) = 0 vertical transition from tions (if present at a)l can similarly be removed, after com-
the ground state, in the energy range of current intéoesh-  parison of spectra recorded with different IBr samples. All
pare Fig. 1. In a diabatic picture, th8 state correlates with five “pure” IBr spectra obtained after subtraction of appro-
I+Br* products, but both the documented predissociation opriate B, and |, contributions from the measured absorption

C. Total and partial absorption cross-sections
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0012  experiment —, |IBr at vapour pressure (3°°K)| IBr together with the gxperlmentally determinedq,, and

S ] T perp Partial cross-sectiongas symbols® and [, respec-

~ 0.010 tively), obtained by scaling the total absorption at any given

_§ . R ;zf;ef;ed 1Br absorption wavelength by the relevam,, and P, values.

8 0.008

2]

(2]

8 0.006 D. Determination of potential energy functions for the

§ A3II(1), B3I(0%), and CII(1) states

2 0.004

= We now seek to construct potentials compatible with the

é 0.002 available partial and total absorption cross-section data. The

ground state potential has been parametrized previously,

0.000 1 most recently by Nelandeet al® using a modified Morse

T T T T T T T T T T T
350 400 450 500 550 600 650 700 750 function of the form:
wavelength / nm :

2
+Te, ()

FIG. 9. Room temperature absorption spectrum of an IBr sample over the 1-e P
wavelength range 759\ =350 nm, together with suitably scaled spectra of

pure b and By. The bold solid curve attributable to pure IBr absorption was
obtained by subtraction of these latter two absorption profdee text and with
was then vertically scaled to match the absolute values from Ref. 17 shown

as points(@). The latter have been red shifted by 1.3 nm to give best
overlap with the present measurements. 7=

Vx(z)=De

1— e_.B(OO)

_Re

R i
rRrR, P@=22 Bz,

spectra were essentially identical. Figure 9 shows the fina"ilnd
pure IBr absorption spectrum throughout the #50=350 n
nm range of current interest. Where comparison is possible, B(®)=2, B;.
the deduced absorption profile is in good agreement with =0
those reported previously by Seery and Brittbrand by  Values for theg; coefficients {<4), the equilibrium bond
Haugenet al,?? though careful simulation of the vibronic length,R., andD, were taken from Table 6 of Ref. 9. Un-
structure evident in the Ispectrum allows precise calibration fortunately, theD value of 14 660 cm' listed therein is 138
of the wavelength scale in Fig. 9 and indicates that the wavesm™! less than our recent precise determination of the
lengths reported in the former work all need to be red-shiftedyround state well-deptb =14 798 cm™.'° Given the par-
by 1.3 nm. Because the absolute pressure of the gas samplé absorption cross-sections this discrepancy would shift the
used in recording these spectra could not be controlled prededuced repulsive wallésee below of the corresponding
cisely, we take the literature absorption cross-sectiots  excited state potentials significantly to higher energies. Thus,
define the vertical scale in Fig. 9. in order to reproduce both the vibrational term values given
Figure 10 shows the deduced absorption profile of purdy the Dunham coefficients of Ref. 9 and the dissociation
limits of the excited state potentials, the entire ground state
potential was shifted down in energy by settifig= — 138
500 750 700 650 600 560, Ve'e;%”‘ / Mo 400 cm 1 in Eq. (8). This ground state potential defined by Eq.

0.012 - (8) and the parameters listed in Table | allows calculation of
1| @ o, the wave functions for the thermally populated ground state
00104 | 7 Op levels v”=<3) used when calculating the partial and total
experiment . Ly
1| —-- simulation absorption spectrébelow). The ground state potential is oth-
00087 ---ee erwise irrelevant for the calculation of the excited state dy-

namics, so the small change . implied by this manipu-
lation has no affect on the results of the wave packet
calculations presented in Sec. Il E.

Guided by the deduced partial cross-section determina-
tions we can anticipate that the long wavelength shoulder to
the absorption spectrum arises from theX (perpendicular
absorption, that th8—X parallel transition is the dominant
contributor at the absorption maximum and that the perpen-
dicular component evident at higher energies will be attrib-
FIG. 10. Optimum deconvolution of the total room temperature absorptio _Utable to theC-X tranSItlon'.The total .absorptlon speqrum
spectrum of IBr(bold curve into oa_x(v), osx(v) andoc_x(v) partial 1N the wavelength range of interest will thus be sensitive to
cross-sections using the potentials shown in Fig. 11 and parameterized tie repulsive walls of all three excited state potentials. These

Table 1. The symbols® and L]) show, respectively, the experimentally potential functions were determined iteratively. In each case,
derived cross-sections for parallel,,, and perpendicular absorption,

oo, derived using Eq(7). The "steps” in thec x curve at~14 500 a suitable function was f|Fted to RKR turning points for the
cm- ! correspond to the dissociation limits for IBs'(=0,1,...)~I1+Brand ~ oOUNd part (_)f the p(_)tent_lal, when appropriasee bel_OW: o
are an artifact of the output of the wave packet calculation. and to additional points in the Franck—Condon region, ini-

0.006
0.004

0.002

absorption cross section / A

T A e e e e e e I e e

L L T T T T
14000 16000 18000 20000 22000 24000 26000
photon energy / cm’
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TABLE |. Parametrization of diabatic potentials for tAe’TI(1), B 3II(0"), C 'II(1), andY(0") states of
IBr. The individual parameters are defined by the corresponding equajiodenotes theR independent
transition moments of the corresponding transitions from Xhetate deduced from deconvolution of the
absorption spectrum with an estimated uncertainty-8%. TheX 1>*(0") potential is adapted from Ref. 9
(see text for detaijswhile the form of theY(0™) potential remains preliminary.

X1=*(0") Eq. (8) ASTI(1) Eq.(9) B3II(0") Eq. (9)
R. 24689859857 A 2.857 4784 A 2.821 5300 A
D, 14666 cm? 2428 cm'? 2314.8 cm?
T, —138 cm ! 12370 cm? 16 168.4 cm?
y 4.362 7716 A 4.937 3951 At
Bo  9.308343015
B.  17.902504 4.441 061 A 5.100 9749 A1
B, 52.81995 4.201 3071 A 6.074 5247 Az
Bs  137.052 0.230 744 46 A 2.880 2781 A3
B, 244.33 0.384 948 62 Al 11.463 025 A4
Bs 7.100 1740 A» 21.107 090 As
Be 0.007 687 316 A® 0.132 956 53 K¢
u 0.236 D 0.635 D

C'I(1) Eq(10  Y(0") Eg. (10

R, 1.443 9470 A 0 A
b, 9.119 5944 A 5.351 0378 i
A, 3.237559 x10° cm?! 8.016516 7&10° cm!
R, 0.068 986 47 A 0 A
b, 1.760 4932 A 1.615 5024 i
A, 3.227 961 X 10° cm ! 3.557 8710x10° cmt
Te 14798 cm? 14798 cm?
m 0.480 D 0.0 D

@The D, value given by Ref. 9 underestimates the precise value of 14 798 ¢Ref. 10. This has been
compensated for by lowering the entiXestate potential using thg, term (see text

tiaIIy derived from the Corresponding partial absorption US-erature values for the inneRmin, and outer Ry ax, turning
ing the reflection principle. This trial potential was then usedpoints for the lowest fewB state vibrational levelsy( =0
in a grid-based time-dependent wave packet calcultftioh ~and 24, i.e., well below thB/Y crossing and Ry, values
the frequency dependent partial absorption cross-sectiofigr a selection of the better determined higher vibrational

aj_x(v). A separate calculation was run for each level withjevels (v’ from 11 to 34,% together with points in the
v"<3. Details of these calculations are reserved until therranck—Condon regionT.=16168.4 cm?® (Ref. 7 and

following section, but each calculation involved wave packetD ,=2315 cm! (Ref. 10, and fitted them in terms of an

propagation just for sufficient time that it had left the extended Rydberg potential of the form:

Franck—Condon region. The resulting absorption arising

from thev” level of interest was then determined from the

Fourier transform of the autocorrelation functigk(t), and Ve(R)=De

the spectrum of the total partial absorption simply obtained

as the sum of the different” contributions weighted appro- with Ry, 3; (i=<6) andy as adjustable parameters. Inclusion

priately for a 300 K vibrational state population distribution. of the R, values for the highev’ levels in the fit(albeit

The result, appropriately scaled vertically, was then comwith a lower weighting was necessary to provide some defi-

pared with the experimentally determined partial absorptionnition of the long range part of the potential. Figure 10 com-

aj_x(v). The repulsive wall of the trial state potential was pares the experimentally determined and calculated partial

then adjusted, the wave packet propagation process repeateabss-sections for parallel absorptier,,(») (at 300 K),

and, in this iterative way, the “best-fit(by eye potential  while the best-fit diabati® state potential is shown in Fig.

function was eventually derived. Note that, implicit in this 11 and its best-fit potential parameters are listed in Table I.

analysis and in the overall deconvolution that follows, is theThe nature and strength of the coupling between the diabatic

assumption that all of the various electronic transition mo-B andY states are considered later in this study, but model-

ments areR independent in the vertical Franck—Condon re-ing of the energies and widths of the resonance structure

gion of interest. supported by the well of the diabati® state potential is
Defining the diabatidB °I1(0") state potential proved reserved for a future publication.

most challenging, both because of the fragmentary nature of ~As anticipated, Fig. 10 confirms that,,(v) fails to ac-

the available vibrational term values, and because these aoeunt for both the high and low frequency ends of the total

of course not eigenvalues of the diab&istate potential but IBr visible absorption system. The missing absorption at the

of the coupledB/Y system. As a starting point we used lit- low frequency end of the spectrum we associate with the

n

1-| 1+ Bi(R—Ryle ™R R[4 T., (9
i=1
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Franck—Condon region derived by applying the reflection
principle to the remaining high frequency part of the absorp-
tion. Fluorescence decay measuremerslicate that the
v'=2 and 3 levels of thd state are affected by heteroge-
neous(rotational level dependenpredissociation caused by
interaction with a dissociative state wi€h=1. Analogy with
other halogens suggests that @e&ll(1) state is responsible
for the observed predissociation, while the absolute predis-
sociation rates measured and their isotopic dependence sug-
gests that tha3 3I1(0")/C II(1) curve crossing occurs in
the energetic vicinity of thé,,_5 origin. This observation
provides a further constraint when determining the most
probableC state potential displayed in Fig. 11. Figure 10
illustrates how well the measured room temperature absorp-
tion spectrum is replicated by the three deduced partial ab-
sorption cross-sections, while Table | provides a summary of
the functional form of each potential and of their respective
transition momentsu;_x. Given the assumption that the
various u;_x are independent oR, the uncertainty in the
relativetransition moments obtained from this deconvolution
is judged to be~1%. The reliability of the absolute values
quoted in Table | depends upon the accuracy of the reported
total absorption cross-sections—estimated to-he2.5% at
the maximum absorptioH, hence the~3% uncertainty
L e S U S quoted in the caption to Table I. The value we obtain for
20 25 30 35 a0 - 45 50 me_x (0.635 D is in pleasing accord with the earlier value of
internuclear distance / A 0.7 D estimated by Clyne and Heaven on the basis of their
FIG. 11. Diabatic potential energy curves for teA, B, andC states of IBr  collision-free I1Br B—X) fluorescence lifetime measure-

derived in the present work. Also shown, for completeness, is the assumeghents and intercomparison with other halogens and
location of the diabati¢y state potential responsible for the predissociation interhalogen§

of the higherw ' levels of theB state. RKR points are taken from a variety of . .
sources as detailed in the text, while all relevant potential parameters are The accuracy of the repU|S|Ve walls of the derividB,

given in Table I. andC state potentials in the vertical Franck—Condon region
is estimated to be~+50 cm !. The bound part of the
A°®II(1) state potential is accurate to the extent that the vi-
A-X transition. Appadooet al® provide Dunham coeffi- brational term values calculated from the Dunham coeffi-
cients for the bound part of th&3II(1) state potential—at cients of Ref. 6 reproduce the experimental energies with an
least up tov’ =24 (corresponding to~85% of the totalA ~ average deviation of 0.3 cm, with maximal differences of
state well-depth above which the\—X absorption spectrum —0.7 ¢ * for thev' =0 level and+1.1 cm * for the high-
shows evidence of significant perturbation. These coeffiest valid vibrational level«’=24). The long range part of
cients were used as input for an RKR calculation to generatthe diabaticB°II1(0") state potential, and the repulsive
turning points. TheASTI(1) state “trial” potential was Y3 (0") potential (see Sec. IIIE remain less well-
again fitted in terms of an extended Rydberg poteriia. ~ defined, pending a proper coupled treatment of8héstates
(9)], with D,=2428 cm*,° T,=12370 cm*! (Ref. 6, in order to reproduce the structured, predissociated part of
R.=2.8575 A as determined from the RKR fit, ai(1 the absorption spectrum in the wave-number range 16 500—
<i<6) andy as adjustable parameters. The optimiustate 18 350 ¢ *.%°
potential ando,_x(v) partial cross-section derivebllow-
ing the procedures described abpeaee included in Figs. 11
and 10, respectively, while the parameters describing thg \yave packet calculations of I'(») and B(v)

best-fit extended Rydberg potential for thestate are listed ) ) ]
in Table I. Grid-based time-dependent wave packet calculations of

Finally, the high frequency remainder of the 360—800the Visible photofragmentation of IBr have been performed
nm room temperature absorption band of IBr is attributed tcS @ further test of the accuracy of the derived excited state

the C MI(1)« X transition. To generate tH@ state potential Potential energy curves and transition dipole moments and to
we assumed a trial repulsive function of the form allow determination of the coupling strength between the

diabaticB andY states. The calculations involved solution of
the time-dependent Schiimger equation,

250001

20000

T

15000

10000

potential energy / cm’

5000

Franck-Condon region

* RKR and reflection points

Ve(R)=As exp{ —by(R—Ry)}+ Az exp{ —by(R—Rp)} + T
(10

positioned in the vertical Franck—Condon region with pa-

. d -
rametersA;, b;, R;, andT, initially fitted to points in the 'ﬁﬁ(b(R’t)_H(R)q)(R’t)’ (1)
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following procedures outlined elsewhéfe. The time- TABLE II. Numerical parameters of the time-dependent wave packet cal-
dependent Hamiltoniam:,l(R) in the present calculations, is culations for I”°Br. Note that the results for the’Br and I8'Br isoto-

. o . ~ ! pomers are indistinguishable.
the sum of the radial nuclear kinetic energy operaig¢R),

the diabatic potential energW/(R), and a coupling term,  Atomic masses m, 126.904 473 amu
Vpg/y (Which we take to b& independent linking the diaba- o o g‘sr . 72-812433(‘)6%; Emu
tic B(0") and Y(0*) states. The calculations assume total o 9¢°'dne - min » Rmax e Bonr

. . Number of grid points 1024
angular. momentund= 0 throug.hout..The starting point of  position of analysis line R. 19.5 Bohr
these time-dependent calculations is the preparation of antime step St 0.48378 fs
initial wave packet on each of the B, andC state potential Number of time steps 8192
energy curves. These are obtained by multiplying the ground Start of damping region Raamp 20.0 Bohr

Cubic damping factotRef. 5) Cgamp 0.01041 Hartree

state wave functio#V,», itself determined using the Fourier
grid Hamiltonian method® by the appropriate transition mo-
ment function, i.e.,

DA(Rt=0) Ha-x¥n(R)

De(R1=0) | | o x¥u(R) g -
Bo(R1=0) = so W (R) | (12 AJ(R“”E):EJO ®(R., t)exdi(E,»+hv)t/A]dt,  (16)

dy(Rt=0)] |0
Y . ) k; is the wave vector of the photofragments gnds their
@;(R,t) represents the wave packet associated with the eleGagyced mass. For these calculations, the asymptotic wave

tronically excited stat¢ and u; x (assumed to b& inde-  nctions were damped using a cubic complex absorbing po-
pendentis the transition moment connecting stpigith the  entia) as defined by Eq11) of Ref. 51 in order to prevent
ground electronic state. Separate calculations are run f%rpurious recurrences at sm&ll Table I gives values of all

each ground state vibrational level witfi<3. The various parameters, including the damping parameters, used in the
®;(R,t=0) wave packets are propagated on the relevant exn5| time-dependent wave packet calculations.

cited state potentiés) i_n a series of short time steps_ using the Recalling Fig. 11, we note that, for the four state model
Chebychev propagation scheffi&’and the respective auto- ,seq here, the diabati, C, andY state potentials correlate

where

correlation functions(t) are calculated: smoothly with ground stateHBr products, while the spin-
@ orbit excited K-Br* asymptote connects with just the diaba-
A,’(I)ZJ0 T (Rt=0)P;(R,t)dR. (13)  tic B state potential. In the absence of any heterogeneous

couplings, wave packets propagated on fhend C state

Partial absorption cross-sectiong _x(v), such as those potentials thus evolve solely to ground state products, which
shown in Fig. 10, are obtained by Fourier transforming thewill show perpendicular recoil anisotropy. Wave packets
variousA(t): launched on th® state potential, however, will bifurcate in

ay [ the region where this potential crosses with that of the diaba-
oi_x(v)= mf exfi(E,»+hv)t/A)]A;(Hdt, (14 tic Y state, to an extent that will depend on the strength of the

€oltJ — B/Y coupling. Given independent knowledge of the form of
whereE,. is the vibrational energy of the initial state, and theA, B, andC state potentials, and the respective transition
then summing contributions associated with the diffeggnt Moments connecting each of these states with the ground
levels weighted appropriately for a 300 K vibrational stateState, the shape of théstate potential anWfgy , the strength
population distribution. In practice, since the first aim of thef its coupling to theB state, are the only adjustable param-
preceding calculations was simply to define the short rang&ters in modeling the observed energy dependent branching
repulsive parts of th, B, andC state potentials, it was only 'atio, I', and produce recoil anisotropies, .
necessary to propagate each wave packet until it had de- The dissociation limit of the diabati¥' state potential,
parted from the vertical Franck—Condon region. Thesetnd the approximate energy at which it crosses that of the
;_x(v) calculations were thus insensitive to the assumedliabatic B state are both known from experiment. Further

form and strength of any coupling between BiandY state ~ refinement of its shape at shorf@must await more detailed
diabatic potentials at largeR. analysis and interpretation of the short lived resonances sup-

Clearly, such will not be the case when we turn to con-Ported by the diabati® state well, but for the present pur-
sider the partial cross-sections for forming a particularPOSes, its representation in terms of a potential analogous to
asymptotic product state. These are obtained by examiningat used to describe the repulsiGestate[Eq. (10)], with
the wave packets associated with each of fwer excited ~Parameters as listed in Table I, suffices to reproduce the ex-
state potentials at an analysis line at laRReR,,, in the ~ Perimental measurables. Figure 11 displays the form of the
asymptotic region where there is no further coupling pe-assumed diabati¥’ state poteptlal, Wh.l|e Fig. 12 shows the
tween the diabatic surfaces. The partial cross-sectig), ~ frequency dependent branching fraction fo* Broducts

for forming a given product channgis given by’ (op(v))
3 I'(v)= : (17)
Ak AR 15 > aj(v)
. = — . gi\v
O-J(V) 3C€O,LL | ]( 0y )| ’ ( ) ] J
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FIG. 12. Comparison of experimentally determined Broduct branching
fractions I'(v), (@), with those derived from analysis of wave packets
reaching theR,, analysis line at the4tBr* and +Br asymptotes, assuming

a parent vibrational temperature ©f;,= 250 K and differenB/Y coupling
constantsVg,y=170, 120, and 90 cit. The parameters and respective
transition moments of the excited state potentials are given in Table I. Also
shown, as a dashed life—-), is thel'(v) curve predicted in the case that
the parent sample consisted solely of molecules witk 0.

anisotropy parameter p

-1 i

T T T T T T T T T T T T T T T
determined at th&,, analysis line, assuming a parent vibra- 16000 17000 18000 19000 20000 21000 22000 23000
tional temperature of 250 Krom hereon thé ) brackets will photon energy / cm’

be used to imply vibrationally averaged quantitiaad three
different values ofVa,: 170 cnil—as estimated in the FIG. 13. (a) Comparison between the experimentally determifgzhram-
BIY - eters for the +Br product channel as a function of photolysis wavelength,

original analysis of Child; 90 cm '—as assumed in many ;g the (vibrationally averagedresults of wave packet calculations assum-
of the more recent theoretical studies of IBring vgy=170, 120, and 90 cit. (b) Calculated frequency dependent
photophysics#~'®and 120 cm*. The latter represents our variation of the i Br product recoil anisotropy, assumiig,y =120 cn *,
best-fit value(by eye and, as Fig. 12 demonstrates, it repro- following photolysis of vjbratio_nally state selected IBr molegtilles with
duces the experimentally determined branching fraction very?o’ 1, 2} and_3..The rapid oscillatory structurehat_< 18 350 cm * reflects

: . . e predissociation of bourf8istate levels by coupling to théstate(shown
well indeed. Also shown in Fig. 12 are the results of thefor =0 only).
wave packet calculations for parent IBr molecules in just
their ground vibrational state. These serve to illustrate the
sensitivity of I'(v) to the parent vibrational temperature. ] .

As Fig. 13 shows, the wave packet calculations withcharacterized byg=+2. In terms of the foregoing3g(»)
Vgy=120 cm! are equally successful at reproducing thewill thus be given by[cf. Eq. (73]
form of t_he e_xpenmentally measured energy dependenc_e of 2(ay(1))—{Ta(¥)) = (T c())
the recoil anisotropies. Within the confines of the potentials  Bg(v)= .
shown in Fig. 11, only that part of the wave packet launched (ov()) +{oa(¥)) +{oc(v))
on the diabati® state potential that remains on this potential Figure 13a) illustrates how well the experimentally mea-
will reach the analysis line at the-Br* asymptote. Since the sureds parameter for the#Br products, and its frequency
initial excitation involves aA) =0 transition, the prediction dependence, are reproduced by Eg), after vibrational
that the K-Br* products will display an angular anisotropy averaging, assumingg,y=120 cmi®.
characterized byB=+2 at all excitation wavelengths is Analysis of images recorded following photolysis at
trivial and is therefore not shown in Fig. 13. In contrast, thewavelengths in the range 540—-490 nm suggested that the
diabatic potentials of thé, C, andY states all converge to recoil anisotropy of the+Br products was sensitive to the
the I+Br asymptote. The two former potentials are bothinitial vibrational state of the parent moleculescall, for
reached via a perpendicular transition from %é> *(0") example, Fig. 6 and Fig.(8)]. The wave packet calculations
state, and flux evolving on these two potentials is assumed tprovide a rationale for this observation. Figurgd3shows
exhibit a recoil anisotropy characterized by an anisotropyplots of calculate(Bg,(v) values following photolysis of IBr
parameter,B=—1. Flux reaching the +Br dissociation molecules in selected initial” states. Clearly, each shows its
limit on the diabaticY state potential will have transferred to own distinctive dependence on excitation frequency, reflect-
it after initial excitation to theB(0™) potential via a parallel ing (in a time-independent picturehe differing Franck—
transition; this flux will recoil with an angular distribution Condon overlaps of eaal’ wave function with the transla-

(18)
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FIG. 14. Plot illustrating the variation in the recoil anisotropy of theBr products arising in the photolysis of IBr &) 440 nm,(b) 460 nm, andc) 480

nm (monitoring | fragments and at(d) 500 nm,(e) 520 nm andf) 540 nm,(monitoring"°Br atoms. As in Figs. 6 and 7, the upper and lower parts of each
panel show, respectively, the signal intensity and the der/pdrameter as a function of pixel radi@nd thus recoil velocify The experimental data points
are shown as filled circle®, with =10 error bar$. Both, the signal intensity and thgparameters were also simulatewlid lines, shown only at velocities
where signal is observedising the partial cross sections for formation efBr products resulting from photolysis of IBv{=0-3) parent moleculeg])
and B parameterg ¢ ) derived from the wave packet calculatiof@ssumingT;,=250 K). The simulations take into account the experimental resolution as
well as the parent rotational state population distributionTigr=12 K (see text

tional wave functions associated with the B, andC state  each panel in the figuyeather than the values determined by
potentials. In the case of IBr(=0) molecules, for example, the fitting procedure. As Fig. 14 illustrates, the shapes of the
Be is predicted to vary from strongly positive at520 nm  intensity profiles are reproduced well, with only some minor
(reflecting the dominance of th8—X transition moment in  discrepancies at the longer photolysis wavelengths. To simu-
this wavelength regionto near limiting —1 at the shortest |ate the variations of the anisotropy parameter with recoil
excitation wavelengthgwhere, for these molecules, tl@ speed, thes parameters taken from the wave packet calcu-

<X excitation is pre-eminent Capturing the detailed” |5i0ns(Fig. 13 had to be convoluted by the model function

dependence and wavelength depenQence Of. the EXPENMEL) g weighted according to the relative signal strengths asso-
tally measured3g, values should provide a stringent test of

. . ) i ciated with each parent” level (shown by ¢ in the lower
the accuracy of the excited state potentiglarticularly their : .
. ) — part of each panel of Fig. J4Again, the wave packet cal-
repulsive partsderived in this study. lations quantitatively reproduce thé (and thus recoil ve-
Figure 14 illustrates the good agreement between th u qu y reprodu u

experimentally measured velocity dependertBl signal ocity) dependent varla}tlon '.rﬁ observed Z_it each. Wfave-
strengths and angular anisotropies, measured at six photol{g"9th, and the way in which varies with excitation
sis wavelengths in the range 440—540 nm, and the results §favelength. They also serve to highlight, once again, the
the wave packet calculations. Each spectrum was first fitteBotential pitfalls that can arise when interpreting experimen-
as outlined in Sec. Il in order to establish the pixafelocity ~ tally measureg3 parameters, even in the case of monochro-
scaling factors and the widths of the associated model fundgnatic photolysis of a diatomic molecule. Clearly, in the
tions. The spectra are then simulated using the relative sign@resent case, thg value so derived will depend on the en-
strengths from each parent vibrational level given by the ergy resolution of the analysis and the vibrational state popu-
wave packet calculatioriédicated byl in the upper half of  lation distribution in the parent molecular beam.
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05

27V
@ experiment P =1-T/P P adias= 1 —€x T0(E)AF |’ (21)
wavepackets . —

-~ Landau-Zener where the velocity is defined by
su{v(E)]°=E—E,. (22)

E is the photon energy, artel, andAF are, respectively, the
energy at the point of intersection between the diatiaod

[ Y state potentials and the difference between the slopes of

PY these two potentials at this point. Given tBeand Y state

potentials shown in Fig. 11E,=16980 cm! and AF

=6424 cm A1 As Fig. 15 shows, these values together

with the best-fit coupling strength/g,y=120 cm !, suc-

o
&
1

crossing probability P,

0.0 -— -
18000 19000 20000 21000 22000 23000  cessfylly reproduce the observed frequency dependence of
photon energy / cm’ P.dgiap- Here it is worth reemphasizing the inter-dependence
betweenVg,y and the assumed forms of the diab&iandY
experimen{ 4, with = 1o error bary, from the wave packet calculati¢a-) state potentials, neither of which are, as yet, uniquely deter-
and from the Landau—Zener model-—--) (see text The theoretical pre-  mined. Any subsequent refinement of these potentials, such
dictions are an average ovef appropriate for a vibrational temperature 55 ~quld emerge from a thorough analysis of the predissoci-

FIG. 15. Plot showing the probability @/Y curve crossing derived from

Tup=250 K. ated resonances supported by the diabBtstate potential,

will map directly into the best-fit value o¥g;y. We also

note, however, that the spread 6§,y values suggested by
F. Diabatic versus adiabatic description of IBr previous authofs**~8is only partially explicable in terms of
photolysis the differences in the assumed forms of these potentials.

The preceding discussion, couched entirely in terms of
diabatic potentials and a coupling parametgyjy, , success- V. CONCLUSIONS
fully reproduces all of the experimental measurables. Thus it carefyl, high resolution ion imaging studies of the vis-
is both possible and instructive to determine the fraction ofp|e photodissociation of jet-cooled IBr molecules have en-
molecules initially excited to th8 state potential which dis-  gpjed determination of the branching into grouyh#Br) and
sociatediabatically (to 1+Br*) and those which follow the spin-orbit excited (#Br*) product channels, and the recoil
adiabatic route, transferring to the diabati¢ potential and anisotropy of both sets of products, as a function of excita-
yielding 1+Br products. The diabatic fractio®iap, can be  tion frequency. Analysis of such data has allowed decompo-
deduced from the experimental measurements as the ratiogjiion of the essentially structureless parent absorption profile

r into frequency dependent partial cross-sections for parallel
Paian=5— (19 (AQ=0) and perpendicularAQ)=*1) excitation. These
par absorptions are attributable to transitions from the

where, as beforeR . [Eq. (7a)], is the fraction of the total X3, 7(0") ground electronic states to the repulsive limbs of
absorption that populates tBestate and” [Eq.(4)] givesthe  the  diabatic  potentials  associated  with  the
fraction of that population that follows the diabaficstate A S3[1(1), B3II(0"), and C'II(1) excited states of IBr.
potential to the +Br* dissociation limit. The fraction 0B Comparison of these experimentally determined partial
state molecules that follow the adiabatic pa®gap, iS then  cross-sections with the output of complementary time-
simply given by (- Py . Figure 15 shows the experimen- dependent wave packet calculations has allowed determina-
tally derived crossing probabilities from the diabaistate  tion of the detailed form of the repulsive parts of each of
potential to theY state, as a function of excitation wave- these potentials in the vertical Franck—Condon region, and of
length, to be in excellent accord with the results from thethe (R independenttransition moments to each of these ex-
wave packet calculation®,qia,€merges from the latter in a cited states. These data, when combined with existing

most transparent manner, simply as knowledge from bound state spectrosc@jpythe case of the
(ay(v)) A andB state$,>~’ provide the most precise parametrization
Padias= , (20 of these excited state potentials yet available. Further wave
(oa(v)+(ov(»)) packet propagations on these diabatic potentials foAfH

where, as beford,og(v)) and{ay(v)) are respectively, the and C states, which allow for possible transfer of flux be-
branching ratios for forming Brand Br atoms following an tween the diabatic potentials of tiBestate and the repulsive
initial parallel absorption event, suitably averaged for a 250Y(0") state(which show a weakly avoided crossing at larger
K parent vibrational state population distribution, analyzed aR, for which we determine a coupling matrix elemeéry,y
R... =120 cm 1), successfully reproducal experimentally de-

As Fig. 15 also shows, both the magnitude and the fretermined quantities. These include: the frequency depen-
guency dependence &%, Can be reproduced well using a dence of the total absorption cross-section, the product spin-
Landau—Zener based model. Following CHildie can de- orbit branching ratio, and the recoil anisotropies of each
fine product channel; the relative probabilities of diabdiie., to
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