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The recent breakthrough in the study of molecular
dynamics is due to the advent of a technique for imag-
ing the spatial distributions of photodissociation or
chemical reaction products [1] and, especially, of an
improved version of this method referred to as velocity
map imaging (1997) [2]. In this technique, the products
are ionized by means of resonance-enhanced multipho-
ton ionization (REMPI) and the nascent ions are accel-
erated by an electric field and detected as scintillations
on a phosphorescent screen. Recently, we suggested a
new version of the imaging technique [3], an alternative
to velocity map imaging. The major difference between
this method and the imaging technique is that the phos-
phorescent screen is exchanged for a position-sensitive
delay-line detector (DLD) [4] with high time resolu-
tion. The DLD is a ceramic frame on which two wires
are wound parallel to the 

 

X

 

 and 

 

Y

 

 axes, which are delay
lines. A charge appearing somewhere on the delay line
is propagated in both directions toward the line ends,
where the signal arrival time is recorded. Each ion gives
rise to two pairs of times (
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) for the
delay lines along the 
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 and 
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 axes, respectively. The
coordinates 
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 and 
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 of this event in time units can be
calculated as (
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), and the time of the event,

which is the 
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 coordinate, can be calculated as 
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. Thus, the DLD gives three coordinates of
the event from the four times measured. The transverse
velocities 

 

v

 

x

 

 and 

 

v

 

y

 

 are determined from the 

 

X

 

 and 

 

Y

 

coordinates of the collision of ions with the surface of
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---

 

the detector, and the longitudinal velocity 

 

v

 

z

 

 is calcu-
lated from the time of collision. This method allows one
to measure 

 

v

 

x

 

, 

 

v

 

y

 

, and 

 

v

 

z

 

, whereas the velocity map
imaging technique gives only 

 

v

 

x

 

 and 

 

v

 

y

 

. As a result,
new information becomes available, in particular,
anisotropy parameters 

 

β

 

(

 

v

 

)

 

 that are a function of veloc-
ity. The knowledge of 

 

β

 

(

 

v

 

)

 

 turns out to be very useful,
especially for analysis of complicated systems. In this
work, we selected complicated chloride systems, such
as 

 

COCl

 

2

 

, CSCl

 

2

 

, S

 

2

 

Cl

 

2

 

, and 

 

SOCl

 

2

 

.

The setup was described in [3]. It consists of a time-
of-flight mass spectrometer. In its center, a continuous
supersonic molecular beam (along the 

 

Y

 

 axis) and a
laser beam (along the 

 

X

 

 axis) intersect. The mass spec-
trometer is a high-vacuum chamber with a homoge-
neous electric field (along the 

 

Z

 

 axis), which accelerates
the positive photoions created by means of REMPI in
the direction toward the DLD. The chamber meets col-
lisionless conditions. A dye laser, which was pumped
with a Nd:YAG laser, was used. The dye laser funda-
mental was first doubled with the use of a BBO crystal
and then focused by a lens (

 

f

 

 = 20 cm) into the mass
spectrometer chamber. The same radiation was used for
both the photodissociation of chlorides and the detec-
tion of chlorine atoms. The laser energy was low
enough to detect on average one ion per ten laser
pulses. 
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 atoms were detected by
REMPI according to the schemes [5]
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These schemes involve resonant two-photon excita-
tion followed by nonresonant single-photon ionization.
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The standard expression for the angular distribution of
photoproducts

 

I

 

(

 

θ

 

) 

 

� 

 

was used for fitting the experimental data. Here, 

 

θ

 

 is the
polar spherical angle measured from the direction of
the electric field of the laser radiation. The anisotropy
parameter 

 

β

 

 can be calculated in the limit of instanta-
neous dissociation [6, 7] as

 

(1)

 

where 

 

χ

 

 is the angle between the transition dipole
moment (

 

µ

 

) and the escape velocity of a photofrag-
ment.

The quantitative results of analysis are presented in
the table. The velocity distributions (

 

W

 

(v) (or energy
distributions W(Et)) of chlorine atoms, as well as the
β(v) plots, are shown in Figs. 1–4. For the sake of illus-
tration, we report on the analysis of photodissociation
dynamics for S2Cl2 and mention briefly such results for
the other three chlorides.

1. The ground state of the S2Cl2 molecule (=Cl–S–
S–Cl, symmetry C2) has symmetry 1A. Upon the
absorption of a photon, the following processes are
energetically possible:

S2Cl2(1A) + hν  S2Cl2(1A)  S2Cl + Cl*/Cl, (2)

 S2Cl2(1B)  S2Cl + Cl*/Cl, (3)

S2Cl  S2 + Cl*/Cl; (4)

the existence of the excited state 1A has been docu-
mented, while the existence of the 1B state is only con-
jectured [9]. The latter should be higher in energy than
the 1A state. Channel (2) corresponds to the optical tran-
sition 1A  1A; hence, µ || C2 (here, C2 is the symme-
try axis). In this case, χ is the angle between the sym-
metry axis and the S–Cl bond. Using formula (1), we
find that β2 = 0.48. Channel (3) corresponds to the opti-
cal transition 1A  1B; hence, µ ⊥ C2 and, according
to formula (1), –0.71 ≤ β3 ≤ 0.37. As is known, the
193-nm photolysis of S2Cl2 yields chlorine atoms with
an anisotropy parameter of –0.3 [9]. Therefore, it is nat-
ural to assume β3 ≤ –0.3 for channel (3). The β param-
eter for channel (4) is difficult to predict; however, it is
evident that, when the first chlorine atom is removed
from the molecule, the S2Cl fragment considerably
changes its orientation in space. It is reasonable to
expect that the angular distribution for this channel is
isotropic; therefore, β4 = 0. Figure 1 shows that, for
“fast” Cl(2P3/2) and Cl(2P1/2) atoms, the anisotropy
parameter is 0.45 and 0.24, respectively. This means
that the Cl(2P3/2) atoms are formed in process (2), while
the Cl(2P1/2) atoms are mainly formed in process (2) but
some fraction of them are also formed in (3). For
“slow” and “intermediate” chlorine atoms, β ≈ 0 and

θ 1
β
2
--- 3 θcos

2
1–( )+ 1 β 2≤ ≤–( ),sin

β 3 χcos
2

1,–=

β ≈ –0.25, respectively. Hence, these velocity ranges
correspond to channels (3) and (4), respectively. The
decomposition of the W(v) distributions into three
components is shown in Fig. 1, and the results of this
decomposition are presented in the table.

Results of studying the photodissociation of chlorides

Chloride 
(σ235, cm2) 

Dissocia-
tion 

channela
Pb, % β ,

kJ/mol 

S2Cl2
(6 × 10–18) 

(2) 11.2 0.45 ± 0.12 123.0

(3) 27.4 –0.25 ± 0.07 53.6

(4) 26.4 0 ± 0.05 16.8

(2)* 13.2 0.24 ± 0.12d 124.9d

(3)* 6.3 0.24 ± 0.12d 124.9d

(3)* 7.8 –0.25 ± 0.07 51.2

(4)* 7.7 0 ± 0.05 18.6

COCl2
(9 × 10–20) 

(6) 47 0 10

(5) 31 0.7 ± 0.1 36

(6)* 3 0 6.6

(5)* 19 0.6 ± 0.1 45

SOCl2
(7 × 10–18) 

(7) 28.3 0.85 ± 0.08 113.0

(8) 17.2 0.10 ± 0.13 57.4

(9) 19.5e 0.10 ± 0.12 20.2

(10) 19.5e 0.00 ± 0.07 11.2

(7)* 19.2 0.68 ± 0.07 113

(8)* 12.6 0.10 ± 0.13 57

(9)* 3.2e 0.10 ± 0.12 20

(10)* 3.2e 0.00 ± 0.06 11

SCCl2
(4 × 10–18)

(11) 2 0.2 ± 0.07 116.6

(12) 32 0.03 ± 0.05 47.4

(13) 19 –0.07 ± 0.06 12.5

(11)* 3.5 0.08 ± 0.07 121.5

(12)* 33.5 0.03 ± 0.06 54.2

(13)* 10 0.15 ± 0.08 21.5

Note: a Channels leading to Cl(2P1/2) are asterisked, and those
leading to Cl(2P3/2) are unlabeled; b the probability of a
given channel; c the position of the maximum for a given
channel; d parameters for the peak corresponding to a com-
bination of channels (2)* and (3)*; e the overall probability
for channels (9) and (10).

Emax
c
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2. The photodissociation dynamics of the COCl2

molecule (symmetry C2v) is somewhat simpler. The
absorption of a photon entails the dissociation into the
three particles [10]

COCl2(A1) + hν  COCl2(A2)  COCl* + Cl*/Cl, (5)

COCl*  CO + Cl*/Cl. (6)

The W(Et) distributions were decomposed into two
components (Fig. 2). The results of this decomposition
are listed in the table. From the energies, it is evident
that fast chlorine atoms are formed in process (5) and
slow atoms, in process (6). If the ClCCl angle (ClCCl =
χ = 111.3°) is taken as χ and substituted into Eq. (1), we
obtain β = 1.04 for process (5), which somewhat over-
estimates the experimental values β = 0.6–0.7. Our cal-
culations show that this discrepancy is explained by the
rotation of the COCl2 molecule and that the lifetime of

the excited  molecule is ≈230 fs. For channel (6),
the angular distribution of the photoproducts is virtu-
ally isotropic, which is due to the longer (as compared
to the rotation period) lifetime of the COCl* fragment.

3. The excited states of the SOCl2 molecule were
studied with the use of quantum-chemical calculations.
It turned out that only two excited states of the SOCl2
molecule and one excitation state of the SOCl fragment
should be taken into account:

SOCl2(X1A') + hν  SOCl2(31A'')  SOCl + 
Cl*/Cl, (7)

 SOCl2(31A')  SOCl* + Cl*/Cl,(8)

 SOCl2(31A')  SOCl + 
Cl*/Cl, (9)

SOCl  SO + Cl*/Cl. (10)

The existence of four components in the W(v) dis-
tributions follows from general considerations and pre-
vious experiments. For example, the existence of chan-
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Fig. 1. Photolysis of S2Cl2: (a) Cl(2P3/2) and (b) Cl*(2P1/2).
The W(v) curves show the velocity distributions of chlorine
atoms. Here and in Figs. 2–4, data points are the corre-
sponding β parameters (right-hand scale). Dashed lines
show the decomposition of the velocity distribution into
three components.

Fig. 2. Photolysis of COCl2: (a) Cl(2P3/2) and
(b) Cl*(2P1/2). The W(Et) curves show the kinetic energy
distributions of chlorine atoms. Dashed lines show the
decomposition of the kinetic energy distribution into two
components.
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nel (10) follows from the observation of vibrationally
and translationally cold SO radicals in [11]. Fast chlo-
rine atoms are generated by the optical transition
(A'  A''), for which the calculated and experimental
β parameters are virtually the same and equal to ≈0.8.
The (A'  A') transition gives β ≈ 0.2; for channel
(10), we assume β ≈ 0. Although the decomposition of
W(v) into the four components is shown in Fig. 3, it is
evident that the two low-velocity components cannot be
unambiguously resolved.

4. Finally, the CSCl2 molecule is a simple case in
which only dissociation into two particles is possible.
The nascent CSCl radical can be in different electronic

states (E( ) = 0, E( ) = 77, and E( ) = 178 kJ/mol
[12]):

CSCl2 + hν  CSCl( ) + Cl*/Cl, (11)

 CSCl( ) + Cl*/Cl, (12)

 CSCl( ) + Cl*/Cl. (13)

X̃ Ã B̃

X̃

Ã

B̃

All these channels are observed experimentally
(Fig. 4). The above examples show that

(1) Our technique makes it possible to analyze com-
plicated photodissociation dynamics, the β(v) depen-
dences being very useful.

(2) This analysis provides information on the sym-
metry and energy of the molecular excited states.

(3) The Cl(2P3/2) and Cl(2P1/2) atoms have very dif-
ferent dynamics, which calls for further study.
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