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Abstract

We present the first quantum mechanical model @fcttilisional dissipation of the alignment
of a gas of symmetric-top molecules (ethane) impelg induced by a linearly polarized non-
resonant laser field. The approach is based omfuse Bloch model and of the Markov and
secular approximations in which the effects ofis@hs are taken into account through the
state-to-state rates associated with exchangesgathenvarious rotational states. These rates
are constructed using the Energy Corrected Suddés) approximation with (a few) input
parameters obtained independently from fits ofpfessure-broadening coefficients of ethane
absorption lines. Based on knowledge of the lastsepcharacteristics and on these rates, the
time-dependent equation driving the evolution @& tlensity matrix during and after the laser
pulse are solved and the time dependence of tlealkm® “alignment factor” is computed.
Comparisons with measurements, free of any adjuséedmeter, show that the proposed
approach leads to good agreement with measuremidrgsanalysis of the ECS state-to-state
collisional rates demonstrates that, as in the ads&near molecules, collision-induced
changes of the rotational angular momentum oriemtaare slower than those of its
magnitude. This explains why the collisional dea#ythe permanent component of the
alignment is significantly slower than that of thmplitudes of the transient revivals in both
experimental and computed results. It is also shthat, since intermolecular forces within
C,He colliding pairs weakly depend on rotations of thelecules around their C-C bond, the
dissipation mechanism of the alignment in pure re¢hs close to that involved in linear

molecules.



. INTRODUCTION
Since detailed and general introductions to thpictoof laser-induced molecular
alignment can be found in Refs. 1,2, we here oetalt studies on the collisional dissipation

of the alignment of gases induced by intense and $wser pulses. The pioneering theoretical

studies on this subjed® showed that it could be possible to disentangk effects of
rotational population relaxation and pure phaselderence by using the dissipation of field
free alignment. These works, in whichMaindependent Energy Corrected Sudden (ECS)
model was used to construct state-to-state caliedicates for linear molecules, were

extende® by introducing an ECS model that explicitly take® account the dependences on

M. As confirmed by comparisons with measurenfertgaking this dependence into account
is essential for correct predictions of the deaafythe permanent and transient components of

the alignment. Indeed, due to the propensity ofistohs to conserve the orientation of the
rotational angular momentuinthese decays are different, the dissipation efptarmanent

alignment being significantly slower than that lo¢ transient, a fact not predictedy theM-

independent model of Refs. 3,4. BesidesNMidependent ECS model, Ref. 5 also proposed,
for linear molecules, an original and completelyfedtent approach based on requantized
Classical Molecular Dynamics Simulations (rCMDS)s Interest was demonstrated by

comparisons with experimet@nd with the predictions of thd-dependent ECS model
Besides the above mentioned theoretical studieperarents probing the collisional
dissipation of the laser-induced alignment for éingaseous molecules can be found in Refs.

6,7,9-11. For non-linear molecules, no results warailable under conditions for which
collisions play a role until some very recent meesients for ethad€ and CHI13 and a

successful extension of the rCMDS to symmetricgpgcie$4. In the absence of a quantum

approach for such types of molecules, it is ofredeto extend thm-dependent ECS model

proposed for linear molecuf$o symmetric tops. This is the subject of the eneépaper in
which comparisons with measurements for ethaneagasalso made. Recall that the ECS
approach, presented in more details below, endblexplicitly express rotational state-to-
state collisional cross sections (or rates) in seghthe relevant quantum numbers and of a
limited set of basic collisional quantities (in tba@se of a linear molecule, the rate6J — 0)

for the de-excitation from rotational state J t@JT his is achieved starting from the Infinite
Order Sudden approach that assumes that molecolesodrotate during collisions and

correcting for this approximation by introducingdfabaticity” factors which re-introduce the



finite energy spacing between rotational statese mésulting model has the advantage of
enabling computations for (complex) molecular systend (elevated) temperatures (such as
pure GHg or CG, near 300 K) for which rigorous quantum mechaniczdtments (e.g. Close
Coupling) require prohibitive computer efforts.

The remainder of this paper is organized as falowhe model is presented in Sec. Il
together with the associated input data needegréatical computations in the case of ethane
gas. Comparisons between measured and computegsdsgfcthe laser-induced alignment of
pure ethane gas are then presented and discusSast.inll before concluding remarks and

possible directions for future researches (Sec. V)

II. MODEL AND DATA USED
For reasons explained below, all operators arar@assumed to be, diagonal versus the

rotational quantum numbé&t. The model used here for symmetric-top speciéisus, except

for the state-to-state rates, a quite straightfovextension of that for linear molecu?es

A. Time-dependent alignment
Consistently with what was measured in Ref. 12 cammpute the so-called “alignment

factor”, mean value of the squared cosine of thgesth between the molecule symmetry axis

(along the C-C bond of ethane) and tie) (axis of polarization of the excitation field, .i.e

(cod [H(t)]>=J %M<JKM|p(t)C0§ 0 )IKM) | (1)

wherep(t) is the time-dependent density matrix ahd, andM are the rotational quantum
numbers. Since theos @) operator is diagonal iK andM, one can write the permanent (P)
and transient (T) components of the alignment faa$o

(cof ) = L ook O{IKM|co €] IKM)

o : 2)
(cof )] = T Zosaykm O3 KM cod € )IKM)

where pym 3+ km (8) =(IKM |p(t)]| 3' KM), and the selection rule associated wits @)

impliesthatd'=J,J+1,J+ 2.



Starting from a gas at equilibrium, where the dgmaatrix p(t<0) before the laser pulse

is diagonal with terms given by the Boltzmann iekat populations (ie:

Pakm. 3k M (t<0) =33 39K kIm.mP3kwm). the time dependence is obtained o

dp o\ _ 1 dp(t)
)= h[Ho+HL<t>,p(t)]+( o ja”’ 3)

whereHg is the free molecule rotation Hamiltonian, whistdiagonal with elements given by

the rotational energids;ky of the levels, i.e.:
(IKM |Ho| IKM) = Egiem - (4)
The HamiltonianH,, due to the interaction with the linearly poladzkaser field E(t), is

given by:

Hy (t) = -=[a.E(t)]. E(Y) = —%qu(mF (co¢0- 1/3, (5)

N =

in which angle independent terms which do not pigdite to the dynamics have been
removed. In this equation:x is the polarizability tensor of the molecule ap& o —ap is

the anisotropy of the polarizability. As in Refs535, the dissipative dynamics are treated
with the Bloch model and the Markov and secularra@pmations, so that one has, for pure

gas at a total pressulre

do (1)
( JKM, JKM j - _p{ > KikMma, K,M":IPJKM, Jkm(t)
Coll

dt (I MYZ(J, M)

+ P{ ) Ko KM S 3, KM XPI KM, 3 KM (t)}
(3", MYZ( 3, M)

. (6)
doim 3 km(t) 1
( ’dt = _EPJKM,J‘ km(OP > KiKM- I"KM"
Coll (I, M")#(J, M)
PD
+ 2 KJ',K,M-»J",K,M'}_PVJKM,J' KM X2 3kMm, J* km(D)
(3", M"Z(J', M)

Note that the fact (see Sec. 11.B) that ethanershallisions only enablAK=0 transitions

was taken into account in these equations which thtes not fully general. The
Kj k.M 3K M are the pressure-normalized rates of populatimster from stat¢JKM)

to state|J'KM'). They include two types of processes: the inalasties (in which the value
of J changes) as well as those resulting from elasbdenting collisions (in which the value

of Jis conserved but that M changes)yf}?M’J-KM is the pressure-normalized rate of pure



dephasing of theJKM)(J'KM| coherence which describes the effect of elastilisimns

that interrupt the phase of the molecule withowgrgphing it.

B. State-to-state collision-induced rotational transfers

For linear molecules, the equations for the cowetibn of the K\ _, 3\ within the

Infinite Order Sudden (IOS) approximation were giwe Ref. 16. They have been improved

by introducing detailed balance and adiabaticityrextions’, leading to the so-called
Energy Corrected Sudden (ECS) model. The latter e extensively and successfully
applied, in the spectral domain, to the calculabbhine-mixing effects on absorption spectra

(see Chapt. IV of Ref. 18). It also enabled, in tinee domain, accurate descriptions of the

dissipation of the laser—induced alignment in,@@$:/. A similar procedure was used to

build-up an ECS approach for symmetric-top molegustarting from the I0OS model of Ref.

19. Recall that the 10S approach is obta#tedO from the Close-Coupling model by first
making the Centrifugal Sudden (or Coupled State&3), &pproximation, ie: by assuming an
effective orbital momentum eigenvalue and freezimg centrifugal potential. Then, starting
from the CS equations, the IOS freezes the molecotation during each collision, which
corresponds to neglecting the energy differencevéxmt different rotational states. For

molecule-atom collisions, one can then separate dblisional cross -sections into

“spectroscopic” and “dynamical” factors in a treatrh for symmetric-top that is
analogous to the that given In Refs. 16,21 fordmm®tors. The “spectroscopic” terms involve
3J and 6J symbols which describe the coupling efitlrolved angular momenta, while the
“dynamical” factors are directly related to the ampion of the angle-dependent scattering
matrix elements into spherical harmonics. Note,thdtile the first depend on the final
guantity of interest (e.g. state-to-state rotatiamass sections, line-coupling among infrared
absorption lines, isotropic or anisotropic Ramamsitions, etc), the second, that are “basic”
collisional quantities (see below), do not. Ithem possible to introduce a correction in order

to (approximately) take into account the energyediéince between rotational states and the

finite duration of collisions. This is achieved lytroducing/ a so-called “adiabaticity
factor” in the expression of the IOS state-to-statess sections, which depends on the
spacing between adjacent rotational levels andnoeffective duration of efficient collisions.
In addition, detailed balance corrections are aduced. Before turning to the state-to-

state rotational rateK j k m_, j' k' m involved in the relaxation of the alignment, réchaat



the (spectroscopic) ECS model for symmetric topabtes predictions of the relaxation
matrix elements and associated line-mixing prot@ds was successfully tested by looking at
the effects of line-mixing amongVl components of CHf line2 (which involve

AJ =AK =0 but AM #0 changes) as well as at NKpectra at elevated pressd@gd4
(where the absorption shape is sensitive to alkiptess AJ, AK and AM changes). As
mentioned above, within the IOS/ECS model, allestatstate rates (and relaxation matrix

elements) can be writté8:19in terms of basic dynamical facto€(L, M;,M;¢ ). The latter

can be expressed in terms of the produsgvl_ #_Mf , Where * denotes the complex
’ ] ’

conjugate and the partial wave, an<$|'_,M is obtained from the projection of the scattering
operator s into spherical harmonics Yim through

(I'K'M[S[3"K*M")= ¥ § (3 KM|Ym| I K M) [see Egs. (8) and (14) of
L.M

Ref. 19]. Note that thM-diagonal oneQ(L, M, M) is the rate for the collisional de-excitation
from the rotational staté=L, K=M, M down toJ=0, K=0, M=0. It is important to recall that
the collisional transitionsJ,K,M - J'K+AK,M"' with AK =0 only result from the

contributions of the Q(L,0,0) while those with AK#0 are generated by the

Q(L,M; 20,M¢ # 0) factord9. Indeed, this enables to greatly simplify the mddethe

particular case of pure ethane since, for thisesystanalysis of a reliablab initio potential
energy surfac®® shows that intermolecular forces are little sévsito rotations of the
molecules around their symmetry (C-C) axes (asicupfl by the results of Ref. 14). As a
result, AK # 0 transitions are very unlikely and assuming thay time Q(L,0,0) rates make a
significant contribution is thus a very reasonahfgproximation in the case of,is-CoHg
collisions. The whole problem then becomes diagam& and the IOS/ECS expressions of
the rates are simple extensions of those for lineaecule, as detailed below.

Within the ECS model retained here (i.e. assunmk#g=0), the pressure-normalized

ratesKj k m - 3. kM for downward collisional transitions (i.6.> ,vhereJ K,M denote

the rotational quantum numbers) are computed frarfdllowing expression:



33 LY
K . = (2QI+1)(2+1
IKM- < kM= ( )( ) X {M M M'—Mj

L ever# 0
33 2o ’ @

where (::1) is a 3J symbolQ(J) is the adiabaticity correctidd discussed below and
[J-JE L< J+. Note that the fact that only even values are kept in Eq. (7) is an

approximation justified by the symmetry of the etbamolecule (which has no dipole

moment) and the fact that the quadrupole-quadrupaleraction makes a significant
contribution to intermolecular forces inids pairs.As done for linear molecul@sthe ECS
rates for upward collisional changes are deducam those computed using Eq. (7) by using
the detailed balance relation, i.e.:
- 0 0
Kycakm= a,k,M =K kMo 3k M= 0 akm/ P 3 km) (8)

where pgKM is the equilibrium relative population of stdtéKM}. The termsQ(J) and

Q(L), which are introducel/ in order to take into account the rotation of thelecule
during collisions, are given in terms of a “scalleggth” /. (or, alternatively, a characteristic

collision durationt, = /. /V, with vV, the mean relative speed) by:
Q) = [+ (w4300 1V,)* 1242, ©)
where w3 3> =(Ejkm —Ej-2km)/% is obtained from the energy difference between

rotational levell and the nearest inferior level significantly cagptoJ by the intermolecular
potential [i.e.J-2 by consistency with the above mentioned fadt dimdy even values df are
retained in Eqg. (7)]. The basic quantiti€fL,0,0) of this model are the rates for the de-
excitation from levelJ,K,M=L,0,0 to J,K,M=0,0,0. They can be calculated from the
intermolecular potential but they are more gengt&limodeled using an analytical function
whose parameters are deduced from fits of measiatdlLet us emphasizinat Egs. (7)-(9)
enable to calculate the effects of both inelastid @lastic reorienting collisions since they can

be used to predict thKj k M. 3= K M¥M-

Finally, the expression of the pure dephasingsra;t&?M,J-KM within the [0S

approximation, derived as done for a linear moledulRef. 5, is:



Yoo R T FE! il I
IMIKMT2 | et 0 K 0 KM -M 0

, .
AN IS KRN TAN DR ‘
- e (QK 0 KJ[M M oﬂ AL0.0

It is important to recall that the ECS and 10S nisdas written here and widely used

(10)

for other studiek3, neglect the influence of the rotational structafethe collision partner
(perturber). Strictly speaking they are thus orpplecable to molecule-atom interactions. As

for pure CQ?9 this limitation is, for ethane, of small conseqeesthanks to the small value of
the rotational constarg which makes resonance or non resonance effecteeetrotational
changes of the pair of colliding partners relagvemall This implies that adjaceidtlevels
are close to each other so that these effects hvere associated with the molecular nature of
the collisional partner (i.e. its rotational energiructure), are weak. Furthermore, the
influence of transfers between rotation and trdimsla which result in changes of the
translational distribution with time after excitti of the rotation by the laser pulse in the

alignment experiment, are disregarded in the ECSlemoHowever, the latter remains

applicable here since, thanks to the (moderateyasise energies in the experimétg6
used below for the test of the model and to thellsmahue of the anisotropic polarizabiliy of
ethane. These make the increase of the rotatioremyg induced by the interaction of ethane
molecules with the excitation field relatively sidlhe collision-induced rotation-translation
transfers thus only slightly change the translationotion and have very small effects on the
decay with time of the alignment (see Ref. 5 faliscussion of this issue in the case of,CO

which has a much larger anisotropic polarizabiliy).

C. Data used and computational procedure

The data needed for calculations include the eée®r&;x\ and the equilibrium
relative populationsogKM of the rotational levels, the,8¢ anisotropy of the polarizability,
the characteristics of the laser pulse, and tharpaters of the ECS model [tigX L, 0,0) for
Egs. (8) and (10) and, for Eq. (9)]. The values oE )\, and pS)KM were computed from:
Ejkm = BI(J+1)+(A- B K- D[ I *DPP- D { *#1) K- R K, (11)

and



5km = 9k EXPEEgkm /KT) , %M dakm expE Egkm ks T, (12)

whereT is the temperatureg;ky, is the degeneracy of tM level, A andB are the rigid

rotor rotational constants ard, D;x and Dk describe the effect the centrifugal distortion.
Their values were taken from Ref. 12 together witht of the anisotropy of the;Bs
polarizability ¢=0.7 A%). For the laser pulse, we used the parametersrtegpdn the
experimental studid<.26

As widely done in various studies of molecular liswnsl8:27 the basics rates

Q(L,0,0) of the ECS model have been represented by the erpiakpower law:
Q(L,0,0)= Qy[L(L+ 1)@ e PELookeT, (13)
The values of the final set of ECS paramet€)g,(a, £, and/.) at room temperature have

been obtained from fits of the pressure-broademoefficients of lines of ethane. In the

absence of data for isotropic Raman lines, we uakebs for infrare&Q-line€8 and wrote:

o1
W' I Kov g ke1= (21+1) 7% > > KiKMoJ KM
M (3 K,M)Z(J,K,M) 14

+ > KJ K+1M - 3" K+1M
(3 K,M)£(J,K,M)

in  which vy 3k_,v Jke1 IS the pressure-broadening coefficient of the
v, J,K > v, J,K+1 RQ optical transitions (v’ and v’ denoting vibratain quantum
numbers). Figure 1 shows that a quite satisfadibry obtained with the following values of

the ECS model parameters:
Qp=44.2 10° cmY/atm (8.32 nd/atm), a = 0.87, =0.009 and /. =1.4 A, (15)

that we have retained for all computations.
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Fig. 1. Measured self-broadening coefficients foe ¥, 5 kv 3 k+1 RQ) lines of thew

band of pure etha®8 (symbols) and those computed using Egs. (7)18);(L5) (lines). The
results in black, red and blue are for K=0, K=2 aKe®6, respectively.

In the calculations, the conservative valued\af=[Kmad=Mma{=50 for rotational states
and a time step of 5 fs [to solve Eq. (3)] wereduser comparisons with experiments and as
done in Ref. 12, the computed alignment factor wetsime was convoluted by a Gaussian
function (FWHM of 150 fs) which takes into accouiné finite duration (100 fs) of the probe
pulse and the effect of the crossing angle betwbentwo beams. Since the first excited
vibrational state\) is significantly populated at room temperaturg%@, two calculations of
the alignment factor were made using the rotatieoalktants of the ground angkt states.

For comparisons with measurements, they were tbembmed, as done in Ref. 12, using:
Ground vy =1 )

<cos2 [0(t)]> = O.7E< co8 A )) + 0.2<3 ccsz[t()] . Finally note that comparisons

of the ECS state-to-state ratéS; x v 3' k.M [Ed. (7)] with the pure dephasing rates

yJP|'<3M,J- kv [EQ. (10)] show that the latter are more than order of magnitude smaller, as

10



in the case of pure G® Their contribution was thus disregarded and otthe

Kj kM- 3 k.M were keptin Eq. (6).

1. RESULTSAND COMPARISONSWITH MEASUREMENTS
A. Dissipation of thetransient alignment
A comparison between the measured alignment féotqgure ethane gas Bt0.69 bar

and initially at 295 K6 and those computed with the ECS approach at tine gaessur®
and for collision-free conditions (P=0 bar), aretf#d in Fig. 2 for a broad range of delaits
after the pulse. Note that, in the birefringencpeginents of Refs. 12 and 26, the probe laser

measures the changi(4t) of the refractive index that is induced by the pupulse. This
change is proportiond® to the so-called alignment facto<rco§9@t )- 1/:} but the

proportionality factor leading to the signal deleé by the photodiodes in the experiment is
not known. The results are thus presented in argiunits and the calculated results in Figs.
2a and 2b have been multiplied by a constant feib#st match with the measured amplitude
of the first revival in Fig. 2c. As can be seere thfluence of collisions (i.e. of pressure) on
the decay of the revivals amplitudes, that can d@uded from the comparison of Fig2a

and22b, is significant. Furthermore, the comparisonha tesults in Figst2b and42c gives

a first indication of the quality of the ECS quamtmodel. Note that the permanent alignment
is here negligible due to the weak intensity of pldse (recall that, for moderate intensities,
the magnitude of the permanent alignment scalds thé square of the intensity while those

of the revivals increase lineafly

11
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Fig. 2: Alignment factors predicted under collisitree conditions (a) and at a pressure of
0.69 bar (b) together with the measusedues at 0.69 reproduced from Fig. 2 of Ref.@6 (

The quality of the ECS model for the dissipationtlod alignment revivals is confirmed by
Fig. 3 which displays detailed views of measured aoamputed alignment factors around
some of the revivals. Both the shapes and the rmatgs are quite well reproduced by theory
(note the large change of the y-axis scale from Fagto Fig. 3f) which slightly overestimates
the decay with time of the revivals peak to pealplgnde. Let us note that one must be
cautious when drawing conclusions on the modelityuay a direct comparison, such as the
one displayed in Fig. 3, between one single expartal recording of the alignment and the
predictions for the following reasons: (i) the firs that measurements carry uncertainties, in
particular because the intensity of the alignmemtsg as seen by the probe through the
spatial overlapping of the two beams, may vary rdurthe numerous shots needed to
determine the alignment factor for different deldysleed, a slow drift in the pulse intensity
induces a bias in the decay with time of the rdgiamplitudes. (i) The measured shapes and
amplitudes of the alignment revivals are affectgdhe finite duration of the probe and non
zero angle between the two pulses. These somehdikeaa low-pass filter whose effects are
taken into account in the calculation (see Se€)Ilby convoluting the predicted time-

dependent alignment factor by a Gaussian functidns is obviously approximate and

12



induces errors that affect the shape of the cdkedlalignment within the revivals (all the

more that the revival shows numerous and narroucttres). According to these elements,
carrying an analysis of the detailed differencesvben measured and calculated results in
Fig. 3 and drawing conclusions from a comparisanafgingle alignment trace and pressure

is, in our opinion, risky. However, the analysisnoimerous experimental results for different

pressures enables to deddeés density normalized time constant for the dechyhe

amplitude of the alignment revivals. As shown by talues given in Table 1, the ECS model
underestimates this time constant, a result wiadonsistent with what is indicated by Fig. 3,
i.e. the fact that calculations overestimate theagleof the revivals amplitude with increasing

delay.
(a) (c)
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@ 00
= 0.04
c
>S5
s
< -1.0f
N—r
o 0.4
~
P 10 12, 72. 74. 76. 78.
3
:,'\: 024 (d) 0.07{ (f) :’..
D
‘\‘\/
[%2]
o
v A
0.04 0.004 H
wt
-0.24 ]
-0.074
112. 114, 116. 150. 152. 154. 188. 190. 192.

At (ps)

Fig. 3: Comparison between the measured (red a@rcfeom the experiments of Ref. 26)
alignment factor at 0.69 bar and 295 K and thatdaceed using the ECS model (blue line).
Panels (a),(b),(c),(d),(e), and (f) display theuks obtained around the revivals centered at
T2, and 3Te/2, 6Te/2, 9Te/2, 12Te/2 and 15F,/2, respectively

(Trey = (2 Bc)_1 = 25.1 p¢being the rotational period).

B. Dissipation of the per manent alignment

13



A comparison between measured alignment factarded at pressures of 2 and 6 bar
for more intense laser pulses which make the pegntaalignment significant and measurable
and the associated predictions is plotted in FigAgican be seen, the quantum ECS model
quite well reproduces the decays of the permankghbraent with time, confirming the
interest of this approach for the modeling of tharges of the rotational angular momentum
magnitude as well as orientation. Note that theaegm inconsistency in the differences
between measurements and computations at 2 ana feddts from experimental errors
(likely mostly on the zero level of the signal) anot from the fact that the model does not
well describe the effect of increasing pressureleéd, while the time constant of the
predicted exponential decay of the permanent alegriris inversely proportional to pressure,
as it should be for the considered moderate pressiar which collisions are binary, the
experimental values deviate from this rule. Howgwtbese inconsistencies are within the
uncertainties of the measurements and scattereofdbults obtained for various pressures

which can be seen in Fig. 5 of Ref. 12 and leatiécerror bars given in the Table 1.

14
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Fig. 4: Measured (red circles, from the experimeotsRef. 12) and computed (blue lines)
alignment factors in pure ethane initially and 2@&nd pressures of 2 bar (lower panel) and
6 bar (upper panel).
C. " Gyroscopic" effect

In order to go further, we determined from the E€0&iputed alignment traces, the
density normalized time constants driving the sminal decays of the amplitudes of the

permanent {p) and transient ;) components of the alignment, as done in Ref.5he
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values obtained are reported in Table 1 with thosieved from experimentd and

predictions of requantized Classical Molecular Dyies Simulations4. As can be seen the
overall consistency between experimental and coedbwialues is quite satisfactory,
particularly when considering that no parameter a@dsisted in the calculations in order to

improve the agreement. In fact, tests show thiatpssible to simultaneously lowep and
increasety by lowering the ECS paramet@while increasingQg [see Eq. (13)ht the price

of a slight degradation of the ECS-predicted broaug parameters displayed in Fig. 1,
however well within experimental uncertainties.

The values in Table 1 also show that measurementgell as computations reveal that the
collisional dissipation of the permanent componaithe alignment is significantly slower

than that of the revivals amplitude. A similar sifion was observed and predicted for linear

molecules5-7,11 and explained by a "gyroscopic céfe resulting from the fact that
collisions, while they change the rotational spéesl the value ofl), tend to conserve the
direction of the rotational angular momentum (ke value oM/J). In the case of ethane, the
situation is similar, as shown by the state-toestates plotted ifrig. 5, since the collisional
cross sections for thd,K,M)— (J',K,M") change have a maximum for MW1/J. Note that,
as discussed in Sec. II.C, theHg-C,Hg intermolecular potential is close to that for & d
linear molecules. It is thus not surprising thag. looks very similar to Fig. 9 of Ref. 5

which was obtained for pure G@as.

p T
(ps. amagat) (ps. amagat)
Expl2 67.6+6.4 47.4 £ 3.6
Calc ECS 83.0 40.7
Calc rcmDSsl4 72.8 44.9

Table 1: Density-normalized time constants of wiléston-induced decay of the amplitudes
of the permanentt) and transient {1 ) alignments
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Fig. 5: Pressure normalized raté§; x v _, 3' k M Versus M/J and M'/J' for J=12, K=0,
J'=10 (a) and for J=18, K=8, J’=16 (b).

D. Discussion on the models

For a system like pure ethane at room temperatig@rous "first principle" quantum
mechanical methods cannot be used to predict thaydef the alignment even though an
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accurate intermolecular potential is availa®®eThe reason for this is that the number of
significantly populated rotational states and dfisionally opened channels that need to be
taken into account, as well as that of the stat&tdte rates that are needed are by far too large
for calculations to be tractable yet. One thus teagely on approximate models. From this
point of view, only the ECS approach describedhis paper and the requantized Molecular
Dynamics Simulations (rCMDS) presented in Ref. &dehbeen proposed so far, which have
different interests and weaknesses. The rCMDS trevadvantages of directly using an input
intermolecular potential, of taking into accoung ttotation-translation transfers and thus the
eventual influence of the progressive heating efttAnslational motion during the collisional
dissipation, and of correctly treating (at leasissically) molecular pairén contrast, the ECS
approach relies on knowledge of the basic ratestwini many cases cannot be calculated and
are approximately modeled (e.g. Eq. (13)] with paeters for the determination of which
some measurements (e.g. Fig. 1) are needed. Fudher rotation-translation transfers are
disregarded and the collision partner is treatechrasatom with not rotational degree of
freedom. However, within these approximations, B@S approach is quantum and thus
correctly describes the Raman transitions indugetthé® pump laser and the coherences in the
wave-packet that they generate. Furthermore, goo@ygpnd the rigid rotor model and taking
into account effects such as centrifugal distortioth this model is quite straight forward. In
contrast, the requantization of classical simureti@as proposed in Refs. 5 and 14 remains
some kind of "trick" that is not fully satisfactognd has its limits, particularly when the
kinetic temperature becomes comparable with thetiostal constants. Furthermore, it is not
possible to correctly introduce centrifugal distamteffects. Even though the collisional decay
of the alignment may be well predicted within aidigotor approach, the shapes of the
revivals are not correctly predicted as shown if. R4. Hence the ECS and rCMDS have
different interests and drawbacks but they are dementary. In order to explain this
complementarity, let us consider the case wherenaeels to predict the dissipation of the
alignment of a pure gas of linear or symmetric toplecules, for instance. If only an
intermolecular potential is available, with not ettdata from which the ECS basic rates can
be determined, rCMDS is the only solution. On tpeasite, if there is no potential available
but some line broadening measurements have beere rited can be used for the
determination of the ECS parameters, rCMDS canaghade and the ECS model is the only
applicable one.
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V. CONCLUSION

This paper presents the first quantum model focutations of the collisional
dissipation of the laser-induced alignment of a @asymmetric-top molecules. It is based on
a kinetic equation describing the time evolutiortted density matrix, in which the effects of
intermolecular collisions are taken into accoumbtigh state-to-state rates constructed using
the Energy Corrected Sudden approximation. Thiscggh is applied to ethane gas for which
measurements of the alignment have been made IyreCEm¢ associated comparison between
predicted and measured time-dependent alignmenglsigiemonstrates the quality of the
model for the decays of both the permanent angigah components of the alignment. The
analysis of the computed state-to-state collisioatds shows that they are the largest when
the orientation of angular momentum associated thi¢ghrotation of the molecule symmetry
axis is conserved (i.84/J practically does not change). This explains theeeinentally and
theoretically observed fact that the permanentnatignt decays more slowly than do the
alignment revivals amplitudes. It is important tten that the present paper only provides a
limited test of the ECS model for the collisionassipation of symmetric-tops molecules.
Indeed, as discussed in this pap®K # 0 transitions play a negligible role in the casguoife
ethane whose behavior is thus close to that afemtimolecule. It would thus be of interest to
find a molecular system (including a symmetric-toplecule and an eventually different one
in which it is diluted) for which the situation whifferent and that could be investigated
experimentally. This may not be so easy since tarstraints should be satisfied. The first is
that the sensitivity of intermolecular forces tdatmn of the molecule around its symmetry
axis should be important. The second is that thisotmopy of the polarizability of the
molecule should be sufficient to enable a significdegree of alignment using current and
reasonable laser pulse intensities. In any case should remember that the proposed ECS
model has limitations that may not make it suitatde more complex systems than pure
ethane, for two main reasons. The first is thatcthiBsion partner is treated as an atom so that
resonance effects (appearing when each molecutbeotolliding pair makes a rotational
change) occurring in molecule-molecule collisions aot taken into account, The second is
the use of approximate corrections of the I0S matiebugh the adiabaticity factor, in order
to take into account the fact that molecules dateotluring collisions. These have moderate
consequences when the rotational constant is smaalinay lead to significant errors when it

is not the case (e.g. NHPH;, CHzD or linear molecules such as HCI and HF).
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