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1. Introduction

For several decades, information about the photodissociation process in the
molecular frame has been obtained from the measurement of laboratory-frame vector
properties. The most well-known example has been the measurement of the angular
distribution of photofragments from isotropic parent molecules, with respect to the
photolysis laser polarization, introduced by Zare and Herschbach [1]:

1(0,) =1+BP,(cosH,), (1)
where O, is the angle between the recoil direction v and the polarization of the

photodissociating light, and P, is the second-order Legendre polynomial (note that this
equation is valid only for one-photon photodissociation in the dipole approximation).
The parameter B ranges from —1 to +2. For prompt photodissociation in the axial recoil
limit, a pure parallel transition produces photofragments with B = +2, and a pure
perpendicular transition produced photofragments with § = —1. If the photodissociation
dynamics of a molecule is known to be prompt and the recoil is axial, then the
measurement of the spatial anisotropy B of the photofragments can be used to infer the
relative contributions of parallel and perpendicular transitions to the photodissociation
process. However, in the general case where axial recoil approximation does not hold,
further information is required to unravel the dissociation mechanism.

In recent years, the measurement of photofragment angular momentum
polarization has been used as an extremely sensitive probe of photodissociation
dynamics, particularly as a unique probe of the interference effects arising from the

coherent excitation of multiple dissociative states with different symmetry. In a seminal
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paper, Siebbeles et al. [2] gave the full quantum mechanical description of photofragment
polarization from the prompt dissociation of molecules in the axial recoil limit. In this
treatment the photofragment polarization is decomposed into coherent and incoherent
contributions from transitions to multiple dissociative states. This formalism, and an
equivalent molecular-frame formalism by Rakitzis and Zare [3], was used to successfully
describe the photofragment polarization measured from the photodissociation of a
number of diatomic molecules (well described by the axial recoil approximation)
[4,5,6,7,8,9,10,11,12,13,14,15,16,17,18]. More recently, photofragment polarization has
been measured from the photodissociation of polyatomic molecules, for which the axial
recoil approximation breaks down [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. The
polarization measurements can be fit with the same polarization parameter basis
functions (as they form a complete basis), however the interpretation of the values of the
polarization parameters is no longer straightforward or well-understood.

Recently, Vasyutinskii and coworkers have expanded the Siebbeles formalism
beyond the axial recoil approximation, by including the effects of parent-molecule
rotation, and by producing general expressions valid for polyatomic systems independent
of reaction mechanism [34,35,36,37,38]. However, the theoretical methods for extracting
dynamical information from experiments on polyatomic molecule photodissociation have
not yet been developed; therefore it is not yet clear that all the dynamical information
(such as non-axial recoil deflection angles, in addition to transition amplitudes and

phases) can indeed be obtained sensitively, and this will become more clear as these
methods are developed. Very recently, Rakitzis and Alexander have extended the al(; (p)

polarization parameter formalism to allow for the description of photofragment

URL: http:/mc.manuscriptcentral.com/tandf/tmph
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polarization from polyatomic molecule photodissociation [39], where the transitions to
the dissociative states are neither pure parallel nor pure perpendicular transitions.

Direct observation of non-axial recoil dynamics has been achieved by Janssen and
coworkers, by observing the angular distribution of photofragments from the
photodissociation of hexapole-oriented parent OCS molecules [40,41]. The angular
distributions of the photofragments were fit using a theoretical treatment for non-axial
recoil dynamics from a single dissociative surface [42,43], and the directional non-axial
recoil angle o were determined for each rotational state J of the CO(v=0,])
photofragments [41].

Pipes et al. [44], and Underwood and Powis [45] extended the Siebbeles treatment
to the photodissociation of polarized diatomic molecules in the axial recoil limit.
However, a treatment of the photodissociation of polarized polyatomic molecules, either
within or without the axial recoil limit, is lacking.

The aim of this paper is to provide a framework for the description of

photofragment polarization for the photodissociation of polarized polyatomic molecules.

k

We combine the molecular-frame aq

polarization-parameter formalism [3] with the

semi-classical non-axial recoil dynamics treatment for dissociation of oriented molecules
[46,47]. The aim is to allow the experimental decoupling of the measurement of the
photofragment polarization and the non-axial recoil dynamics (deflection angles of the
photofragment recoil). This will provide a general approach to describe the
photofragment polarization from oriented molecules. We emphasize that we decouple
the geometrical factors that arise from the fact that the recoil direction v results at angles

(a,0) to the dipole moment d and (y,¢,q) to the transition dipole moment p, independent
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of the mechanism that produced these angles, and thus represent purely geometrical
factors (see Figure 1). The general polarization parameters alg(i) which we use to
phenomenologically describe the photofragment polarization (depending on the
photodissociation mechanism) may also depend on the angles oy, and @,q.

Here, excitation to only a single excited state is discussed. The goal of future
research will be to generalize this approach to describe the coherent excitation of multiple
states. The immediate goal of this work is to provide an approach for the fitting of
existing S('D) photofragment polarization data from the photodissociation of oriented
state-selected OCS molecules [48,49], while taking into account the effects of the

orientation of the parent molecules. We show that the experimental sensitivity to the
aﬁ (p) parameters varies as a function of the degree of the orientation and alignment of

the parent molecules, and we quantify this variation in sensitivity. Furthermore, as

discussed below, the orientation and alignment of the parent molecules allow the
measurement of the photofragment polarization to be sensitive to additional az (p)

parameters (such as those with g>2), which normally would not be the case for the one-

photon photodissociation of an isotropic sample of parent molecules.

2. Theory

| /i et D i e S i = s i = s

The calculation presented here of the photofragment angular momentum .~ - ‘{Formatted: Indent: First line:

distribution in the molecular frame from the photodissociation of oriented parent
molecules combines the similar methods used for the calculation of photofragment
angular momentum distribution of from a sample of isotropic parent molecules [3,39],

and the unpolarized photofragment angular distributions from oriented parent molecules

5
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[42,43]. We will consider here the excitation to only a single excited state of the parent

molecule. The incoherent and coherent excitation of multiple states is discussed briefly

2.1 The molecular frame

Figure 1 shows the molecular-frame coordinates of the polarization directions of
the photolysis laser g, the probe laser P, the Orientation field O, and the dynamically
significant vectors: the recoil velocity v, the transition and the permanent dipole moments
d and p, respectively. The z axis is parallel to the final recoil direction v, and the z-x
plane is defined by the Orientation field, O. The coordinates of d and p are shown, at the
time of absorption of the photodissociating photon. We consider the simple case where
we assume that the spatial distributions of d and p are tightly peaked in the molecular
frame, and can be described by polar and azimuthal angles, d(a,+@o;) and
RO, Puat+E+Poe), respectively. The angle &, which ranges from 0 to 2w, describes the
cone of the ensemble of parent-molecule orientations which will yield photofragments
with recoil velocities parallel to v [50]. The probability of d being oriented about O is

given by the distribution D(cosd), where d-O=cosd [51,52]:

N
D(cosd) = %+ Y i Bi(cosd), )
k=1

where the values of the cy describe the degree of orientation (for example, for a

distribution D(cosd) proportional to cos’8, ¢=1 and all other ¢ are zero). The

probability of absorption of a photodissociating photon is given by \U-E\z , which can be

expressed in terms of the second Legendre polynomial as:

URL: http:/mc.manuscriptcentral.com/tandf/tmph
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|
“J-E‘z =§[1+2P2(0050ﬂg)], (3)

where 0, is the angle between p and the photolysis polarization direction €.

Finally, the detection probability of the photofragments in the molecular frame, as

a function of the polarization parameters ag (1) [3,39,53,54], is given by I( alg ):

2J k
1@ =1+ 5, > ab(Ch(p.py) - (4)
k=l gq=k

where Cﬁ(e, ®) is a reduced spherical harmonic [52], p is the angle between the probe
polarization direction P and v, @qp is the azimuthal angle between P and d about v, given
by @®dp =E+Qo:—Pop (see Fig. 1), and the index i in aﬁ (1) refers to a particular dissociative
excited state, so that the aﬁ (i) describe the photofragment angular momentum

polarization of the photofragments produced by excitation to state i.
The molecular frame angular momentum angular distribution is given by the

product of three quantities, the parent orientation distribution D(cosd), the
photodissociation probability \P-E\z , and the angular momentum detection probability
I[ag(i)], which is then integrated over the angle & to integrate all the molecular

geometries that can yield photofragments along v:

17 .
1=~ £ 6]u-€[* D(cos 8)I[ak (i)lde, (5)
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where the numerical factor of 6 is included for the normalization of subsequent equations.

Substituting Egs. (1-3) into Eq. (4), we obtain:
1 °f J e N
I=§j[1+2132(0059ﬂg)]>< 1+2;ck1’k(cos5) X 1+kz‘isk Zkaq(l)cq(p)e P 1dE (6)
0 = = q=—

where P»(cos,;) and Py(cosd) can be expressed in terms of the molecular frame angles
%Y. & oua and a, J, &, @oe respectively, using the spherical harmonic addition theorem,

and @ap= & + Qo: — Pop

2n
1= I [142C3(DCE () +4CE (T (1) c0S(E + 0,0+ 4CT ()3 (1) 08 2(E + 0,0) |

1+ ch (2C3 (2)C3 (5)+4CH@)CT (8)c0s(£ + ) +4C3 (@)C3 (8) cos 2(£ + m))} )

|: +Zsk a (i)Cl;(p)eiq(§+(p()g_¢()p) dE

q=

Evaluation of the integral in Eq. (7) yields the photofragment angular momentum
distribution in the molecular frame. We evaluate Eq. (7) for fitting experimental results
for the S(lDz) photofragment from the photodissociation of OCS oriented in the
(JIM=111) or (JM=10) states. For both of these states, the degree of OCS orientation is
described by cx parameters c; and c, only, whereas all other ¢, vanish. The total angular
momentum J of the S('D,) atoms is J=2, so that the aﬁ multipole moment expansion
describing the angular momentum distribution is terminated at 2J (i.e. k=4).
Furthermore, for linearly polarized probe light, the detection step is only sensitive to aﬁ

with even k; therefore the second summation in Eq. (7) includes only k=2 and k=4 terms.

URL: http:/mc.manuscriptcentral.com/tandf/tmph
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In addition, Eq. (7) can be expressed as purely real by combining the aﬁ terms with +q

ke (—1)anCI and

and —q and expressed in terms of Re[alfl] and Im[alfl], using a,

Ch(p)=(=1)?C* (p) [49,50]:

a/q‘C];(p)elq% +a/qu]fq (p)e 0% = 2C/q‘(p)(Re[a§]cosq(pdp +Im[a/q°]sinq(pdp) (8)

Using the constraints described above, Eq. (7) is evaluated and presented below:

I—|:1+Szag(i)C§(P)+54ag(i)Cg(P)]{[1+2C§(X)C(2)(V)J[1+chkcg(a)cla(ﬁ)}

+§ 8¢, CT (NCT (NCY ()T (3) cos(Pyg — 9o, ) + §8ckC%<x>c§(v>c§<a>c§(6> 008 2(@,q —%5)}

+['s, Re[al ()]C7 (p) +s, Refa; ()IC (p)}{[l +2C5(0C; (v>]§4ckCi‘<a>c{‘<6> c0s(90p)

+4C} (1)CF (1) cos(Py, — w[l - 2?&5(@@;@} - §8ckC§<x>c%w)c¥(a>c¥(6> c08(29,4 — Po; ~ Ops)
+§ 82, CT (OCF (1)Ch (a)C5 (8) cos(yg — P, — %p)}

+[ s, Re[a3 ()3 (p) + s, Refa3 ()IC3 (p)}{[l +2C5(0C; <v>]§4ckcls(a>c§<6> c0s 290,

+4C3 (1)C3 (1) cos 2(@y, - %){1 + 2?&5(@%(&} + ;z%ckclz(x)clz(v)c{‘(a)clf(& COS(Pyq +Pp —%p)}
+54 Re[aé(i)]cz‘(m{; 82, C3(0C3 (V)CF ()T (3) cos(,4 + @0y +20,,)

+§ 8c, T (X)CT (1)C5 (a)C5(8) cos 20,4 + 200, + mpg}

+5, Re[ai(i)]Ci(m{Z 8¢, C3(1)C3(1)C5 (0)Ch (8) cos 2(, +Pop + %)}
k

(€))

Notice, for convenience, that the angle @,; = @op — @osis used for the azimuthal angle of

P and g about v.

URL: http://mc.manuscriptcentral.com/tandf/tmph
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Inspecting Equation (9), we can compare the molecular-frame detection
probability for photofragments from the one-photon photodissociation of oriented parent
molecules and for isotropic parent molecules. In the latter case, it is well-known that (for

the one-photon photodissociation in the dipole approximation) experimental signals are
. k- . . .
sensitive to the a, (i) with [q| <2. In Eq. (9) we see terms for oriented and aligned parent

molecules (which are proportional to the degree of parent orientation cx) which have q =

3and q=4.

When y=0 and a=0, then we have axial recoil dynamics, and the state i has been

accessed via a pure parallel transition; in this case, we expect the photofragment
polarization to be described by the ala (I) parameters only [3]. As expected, we see that

the terms with q > 0 vanish, and that the molecular frame expression becomes equal to
the product of the parent bond polarization multiplied by the detection expression for
photofragments from a parallel transition only. Similarly, when ¥=90° and o=0, then
again we have axial recoil dynamics, but now the state i has been accessed via a

perpendicular transition, and we expect the photofragment polarization to be described by
the ag (L) and alz‘ (1) parameters only [3]. As expected, we see that the terms with q=1

and q > 2 vanish, and that the molecular frame expression becomes equal to the product
of the parent bond polarization multiplied by the detection expression for photofragments

from a perpendicular transition only, with, however one exception: the q =2 parameters

are reduced by a factor of %cos2q)ud. This reduction arises from the fact that, for a

polyatomic molecule with a transition dipole moment p; with coordinates (x=90°,¢.a4), Wi

10
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is not fixed in the molecular frame (whereas for a diatomic p, is always in the plane

defined by v and the photolysis polarization €).

Below, we evaluate, quantitatively, the sensitivity to all the alci(i) in the

©CoO~NOUTA,WNPE

, { Deleted: 9

13 2.2 The laboratory frame

16 Figure 2 shows the laboratory-frame coordinates of the recoil velocity v, with respect to
18 g, P, and O. The Z axis is parallel to the detection axis (e.g. the time-of-flight axis of a
20 mass spectrometer), and the Z-X plane is defined by O. The expressions for the polar
22 angles in the molecular frame, vy, 6, and p, in terms of the laboratory-frame angles are

24 given by:

27 cosy = cosQcosI” +sinQsinI"cos(® — D,,), (10a)

30 €050 = cos2cosA +sinQ2sin Acos®, (10b)

34 cosp =cos2cos P +sinQsin P cos(® - Dp), (10¢)

37 The expressions for trigonometric functions of the molecular-frame azimuthal angles,

39 Pos» Pop» and @, in terms of the laboratory-frame angles (calculated using Eqgs. (22-

24) from reference [3]) are given by:

cosQy, = {sin® QcosI'cosA +sin I'sin A cos Do,

46 —sinQcosQ[sin AcosI"cos(P,, —O) +sinI'cosAcos O]
47 —siansinFsinAcos((l)Og —0)cos O}/ (sin ysinod), (11a)

51 11
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singp, ={cosQsinT'sinAsin®,,.
—sin Q[sin AcosI'sin(®, — @) +sinT'cosAsin O]} / (sin ysind),

CosQ, = {sin® Q.cos PcosA +sin Psin Acos ® op

—sinQcosQ[sin Acos Pcos(P, —©) +sin PcosA cos O]

—sin” Qsin Psin A cos(® 5, —©)cos O}/ (sin psind),

sin @, = {cosQsin Psin Asin @,
—sinQ[sin A cos Psin(®, —©)+sin PcosAsin O]}/ (sin psind),

CosQ,,, = {sin® QcosT cos P+sin I'sin P cos(Pg, —Dyp,)
—sinQcosQ[sin PeosI"cos(P, —O) +sinI cos Pcos(Py, —O)]

—sin® QsinIsin P cos(D g, —O)cos(Py, —O)}/ (siny sin p),

sing,,, = {cosQsinI'sin Psin(® g, —Dy,)

(11b)

(11c)

(11d)

(11e)

—sin Q[sin PcosI sin(®,, —®)+sinT cos Psin(® - D, )]}/ (sinysin p).
Op O¢ ( 11 f)

dimensional (3-D) detection probability. Methods for collapsing this expression to

explain signals from 1-D or 2-D experiments are given in Sections 3.1 and 3.2 of

different symmetry from the P,(cos®):

12
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Note that @y, = Opp, — Do, . Inserting Eqgs. (10) and (11) into (9), we obtain the full three-

reference [40]. Here, we consider slice imaging detection [40], for which we set Q=n/2,
and then the photofragment angular distribution is a function of the angle ® only. The

resulting laboratory-frame slice-imaging angular distribution, I3(®), can be expressed as
an expansion of Legendre polynomials, for experimental geometries where the angles A

and I are either 0 or /2 (for other angles, the expansion requires more terms which have
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8
1,(©)=Y_b,P,(cos©).
n=0 (12)

Notice that the expansion is terminated at n=8; the degrees of spatial anisotropy
contributed by the orientation, photodissociation, and angular momentum detection steps
are 2 for the orientation (as we considered orientation parameters c; and c; only), 2 for
the photolysis step (for a one-photon photodissociation), and 4 for the angular momentum
detection step (given by 2J, where J=2 for S('D,) atoms). Note that a similar expansion

of an isotropic sample of parent molecules would be terminated at n=6 [55].
The coefficients b, are expressed in terms of a constant k,, and the 8 possible alc(I

polarization parameters with k = 2 (for which there are k+1 = 3 parameters) and k = 4

(for which there are k+1 = 5 parameters) as follows:

2
by=k,+ Y. > spwh(m)Refal (i)],
evenk g=0 (13)

k . . e : K
where the w (n) quantify the experimental sensitivity to each particular a; parameter.

We consider first the experimental geometry with O perpendicular to the imaging plane

(A=0), which has been used in several of the authors experimental studies [26, 38, 39, 46,
47]. The sensitivity factors w;‘ (n) are calculated for three degrees of orientation, the

(JM=111) state with ¢c; = 3/4 and ¢, = 1/4, the (JM=10) state with ¢; =0 and ¢, = 1, and

an isotropic sample of parent molecules with ¢; = 0 and ¢, = 0; in addition the molecular

frame angles are chosen to be y = n/6, a. = n/4, and @y = 0. The w;‘ (n) factors are

calculated for the geometry A (A=0, I' = n/2, and P = n1/2) are presented in Table I. For

13
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this geometry, we note that there is no experimental sensitivity to the parent orientation
(c1). We see that the sensitivity factors w],; (n) do not change too strongly (about 10%)

between those from an isotropic sample or from a modestly aligned sample of OCS
molecules in the (JIM=111) state (with the exception of the g=2 parameters), whereas the
deviations become more significant (about 30% or larger) for strongly aligned OCS
molecules in the (JM=10) state.

Next, we consider the geometry B (A=n/2, I' = /2, and P = n/2). When the
molecules are isotropic (c;=c,=0), then the results are the same as for isotropic molecules
in geometry A (as the only difference is the geometry of the orientation field O, which is
not yet being utilized). We consider somewhat different dissociation dynamics, by
choosing the molecular frame angles to be y = /6, o. = /4, |pud| = ©/2. As OCS

molecules have planar symmetry, the distribution of the angle ¢,qis an even function,
therefore we can set <sinq@u¢> = 0. The sensitivity factors wf; (n) are calculated and

shown in Table II. Notice that the sensitivity to the q=1 parameters, for the choice of this
special case of |@,4| = /2, now vanishes (as their sensitivity is proportional to cos@,q);
also the sensitivity to the q=2 parameters changes sign (as their sensitivity is proportional
to cos2¢,q). However, when the molecules are aligned (c,=1), we see that the sensitivity
to the g=1 parameters, from zero, now becomes large, due to the anisotropy of the aligned
parent molecules. This is an example of how polarizing parent molecules allows
sensitivity to molecular-frame dynamical information, which was not available in

experiments with isotropic samples of molecules.

14
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Rakitzis and Alexander [39], in the general case of polyatomic photodissociation,
show that both single surface (classical) and multiple-surface interference (quantum

mechanical) contributions to the q=1 parameters are allowed. However, they also show

©CoO~NOUTA,WNPE

that, for isotropic parent molecules, these two contributions cannot be distinguished from
11 the photofragment angular distributions alone, at a single photolysis wavelength. Future
13 work will involve showing, using the methods described in this paper, how to distinguish

15 the single and multiple-surface contributions to the photofragment angular momentum

17 distributions, using polarized parent molecules. Finally, these methods may be useful in
18 B { Formatted: Not Superscript/ J

19 combination with emerging techniques for orienting polyatomic molecules [56,57]. Subscript
~ 7~ 7 Formatted: Not Superscript/
Subscript

24 Acknowledgements

27 This research has been financially supported by the councils for Chemical Sciences and
29 Physical Sciences of the Dutch Organization for Scientific Research (NWO-CW, NWO-
31 FOM). TPR thanks the EU for support to access the facilities of the Laser Centre Vrije
33 Universiteit for which funding was received from the EC's Seventh Framework

35 Programme (FP7/2007-2013) under grant agreement n° 228334, and for support through
37 the European Research Council grant “TRICEPS”(GA No. 207542). The authors would
39 like to acknowledge further support through the EU-Marie Curie ITN Programme

4l ICONIC (PITN-GA-2009-238671). Finally, the authors thank Dick Zare for his

43 pioneering achievements and inspirational vision in the field of reaction dynamics;

moreover we are grateful both for his mentoring and friendship.

- ‘[Formatted: Line spacing: single J

51 15

URL: http:/mc.manuscriptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

Rakitzis and Janssen

Molecular Physics

Table I: The sensitivity coefficients w;‘ (n) of the ag (i) parameters calculated for the

geometry (A =0, ' =m/2, and P = 1/2), and for parent molecular alignment of an
isotropic sample (c; = 0), the (JEM=111) state (c, = 1/4), and the (JM=10) state (¢, = 1,

i.e. maximal alignment). For the chosen laboratory slice geometry there is no sensitivity

to c; (see text). The dynamical angles describing the mutual orientation of permanent

dipole moment, transition dipole moment and recoil velocity are chosen to be y = /6, o

=n/4, and @4 = 0.

n= 0 2 4 6
=0 1 1.25 0 0
k, c, = 1/4 0.914 1.195 0 0
=1 0.656 1.031 0 0
0 0.25 1357 0.643 0
w2(n) 1/4 0.239 1.256 0.615 0
1 0.206 0.951 0.530 0
0 0.424 0.303 -0.727 0
w2(n) 1/4 0.438 0313 -0.750 0
1 0.477 0.341 -0.818 0
0 0.122 0.175 0.052 0
w2(n) 1/4 0.057 -0.156 0.098 0
1 -0.138 -0.098 0.236 0
0 0 0.357 1325 0.568
wi(n) 1/4 0 0.342 1.224 0.543
1 0 0.295 0.924 0.469
0 0 0.553 0.151 -0.704
wi(n) 1/4 0 0.571 0.156 -0.726
1 0 0.622 0.170 -0.792
0 0 0.113 -0.185 0.072
wi(n) 1/4 -0.044 -0.011 -0.080 0.135
1 -0.178 -0.381 0.236 0.323
0 0 0 0 0
wi(n) 1/4 0.027 0 0.052 -0.025
1 -0.110 0 0.210 -0.100
0 0 0 0 0
wi(n) 1/4 -0.008 0.014 -0.007 0.001
1 -0.034 0.056 -0.028 0.005
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Table II: The sensitivity coefficients w;‘ (n) of the ag (i) parameters calculated for the

geometry (A =n/2, ' =n/2, and P = /2), and for parent molecular alignment of an

isotropic sample (c; = 0) and the (JM=10) state (c; = 1). The dynamical angles
describing the mutual orientation of permanent dipole moment, transition dipole moment

and recoil velocity are chosen to be y = /6, a. = n/4, and |@ug| = 7/2.

n= 0 2 4 6 8
=0 1 1.25 0 0 0
Ko =1 1.05 2.036 0.289 0 0
0 025 1.357 0.643 0 0
wa(n) 1 0.407 1.714 1.122 0.131 0
0 0 0 0 0 0
wi(n) 1 0.525 0.787 -0.787 -0.525 0
0 -0.122 0.175 -0.052 0 0
w3(n) 1 0.052 0 -0.100 0.048 0
0 0 0357 1.325 0.568 0

wi(n) 1 0.032 0.623 1.626 0.984 0.110
0 0 0 0 0 0

wi(n) 1 0.176 0.878 0315 -0.887 -0.481
0 0 -0.113 0.185 -0.072 0

wi(n) 1 0.045 0.072 -0.119 -0.060 0.062
0 0 0 0 0 0

w3(n) 1 -0.073 0.033 0.124 -0.113 0.029
0 0 0 0 0 0

wi(n) 1 -0.030 0.054 -0.034 0.011 -0.001
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Figure Captions

Fig. 1: Polar coordinates of the dynamical vectors (v, y, and d), the photolysis (¢) and

probe (P) polarization directions, and the orientation field (O), in the molecular frame.

Fig. 2: Polar coordinates of the dynamical vectors (v, p, and d), the photolysis (g) and

probe (P) polarization directions, and the orientation field (O), in the laboratory frame.
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Figures

Figure 1:

©CoO~NOUTA,WNPE

18 e(Y,Poe)

d(asﬁﬁ' (P08)

B Ppa TEF Qo)

51 19

URL: http:/mc.manuscriptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

Molecular Physics

Rakitzis and Janssen

Figure 2:

Detector

eI, Dp,)

20

URL: http:/mc.manuscriptcentral.com/tandf/tmph

Page 20 of 24



Page 21 of 24

P OO~NOUILAWNPE

Molecular Physics

Rakitzis and Janssen

REFERENCES

[1]R. N. Zare and D. R. Herschbach, Proc. IEEE 51, 173 (1963).

[2] L. D. A. Siebbeles, M. Glass-Maujean, O. S. Vasyutinskii, J. A. Beswick,

and O. Roncero, J. Chem. Phys. 100, 3610 (1994).

[3] T. P. Rakitzis and R. N. Zare, J. Chem. Phys. 110, 3341 (1999).

[4] A. S. Bracker, E. R. Wouters, A. G. Suits, Y. T. Lee, O. S. Vasyutinskii, Phys. Rev. Lett. 80, 1626
(1998).

[5] A. S. Bracker, E. R. Wouters, A. G. Suits, and O. S. Vasyutinskii, J. Chem. Phys. 110, 6749 (1999).
[6] T. P. Rakitzis, S. A. Kandel, R. N. Zare, J. Chem. Phys.108, 8291 (1998).

[7] T. P. Rakitzis, S. A. Kandel, A. J. Alexander, Z. H. Kim, R. N. Zare, Science 281, 1346 (1998).

[8] Z. H. Kim, A. J. Alexander , S. A. Kandel, T. P. Rakitzis and R. N. Zare, Faraday Discuss. 113, 27
(1999).

[9] E. R. Wouters, M. Beckert, L. J. Russell, K. N. Rosser, A. J. Orr-Ewing, M. N. R. Ashfold, O. S.
Vasyutinskii, J. Chem. Phys. 117, 2087 (2002).

[10] A. G. Smolin, N. H. Nahler, O. S. Vasyutinskii, O. P. J. Vieuxmair, G. G. Balint-Kurti, A. J. Orr-
Ewing, M. N. R. Ashfold, J. Chem. Phys. 124, 094305 (2006).

[11] T. P. Rakitzis, P. C. Samartzis, R. L. Toomes, T. N. Kitsopoulos, Alex Brown, G. G. Balint-Kurti, O.
S. Vasyutinskii, J. A. Beswick, Science 300, 1936 (2003).

[12] T. P. Rakitzis, P. C. Samartzis, R. L. Toomes, T. N. Kitsopoulos, J. Chem. Phys. 121, 7222 (2004).
[13] D. Sofikitis, L. Rubio-Lago, L. Bougas, A. J. Alexander, T. Peter Rakitzis, J. Chem. Phys. 129,
144302 (2008).

[14] A. T. J. B. Eppink, D. H. Parker, M. H. M. Janssen, B. Buijsse, W. J. van der Zande, J. Chem. Phys.
108, 1305 (1998).

[15] H. M. Lambert, A. A. Dixit, E. W. Davis, P. L. Houston, J. Chem. Phys. 121, 10437 (2004).

[16] K. O. Korovin, B. V. Picheyev, O. S. Vasyutinskii, H. Valipour, D. Zimmermann, J. Chem. Phys. 112,
2059 (2000).

[17] K. O. Korovin, A. A. Veselov, E. M. Mikheev, O. S. Vasyutinski, D. Zimmermann, Opt. Spect. 99,
880 (2005).

[18] K. O. Korovin, A. A. Veselov, O. S. Vasyutinski, D. Zimmermann, Opt. Spect. 93, 530 (2002).
[19]J. F. Black, E. Hasselbrink, J. R. Waldeck, R. N. Zare, Mol. Phys. 71, 1143 (1990).

[20] Y. X. Mo, H. Katayanagi, M. C. Heaven, T. Suzuki, Phys. Rev. Lett. 77, 830 (1996).

[21] Z. H. Kim, A. J. Alexander, R. N. Zare, J. Phys. Chem. A 103, 10144 (1999).

[22] T. P. Rakitzis, P. C. Samartzis, T. N. Kitsopoulos, J. Chem. Phys. 111, 10415 (1999).

[23] T.P. Rakitzis, P.C. Samartzis, T.N. Kitsopoulos, Phys. Rev. Lett. 87, 123001 (2001).

[24] A. J. Alexander, J. Chem. Phys. 118, 6234 (2003).

[25] A. G. Smolin, O.S. Vasyutinskii, E. R. Wouters, A. G. Suits, J. Chem. Phys. 121, 6759 (2004).
[26] A. J. van den Brom, T. P. Rakitzis, M. H. M. Janssen, J. Chem. Phys. 123, 164313 (2005).

[27] M. L. Costen, G.E. Hall, PhysChemChemPhys. 9,272 (2007).

[28] S. J. Horrocks, G. A. D. Ritchie, T. R. Sharples, J. Chem. Phys. 127, 114308 (2007).

[29] M. Brouard, A. V. Green, F. Quadrini, C. Vallance, J. Chem. Phys. 127, 084304 (2007).

[30]J. A. Beswick, R. N. Zare, J. Chem. Phys. 129, 164315 (2008).

[31] I. Wilkinson, M. P. de Miranda, B. J. Whitaker, J. Chem. Phys. 131, 054308 (2009).

[32] S. K. Lee, D. Townsend, O. S. Vasyutinskii, A.G. Suits PhysChemChemPhys. 7, 1650 (2005).

[33] S. K. Lee, R. Silva, S. Thamanna, O. S. Vasyutinskii, A.G. Suits, J. Chem. Phys. 125, 144318 (2006).
[34] V. V. Kuznetsov and O. S. Vasyutinskii, J. Chem. Phys. 123, 034307 (2005).

[35] V. V. Kuznetsov and O. S. Vasyutinskii, J. Chem. Phys. 127, 044308 (2007).

[36] P. S. Shternin and O.S. Vasyutinskii, J. Chem. Phys. 128, 194314 (2008).

[37] V. V. Kuznetsov, P. S. Shternin, and O.S. Vasyutinskii, J. Chem. Phys. 130, 134312 (2009).

[38] V. V. Kuznetsov, P. S. Shternin, and O.S. Vasyutinskii, Phys Scr. 80, 048107 (2009).

[39] T. P. Rakitzis and A. J. Alexander, J. Chem. Phys. (to be submitted).

[40] T. P. Rakitzis, A. J. van den Brom, M. H. M. Janssen, Science 303, 1852 (2004).

[41] A. J. van den Brom, T. P. Rakitzis, M.H.M. Janssen, J. Chem. Phys. 121, 11645 (2004).

21

URL: http://mc.manuscriptcentral.com/tandf/tmph



P OO~NOUILAWNPE

Molecular Physics

Rakitzis and Janssen

[42] T. P. Rakitzis, A. J. van den Brom, M. H. M. Janssen, Chem. Phys. Lett. 372, 187 (2003).

[43] C. A. Taatjes, M. H. M. Janssen, S. Stolte, Chem. Phys. Lett. 203, 363 (1993).

[44] C. D. Fuglesang, D. A. Baugh, L. C. Pipes, J. Chem. Phys. 105, 9796 (1996).

[45] J. G. Underwood and Ivan Powis, J. Chem. Phys. 105, 9796 (1996). 113, 7119 (2000).

[46] J. W. G. Mastenbroek, C. A. Taatjes, K. Nauta, M. H. M. Janssen, S. Stolte, J. Phys. Chem. 99, 4360
(1995).

[47]1 M. H. M. Janssen, J. W. G. Mastenbroek, S. Stolte, J. Phys. Chem. 4 101, 7605 (1997).

[48] M. L. Lipciuc, PhD Thesis VU University Amsterdam, 2008.

[49] M. L. Lipciuc, T. P. Rakitzis, G. C. Groenenboom, M. H. M. Janssen, J. Chem. Phys. (in preparation).
[50] T. P. Rakitzis, S. A. Kandel, and R. N. Zare, J. Chem. Phys. 107 9382 (1997).

[51] S. E. Choi, R. B. Bernstein, J. Chem. Phys. 85, 150 (1986).

[52] R.N. Zare, Chem. Phys. Lett. 156 (1989) 1.

[53] A. J. Orr-Ewing and R. N. Zare, Annu. Rev. Phys. Chem. 45, 315 (1994).

[54] R. N. Zare, Angular Momentum, Understanding Spatial Aspects in Chemistry and Physics (Wiley—
Interscience, New York, 1988).

[55] T. Peter Rakitzis, Chem. Phys. Lett. 342, 121 (2001).

[56] L. Holmegaard, J. H. Nielsen, I. Nevo, H. Stapelfeldt. F. Filsinger. J. Kiipper, G. Meijer, Phys. Rev.

Lett. 102, 023001 (2009).
. Stapelfeldt and, T. Seidemam, Rev. Mod. Phys. 75

22

URL: http://mc.manuscriptcentral.com/tandf/tmph

Page 22 of 24

New Roman, 10 pt

- {Formatted: Font: (Default) Times

|

Formatted: Font: (Default) Times
New Roman, 10 pt

|




Page 23 of 24

©CoO~NOUTA,WNPE

Molecular Physics

&(1,%P0;) 7 Y
——————————————— e . §
d(0E+Poy)
:
VAR Ly Pua+Et Pos)
:

254x190mm (96 x 96 DPI)

URL: http:/mc.manuscriptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

Molecular Physics

e(l, D)

254x190mm (96 x 96 DPI)

URL: http:/mc.manuscriptcentral.com/tandf/tmph

Detector

Page 24 of 24



