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Molecular chlorine was photodissociated in the wavelength range 270È400 nm with(Cl2)
linearly polarized light, and the orientation of the excited-state chlorine atom Cl*(2P1@2)
was measured by 2] 1 resonance enhanced multiphoton ionization (REMPI) using
circularly polarized light. The degree of orientation of the Cl* photofragment is found to
oscillate as a function of photolysis wavelength. The oscillation is a result of quantum
mechanical coherence arising from electronic states of di†erent symmetry that correlate to
the same separated-atom asymptote. A simple curve-crossing model using ab initio
potential energy curves reproduces the general shape of the oscillation but fails to give a
quantitative Ðt.

1. Introduction
Atomic and molecular photofragment vector properties have fascinated physical chemists since
the early days of gas-phase reaction dynamics. The vector properties associated with molecular
photodissociation provide insight not usually available from their scalar counterparts. For
example, the correlation of the fragment recoil velocity with the polarization of the photolysis
light provides information about the symmetry of the initially excited dissociating state.1 This
correlation is usually expressed by the translational anisotropy parameter b, which ranges from
]2 for a pure parallel transition to [1 for a pure perpendicular transition. Intermediate values of
b indicate a transition of mixed parallel and perpendicular character within the axial recoil
approximation. Unfortunately, measurement of the photofragment translational anisotropy is not
a sensitive diagnostic of the dynamics that occur after the initial excitation. Instead, as we show,
measurement of the correlation of the angular momentum vector of an atomic or molecular pho-
tofragment with respect to its recoil velocity vector can provide important information for under-
standing the dynamics of photodissociation far from the FranckÈCondon region.

There have been extensive theoretical and experimental studies of photofragment angular
momentum polarization.2,3 Dixon formulated a semiclassical description of photofragment
angular momentum polarization using bipolar moments measured in the laboratory frame, and
showed how to extract these parameters from the analysis of Doppler-broadened line shapes.2 The
quantum mechanical nature of angular momentum polarization manifests itself in e†ects such as
coherence and interference between the photofragment quantum states : these e†ects are more
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pronounced in the case of atomic photofragments owing to the low angular momentum quantum
numbers. In 1968, van Brunt and Zare4 predicted that atomic photofragments could be polarized.
Full quantum mechanical treatments of photofragment polarization, allowing for mixed tran-
sitions and photofragment coherence, have been given by Vasyutinskii,5 Siebbeles et al.,6 and by
Chen and Pei.7 Several experiments have since demonstrated the polarization of atomic fragments
and quantum mechanical e†ects.8v11 For example, Vigue� et al.10 observed the anomalous pol-
arized emission from Ca atoms in photodissociation, which can be explained by a coherentCa2excitation of K\ 1 and K\ [1 states. More recently, Eppink et al.11 reported the production of
maximally aligned O (1D) atoms in the photodissociation of O2 .

Rakitzis and Zare12 showed how to measure the complete photofragment angular momentum
distribution in the molecular frame using the specialized polarization parameters a

q
(k)(p), a

q
(k)(o),

and The parameters are decoupled from the translational anisotropy of the frag-a
q
(k)(p,o). a

q
(k)

ments, to provide a clear physical picture of the dissociation process. Furthermore, the formal-a
q
(k)

ism explicitly accounts for contributions from the coherence between photofragments associated
with repulsive states of di†erent symmetry as well as individual contributions from[a

q
(k)(p,o)],

parallel and perpendicular transitions. The power of using the formalism was[a
q
(k)(p)] [a

q
(k)(o)] a

q
(k)

demonstrated in measurements of the mass-dependent polarization of the Cl-atom in the photoly-
sis of ICl.13h15 The large di†erences in the observed alignment and orientation of (ground-state)
35Cl and 37Cl atoms arise solely from the quantum mechanical interference between two or more
dissociating states with di†erent symmetries. In addition, it was demonstrated that it is possible to
prepare an atomic photofragment with well-deÐned helicity (orientation) with respect to the pho-
tofragment velocity vector. The measurement of the orientation parameter, as aIm[a1(1)(p,o)],
function of excitation energy was shown to be highly sensitive to the shapes of potential energy
curves involved. Consequently, measurement of opens the possibility for this param-Im[a1(1)(p,o)],
eter to serve as a powerful probe of molecular photodissociation dynamics. Rakitzis et al.14 dis-
cussed the analogy with the famous YoungÏs double slit experiment, in which there is a deÐnite
phase relationship between rays of light that have travelled di†erent paths. The phase relationship
can provide information on the nature of the paths travelled, and indeed, on the radiation source
itself.

For many photodissociation processes, nonadiabatic interactionsÈresulting from a breakdown
of the BornÈOppenheimer approximationÈmay have a signiÐcant inÑuence on the photofragmen-
tation dynamics. Unfortunately, it is not straightforward to obtain detailed information on the
nature of nonadiabatic interactions from more traditional experiments, such as measurements of
Ðne structure branching ratios or angular distributions of the products. The measurement of the
orientation parameter, however, can reveal important information on the nature of nonadiabatic
interactions. The nonadiabatic interactions inÑuence the phases as well as the amplitudes of the
dissociating wave functions and so the which is sensitive to the asymptotic phaseIm[a1(1)(p,o)],
di†erence between these dissociating wave functions, can carry a ““Ðngerprint ÏÏ of the nonadiabatic
interaction.

Nonadiabatic interactions have been shown to occur in the molecular photodissociation of Cl2around 330 nm.16,17 The major channel for the photodissociation of at this wavelength is viaCl2the (o*X o\ 1) perpendicular transition, which adiabatically correlates toC 1%u(1)[ X 1&g`(0`)
ground-state Cl atoms. At longer excitation wavelengths, around 430 nm,(2P3@2) ] Cl (2P3@2)absorption is dominated by the (o*X o\ 0) parallel transition, whichB 3%u`(0`)[ X 1&g`(0`)
adiabatically correlates to see Fig. 1. Matsumi et al.16 used Doppler spec-Cl*(2P1@2) ] Cl (2P3@2) :troscopy to measure the translational anisotropy of chlorine atomic fragments, and noted a
gradual change of the b parameter of Cl* as a function of excitation wavelength. At a photolysis
wavelength of 400 nm, b(Cl*) was measured to be close to 2, which allowed them to assign the
photodissociation process to the parallel transition, whereas at 308 nm,B 3%u`(0`)[ X 1&g`(0`)
b(Cl*) was found to be [0.7, which indicated the existence of a perpendicular transition resulting
in production of Cl*. They attributed the perpendicular transition component as initial excitation
to the C state followed by radial derivative coupling to other states of the same symmetry, with
two of the states correlating to the Cl ] Cl* channel. Recently, Samartzis et al.17 have reÐned
previous measurements of the Cl* translational anisotropy using the velocity-mapped photofrag-
ment imaging technique. They attributed the perpendicular portion of the Cl* fragments to initial
excitation of the C state followed by curve crossing to the B state, which correlates with Cl ] Cl*.
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Fig. 1 Ab initio potential energy curves18 of relevant to the present discussion. Excitation to the C state isCl2a perpendicular transition and correlates adiabatically to ground-state Cl ] Cl. Excitation to the B state is a
parallel transition and correlates adiabatically to Cl] Cl*. The ab initio B and C state potential energy curves
cross each other at 3.16 A� .

The curve crossing probability, which they estimated using a combined analysis of measurements
of the ground-state Cl fragment velocity distribution and measurements of b(Cl*), was found to
decrease with an increase in available energy. This Ðnding supports their assumption of a curve
crossing mechanism, of the LandauÈZener type, from the C to the B state. In summary, two recent
experimental works have indicated the importance of nonadiabatic interactions in the photo-
dissociation of around 330 nm. However, the mechanism for the nonadiabatic transition hasCl2yet to be fully characterized.

In this discussion, we report measurements of the orientation moment of theIm[a1(1)(p,o)]
excited-state chlorine atom Cl*) in the photodissociation of using linearly polarized(2P1@2 , Cl2photolysis light (270È400 nm), and circularly polarized probe light for detection of the product
atoms. In the intermediate region of excitation wavelengths employed (around 330 nm) the paral-
lel and perpendicular transition components leading to Cl] Cl* products contribute in compara-
ble amounts. The orientation of Cl* photofragments arises from quantum mechanical interference
between products originating from the mixed parallel/perpendicular transition.

2. Detection of photofragment angular momentum polarization
Using the formalism of Rakitzis and Zare,12 the polarization of an ensemble of Cl* (J \ 1/2)
fragments can be fully described by only two moments, with k \ 0 (isotropic moment, proportion-
al to the population) and k \ 1 (orientation moment). Orientation of photofragments via photoly-
sis with linearly polarized light can arise only from quantum interference between parallel and
perpendicular transitions. In addition, the use of linearly polarized photolysis light allows only the
existence of the imaginary part of the photofragment orientation parameter, TheIm[a1(1)(p,o)].
angular momentum distribution of photofragments with J \ 1/2 from photodissociation with lin-
early polarized light is given by

D
A,M(h, r, he , b)\ 1 ] J2 Im[a1(1)(p,o)]sin he cos he sin h sin r/[1] bP2(cos he)] (1)

In the molecular frame, the z-axis is deÐned to lie along the photofragment velocity vector, ¿ ;
see Fig. 2. The polar angle of the photolysis polarization with respect to the z-axis is given(ephot)by The xz plane contains both the velocity and the photolysis polarization vectors. h and rhe .represent the polar and azimuthal angles of the product angular momentum vector (J) with
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Fig. 2 The molecular frame and coordinates used in this paper. The z-axis is deÐned by the product photo-
fragment velocity and the y-axis is normal to the plane containing and the photolysis polarization vector,¿, ¿

is the angle between and H and U are polar angles of vector, and h and r are the polarephot . he ¿ ephot , eprobeand azimuthal angles of the photofragment angular momentum (J) in the molecular frame.

respect to the molecular frame is the second-order Legendre polynomial. As can be seen, asym-P2metry of the distribution with respect to the xz molecular plane occurs for a non-zero Im[a1(1)(p,o)
moment.

It can be shown that the moment is proportional to the sine of the asymptoticIm[a1(1)(p,o)]
phase di†erence between the radial parts of the outgoing wavefunctions from(*/\/

M
[ /

A
)

parallel and perpendicular transitions, modulated by the product of transition amplitudes for
these transitions5,6,12 :

Im[a1(1)(p,o)]P oA
A
ooA

M
osin */, (2)

where and are the moduli of transition amplitudes for parallel and perpendicular tran-oA
A
o oA

M
o

sitions leading to the same product quantum state. For a pure (parallel or perpendicular) tran-
sition, the product of the two amplitudes in eqn. (2) will be zero, and theoA

A
ooA

M
o Im[a1(1)(p,o)]

will vanish. The asymptotic phase di†erence, */, and hence the is sensitive to theIm[a1(1)(p,o)],
kinetic energy available to the photofragments, the shapes of the potential energy pathways
encountered for fragments of parallel or perpendicular origin, and therefore, the occurrence (if
any) of nonadiabatic interactions for these fragments during the dissociation process.

The REMPI detection of photofragments with polarized light is sensitive to the photofragment
angular momentum polarization, and provides a convenient tool for detection of the Cl* atom
photofragments. The relative detection probability of Cl* (J \ 1/2) photofragments using 2 ] 1
REMPI with circularly polarized probe light can be expressed in terms of the Im[a1(1)(p,o)]
moment :

I[H, U, he , Im[a1(1)(p,o)]\ 1 ] J2 G1s1 Im[a1(1)(p,o)]sin he cos he
] sin H sin U/[1] bP2(cos he)], (3)

where G1 is the long-time limit of nuclear hyperÐne depolarization ratio.19,20 For the excited-state
chlorine atom (J \ 1/2, nuclear spin I\ 3/2), G1 is calculated to be 0.375 ; is the detections1sensitivity21 for the k \ 1 moment, which depends on the details of transition of the resonant
absorption step, and is calculated to be for the particular transition used.[J3 (2P3@2[ 2P1@2)
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The angles H and U specify the direction of the probe radiation polarization vector ; see Fig. 2.
For the circularly polarized probe light, refers to the direction either parallel (left-circulareprobepolarization) or antiparallel (right-circular polarization) to the propagation direction of the light.

3. Experiment
Detailed descriptions of the experimental apparatus and techniques have been given elsewhere,22
and only a brief overview is given here. Molecular chlorine (Matheson, 99.999%) was premixed
with high-purity helium (Liquid Carbonic, 99.995%) in a dilute mixture (less than 5% by volume)
before supersonic expansion through a pulsed nozzle (General Valve 9-Series, 0.6 mm oriÐce) into
high vacuum. The stagnation pressure of the sample used was varied from 100 to 400 Torr. The
270È400 nm photolysis light was generated by frequency-doubling the output of a dye laser
pumped by a Nd3` : YAG laser (Continuum, ND6000 and PL9020). The probe light (236.53 nm)
for 2 ] 1 REMPI detection of Cl* via the 3s23p34p1 transition was gener-2P3@2[ 3s23p4 2P1@2ated by frequency-doubling the output of a dye laser pumped by a second Nd3` : YAG laser
(Spectra-Physics, PDL-3 and DCR-2A; Exciton, Coumarin 480 dye). Photolysis and probe beams
were loosely focussed onto the unskimmed expansion within the extraction region of a Wiley-
McLaren time-of-Ñight (TOF) mass spectrometer operated under velocity-sensitive conditions.
The relatively high natural abundance of the chlorine-37 isotope (24%) allowed the simultaneous
measurement of 35Cl* and 37Cl* ion arrival TOF proÐles. The intensities of the photolysis and
probe beams were attenuated to avoid unwanted distortion of TOF proÐles caused by space
charge e†ects.

Circular polarization of the probe radiation was achieved by placing a quarter-wave plate with
its optical axis at 45¡ with respect to the linear polarization vector of the probe UV light. A
photo-elastic modulator (PEM, Hinds International, PEM-80) was placed before the quarter-wave
plate to Ñip the polarization to be either left-circularly polarized (LCP) or right-circularly pol-
arized (RCP) with respect to the propagation axis of the beam on an every-other-shot basis. To
achieve maximum sensitivity to the detection of the orientation moment, the polarization of the
pump laser was tilted by 45¡ with respect to the TOF detection axis using a double Fresnel rhomb
(Optics for Research, RFU-1/2-U). The time delay between photolysis and probe pulses was kept
within 20 ns to avoid unwanted Ñy-out of photofragments from the detection region. Purity of
polarization was found to be critical for these experiments, and therefore care was taken to avoid
unwanted distortions of the polarizations of both photolysis and probe beams. TOF proÐles taken
using left-circularly polarized probe light, and right-circularly polarized probe light,ILCP , IRCP ,
were recorded separately on a shot-to-shot basis.

Isotropic and anisotropic TOF proÐles were evaluated(Iiso\ ILCP ] IRCP), (Ianiso \ ILCP[ IRCP)and orientation moments extracted by Ðtting these composite experimental proÐles. Isotropic and
anisotropic basis functions and were generated by Monte-Carlo simulation12 using(Biso Baniso)eqns. (1) and (3). Experimental composite TOF proÐles and are least-squares Ðtted usingIaniso Iisothe following equations :

Iiso \ c Biso , (4)

Ianiso\ c Im[a1(1)(p,o)]Baniso , (5)

where c is determined by Ðtting eqn. (4) Ðrst. The translational anisotropy parameters b needed for
generating the basis functions were taken from the work of Samartzis et al.17 The same b param-
eter was used for each of the two isotopes of the Cl* atom, although slight di†erences might occur
that result from a mass-dependent efficiency in the nonadiabatic transition of the perpendicular
transition. Moreover, the Ðtting procedures were found to be insensitive to small variations (ca.
5%) in the values of the b parameters.

4. Results
Fig. 3 shows representative anisotropic TOF proÐles for 35Cl* and 37Cl* atoms obtained from the
photodissociation of at 320 nm and 340 nm, together with the Ðt obtained using the basisCl2
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Fig. 3 Anisotropic composite time-of-Ñight proÐles, (solid squares) for 35Cl* and 37Cl* photofragmentsIanisofrom the photodissociation of at (A) 320 nm and (B) 340 nm. Solid lines in (A) and (B) represent Ðts to theCl2data using basis functions, generated by Monte-Carlo simulation : see text for details.Baniso

functions generated by Monte-Carlo simulations. The anisotropic TOF proÐle, at a pho-Ianiso ,
tolysis wavelength of 320 nm shows the characteristic shape of a positive parameter,Im[a1(1)(p,o)]
whereas at 340 nm, reÑects negative values for both 35Cl* and 37Cl* photofragments. Posi-Ianisotive and negative signs of the orientation moment correspond to a preference for J pointing along
]y (““ topspin ÏÏ) and [y (““backspin ÏÏ) directions respectively. It is worthwhile to note that the
ground-state Cl atom generated simultaneously with Cl* would be expected to have an orienta-
tion equal and opposite to its partner Cl* fragments so that angular momentum is conserved.
However, for the present experiment, measurement of ground-state Cl atom orientation is ren-
dered impracticable because of a limited instrumental resolution and the much larger Cl signal
generated from photolysis on the C state alone. Indeed, the ratio of photodissociation cross-
sections for C and B states, p(C)/p(B), is estimated to be about 170 at 350 nm excitation, and
increases drastically at shorter wavelengths.17

Analysis of TOF proÐles at a photolysis wavelength of 320 nm gives Im[a1(1)(p,o)]\ 0.14^ 0.1
for 35Cl* and 0.07^ 0.1 for 37Cl* : the mass dependence of the orientation is caused by the
di†erence in de Broglie wavelengths associated with the two isotopes. The results of repeated
measurements of over the photolysis wavelength range of 270È400 nm are plotted inIm[a1(1)(p,o)]
Fig. 4(B). The plot of as a function of photolysis wavelength has the form of aIm[a1(1)(p,o)]
sinusoidal curve modulated by an envelope. The envelope has maximum amplitude at around 330
nm and decays at longer and shorter wavelengths. Photolysis below 270 nm and above 400 nm
does not produce any observable orientation of the photofragments. Also, note the ““phase lag ÏÏ
between the 35Cl* and the 37Cl* photofragments in the oscillation of This behavior,Im[a1(1)(p,o)].
again, is caused by the di†erence in de Broglie wavelengths associated with the two chlorine
isotopes.

The parameter can be roughly modeled23 as whereIm[a1(1)(p,o)] sinMaJm [JE[ JE[ *V ]N,
E is the total energy available to the photofragment of mass m, and *V is the average di†erence of
potential energy for parallel and perpendicular transitions within a characteristic interaction
range, a. The di†erence in the de Broglie wavelengths for the two isotopes at a given total energy

32 Faraday Discuss., 1999, 113, 27È36
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Fig. 4 (A) The envelope of oscillation as a function of the change in b parameter (b) over the photolysis
wavelength range, modeled by (B) Experimentally determined param-Ab \ J(1] b)(1[ b/2). Im[a1(1)(p,o)]
eters for 35Cl* (open circle) and 37Cl* (solid square) as a function of photolysis wavelength. Error bars rep-
resents one standard deviation derived from replicate measurements. Also shown are the results of the model
calculation for 35Cl* (dashÈdot lines) and 37Cl* (solid lines) : see text for details.

causes a di†erence in the period of oscillation of the orientation parameter, which appears as a
dependence in the above expression.Jm

Compared with the previous measurements of (ground-state) Cl-atom orientation in the photo-
dissociation of ICl,14,15 the period of oscillation of for the photolysis is slow: theIm[a1(1)(p,o)] Cl2parameter changes sign only once over a photolysis wavelength range 270È400 nm.Im[a1(1)(p,o)]
The change of as a function of E slows down and approaches zero as the[JE [ JE[ *V ]
excitation energy is increased ; hence, the period of the oscillation of the orientation moment
increases as the available energy is increased. In the photodissociation of ICl, the photolysis wave-
lengths used were just above the dissociation threshold, leading to rapid oscillations, whereas in

photodissociation, the available energy for the Cl* fragment is much greater (3000È5000Cl2cm~1), leading to a much slower oscillation of The envelope of the oscillationIm[a1(1)(p,o)].
reaches its maximum amplitude at around 330 nm and decays on either side. The behavior of the
envelope agrees with our picture of interference between dissociative motion on the parallel and
perpendicular surfaces : the amplitude is maximum when the two contributing components are
equal in magnitude and it dies out as one of the components dominates the other. The envelope of
the oscillation can be modeled as the geometric mean of contributions from parallel and perpen-
dicular transitions : Fig. 4(A) show a plot of as a function of wave-Ab \ J(1] b)(1 [ b/2). Ablength in which the wavelength-dependent b parameter has been interpolated from the experimen-
tal measurements of Samartzis et al.17 The calculated envelope correctly predicts the position of
the maximum amplitude of oscillation.

To model the observed behavior of Cl* photofragment orientation, we assume that the perpen-
dicular transition component of Cl* originates from initial excitation to the C state, followed by a
nonadiabatic transition to the B state to give Cl ] Cl*. At present, the matrix elements that would
be required to accurately model the nonadiabatic radial derivative coupling are not available,
although recent calculations24 suggest that this type of nonadiabatic coupling may be of great
importance. Furthermore, the recent experimental work of Samartzis et al.17 indicates a curve
crossing probability that decreases with increasing photofragment kinetic energy, which is at
variance with a radial derivative coupling model. For these reasons, we have employed a simple
curve crossing model of the chlorine photodissociation using the available (adiabatic) ab initio
potential energy curves of Yabushita18 to provide a yardstick with which we can compare the
experimental data.

We have modeled the nonadiabatic transition with a single e†ective potential energy curve
which switches smoothly from the C state to the B state, by employing a phenomenologi-VNA(R),

cal coupling element that has the form of a Gaussian function with half-width at half-maximum of
0.42 centered on the curve crossing point The amplitude of this coupling term wasA� Rx \ 3.16 A� .
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varied to produce an acceptable Ðt to the experimental data. The radial Schro� dinger equation was
solved numerically25 on the and on the potentials, and the phases of the radial waveVB(R) VNA(R)
functions, and were evaluated at the asymptote. In Fig. 4(B), the experimental/B /NA ,

is compared with obtained from the calculations. As can be seen inIm[a1(1)(p,o)] Absin(/B [ /NA)
Fig. 4(B), the model calculation correctly predicts the phase shift between the two isotopes and the
general energy dependence of the orientation moment, although it gives a somewhat broader
envelope than experimentally observed. From an experimental viewpoint, the discrepancy between
the experimental and theoretical envelopes might arise from the occurrence of another dissociating
state with either parallel or perpendicular character, although the discrepancy may reÑect system-
atic errors in the measurement of the translational anisotropy. Our model of envelope of oscil-
lation is based on the interference between two dissociating states, and even a minute contribution
of another state can a†ect the envelope of oscillation.

The e†ect of including a centrifugal potential in the calculations, which can be modeled by
N is the nuclear rotational quantum number, k is a reduced mass ofN(N] 1)Å2/2kR2(where

diatomic molecule, and R is a internuclear distance), was found to be negligible. Overall, the
simple crossing model calculations appear able to reproduce the qualitative, general features of the
observed oscillation of the orientation moment, but fail to give a full quantitative agreement.

5. Discussion
For a mixed transition in which two dissociating states are accessed via parallel and perpendicular
transitions respectively, the overall transition dipole moment vector, l, lies between the parallel
and perpendicular axes. Classically, the transition dipole moment vector can be viewed as an
oscillating electric dipole, the initial direction of which is determined by the polarization of the
photolysis light, The transition dipole moment vector depends parametrically on the inter-ephot .nuclear separation, R, and on the phase of the radial part of the dissociating wave function. As is
shown schematically in Fig. 5(A), the initially prepared transition dipole moment can be decom-
posed into a parallel component, and a perpendicular component, Each component experi-k

z
, k

x
.

Fig. 5 Schematic view of a classical interpretation of orientation resulting from excitation to a mixed tran-
sition : (A) excitation with linearly polarized light induces oscillating electric dipole of electrons. (B) as the
dissociation proceeds, parallel and perpendicular components of the transition dipole acquire a phase di†er-
ence */, which induces a circular component in the oscillating transition moment. (C) at inÐnite separation of
photofragments the net phase di†erence, */, can be non-zero, i.e., the separated fragments each retain some
circularity. Positive and negative signs of the orientation parameter correspond to ““ topspin ÏÏ and ““backspin ÏÏ
of the photofragments, respectively.
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ences a di†erent potential energy surface during the subsequent dissociation, and hence a phase
di†erence (*/) between the oscillations of the parallel and perpendicular components is acquired
as the internuclear distance increases. The phase di†erence */ between the two oscillating electric
dipoles leads to a circular component (helicity) in the motion of the electronic charge distribution,
i.e., a net electronic angular momentum above or below the plane containing and see Fig.ephot ¿ :
5(B). At inÐnite separation of the photofragments, where the two potential energy surfaces con-
verge to the same product asymptote, the phase di†erence */ also converges to its Ðnal value. The
asymptotic phase di†erence, and the out-of-plane component of the angular momentum, are deter-
mined by the exact shapes of the potential energy curves encountered by each of the parallel and
perpendicular components during motion along the dissociation pathway : see eqn. (2) and Fig.
5(C).

The above model gives an intuitive physical picture of the development of helicity as a phase
di†erence between two orthogonal oscillations. This picture does not represent the actual experi-
mental situation, however, because the dissociation process cannot simply be viewed as the
motion of fragments with well-deÐned positions that develop as a function of time. Such a picture
would be more applicable to wavepackets that can be excited using femtosecond laser pulses.26
For a physical understanding of the present experiment, we must turn to a picture of a quasi
steady-state excitation to the dissociation continuum, as that which would be obtained, for
example, using a nanosecond excitation pulse. Indeed the present experiments rely on our ability
to excite and probe a set of energetically well-deÐned continuum wavefunctions with an outgoing
boundary condition, enabling us to measure their asymptotic radial phase di†erence.

The simple model calculations of the nonadiabatic transition presented in Section 4 do not fully
reproduce the experimentally observed energy dependence of the Cl* atom photofragment orien-
tation. The coupling matrix element for the nonadiabatic transition was arbitrarily chosen to be
independent of the kinetic energy of the photofragment and localized at the crossing point. In
general, nonadiabatic coupling matrix elements are kinetic energy dependent and the range of
nonadiabatic interactions are nonlocal. Although our use of a phenomenological (gaussian
shaped) nonadiabatic coupling based on a curve crossing mechanism can reproduce qualitatively
the experimental data, this fact does not validate the curve crossing mechanism for Cl* generation
in photodissociation. A more complete knowledge of the nonadiabatic (both curve crossingCl2and radial derivative type) coupling matrix elements, along with the corresponding potential
energy curves, is required to produce a more complete model of this system. We hope that revised
theoretical calculations, along with the experimental measurements of the Cl* atom photofrag-
ment orientation and translational anisotropy, will allow a more detailed understanding of the
mechanism behind nonadiabatic interaction in the photodissociation of molecular chlorine.

In conclusion, the outlook for applying measurements of (coherent) angular momentum orienta-
tion to photodissociation in other systems seems very bright. The technique is relatively simple
and straightforward to carry out, the photofragment orientation is highly sensitive to mixing
between states of di†erent symmetries, and the interpretation of the results seems to o†er insight
into the photodissociation dynamics not readily discernible from the measurement of other
parameters that do not contain quantum phase information.
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