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On the orientation of molecular photofragments produced in highly excited

rotational states
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The degree of orientation of highly excited rotational states of molecular fragments produced
by photodissociation with circularly polarized light is studied quantum mechanically. It is
shown that a significant orientation of the fragments’ angular momentum j can be obtained
when two or more dissociative continua correlated to the same final state of the products are
excited simultaneously. In addition, the coherently excited continua should correspond to
different helicity states, that is, to different projections of j on the reaction coordinate R (the
vector joining the centers of mass of the fragments). The particular cases of an initial total
angular momentum equal to zero as well as the axial recoil limit are discussed. The theory is
applied to a simplified model of the photodissociation of ICN in the 4 continuum. The
calculations have been performed by integration of the time independent quantum close-
coupling equations for the coupling between the rotation of CN and the reaction coordinate R,
using recently proposed potential energy surfaces and couplings. The resuits reproduce
qualitatively the experimental results of Hasselbrink, Waldeck, and Zare [ Chem. Phys. 126,
191 (1988) ], in particular, the change of sign and the large degree of orientation found for

highly excited rotational states of the CN fragments.

1. INTRODUCTION

There has been growing interest in the last years on the
study of vector properties such as the alignment and orienta-
tion of photofragment angular momenta in order to obtain
the most detailed information on the dynamics of photodis-
sociation.! Alignment and orientation of the fragment angu-
lar momentum j refer to a nonstatistical distribution of the
population of the m; sublevels associated to the projections
of j on the space-fixed frame defined by the photon field. The
degree of orientation is defined by the average value of m;
and hence it is zero when positive and negative m; sublevels
have equal populations. Because of symmetry, orientation of
j can only be obtained by the use of circularly polarized light.

The first evidence for orientation of atomic fragments in
the dissociation of diatomic molecules has been given by Va-
syutinskii.> The oriented ground state cesium atoms pro-
duced in the photodissociation of CsI molecules by circular-
ly polarized UV radiation were monitored by optical
dichroism. More recently, oriented ground state Tl atoms
were produced by dissociating T1Br and in this case it has
been shown that nonadiabatic effects in the excited elec-
tronic states have a profound influence on the degree of ori-
entation.’

Recently, the importance in this area of coherence ef-

* Laboratoire du CNRS, CEA et MEN.
® Laboratoire de PENS et de P'UPMC, associé au CNRS.

7514 J. Chem. Phys. 96 (10), 15 May 1982

0021-9606/92/107514-14$06.00

fects due to simultaneous excitation of several continua has
been demonstrated.* ' One particular striking example is
the anomalous polarization of the Ca* (' P) fluorescence ob-
served in the photodissociation of Ca,.** This effect is due
to the interference between the emission from the coherently
populated A = 4 1 states in the dissociation through a Il
electronic manifold. Consider a diatomic molecule 4B excit-
ed by photon absorption to a dissociative 'I1 state leading to
A*('P) + B('S) fragments. If the dissociation proceeds ad-
iabatically, the excited 4 *('P) fragment will be populated
exclusively in the magnetic sublevels A = + 1and it is fully
aligned in the molecular frame. Since the absorption proba-
bility has a |d-&|* dependence and d is strongly correlated to
the internuclear axis R (for a diatomic molecule d is parallel
to Rfor a £ — X or I1 - I1 transition, and perpendicular to R
for a 11 transition), 4 *('P) is partially aligned in the
space fixed frame even after averaging over all possible ori-
entations of the internuclear axis. In addition, the fluores-
cence from the excited 4 *('P) fragment is dramatically af-
fected by the interference between the emissions from the
two coherently excited A = + 1 magnetic sublevels. In the
case of Ca, for instance, the predicted degree of polarization
is 0.78 (in good agreement with the experimental value) but
it drops to a merely .14 if the interference terms are not taken
into account.**

Other coherent excitation effects can also be of impor-
tance. Consider the case discussed above, namely, a mole-

© 1992 American Institute of Physics
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cule dissociating into 4 *('P) + B('S) fragments. Two mo-
lecular singlet states (‘I and ') are correlated to this limit.
They can both be excited by optical absorption from a 'S
ground state and they will be coherently populated. Since the
' state produces adiabatically 4 *('P,A = + 1) fragments
while the 'S state produces 4 *('P,A = 0) fragments, there
will be an additional coherence between the A = + 1,0 sub-
levels. As opposed to the case discussed before, this coher-
ence depends on the ratio of the photoabsorption amplitudes
to the ' and 'I states as well as on the relative phase of their
corresponding vibrational continuum wave functions. Re-
cently, a quantum mechanical treatment of H, photodisso-
ciation in the region of the C(*I1), B('X), and B' (') states
has shown that these coherence effects can produce pro-
nounced oscillations of the Ly, fluorescence as a function of
the excitation photon energy.’

All the examples discussed up to now concern diatomic
molecules and therefore the alignment and orientation of the
fragments’ electronic angular momenta. Only very recently,
rotational angular momentum orientation in a molecular
photofragment has been observed.!! By photolyzing ICN
with circularly polarized light, Zare and co-workers have
produced oriented CN fragments. It was found that the de-
gree and sign of the orientation changes as a function of the
rotational state N being considered. Low N states the orien-
tation is positive, but for large N it becomes negative. It has
been noted by Vigué er al.,'? that the degree of orientation
found in these experiments for large N correspond to an
average value of |{N,)|=7 which is much larger than the
unit angular momentum transferred to the molecule by the
photon. An elegant model has been proposed by those au-
thors to explain this unexpected result. The excited dissocia-
tive state (which corresponds to a X state in the collinear
configuration) is assumed to acquire some mixed IT charac-
ter due to the coupling with another state in the same energy
region. The coupling is obviously zero at the collinear con-
figuration but nonzero as the molecule bends. As a result of
the mixing, it is possible to excite a coherent superposition of
the v = 0 and v = 1 bending states which corresponds to a
preferred sense of the rotation of CN within the ICN com-
plex. This effect has been described as a vibronic angular
momentum *“amplification.”'?

Another mechanism for the production of a significant
orientation of fragments in highly excited rotational states,
has been considered by two of us.'® It involves the coherent
excitation of two dissociative states with different helicities
(projection of j on the axis joining the centers of mass of the
fragments), correlating to the same final state of the frag-
ments. Very recently Yabushita and Morokuma'? have per-
formed ab initio calculations for the ICN molecule in the
ground and in several excited electronic states. Based on
these calculations they have proposed that two of their cal-
culated excited electronic states (the *fI;* and the 'I1,),
both of them optically active from the ground state, should
be directly involved in the dissociation of ICN in the 4 con-
tinuum. The two excited surfaces are bent and they undergo
a conical intersection in the exit valley outside the Franck—
Condon region. Since the two electronic states are coupled
and have different symmetry, it is possible to excite two heli-
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city states for each one of the final state of the fragments.
Thus, according to our theory'® the Yabushita and Moro-
kuma potential scheme should also be able to explain the
orientation of rotationally excited CN fragments found in
the ICN experiment. It is the purpose of this paper to investi-
gate numerically this question.

The organization of the paper is as follows. In Sec. II we
present the standard quantum mechanical formulas for the
orientation of photofragments®>'*'® which apply to di-
atomics as well as to polyatomic molecules dissociating into
two fragments, and we discuss the general conditions for
obtaining oriented fragments in highly excited rotational
states. In Secs. III and IV we study two simplifying limits,
namely, the case where the initial state of the molecule corre-
sponds to zero total angular momentum, and the axial recoil
limit. In Sec. V we apply our general expressions to two
different models for ICN and we compare with experiments.
Finally, Sec. V1 is devoted to the conclusions and, in particu-
lar, to the comparison between the different models present-
ed in the literature as well as the possible ways in which they
may be discriminated.

. GENERAL THEORY

We shall consider a molecule dissociating into two frag-
ments A and B and we shall denote by R the vector joining
the two centers of mass. For simplicity, let us assume that
only one fragment carries a nonzero angular momentum
(electronic plus rotational }, which we shall denote by j. The
general case of both fragments having nonzero angular mo-
mentum are presented in the Appendix. The general conclu-
sions are not changed by this complication. The total angu-
lar momentum of the system is then given by

J=j+1, (1
where 1 = (#/i)R A Vg, is the orbital angular momentum
associated to the relative motion of the fragments.

The degree of orientation # and alignment & (often
alsodenoted by 4 {'Yand 4 £, respectively) are defined by'*

TPl = ¥ = Pl (22)
m Nj(i+ 1)
A P=CGR/iP -1 =3 (———3—’1}’2—— 1)/35"".,’".,, (2b)
m NJ(j+1) Y

where m; is the projection of j on the laboratory Z axis and
pf,,f,,,j is the final relative population of sublevel m; with
2, Pram, = 1. If we denote by o w the partial photodisso-
ciation cross section for production of fragments in the par-
ticular level ( j,m;), we shall have

Pom, =01 > 0. (3)
mj
In the framework of the first-order perturbation theory
for electric dipole transitions, the partial photodissociation

cross section o | is given by'*'®
y 4T R
U',(,,{,.) = c Z 1<lpjmj/m/ld.e|\yi>lz’ (4)

/m,

where w is the frequency of the incident light, & its polariza-
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tion vector, and d the electric dipole operator. In Eq. (4), ¥,
is the initial molecular wave function, while ¥ is the

jm;im,

final dissociative wave function, which as R — « behaves as

m 172 [ &R
W m (R—o0)= [
my 25 (27719.#) R

k] 172
+ 3 3 () Stimmem.

j'mi my !

Wom/ (R{rse})

- ik;.-R

Xe

Wi ®ED] ©

where S is the scattering matrix, and

k, = 2m(E—E,) /% (6)

is the channel wave number, m = m mg/(m  + my) isthe
reduced mass for the relative motion of the fragments,
E = E, + #w the total final energy, and E; the asymptotic

threshold energy. The channel basis set functions
W m (R,{x,c}) are defined as
W;,:;/R’{rsf}) = Y/m/(0R7¢R )¢j,,,j({rs,-};R), (7)

where the Y,,, (0g,$g) are spherical harmonic functions
depending on the polar angles of R, and the 8;,, ({r};R) are
adiabatic basis functions which asymptotically (i.e., for
R - » ) become eigenfunctions of the fragments. We have
denoted by {r_} the collection of all space-fixed (sf) coordi-
nates (electronic, vibrational, and rotational) of the frag-
ments.

In molecular photofragmentation problems it is usually
more convenient to calculate the matrix elements of the di-
pole operator d in a body-fixed (bf) frame with the z axis
pointing in the direction of R. As R — «, the projection of J
on this axis (the helicity quantum number 1) becomes well
defined and the continuum wave functions behave as

m 172 [ %R .
) [ W,n (R,{rbf})

v, (R- )z(
L O S R

- ik; R

k. \12 e
L) st
+j:zn:(kj,) Qi R

X W (R,{rbf})] , (8)

with

27+ 1
41

W}"([)”(R){rbf}) = D}I‘;n (¢x,0r 9O)¢jﬂ ({rbf};R )

(9

where the D7/, (¢r,0,0) are Wigner rotational functions
and M is the projection of J on the space-fixed Z axis. Notice
that ¢, ({ryc};R) refer now to the body-fixed frame. Since
between the space-fixed and the body-fixed basis set there is
the relationship'®

Beswick, Glass-Maujean, and Roncero: Orientation of molecular photofragments

Y/m, (Or:Pr )¢jmj({rsf};R)

— Z (—)M=202F4 1) 27+ 1)

QM \/E

SN TN
Q0 —-Q/\m m, —M

XD‘[’L;Q (¢R’0R,O)¢jn({rbf};R)’ (10)
we can write
W im, = 3 Tttt Yiaums (11)
QIM
with

T = (= )YM=2204 )22 + 1)

;i ¢ J )(] ¢ J)
. (12
X(Q o —/\m; m, —M (2
Introduction of Eq. (11) into Eq. (4) produces

o =T X TR
’ C  Im, QIM QT M’
X(wild.élquﬂJM>*<\Pi|d'él\yjﬂ’J’M'>’ (13)
which using Eq. (12) can be recast in the form (see Appen-
dix A)

) i—m (2K + 1)(j J K) ;
({2 _ ' T(/)
U'ml. c ;( )J : 0 K>

1 \m =
(14)
with
T;(j)zzzz(_)j+M+K(2j+1)l/2
a7 VI M
J J 172 ' 172
X(——Q' Q Q’—Q)<2J+I) 277+ D

X( J J K )( J’ J
-0 Q Q-Q/\N-M M 0
X (‘I’ild'é|wjnJM>*<Wi|d'é!WjQ'J’M'>
being the so-called state multipoles.'*!*1°
Several comments concerning Eqs. (14) and (15) are

now in order. From the form given to ¢ f,,fl" in Eq. (14), itis
easy to show that

(15)

47w

U(j)EEO'%)=—-T(()j), (168.)
m; c
. T(j)
ﬂ(l)= 1.’ (16b)
T(()J)
ao= [QtHQ-1 T3 (16¢)
jG+1 T

and therefore the state multipoles 7°§/ are directly related to
the partial cross section (K = 0), the degree of orientation
(K = 1), and the degree of alignment (K == 2) of the rota-
tional state j. For instance, using Eq. (15) with K = 0 into
Eq. (16a) it is obtained

J. Chem. Phys., Vol. 96, No. 10, 15 May 1992
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,_ 47 :
D M L AL L PP

QIM

which indeed is the partial photodissociation cross section
for production of fragments with angular momentum equal

. . JjoJ 1
e = — (—)f(zj+1>"2( , ,
g;an -0 Q0 90-9Q
JJ
_ 1M
2u(=D ( M M O

(17)

)(u+ V22J" + 1)‘/2(

AR 2B A T A
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toj, expressed in terms of spherical waves in the body-fixed
frame.'®

Similarly, using Eq. (15) with K = 1into Eq. (16b) one
gets

J J 1 )
-0 Q Q-9

(18)

X

which vanishes if only one state with ) = Ois excited.?* For
a diatomic molecule this would correspond to a ¥ dissocia-
tive state. In this work we are interested in the limit of large ;.
If only one excited state with 270 is populated, then from

/ 1) S L
we conclude that the degree of orientation should vanish
roughly as 1/j. We thus expect very little orientation for
large j when only one helicity manifold is excited. On the
contrary, if two (or more) helicities with AQ = 41 are
excited simultaneously from the same initial state (coherent
excitation), we shall have terms in Eq. (18) involving coeffi-
cients of the form

. 172 J J 1)
(% +1 (—Q—l Q1

(2]+ 1)1/2(

szMI<q/ild'é|qjjﬂJM>!2

= — (—)*0 (j_Q?(.J'+Q+1)’ (20)
2(j+ 1)
J
[ A ﬁz[J(J—f-l)—i—_](j-i—l)—ZQ]
2m AR? 2mR?

ﬁz
( 2mR?

with the asymptotic boundary condition [see Eq. (8)]

_ZV/((‘;)J n(R)¢,n,9(R)— Z

=04+1

¢’/(‘{l’,)/'n' (R_’ °°)

m \172
Z(Zﬂkjﬁz)

. kN2,
X [6" ’R5my5ﬁ~ + (k_j-) Sawe

J

‘*f"‘] .(23)

It should be noted that in Eqs. (22) the V termsinclude both
potential and nonadiabatic interactions.

Similarly, it is convenient to expand the initial eigen-
state W, in terms of the same molecule-fixed rotational basis
set,

which for j much larger than ) approaches a constant value
1/v2. We conclude that highly oriented molecular frag-
ments such as those observed by Hasselbrink, Waldeck, and
Zare in the photodissociation of ICN,!! can be produced
only if two or more helicity states are excited simultaneous-
ly. It is interesting to note that this result is not restricted to
electric dipole transitions. Equations (14) and (15) are still
valid if the electric dipole interaction term d- € is replaced by
another transition operator.

We now go back to Eq. (15) and specify further the
wave functions needed to calculate the matrix elements of
the transition dipole operator. We expand the final dissocia-
tive wave functions W, ,,, in terms of the basis set given in
Eq. (9),

YR {r,}). (21)

2 @ a0 (RIW3
Introducing thlS expansion into the Schrodinger equation it
is found that the ¢ ;.o functions are the solutions of the
system of coupled equations,

jQJM -

(J),Q(R) E/'_E]¢/(~\'{)JQ(R)

)Wu D= OO+ =00 Y 0 (R), (22)
r
=~2¢"’(R>W’;n (R{r,}), (24)

with the ¢ jé) being determined by a system of coupled equa-
tions similar to Eqs. (22).

Using Eqs. (21) and (24), the matrix elements of the
electric dipole operator will be given by

quﬂ.lM) = Z

p=0x1

X (2, + 1)V%(8),

X(J 1
M —p

(—)it-e

(W0, 1d 8]

J; .
e,
(25)

J. Chem. Phys., Vol. 96, No. 10, 15 May 1992
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where we have defined the reduced matrix elements

) =3 3 (=) M2+ 1)

Jf gy
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1

@)o=(®&)z, @, = ?72- [(@)x +i(8)y]

(27)

are the tensorial components of the polarization vector in the
space-fixed frame. In Eq. (26) on the other hand,

J 1 .
><<Q, Q‘_Q’ )JdR o . (R) (d)o=(d),, (@), = +'ﬁ[(d)" +i(d),] (28)
are the components of the electric dipole operator in the
" molecule-fixed frame.
X <¢f""| (d)g, o |¢a >¢f“’f'“' (R). (26) Introducing Eq. (28) into Eq. (15) and averaging over
M, assuming the molecule is initially randomly oriented, one
In Eq. (25), obtains (see Appendix)
|
Ty = - |S-k, 12( : K) sy D K Yoy
T —p 0|5 & -0 Q0 9-Q
xar+ne( 70 K Tonapesysagape, (29)
Q — l J J/ Ji { t

which is the standard expression for the state multipoles in
the case of electric dipole transitions.>*%7!%15 Let us denote
by

(30)

1 1
Fe@® =Y (—)"e lz( K)
X Ep: P"\p —p O

the term within brackets in Eq. (29) which depends only on
the polarization of the incident light. From the Wigner coef-
ficient it is clear that K can only take the values 0, 1, and 2
which is the expected result in the case of electric dipole
transitions in randomly oriented molecules. The actual val-
ues of Fy are

Fo(é) —W’ (31a)
n P i~ 2
F@) = —*—1&l% (31b)
‘ % J6 &
R 3P —2 . 2
F,(&) = é |- (31c)
? ; J30 &

For linear incident polarized light one can choose the
laboratory Z axis in the direction of € and we get

Fl (é) =Oy (32a)

F, (&) = —2/430. (32b)

For circular polarization on the other hand, it is convenient
to choose the laboratory Z axis along the direction of propa-
gation of the light. One then has é = J= (1/V2)(&x F ié,
and

F, (&) = 4 1/46, (33a)
F, (&) = 1/y30. (33b)

It is then clear from Egs. (32) and (33) that orientation
(K = 1) can be produced only by the use of circularly (or

r

elliptically) polarized light.'® This is a well-known fact also
in the case of photoionization where circularly polarized
light is used to produce polarized (spin oriented) elec-
trons.2%2!

Il. ZERO INITIAL TOTAL ANGULAR MOMENTUM

Let us consider the particular case J; = 0. Only final
states with J = 1,01 =0, + 1 will be excited in that case.
From Eq. (26) we have

(J, =0[ld[jOJ = 1) = (=)' "M, (34)
where
MY =3 5 (=0 [dR [T R)
iy
XA@ia,=0l(d) _o |0 d@aia (R).  (35)
Using Eq. (34) into (29), we obtain
T = —Fx@® Y (=Y K -0-%0j+ )2
Qo
Jj o K )
X(—Q’ Q 0-0
11 K e
X(Q —o Q’—Q)M @M (8

where the F,, functions are defined in Egs. (30) and (31).
Using Eq. (36) into Egs. (16), we finally get

o = 4137,260 {MPP+ MO P+ M1, (37a)
ﬁ(j)zi(zplélz) {|M§{1,|z+ |M 22
2 \4 j(i+1)
(M”)‘Mﬂ . C.C.)}/{'M(gj)lz + |M§(j)' ,'2:

J. Chem. Phys,, Vol. 96, No. 10, 15 May 1992
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o . 3
d‘/’:-( (32—2)é2){2M”’2+(——
10%” &) 21M & JG+1D
A 3 ‘
+2)M<31,2+(——4)M<{1,2
LT G~
3

~ o MM+ o)

XM+ M0 7 + M2 1L (37¢)

where we have defined the parity adapted matrix elements
foraJ, = 0—J =1 transition,

M, =‘%(Mtf’. + M) (38)

We now turn to the study of orientation in the high j
limit. From Eq. (37b) we obtain for circularly polarized
light
MM, + cc

. . , . (39)
M+ M2+ |M§zl,|2]

Y i
4 $2 |

where the two signs refer to right and left polarization, re-
spectively. As discussed above in relation to Eq. (18) we
note that for large j, orientation can be obtained only if two
helicity states are excited simultaneously. In the case studied
here we see that M §” and M {7, , have to be coherently excit-
ed in order to obtain a nonvanishing orientation. This corre-
sponds to the excitation of the two transition dipole mo-

_

3 M cos®+ M, sin®cos®+ M, sin @ sin ®|*

d des =

7519

ments perpendicular to j (in the case of a triatomic, this
would correspond to the excitation of two transitions in the
plane of the molecule, i.e., two parallel transitions). We note
from Eq. (39) that the orientation can be as large as } for
MP =M, and M., =0. Since (Jjz) =jf 9 and
J> 1, we can then obtain |(j;)|> 1.

It is also interesting to analyze the alignment in the limit
7> 1. For linear incident polarization, we get from Eq. (37¢)

g 2 [IMéj’I2+ IM 212 = 2M L
M7+ MO+ (M2

5

and we find that & = —3if M (7., = 0, while &/ = §if
M§ =M/, =0, which are the limiting values of the
alignment.'*'* This result is also expected in the framework
of the classical model. Since j» 1, and J <, we shall have
l=~ — jand therefore j is perpendicular to R. Now for large j,
M §” and M {{, , correspond to a parallel transition, i.e., toa
transition dipole moment in the plane perpendicular to j and
containing R (the plane of the molecule for a triatomic),
while M (., correspond to a transition dipole moment
alongj (i.e., perpendicular to the plane of the molecule in the
triatomic case). We shall then have for linear polarization
along the laboratory Z axis (see Fig. 1)

M-é =M cos® + M., sin ® cos P

] (40)

+ M/, sin © sin @ (41)
and the absorption probability will be
d (cos ®)dP. (42)

Since ' = (3/%2//* — 1) and in the classical limit j, =
sin © sin @, we obtain

WD =3 dem sin ©2 sin ®* — 1

2 [IMEF+ M2 =2 P
5 LIMEP + 1M P+ b P
(43)

which is exactly the result obtained in Eq. (40) using the
quantum formalism.

IV. AXIAL RECOIL LIMIT

When J, is different from zero, the general form Eq.
(29) together with Eq. (26) should be used to calculate the
multipoles T}/’ from which the orientation and alignment
can be obtained by the use of Eq. (16). Equation (29) can be
simplified, however, for direct dissociation with large kinetic
energies. In this limit (called axial recoil) the molecule dis-
sociates much faster than the time for an overall rotation.
This amounts to consider that the dissociation matrix ele-
ments Eq. (26) are slowly varying functions of the total an-
gular momentum J and that () is a good quantum number.
Therefore we shall write

4 IM G712+ M0 1P+ ML

r
@llaery = (=) "M+ 1)
Q;

)J/h’)(-/.-,ﬂ,-),
(44)

(J 1 ;
o @-0 -—q

1

where
APTA) =TT f dR ¢ " (R)
Ji i

X<¢j‘n,|(d)ni_n|¢j'n>¢7}({,)j'ﬂ (R), (45)

where J can be replaced by any of the three values J = J,,
J, + 1. Introducing Eq. (44) into Eq. (29) one obtains (see
Appendix)

T;(j) —_ _FK(é) z Z ( _ )j+n+n'—ﬂ,(2j+ 1)1/2
Qa9

i K )
X(—Q Q (Q-a)

(0, - Loy @)
@, —0) (Q—0) (@ —q)
X ME QT )M P (T,

where Fy (&) has been defined in Eqgs. (30) and (31).
Using now Eq. (46) into Eqs. (16a) we obtain

(46)
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a(i)=_477'2_“’z{|./4§){)|2+ |/§1{)+112+ |/§1{>_112}’ (47a)
ni
12 _0. W J2
'7”)=‘1‘(Zplé|2)z[(1+9f)|v4n,+1| + (=)L
2\% Q viGi+ 1D
(=) +Q,+ 1) Ne
- d MM .
\/ 2+ 1D (Aol Ay Foe)
TO)(—Q, +1 N . ‘ .
- OSSN gy o] [5 QMR+ Lasp P b
2(j+1) ) ) 5
o 302 : 3(Q, + 1)? .
Jz{”’=—( (32——2)é2) {—2(——’—-— /‘f_”+(——1 M,
10 }p_‘, D |&] ; G+ n,' G+ 1) ! n,+1|
30, —1)? . 32Q; + 1) _ -
+(j(jT—1)|v‘4§z’,.)_1lz—j(jT\/(J—Q:)(J+ﬂi+1)
MM, |+ c.c. 3020, — 1
x[ = ‘V’;‘ ] ;(j;rl)) -0+ DG+
[/;,?wg,{)_ , +c.c.] 3
+
V2 JG+1)
NTFOFDGF OG0 TG00 [L30] 4, ]|/
(47¢)

SULDP + 1AL+ | ]
o

which reduce to Egs. (37) for the particular case J; = Oif only one term Q, = Qis considered (notice, however, that the M and
A matrix elements have slightly different definitions and they become identical for J; = 0 only if the Coriolis coupling
between different () states are neglected). Another consequence of the axial recoil approximation is that the degree of
orientation given in Eq. (47b) vanishes if # ., = 0 even for .# o #0 (parallel transition). Thus in the axial recoil limit,
orientation of j can only be obtained if some perpendicular transition dipole moment is different from zero. Moreover, for j> 1
and circularly polarized incident light we obtain from Eq. (47b)

ﬁ(j) — :F_

2

which, except for the slight difference in definition of the .#,
has the same general form as Eq. (39). In particular, the two
equations predict that orientation for large values of j can
only be obtained by simultaneous excitation of states with
different helicities (.# o and A g . ).

V. APPLICATION TO ICN

Recently orientation of the rotational angular momen-
tum of a molecular photofragment has been observed for the
first time.!" The system was ICN excited in its first absorp-
tion continuum by 249 nm circularly polarized light. The
ICN A continuum has been studied by many different ex-
perimental techniques?*** and theoretical calculations.*>°
Two product channels are open at the excitation wavelength
of the experiments,

ICN + #iw - I*(?P,,,) + CN(*2)
—1(?P;,,) + CN(*X) (49)
the energy difference being 7063 cm ~ ' (see Fig. 1). Actual-

U [Zo, [ AR+ MM 0]
V2Zq, [l PT + M P | ]

} , (48)

...................................................

———i2490M
¥ —-——2660m

F+CN
|+CN

ENERGY (10“cm™)
~N
7

FIG. 1. Excited state potential energy curves for ICN in the collinear con-
figuration for the two-state model. The curves are represented as a function
of the distance R between the center of mass of CN and the iodine atom for a
fixed CN distance of 1.17 A. Also represented is the ground state wave func-
tion and the corresponding partial photodissociation cross sections for the
two channels in the collinear configuration.
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ly, since CN in the ground state has spin | two electronic
states corresponding to different total electronic angular
momenta of the fragments, j are correlated to each one of the
two limits. We have j=j, +s+ N, with j; =} for
I*(’P, ), and j; = 3 for I(*P;,, ), s = } being the CN spin,
and N the rotational angular momentum of the CN frag-
ment. Since the CN fragments are predominantly found in
medium to high N =350 rotational states,? it is possible to
neglect j; and s with respect to ¥ in all the angular momen-
tum coupling coefficients and simply identify j=N. Except
for the very low N values the orientation will not be affected
by this approximation. The ¢ fragment wave functions de-
fined in Eq. (9) can then be written as

¢,n ({rbf};R) = Yj(n—n,) (91(15) lQ‘e>’ (50)

where 6 and ¢ are the polar angles of the CN internuclear
axis r in the molecule-fixed frame, and |}, ) is the electronic
fragment wave function with (), being the projection of the
total electronic angular momentum on the body-fixed R
axis. In addition, since experimentally very little vibrational
excitation is observed,** we have frozen the CN internuclear
distance at its equilibrium distance. It should be noted how-
ever, that there are very interesting dynamical effects asso-
ciated to the vibrational excitation of CN,?*3%%° which
could be studied if potential energy surfaces including the
CN vibrational dependence were available,

What we need now is to define the excited potential en-
ergy surfaces. Recently,'* ab initio calculations for the ICN
ground and excited electronic states in the region of the 4
continuum have been performed. According to these calcu-
lations, two electronic excited states are involved in the pho-
tofragmentation of ICN when excited in this energy region.
The two states (*II . and 'II, ) are bent and correlate (dia-
batically) to I*(?P,,, ) and I(*P;,, ) fragments, respectively,
with CN being in its ground electronic state (see Fig. 1).
Thus, according to the notation of Eq. (50), the *II;" and
the '1, diabatic states correspond to )}, =0 and Q, =1
quantum numbers, respectively.

Using a two dimensional spline interpolation of the ab
initio points calculated by Yabushita and Morokuma!® we
have constructed two diabatic potential energy surfaces.
Contour plots of these two surfaces are presented in Fig. 2.
Following Yabushita and Morokuma,'® a linear model at
the crossing has been used to calculate the coupling between
the two surfaces. We have defined

Vo(RY,6) — Vi (RY,6)
Vm (Rlc»‘s) =

with R, denoting the C-I distance (R % = 2.7 A, being the
crossing point) and 6 the bending angle. R, and & are relat-
ed to the Jacobi coordinates R and @ used in our calculations,
by simple trigonometry.>*** A contour plot of the potential
coupling is presented in Fig. 3. We shall refer to these poten-
tial energies and couplings as the two-state model.

[Vo(RE,8) — Vi (R%,8)]e” e~ REI=10 Rl —RE[>1. au.’

N (@] B (6]
L1t

| I T IO O O O

PEEN

i[lll

"I'_T@]IIII]IIIIIIIIIIIIII

1 2 3 4 5

(&3] B3 (6]
[ N G S 1

N

—

o

FIG. 2. Contour plots for the }, = 0 and Q, = 1 potential energy surfaces
for the two-state model. Energies are in 10* cm ~ ! and distances in A.

R —~R¥%|<1. au
l IC IC| (51)

r

Since for ICN the initial rotational state of the molecule
is not supposed to play a significant role in the dissociation
dynamics,’* we have performed quantum calculations for
the transition from the J; = 0 level in the ground state to the
J = 1 manifold in the excited states. We can therefore use the
final expressions presented in Sec. III. The calculations have
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FIG. 3. Contour plot of the coupling potential between the Q, = 0 and
Q. =1 states for the two-state model. Energies are in 10* ¢cm ! and dis-
tances in A.

been carried out as following. The initial ground state wave
function (assuming , = 0) has been computed using the
formalism of Freed and co-workers.’>** The matrix ele-
ments defined in Eq. (35) have been obtained by solving the
coupled equations (22) for the final dissociative wave func-
tions, and evaluating the integral over R in the Franck—Con-
don approximation. We have neglected the Coriolis cou-
plings between the Q = 0 and Q = 1 states induced by the1?
term in Egs. (22). The number of coupled equations to be
solved simultaneously is reduced by half when using this
approximation. A preliminary test calculation has shown
that the error introduced is of the order of 0.1% at the energy
we are interested in (A4 = 249 nm corresponds to 14 400
cm ~ ! excess energy with respect to the lower product chan-
nel). Two independent calculations are then performed, one
for Q& = 0 and another for Q1 = 1. Each one implies the reso-
lution of about 170 coupled equations. The integration was
performed from 2.5 to 10 A in a grid of 1500 points. It should
be noted that in the framework of the Coriolis decoupling
approximation, the sum over Q' in Eq. (35) reduce to only
one term with ' = ). Since, in addition, }, = 0, we have
Q! = Q and this implies that the () = O calculation corre-
sponds to the dissociation dynamics associated to the paral-
lel optical transition (£}, = 0) while the () = 1 calculation
deals with the perpendicular transition £, = 1 only. This
does not necessarily imply that the final Q, is unique for each
one of these calculations. Since there are electronic transi-
tions between the two surfaces, an initial parallel transijtion
may produce both 1, = 0 as well as 0, = 1 channels (i.e,
both I* and I atomic fragments).

Since the actual values of the electronic transition dipole
moments %, and &', are not known we have determined
their ratio by fitting the experimental iodine atoms elec-
tronic branching ratio I*/(I 4 I*) = 0.43.*** We have

100

% POPULATION

0 1 ¥ T 1 LI 1 1 H T 7 LI
0 25 50 75
N DIATOMIC ROTATIONAL QUANTUM NUMBER

FIG. 4. The CN final state rotational distribution following photodissocia-
tion of ICN at 249 nm. The solid line represents the theoretical results ob-
tained with the two-state model. The points are the experimental relative
populations measured by O'Halloran ez al. (Ref. 39).

found good agreement between theory and experiment with
|Z /2 |* = 2.1n Fig. 4 we present the calculated and ob-
served®® final rotational state distribution of the CN frag-
ments for excitation at 249 nm. Rather good agreement is
obtained. The mechanism for the production of this rota-
tional distribution proposed by Yabushita and Morokuma'!?
is borne out by our calculations. Since the (, = O state has
the most favorable Franck—Condon factors and it correlates
to I*(*P,,,) in the collinear configuration, the CN frag-
ments with low rotational excitation (i.e., those which disso-
ciate collinearly) are associated with I*(?P, ,, ). On the other
hand, those produced with intermediate and high N values
are the result of transitions from one surface to the other in
the bent configuration.

We turn now to the determination of the orientation of
the CN rotational angular momentum. Experimentally the
orientation has been measured for all CN fragments irre-
spective of the atomic iodine state.!' In order to compare
with experiments we then need to average our calculated
individual orientations over the I* and I branching ratios.
The results are presented in Fig. 5 together with the experi-
mental points.'" We note that although the overall behavior
of the orientation as a function of N is qualitatively repro-
duced by the calculations, quantitatively the agreement is
not very good, in particular for large N. The reason for this
discrepancy could be due to the inaccuracy of the extrapolat-
ed potential energy surfaces at angles far from the collinear
configuration. Highly rotationally excited fragments, for in-
stance, are likely to explore the potential energy surfaces at
large bending angles, where there are no ab initio points
available. Also, the angular dependence of the coupling be-
tween the two dissociative electronic surfaces is very impor-
tant in determining the orientation. It is clear that the model
coupling we have used is not accurate enough and more ab
initio points are needed to improve the two-state model.

J. Chem. Phys., Vol. 96, No. 10, 15 May 1992



Beswick, Glass-Maujean, and Roncero: Orientation of molecular photofragments 7523

| L L L L L L
0 0 20 30 40 50 60 70
N ROTATIONAL QUANTUM NUMBER

FIG. 5. The degree of orientation of the rotational angular momentum N of
the CN fragments vs V. The theoretical results (solid line) correspond to
the two-state model calculations. The experimental points (in black) are
those of Hasselbrink er al. (Ref. 11).

We have also studied a three-state model which has been
proposed recently by Black, Waldeck, and Zare.** The three
surfaces are labeled with the quantum numbers , =0, 1,
and 2. The £}, = O surface is optically connected from the
ground state and correlates to I* (*P, , ) fragments. It is cou-
pled to the optically inactive {}, = 2 surface which corre-
latesto I(*P,,, ) fragments. These surfaces have been consid-
ered before by Goldfield, Houston, and Ezra® who
performed classical trajectory calculations to study the final
state rotational distribution of the CN fragments. Black et
al.* have found that in order to reconcile all the experimen-
tal observations at 249 nm, it was necessary to consider a
third state with ), = 1 carrying oscillator strength from the
ground state. This state will then be responsible for the per-
pendicular component observed in the angular distribution
of the 1(?P,,, ) fragments at low N.** Therefore, it was as-
sumed that this state is correlated to the I(*P;,,) channel
and that it is uncoupled to the other two states. We have
chosen functional forms for the potential energy surfaces
and couplings very similar to those used by Goldfield et
al.,*’ namely,

(OH|0) = Agge ™ *®" — C/R® + Byy0%e ™"
+ 7063 cm !,
(2)H,|2) = Ayye = Re~ 1% L B g2 Pk,
(1Hy 1) = A, e~ “Re= 1% L g o= PiRg=1u@=m7
(O|H, |2) = Agye ™~ 2R 2e~ 10— 717
(OLE, 11} = (1[H,[2) = )

All the parameters are listed in Table I. They have been
adjusted such that the final rotational distribution of CN
agrees with the experimental results (see Fig. 6). Using these
potentials we have calculated the degree of orientation of the

TABLE 1. Parameters of the potentials for the three-state model.

0-0 0-2 22 11
A(em™") 1331414 548 2.+ 10 5.+ 11
B(em™) 34418 149410 3549
a(A-h 85 3.35 5. 6.05
B(A™Y) 12.32 5.1 4.5
y o 50. 10. 5.
Co(ecm™'A% 19246

CN fragments as a function of N. The results are presented in
Fig. 7 together with the experimental results. We note that
the three states model also reproduce qualitatively the be-
havior of the orientation as a function of the rotational quan-
tum number. It is therefore possible to build several different
models which can equally well explain the production of
highly oriented fragments for large V. On the other hand, we
have found in our calculations that the actual value of the
orientation is very sensitive to details of the potential energy
surfaces and couplings and that two models which can both
reproduce very well the rotational distribution can give very
different degrees of orientation.

VI. CONCLUSIONS

We have studied the degree of orientation of molecular
photofragments produced in highly excited rotational states.
We have shown that the degree of orientation can be unex-
pectedly large if two or more helicity continua correlating to
the same final states of the fragments are excited simulta-
neously. The helicity is associated to the projection Q of j
onto the dissociation coordinate R joining the center of mass
of the fragments. The simultaneous excitation of continua
with different helicity can be achieved in many different
ways. If only one excited electronic manifold is populated,
then in the framework of the Franck-Condon approxima-
tion we require that the transition dipole moment should

100
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FIG. 6. Same as Fig. 4 for the three-state model.
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FIG. 7. Same as Fig. 5 for the three-state model.

have parallel and perpendicular components onto R. For
nonlinear molecules this is likely to be the rule. For a bent
triatomic molecule, for instance, the transition dipole mo-
ment should be in the plane of the molecule forming an angle
different from O and 77/2 with respect to R. A typical exam-
pleis provided by NOCI which in the region 620-180 nm has
transition dipole moments very nearly parallel to the NCl
bond’®

For linear molecules (such as ICN), it is clear that the
transition dipole moment lies parallel or perpendicular to R
in the collinear configuration. Hence, with only one surface
orientation for large j can only be obtained through mixing
with another surface of different symmetry. This mixing can
only exist out of the collinear configuration and thus for
linear molecules it is the contribution of the zero-point bend-
ing vibration of the ground state which is responsible for the
orientation. This is the mechanism discussed by Vigué et
al."?

Other possible mechanisms for linear triatomic mole-
cules have been studied in this paper. If two excited elec-
tronic states with different symmetry (one parallel and the
other one perpendicular) are optically connected to the
ground state, simultaneous excitation of two helicity states
can be obtained (provided the Franck-Condon factors are
favorable). This is the situation encountered in the two-state
model of ICN advanced by Morokuma and Nabushita.'?
Although the two states are correlated to different final
states of the fragments (I + CN and I* + CN), transitions
can occur in the crossing region when the molecule is bent.
This ensures that the same final state of the fragments can be
obtained with two different helicity states. The two-state
model of Morokuma and Yabushita'® and the mixing mech-
anism advanced by Vigué et al.,'? are in fact intimately con-
nected. If the crossing point between the two surfaces occurs
near the Franck—Condon region, the adiabatic surfaces will
then have the mixed transition dipole moment assumed by
Vigué et al. This situation is likely to be found in many sys-
tems.

In the case of the three-state model proposed by Black et

al.,** one of the final states (I + CN) can be produced by
simultaneous excitation of the states with Q, =0 and
1, = 1. Thus this channel shows orientation for large j while
the other one corresponding to I* 4+ CN has vanishingly
small orientation for large /. By measuring selectively the
degree of orientation in coincidence with the final state of the
iodine atom it would be possible to discriminate between
these two models. Another important conclusion of this
work is that the degree of orientation is very sensitive to the
details of the potential energy surfaces and couplings. In par-
ticular, we have found that the two models studied here re-
produce very well the fragments’ rotational distribution and
yet give very different orientational values.

Finally, it should be noted that the mechanisms consid-
ered here for ICN can apply as well to other systems dissoci-
ating into two fragments. In particular, the CICN and BrCN
molecules for which there is now experimental and theoreti-
cal information available’"”? should be amenable to very
similar theoretical treatment. Another very interesting sys-
tem in this context is OCS for which it has been demonstrat-
ed that parallel and perpendicular transitions are simulta-
neously present at a variety of excitation wavelengths.”
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APPENDI{X: DERIVATION OF THE GENERAL
EXPRESSIONS

We consider the general case where the two fragments 4
and B carry nonzero angular momentaj, and jg, respective-
ly. The orientation and the alignment of fragment 4 will then
be given by

ﬁﬁﬁE((jA )z/|jAl>

m; )
-3 =T (Al
majalja + 1D
L P=BGOY -1
=> (, 2 1)p‘m’.“,’m : (Alb)
m," A(.IA+1) i i
where
Py = e [ 2 0 ? (A2)
with
j 47w R
o f"JJ:) = z Z ‘<\Ill',4m1/.5m/n/’"/ld.e'\yi)Iz' (A3)
Jamy, ‘m,
Now
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where j=j, + jg is the total angular momentum of the

. - Ja—Jdptm . 172
Jamy Jomigfms Z (=) Z+D fragments and ¥, is the wave function defined as-

m; Juipim; ém,

! ymptotically as in Eq. (5). Introducing now the total angu-

> ( Ja s J )\P. N (A4) lar momentum J = j +- 1 and the body-fixed wave functions
m;, om, —m;) fmp? defined in Egs. (8) and (9), we obtain

]
0.(,4) 477:0) z E E z Z z (_)M+M'—n—n'+2jA—2jB+m1.+mj,

JgMyyg Jm; J ‘my. fm, QIM QT'M!

X (204 1) (2T + D2 4+ DY+ D22+ D2

ARSI AR (AP AR
XﬂO—Qmj m, — Qo0 —-Q/\m. m, —M

Ja B Jj Ja Js Jj'
v.|d- *(W,|d-€ (A5)
X(m_u m, — m,-)('nj,, m, —m, )< i|d-é|W A]yﬂ.lM) (W:|d-&|¥; ;i aum ).

We now prove a useful relation between the Wigner coefficients. We start with [see Eq. (4.16) in Ref. 15]

(jl jz j3 )(]4 j5 ‘] ) 2(21 +1)(— ).ix +jy = Jy s+ Jsjg — my — my
m m, —my/\m, mg m, °
X{j.l {2 {3](]5 ho Js )(12 Ja Js ) (A6)
4 Js Jed\ms my mg/j\m, my — Mg
From Eq. (6) we can write

2 +1)( I Js )(j4 Js T )(11 J J3 ><j4 Js I3
z /3 M, M, —-M/\M, M, M, /\mg m, —m;/\m, ms ms)

bty udjhe—m—mf s JU T X[ J2  Ja Js
—_ (2~ + 1)( _ )Jl +J2 +Jg +Jsle 3 4( >< )
% Jo ms m; mg/\m, m, —mg
PN VIO PR S N (R J3 Jo Js s
X3 (2, +D(=) ”[,. . }( )( ) (A7)
% ? s Js Jed\My M, —M,/\M, M; M,

and using again Eq. (A6) we obtain

Z(2j+l)(jl J2 Js )(/’: J2 Js- )(1'4 Js js)(j4 Js js)
-~ 3 m, my, —m;}]\M, M, -—-M;/\m, ms my/\M, M, M,

- - jS jl j6 j5 jl j6 j2 j4 j6 j2 j4 j6
R R AN NN ()
% ¢ m5 m, m6 5 Ml _M6 m2 m4 _m5 M2 m4 M6

(A8)
Using now Eq. (A8) into Eq. (AS5), we can write
oo AT > > (=)WTEINI Qi+ 1)+ DY

igmyg jmy j'my

A B A w( J 0K
x( S )( o )2 2K + 1) (=) ( o )
m. m; —m;j\m; m —m;. [& —m; m; (mj—m].,

Ja /B Ja IB
J J K )( J’ J K )

_yM' 20 -2 172 ' 1/2
Xy > (=) (W+ D'+ 1) (_Q Q (@) M (M—M")

QTM QT M’
VAR K
x(_ Q' Q (Q' )<\Ij Id eI A/yﬂlM) <‘Ij Id e] g VT M’ > (A9)
and using [see Eq. (4.15) in Ref. 15]

s (_)j,+j2_,,+,.4+,g~6_m,_,,,,,(jl b s )(1 js s )(1 Js jﬁ)
m. m, —my/\m, ms my/\m, m, —mg

mymymy,

=[;. {2 {3}(15 Ji Je,), (A10)
s Js Jei\Ms m;y Mg
we obtain
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o _ AT w-m, QK+ 1) (Ja s K\
G_E"JM)= a)z(__)J . (2K 4+ )(A 4 )T}{"), (Al1)
¢ % 2+ 1\, —my
with
' o e . , K
U — ) Iamdn M i 1/2[JA JA‘ ] 24 1)V2(27 " + 1 1/2( J J )
K _,%';ng';( ) (.]A+ ) J j'JB (.]+ ) (.I + ) —-—Q’ Q (QI_Q)

X(U+ I)I/Z(N’+ 1)1/2( J J' K )(

-0 92 «u-q)

which for j; = 0 reduce to Egs. (14) and (15).

J’ J A N
MM lg)(q’i|d'e|wj,.j,,mJM>*<\Pild'el\yj,/,znu'u'%

(A12)

Introducing now into Eq. (A12) the matrix elements defined in Eq. (25), averaging over M, since we assume the
molecule is initially randomly oriented, and using Eq. (A 10), we finally get

T;(jA)= "‘FK(é) ZZ Z (_

isli' QJ Q'J°
PR K

X(2j+ 1)1/2(2jr+ 1)1/2( Q,

><{1 1
J J

which reduces to Eq. (29) when j, = 0.

1209+ 172
Q (Q,_Q))(U-i-l) (2J'+1) (

K
Mealainry ey,

—Ja— g dim ja Ja K
) ja—ig—J;i K2~ +1 1/2{ ]
(s ) j Jj' s

J J K )
Q -0 Q-Q)

(A13)

In the axial recoil limit, we can replace the reduced matrix elements (J; ||d||/ ,jz/QJ ) by Eq. (44) in which case, using Eq.
(A6) together with the normalization of the Wigner coefficients, Eq. (A13) can be recast in the form
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which reduces to Eq. (46) when j; = O or when j, is much smaller than j,.
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