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Control of photofragment velocity anisotropy by optical alignment of CH 3l
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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. ®aleihave recently reported such

an experiment on aligned iodine molecul[dsChem. Physl10, 10235(1999]. This paper reports

an independent finding of the same phenomenon withl GBkeneral 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 is-(a— a5,)(E%/2kT)P,(cosy), where « is the mean
polarizability, «,, is the element of the polarizability tensor along the symmetry axis,yaisdhe

angle between thdc vectors of the aligning and dissociating lasers. The fragment velocity
anisotropy can be increased or decreased by varying this control paramet@00@American
Institute of Physicg.S0021-9606800)00604-§

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

A freely rotating molecule placed in a weak angularly Sakaiet al® have reported the photodissociation of io-
dependent potential has perturbed energy levels and wawine molecules with a strong (2x4L0">Wi/cn?) IR laser
functions. Because of the torque exerted during its rotationfield used for alignment. Using a sample of aligned iodine
angular momentum is no longer a constant of the motion. Asnolecules, Larseet al® showed control of the photofrag-
the angularly dependent potential is increased, the angulanent branching ratios of the3Ps,) and I(P,;,) channels.
distribution of the molecule becomes anisotropic. The mol\We have independently observed the alignment phenomenon
ecule, classically speaking, spends more time in the vicinityn methyl iodide. This paper reports the experimental results
of the potential minimum even though it is not trapped. as well as a general theoretical expression for the alignment

Recently, there has been increasing interest in controland its control of the photofragment angular distribution. The
ling the rotation of gas phase molecules by external electri@ngular distribution of {P3,) atoms from the photodisso-
fields1~*° A necessary condition for appreciable alignment isciation of CHl at 304 nm was measured with a photofrag-
that .E should be comparable T, wherey is the electric ~ ment imaging apparatus.
dipole moment of the molecule, arttlis the optical electric
field. Assumingu=1 D (10 esucm) andT=300K, a
field of 1x10° V/cm would be required. Such static fields
are impractical, in part because they produce discharges in a A pulsed YAG pumped dye laséb ns, 0.2 mJ/pulse, 1
gas. It has been shown that this difficulty can be partiallymm radius, 10 Hy frequency doubled to 304.67 nm was
overcome by the use of a molecular beam cooled by nozzlgsed to dissociate GiHand to ionize the {P3,) fragment
expansiorf. At a temperature f3 K the required field would by (2+1) resonance-enhanced multiphoton ionization
be 16 V/cm, large but attainable. The brute force method,(REMPI). The 1064 nm fundamental of the Nd:YAG laser
which orients the molecular dipole moment along the electriq1-120 mJ/pulse, 3 mm radiuwas used to align the parent
field, is obviously limited to polar moleculésFriedrich and  molecule prior to dissociation. The UV and IR lasers were
Herschbachhave pointed out that the use of an optical field counterpropagated into the interaction region. Each laser was
offers alternative possibilities. Optical frequencies are muctfocused with a lensf(=0.20 m) on a pulsed molecular beam
higher than rotational frequencies; for example, 1064 nmof CHsl that was diluted in  Ar (1%, backing
light has a period of 3.5 fs. The relatively slowly rotating pressure=750 Torr). The IR beam diameter was larger than
molecule is unable to follow the rapidly fluctuating electric the UV laser diameter. The rotational temperature of the
field, and the first order effect averages to zero. However, th€Hjsl is not known precisely but can be estimated from the 7
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FIG. 1. A raw 2D imagdleft) and an equatorial slice of a 3D imagright)
of I1(?P4,) atoms from the 304.67 nm dissociation of gkh the presence
of the YAG fundamenta{1064 nm, 11 mJ, 5 ns pulseThe direction of the
electric vectors of the UV and IR layers are indicated by an arrow.
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IG. 2. Change of the anisotropy paramegawith 1064 nm laser intensity

or I(>Pg,,) photofragments from the photodissociation of {LEt 304 nm.
The arrow at zero IR energy indicate@aalue averaged over several runs.

CHal +h2(304.67 nm,0.1 mJ/pulse,3)ns The UV and IR lasers have parallel polarizations.

—CHy+1(?Py)),

K rotational temperature of NO, which was expanded unde
the same conditions. The following processes occur:

words, in the volume where one would expect very strong

1(?Pg) + 2hv(304.67 nm—1(*D+),), alignment and even localization, the IR laser produces an-
. other dissociation channel.

("D + hv(304.67 nmi— 1" Figure 3 shows the variation ¢& with the delayr be-
The iodine atoms produced by the dye laser were detected liyeen the UV and IR10 mJ/pulsglaser pulses. An appre-
velocity map imagind? Briefly, the ions were focused onto ciable change i8 is observed when the two laser pulses are
a microchannel platéMCP) mounted on the end of a 55 cm temporally overlapped withirt 2 ns. For 7| >2 ns, the value
long flight tube. Electrons ejected from the rear plate of theof 8 was ~1.4. The average oB over several runs in the
MCP created an image on a phosphor screen. The image wabsence of the IR laser was 1#48.05, as shown by the
recorded by a CCD camera and accumulated in a computearrow in Fig. 2. Figure 4 shows the energy distribution of the
The experimentally observed images were back-projected bgH;+1 photofragments. No appreciable change is observed
a method similar to that used in computerized tomograghy. in the center-of-mass energy distribution with and without
The apparent anisotropy parametg, was obtained by a the nonresonant IR laser pulse.
least squares fit of the 3D slice to the angular distribution

function, DISCUSSION

1(6)=(1/4m){1+ BPy(coso)}, D The Hamiltonian for second order perturbation by the
where1(6) is the normalized angular distribution of the | €lectric field due to the polarization anisotropy of the mol-
atom fragmentg is the angle between the velocity of the | €Cule is given by

atom fragment and the electric vector of the dissociation la-  H= — (E2/2)(a,,sir? 6 cos ¢+ ayy Sir? 9 sir? ¢
ser beam, an®,(x) = (3x2—1)/2.

+ a,,c0% 0), 2

RESULTS

A typical image and its back-projection are shown in 18 F
Fig. 1. Figure 2 shows that the anisotropy paramgten-
creases with IR laser intensity when the IR and UV lasers 17
have parallel polarizations and are simultaneously fired. As
the IR laser intensity increases, the angular distribution be- L6
comes more anisotropic. This external field effect becomes o ¢
appreciable for IR laser intensitie® mJ/pulse and reaches 15 L)
an asymptotic value at 10 mJ/pulse. Above that energy the
IR laser causes a decrease irsignal, although the apparent 14 o

B value remains constant. Our explanation is that the IR laser T — S
above a certain intensity does not merely align but also dis- R ’
sociates CHl into a different channel. This new channel is T (ns)

not CHy+1(°Py,,), because the P, signal is also ob-

Served at 30557 nm to decrease at |R pulse energ|es aboﬁ@ 3. Temporal proflle Oﬁg values for various delays between the UV

. . laser pulse(0.1 mJ/pulsg and the IR laser pulsél0 mJ/pulsg For |7|
10 mJ. The nearly ConStamvalue at hlgher pUIse energies >2 ns, the average value @f over several runs, in the absence of the IR

is thought to originate from _C§H molecules situated further |aser is 1.47. The curve shows a temporal overlap of two Gaussian curves
from the center of the region of strongest focus. In othen3 ns and 5 ns width
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0.06F problem. A 7 K the most probable value dfis 4. It is likely
[ e@@ that a quantum treatment would change the factor 2/15 some-
- 2 what but would not alter the form of E@6). In view of the
0041 e large uncertainty irE, a more exact quantum calculation is
% not warranted.

A
ool Iy For methyl iodidea=7.54x 10~ 24cn® and Aa=1.43

[@]

A
i @9 X 10 2*cm?. 13 Because the YAG laser that was used was
I i not seeded, inhomogeneities exist in the bé&dmot spots”),
|||||||2IO|||| v...i““6lo....|..

P(E,) / arb. units

0.00

L and an exact measurement of the strength of the optical field
40 was not possible. Instead the valueyoht 3 mJ pulse energy
Translational energy (kcal / mol) is determined from the initial slope of Fig. 2 to have a value
of 0.28. Referring to Eq(6), this means that{cos 6) in-
FIG. 4. Center-of-mass transnational energy distribution of photofragmentgreases from 1/3 to 1/30.037. In the experiments of Sakai
from the photodissociation of GHat 304.67 nm. The probed photofrag- et a|_,9 a much Iarger increase was observed because their

ment is 1¢P,,). The triangles were measured with the 1064 nm IR IaserI int it bout hundred fi t th
pulse(2—11 mJ/pulse, 5 ns duratiprihe circles were measured without the aser intensity was about one hundred times stronger than

IR laser pulse. ours.
Suppose that the angle between the electric fields of the

dissociating and aligning lasers ys The distribution of mo-
lecular axes referred to the electric vector of the dissociating
laser is obtained from Eq4) by using the spherical har-
monic addition theorem and then averaging over azimuthal
angles. The result is

wherex,y,zare the principle axes of the polarizability tensor,
0 is the angle between theaxis and the axis of the electric
field, andy is an angle of rotation of the molecule about the
zaxis. The angle/is zero when the axis is perpendicular to
the electric field. Equatioi2) can be rewritten as P(0s) = (1/4m){1+ yP,(cosy)P,(cosbs)}, (7)

H=—(E*/2){a+ (5/2)sir’ 6 cos 2 where 6 is the angle between the principle axis of the po-
larizability tensor and the electric vector of the dissociating
+Aa(3cod §—1)/2}, 3 ; o
(3 0 )12} ® laser. Those molecules that absorb light have a distribution
where a= (ay,+ ayy+ a;7)/3 is the mean polarizabilityy  of axes given by:

= ay—ayy and Aa=a,,—a are anisotropies. For a sym-
metric top or linear moleculey=0. 1(65)=P(0){1+ BoP2(cosby)} = (1/4m)[1+{Bo

Using classical statistical mechanics, we calculate the + y(1+2B/7— B2I5)} P,(cosy) P,(cosby)
perturbed angular distribution of a molecule with a symme-
try axis. The angular distribution is given by +(18/39 BoyP2(cosy) P4(cosby)]. (8)
K 2w (m do’ do’ sing’ For x=0, the observed anisotropy parameter for
P(0)=exp{—H(6)/KT} fo fo ¢ dg’sing P,(cosby),Bes, is given by

X exp{—H(6")IKT}. @) Beti=Bo+ Y(1+2Bo/7— B3/5). ©)

It is convenient to introduce the dimensionless parameter The angular distripution _Of the I_atom photofragments is
=E2Aa/2kT. In the weak field approximation this param- fitted to Eq.(8) assuming axial recoil. The value @f, was

eter will be small. Equatior4) can now be written com- previously reported to be 1#50.1 for a dissociation wave-
pactly as length of 304 nmtl!In the present experiments, the value

of B, obtained in the absence of the aligning laser is 1.47
P(0)=exp{yP2(cos¢9)}/ szjwd¢’ de’ sing’ *0.05. The increase of the coefficient Bh(cosfy) with
o Jo increasing pulse energy of the aligning IR laser shown in
, Fig. 2 is fitted by values o#, which increase from 0 to 0.28
X exp{yP,(cosé’)}. ®  inthe energy range 0 to 4 mJ. From E§). and the definition
This expression is valid for any value of but only small of v, the value of the rms optical electric field is 5.9
values ofy are relevant to our weak fielths laser experi- X 10° V/cm or 4.6< 10"°W/cn? at 4 mJ pulse energy, which
mental conditions. Expanding E¢5) in powers ofy and is in agreement with our estimated value of
keeping only linear terms, the denominator is 4nd the 10°-10"W/cn?. The coefficient ofP,(coséy) is so small
normalized angular distribution is that similar fitting ofy does not give reliable values. It fol-
lows from Eq.(7) that, depending on the angjebetween the
P(6)=(1/4m){1+ yPz(cost)}. ®  Evectors of the two lasers, the IR laser can either increase or
The average value of cd8 over this angular distribution is decrease the observed anisotropy. When the polarizations
1/3+2v/15. The validity of classical statistical mechanics in were perpendicular to each other, a small decrease in anisot-
this system can be tested by considering the rotational comopy was indeed seen.
stants of CH)I, i.e., A=5.11cm! and B=C=0.25cm *. In principle, strong electric fields can align molecules
The motion around the threefold axis may be confined tdhat have an anisotropic polarizability tensor. We have dem-
only a few quantum states, but it is irrelevant to the presentnstrated that methyl iodide molecules can be aligned by a
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