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The effect of the spatial arrangement of a molecular internuclear axis and its plane of rotation in the
multiphoton nonresonant excitation process is investigated. We consider diatomic or symmetric-top
molecules; the internuclear axis is regarded to be fixed in space during the excitation time interval. Ster-
ic conditions preparing the initial angular distribution of the internuclear axis in the excited state are ob-
tained, both for resolved and unresolved magnetic levels and for linearly or circularly polarized incident
radiation. The intensities of individual rotational lines or rotational branches are obtained after averag-

ing over all spatial orientations.

PACS number(s): 33.80.Rv, 33.70.—w

I. INTRODUCTION

Experiments have investigated in the past the possibili-
ty of orienting diatomic or symmetric-top molecules
[1,2]. In principle, orientation for the molecular system
involves both the net helicity of the angular momentum
vector as well as the orientation of the internuclear axis.
In particular, orientation for the internuclear axis in a
selected rotational level has been obtained for the first
time with NO molecules by exploiting the permanent
electric dipole of this molecule in conjunction with the
Stark effect and using strong hexapole electric fields [3].
The ground-state-oriented molecules then reacted with
O, molecules and the reactivity showed a strong depen-
dence on the orientation of the NO molecule.

Although an extensive investigation has been carried
out in the past for orientation and alignment effects relat-
ed to the angular momentum [4], as well as for rotational
line strengths in multiphoton excitation [5], the relative
lack of theoretical and experimental results concerning
the orientation and alignment of the internuclear axis in
the excited state is singular. This distinction probably
emerges from the fact that, instead of the angular
momentum vector for which the orientation remains
fixed in space, the internuclear axis of the molecule con-
stantly precesses and thus a fixed orientation in space
cannot be attributed in a similar “direct manner.”

A thorough understanding of the orientation of the in-
ternuclear axis in the excited neutral state is required
since this topic is involved in a large number of experi-
ments, i.e., this can be used in conjunction with resonant
multiphoton ionization data for interpreting the angle-
resolved photoelectron experiments given that the photo-
electron intensities, as well as their angular distribution,
are both sensible in the orientation of the internuclear
axis in the intermediate excited state. A number of
characteristics or properties, joined in sequence with the
excited intermediate molecular state, may be studied.
The oriented molecules in the neutral excited state can
subsequently react with an atomic, molecular, or laser
beam and furnish detailed information on the angular
dependence of the reactivity, photodissociation, or photo-
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ionization of this state. A well-prepared selected state is
a crucial parameter for the analysis and understanding of
the dynamics of the above processes. In particular, the
knowledge of the relative population between rotational
and vibrational levels as well as the relative orientation of
the molecular system with respect to the polarization
vector of the incident radiation are explicitly required.
Finally, it is worth pointing out that elucidation of chem-
ical reactions on a molecular level is a major focus of the
modern physical chemistry and this necessitates well-
prepared oriented molecules both in their angular
momentum as well in their internuclear axis. In such cir-
cumstances the spatial arrangement of the molecule in
the excited state needs to be a controlled parameter.

The preparation of oriented molecules in an excited
neutral state by optical methods is particularly attractive
if the excitation process involves the absorption of more
than one photon. This is due to the fact that, now, the
angular momentum of the absorbed photons transfers an
increasing anisotropy to the molecule. The molecule is
not subject to strong hexapole electric fields and, more-
over, it is not necessary to be restricted only to ground-
state molecules possessing a permanent electric dipole.

In this work we consider the orientation dependence of
a diatomic or symmetric-top molecule in the n-photon
nonresonant excitation process. The excitation time in-
terval being very short compared to a single molecular vi-
bration or rotation the orientation of the internuclear
axis is regarded as fixed in space during the excitation
process. Due to the orientation dependence of the excita-
tion process, a selection both for the internuclear axis as
well as for the plane of molecular rotation takes place
and an enhanced angular distribution for the initial orien-
tation of the internuclear axis in the excited state is ob-
tained. It is worth remarking that the alignment or
orientation communicated to the molecular excited state
cannot be lost by simple molecular rotation. We have
only particular cases where the molecular excited state
possesses a spherical angular distribution, i.e., J, = un-
resolved M levels with linear polarization or states which
can be depolarized by collisional relaxation before being
further excited. In general, further excitation involves an
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anisotropic initial state and this state is shown to carry an
enhanced anisotropy if it is prepared by multiphoton ex-
citation. Rotational line strengths of individual rotation-
al lines which describe relative population appear as par-
ticular cases after averaging over all orientations for the
molecular system.

II. THE ORIENTATION
AND TRANSITION PATH DEPENDENCE
IN THE n-PHOTON EXCITATION PROCESS

In this work we investigate the spatial arrangement of
a diatomic or symmetric-top molecule in a multiphoton
excitation. The involved electronic states are assumed to
be well described by Hund’s case (a) or case (b) electronic
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we will consider the multiphoton process with n-identical
photons of angular frequency w and a polarization vector
e,; the index p will stand for linearly (p =0), right (+1),
or left (—1) circularly polarized light. Finally we will be
concerned exclusively with the case of a dilute gas or
with any system fulfilling collision-free conditions. Thus
relaxation effects changing the angular momentum will
be neglected.

We note by |g) the ground state of the molecule and
by |f) the final excited state. The probability of the n-
photon absorption may be deduced from the work of
Bebb and Gold, who developed a perturbation theory for
the multiphoton ionization of atoms. They obtain [6]

_ (n)
coupling and the multiplicity of the transition may be ?(g})_z”'(z"aF ©)"8(w|g),|£))Sef (1a)
2S +1. To this extent, any of the coupling case se-
quences (CCS’s) a-a, a-b, b-a, or b-b will be treated. Here = with Sé"’, the rotational line strength, given by
J
so= 3 fleyplin ) Cinlepplin ) -~ Cisle,ple) 12 (16)
Mo | iyl [@1),1i,_p—(n =] -+ [@)),;) —o]

and F being the photon flux. The constant a is the fine-
structure constant and  is the angular frequency of each
photon in the laser beam. The 8 function takes account
of the exact resonance between the n-photon energy and
the energy difference between the ground and the final
state. In what follows we consider the expression given
in Eq. (1b) as the n-photon excitation probability. In this
equation, u is the electric dipole moment operator of the
molecule and the intermediate states i), ..., |i,_,) are
assumed far from any exact resonance with any inter-
mediate number of photons. Therefore, damping con-
stants governing the decay of any intermediate state have
been dropped from the energy denominator.

In the adiabatic approximation, we may separate the
rotational from the electronic-vibrational variables by
writing |i )=|i’)|i"") for all molecular wave functions of
the involved states [7,8], where |i’) stands for the vibra-
tional part and |i"’) is the rotational wave function. Fur-
thermore, the electric dipole component p, =e, u may

(n) —
ng 2
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be transformed from the laboratory fixed frame (LFF) to
the molecule fixed frame (MFF) in order to introduce the
matrix elements of the electric dipole operator taken ex-
clusively in the MFF. We have for each absorbs.d photon
the following transformation: p,= 2,1.@;,},} (aBy )iy,
with a, B, and y the Euler angles of the MFF with
respect to the LFF [9]. The tilde indicates that the elec-
tric dipole component is defined in the MFF.
Nevertheless, far from any exact resonance with an in-
termediate number of photons we may write the approxi-
mation @y,) ;) =®|z),|;), Since in this case we can neglect

the rotational contribution. This may be done for all in-
termediate states and will permit one to perform the clo-
sure relation for all nonresonant intermediate rotational
states, namely, 3, |i"” ) (i”|=1.

Following the preceding discussion and developing the
square conjugate of Eq. (1b), we obtain, for the excitation
probability,

> > '<sgf)3;.'.'.';’;°vg,<q1 Cg Vi q) | 2)

where V,/(q; - * - g, ) is the electronic-vibrational operator, which is defined by

<f,|ﬁq"‘i;x—-l ><lrlx-1 |ﬁq"_1lir,l—‘2) T <lllliqulg'>

9.l )

(@11~ =Dl oy, 1y o]

(3)

This operator is now independent of rotational quantum numbers since its matrix elements are taken in the MFF.
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contams the rotational dependence of the excitation process and casts into the expression

(1 "
D qllg )
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qu,
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where g''(aBy) and f''(aBy) are the rotational wave
functions for the ground and the final state, respectively,
which depend on the Euler angles and their electronic
coupling case [8,9]. At this stage, if one performs the
summations involved in Eq. (4) one will obtain an aver-
aged contribution from the internuclear-axis orientation.
The averaging operation with the matrix elements will
hide internuclear-axis orientation effects and will lead to
the rotational line strengths measuring population effects.

The well-known electric dipole selection rules
M;—M,=np and A;—A,=Q,=Q,=q;+q,+

+gq,, for any electronic coupling case, can then be ob-
tained by this operation.

We can clearly neglect molecular precession during ex-
citation since the corresponding coherence time (excita-
tion time interval ~ 107! sec) is very short compared to
the rotational period (~107'-1071" sec). Furthermore,
we may assume that there is no significant reorientation
for the internuclear axis within the above coherence-time
interval from the transfer of the photon angular momen-
tum. In fact, it seems improper to assume that the inter-
nuclear axis and the plane of molecular rotation may be
reoriented from the angular momentum of one or more
absorbed photons within a time interval of 10~ 3 sec, and
this for inertial reasons. What seems most plausible is
that roughly only molecules having their internuclear
axis and their plane of rotation favorably oriented for the
final rotational state are ‘“‘preferentially” excited. A devi-
ation from this favorable configuration will carry only
weak probability amplitude; the excitation of the outer
electron in a state of different symmetry inducing a
modification of the plane of rotation within a time inter-
val of some molecular periods.

From the above considerations it is understood that
terms with a’'B'y'#apBy will be dropped from Eq. (4). To
this extent, the distribution of the angles a, 3, and y may
roughly characterize both the orientation of the internu-
clear axis in the ground state prior to the n-photon exci-
tation as well as the initial orientation in the excited state
if the time duration of the laser pulse is sufficiently short
compared to a molecular rotation.

In previous work has been shown [10a] that the tensor
(Sgr )le . Z: vanishes whenever a single ¢; is different
from ¢; and i =1, ...,n. This holds for any electronic
coupling case for the states involved. It is seen also that
for our probability description the angles a and ¥, which
represent azimuthal rotations about the polarization vec-
tor and the internuclear axis, involve phase factors and
do not play any role. These angles are then redundant.

B: e 1)‘: , iBi,yr)fu(aBy )

ﬂ“’ (aBy)g"(aBy) , 4)

In order to lighten the notation, the angles a, B, and ¥
will be omitted from the rotation matrices.

Then from Eq. (2) we may specify the internuclear axis
orientation in the excitation process from the expression

sp=+ 3 [7 sin(BdBSB), 5)
MM, B=0
with
SPB= 3 Ig"tﬂ;}ql. ﬂ(l)fulZ
a4,
X|Veslgqy - g,)l% . 6)

This is the angular excitation probability for the internu-
clear axis [10(b)]. The only angle involved in the excita-
tion probability is the angle 8, which locates the internu-
clear axis with respect to the polarization vector of the
incident radiation. This angle is easily defined from laser
pulses having time duration short enough compared to
the rotational period of the molecule.

For the development of Eq. (6) we proceed as follows.
First, from the contraction formula of two rotation ma-
trices and from the associativity of the product of
the n rotation matrices it may be seen that the product
of the n rotation matrices obeys a permutation prop-
erty for the set g, ---gq, [11]. Therefore, it is con-
venient to classify the n summations over ¢,,...,q,

of Eq. (6) in three distinct sums by writing
341 4, =(2Q,)[Za(Q,)][ZP,(a)].  Then @,
=gq,+q,t+ - - - +gq, takes the integer values from —n to

n and the sum over the transition paths a(Q, ) takes ac-
count of the fact that for a fixed value of Q, we may have
multiple sets (¢, - *¢q,),...,(q; " g,) for which the
sums of the g elements are always Q,. Finally, 7, (a) will
stand for the sum over all distinguishable permutations of
the g elements inside the transition path a(Q,). The
above classification can be made clear from Table I in
Appendix A. Note that the product of the n rotation ma-
trices remains insensitive to the g permutation and thus
commutes with the summation over 2, (a).

The product D}, - - D, may be contracted by con-
sidering the first two elements and then contracting the
obtained result with the third one. By successive opera-
tions we obtain the desired result, which is outlined
briefly in Appendix A.

Then one must define the electronic coupling case for
the rotational states involved. We shall first consider the
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case sequence b-b since the case sequence a-a is only a
particular case of the case sequence b-b. This will be ob-
tained subsequently by setting S =0 since for singlet
molecular states there is no way to distinguish case (a)
and case (b) coupling. We then take as the rotational
wave function for Hund’s case (b) coupling the wave
function [12]

STERIC EFFECTS IN MULTIPHOTON EXCITATION
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In general, far from intermediate resonances more than
one transition path may take place. Then it is of prior in-
terest to consider first the explicit dependence of the an-
gular excitation probability in the allowed transition
paths and subsequently “average” over all these allowed
possibilities.

From Egs. (6) and (7) and Appendix A we obtain, for
the angular distribution,

0N
= 172
INASIM)=[(2J +1D)2S+D]'2QN+1) [ _, o A
S o s SB=3 JISB®I"] 3 Vla, a2 @
x3 | s s 0, a P (@)
pN¢) 0
S N DYLIST) 7 0
S —Q A il : ™ The tensor [5(B)],” has the form
i
[S(B)]2" =(2,+ 1)(2N, +1)(2J;+ 1)2N,+1)
2
N, S J N, S J
n g g f f J,) (J)*
X %Bk’anli )(a)Qn % Ag 2 __Ag_z Af 2 _Af_z M;’Af+2$(_k;p'_gn Mi’Ax+2 (9)

In Eq. (9) we have used the fact that the rotation matrices are independent of spin variables. S =S, =S/ is the total
spin angular momentum and 2S + 1 the multiplicity of the transition. Finally, for clarity, in Eqgs. (8) and (9) the transi-

tion path a(Q, ) has been abbreviated by a.

Contracting the rotation matrix elements of Eq. (9) and developing the square conjugate, we obtain

[SB]F= 3 (—1)™~“QI+1X2J,+ 12N, +1X2J, +1)(2N, +1)

I'm'e'

X3 3 3Qr+D2r+1DQL+1Q1"+ 12T +1X2T) +1)

™y Jyp L
L r |\y"L r T I" N||7 1" N,
Xm0 —m'||o 0 —o Y @ Ay |7y @ A
X kzBk,ank’,anlin)(a)Q"B,iel)(a)gn
o
—M, —np My+tnp||—M;—np m’ M,
y Js 1" Jf Jf k' J, }
.._Mf —-m' Mg-f-np —Mg—np np Mg
x [Nf k T Nf k' oy Nf k r
Ay =0, —v||A, =@, —y |1 T+ T
J. N,
(Nf kl T
X Iy Jf 1" |Pr(cosB) . 10
S Jg N,
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From the 3j symbols we see that only the /’=0 term (or
alternatively the /"’=0 term) satisfies the electric dipole
selection rule M, —M_,=np. In the above term only the
J;=J, value is allowed and the remaining sum over the
angular momenta J{'7J, stands for contributions from
adjacent rotational levels. Nevertheless, the 3j symbols
show that all angular momenta J{' have the same projec-
tion as J, both in the MFF and the LFF of reference.
Also, it may be seen [13] that under exact resonance con-
ditions and using an infinitely sharp laser beam apprecia-
ble contribution from adjacent rotational levels may ap-
pear only for I'>0.3 cm ™! and for the lowest rotational
levels. This arises since allowed electric dipole transi-
tions have natural linewidths of the order of 0.001 cm ™!
and the rotational constants are not much smaller than
0.1 cm ™! [14]. Then, from angular momentum and ener-
gy considerations it follows that only the J/=J;=J,
term needs to be considered in allowed electric dipole
transitions.

On carrying out the calculus and grouping the different
dependences of Eq. (10), after keeping only the electric di-
pole term, we obtain the explicit contribution from the
transition path to the angular distribution. This is writ-
ten

2J

f
[S(B)AA= 3 [0, 15P (cosB) . (1)
L=0

The tensor [0 ]4* stands for the path orientation asym-
metry (POA) tensor when the excitation process follows

_

O} (b-b)=(2L +1)(2J, + (2N, + 1)(2J; + 1)*2N, +17?

Ny kN N, L N,
Xp Jp 0 pZ@NgHD | _p g p
S J, N, | "

For the remaining CCS the tensor ©{%'€ is given in Ap-
pendix B. It can be easily verified that the tensor com-
ponent O € is identical to the corresponding rotational
line factor. If we set S =0 in Eq. (14) and replace every-
where N by J and A by Q we obtain the case sequence a-a
RLA tensor given in Appendix B.

From Egs. (11), (12), and (14) we see that the excitation
probability is nonvanishing only when Q,=gq;
+q,+ - +q,=A;—A;=AA. The above selection
rule will provide the allowed transition paths for the n-
photon process. In fact, for the analytic expression of the
angular distribution we need to define precisely the num-
ber of transition paths involved. From the MFF electric
dipole components B sBgs B associated with the

n photons, the set q,,9,,...,q, Will constitute a transi-
tion path only if the above selection rule is satisfied; then
from the 3" sets only a limited number is allowed. These
paths can be determined from n and AA; for instance, in
a AA=1 three-photon transition there are only two al-
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the transition path a. It is given by

[UL ]$A= 2 Bk,ank’,an]((n)(a )Q"B](Jl)(a )Qn
kk’

XMEPAM)OE (b-b) , (12)

where M5 (M) is responsible for the asymmetry brought
from the M,=M,+np independent channel when the
transferred angular momentum is k. The tensor MEUM)
is defined by

[ Jg k Jf
(L —
y Jf 0 Jf Jf L Jf
J, k' J,
f 8
X . (13)
1——Mf np M,

The letter M will stand for either M, or M, since they
are univocal. Since the isotropic term of the excitation
probability is responsible for population effects, the iso-
tropic term JM{Q(M) may be associated with the popula-
tion weighting factor of the M channel when the
transferred angular momentum is k. For the weighting
factor of all M channels we then find
zMg,Mf./n‘,Sc’(M)= 1/(2k +1).

The rotational line asymmetry (RLA) tensor ©{%)(b-b)
contains the b-b electronic coupling case sequence and is
given by

N, 0 N|[N, k N,

—A, 0 A ||A, —Q, —A,

N, kN[N KON
J .

s J, N,

lowed paths, namely, (001) and (1-11). It may be seen
[15] that in general, the number of the allowed transition
paths is given by a(n,AA)=Int[(n —|AA|+2)/2]. Then
the angular distribution for the internuclear axis in the
n-photon process simplifies to

a(n,AA)
SB= 3 [SPBEMYVla, AN, (15)
a=1
with
icng(""AA)lzz S (Velgy -+ g,)1? (16)

?’q(a)

and P, (a) standing for the sum over all distinguishable
permutations of the individual MFF electric dipole com-
ponents inside the transition path a.

The key formulas for our investigation are Egs. (11)
and (15). For a given electronic transition AA and a spin
multiplicity 2S +1 the angular distribution for the inter-
nuclear axis is expressed in terms of the allowed transi-
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tion paths, while each transition path brings its own an-
gular distribution. The electronic-vibrational contribu-
tion from the transition path « is condensed in the factor
I‘ng(a,AA)Iz. It is worth noting that the above contri-
bution in the angular distribution emerges exclusively
from the multiplicity of the composite angular momen-
tum (CAM) allowed values and that of the allowed transi-
tion paths. This is involved in the tensor B{"(a),,, i.e.,
we observe that if a single transition path is dominant in
the nonlinear process the whole electronic-vibrational
contribution factors, we then obtain S(B)~[S(B8)]2A
[16].

III. THE ANGULAR DISTRIBUTION

IN THE AVERAGED MULTIPHOTON

ELECTRIC DIPOLE APPROACH

Orientation experiments are primarily concerned with
the relative occupation probability of the different sublev-
els M, =M, +np in the excited state. We shall therefore
first consider the case of resolved magnetic levels where
the polarized incident radiation is assumed in resonance
with some rotational subline N,J,M,—NJ:M;. From
Egs. (11) and (15) we obtain

l)
S(M;B)= 3, o (M)Py(cosB) . (17)
L=0

All the asymmetry brought to the molecular system
from the oriented angular momenta is contained in the
molecular orientation asymmetry (MOA) tensor o (M).
This tensor is given by

aL(M) = 2 Bk,ank’,np-ﬁgc’;c)"Mscll‘cl(M)egclfc!@ (18)
kk'

and the quantity B{% is the only quantity involving con-
tribution from the allowed transition paths. We have

B =3 B (@) saBi (@)pp | Vgs(a, A2 . (19)
a

By inspection of Eqgs. (17)-(19) we observe that both for
resolved and unresolved magnetic levels excitation with
linearly polarized light will involve the quantity By,
which in turn requires the knowledge of the
multiphoton-electronic-vibrational (MEV) parameters
|Ver(qy - - - g,)|? following Egs. (16) and (3). Frequently
the particular case is found where a single transition path
dominates the transition, then the whole MEV-
dependence factors from the excitation probability, and
therefore the angular distribution can be explicitly deter-
mined [16]. In general, however, multiple transition
paths are present and interact with more than one al-
lowed CAM vector, in which situation the electronic-
vibrational contribution should be taken into account.
This can be done by keeping in mind that any intermedi-
ate number of photons is found out of resonance; then we
may assume that the assembly of the allowed molecular
states plays an equally important role for each individual
MFF electric dipole component E,. This might diverge
only when the energy of an intermediate number of pho-
tons is found in exact resonance with some allowed
molecular state.
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Thus, in similar situations, we may assume that the in-
volved MEV parameters contribute roughly equally to
the nonresonant process. This also means that the excita-
tion probability is insensitive to the order in which the in-
dividual MFF dipole components i, occur in the excita-
tion process providing that they satisfy the selection rule
q,+tq,+ - +q,=AA.

In the averaged multiphoton electric dipole approach,
the contribution from the electronic and vibrational
structure is then condensed into the tensor

=(n) a(n,AA)
$k’;c'= 2 ﬁ(a)B,(c")(a)AAB,(J"(a)M » (20)

a=1

whereas the MEV parameters factorize and thus have
been dropped. The quantity /(a) stands for the number
of distinguishable permutations of the individual MFF di-
pole components in the transition path a and appears
from the summation over ,(a) following Egs. (16) and
(19). It has the expression 4(a)=n!/[n(—1)n (0)n (1)!]
and this coefficient may be seen as a transition path
weighting factor; n is the number of photons and n(q) is
the number of ¢ (—1,0, or 1) components in the transi-
tion path a. For instance, for the transition path (110) of
a AA=2 three-photon transition we obtain n!=6,
n(1)=2, n(ON=1, and n(—1)!=1, which result in
/(a)=3 and take into account the three distinguishable
permutations (110), (101), and (011) for which
q,+4g,+q; always equals AA.

Then, after inspection if Egs. (18) and (20), if one
defines the tensor

Eliz?(p)=ﬁk,np3k',np§¥;c)’ ’ 21

one will obtain a simple expression for the MOA tensor
o.(M), which is involved in Eq. (17). This tensor
reduces to the simple form

FL (M= S (pMEMeFEe . (22)
k

The analysis and understanding of the ¢, (p) tensor

coefficient is made clear in Appendix A where numerical
values are presented for up to seven photon processes.
From this analysis we obtain the closure relation
S _o€xP(p)=1, which holds for either linear or circular
polarization. All off-diagonal terms of this tensor vanish
and in Eq. (22) we have used the fact that Tyr =Crr8
For the particular case of circular polarization we obtain
p(1)=c(—1)=8, ,. The above tensor has assumed,
for each CAM vector, an averaged contribution from the
MEYV parameters and this has been indicated by an over-
bar.

Finally, for numerical calculations and ease of compar-
ison of the intensity distribution in" the rotational
branches, Eq. (17) is normalized to unity. In fact, if one
averages the excitation probability S (M ;B) over all M
values and B orientations and sums over all levels
A f,J f,N £ which may be attained from the ground level
Ag,Jg, N, one will obtain, by virtue of angular momen-
tum closure relations [17(a)] and the closure relation of
the E,((Z)( p) tensor that this equals 2J,+1. Therefore, the
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normalized expression of the angular distribution leads to
Hy

S(M;B)=S(M) {1+ 3 G o(M)P,(cosB) ;, (23)
L=1

where 0, (M)=0;(M)/Ty(M) is the molecular orienta-
tion asymmetry parameter (MOAP) and S(M)
=0¢(M)/(2J,+1) is the relative occupation probability
for the M channel, which constitutes the amplitude for
the angular distribution of the internuclear axis. We then
observe that for resolved magnetic levels all the 2J,+1
components for the MOAP tensor are participating; the
L0 components will contribute to the asymmetry of the
angular distribution whereas the L =0 component will be
responsible for population effects. The tensor S(M)
describing the relative occupation probability of the M,
magnetic level in the excited state casts into

2

J, k J
1 I
eye .

S(M)= —~(n) g
( ) 2Jg+1 %Ckk(p) [Mg

np —M;
(24)

The angular distribution for the internuclear axis,
given in Eq. (23), holds for any coupling case sequence.
Note also that the above equation has a similar form as
the differential cross section of the photoelectrons pro-
duced by incident polarized radiation in the electric di-
pole approximation. The coefficient &;,(M) is associat-
ed with the asymmetry parameter and S is the angle be-
tween the polarization vector and the direction of the
photoelectron. However, for the complete description of
such processes the continuum wave function of the final
state, instead of the bound state, should be considered.

The angular distribution S (M ;) may be seen either as
the probability S (M,;B) of exciting oriented molecules or
as the initial angular distribution S(M;B) of the mole-
cules having been selected from an isotropic ground state,
these two pictures approaching equivalence for shorter
and shorter laser pulses. A rotational blurring should ap-
pear for the angular distribution if the laser pulse dura-
tion is not sufficiently short compared to a molecular ro-
tation.

In collision-free conditions the angular momentum J,
of the unperturbed molecule is fixed in space whereas the
internuclear axis precesses about J, with a rotational

period typically on the order of 107 '1-10'" sec. We may
assume without loss of generality that the incident radia-
tion does not affect significantly the rotational motion of
the internuclear axis and thus the precessional frequency
remains constant. However, during the internuclear axis
precession, all orientations for this axis do not present the
same excitation probability; for instance, the projection
of the space-fixed CAM vector [17(b)] on the internuclear
axis is constantly modified. It may be seen that only
some specific orientations enhance the excitation proba-
bility.

The most relevant feature emerges from the simple
case where only the M, =Q, (or M= —Q/) sublevel is
excited with linear polarization. In Fig. 1(a) we show the
relative strength S (M ;B) for the allowed M channels in
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the Q(2) branch line of the NO 4 23 *(b)«X 2115 ,(a)
two-photon transition. This distribution is plotted for
linear polarization and we have assumed that the ground
and the excited state are well described by Hund’s case a
and b rotational wave functions, respectively. Then we
observe that, for the overall angular distribution S(B),
the channels M, =M, =1Q, and M, =M, +J are deter-
mining. It is seen that selective excitation of the
M;=Q,= sublevel clearly favors internuclear axes be-
ing oriented in the polarization vector direction; this
specific orientation may be seen as the most plausible for
which the angular momentum in the excited state
presents a common projection M= .= both on the
LFF and MFF quantization axes. In contrast selective
excitation of the M, = —Q .= — 1 sublevel favors only in-
ternuclear axes antiparallel to the polarization vector.
This selection holds for any rotational branch AJ and any
number of photons n providing that only the M, =+Q,
sublevel is excited. '

Thus selective excitation of these specific channels
leads to strong steric effects since the number of excited
molecules having their internuclear axis parallel and anti-
parallel to the polarization vector is not the same [17(c)].
Instead, for unresolved M levels (where all allowed M
channels are excited simultaneously) the above steric
effect is absent. This has been shown by the angular dis-
tribution S(fB), which involves a sum over all indepen-
dent M channels.

Also, from selective excitation of the M f=M,=J; or
M;=M,—J, channels with linear polarization we may
separate two classes of molecules; those with the atom B
(or A) precessing in the front of the polarization vector
e, and, vice versa, those with the atom A (or B) in front
selected from the channel M,=M,=J, and
M,=M,—J,, respectively [17(c)]. Figure 1(b) shows
that when £ f is not small compared to J, (i.e.,
Q,/J;=7%) the probability of exciting molecules with
B>m/2 is very weak if the M, =M, =J channel is excit-
ed. Inversely, through the M,=M,=—J, channel
roughly only molecules with B> /2 are excited. For a
'S excited state, and in general for Q,/J;—0, both dis-
tributions coincide and are centered around the B=m/2
value. In Fig. 1(a) the shift of the two distributions asso-
ciated with the channels M,=J, and —J stands for an
intermediate case with Q. /J = 1.

In addition to the constrains for the orientation of the
internuclear axis we have a further selection for the plane
of molecular rotation. The importance of the orientation
of the plane of molecular rotation in the excitation pro-
cess is relevant in circular polarization. It is seen for in-
stance that the channel M;=J,+n (or My, =J,) is dom-
inant in the AJ =n rotational branch line; moreover, this
dominance is further enhanced when the number of ab-
sorbed photons increases and thus a single orientation for
the plane of rotation is favored for the above extreme ro-
tational branch. This is shown in Fig. 1(c) for the NO
A3t ,«X™M,,, two-photon transition obtained
from right circularly polarized radiation and for the
S(Z) branch line. We have the M =M,+n

2
=—J,+n,...,J,+n independent channels as potential
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orientations for J, with respect to the laser beam and we
observe that the M, =J, channel has the most favorably
geometry for the excitation process if p =1. For this par-
ticular channel the angular momentum is the most “well
tied” around the laser beam (and thus around the CAM
vector n) and the orientation of the plane of molecular
rotation remains unchanged. In contrast, for the remain-
ing channels the transition from the J,M, to the J,M,
state requires a change for the orientation of the plane of
rotation; the higher the change the weaker the probabili-
ty of exciting the corresponding channel. We observe in
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The above observations show that excitation with cir-
cular polarization in the |AJ|=n rotational branch favors
only ground-state molecules with their angular momen-
tum well tied along the laser beam while the angular
momentum J, in the excited state is also aligned along
the laser beam. Nevertheless, for AJ =n, in general J i is
important compared to |Q/| and thus the internuclear
axis is contained in a plane perpendicular to the laser
beam rather than being aligned along this axis. This ster-
ic effect can be achieved, however, from the AJ = —n ro-
tational branch since in this case it is easy to obtain from

Fig. 1(d) that with increasing n the channels other than

selective excitation the condition J,=[{| by decreasing
the channel M, =J, (or M;=J,+n) become less prob-

the ground-state angular momentum quantum number by

able and vanish rapidly. n units. In Fig. 1(e) we plot the case Q,/J,=1 obtained
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FIG. 1. (a) Selective excitation of the M;=Q/ sublevel with linear polarization leads to strong steric effects since this “resonant
steric condition” favors only molecules with their internuclear axis collinear to the polarization vector [17(c)]. The M;= —Q/ reso-
nant steric condition will select molecules with their axis anticollinear to the polarization vector. (b) From M-selective excitation of
the M;=J, or —J; sublevel with linear polarization we may separate two classes of molecules if |Q f| is not small compared to J;.
For instance, excitation of the M;=J, sublevel in the above system selects 4-B molecules with the atom B precessing in the front of
the polarization vector [17(c)] and this precession is more “well tied” about the polarization vector as {; approaches J;. Instead, for
a 'I excited state, and in general for |Q f| <<Jy, the two distributions coincide and are centered around the B=m/2 value. (c) Excita-
tion in the AJ =n rotational branch with circular polarization selects molecules with their angular momentum well tied along the
laser beam. Since for p =1 or —1 the CAM vector is respectively collinear or anticollinear to the laser beam and J,=J, +n, the ex-
citation process derives excited molecules with their angular momentum collinear or anticollinear to the laser beam. Here above, for
p =1, the 2J,+1 channels M;=M,+n=—J,+n,...,J;+n only the channel M,=J, +n (or M,=J,) has a favorable geometry
for the excitation process. Thus even from M-unresolved excitation the selection of the plane of molecular rotation for the excited
molecules is significant. (d) The effect described in (c) is considerably enhanced with increasing n. We observe that, for p =1 and
AJ =n =4, the channels other than M, =J, vanish rapidly. (¢) Only one of the two atoms of the 4-B molecule may be selected to
point in the front of the laser beam. For instance, for the AJ = —n rotational branch and excitation with left circularly polarized ra-
diation (p = — 1) only molecules with J, oriented in the laser beam direction are favorably oriented. By decreasing the value of J, by
n units and thus obtaining J, =0 the angular momentum J is also oriented in the laser beam direction. The distribution of the in-
ternuclear axis is then centered around the laser beam direction. (f) The angular distribution of the internuclear axis in the excited
state is prepared differently whether left or right circularly polarized radiation is involved. The photoionization signal obtained from
the “prepared state” probes the dissimilarity and this can be measured by the DSE function Q“A':}(Jg) given in Eq. (25). We observe
that the two spin multiplets ;=1 and — 1 of the NO A4 Z* <« X *II system have opposite dispersion functions.
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from the M (%) rotational line with AJ =—n =—4 and
for the 2A5,,«Il;,, system. One remarks that for
p=—1 only the M,=J, ground-state J orientation is
favored and this leads to strong steric effects even when
the Zeeman structure is unresolved; this has been shown
by the angular distribution of S(B). Instead, for p =1
only the M, = —J, channel is important and thus follow-
ing excitation with left or right circularly polarized light
the 2, vector [17(c)] is collinear or anticollinear to the
laser beam. The above steric effect will be further
enhanced with increasing Q if the condition J,=Q, is
fulfilled.

Thus, even for M-unresolved levels, from multiphoton
excitation with right and left circularly polarized light
two classes of molecules can be prepared. This effect con-
cerns heteronuclear diatomic molecules where only one
of the two atoms of the molecule is present in the front of
the laser beam; the distinction being more well specified
when J, approaches || since in this case the shift be-
tween the two distributions (associated with the two po-
larizations) approaches the 7 value. Instead, it can be
seen that in the high-J limit (or for Q,/J,=0) the above
shift vanishes and only molecules having their internu-
clear axis in a plane perpendicular to the laser beam are
favorably oriented for the |AJ|=n rotational branch. It
is worth noting that in the plane perpendicular to the po-
larization vector the two distributions are always equal
by symmetry.

The above ‘“dichroic steric effect” (DSE) may be de-
scribed by the DSE function

[SB),=1—[SB)], =
[S(m/2)], -, F[S(7/D)], -

LwJ,)= (25)

which gives information on the penetration of one of the
two atoms in the front of the laser beam. The DSE-
function has been plotted in Fig. 1(f) for the NO

A?3"«X™M,, two-photon transition and the S(J)
branch line (N,=3,J,=3); this function involves an
oriented excited state wh1ch is prepared differently from
left or right circularly polarized radiation. We observe in
the same graph that the two spin mult:plets
22+<—X ’M, ;, and 22" <X ?II, ,, for which Q,_—1 and
1 respectively, present opposite DSE functions. Further-
more, we remark a drastic dependence on Jg. In a
pump-probe resonantly enhanced multiphoton ionization
process of the NO A *3* state via the S,,(4) rotational
branch a very similar dependence with the DSE function
is observed from the photoelectron angular distribution
[18]. In this process, two-photon excitation with linear
polarization is used to prepare the NO 4 2= state [in-
stead of right and left two-photon excitation used for Fig.
1(f)] while one-photon ionization from this state with cir-
cular polarization probes the alignment. Then the above
function is obtained by taking the difference between the
photoionization signal with right and left circularly po-
larized incident radiation relative to the orientation
where the photoionization signal is common for both po-
larizations.
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IV. THE STERIC PARAMETER
OF THE ANGULAR DISTRIBUTION

It seems clear that selective excitation of the
M;=M,=Q, channel requires that the angular momen-
tum J in the excited state presents a common projection
both on the LFF and MFF quantization axes. This is a
kind of a resonant steric condition and can be easily in-
terpreted from the density probability of the internuclear
axis orientation in the excited rotational state; this proba-
bility is proportional to |d§) (8)|? and it may be seen that
for M = we have J — M +1 potential orientations for
the internuclear axis when B varies from 0 to 7. Howev-
er, the amplitude associated with the 8=0 value is partic-
ularly enhanced compared to any other orientation. It
follows that the most probable orientation satisfying the
condition M =} is that with the internuclear axis point-
ing in the polarization vector direction. Inversely, the
condition M = — () will enhance the orientation opposed
to the polarization vector.

Thus, since the M =M, =10 f channels demand the
above orientation for the internuclear axis, a significant
alignment along the polarization vector should manifest
in the excited state if only the M, =M, =1Q, channels
were allowed to take place. This can be achieved by ex-
citing the lowest rotational level of the ground state with
linear polarization; i.e., the selection rules M = Mg and
IM,| <J, will permit only the channels |M;|<J, and
thus for J, =+ only the channels M,=M, =7 and L
are present In Fig. 2(a) we show the angular distribution
for the S(1) branch line in the A 3% (b)«X 211, ,(a)
two—photon transition of the NO molecule. We observe
that the alignment along the polarization vector is
significant. We observe also a somehow weak probability
of exciting molecules whose internuclear axis is found in
a plane perpendicular to the polarization vector. This en-
ables one to define a degree of alignment along the polar-
ization vector and relatively to the plane perpendicular to
this vector. For a given branch we introduce the steric
parameter a\,

S(B=0)—S(B=m/2)
S(B=0)+S(B=m/2) "’

W= (26a)
where AJ stands for the rotational branch and n for the
number of photons absorbed. J will stand either for J, or
J;. For the branch line considered in Fig. 2(a) we then
obtain aj?’(J,=1)=0.6. It is important to remark that
alignment along the polarization vector occurs only for
rotational  branches satisfying the condition
AJ +n =even. Furthermore, the sharpest alignment is
found to take place for the extreme rotational branch
AJ =n. In Fig. 2(b) we show the angular distribution for
the same system but obtained from six-photon excitation
in the AJ =6 branch (W branch). The alignment parame-
ter is considerably improved since we obtain
a(J,=1)=0.83.

In general, the alignment concerns unresolved M levels
and this emerges whenever J i >0 fl and AJ =n, since in
this case the M,=M,=1Q, channels are allowed to
take place and, moreover, J, is aligned along the laser



50 STERIC EFFECTS IN MULTIPHOTON EXCITATION 3225

beam. Then, since excitation with linear polarization in  and 6, respectively.

the AJ=n branch favors the M, =M,==1Q, channels For rotational levels J, > 1 (or J, >1) the degree of
and this exhibits an alignment for the internuclear axis  alignment and the corresponding EQF’s decrease slowly
along the polarization vector, it follows that if J; is im-  since new channels are allowed. However, for the AJ =n
portant compared to |Q fl (i.e., when n is important), the  branch, these channels are significantly weak compared
favorable geometry in space for the molecular system in  to the M, =M, =+Q, channels and thus a certain degree
the excitation process involves a plane of rotation perpen-  of alignment persists even for important values of J,.
dicular to the laser beam and, moreover, the internuclear  This is shown in Fig. 2(c) for Jo=% where we measure an
axis must be aligned along the polarization vector. Thus  alignment parameter a(22)(1g =2)=0.52 and an enhance-
the condition AJ =n selects the plane of molecular rota-  ment quality factor of 2.08 instead of 0.6 and 2.5 for

tion whereas the presence of the channels J,=1%. Finally, we must note that there are particular

—_— — * . . 2
M;=M,=+Q, therein further selects aligned internu-  pranch Jines for which the angular distribution of the in-
clear axes from this plane.

. ! ternuclear axis is entirely isotropic. This is shown in Fig.
With the alignment parameter defined above and the ) for the Q(2) branch line of the 23 (b)« 11, 5(a)

sharpness of the distribution around the polarization vec-
tor being closely related we may introduce the enhance-
ment quality factor (EQF) by the expression
8W(N)=1/[1—af)(J)]. We then obtain 8%(J,=1)
=2.5, 8'(J,=1)=4.1, and 8{®(J, =1)=6 for AJ =2, 4,

two-photon transition. Equally well, for n =4,6, . . . the
angular distribution remains entirely isotropic.

The degree of alignment measured here is understood
as alignment along the polarization vector of linearly po-
larized incident radiation. It is relevant to consider the
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FIG. 2. In linear polarization, the selection rules M, =M, and |M,| <J, permit only the two channels M, =M, =1 and — ; if the
lowest ground rotational level J, =% is selectively excited. Then, for an excited state with [Q = %, an important alignment for the
internuclear axis is present along the polarization vector. This alignment takes place only for rotational branches satisfying the con-
dition AJ +n =even, and the sharpest alignment is found to take place for AJ =n. For the above system we obtain an alignment pa-

rameter a$?/(1)=0.6 and an enhancement quality factor 8{'(3)=2.5. (b) The effect described in (a) is further enhanced with in-

creasing n. For n =6 we obtain a(’'()=0.83 and 8§(1)=6. (c) For rotational levels with J, > ; the degree of alignment and the
corresponding enhancement quality factors decrease slowly since new channels are allowed. However, for the AJ =n branch these
channels are significantly weak compared to the M;=M, =1, channels and thus a certain degree of alignment persists even for
high values of J,. (d) For unresolved M levels we may have particular branch lines for which the angular distribution of the internu-
clear axis in the excited state remains entirely isotropic. For instance, for the above system, for n =2,4,6, . . . the angular distribu-
tion is equally well isotropic. (e) If alignment along the polarization vector is present this is due exclusively to the M, =M, =1Q,
channels. This is shown by the dramatic decrease in the alignment when these specific channels are not allowed to take place, i.e., for
J, =1 the channels M, =0 =12 are absent for the 'A, excited electronic state; then the probability of exciting a molecule with its
internuclear axis aligned along the polarization vector vanishes. (f) The resonant steric condition J,={), obtained from the
AJ = —n rotational branch with left circularly polarized light derives internuclear axis orientation in the laser beam direction. The

degree of orientation is improved considerably when Q. increases. Here [a¥'(1£)]q =1 ,2=0.3 and [a$'({)]o =3 ,2=0.82fora 23,

and a ?A; , excited state, respectively.
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absence of the M,=M,=+Q, channels; this leads to
a(J)=—1, Wthh descnbes a forbidden orientation for
the internuclear axis along the polarization vector,
whereas, in contrast, if alignment is present the corre-
sponding parameter has the unity as an asymptote. In
Fig. 2(e) we show how drastically the alignment is
modified when the channels M, =M, =1Q, are absent;
this is plotted for the branch lme T(l) of the 1A<—'2
three-photon transition with A=0, 1, and 2 (that is, for
excited states '3, 'Il;, and !A,). For the state 'A, we
have ;=2 whereas from the condition |M,| <J, it fol-
lows that the M, =M, =+, channels cannot take place
if J,=1. We then observe that the excited molecules can-
not occupy at all any of the two orientations defined from
the polarization vector.

Into this extension it is easy to define a steric parame-
ter for the M channel. Similarly with the degree of align-
ment we define the expression

S(M;B=0)—S(M;B=m/2)
S(B=0)+S(B=m/2) ’

which describes the degree of orientation obtained from
the M channel. If one sums over all M channels one will
obtain a{’)(J). It is understood that for the M channel
also orientation is present and thus S (M ;0)#S (M ;).
From Figs. 2(a), 2(b), and 2(c) we find, respectively,

(I, =1;,£1)=0.66, af(J,=1;+1)=0.86, and

m(J —9 i‘)—O 72. These values are somehow im-
proved compared to the corresponding alignment and,
moreover, they concern a single orientation in space.

In circular polarization, the degree of orientation for
the internuclear axis around the polarization vector can
also be measured from Eqs. (26a) and (26b). However,
now the resonant steric condition for orientation of the
internuclear axis along the polarization vector is given by
J;=|Q;| (instead of M;=+Q/ in linear polarization).
This is obtained from the AJ = —n rotational branch
where we observe the sharpest distribution for large n
and Q. In Fig. 2(f) we plot S(B) with the constraints,
J;=Q; and AJ=-—n for a six-photon process and
Q=1 or 3. The difference in the degree of orientation is
considerable; from Eq. (26a) we obtain
[a(J, =1 2o, -1,=0.3 and [a O, =

=0.82 for Q r =+ and 3, respectively.

a(J M= (26b)

:
=2)1g, =52

V. ANGULAR DISTRIBUTION
FOR UNRESOLVED-M LEVELS
AND ROTATIONAL LINE STRENGTHS

When the Zeeman structure is unresolved one must
sum over all degenerate M values. From Eq. (23) we ob-
tain

2n

S(B)'__So 1+ 2 ELOPL( COSB) (273)
L=1

where G.,=0;/5, and S,=7,/(2J,+1). The MOA

tensor is given by
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0 %
(n)
=(2J,+1) % 2k + 1)k (p) —np 0 np
A S A

—np 0 np|{lr O JrOC.

Jo k Js
(27b)
As prev1ously, the sum over k obeys to

k=n,n— , |AA.

Now we observe that the number of Legendre polyno-
mials involved in the angular distribution of the internu-
clear axis is determined exclusively from the number of
photons absorbed and no longer from the excited rota-
tional level. Moreover, in linear polarization only the
even values of L are allowed. Since P;(1)=1 and
P, (—1)=(—1)L we obtain S(0)=S(7) and thus only
alignment for the internuclear axis may be present in this
case.

The tensor S, which constitutes the amplitude of the
distribution, is the isotropic rotational line strength of the
process. For any CCS we obtain

1 1

g k

So=

In the CCS b-b the rotational line factor is given by

0Q(b-b)=(2J, +1)(2N, +1)(2J+1)(2N,+1)
N, k Ny |*[N, k N,

(29)

If we set S =0 and replace A by Q2 and N by J we obtain
the case sequence a-a rotational line strength. Singlet
transitions are particular cases, obtained by setting S =0
in Eq. (29).

From the coefficient ¢{7(0) /(2k + 1) and from Table I
of Appendix A we observe that, in linear polarization, the
k term is always weaker than the (k —2) term. Further-
more, the xj symbols involved therein may further de-
crease the terms corresponding to high-k values. It fol-
lows that the higher the values for the CAM quantum
numbers, the lower their probability of occurrence since
these values are associated with a high number of MFF
dipole components having the same orientation. Since
transitions involving a large change in the rotational
quantum number are associated with high CAM quan-
tum numbers, it follows that the extreme rotational
branches in a n-photon process decrease gradually.

The angular distribution for unresolved M levels, given
in Eq. (27), can be explicitly determined both for linear
and circular polarization. Therefore an analytic expres-
sion for the steric parameter a¥)(J), which has been
defined by Eq. (26a), may be obtained. Given that
P, (0)=0 if L is odd and (—1)2/AL —1M/LYN if L is
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even we find

S(B=0)—S(B=mn/2)
S(B=0)+S(B=m/2)

2n
S djo, |/
L=1

with dF =1%8 oo —1)E2[(L —1)1/L1] and 8 ;. the
Kronecker symbol.

In circular polarization, both the even and odd values
of L are allowed to take place in the &; tensor. There-
fore, S(0)#S(7) in this case and the steric parameter
measures orientation relatively to the plane perpendicular
to the laser beam.

For unresolved M levels the amplitude of the angular
distribution is given by rotational line strength S,.
Therefore, S(B) gives also information on the intensity
distribution among the rotational branches. Further-
more, the isotropic rotational line strength S, may be
written both for linear and circular polarization and thus

=

, (30)

2n
25,+ 3 djo,
L=1
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the particular case of the four extreme rotational
branches where only the k=n value is allowed
we obtain (SE)/(SEH)=¢\"(0)=1, 2,2, & ... for
n=1,2,3,4,..., respectively.

In Fig. 3(a) we plot S(B) from Eq. (27) for a three-
photon excitation in the 'II«'Z system. The angular dis-
tribution of the different rotational branches is shown for
the excited levels obtained from the J, =5 ground rota-
tional level. We observe that the N, O, S, and T branches
present only a weak excitation probability whereas the Q
and R branches are enhanced. The above intensity distri-
bution agrees with the observed three-photon excitation
spectra of the CO A 'I«X!Z* system which show
enhanced Q and R branches and a P branch with a some-
what reduced intensity. The authors report that the N,
O, S, and T branches are too weak to be observed [19].
The intensity distribution among the rotational branches
in a n-photon electronic transition can also be observed
from conventional photoelectron spectra obtained from
the excited state. For a given intermediate excited level

furnish information on the polarization intensity
ratio of a given rotational branch. For instance, in

J; the intensity of the photoionization signal will depend

on the involved rotational branch line AJ =J, —J,. In
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FIG. 3. (a) The angular distribution of the internuclear axis gives also information on the intensity distribution among the rota-
tional branches. Here, in three-photon excitation in the CO A 'II<X 2% system, the N, O, S, and T branches present only weak in-
tensities whereas the Q and R branches are enhanced. Each rotational branch presents a distinct angular distribution. (b) In a four-
photon transition in the 2« '3 system the Q branch is particularly enhanced and is followed by weaker S and O branches. The ex-
treme M and U branches appear particularly weak as expected. (c) The three-photon excitation spectra in the !Z«!3 system show
strong P and R branches followed by the N and T branches with only weak intensities. For the AJ=21,13 branches (AJ +n even)
one observes that, although the angular distribution is roughly the same when it is observed in the plane perpendicular to the polar-
ization vector, along this vector, the anisotropy between positive and negative AJ branches is relevant. (d) For the two-photon excita-
tion of the NO A4 23*«X ’[I,, system through the AJ =2 rotational branch (S branch) the angular distribution of the internuclear
axis in the excited state shows an alignment along the polarization vector. Further photoionization of this state probes the alignment
by the observed photoelectron angular distribution [24]. Also, the anisotropic distribution of the internuclear axis in the excited state
leads to an anisotropic fluorescence signal when this is detected at =0 or at B=m/2. (¢) The polarization intensity ratio for the
four extreme rotational branches is given by §°f/Sin= I/E,,: (0)= 1,%,%,%, ... for n=1,2,3,4,..., respectively; this simple ex-
pression arises since only the extreme CAM value is allowed to take place. However, for the remaining branches, only for high-J
values the intensity ratio approaches a constant value whereas this constant depends on the rotational branch involved. For low rota-
tional levels we observe a drastic dependence, both in the rotational branch as well as in the symmetry of the electronic states.
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fact, photoelectron studies of resonant multiphoton ion-
ization for the CO molecule via the A 'Il state [20]
confirm the absence of the N, O, S, and T branches, the
recorded CO™ signal shows only the P, Q, and R
branches. Similarly, photoionization of the excited H,
C ', state, prepared by three-photon excitation, shows
lack of the N, O, S, and T branches [21].

The band structure of the photoelectron spectra in the
vibrational band of the N;” X ’Z«N,X '3} and for
transitions with AJ =0,%2,+4 has been already ob-
served; the ionizing radiation is produced by a microwave
powered electron-cyclotron-resonance source and the
spectra show an enhanced Q branch followed by weaker
S and O branches [22,23]. Furthermore, the S branch ap-
-pears more intense than the O branch whereas the M and
U branches are particularly weak to be observed. The
above observations are similar with those obtained from
the four-photon 2« '3 transition which is shown in Fig.
3(b). On the other hand, the three-photon excitation
spectra in the !Z-!3 system show strong P and R
branches (with the P branch more intense for B=m/2
than at B=0) following by the N and T branches with
only weak intensities. This is shown in Fig. 3(c), which
is very close to the observed intensity distribution of the
AJ=+1,+3 branches in the N, B 23 «N,X IE: photo-
electron spectra [22]. Thus the above observed intensities
are essentially determined from the symmetry of the elec-
tronic states and the involved rotational branch.

The rotational branches with AJ +n =even present an
alignment around the polarization vector and when AJ is
positive the corresponding alignment is more important
than the alignment of the —AJ branch line. Thus the in-
tensities may differ significantly if they are observed
along the polarization vector in a plane perpendicular to
this vector; for example, in Fig. 3(b) the S(5) branch line
is two times more intense than the O(5) branch line if
this intensity is observed along the polarization vector
whereas both of them have equivalent intensities in the
plane perpendicular to the polarization vector. Similar
observations can be made for the U and M branches as
well as for the P, R, N, and T branch lines of Fig. 3(c).
This leads to anisotropic rotational line profiles in the
photoelectron energy spectra when positive and negative
AJ branches are involved. In general, this anisotropy is
different for intensities observed along the polarization
vector of linearly polarized radiation or in a plane per-
pendicular to this vector.

In Fig. 3(d) we plot S(B) for the N,=4,J,=3 rota-
tional level and for the different rotational branches AJ
which may take place in the NO 4 *3*«X I1;,, two-
photon transition with linear polarization. The ioniza-
tion step from the 4 2% excited state being predom-
inantly parallel, the transition dipole is parallel to the in-
ternuclear axis. Photoelectron spectra resulting from the
two-photon resonance four-photon ionization via the S
branch of the NO 4 23*<«X 2I1;, system [24(a)] show a
photoelectron angular distribution for the two final ionic
vibrational states v =0 and 1 similar [24(b)] to the angu-
lar distribution of the internuclear axis in the intermedi-
ate excited state. This suggests that the internuclear axis
in the intermediate excited state is aligned along the po-
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larization vector when the extreme rotational branch is
involved.

The anisotropic distribution of the internuclear axis in
the excited state can also be probed from the fluorescence
anisotropy detected at S=0 and 7 /2. Measurement of
the fluorescence anisotropy of the isolated O,(7.5)
branch line from excited NO* A4 =" molecules pro-
duced by two-photon excitation shows a signal at =0
stronger than that at B=/2 [25]. The observed anisot-
ropy in these spectra, however, is weaker than the anisot-
ropy depicted from the O branch of Fig. 3(d).

Similar studies for the intensity distribution in the ro-
tational branches may be done for other multiphoton
processes. For instance, if we draw the two-photon exci-
tation probability of the 'S« '3 system as a function of
the angle B we observe that the excitation probabilities
for the S and O branches are low compared to that of the
Q branch. It is also seen that circularly polarized light
gives a @ branch with an intensity equivalent to that of
the S and O branches. In fact the two-photon excitation
spectra of the CO B!ZT« X '3% transition, obtained
with linear polarization, show an intense Q branch which
dominates the transition [26].

On the other hand, the two-photon excitation of the
'MI<!X system obtained with linearly polarized light re-
veals a very weak Q branch. The most intense branch
now is the S branch, which is at least 25 times more in-
tense than the Q branch. The observed excited fluores-
cence in the two-photon excitation spectra of the CO
fourth positive system [27,28] 4 'Ml<—X =% reveals an
enhanced S branch and a Q branch of particularly weak
intensity. Moreover, in the two-photon resonant, four-
photon ionization of CO via the A4 'IT state, reported
measurements of photoelectron spectra confirm this
enhancement [29].

Similar observations can be made for the two-photon
excitation of the metastable upper state of the Lyman-
Birge-Hopfield system a ‘Hg<——X 12; in N, [30]. Finally,
we plot in Fig. 3(e) the polarization intensity ratio (PIR)
S¢&ir /St for the O, Q, and S branches of a four-photon
process. We observe that the AJ and — AJ branches ap-
proach the same PIR value only with increasing J,
whereas for low J, the anisotropy between these two op-
posite branches is relevant. Moreover, this anisotropy
depends drastically on the electronic states when the J
values are low. For the extreme rotational branches
where only the kK =n value is allowed, however, the inten-
sity ratio is always constant and equals 2 for any J.

VI. IMPORTANT PARTICULAR CASES
AND CONCLUDING REMARKS

When at least one of the two electronic states belongs
to case (a) the spin angular momentum is “tied” to the in-
ternuclear axis and important simplifications occur. This
arises since in electric dipole allowed transitions the spin
component = is common for both states. Furthermore,
for a given M channel, when the polarization of the in-
cident radiation is linear the angular distribution be-
comes independent of the number of absorbed photons.
In such circumstances only the amplitude of the distribu-
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tion depends on the order of the nonlinear process and,
more generally, how the specific state is populated.

In fact, when at least one of the two states belongs to
case (a), from Egs. (22) and (BS) it follows that the
MOAP tensor of Eq. (23) simplifies to the expression

Jy 0 J;
Tro(M)=(Q2L +1)(2J;+1)? —-M; 0 M,
y Jo L I [ J 0 U
-M; 0 M;||—Q,; 0 Q
X o 31)
-Q;, 0 Q"

where Q,=A;+Z and M;=M_,+np. We observe that
now the MOAP tensor depends exclusively on J ¢ and its
projections on the LFF and MFF quantization axes.
Moreover, in linear polarization, &;,(M) becomes in-
dependent of n since for this case we have M =M,.

Then it may be seen from Eq. (23) that the probability
of exciting the state |J TMQ f) from the ground state
IJgMgQg) when the internuclear axis of the molecule
forms an angle B with the polarization vector of the in-
cident radiation simplifies to

S(M;;B)=20,+1)S (M )dy' o BT, (32)

where Mf=Mg+np, .Qf=Ag+Z+AA, and Jf=Jg+AJ
with AJ=0,%1,... n; otherwise the excitation
probability  vanishes. In Eq. (32), S(Mj)
=1 f 0SinBdBS (M;;B) concerns the B-averaged proba-
bility of populating the sublevel M =M, +np. We ob-
serve that also the ratio S(M,;B)/S(M;) depends ex-
clusively on J; and its projections on the LFF and MFF
quantization axes. The quantity S (M) is the relative oc-
cupation probability of the M, sublevel, which is given
by
S(M;)=sS(Z)(2J;+1)

J, k Uy
M, np —M,

2

X 3 z(p)
k

I kI

X
Ag+Z AA —A;-3

,  (33)

with s€S(Z), the spin-multiplicity weighting factor.
This is s?*(2)=1 for the a-a case and

Jj S N

2
sZ)=(2N;+1)

or
(34)
N J S N )
sMEI=@N D | 43 3 _Ag]

for the case a-b or the b-a case transitions, respectively.
Singlet transitions are particular cases; they are obtained
by setting S == =0 and replacing J by N everywhere.
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The quantities d.J),, (B) are the matrix elements of finite
rotations which are always real [31,13] and their square
conjugate defines the shape of the angular distribution.

Note that (2J,+1)[d ,(,',’Jf (),f (B)]? is the density probability

of finding an angle B between the internuclear axis and
the polarization vector in the final rotational state. Then
by inspecting Eq. (32) we observe that S(Mj;B)
representing the required molecular angular distribution
for the excitation process; this is simply given by the
orientation density probability of the final rotational state
multiplied by the probability strength of the
M;=M_,+np channel and the spin-multiplicity weight-
ing factor s°(2). Thus, if the internuclear axis or the
plane of molecular rotation are not favorably oriented for
the excited rotational state, the excitation probability be-
comes weak. The most simple case considering how the
plane of rotation has to be oriented in order to populate
efficiently an excited state is the case of the M,=J sub-
level in a 'S excited electronic state. For this particular
case the angular distribution becomes proportional to

(sinB)uf and thus, with increasing molecular rotation,
the internuclear axis becomes increasingly well confined
in the plane perpendicular to the polarization vector.

Since the angular distribution for the internuclear axis
in the excitation process becomes proportional to the
quantity [d,‘;f(),f(ﬁ)]z, the properties [djf}(0)]°=8,,q
and [djfh(m)]’=8,, _q lead to the following selection
rules.

(i) When one is concerned with oriented molecules
having their internuclear axis collinear to the polariza-
tion vector excitation of some rotational line populates
predominantly the M=, corresponding sublevel.

(ii) On the other hand, M-selective excitation of the
M;=Q; (or M;=—Q/) sublevel from an initially isotro-
pic distribution will result in an enhanced B anisotropy
for the excited molecules, the angular momentum 2 ; be-
ing oriented along the polarization vector with =0 or 7
following the case M;=Q, or —Q,, respectively.

A similar expression as Eq. (32) can also describe the
angular distribution of oriented molecules in the ground
state. In fact, ground-state rotationally state-selected
molecules in a molecular beam can be oriented by hexa-
pole field techniques followed by a dipole orienting field
[32]. These techniques can provide a relatively well-
specified orientation. Nevertheless, this concerns
ground-state molecules which are assumed to have a per-
manent electric dipole moment and, furthermore, are
subject in strong electric fields.

In M-resolved experiments the magnetic sublevels re-
veal important steric properties and if one of the two
electronic states belongs to Hund’s case a these effects
obey to simple expressions. For instance, from selective
excitation of the particular M ;= sublevel, by virtue of
the B dependence of the excitation probability we create
an oriented excited state for which the initial angular dis-
tribution is determined by (2J,+1)[d§,’;,’,,f(3)]2. One

then remarks that the excitation probability is enhanced
only around the =0 value and becomes sharper with in-
creasing molecular rotation, whereas for = it van-
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ishes. Thus the internuclear axes of the excited molecules
have the same initial orientation and they start to precess
about their angular momenta while for times 7,27, . ..
they occupy repeatedly the same orientation in space.

It is clear that [apart from the fact that the population
of the excited level is given by S (M) and thus it depends
on the order of the excitation process] in M-resolved ex-
periments the degree of orientation is independent of how
the oriented excited state has been prepared. For a given
process the degree of orientation depends exclusively on
the excited rotational state. However, if the magnetic
levels are unresolved the ratio of oriented over unoriented
molecules is formed from Eq. (27) and leads to
[S(B)/Sy]1=33_ T o Py (cosB), which for B=0 reduces
to (1+3%"_,5,0). Thus the degree of orientation now
depends explicitly on the excitation process and we have
an isotropic excited state only if &, =0 for all L > 1 [33].
This shows that, even for M-unresolved levels, the angu-
lar distribution of the internuclear axis in the excited
state is anisotropic. The sharpest anisotropy for M-
unresolved levels is found to take place for the extreme
rotational branches AJ=x=n and it is enhanced with in-
creasing n. In general, the angular distribution is de-
scribed either by S (M ;B) or S(B) following the case of
resolved or unresolved magnetic levels and these expres-
sions can be plotted for any nonlinear process; the B-
averaged expression then describe the relative occupation
probability of the corresponding rotational lines.

The degree of orientation for the internuclear axis ob-
tained from the multiphoton process can be measured by
the steric parameter introduced by Eq. (26). For the rota-
tional subline N,J, M, —N;J .M it results in

/

while, for unresolved M levels a summation over all M
levels is required and leads to the steric parameter a{")(J)
of Eq. (30), which, for linear polarization, describes only
alignment. For instance, by exciting the lowest ground
rotational level of the NO 4 =%« X 2, , system with
linear polarization, from the extreme rotational branch

el 2n
all(J;M)= | 3 d; o, (M) 25,+ 3 d/ 5, |,
L=1 L=1

(35)
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AJ =n we obtain an alignment with a5*(J,=1)=0.6,
af(J,=1)=0.75, and a{®(J,=1)=0.83 for n =2, 4,
and 6, respectively. Besides, from M,=M,=Q, or
= —Q/ selective excitation the corresponding steric pa-
rameter is somehow improved and, moreover, it describes
a single orientation in space. Finally, it is worth noting
that, although for unresolved-M levels and the AJ =n ro-
tational branch the sharpness of the alignment decreases
with increasing J, [34], in contrast, from M-selective ex-
citation the sharpness of the angular distribution is fur-
ther improved with increasing J, .

Thus the M, =M,==+Q, channels in linear polariza-
tion and the J,=|Q| condition in circular polarization
together with the AJ ==xn rotational branches contain
important steric effects; in addition, these effects are con-
siderably enhanced by multiphoton excitation. Molecu-
lar excited states prepared under the above resonant ster-
ic conditions are expected to show strong steric effects in
their fluorescence, their photoelectron angular distribu-
tion, or in the chemiluminescence of their chemical reac-
tions.
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APPENDIX A
In this appendix we show that the tensor

Tor (D) =B npBi np 3 /(@)BL(@)BM (@) (A1)

vanishes whenever k’'*k and we calculate the diagonal
terms of this tensor for up to seven-photon processes. In
fact the B and B tensors emerge from the contraction of
the n rotation matrix elements ﬂ;};‘(aﬁy ), which trans-
form the electric dipole operator from the LFF into the
MFF for every absorbed photon. They may be contract-
ed by considering the first two elements and then con-
tracting the obtained result with the third one. By suc-

cessive operations we obtain [11]

* *
Dyl Dyla = 2 BiompBi™@1 - 4l D0y o
k (A2)

TABLE 1. The tensor B,‘(‘”(a)Q4.

Qs a sla) 0 2 4
(0000) 1 —v'9/75 +v144/1470 —v'16/22050

0 (001-1) 12 +v'1/75 —Vv'1/1470 —Vv'4/22050
(1-11-1) 6 —V4/75 —Vv'16/1470 —Vv'1/22050

1 (0001) 4 0 —Vv/'9/490 +v'4/8820
(01-11) 12 0 +v'4/490 +Vv'1/8820

2 (0011) 6 0 +v'1/245 —V'4/8820
(1-111) 4 0 —v'9/245 —v'1/8820

3 (0111) 4 0 0 +v'1/1260

4 (1111) 1 0 0 —V'1/315




TABLE IL. The tensor ¢, (0).

kn 1 2 3 4 5 6 71 8
1 1 1
A S S S
5 7 9
SRR SR B
4 s o »m o
35 77
5 s 0 %
s i
429
8

where Q, =¢q,+q,+ - - - +q, and k is the composite an-
gular momentum quantum number which takes the in-
teger positive values with the conditions O <k <n and
k +n even; otherwise the tensor B, ,, will vanish.
From previous work it follows [10,11] that the B tensor
can be written as B; o =(—1)"8; ., ...’/ (2k +1)k!/3 or
Bi,+n=(—1®8; ,V(2n +1)11/3 for linear or circular po-
larization, respectively. The phase factor is given by
®=np +(k+2)/2 if n is even and ®=np +(k +3)/2 if
n is odd. We see that the sense of polarization has no
effect on this tensor.

All the tensor components B{"(q, - g, )Qn may be
derived from a recursion formula [10] and from the
lowest rank tensor B(l”(q)q =(—1)"9% The above tensor
is nonvanishing only when n >k >|Q, |. Below we derive
the tensor B{*( a)g, for its allowed transition paths.

It may be easily verified from Table I that, since the
tensor Cyr)(p) involves an averaging over all transition
paths a with 4(a) as transition path weighting
factor, only diagonal terms for k are nonvanishing.
For instance, we find that the quantity
So/4(a)BP(a)g BiP(a)y, vanishes whenever k'#k.

This is more general and holds for any » and Q,. Fur-

i
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thermore, it may be verified that any diagonal term for
the above quantity brings the same unique value indepen-
dently of the particular value of Q,,.

It follows that the tensor ,»(p) is independent from
Q, and depends exclusively on n and k. The symmetries
of the initial and final electronic states only contribute
through the number of allowed CAM vectors which obey
the selection rule |AA| <k <n.

For circular polarization only the k=n val-
ue is allowed. Then we find .2 (1)=¢c"(—1)
=1. For linear polarization the tensor ¢y (0)

=12k + Dk!34(a)|B{"(a)g |* is derived in Table II

for up to seven-photon processes. We remark that the
extreme values €, (0) give the polarization intensity ratio
of the four extreme rotational branches |AJ|=n and

n — 1 for any electronic transition.

APPENDIX B

In Eq. (14), the RLA tensor holds for the b-b coupling
case sequence where both the ground and excited states
belong to Hund’s case (b) coupling. However, for the
particular case of singlet molecular states (S =0) there is
no way to distinguish case (a) and case (b) coupling. In
this case the molecular states may be treated equally well
by either coupling scheme. Setting S =0 in Eq. (14) and
replacing A by ) everywhere we obtain

Oifa-a)=(2L +1)(2J, +1)(2J;+1)?

RIS
-0, 0 Q| |-Q, 0 Q
L L
Q, AQ —Q, |0, AQ —Q/]"

(B1)

This is the a-a case RLA tensor. To obtain Eq. (B1) we
have used the identity

N, L g [, Kk N Pr KN
EI(ZNé+1) —0, 0 Q,||0, —A0 -q, Jp Jp L
N 0 J, J,
3 J, 0 J, Jp 0 Jg Jp L Jg Jp kKU, )
=l-9, 0 o, ||-2, 0 o,||-9, 0 o,||-0, a0 q,| ®2
and the fact that k +k’ is always even. Note that using Eq. (6) with case (a) wave functions, we obtain the same expres-
sion for the RLA tensor.
For the b-a CCS, where the ground state belongs to case (b) and the excited state to case (a), we obtain
o . J, S N, *[J 0 U
Oy(b-a)=(2L +1)2J, +1)2J,+1)4(2N,+1)
kk g f g Ag+32 =32 —A, | [—Qf 0 Qf
Jp L Uy Jy k Jg Jq ks
X . (B3)
—Q 0 Qf| [A,+2 AA —Qf | |A,+2 AA —Qy

Here again, if we set S =0 and replace A by () we obtain the a-a CCS. The RLA tensor for the a-b CCS is given by
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2

0% a-b)=(2L +1)(2J,+1)(2J,+1)2N,+ 7 5N Iy 0 Jy
k(@ g pFURNHDp 45 5 -4, —A;—32 0 A +3

X (B4)

—Ay—=2 0 Ap+32]|Q, AA —A,—2||Q, AA —A,—Z "
We may see from Egs. (B1), (B3), (B4), and (14) that the isotropic tensor component 6% @ is identical to the rotational
line factor of the corresponding CCS.

If any of the two states has a spin angular momentum S tied to the internuclear axis, its projection is well defined, as
is the projection of the electronic orbital angular momentum. Then the angular dependence and the rotational line fac-
tor split into two distinct parts and this leads to a simple expression for the angular distribution of the internuclear axis.

For the a-a, a-b, or b-a coupling case sequence we may write
Jy 0o Jg Jy L Js

(L) o —

eR.e . (BS)

This will not be the case when both the ground and excited state belong to case (b) coupling. In this limiting case, with
increasing rotation the spin angular momentum uncouples from the internuclear axis and recouples to N, to give the
resultant total angular momentum J,. Since the projection of the spin angular momentum on the internuclear axis is
not defined, all N; which couple to S and have the same projection A, to the internuclear axis leading to the same resul-
tant J, must be taken into account, as can be seen from Eq. (14). Only for the particular case of singlet transitions can

the tensor ©%(b-b), be a factor as in Eq. (B5).
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