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Abstract 

The recoil-angle dependence of ground state chlorine atom angular momen

tum alignment was measured for the dissociation of chlorine molecules with 

355 nm light. This dependence is seen explicitly in ion image data, which map 

the three-dimensional velocity vector distribution of state-selectively ionized 

photofragments into a two-dimensional spatial distribution. The pure align

ment signal is isolated trom the much larger population signal by taking appro

priate linear combinations of data sets with different dissociation and probe 

laser polarizations. Qualitative comparison of the data images with a theo

retical simulation clearly shows both incoherent and coherent contributions 

to a perpendicular optical transition in the parent molecule. We outline a. 

general approach to the extraction of dynamical information from ion image 
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data obtained with two-photon excitation as the photofragment probe. 

PACS numbers: 33.80.Gj, 34.50.Gb, 34.50.Lf 

Typeset using REV'!EX 
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Photofragment angular momentum polarization is a detailed signature of molecular pho

todissociation dynamics. For the case of atomic photofragments, this polarization provides 

information on the electronic rearrangement which occurs during optical excitation and dis

sociation of the parent molecule. Several factors contribute to this polarization [1-4]. For 

the idealized case of a diatomic s-ystem which dissociates on a single adiabatic potential 

energy. curve, only the electronic state symmetry and the associated Coulomb interaction 

at large interatomic distance will govern the polarization. However in general, multiple 

molecular electronic states are involved, both in the initial excitation and during the course 

of dissociation. They are individually expected to yield different atomic polarizations, and 

coherent excitation of two or more states can lead to strong interference effects. Finally, 

nonadiabatic transitions between electronic states will mix the contributions of individual 

states. 

The most detailed dynamical information is obtained by measuring the fragment angular 

momentum polarization as a function of recoil angle (v-j correlation). In recent years, a 

number of such studies have been carried out for the case of diatomic photofragments with 

rotational angular momentum. For the high angular momenta which are routine in these 

polyatomic systems, there exists a very convenient semiclassical formalism to describe the v

j correlation by making use of a bipolar harmonic expansion [5]. Although this widely-used 

method can be adapted for low rotational states, there now exists a fully quantum mechanical 

treatment which makes use of parameters with explicit dynamical significance [6]. This 

approach is especially useful for the low values of the electronic angular momentum quantum 

numbers encountered in investigations of polarized atomic photofragments. To date, there 

are relativ~ly few reports of v-j correlation measurements for atomic photofragments [7,8], 

and none yet have provided a rigorous means for extracting and describing the polarization 

angular distribution. 

Experimentally, one must measure both the recoil velocity vector and the correlated 

angular momentum polarization. Sensitivity to angular momentum polarization is easily 

obtained via laser-based spectroscopic probes such as Laser-Induced Fluorescence (LIF) or 
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Resonance-Enhanced Multiphoton Ionization (REMPI). The velocity vector distribution can 

be resolved by measuring Doppler profiles or Time-of-Flight mass spectrometric peak profiles 

(one-dimensional projections) or photofragment ion images (two-dimensional projection). 

Two-dimensional ion imaging has the advantage of reducing the number of experimental 

geometries that must be used to reconstruct the three-dimensional distribution. 

We obtained the data presented in this report with a standard ion imaging apparatus, 

shown schematically in Fig. 1. In each cycle of the experiment, a pulsed supersonic expansion 

of chlorine gas (10% seeded in Argon) was crossed at 90° by counter-propagating linearly

polarized laser beams. The first laser pulse (355 nm) dissociated a small fraction of the Ch 

molecules contained in the intersection volume of the laser and the molecular beam. The 

second laser pulse (234.336 nm) state-selectively ionized the nascent chlorine atoms using 

2+ 1 REMPI [Cl+ +-Cl( 4p 2D~/2)+-+-CI(3p 2p~/2)]' Under the laser power density conditions 

necessary to drive the two-photon transition, the ionization step was easily saturated and 

thus insensitive to angular momentum polarization. 

The ions produced in each laser shot were extracted by an electric field into a field-free 

flight tube. During the 9 I-lS flight time, the chlorine ion packet expands to a diameter of 

3 cm due to the recoil energy released in the dissociation. At the end of the flight tube, 

the expanded packet strikes the surface of a microchannel plate which is gated to detect 

only the Cl+ mass. Electrons emerging from the back of the micro channel plate impinge on 

a phosphor screen to produce images which are collected and signal-averaged with a video 

camera. To further improve the signal-to-noise ratio, we used an image processor to combine 

the raw data images with their horizontal and vertical reflections. 

In order to obtain complete information about the velocity and alignment anistropy, we 

used four different combinations of the dissociation and probe light polarization vectors. The 

dissociation laser polarization was either parallel or perpendicular to the ion flight axis (Z

axis), which we refer to as Geometries I and II, respectively. The probe laser polarization was 

either parallel or perpendicular to the dissociation laser polarization. The four corresponding 

images are presented in Fig. 2. 
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Ion images are projections onto the detector plane of a three-dimensional distribution 

of ions. The dominant contribution to the shape of this distribution is the well-known 

photofragment velocity anisotropy, described by the expression P( 0) ex: 1 + (3P2 ( cos 0), where 

o is the polar recoil angle with respect to the dissociation laser polarization. At 355 nm, 

the perpendicular optical transition 1 IIlu +- 1 L:o+ contributes more than 90% of the light 
9 

absorption [9], so the anisotropy parameter (3 is close to its limiting value of -1. The coarse 

image shapes for Geometries I and II represent two different projections of P(O). 

The smaller modulations in the images are of greater significance for this report. The sign 

of these modulations depends on the probe laser polarization, thus they are most easily seen 

by contrasting the images in Fig. 1 (top vs. bottom), or by viewing the weighted differences 

_ shown in Fig. 4 (top). This variation of the two-photon detection sensitivity with laser 

polarization is a direct result of angular momentum alignment. 

Another manifestation of photofragment angular momentum alignment is that the total 

signal intensity depends on the relative polarizations of the dissociation and' probe lasers. 

It can be shown that the total photofragment alignment parameter A 20 is proportional to 

the difference between these intensities [10]. In our experiment, this difference was A20 ex: 

((Iz) - (Iy))/((Iz) +2(Iy)) = -0.035±0.01, where Z and Y refer to the linear polarization 

axis of the probe laser, and the angle brackets indicate averaging over all recoil directions. 

Angular momentum polarization can be conveniently described in terms of irreducible 

density matrix components (state multipoles) [10,11]. For the case of molecular dissociation, 

the photofragment state multipoles are a function of recoil angles, i.e. Pkq=Pkq(O, </». The 

Poo (0, </» term represents the angular distribution of photofragment density, while terms 

with rank k>O allow for the v-j correlation. As shown in a recent theoretical analysis [6], all 

combinations of the indices k and q (i.e. k=O . .. 2j, q=-k . .. k) should generally be assumed 

to be non-zero. Even for linearly polarized dissociation light, it is possible to produce angle-

dependent multipoles with oddk (orientation). However, a linearly polarized two-photon 

optical probe is capable of detecting only alignment moments with k=O, 2 and 4. Given these 

considerations, for this report only rank k=O (photofragment density) and k=2 (quadrupolar 
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alignment) multi poles are of importance. 

Since the absorption intensity modulation due to alignment is typically much smaller 

than the total absorption intensity, it is useful to isolate the alignment contribution by 

choosing linear combinations of images for which the Poo( (), ¢» term disappears. Also, by 

combining three orthogonal probe polarization geometries, the alignment-independent part 

of the signal can be obtained. For a two-photon probe, the general expressions for these 

combinations are 

Ix,Y -lz = ~R2 {P20((), ¢» =r= ARe [P22((), q»)]} 

2C 
Iy - Ix = y'3R2Re [P22((), ¢»] 

Ix + ly + Iz = CRoPoo((), ¢», 

(la) 

(lb) 

(lc) 

where the signs - and + in Eq. (la) refer to Ix and Iy, respectively, and C is a constant. 

Note that for the experimental geometries chosen here, P21 and Im(P22) do not contribute 

to the signal. The coefficients Rk in Eq. (1) are similar to the linestrength rrtoments pq
k of 

Ref. [12], except that the laser polarization dependence has been factored out and evaluated. 

In principle, all three measureable alignment multi poles may be isolated by an appropriate 

combination of images, although in practice it may be difficult to obtain images for certain 

geometries, due to limitations in the experimental apparatus. 

In order to project the three-dimensional intensity distribution onto two dimensions, we 

used the transformation 

M(p, ¢» = 2 rx> f(arcsin(p/r), ¢»g(r) dr, 
Jp viI - p2 /r 2 

(2) 

where M(p, ¢» is the image, (p, ¢» are polar coordinates, and r is the modulus of the 

photofragment radius-vector. The function f(arcsin(p/r), ¢» = J((), ¢» in Eq. (2) describes 

the angular dependence of the intensity distribution and can be substituted with one of 

the intensity differences in Eq. (1). The function g(r) describes the radial dependence of 

the three-dimensional distribution, which is a delta function for this work, since the chlo

rine atom photofragments are monoenergetic. Eq. (2) assumes reflection symmetry of the 
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function f(arcsin(p/r), </» in the X-Y plane. Unlike the Abel transform, Eq. (2) cannot 

be directly inverted to reconstruct· the three-dimensional ion distribution from image data. 

Although, the inverse-Abel tra!1sform is widely used for this purpose [13], it requires as input 

the projections of cylindrically symmetric distributions with the symmetry axis parallel to 

the detector plane. These geometric restrictions are often violated in experiments designed 

to measure a v-j correlation. 

The integral in Eq. (2) can be evaluated analytically for the case of g(r) = b(r - ro), 

where ro = VOT, Vo is the photofragment velocity, and T is the flight time of the ions. We 

show explicit results only for the /z-/y case used in our experiments. For dissociation 

polarization geometries I and II, using Eq. (la) for f in Eq. (2) yields 

and 

The variable t is the radial coordinate normalized to the maximum possible radius, i.e. 

t = p/ro. 

The anisotropy parameters 82, a2, /2 and T/2 in Eq. (3), which characterize the align

ment angular distribution, are a subset of the polarization anisotropy parameters defined in 

Ref. [14]. They are normalized combinations of the theoretically-derived 'dynamical func

tions' A(q, q') [4,6]. (General expressions for the angle-dependent state multipoles in terms 

of fk(q, q') can be found in Ref. [6].) These new anisotropy parameters have a clear phys

ical interpretation as contributions to the total photofragment orientation and alignment 

parameters Am and A 20 from incoherent and coherent excitation mechanisms. 

Eqs (3) provide a powerful means for interpreting the alignment contribution to 

photofragment ion image data, since each of four alignment mechanisms is associated with 
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a unique radial and angular dependence in the images. This important fact is empha

sized in Fig. 3, where each spatial dependence is shown in isolation. The calculated images 

of Fig. 3(a) show the contribution of a pure perpendicular optical transition (In - nol =1, 

where no and 0 are projections of the total angular momentum onto the internuclear axis for 

ground and excited states, respectively). Fig. 3(a) was obtained by setting 82=20:2 and the· 

other parameters to zero. Fig. 3(b) corresponds to a pure parallel transition (0 - no=O) and 

was obtained by setting 82=-0:2 and the other parameters to zero. The above relationships 

between 82 and 0:2 are apparent from their definitions in terms of dynamical functions [14]. 

Parameter "12 corresponds to coherent perpendicular excitation (0=±1) [Fig. 3(c)], while /2 

corresponds to coherent excitation via both parallel and perpendicular transitions [Fig. 3( d)]. 

The data images in Fig. 2 were subtracted as prescribed by Eq. (la). These differ

ences and qualitative fits are shown in Fig. 4. Both perpendicular incoherent and coherent 

contributions were required to obtain satisfactory fits. The ratio of alignment anisotropy 

parameters 0:2/"12 was -1.5. The presence of the incoherent perpendicular contribution is 

completely consistent with previous investigations of chlorine dissociation [9], however, di

rect evidence for a coherent contribution is presented here for the first time. In order to 

determine the sign and absolute values of the alignment anisotropy parameters, as well as 

, the absolute degree of Clep~/2) alignment, it will be necessary to calculate the linestrength 

coefficients Rk • 

In summary, we have shown that for the case of chlorine photodissociation, the atomic 

alignment angular distribution explicitly reveals the electronic state symmetries and coher

ence effects. The latter cannot be directly obtained from measurements of velocity anisotropy 

or spin-orbit branching ratios. We have derived general expressions for the alignment contri

bution to photofragment ion images. These expressions provide a direct connection between 

experimentalobservables and important theoretical quantities. Measurements of orientation 

and alignment at higher image spatial resolution should permit an even more detailed as

signment of the electronic states and nonadiabatic transitions involved in photodissociation. 

This work was supported by the Director, Office of Ener:gy Research, Office of Basic 
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Energy Sciences, Chemical Sciences Division of the U.S. Department of Energy under Con

tract No. DE-AC03-76SF00098, and by a Cooperative Grant from the Civilian Research and 

Development Fund, CRDF Award No. RPl-223. 
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FIGURES 

FIG. 1. Schematic of experimental apparatus. The cartesian axis definition in this figure is 

used throughout the paper. 

FIG. 2. Chlorine photofragment ion images. Geometries I and II correspond to the dissociation 

laser polarization along the Z and Y axes, respectively. Geometries I and II were each probed with 

the probe laser polarization along the Z and Y axes. 

FIG. 3. (color) Plots of Myz(t,</» [Eq. (3)] for dissociation polarization geometries I and II. 

Cases (a)-( d) correspond to four mechanistic limits as follows: (a) incoherent perpendicular ex

citation, (b) ,incoherent parallel excitation, (c) coherent perpendicular excitation, (d) coherent 

parallel and perpendicular excitation. Blue and red correspond to positive and negative values, 

respectively. 

FIG. 4. (color) Contribution of photofragment alignment to data signal (top row) and qualita

tive simulation (bottom row) based on Eq. (3). Only contributions from perpendicular transitions 

[Fig. 3(a) and 3(c)] were included. See text for details. 
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