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Abstract

Non-resonant infrared Nd**:YAG laser pulses at 1.06 um were used to align chlorine molecules in a cold molecular
beam. The degree of alignment was demonstrated by measurement of the velocity anisotropy of the photofragment
CI(*P3)) atoms from CL(X'E}) + 404 nm — CL(B’II},Q = 0) — CI(*P3)2) + CI(*Py)5). The branching ratio of the
photoexcitation to Clz(B‘XTIu*7 Q = 0) with respect to Cl,('I1,, 2 = 1) was controlled, allowing the selectivity of the two
different adiabatic photodissociation channels: C1(*Ps),) + CI(*Py>) and CI(*P5,) 4+ CI(*P3»). © 2001 Elsevier Science

B.V. All rights reserved.

1. Introduction

Recent publications in the literature have
demonstrated that active optical control of chem-
ical reaction dynamics is possible by varying the
optical phase of an ns laser pulse [1-3], shaping an
ultrafast laser pulse [4], and aligning parent mol-
ecules by non-resonant infrared laser pulse [5].
Among them, the selective excitation is obtained
by controlling the spatial alignment of the mole-
cules with respect to the polarization of the excit-
ing light so that either a parallel transition is
enhanced and simultaneously a perpendicular
transition suppressed or vice versa. A strong non-
resonant laser field controls the alignment of the
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molecules since the interaction between the in-
duced dipole moment of the molecules and the
strong linearly polarized laser field forces the
molecules to align along the polarization axis [6—
9]. Parker and his co-workers [10-12] reported in
their one-color photodissociation of CH;I, O, and
H, that the alignment effect caused by an ultrafast
intense dissociating laser pulse increases the par-
allel angular anisotropy parameter f of the
photofragments. Similarly Sugita et al. [13] re-
ported an increase of the f value for the S atom
from the OCS photodissociation. Recently, Larsen
et al. [5] have demonstrated the control of the
photodissociation branching ratio of I, that was
aligned by a non-resonant intense laser pulse at
1.06 pm. In this Letter we demonstrate the same
control method for the photodissociation branch-
ing ratio of Cl,. When Cl, is irradiated at 404 nm,
it is either excited to the B’IT; (0}) state that dis-
sociates into Cl+ CI*, or to the 'TI,(1,) state that
dissociates into Cl+Cl, where Cl(3p°*P;/;) and
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CI'(3p>P, ;) states are denoted by Cl and CI',
respectively. Cl,(B’IT") is connected to the ground
XlEg(Og) with a parallel transition moment,
whereas the transition moment to 'Il, is perpen-
dicular [14,15]. With Cl, aligned by non-resonant
IR laser pulse, images of photofragment Cl were
measured as a function of the IR laser intensity.
Relatively weak IR field intensity allows us to
discuss a quantitative relation between experi-
mentally observed angular anisotropy parameter
of the photofragment and the branching ratio of
the Cl, photodissociation.

2. Experimental

A pulsed YAG pumped dye laser (5 ns, 2.5 mJ/
pulse, 1 mm radius, 10 Hz) at 404.17 nm was used
to dissociate Cl, and to ionize the Cl photofrag-
ment by (3 + 1) resonance-enhanced multiphoton
ionization (REMPI) in one-color laser scheme:

CI(3p°*P32) + 3hv (404.17 nm) — Cl(4s'*P3 1),
Cl(4s"*P3)5) + hv (404.17 nm) — CI*(3p*).

The 1064 nm fundamental of the Nd*":YAG laser
(1-15 mJ/pulse, 3 mm radius) was used to align the
parent molecule prior to dissociation. The UV and
IR laser beams were counter-propagated into the
interaction region. Each laser was focused with a
lens (f = 0.20 m) on a pulsed molecular beam of
Cl, that was diluted in Ar (5%, backing pres-
sure =900 Torr). The IR beam diameter was larger
than the UV laser diameter.

The REMPI signals of the chlorine atoms pro-
duced by the 404 nm dye laser were detected by
velocity map imaging [16,17]. Briefly, the ions were
focused onto a microchannel plate (MCP) moun-
ted on the end of a 55 cm long flight tube. Elec-
trons ejected from the rear plate of the MCP
created an image on a phosphor screen. The image
was recorded by a CCD camera and accumulated
in a computer. The experimentally observed im-
ages were back-projected by a method similar to
that used in computerized tomography [18]. The
apparent angular anisotropy parameter, [, was
obtained by a least squares fit of the 3D slice to the
angular distribution function,

1(0) :A{1+Zﬂ2nP2n(cos0)}, (1)

where 7(0) is the normalized angular distribution
of the CI photofragment, 0 is the angle between the
velocity of the Cl fragment and the electric vector
of the dissociation laser beam, and P,,(x) is the
2n-th Legendre polynomial.

3. Results

When Cl, absorbs a photon at 404 nm, it dis-
sociates through either the parallel or perpendic-
ular transitions:

ClL(X'Z,, Q = 0) + kv (404.17 nm)
— ClL(B’IT}, Q = 0) — Cl 4 CI* (I)
— ChL('M,Q=1) - Cl+Cl (1)

The inset of Fig. 1 shows a typical image for the CI
photofragment, which consists of two rings since
Cl and CI" are energetically separated by the spin—
orbit splitting, AE,, = 0.109 eV. The inner ring
with kinetic energy of 0.24 eV corresponds to
channel (I) and the outer one with 0.30 eV to
channel (II). When a molecule is placed in an
electric field of a pulsed IR laser, it can be aligned
because of the anisotropy of its polarizability
tensor. The alignment of the ground state Cl, by
intense non-resonant IR laser pulses is demon-
strated by change of the anisotropy of the photo-
fragments. When the UV and IR lasers are parallel
polarized, the f, value of the parallel channel (I)
should increase because the parent Cl, molecules
are aligned along the IR laser polarization axis.
Careful examination of the image indicates that
the image actually consists of three rings. The
outermost ring is weak and not so well-resolved
within our velocity resolution. Samartzis et al. [14]
reported that the additional peaks in the velocity
distribution that appear at the high-velocity side of
the two main peaks correspond to ‘hot band’ dis-
sociation of Cly(v = 1). After Monte Carlo simu-
lation for the kinetic energy distributions, they
estimated the contribution of the hot bands to
determine the branching ratios for the Cl, photo-
dissociation at 310-470 nm. Samartzis et al.
achieved a more accurate determination of the
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Fig. 1. Upper panel: change of the anisotropy parameter ratio
Bur/BS with 1.064 pm laser intensity for the CI(*P3),) photo-
fragment. C1(*Ps) is produced from the CI(*P;/) 4+ CI*(*P1,2)
channel (I) of the 404 nm photodissociation of Cl,. ﬂg Is the
averaged f3, over several runs without IR laser. The inset shows
an image of the Cl photofragments. The UV dissociating and
IR aligning lasers have parallel polarizations. Lower panel:
change of the branching ratio pr/p, with 1.064 um IR laser
intensity for channels (I) and (II). pr/pe =[P/ P.]r/
[®/9.],. Open circles — observed ratio; open triangles — cal-
culated ratio from Egs. (7) and (9).

ratios than ours because our velocity resolution is
not enough to resolve the contribution of the hot
bands. Hence, we adopt their value for the @/,
branching ratio at 404 nm, where @ and ¢, are
the quantum yields of channel (I) and (II), re-
spectively. Their branching ratio without the IR
laser pulse is @|/®, =2.04+0.1 at 404 nm from
[14, Fig. 4]. Using this ratio for calibration pur-
pose, we estimated the contribution of the hot
bands in our images. Thus, the branching ratios at
various IR aligning laser intensities are normalized
to that in the absence of the IR laser,
P/ Po = [P/ P.]r/[®/P.],, Which are shown in

the lower panel of Fig. 1. When the IR laser in-
tensity increased from 0 to 14 mJ, the p;z /p, ratios
increased from unity to 1.4. The p;r/p, ratio was
controlled only when the timing between visible
and IR light was simultaneous. No appreciable
changes were observed in the center-of-mass en-
ergy distribution with and without IR laser pulse.

The experimental angular distribution is a
function of both the alignment due to an aligned
my-state distribution of C1(*P5») and the molecular
alignment of the ground state Cl, due to the non-
resonant IR laser field. The angular distribution for
the aligned CI(?Ps),) is effectively described by an
expansion of Eq. (1) terminated at the fourth-order
Legendre polynomial [14,19,20]. Samartzis et al.
[14] reported that the angular parameters were
f, = 1.82 and 3, = —0.24. The contribution of the
P, term is small partly because the precession time
(~10 ns) of the total angular momentum J due to
the hyperfine coupling (F = I + J) with the nuclear
angular momentum 7 is comparable to the pulse
duration of the Nd:YAG pumped dye laser. The
precession time is determined by the hyperfine
coupling constant for an isolated free ¥Cl atom,
eqQ(*Cl) =—110 MHz [21]. Hence the degree of
the m;-state alignment can be reduced on average
by a factor of three. Because our imaging data are
congested by the contribution of the hot band and
may not be reliable for analysis of the higher P,
terms that contribute to a small portion, the P,
term was not included in Eq. (1) for our analysis of
the angular distributions. In other words, we as-
sumed that the angular distribution for the
CI(*P3») photofragment without the molecular
alignment is described by an expansion of Eq. (1)
terminated at the Py(cosf) term. As will be dis-
cussed below, the molecular alignment is also ex-
panded by the second-order Legendre polynomial
when the IR laser field intensity is low. Combina-
tion of the two angular distributions results in an
expansion terminated to the fourth-order Legendre
polynomial. Thus, we analyzed our data for the
photofragment angular distribution with an ex-
pansion terminated at the fourth-order Legendre
polynomial. The upper panel of Fig. 1 shows the
anisotropy parameter f3, of the inner ring Cl atom
for the parallel transition of Cl,. The absolute
value for the fragment anisotropy parameter in the
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absence of the IR laser field, (f3), is 1.4 +0.2. This
value is smaller than the value of 1.82 reported by
Samartzis et al. [14]. In the presence of the non-
resonant IR laser field, the degree of alignment of
the parent molecule increased. As shown in the
upper panel of Fig. 1, the ratio fi;/f5 increased
from unity to 1.5 at 14 mJ of the IR laser intensity
where f3.i is the observed anisotropy parameter for
P,(cos 0) in the presence of the IR laser field.

4. Discussion
4.1. Adiabaticity of Cl, potential curves

The Hamiltonian for the diatomic molecule is
written as follows:

H(R) = Huee(R) + Thue(R) + Hyo(R), (2)

where Hee.(R) is a sum of an electronic Hamilto-
nian, T;,.(R) is a nuclear kinetic energy term, and
H,,(R) is the spin—orbit coupling. All these terms
are functions of the nuclear distance R. In the
adiabatic approximation, potentials are diagonal-
ized with Hyec(R) 4+ Hyo(R). Therefore, the nuclear
kinetic energy operator gives rise to non-adiabatic
interaction on the adiabatic potentials, which is
written as follows [22]:

Thue(R) = —(B*/81*uR)(9* /JOR*)R + (W /4m*uR*)I*,  (3)

where I(=J — L — S) is the orbital angular mo-
mentum operator for the nuclei. The second term
of Eq. (3) is known as Coriolis coupling. One se-
lection rule for couplings by the radial derivative
operator, the first term of Eq. (3), is AQ =0 and
g <> glu < u, while that for the Coriolis coupling
is AQ = +1 and g < g/u <> u. The 'TI(1u) state
has a crossing point with the B*I1(0}) state during
the bond breaking. The transition promoted by the
Coriolis couplings could take place at that point.
However, reported experimental results of the
angular distribution parameters f, of the Cl and
CI" photofragments from the photodissociation at
~400 nm are close to the limit values for the
parallel and perpendicular transitions [14,15].
These results indicate that the adiabatic dissocia-
tions occur and that the non-adiabatic transition
induced by the nuclear kinetic term at the crossing

point is negligible. In addition, according to the
lifetime measurements of the rovibronic levels in
the B’TI(0}) state near the crossing point with the
repulsive 'TI(1u) state which is located below the
Cl+ CI" dissociation limit, the predissociation
rates through 'TI(1u) by the Coriolis couplings are
slow even at high rotational levels or k < 10° s,
Irradiation of Cl, at 404 nm induces the direct
photodissociation process above the dissociation
limit; separating atoms pass the crossing point
within ~107'? s. This direct-dissociative lifetime is
much shorter than the predissociative lifetime
caused by the Coriolis coupling. Thus, it is rea-
sonable to assume that the photodissociation oc-
curs via an adiabatic process. Hence, the molecular
alignment of the parent Cl, molecules by non-
resonant IR laser pulse can control the branching
ratio between the Cl+ Cl and Cl + CI* channels.

4.2. Degree of alignment of Cl, and photodissoci-
ation branching ratios

Suppose that the angle between the electric
fields of the dissociating and aligning lasers is y,
the distribution of molecular axes referred to the
electric vector of the dissociating laser is obtained
by using the spherical harmonic addition theorem
and then averaging over azimuthal angle [9]:

P(0,) = (1/4m){1 + pP;(cos yP>(cos b;) }, 4)
where 0, is the angle between the principle axis of
the polarizability tensor and the electric vector of

the dissociating laser. The control parameter y
of the degree of alignment for linear molecules is

7= —((o) — o) (E?/24T), (5)

where (o) is the mean polarizability, ., is the ele-
ment of the polarizability tensor along the sym-
metry axis and E is the rms optical electric field.
Those molecules that absorb light have an angular
distribution given by

1(0,) = P(0,){1 + B3Py cos(0,)}
1 0 20,1 o0
~in {1 + {:82 +7<1 +7ﬁ2 "’g(ﬁz) )}
x P5(cos y)P5(cos ;)

18
+§ﬁgyP2(cos %) Py cos(ﬁ;)] (6)
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In this equation the angle 0 in Eq. (1) is substituted
by the angle 6, because the direction between the
electric vectors of the alignment IR laser and the
visible photodissociation laser is parallel, i.e.
¥ = 0. Since the angular distribution of the
photofragment is approximated by an expansion
terminated at the P, (cos 0;) term, the coefficient for
the Py(cos ;) term of Eq. (6) is used for quanti-
tative analysis of the degree of molecular align-
ment. Substituting y = 0 into Eq. (6), the observed
control parameter y is given by

7= B/ By = 1)/(1/ By +2/7 = B/9), (7)

where f; 1s the observed anisotropy parameter for
Py(cost;) in Eq. (6). The cross-sections of the
photodissociation processes from the aligned
molecules are given by

2n m
o} = 30| / / P(0,) cos® 0, sin 0,d0,d¢,
0 0

i 360 2n T . )
o) =" / / P(0,) sin” 0, sin 0,d0,d¢,
2 Jo Jo
(8)
0

where o] and ¢ are cross-sections for photodis-
sociation of non-aligned molecules, which are
correlated to the parallel and perpendicular tran-
sition, respectively. From Eq. (8), pjr/p, 1s given
by

Pr/Po = (5+27)/(5—7). 9)

Substituting ¢/ [52 of Fig. 1 and the value of [52 of
1.4 into Eq. (7) and using Eq. (9), pr/p, is cal-
culated as a function of IR laser intensity. The
lower panel of Fig. 1 shows a good agreement
between the calculated and experimental results.
For chlorine molecules (x) = 4.61 x 10~2*cm?
and o, = 6.60 x 1072* cm? [23,24]. The y values of
Eq. (5), which are calculated from Eq. (7), increase
from 0 to 0.69 in the IR laser energy range 0-14
mJ. The value of the rms optical electric field is
9.3 x 10° V/iem or 1.1 x 10" W/cm? at 14 m]
pulse energy, which is in agreement with our esti-
mated value of 10'°-10'"! W/cm?. The average
value of cos® @, < cos? © >, is 1/3 + 2y/15 where
O is the angle between the principle axis of the
polarizability tensor and the electric vector of the
aligning laser. This value increases from 1/3 to

1/3+0.092 for the energy range 0—14 mJ. In the
experiments by Larsen et al. [S] and Sakai et al. [7],
a larger increase was observed because their laser
intensity was higher than ours.
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