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A molecule placed in an electric field can be aligned because of the anisotropy of its polarizability
tensor. As an alternative to high static electric fields, the electric field of a pulsed laser can be used
for alignment. The alignment can be demonstrated by measurement of the control of the anisotropy
of photodissociated fragments generated by polarized light. Sakaiet al.have recently reported such
an experiment on aligned iodine molecules@J. Chem. Phys.110, 10235~1999!#. This paper reports
an independent finding of the same phenomenon with CH3I. General equations are presented for the
degree of alignment and its control of the photodissociation amplitude. The control parameter for a
symmetric top or linear molecule is2(a2azz)(E

2/2kT)P2(cosx), where a is the mean
polarizability,azz is the element of the polarizability tensor along the symmetry axis, andx is the
angle between theE vectors of the aligning and dissociating lasers. The fragment velocity
anisotropy can be increased or decreased by varying this control parameter. ©2000 American
Institute of Physics.@S0021-9606~00!00604-8#

INTRODUCTION

A freely rotating molecule placed in a weak angularly
dependent potential has perturbed energy levels and wave
functions. Because of the torque exerted during its rotation,
angular momentum is no longer a constant of the motion. As
the angularly dependent potential is increased, the angular
distribution of the molecule becomes anisotropic. The mol-
ecule, classically speaking, spends more time in the vicinity
of the potential minimum even though it is not trapped.

Recently, there has been increasing interest in control-
ling the rotation of gas phase molecules by external electric
fields.1–10A necessary condition for appreciable alignment is
that mE should be comparable tokT, wherem is the electric
dipole moment of the molecule, andE is the optical electric
field. Assuming m51 D (10218esu cm) andT5300 K, a
field of 13107 V/cm would be required. Such static fields
are impractical, in part because they produce discharges in a
gas. It has been shown that this difficulty can be partially
overcome by the use of a molecular beam cooled by nozzle
expansion.2 At a temperature of 3 K the required field would
be 105 V/cm, large but attainable. The brute force method,
which orients the molecular dipole moment along the electric
field, is obviously limited to polar molecules.1 Friedrich and
Herschbach3 have pointed out that the use of an optical field
offers alternative possibilities. Optical frequencies are much
higher than rotational frequencies; for example, 1064 nm
light has a period of 3.5 fs. The relatively slowly rotating
molecule is unable to follow the rapidly fluctuating electric
field, and the first order effect averages to zero. However, the

second order perturbation due to the polarizability anisotropy
of the molecule may be appreciable.

Sakaiet al.9 have reported the photodissociation of io-
dine molecules with a strong (1.431012W/cm2) IR laser
field used for alignment. Using a sample of aligned iodine
molecules, Larsenet al.10 showed control of the photofrag-
ment branching ratios of the I(2P3/2) and I(2P1/2) channels.
We have independently observed the alignment phenomenon
in methyl iodide. This paper reports the experimental results
as well as a general theoretical expression for the alignment
and its control of the photofragment angular distribution. The
angular distribution of I(2P3/2) atoms from the photodisso-
ciation of CH3I at 304 nm was measured with a photofrag-
ment imaging apparatus.

EXPERIMENT

A pulsed YAG pumped dye laser~5 ns, 0.2 mJ/pulse, 1
mm radius, 10 Hz! frequency doubled to 304.67 nm was
used to dissociate CH3I and to ionize the I(2P3/2) fragment
by (211) resonance-enhanced multiphoton ionization
~REMPI!. The 1064 nm fundamental of the Nd:YAG laser
~1–120 mJ/pulse, 3 mm radius! was used to align the parent
molecule prior to dissociation. The UV and IR lasers were
counterpropagated into the interaction region. Each laser was
focused with a lens (f 50.20 m) on a pulsed molecular beam
of CH3I that was diluted in Ar ~1%, backing
pressure5750 Torr). The IR beam diameter was larger than
the UV laser diameter. The rotational temperature of the
CH3I is not known precisely but can be estimated from the 7
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K rotational temperature of NO, which was expanded under
the same conditions. The following processes occur:

CH3I1hn~304.67 nm,0.1 mJ/pulse,3 ns!

→CH31I~2P3/2!,

I~2P3/2!12hn~304.67 nm!→I~4D7/2!,

I~4D7/2!1hn~304.67 nm!→I1.

The iodine atoms produced by the dye laser were detected by
velocity map imaging.11 Briefly, the ions were focused onto
a microchannel plate~MCP! mounted on the end of a 55 cm
long flight tube. Electrons 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 images were back-projected by
a method similar to that used in computerized tomography.12

The apparent anisotropy parameter,b, was obtained by a
least squares fit of the 3D slice to the angular distribution
function,

I ~u!5~1/4p!$11bP2~cosu!%, ~1!

where I (u) is the normalized angular distribution of the I
atom fragment,u is the angle between the velocity of the I
atom fragment and the electric vector of the dissociation la-
ser beam, andP2(x)5(3x221)/2.

RESULTS

A typical image and its back-projection are shown in
Fig. 1. Figure 2 shows that the anisotropy parameterb in-
creases with IR laser intensity when the IR and UV lasers
have parallel polarizations and are simultaneously fired. As
the IR laser intensity increases, the angular distribution be-
comes more anisotropic. This external field effect becomes
appreciable for IR laser intensities.2 mJ/pulse and reaches
an asymptotic value at 10 mJ/pulse. Above that energy the
IR laser causes a decrease in I1 signal, although the apparent
b value remains constant. Our explanation is that the IR laser
above a certain intensity does not merely align but also dis-
sociates CH3I into a different channel. This new channel is
not CH31I( 2P1/2), because the I(2P1/2) signal is also ob-
served at 305.57 nm to decrease at IR pulse energies above
10 mJ. The nearly constantb value at higher pulse energies
is thought to originate from CH3I molecules situated further
from the center of the region of strongest focus. In other

words, in the volume where one would expect very strong
alignment and even localization, the IR laser produces an-
other dissociation channel.

Figure 3 shows the variation ofb with the delayt be-
tween the UV and IR~10 mJ/pulse! laser pulses. An appre-
ciable change inb is observed when the two laser pulses are
temporally overlapped within62 ns. Forutu.2 ns, the value
of b was ;1.4. The average ofb over several runs in the
absence of the IR laser was 1.4760.05, as shown by the
arrow in Fig. 2. Figure 4 shows the energy distribution of the
CH31I photofragments. No appreciable change is observed
in the center-of-mass energy distribution with and without
the nonresonant IR laser pulse.

DISCUSSION

The Hamiltonian for second order perturbation by the
electric field due to the polarization anisotropy of the mol-
ecule is given by

H52~E2/2!~axx sin2 u cos2 c1ayy sin2 u sin2 c

1azzcos2 u!, ~2!

FIG. 1. A raw 2D image~left! and an equatorial slice of a 3D image~right!
of I( 2P3/2) atoms from the 304.67 nm dissociation of CH3I in the presence
of the YAG fundamental~1064 nm, 11 mJ, 5 ns pulse!. The direction of the
electric vectors of the UV and IR layers are indicated by an arrow.

FIG. 2. Change of the anisotropy parameterb with 1064 nm laser intensity
for I( 2P3/2) photofragments from the photodissociation of CH3I at 304 nm.
The arrow at zero IR energy indicates ab value averaged over several runs.
The UV and IR lasers have parallel polarizations.

FIG. 3. Temporal profile ofb values for various delays between the UV
laser pulse~0.1 mJ/pulse! and the IR laser pulse~10 mJ/pulse!. For utu
.2 ns, the average value ofb over several runs, in the absence of the IR
laser, is 1.47. The curve shows a temporal overlap of two Gaussian curves
~3 ns and 5 ns width!.
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wherex,y,zare the principle axes of the polarizability tensor,
u is the angle between thez axis and the axis of the electric
field, andc is an angle of rotation of the molecule about the
zaxis. The anglec is zero when thex axis is perpendicular to
the electric field. Equation~2! can be rewritten as

H52~E2/2!$a1~h/2!sin2 u cos 2c

1Da~3 cos2 u21!/2%, ~3!

where a5(axx1ayy1azz)/3 is the mean polarizability;h
5axx2ayy and Da5azz2a are anisotropies. For a sym-
metric top or linear molecule,h50.

Using classical statistical mechanics, we calculate the
perturbed angular distribution of a molecule with a symme-
try axis. The angular distribution is given by

P~u!5exp$2H~u!/kT%Y E
0

2pE
0

p

dw8 du8 sinu8

3exp$2H~u8!/kT%. ~4!

It is convenient to introduce the dimensionless parameterg
5E2Da/2kT. In the weak field approximation this param-
eter will be small. Equation~4! can now be written com-
pactly as

P~u!5exp$gP2~cosu!%Y E
0

2pE
0

p

dw8 du8 sinu8

3exp$gP2~cosu8!%. ~5!

This expression is valid for any value ofg, but only small
values ofg are relevant to our weak field~ns laser! experi-
mental conditions. Expanding Eq.~5! in powers ofg and
keeping only linear terms, the denominator is 4p and the
normalized angular distribution is

P~u!5~1/4p!$11gP2~cosu!%. ~6!

The average value of cos2 u over this angular distribution is
1/312g/15. The validity of classical statistical mechanics in
this system can be tested by considering the rotational con-
stants of CH3I, i.e., A55.11 cm21 and B5C50.25 cm21.
The motion around the threefold axis may be confined to
only a few quantum states, but it is irrelevant to the present

problem. At 7 K the most probable value ofJ is 4. It is likely
that a quantum treatment would change the factor 2/15 some-
what but would not alter the form of Eq.~6!. In view of the
large uncertainty inE, a more exact quantum calculation is
not warranted.

For methyl iodidea57.54310224cm3 and Da51.43
310224cm3.13 Because the YAG laser that was used was
not seeded, inhomogeneities exist in the beam~‘‘hot spots’’!,
and an exact measurement of the strength of the optical field
was not possible. Instead the value ofg at 3 mJ pulse energy
is determined from the initial slope of Fig. 2 to have a value
of 0.28. Referring to Eq.~6!, this means that̂ cos2 u& in-
creases from 1/3 to 1/310.037. In the experiments of Sakai
et al.,9 a much larger increase was observed because their
laser intensity was about one hundred times stronger than
ours.

Suppose that the angle between the electric fields of the
dissociating and aligning lasers isx. The distribution of mo-
lecular axes referred to the electric vector of the dissociating
laser is obtained from Eq.~4! by using the spherical har-
monic addition theorem and then averaging over azimuthal
angles. The result is

P~us!5~1/4p!$11gP2~cosx!P2~cosus!%, ~7!

whereus is the angle between the principle axis of the po-
larizability tensor and the electric vector of the dissociating
laser. Those molecules that absorb light have a distribution
of axes given by:

I ~us!5P~us!$11b0P2~cosus!%5~1/4p!@11$b0

1g~112b0/72b0
2/5!%P2~cosx!P2~cosus!

1~18/35!b0gP2~cosx!P4~cosus!#. ~8!

For x50, the observed anisotropy parameter for
P2(cosus),beff , is given by

beff5b01g~112b0/72b0
2/5!. ~9!

The angular distribution of the I atom photofragments is
fitted to Eq.~8! assuming axial recoil. The value ofb0 was
previously reported to be 1.560.1 for a dissociation wave-
length of 304 nm.11,14 In the present experiments, the value
of b0 obtained in the absence of the aligning laser is 1.47
60.05. The increase of the coefficient ofP2(cosus) with
increasing pulse energy of the aligning IR laser shown in
Fig. 2 is fitted by values ofg, which increase from 0 to 0.28
in the energy range 0 to 4 mJ. From Eq.~9! and the definition
of g, the value of the rms optical electric field is 5.9
3106 V/cm or 4.631010W/cm2 at 4 mJ pulse energy, which
is in agreement with our estimated value of
1010– 1011W/cm2. The coefficient ofP4(cosus) is so small
that similar fitting ofg does not give reliable values. It fol-
lows from Eq.~7! that, depending on the anglex between the
E vectors of the two lasers, the IR laser can either increase or
decrease the observed anisotropy. When the polarizations
were perpendicular to each other, a small decrease in anisot-
ropy was indeed seen.

In principle, strong electric fields can align molecules
that have an anisotropic polarizability tensor. We have dem-
onstrated that methyl iodide molecules can be aligned by a

FIG. 4. Center-of-mass transnational energy distribution of photofragments
from the photodissociation of CH3I at 304.67 nm. The probed photofrag-
ment is I(2P3/2). The triangles were measured with the 1064 nm IR laser
pulse~2–11 mJ/pulse, 5 ns duration!; the circles were measured without the
IR laser pulse.
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ns laser. Moreover, by varying the angle between the electric
vectors of the aligning and dissociating electric fields within
certain limits, one can control the anisotropy of the fragment
velocity distribution.
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