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Laser-induced steric effects in nonlinear processes from short laser pulses

Constantin Mainos
Laboratoire de Physique des Lasers, Universtaris-Nord, Avenue J. B. Qieent, 93430 Villetaneuse, France
(Received 22 April 1996

The response of a diatomic or symmetric-top molecule in a nonlinear optical process through its third-order
susceptibility is investigated in terms of the internuclear axis orientation and the plane of molecular rotation.
The effect of the spatial arrangement of the molecular system in a Raman-type or two-photon absorption-type
intermediate resonance is studied for laser pulses having a time-duration short compared to a simple molecular
rotation. We observe strong steric effects on the internuclear axis angular distribution depending drastically on
the resonant rotational structure and on the incident polarizati§i€50-29476)01009-§

PACS numbe(s): 33.80.Rv, 33.70-w

[. INTRODUCTION alignment of the internuclear axis during the excitation time
interval. It is worth pointing out that a well-prepared inter-
Due to the importance of resonance enhancement and anuclear axis selected excited state is a crucial parameter for
gular momentum conservation, the investigation of spectrothe analysis and understanding of the dynamics of many pro-
scopic properties in nonlinear optical processes have yieldegesses. In particular, the oriented molecules in a neutral ex-
a great amount of information on the molecular structure. Irfited state can subsequently react with an atomic, molecular,
a nonlinear optica| process, incident photons can be dear laser beam and furnish detailed information on the inter-
stroyed and a scattered photon created while the molecufdclear axis angular dependence of the reactivity, photodis-
undergoes a transition from an initial state to a final stateSociation, or photoionization of this state. In such circum-
This process is coherent in the sense that these three evesit@nces the spatial arrangement of the molecular system in
are interdependent and thus cannot be resofed]. An the excited state needs to be a controlled parameter and,
interesting feature derives from this fact since for nonlineatinder this aspect, the sensitivity and the short duration of the
optical processes the scattering time may be very fast confrobing pulses in conjunction with the state selectivity due to
pared to the molecular rotational period. This allows one tg2nergy and angular momentum conservation make the non-
investigate the internuclear axis angular distribution of thdinear processes promising in the study of photofragments
molecular susceptibility of a free-rotating molecule in a non-and fast relaxation processes.

linear process provided that the laser pu|se time duration |S In thiS_WOI’k We-ConSider.the internuclear axis steric effeCt
short compared to a simple molecular rotation. induced in a nonlinear optical process when a short excita-

Experimental conditions implying an interaction time tion time interval is involved. In what follows we assume
shorter than a simple molecular rotation may occur in varithat a diatomic or symmetric-top molecule is found initially
ous situation$3,4]. For instance, nonresonant electronic pro-in Some electronic-vibrational state occupying one or more
cesses may reach characteristic response times of the ordéfational states which are well described by Hund’s case a
of 107%° s whereas the rotational period of molecules is typi_coupling. The frequent case of singlet transitions in diatomic
cally of the order of 10*°-~10'* s. Moreover, when the molecules is then deduced as a particular case.
incident frequency in a Raman resonance is above a disso- For a short laser pulse the spectral bandwidth may be
ciation limit the reemission time may be limited only by the duite large implying the simultaneous excitation of multiple
time needed for the atoms to fly apart, under these circumotational lines. Therefore, as long as adjacent initial rota-
stances the scattering time can be smaller than one picoseléonal states are populated their relative occupation probabil-
ond. Finally, it is worth noting that coherent anti-stokesity should be taken into account. As a particular case the
Raman_scatterinchRS) processes can be carried out Ialser.induced Stel‘IC effeC:t is inVeStigated for a thermal .diS'
equa”y well with picosecond lasers and thus may be easnynbunon Of the |n|t|a| rO'Ea.“Qna.l states. Due tO the O|t|entat|0r.]
used as a diagnostic tool for very fast relaxation processesdependence of the excitation process an anisotropic selection

There are extensive investigations on orientation andor the internuclear axis is expected to take place. The elu-
a”gnment effects related to the angu'ar moment[@p?]_ cidation of this pOint is the major focus of this work.
Orientation for the internuclear axis in a selected rotational
level has been ob_taln_ed with NO_moIecuIes by explo_ltlng_the”. INTERNUCLEAR AXIS AND ANGULAR MOMENTUM
permanent electric dipole .of this molecule in conjunction ORIENTATION DEPENDENCES
with the Stark effect and using strong hexapole electric fields
[8]. More recently it has been shown that an intense laser We consider the third-order molecular susceptibility with
field forces all molecules to align along its polarization vec-an intermediate resonance with the second photon, the two-
tor [9]. In this high-field limit pendular states are presentphoton resonance may be either Raman or a two-photon
similar to those for permanent dipoles subject to static fieldgebsorption-type resonance. It can be seen that under these
[10]. To date, however, there is a lack of theoretical andcircumstances any nonlinear process can be deduced from
experimental results concerning the effect of orientation othe tensof11]
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3 ) ’ N 1 the electronic-vibrational motion and we may separate the
Xpipépzpl(_ W]~ WyWrw1) = 6% Weg— @1 —1T g rotating and the nonrotating part in the molecular wave func-
tion [12]. We will also use the fact that for spin allowed
> (p(o)_p(o))(afpéfpi transitions 'Fhe wave function|aLASY) splits into
dégeg = 99 €€ Teg |aLA)|S3) since the quantum numbers S, andy are all
good and the same orbital wave functi@arLA ) is associated
with all 2S+1 spin wave function$SY ). Therefore, in what
(1)  follows the complete basis set functions will be assumed as
products of a function containing only the variables of the
whereg stands for the initial state areifor the two-photon  onrotating molecule and a function containing only the ro-
resonant state. T?S sum (%;dends over all degenerated MPyiona) variable§13]. Finally, since the MFF components of
lecular states anflyy andpee are the unperturbed diagonal 4 do not involve the rotational variables, the corresponding

density-matrix elements for stageande; respectivelyN is atrix elements are diagonal in the rotational quantum num-
the number density of molecules. In the above expression t o 9 ) q
erJ and thus we need only to consider matrix elements of

P2P1 i ; ; il
nsor is the first-order hyperpolarizabili n- - . ) L
;eorssvgeﬁa\/(g)zwl) s the first-order hyperpolarizability te w1 in the nonrotating-molecule basis set. This is to say that

the MFF-electric dipole matrix elements will be treated
<<g|pl. ,&|i><i|2p2~,&|g> throughout this work as molecular parameters.
In order to separate the orientation and rotational depen-
dence in the molecular susceptibility we consider, first, the
transition hyperpolarizability tensor. After inspection of the
, (2)  hyperpolarizability tensor in Eq2) one remarks that, since
the angular frequency, (or w,) is far from any molecular

where is the electric dipole moment operaté[j, is the unit  "esonance, the rotational contribution in the energy denomi-

polarization vector, and the summation extends over all in'at0r can be neglected. Then, the energy denominator be
termediate molecular states comes independent of rotational variables and this allows

(3) (— ) — 0hwywy) one to perform the summation over all intermediate rota-
PiPgPePyt L TZEZELTtional states, namely, we use the closure relaBionr;)(r;
(-wy—wjwow,), instead of the notation |=1 and we obtain

X(wpw1))*( azépl(wzwl)),

1
eg (wp01)= % 2

wig—wz
N <e| Ep2~,&|i><i|2pl-,&|g>

(Uig_ wq

The particular notation y
N E))
= Xplpipop;
XEJ31)rszsp4(_‘*’4;“’3“’2wl)' will be adopted throughout this
work in order to emphasize the fact that, for all processes, we
have an intermediate two-photon resonant state. The reso- PPy, => (1* p(D)* ) yd201

: . . 201) (rel Dyt Dy g |7 ya 2 wowq),

nance of the first two photons, which constitutes the “start- ed dup O P2 P9y
ing step” of the process, is symbolized by unprimed quanti- 3
ties whereas the primed frequencies and polarizations will be
associated with the “ending step.” In particular, out of
intermediate single-photon resonances, with

3) — o — =x
X b, popapy (— 017 020201) = Xp o 0

B 1 <e|/7q1|/></'|ﬁq2|7>

X(~ w2~ wiwyw) a?;ql(wzwl): % 2 5 —o
describes the two-photon absorption process whereas ‘ v F2
x@g,s_pppspp(ws—wp—wswp) stands for the stimulated <e|ﬁq2|/></|ﬁqy>
Raman-scattering(SRS process showing that only the + © —o , 4

. o . iy W1
square modulus of the first-order hyperpolarizability tensor is
involved. The tensop(ézplpzpl(—waswl—wzwl) describes
the coherent anti-Stokes Raman scattefl@gRS) process. the MFF-transition hyperpolarizability for the transitional
. . . thg,q,.
Since the molecular wave functions are expressed in terms &a ! ; (L)% ~
. ; . We have used the transformatign =13, ;D a

molecule fixed framéMFF) coordinates and not in terms of P=2qDpq” (2BY) L

) ' and the associativity of the rotational matri¢éd]. The tilde
laboratory fixed frameLFF) coordinates one has to trans- jngicates that the corresponding quantity is taken in the

form the LFF electric dipole componenis, = €,- 1 into the  \FF, whereas script style letters are used for the wave func-
MFF. In the MFF, where the rotational motion is absent, theijons containing only the nonrotating part. That is, in this
basis set wave functions are the wave functifamisA S3) expression we have used the abbreviati@)=|,)r ),

with a denoting the remaining quantum numbers necessarli)=|,)|r;) and|e)=|.)|r.). Moreover, in order to simplify

to describe the molecular state under consideration. In thghe notation, the Euler angleg3y have been omitted from
LFF, however, the rotational motion is present and we havehe rotation matrix elements. Then one obtains an expression
the basis sefaLASY)|r) with |r) being the rotational wave connecting the LFF to the MFF-third-order susceptibility, we
function. As usual, the rotational motion is slow compared tofind
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(3) (1) (1) orientations. However, \_Nhen the laser pulse t_ime duration is

Xp!pp,p; E E Q({)(rglD- —q;P- |re> short compared to a simple molecular rotation one has to

take into account the fact that the orientation of the internu-

qlq? clear axis cannot change significantly during the excitation

- @ time interval. Also, due to inertial effects, we may assume

><<re|Dp2qZDEl)ql| g>) Xq!aya,0, " (5  that this orientation cannot be modified from the laser-

' molecule interaction and thus reorientation effects can be

For simplicity we dropped the frequency dependence since @egle_cted. On the other hand, for a laser pulse with a time

is the same, both, IN ndX 3) " The sum over uration long com_pared to the rqta‘uo.nal penod one should

p’pgp Py 0;050,0; average over all internuclear axis orientations glfis the

deg (¢) takes into account the rotational degeneracy excluangle describing the orientation of the internuclear axis in the

sively whereas the lette¢ stands for the abbreviation laboratory, the two situations are related as follows:
JgMQq; JIM Q. Q(J) is a partition function taking into

account the relative occupation probability of the unresolved (rg|D(_1) D(l) |re>(re|D§)12§2 E,ll{;] o
rotational states due to the broad spectral bandwidth of the
short laser pulse. 1 (= 0401200
The MFF-susceptibility shown in Eq5) is written =3 j sin B dBsS ;5 " “(4:6). (7)
B=0 P1P,P2P
73 _N ! (p© For singlet molecular states or for slow molecular rotation

o’ - . Ve . . 3
W% 6h | weg— wa— w11 leg/ 27, 7 where the rotational wave functions are well described by

Hund’s case a coupling we may take as rotational wave func-

—p) (a, 2 ql(wzwl))*( qqu(wzwl)) tion the expression
(6) 2J+1\¥2 .
1 . Ir>=(ﬁ e Medun(Be”,
The quantity (gD, DE), o lre)(re DR, DU o)

P20 P14,
contains the rotational, polarlzatlon and transitional path dethe anglese and y represent azimuthal rotations about the
pendences. These matrix elements involve integrations oveolarization vector and the internuclear axis and therefore
the Euler angles and thus average over all internuclear axigvolve only phase factors. From E() one obtains

k!
qlqzqqu(g =SS Z 2 (—1)%2/+1)(2/"+1)dY) _ (B)(2k+1)(2k’ +1) ' _pr
P{P3PaP1 T Pr P2

2

L T S T S R T S S (2304 D23 1y 8 k' Vs
—P p2 piflar gz -Q'J1-Q a4 a g ¢ Mg —P" —=Mg+P’
Jg k' :/7’ k Jg / k Jg

“la, —Q' —04+Q’ M, Pimyll—o -6, oo,/ TDE D

of A e N e e o AV S
Mg=P'" —Mg /' [1Qq—Q" —Q¢ ' |IMg —P-My »/|Qe —Q-Qy
1 d 2m da’ —i(mats a’) 1 2m d dv' —i(y+."y")

% 4772.[ afa’=0 @ e mJ’y yfy =0 Ve
1

X Ef sin B'dg’ d“),,,(ﬁ')), (8)

B'=0

where ¢=P+M—M—Q—Q+Qy+»+~»'—»—»" is @ probable, however, for a short laser pulse these orientations
phase factor. In Eq(8) we have setP=p;+p,, P'=p; do not induce the same occupation probability for the reso-
+ pé, Q=9g;+q, and Q’=q;+qg;. The tensor nant state since angular momentum conservation is imposed
91050201 and the excitation process is not isotropic. In fact, if the laser
PiPsPLP 1@ :B) stands for the rotational matrix element asso- pulse is short the anisotropic interaction of the electric field
ciated to a short laser pulse since, under such circumstanceg&ctor of the radiation with the molecular polarizability is
the averaging over the angfeis absent. enhanced. Therefore a selection through the symmetries of
In the gas phase all ground-state orientations are equallhe involved states and the polarized incident radiations is
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expected to take place and only one class of ground-state The termJ;=J. of Eq. (11) (or AJ'=J;—Jy=AJ) im-
orientations can be privileged. In E(B) the last integral is plies that only rotational lines belonging to the rotational
an average over all potential orientations for the internucleapranch AJ are involved. The remaining term¥,#J, (or
axis in the resonant state and is seen to be nonvanishing onlyj’ # AJ) give contributions from lines belonging to adja-
if /'=.,'=,"=0. Besides, for a diatomic or symmetric-top cent rotational branches which may overlap in energy.
molecule the azimuthal angles and y are redundant and Therefore, in general, also terms with+ J, may contribute
they have to be summed, this results to the conditioAn g the angular distribution if their spectral position overlaps

=0. Then the following selection rules are derived: with the bandwidth of the laser pulse. However, it is worth
, remarking that the leveld,# J, will contribute only if M
P=M¢—M,=AM=—P’, 9 e7 Ve e
e e © =M, andQ.=Q,.
Q=0.-0,=40=-Q, For short laser pulses only the degenerated rotational

states have to be taken into account whereas the averaging
From the above selection rules and the involvedj 3ym-  over the internuclear axis orientation is absent. Therefore, the
bols it follows that only the,’ =J, term is allowed to take internuclear axis angular distribution of the molecular sus-
place. On the other hand, from the sum over all resonanteptibility Xp BL0,01 (B) has to be determined from
levels, one observes that these angular momenta have the
same projection ag, both in the LFF and MFF. Then one

1 (=
. (3) _ -
obtains Xpipépzpl_ > fﬁz sin B dﬁxp bLPoPs (B). (15)
qquQ2Q1 919209201, 1 \AJ . !
Plpzp o1 (&:B)= EL: (5p pépzpl(Z))L Pi(cosB), (100 Finally, we find
h
where Xt o1, (B) =2 [E % “(piP3P2P1)
SRS | S o pipipap)
1F2 Jé kk’ X(Sp AQ) ~SkJ (COSIB) (16)

X T 5(01050200) (OF K(IgM ;3 M o))
The polarization dependence of the angular distribution is
x(@i}'{(JgQg ;Jng))fJ]. (11)  condensed in the LFF tense)rlé,'k and is seen to vanish if
p.+po+pi+py#0, this ensures the conservation of the

ghoton angular momentum in the LFF. The MFF tensor

The same tensors appear, both, in the LFF and MFF. We .,

have Oaq . Which possesses a similar form but contains the tran-
sitional path dependence, has been introduced in the tensor
o 1 KV k 1 1 Y3 In fact, since the allowed transitional paths
oék<p1p2p2pl>=[kiik'](p, 0. P)(_P 0 b ) Nk S )
1 P2 2 P (d102029;) remain indistinguishable the MFF tensgf;,,

(12) averages over all degenerated MFF transitional ppib$
which satisfy the selection rulg;+q,=—q;—q,=

and
The involved sum is performed by introducing the reduced
k'k .1 AJ matrix elemen{12] of the MFF electric dipole components.
(®P J Mgv'J Me))L We obtain
=[L][J][I! ( Je 0 Y
J, L J KK 6l | weg—wa—w1=1Teg) 27, 77
e e k'k ,
05 “(IJgM4;IeMy), (13 OV ~(KV* ) g
(Me 0 —Me) P (JgMgideMe), (13 PO (@I (e (A7)
where with
J k" J
k'k Y _ g e B _ L, k L,
Op (JgMg:JeMe) [Jg][JEJ( -My —P Me) a(Ak/)x(wzwl):(_l)Ly A’[k]< —A, AA A/y)
Je k Jg)
< (14) 1 k 1 1 1
-M, P M X4 — +
e g {ﬁ % {L/. Ly L, w,,~ w3

is the LFF part of the rotational line factor. Respecting this 1
symmetry, similar expressions are written for the MFF ten- (— 1)K )(el_ﬁ”'ﬁ|/;L/.><,,'L/.||ﬁ“yLy> .
SOrs o5 ((0105920) and (B5&(3,04:3.06)). For sim- W, w1 \

plicity we have sefj]=+2j+1 andAJ=J.—J, (18
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i i - i i i (3 _ 22 22 ~(3
o Atlrl]lnformatlon on the Iaser_ molecule interaction concern-yith Xolpipop, = 7P (pipépzpl)(sp,m)ox(zz), the molecular
g the laser pulse time duration and the consequent resonant

rotational structure is contained in the molecular orientatioﬁuscfft'b'“ty ZI;OI‘ long  laser DUISPTS and'SE(ZAQ)L’O
KK i =(Spa0)L/(SFAn)o. the molecular orientation asymmetry
asymmetry(MOA) tensor Spsq). - We find paramete(MOAP). Therefore, the tensdys) may be seen
as the vibronic susceptibility obtained from unpolarized in-
(SEKa)L= 2 Q(D(OK Mg diM ) cident radiations and long laser pulses.
deg ) Particular attention has to be taken however for the sum-
mation over deff) since the involved degenerated rotational

~k'k Y AJ
X(O30(Jgfg:Jede))L™ (19 states depend on the specificities of the molecular system,
where the degenerated rotational structure is determinell© 1aser pulse spectral resolution and the temperature of the
from gas medium.
_ ST S (20 " THERMAL DISTRIBUTION OF THE INITIAL STATES
dege) T NI Ay My Am AND PARTICULAR CASES
The presence of the sums ov&d and AJ’ shows that, in Fourier analysis shows that a wave packet of size

general, distinct rotational branches overlap in energy. ~ contains a spread of wave number$/AL. Consider a laser

The presence of the fractional population of the rotationaPU!Se With a time duratior p and spectral resolutio, p .
state in the MOA tensor implies a normalization constant,! N€ intrinsic uncertainty in the behavior of the photons of

This normalization may be performed by considering thethe laser pulse is built into the wavelike character of propa-
ation; if we wish to be sure that the photon is confined to a

case where the whole rotational structure of the lowest vibra9&! ) . |
tional level of the ground electronic state is excited with a"®9i0N AL then we must suppose its associated de Broglie
laser pulse having a time duration long compared to a simpl¥/@ve is squashed into this region. Such a packet cannot,

molecular rotation. Taking into account the thermal distribu-10Wever, be built out of waves of just one wavelength and
tion of the ground rotational levels we may write thus 7 p andw,p are interrelated by the Heisenberg's uncer-
tainty. If 7 p is measured in picoseconds and the spectral

1 resolutionw, p in cm™?, close to the Fourier limit, the uncer-
A= o8 exd —(hc/kgT) F(Jg1P(Jg). (2D tainty principle gives

F(Jg) is the corresponding rotational tefh2] andd(Jy) is ., 100 1
a function describing the intensity distribution in the laser 3 7.p[ps

pulse[16]. The remaining letters have their usual meaning.

Averaging over all internuclear axis orientations and sUmM-  rq¢ 5 thermal distribution of the initial rotational levels

ming over the whole rotational structure we find the vibronic 5 4 short laser pulse multiple rotational levels are expected
molecular susceptibility to be given by to participate, however, the major contribution will come
1 predominantly from levels found in the neighborhood of the
(xf/)p/p b Jev= 2 oK1 oS (pipspopLXL . (220  rotational IeveIJg"a’%Jg(NmaX) with the maximum popula-
17272 k tion. Under these circumstances, for a specific molecular sys-
. ) o tem the anisotropic interaction depends not only on the char-
The partition function, of the thermal distribution is found  ,teristics of the laser pulse but equally well on the
to be Qo= 2;4(2Jg+ 1)exg —(hdkgT) F(Jg) 1P (Jg) temperature of the molecular gas. A steric effect for the in-
Equation(16) is general and holds for any nonlinear pro- (ornuclear  axis is expected to take place as long as

cess provided that @ Raman- or two-photon absorption-typg- ;, <1 with wp, the rotational frequency of the level
intermediate resonance is present. It is worth remarking thagmax

the frequency dependence of the molecular susceptibility®
factorizes into a global factor for all cases except the singul otential degree of the steric effect contained in the laser

.CaseP:AQ:AJ:O.’ however .th's smgular' case is without pulse. Without significant loss of generality we may assume
interest for _the steric effect since only alignment may bea rigid rotator. The frequency of molecular rotation for a
present. This may be seen from E{.8); far from one-

rigid rotator occupying the rotational levél, is given by

hoton resonances the MFF polarizability is described by a _ _—— |
I[sJymmetric X3 matrix with Eix differer?t/ real elements)./ wolcm ']=2B, Jg(Jg+1) with B, the rotational constant

Therefore, the antisymmetric term of the tenadf) (wyw;) measured in cm'. Then the above mentioned laser pulse

. B N condition may be introduced by wusing the ratio
vanishes and only th&=0 and k=2 values are allowed. Q(T) = wrole,p - In fact, for a specific molecular system the
However, the isotropic terrk=0 is present only iP=AQ rot P - ’

4 max .
—AJ=0 and, excepting this singular case, only the tensoEotatlonal levelJg™" depends exclusively on the temperature

~ - - max__ _ )
componenify$) has to be considered. Thus one obtains 17] T and we havelg™=kgT/2Bchc—1/2. The above ra
tio then leads into

(24)

It is interesting to introduce a coefficient indicating the

4
(3) ) 22
Xp1p30,0, B) = Xpip2p,0, 1+ > (SPaa)uoPL(cosB) ¢, T,

T— 1/2
=1 _
(23 &) ( Ti— To) 7 @9
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with A. Resonance with an isolated rotational branch

2 The importance of the different terms in the summation
“’LP) ) (26) over ded() is relevant if one considers the internuclear axis
Be angular distribution for a rotational branch which is well
separated in energy. For instance, in ti& branch
_ Th_e temperaturely, for which Q(Ty)=0, is_“, a Iimiting_ (AJ=AJ'=2) of the COAMI—X'S" two-photon elec-
situation where for anyf <T, the lowest rotational level is  onic transition[18,19 the first 15 rotational lines occupy a
predominantly populated. Therefore, complex values of th'%pectral region of about 30 cth Therefore two-photon

r?tio ind]jcattﬁ tr?tothe Irigidl rotat?rﬁ_dgisggo}i rotzte. tlif\'r in'resonance with this branch may be achieved with a laser
f?nncer, torr eIIr dm%Se;u i‘t’;’]e rlnd)l_ } and, atthis —, 1se having a time duration of abogt,=1 ps, close to the
emperature, aready 6 of the molecules occupyl arourier limit. If T¢g is the period of molecular rotation we

[

level. Thi ific t ture is defined from the rotati :
eve 1S Specilic femperature IS defined from the rotationay,,  tor the ratioTco/7 p the value of~10/yJ4(Jg+1). Al-

constant exclusively. . : : .
For temperature$> T, the laser pulse condition exceeds though this ratio remains smaller than unity only for the very
irst rotational levels the contribution of higher levels be-

unity and the observed steric effect is expected to be neglif— : > - X
gible. For this specific temperature the laser pulse time du¢omes rapidly negligible with decreasing temperature. For
ration and the time of a simple molecular rotation have equalnstance, at 50 K we may see that levels wiffi>5 give a
importance. It is seen that this temperature depends both dRinor contribution since the corresponding population is
the specificity of the molecular system as well as on thesmall. Therefore, even for this temperature the steric effect
spectral resolution of the laser pulse, i.e., for the CO moldmay be significant; the corresponding steric degree of the
ecule and a picosecond laser pulse having a spectral resoli@ser pulse is found to be ,=0.62. ForT=10 K only the
tion of ~30 cm * we find T,;=335 K. levelsJy=0,1,2 contribute and; p=0.84 whereas fol <T,
Since strong steric effects are expected wii¥(T) is  all molecules occupy th&,=0 level and thusr p=1. Under
small compared to unity we define the steric degree of théhe above circumstances the sum over(deig reduced into
laser pulse by a restricted number of ground rotational levels depending
upon the temperature and the spectral resolution of the laser
o p(T)=1-Q(T). (27) pulse. Since for the above transitidm\ #0 the angular dis-
tribution is obtained from Eq(23) and the MOA tensor is
o p(T) describes the potential degree of the laser pulse tobtained from Eq.(28) by considering only the term
induce a steric effect in the resonant state. By this we meaAJ=AJ"=J.—J,.
that if o p(T) is small compared to unity the anisotropy of  In Figs. Xa—-1(d) we considered a nonlinear process in
the interaction “laser molecule” is hidden by the isotropy of the CO molecule involving a two-photon resonance with the
the initial state, i.e., this is the case for temperatifesT,  Sbranch of theA 'I1—X *3* electronic transition. However,
where the interacting photon angular momentum is no longethe obtained results will hold equally well for the
important compared tdg"a". N,[a lHg&x s g] two-photon resonance since th®
For a thermal distribution of the ground rotational levelsbranch is also well separated in enef@9] and the involved
in absence of external fields the magnetic levels are alwayttational constant is roughly the same as that of the CO
degenerated. The MOA tensor given in Ej9) becomes molecule. In Fig. 18) we have drawrj20] the internuclear
axis angular distribution fof =10 K and for polarized laser
beams having®=p;+p,=AQ0. We may see in this figure
. 1 that the contributions from the populated rotational levels are
(S'E,,ZQ)L=5 > > 2 [L1[3I[ 3 ]exd — (he/kgT) always constructive and as a result the angular distribution of
0 Jg AV Ay the S branch is enhanced. However, with increasing tempera-
K'K, 7 . 17\1\AJ ture the angular momentum of the participating rotational
XFI 1P (Ig) (M (Jg: Je)) levels becomes important and the steric effect decreases. The
k'K Cq AJ above distribution shows that the excitation probability is
X (030(Jgg Jefe))i 28) particularly enhanced if the internuclear axis is collinear to
the laboratory quantization axis. In fact, classically, this is
the only orientation in space for the internuclear axis where,
both, the LFF and MFF components of the photon angular
K 0 K momentumk are found to be equaP=A(_2).
(Mllg’k(Jg ;Jé))éJ:(2k+ 1)(23+ 1)( ) For lower temperatures thi=0 level is more and more
P 0 -P populated and we reach a limiting situation where the angu-
K L k lar distribution becomes insensitive in temperature. This
( kK L k’) I K takes place foll <T, and, if P=A(Q, the class of molecules
“lp 0o -pP g °e : whose internuclear axis is anticollinear to the quantization
axis during the short excitation time interval cannot be ex-
(29 cited at all. The above probability is enhanced for two privi-
leged orientations, namely, fg8,=0 and 8;=105° (or for
The angular distribution is then determined from the generaB,=0 and 8;=—1059 in the plane defined from the two
expression given in Eq16). crossed laser beams. In fact, for obtainRgeAQ =1, the

- 1 hc
O_Ek_B

Be, T1=T0(1+

with
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FIG. 1. The steric effect induced in the molecular susceptibilgbitrary unit$ from the presence of a two-photon intermediate
resonance and a short laser pulse. The intermediate resoffeme& 1'3) may be two-photon absorption- or Raman-type resonance. The
broad spectral bandwidth of the short laser pulse excites all the rotational levels®bthach and the angular distributiédrawn versus
the angleB which defines the internuclear axis orientation in the laboratory frasshown byO—-O-O-0O. In all cases we havp; =
—p; and p;=—p,. (@ The conditionP=AQ+#0 implies strong steric effects for the internuclear axis orientation. Here we assumed a
thermal distribution for the initial rotational levels and we observe that the steric effect is enhanced for low temperatures since the
contributions from the excited rotational levels are constructive. With the choice of the polarizatiandp, we may excite selectively the
class of molecules whose internuclear axis is collinda 0, +p,=AQ) or anticollinear(P=—AQ) to the laboratory quantization axis.
Then the excited molecules will rotate in phase and find repeatedly the same orientation ir(lgpade=AQ (with P#0) only the plane
of molecular rotation contains a net helicity. Hd?e=2 and the excited molecules are constrained to rotate about the laser beam direction.
This helicity occurs from contributions of the very first rotational levels and thus cease to be visible with increasing temperatui@. From
and(b) we may extract information on the polarization intensity ratit} 5o:(8)/x'%,_111(8). For T=10 K we find, 8.73, 1, 1/8.73, and 0.35
for B=0, #/6, /3, andw/2, respectively(c) With P=0 (herep,=p,=0), both, the internuclear axis steric effect and the helicity of the
plane of rotation are absent. However, we may have a distinct alignment for each participating rotational level. If this is the case the overall
alignment will possess a strong dependence on the gas tempédififre0 with p; = —p,=1 the above scale must be divided by Brom
(@), (b), and(c) we may verify that forg=p*=m/6 we havex$Jod 8*)=x5 11d8*)=x'>114B%), this specific angle varies slowly with
temperature(d) The alignmenttherep,=p,=p;=p;=0) induced in an excited state may depend drastically on temperature. Since the
angular distribution obtained from the spherically symmetric ground rotational ]ﬁe]§=0) differs from that obtained from 332(Jg¢0)
state, their relative contribution in the angular distribution implies a radical change in the alignment when the temperature increBges from
to T, (see text for the definition of; andT,). Forp;=—p,=p;=—p;=1 the above scale must be divided by 4, whereapferp,=0
andp;=—p,;=1 it is divided by 2.

first laser beam must be right circularly polarized whose di-early polarized radiation may be seen as a superposition of
rection defines the laboratory quantization axis, then the sedwo circularly polarized right and left radiations and the an-
ond laser beam is linearly polarized with the polarizationgular momentum of the excited molecule is exclusively the
vector found along the same quantization axis. Since the linabsorbed photon angular momentum this momentum may be
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lying either betweerg, and 8, or betweeng, and3;. The  For short laser pulses this asymmetry leads to the steric ef-
orientation probability for3, being predominantly enhanced, fect; i.e., the occupation probability of the channel
roughly, only molecules collinear to the quantization axis areM = {2.— P is particularly enhanced fg8=0 whereas, for
excited. Then, following excitation, the excited moleculesthis orientation, the occupation probability of any other chan-
will be constrained to rotate in phase about the absorbedel vanishes. In fact, for this specific channel we have
photon angular momentum by finding repeatedly the orienM =, and the reduced rotation matrix element
tation of the laboratory of the quantization axis. It is worth d(,\je) o.(B), as expected, is enhanced f6+0. Classically,
remarking that the alignment or orientation communicated tqhise °

the molecular excited state cannot be lost by simple mOIeC%omentum of the molecule presents a common projection

lar rotation ; P ;
| . . . h he LFF MFF . This h
If P#AQ the steric effect decreases drastically. This |53$;W:1n ti:: Fig an%a) fO?uaglezatgg[zX(?ls:[(v Ii jz)been
. e e

shown in Fig. 1b) where the angular distribution is drawn X 13 *( _ ; :
_ B . N — vq#0Jy=2)] electronic resonancg1]; we ob-
for P=2. At T=10 K, the different contributions due to the serve that the steric effect in th® branch of the'lT 13

fr?a:t?hle sz,itg?iczerf(f);i??jgilré:\gs are sslzg\év:]na;ﬂ?s V(;'aesgbtiirvﬁlectronic resonance finds its origin to the enhancement of
photon angular momentum becomes less and less importa {he occupation probability of thely =0 (M=1,) channel.
or this channel the steric effect is singular, moreover, it

Therefore at ambient temperatures only a weak alignment i§o .o mes sharper and sharper with increaingn practice,

expected to take p_Iace. ._however, with increasing the steric effect is limited since

.lf P=0 only alignment may take place, however, thlsfor increasing molecular rotation the steric degree of the la-
allgnmeqt may depend dramat|cally.on.the_ temperature. Wger pulse becomes less and less important. For instance, ex-
observg in Fig. @ that the angular dlstrlbqtlon of'th1=g=O citation of theS(J,=1) line with a picosecond laser in-
level differs radically from the angular distribution of the volves a steric dggreeer(Jg=1)~0.83 whereas for the

remaining rotational levels. In fact only the ground rotational ; _ A -

level is spherically symmetric and this difference implies a‘]@J 4 level we haveo, p(J,=4)~0.46. Therefore for h|gh.

drastic d q the t i The t t otational levels shorter and shorter laser pulses are required.
rasdlc eper:hence oln d('a tqtr)npt)gra ufrg@ € ﬁrﬂperg Uré Q€swever, the corresponding spectral bandwidth increases

pendence In the angular distribution o ranch has been - 5,q rotational lines belonging to adjacent rotational branches

drawn in Fig. 1d); for temperatures lower thanT, the

lar distribution b ; itive 10 the t i may also contribute. Finally it should be noted that in the
anguiar distribution becomes InSensitive 1o In€ temperatur,qo \yhere the initial state is the lowest rotational level the
since only the contribution of the ground rotational level IS steric degree of the laser pulse equals always to unity
important. This is also the case fér>T, where the contri- X

buti £ th d rotational level i ithout effect In particular, the internuclear axis angular distribution in
ution ot the ground rotational [evel 1S now without eflect, y,o regonant electronic state is found to be singularly simple
however, the alignment is quite different.

if the molecule is found initially in a12(Jg=O)-state. We
find

is the only orientation in space where the total angular

B. A prepared initial rotational state

and the involved M channels .
If the initial state is well prepared in some vibrational Xpipgpzpl( A)
level v ,#0 where only one rotational level is populated we
obtain 9 s
=085,2 0m, P 0’%’2(pipépzpl)(dpeAQ(ﬁ))ZX(Z ). (32
(3 A — (3
Xpipépzplug B)=(20et 1)1\/%':‘”e Xoip3po0s _ -
This holds equally well for the ground vibrational level pro-
X(JgMg;JeM e)((j<'\fle)Q (B))?,(30) vided that the temperature is lower than the temperalyre
ee The above distribution is a limiting situation for the angular
distribution since the degree of orientation or alignment can-

with not be improved. We observe that the polarization
(3) ) P=p;+p, populates exclusively the rotational state
Xpipgpzpl(‘]gMg'JeMe) |J.QM ) =|2AQP). Furthermore, each state possesses a

distinct angular distribution and we observe a sharper steric
_ K'K( 7 ak'k . Sk'k effect forP=AQ (or M=) where the internuclear axis is
% 75 "(P1P2P2P1) O "(JgMg i JeMe) Oiq collinear to the polarization vector. This is explained by the
fact that the angular momentum of the excited rotational
X (3903 JeQe) Xiok - (31)  state is exclusively the photon angular momentum state
[2AQP), therefore we may have a common projection in the
The angular distribution of the rotational ling,—J, is ~ LFF and MFF quantization axes only if the internuclear axis
formed from contributions due to theMg;+1 independent is collinear to the laboratory quantization axis. On the other
channels. However eadfl channel possesses a distinct oc-hand, ifP=—Q, the internuclear axis must be anticollinear.
cupation probability since the symmetry of the electronic More specifically, in Fig. &) we have drawn the angular
states in conjunction with the polarization of the incidentdistribution of thelJ Q.M )=|22M,) states involved in the
photons have the effect of selecting those molecular orientaelectronic transitior}Ag—12g which is two photon allowed.
tions where the transfer of the angular momentum is easiesthis may be the case of fa 1Ag<—b 125] or
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Hy[J 'Ag—X 'S ;1. For these particular cases only one ro-
tational line is present sinck =0 and{(),=2, moreover, due
to angular momentum conservation, only okt channel
may be occupied if the photons polarization is specified.

0.5

IV. CONCLUDING REMARKS

In this work we have determined the internuclear axis

0.0 180 0 steric effect induced in a diatomic or symmetric-top mol-
: ecule when a short laser pulse is involved. Steric selection
% Y rules have been derived and the influence of the gas tempera-
N "eds00000039 ture on the spatial arrangement of the excited molecules has

-/V\ been investigated. In particular, we have shown that when-

more than one rotational state is excited simultaneously con-
tributions from these states may be constructive and result in
the enhancement of the steric effect. For a physical insight of
the steric effect it may be instructive to attempt an intuitive
description for the interacting system.

During the short interaction time of the laser pulse with
the molecular system the projection of the photon angular
momentumk on the LFF and MFF quantization axes is
given, respectively, by’ and AQ. The conditionP=AQ is
expected to take place only if these axes present a common
orientation in space; if this is the case, however, for any

0.5 -

90

"aglJe=2)1

]

“ X

;5“=pf”'=1\\‘~ ground rotational level, we must haveM =, i.e., in

NN Fig. 2(a) we see that for the\ IT—X 3" resonance the
eoe p1=q, Py=1y ‘ My=0 channel is singularly enhanced f@e=0 if P=AQ.
0180 \ 4 0 Since for any rotational line the quantitP=M,—M

- p1=\4220 ) remains a common parameter the above arguments suggest

that if the condition P=AQ is present we must have

i ek Sl separatelyM =, and M =,. Furthermore, the two

20 p ;/F) =0 30 orientationsA ) and— A€} along the laboratory quantization

/1/ 2 axis contain distinct excitation probabilities if a circularly

polarized photon is involved. This distinction leads to a
steric selection rule for the orientation of the internuclear
axis since for the conservation of energy and angular mo-
mentum any orientation in space cannot have equal impor-
tance.

In fact, for a diatomic molecule the angular momentum is

FIG. 2. From the angular distribution information on the @ssociated with electronic motion and can be treated as part
B-dependent polarization intensity ratio may extracted. FurtherOf the electronic energy which has been separated off.itf
more, from a prepared initial rotational state the relative occupatiothe azimuthal angle for the position of the electron and
probability of the involvedV channels and their angular distribu- the projection of its orbital angular momentum along the
tion may be probed@ The steric effect in a rotational line is due molecular axis the rate of change of the expectation value of
to the enhancement of the occupation probability ofvhe=( (or /7. may be approximated by(/,)/dt=—(3719¢); conser-
Me=—{)¢) channel since this is the only channel for which the yation of the orbital angular momentum then implies that the
occupation probability in thes=0 (or B=m) direction is nonvan- potential energy?” of the moving electron must remain in-
i§hing. This enhancemen.t takes place., however,. only if the Condidependent OE- Consider a right circularly polarized photon
tion P=AQ (or P=—A0) is present. Itis the relation between the ¢, \hich the angular momentum is well defined in the laser
parameterd® and AQ that modifies the relative occupation prob- beam direction; the rotating polarization vector of the inci-
ability of the M channels.(b) In the limiting situation where the dent photon Wii| let the potential energy of the electron in-
.pmpareq i”‘“?" state s the Std@(‘]gzo) only theM = P channel dependent oES only if the molecular axis is aligned with the
's occupied sincél, =1,=0. The angular momentum in the reso- 1. i, ation vector: moreover, the two opposed orientations

nant rotational state is exclusively the photon angular momentu iated with diff i ies for the int i
state and this allows one to select internuclear axis orientations b§' € assoclated wi ifrerent energies for the interacling Sys-

exciting the appropriaté! channel. The shape of the angular dis- €M Since a rotation ofr for the molecule is equivalent in
tribution, as well as the amplitude, depend on the particular value ofN@nging the sense of rotation of the electron with respect to
P and thus, for a short laser pulse, the polarization intensity ratigh€ rotating polarization vector. For a given rotational branch
depends orB. However, for polarizations witP =0 the above ratio and polarization only one of the two orientations is allowed.
becomes independent of; we find x®; 1/xJo=1/4 and  This also explains the opposed angular distribution observed
X 110= X 10d Xoq=1/2, and this, independently of the time for P and —P when a rotational branch is found in reso-
duration of the laser pulse. nance.

240

270
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If the internuclear axis is well aligned with the polariza- factorized from the frequency dependence of the nonlinear
tion vector the transfer of energy and angular momentunprocess, and this, essentially for all cases where the adiabatic
may take place without destroying the axial symmetry of theapproach may be applied. The angular dependence reflects
molecular systeni22]. Instead, any deviation from this spe- exclusively the symmetry of the involved molecular states
cific configuration implies ap-dependent potential and, in and the spatial arrangement of the incident polarizations and
this case, the orbital angular momentum cannot be Conserv%vers all third-order nonlinear processes where a two-
during the interaction time. It is the broken symmetry thatphoton intermediate resonance is present; i.e., the angular
induces a reorientation of the molecular system, since th@ependence is insensitive to whether the two-photon reso-

total | anIgL,J’Iar mgmentum %f_ the syztem d“elegtron nance is a two-photon absorption- or Raman-type resonance,
+molecule” must be conserved, a strong dependence on only the amplitude of the nonlinear process will be con-

T e e 1 I gemed through the electoric-vibaional tenid
' y fy asp ' Although the present work has been done for molecular

in the underlying dynamics, inertial effects imply that dis- . . , .
-tinct orientations in space contain distinct excitation prob-States which are well described by Hund's case a coupling

abilities; i.e., for P=AQ only the =0 orientation is en- this procedure is general anq may be applied. to any coupling
hanced whereas fd?=—A() the 8=0 value is not allowed case sequence by introducing the appropriate wave func-
to take place at all. tions. Moreover, this treatment may be readily extended to

It has been shown that the angular dependence is globalfjigher order molecular susceptibilities, if desired.
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