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Abstract

The photodissociation dynamics of bare I�2 and I�2 �Ar at 413 and 390 nm have been investigated using a fast beam

instrument coupled with a new photofragment coincidence imaging detector. Results from the application of this

technique to the dissociation of I�2 and I�2 �Ar yielded the dissociation energy of I�2 (D0ðI�2 Þ ¼ 1:012� 0:008 eV) and

I�2 –Ar binding energy (D0ðI�2 –ArÞ ¼ 45� 8 meV). The experiments show that at these wavelengths, I�2 �Ar undergoes

three-body dissociation to I� + I*+Ar, with very low momentum in the Ar atom and unequal momentum partitioning

between the two I atoms.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Fast beam dissociation experiments coupled

with coincident fragment detection represent a

powerful method for investigating the fragmenta-

tion dynamics of exotic species such as highly

excited neutral molecules, reactive free radicals,

and mass-selected charged and neutral clusters [1].
In these experiments, a fast charged or neutral

molecular beam with several keV of laboratory

energy undergoes photodissociation or collision-

induced dissociation. The resulting fast fragments

are detected directly with high efficiency using a

microchannel plate (MCP) detector, and, by

measuring the fragments in coincidence, one can

extract the product masses, translational energy

release, and scattering angle for each dissociation

event. The detection schemes originally imple-

mented in these experiments were limited to the

measurement of only two fragments per dissocia-

tion event [2,3]; such a technique has been used in

our laboratory to investigate the photodissocia-

tion dynamics of free radicals produced from
photodetachment of a fast negative ion beam [4].

In the past few years, several detection systems

have been developed to enable coincident detec-

tion of three or more fragments from a single

dissociation event [5–12], thereby enabling the

detailed study of a new class of dissociation phe-

nomena involving multi-body decay [1,13]. We

have recently installed a multi-body coincidence
imaging detector based on the design of Amitay

and Zajfman [6] on our fast beam photodissocia-

tion instrument, and here present our first results
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on the two-body dissociation of I�2 and three-body

dissociation of I�2 �Ar.

Experimental and theoretical studies over the

last decade have established bare and clustered I�2 as

model systems for understanding how the photo-

dissociation dynamics of a simple chromophore, I�2 ,
are affected by solvation [14]. Time- and frequency-

domain experiments have led to a detailed picture

of the dissociation dynamics and potential energy

surfaces of the bare anion [15–20]. While I�2 has five

low-lying excited electronic states [21,22], the ma-

jority of experiments performed have focused on

characterizing the X 2Rþu;1=2 and A0 2Pg;1=2 states,

both of which correlate to I� + I (2P3=2) products
[15,16,18,20]. Dissociation from the higher B 2Rþg;1=2
electronic state, which correlates to I� + I* (2P1=2)

products, was investigated by Lineberger and co-

workers [17,19]. At the photon energy used to excite

the B 2Rþg;1=2  X 2Rþu;1=2 transition, two product

channels are energetically accessible:

I�2 B 2Rþg;1=2 ! I� þ I ð2P3=2Þ
DHrxn ¼ 1:007� 0:005 eV ð1Þ

! I� þ I� ð2P1=2Þ
DHrxn ¼ 1:950� 0:005 eV; ð2Þ

but the measured neutral fragment time-of-flight

spectra reveal that only I� + I* (2P1=2) photofrag-

ments are produced. The heats of reaction for
processes (1) and (2) are based on the dissociation

energy of I�2 by Zanni et al. [16] and the spin–orbit

splitting of the iodine atom.

The addition of solvent molecules to I�2 signifi-

cantly affects its dissociation dynamics [14]. For

example, the photodissociation of I�2 �Arn (n¼ 1–27)

with 790 nm laser light revealed the presence of

competing reaction pathways leading to uncaged,
caged, and solvent-separated products [23]. For

the small cluster I�2 �Ar, the only charged product

observed was I�, implying the existence of three-

body dissociation to I� + I (2P3=2) +Ar. At higher

photon energies two such channels are accessible:

I�2 �Ar! I� þ I ð2P3=2Þ þAr

DHrxn ¼ 1:060� 0:006 eV ð3Þ
! I� þ I� ð2P1=2Þ þAr

DHrxn ¼ 2:003� 0:006 eV; ð4Þ

where the heats of reaction for channels (3) and (4)

are shifted from channels (1) and (2) by the I�2 –Ar

binding energy as determined by Asmis et al. [24]

from the photoelectron spectra of I�2 and I�2 �Ar.

In this Letter, the dissociation of I�2 and I�2 �Ar
at 413 and 390 nm are presented. Photofragment

translational energy distributions for all product

channels and three-particle momentum distribu-

tions are reported. The results illustrate the capa-

bilities of our instrument with the newly

implemented coincidence imaging detector and

provide a detailed comparison of these closely re-

lated two- and three-body decay processes.

2. Experimental

The ion beam, mass-spectrometer, and laser

interaction components of our fast beam photo-

dissociation instrument remain unchanged and

have been described in depth previously [4,25,26];
only a brief account is given here. A more detailed

description of the new detector is then presented.

Rotationally and vibrationally cooled I�2 and

I�2 �Ar are produced by flowing argon gas (15 psi)

over iodine crystals at room temperature and su-

personically expanding the resulting gas mixture

through a pulsed piezoelectric valve. A 1 keV

electron beam downstream of the valve orifice in-
tersects the free jet expansion. The anions pro-

duced in this manner are accelerated to a

laboratory beam energy of 8 keV. Ions are mass-

selected using a Bakker [27,28] time-of-flight mass

spectrometer, which imparts negligible kinetic en-

ergy spread to the ion beam, and intersected by the

output of an excimer-pumped dye laser with a

bandwidth of 0.3 cm�1 tuned to a specific photon
energy. The photofragments strike an MCP de-

tector assembly with time- and position-sensing

(TPS) capabilities for each fragment.

The original TPS detector on this instrument,

based on a dual wedge-and-strip anode [4,25], has

been replaced by the coincidence imaging detec-

tion system shown in Fig. 1. The new system is

similar to that designed by Amitay and Zajfman
[6] and employed at the CRYRING facility in

Stockholm [12]. In this detection scheme, the re-

coiling photofragments travel past a translatable
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5� 7 mm beam block and collide with an MCP

detector coupled to a phosphor screen. Each

fragment from a dissociation event produces a

spot on the phosphor screen; the positions and

arrival times of the fragments are determined by

correlated measurements using a charge-coupled

device (CCD) camera and a 4� 4 multi-anode

photomultiplier tube (PMT).
In more detail, the front end of the detector

consists of three image-quality microchannel

plates, 75 mm in diameter, and assembled in a

�Z-Stack�. The front plate of the MCP assembly is

held at ground. A high voltage is applied to the

last plate which is held at +2.5 kV and pulsed to

+3.4 kV during a time period corresponding to the

arrival of photofragments. The P20 phosphor
screen is held at a constant voltage of +7.5 kV. The

entire MCP and phosphor screen detector assem-

bly (BURLE Electro-Optics) is flange-mounted.

Emission from the phosphor screen is detected by

a CCD camera (Dalsa, CA-D6-0512) via an image

intensifier (Photek, MCP140/S20SP43), and by a

multi-anode PMT (Hamamatsu, H6568-10). In

order to make use of the differing spectral sensi-
tivities of these components, a dichroic beam-

splitter (Omega Optical, 565DCLP) with 50%

transmission at 565 nm reflects lower wavelengths

of light to the PMT and transmits higher wave-

lengths to the image intensifier and CCD camera.

Alternatively, the beamsplitter and image intensi-

fier can be removed, and the PMT positioned off-

axis to the phosphor screen, adjacent to the CCD

camera. This configuration necessitates the use of

higher voltages on the final MCP plate and phos-

phor screen (+3.8 and +7.7 kV, respectively), re-

sulting in slightly larger spots on the phosphor

screen. All data presented in the current investi-
gation were obtained without the beamsplitter or

image intensifier.

The position of the impact is obtained from the

CCD camera, while the 4� 4 anode PMT provides

timing information and a crude estimate of the po-

sition. The output of theCCDcamera is digitized by

a framegrabber (FG, custom-built at theWeizmann

Institute of Science) and read out by a computer
(Xycom, XVME-656), both of which are mounted

in a VME crate. The 16 individual outputs from the

PMT are fed into a constant fraction discriminator

(CFD, Lecroy, 3420) to produce fast timing signals

that are digitized by a time-to-digital converter

(TDC, Phillips Scientific, 7186H); these compo-

nents are mounted in a CAMAC crate. The VME

computer accesses the timing data through the
CAMAC branch driver (BD, W-IE-NE-R Plein &

Baus GmbH, VC16) and CAMAC crate controller

(CC, W-IE-NE-R Plein & Baus GmbH, CC16).

Sample two- and three-body events are pre-

sented in Fig. 2. Note that the use of a square 4� 4

Fig. 1. Schematic diagram of the coincidence imaging detector. The paths of the photofragments and parent ion are represented by

dotted and dashed lines, respectively.
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array minimizes the number of events for which a

spot activates more than one PMT anode, com-
pared to previous implementations of this detec-

tion system in which an array of 16 adjacent strips

was used [6,12]. The entire detection system is

pulsed at the same rate as the dissociation laser, 60

Hz, so that information from the both CCD

camera and PMT is collected for each laser shot.

The time and position of individual fragments are

later correlated by comparing the recorded PMT
anode to the expected active anode based on the

position of the fragment as determined using the

CCD camera. Events for which the time and po-

sition cannot be correlated or contain more than

three or less than two fragments are discarded

prior to any further examination.

The analysis for both two- and three-body dis-

sociation follows the methodology outlined by
Beckert and Muller [29]. Briefly, given a limited

number of product mass channels, each event is

matched to the mass channel that minimizes the

total momentum in the center-of-mass frame.

After determining the masses of the fragments,

the velocity vectors of the fragments and center-of-

mass position are calculated based on conserva-

tion of momentum. Events for which the position

of the center-of-mass does not agree with the av-
erage position within a user-defined beam radius

are discarded as false coincidences. In this manner,

we are able to acquire the center-of-mass transla-

tional energy release and, for two-body dissocia-

tion, the recoil angle of each dissociation event.

The expected resolution from this arrangement

is 40 lm in position and 200 ps in time. As the

position of a fragment is obtained by calculating
the weighted center of a multi-pixel spot, the res-

olution in position is less dependent on the spot

size, and can be determined to within a quarter of

a pixel. Based on the photofragment translational

energy distribution resulting from the dissociation

of O2 B 3R�u (v0 ¼ 7), the current translational en-

ergy resolution is DET=ET 
 0:7%, which is com-

parable to the best resolution obtained with the
previous dual wedge-and-strip anode detector [25].

However, for the new detection scheme, this res-

olution results from the application of one set of

calibration parameters to the entire detector, ra-

ther than segmenting the detector and employing

different parameters for each region as was re-

quired previously.

The primary advantage offered by the coinci-
dence imaging detector over the dual wedge-and-

strip anode detector is that the latter was limited to

the analysis of only two fragments per laser shot.

The coincidence imaging scheme allows the direct

detection and analysis of multiple fragments, with

the restriction that no single PMT anode is acti-

vated by more than one phosphor spot. In addi-

tion, the diameter of the new detector is larger (75
mm vs 40 mm) and the beam block is considerably

smaller (5� 7 mm vs 8� 40 mm). Consequently,

fragments with high and low recoil energies are

collected more efficiently, and the maximum

photofragment mass ratio for two-body dissocia-

tion is higher: 10:1 vs 4:1. Finally, grounding the

front plate of the MCP assembly in the current

design enables direct detection of anion fragments,
in contrast to the previous detector where the front

plate was biased at a high negative potential.

Fig. 2. Sample correlated photodissociation events with two

and three fragments. Fragment positions are derived from the

CCD camera image and times from the PMT. Active PMT

anodes are shown in white.
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3. Results and discussion

3.1. I�2

Photofragment translational energy ðP ðETÞÞ
distributions for I�2 were obtained at 413 and 390 nm

(3.002 and 3.179 eV, respectively), and are shown as

solid lines in Fig. 3. Both wavelengths correspond

to excitation of the B 2Rþg;1=2  X 2Rþu;1=2 transition,
where the upper state is repulsive and correlates to

I� + I* (2P1=2) products, channel (2). As in the pre-

vious studies of bare I�2 at 395 nm [17,19], this is

the only observed channel. The width of the
features in the distributions reflects the internal

excitation of the parent ion. Using the rotational

and vibrational constants of I�2 to fit these features

yields a parent temperature of 100–120K. From the

fragment kinetic energy release and spin–orbit

splitting of the iodine atom, the dissociation energy,

D0, is given by:

D0 ¼ Ehm þ EintðI�2 Þ � ET � EelecðIÞ; ð5Þ
where ET at zero parent internal excitation is taken

as halfway up the steep rising edge of the PðETÞ
distribution (dashed vertical lines in Fig. 3). An

average value of D0 ¼ 1:012� 0:008 eV is obtained

which is in reasonable agreement with the previ-

ously determined value of 1.007� 0.005 eV by

Zanni et al. [16]. Additionally, analysis of the

photofragment angular distributions yields an
anisotropy parameter [30] of b ¼ 1:8� 0:1. This

measurement is consistent with prompt dissocia-

tion following excitation of the parallel B X

transition.

3.2. I�2 �Ar

The photodissociation of I�2 �Ar at 413 and 390

nm was also investigated. Images resulting from

valid coincident events in which two and three

fragments were observed are presented in the left

and right panels, respectively, of Fig. 4. The laser
polarization is vertical in the plane of the figure in

all of the images. The photoproduct masses are

found to be equal for the two-body events; there-

fore, the two-fragment images arise solely from

events in which the iodine fragments are detected

and the Ar atom either strikes the beam block or is

not detected owing to less than unit efficiency.

Similar events were seen in our previous studies of
the photodissociation of I�3 and I3 [31,32]. In the

three-fragment images, the Ar atoms have suffi-

cient translational energy to travel past the beam

block and appear as a bright spot in the center of

the image. Thus, all of the observed valid events

are attributed to three-body dissociation, in which

either all three photoproducts are observed (30–

33%) or the Ar atom goes undetected (70–67%).
P ðETÞ distributions for the three-body events

(i.e., those for which all three fragments were de-

tected) are shown as dotted lines in Fig. 3. These

distributions are similar to those obtained for I�2
dissociation at the same wavelengths, indicating

that they correspond to channel (4) with no

quenching of the I* (2P1=2) fragment by the Ar

atom, but are shifted to lower translational energy

Fig. 3. Photofragment translational energy distributions re-

sulting from excitation of the B 2Rþg;1=2  X 2Rþu;1=2 transition of

I�2 (solid) and three-body dissociation of I�2 �Ar (dotted). The

vertical dashed lines indicate the maximum kinetic energy re-

lease for I�2 and I�2 �Ar based on the I�2 dissociation energy and

I�2 –Ar binding energy as determined in the current work.
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by an average value of 45� 8 meV. This shift

corresponds to the I�2 –Ar binding energy. The
previously determined binding energy of 53� 4

meV by Asmis et al. [24] lies within the error bars

of the current measurement. One other point of

comparison is that the �tail� extending to higher ET

in the I�2 P ðETÞ distributions is not present in the

I�2 �Ar distributions because clusters in which the

I�2 internal energy is greater than the binding

energy dissociate before arriving at the laser in-
teraction region. The translational energy distri-

butions of the two-body events are less relevant,

since they do not include the small but unknown

contribution from the Ar atom. However, exami-

nation of the photofragment angular distributions

for the two-body events yields an anisotropy pa-

rameter [30] of b ¼ 1:7� 0:1, similar to that seen

for bare I�2 .

The three-body coincidence measurements

yield additional insight into the nature of the
dissociation dynamics. In Fig. 4, the concentra-

tion of the Ar signal around the center of the

detector indicates that the Ar atom is receiving a

small fraction of the total momentum. This is seen

in more detail in the Dalitz plots [7,13,33] for

the three-body events, Fig. 5, which show the

momentum partitioning among the fragments for

each dissociation event. The line AB corresponds
to events in which the iodine fragments have

equal, but opposite momenta, with point A indi-

cating events with zero momentum in the Ar

atom. The intensity in the plots is focused in the

region with low Ar momentum, but rather than

peaking on line AB, extends above and below line

AB, thereby denoting unequal momenta for the

iodine fragments.

Fig. 4. Images of fragment positions for the I + I +Ar and I+ I mass channels obtained with vertical laser polarization. Points on the

image correspond to the center of a fragment spot on the detector.
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I�2 �Ar is calculated to have a C2v, T-shaped
equilibrium geometry [34,35], with the Ar atom

lying in the plane bisecting the I–I bond. We are

exciting a repulsive electronic state of the I�2 and

therefore expect the initial dynamics to involve

extension of the I–I bond. If synchronous

concerted dissociation were to occur from the

T-shaped geometry, with all bonds breaking

simultaneously, then one would expect most of the

intensity in the Dalitz plots along the line AB [13],

in contrast to the results in Fig. 5. On the other

hand, a two-step mechanism along the lines of:

I�2 �Ar! Iþ I� �Ar! Iþ I� þAr; ð6Þ
with the Ar atom associating itself, however

briefly, with the charged atomic fragment, is diffi-

cult to reconcile with very low momentum of the

Ar atom. Our observations likely reflect the fact

that the Ar atom is quite weakly bound to the I�2
and consequently has substantial zero-point am-

plitude. Thus, the starting point for dissociation is
more typically a geometry with the Ar atom

asymmetrically placed with respect to the two I

atoms rather than the C2v equilibrium structure.

This leads to unequal partitioning of momentum

between the two I atoms even if there is near-si-

multaneous breaking of all bonds.

4. Conclusions

The photodissociation of I�2 and I�2 �Ar was

investigated at 413 and 390 nm with a coincidence

imaging detector that has recently been coupled to

our fast beam photofragment translational spec-

trometer. Results from this study demonstrate the

utility of this method for the study of two- and
three-body dissociation as well as the extension of

our capabilities to the direct detection of anionic

fragments. Our results on the three-body dissoci-

ation of I�2 �Ar show that the Ar momentum is

typically very low and the two I atoms generally

have unequal momenta, implying a near-simulta-

neous breaking of all bonds but reflecting contri-

butions from asymmetric initial nuclear
configurations to the dissociation dynamics.
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