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Abstract

We present the first theoretical study of the eainal dissipation of the alignment of a
symmetric-top molecule (ethane gas) impulsivelyuoetl by a linearly polarized non-
resonant laser field. For this, Classical Molecidgnamics Simulations (CMDS) are carried
out for an ensemble of.8s molecules based on knowledge of the laser-pulaeacteristics
and on an input intermolecular potential. Thesevige® for a given gas pressure and initial
temperature, the orientations of all moleculesllatiraes from which the alignment factor is
directly obtained. Comparisons with measurementsvstinat these CMDS well predict the
permanent alignment induced by the laser pulsetardkcay with time but, as expected, fail
in generating alignment revivals. However, it isowh that introducing a simple
requantization procedure in the CMDS "creates" éhesvivals and that their predicted
dissipation decay agrees very well with measurddega The calculations also confirm that,
as for linear molecules, the permanent alignmenetbfine decays more slowly than the
transient revivals. The influence of the intermalec potential is studied as well as that of the
degree of freedom associated with the moleculaatiost around the symmetry axis. This
reveals that ethane practically behaves as a linealecule because the intermolecular

potential is only weakly sensitive to rotation anduhe C-C axis.



|.INTRODUCTION

Aligning molecules with intense laser pulses isvall-established techniql€. The
alignment-dependent potential felt by anisotroméapzable molecules immersed in a strong
laser field, confines the most polarizable axisglthe field polarization direction. When the
pulse duration is much shorter than the rotatigeaiod of the molecule, the laser-molecule
interaction is non-adiabatic and molecules exhgatiodic revivals of alignment after the
pulsé.4. This so-called field-free molecular alignmenhighly desirable in a large variety of
fields such as molecular tunnel-ionizafiénand orbital imaging high-order harmonic
generatiof, attosecond electronisand molecule solvation dynamt€sVarious approaches
have been used to measure the field-free molealigmment, mainly categorized as either
ionization-fragmentation imaging techniqé&$2 or nonlinear pure optical techniqdéd4
The latter are particularly well suited when thegminent decreases quickly due to
intermolecular collisions, as in high-pressure ghsé’, or to molecule-solution interactions,
as in He nano-dropletd18 The excitation of molecules with a non-resonamirs pump
pulse can be described through a cascaded rotasbmalated Raman effect that creates a
rotational wavepacket and leads to energy depasitiathe rotational motion. This energy
then relaxes to the translational degrees of freettwrough collisions, a process that was
tracked in the time domaif20 The concomitant elevation of temperature andspresinside
the sample produces a thermal expansion and arstacatave whichhave been detected
photo-acousticalB.. Note that the exchange of energy between the pelagdric field and

the molecules can also be measured through dich?ais

Field-free alignment, as a time-resolved technigqa®, provide a means to investigate
collisional effects in molecular samples. An exaenjd the determination of collisional
linewidths from the recording of the time-dependaintfringence at moderate pressdfest
is thus an alternative to frequency-domain Ramattspscopy. Moreover, as pointed out in
the pioneering studies of Refs. 24,25, it could possible to disentangle the effects of
rotational population relaxation and pure phaselderence by using the dissipation of field
free alignment. This ability relies on the facttthize field-free molecular alignment exhibits
two different contributions known as the transieantd permanent alignments, which have
different sensitivities to the various collisionptocesses. As discussed in Ref. 16, the
permanent alignment corresponds to a populatioacefivhereas the transient alignment
reflects the coherence within the rotational extitavepacket. While all collisions inducing

decoherencel{changing inelastic collisiong;preserving elastic reorienting collisiods,and



M-preserving pure dephasing elastic collisions) cedhe transient alignment, the decrease of
the permanent component only results from thosechvitihange the orientation of the
rotational angular momentum. It is thus possible,principle, to discriminate different
contributions to the dissipation of alignment bynsitaneously measuring the decays of
permanent and transient alignments under the sawmecgnditions. The first work in this
direction, made in pure GQas and C@in mixtures with rare gases at low pres3brevas
then followed by a study for nitrogen molecé#fesThe analysis of the data demonstrated that
inelastic collisions dominate the decoherence éngais phase. More interesting, the decay of
both components of field-free molecular alignmemiswvthen measured in OCS excited by a
strong terahertz single cycle pidéewhich showed that the permanent alignment de8ays
times slower that the transient one. The explandto this difference was given in Ref. 28,
for pure CQ gas, by using two independent models for thesiohial relaxation of molecular
alignment: A quantum one, based on tedependent Energy Corrected Sudden (ECS)
model, and a nearly classical one, using requahtizdéassical Molecular Dynamics
Simulations (rCMDS). The main feature exhibiteddmth approaches, which lead to results
in excellent agreement, is a propensity of coliisido conserve the orientation of the
molecular angular momentum. Consequently, the peemtaalignment decays slower than
the transient one. This was later on confirmed lyy Yery good agreement between the
computed and measured decays of the permanentamsient alignments in high-pressure
pure CQ gas as well as C&He and CG-Ar mixturesté.17.29 However, all the above
mentioned experimental and theoretical studieshef dollisional dissipation of the laser-
induced alignment were made for linear moleculeby,odespite the obvious interest of
studying the influence of the molecular symmettys lonly very recently that dissipation for
a nonlinear species (the symmetric-top moleculeareth GHg) has been investigated
experimentall§0. Again, the permanent alignment shows a sloweayleompared to that of
the transient alignment, indicating the potentiglgneral applicability of the propensity rule
to nonlinear polyatomic molecules. However, whileaqtum calculations of the alignment of
symmetric tops under collision-free conditions hineen made (eg Ref. 30 and those there
in), no theoretical approach and thus no simulatibave been proposed so far for (gas
pressure) conditions making dissipation processgsifisant.. This lack of models and
computations of the collisional dissipation of #iggnment of symmetric-top molecules is the

justification of this paper. The latter presentsapproach based on rCMDS for symmetric-top



species (Sec. Il) which is applied to ethane gdk (8ec. 1ll) comparisons with experimental

result$0, and a study of the influence of the symmetricgepmetry.

I[Il. COMPUTATIONAL PROCEDURE AND DATA USED
A. Classical Molecular Dynamics Simulations (CMDS)
CMDS were performed for an ensemble\oéthane molecules at press&and initial

temperatureT as follows. First the molecules’ orientations acehter-of-mass positions
[inside a cubic box of side lengfNkg T/ P)1/3] were chosen randomly with the constraint

that molecules should be at least 7 A away fromhestber (in order to avoid unphysical
situations associated with too close pairs). Thenrotational angular momentum and center
of mass velocity vectors were defined with randaomergations and modulus verifying the
Boltzmann statistics. These molecular parameters Wen propagated in time using periodic
boundary conditions, a closest neighbors spherdatanduaternion approach, as described in
Ref. 31. The effects of the laser pulse and ofintdecular collisions appear in the equations
through the subsequent force and torque appliehe¢b molecule. The torque on molecule

due to the laser is the vector product of the gtefield E(t) and induced dipolgi(t). The

latter is given by, (t) = am(t)E(t), where the polarizability tensco:rm(t) in the laboratory
frame is computed from knowledge of its value ia tholecular frame and of the orientation
of the molecule (i.e. of the quaternions). For tfoece and torque resulting from
intermolecular collisions, they are easily obtairies the positions and orientations of the
interacting molecules and a parameterization oftteesite force®-33(see below). Using the

input data described there after, computations wexde for ethane gas initially at 295 K and

for pressures of 2 and 6 bar. The alignment facerthe average cos@)2 > t)- 1/ where

0 is the angle between the molecular axis of symyr(etr. the C-C axis) and the polarization
of the laser, was computed since it is the quamtiéasured in Ref. 30. This was done with a
time step of 1.5 fs for delayAt with respect to the pulse ranging from -2 ps tqp90Note
that the molecules were treated as rigid rotorstia ground vibrational state, thus
disregarding the influence of centrifugal distont@nd internal torsion and the contribution of
the first excited statevf). These approximations make things much simplertaey likely

have negligible consequences on the dissipatiothefalignment. Indeed, the latter results



from rotational-state changes governed by statddte rates that are almost insensitive to

slight changes of the energies and wave functibtisedevels.

B. Input data used

We used the equilibrium values of theHg geometry parameters, i.e. C-C=1.535 A, C-
H=1.094 A and HCC=111.2°, and the anisotropy ofgbkrizability was set tg=0.7 A® as
in Ref. 30. For the description of intermolecularces, two potential energy surfaces were
used, denoted as PES1 and PES2 and taken from 32e&s1d 33, respectively. They were
both computedab initio and represented by sums of site-site interactaescribed by
analytical expressions. For the laser alignmensgulve used the parameters reported in the
experimental stud®: a duration (FWHM) of 100 fs and a peak intensity80 TW/cnf. For
comparisons with experiments, the computed aligrinfestor versus time was convoluted
with a Gaussian function which takes into accotmet finite duration (150 fs) of the probe
pulse and the crossing angle between the two beams.

C. Requantization procedure

While purely classical calculations can predict tesponse of the system during the
laser pulse and the permanent alignment that udesl, they do not generate any alignment
revivals since the latter are due to the quantutureaf the rotational motion (see Fig. 1a). A
way to correct for this is to "requantize” the tata in the course of the CMDS, following
what was proposéd for CO, and successfully tested against quantum calcakZfias well
as experimen®. Before explaining how this was made in the calséhe symmetric-top
molecule ethane, recall that, under collision feeaditions (zero pressure), the alignment
factor computed quantum mechanically for a rigithrdnas a periodicity (see Fig. 1a of Ref.

30) equal to the rotational perio‘E}e\,=(ZBc)_1= 25.1 ps, where B=0.663 cth Note that

the weak revivals which appéfrat times At= 0+ 1/4),,, with n=0,1,2, will be

disregarded from now on. They result from the défe statistical weights of even and atld
levels forK=0, and are not taken into account in our caloomesti Within this limitation, all
alignment revivals of odd number that appear aaydehfter the pulse dit = n¢  1/B),,
where n=0,1,2,... , are identical. The same rufdiep to those of even number occurring at

At =nT.e, . Regarding the requantization of CMDS in the aaisa symmetric-top molecule,

recall that the rotational angular momentum in theolecular frame is



Ly X + 1y +1 260 2, with 1y =1y #1 5, Z being the symmetry axis (along the C-C
bond in GHg). The requantization of the rotational motion ardhis axis, i.e. that of,, is

straightforwardly obtained by introducing the radaal quantum numbé€ and remembering

that, in the quantum world, one should hawg=7%K /I ,,. Thus, at some specific times (see

below) in the course of the CMDS we find the inte§esuch thatzK /1, is the closest to

w, and then changew, to wj! with Wl =(#K/1,)(w /|l }). For the components
associated with the rotations around the x andesaand the requantization af, and of

wy, we first wrote that, in the quantum world, one osld have
(1 00,2 + (1 yyu))2+(l 0 }2=1h3 (J +1). Replacingw, by its requantized values?
into this equation and introducirigh =1, =1 yy leads tol %(wf + wf,) = hZ[J (J+D)-K 2} :
In order to requantizev, and w, we thus search for the integksuch thatJ(J +1) is the

closest to K2+I%(wf+w)2,)/h2. We then replace wy, by i with

Wl = (Al 15)4I (3 +1)—K2(wxl,/w)2(+w§,), an equivalent change being made foy.

This requantization scheme, denoted as RQL1, leadptactically perfect agreement with the
results of quantum calculations (carried as explhim Ref. 30) for the first revival (and all

other ones of odd number), as shown by Fig. 1bFiutlc shows that it does not reproduce
the shape of the second revival (and of all thdseven number). We then introduced a

second requantization scheme, denoted as RQ2,iaghwile search for the integéisuch that

J? is the closest to K2+I%(oof+w§)/h2 and then replacew, by @ with

W = (111N 2 - K (0o / |k +wF) , an equivalent change being made . Figures

1b and 1c show that, while RQ1 leads to very gaedp( inaccurate) results for revivals of
odd (resp. even) numbers, the situation is revesdexh RQ2 is used.
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Fig. 1: Alignment factors for ethane gas under is@h free conditions versus the time delay
with respect to the laser pulse. The top panekf@ws the results of a quantum calculation
for rigid rotors in the ground vibrational state I(fe line) and of fullyclassical MDS (red
line). The lower panels display the same quantusulte (circles) and those of requantized
CMDS using requantization RQ1 (red line) and RQR€gHine) for the first (b) and second
(c) revivals.

In order to understand the results in Figs. 1b Andirst note that one can show that,

with RQ1, the ethane C-C axis in the laboratorymiarotates with and angular speed

Wro1(J) = I(I+D)/ Ig=nr(I+1/2)/15, while RQ2 leads to Wr2(J) =nd/ 1.
Obviously, if we consider the evolution of the sguaf a cosine between the molecular axis

and the laser polarization direction, associateglian speeds ar@wrg1(J)=7(2J +1)/1g
and 2wrg2(J) =2 /1. Let us now consider the Raman transitiohs- J+AJ, with

AJ =+1,+2, that are induced by the laser field and are nesipte for the creation of the

alignment revivals. They induce the oscillatingrisrexp{w; A jt ) that appear in Eq. (15) of
Ref. 30. Sincew; jiaj=2mBc[2JAI+AIAI+1)|= @ /2H) 21 I+A I I+ 1|, this

leads, for the AJ=#1 and AJ=%2 to wjjy4,=h[J+(1x1)/2/l5 and



W3 3+2 =A(2J +1% 2) /1, respectively. Hence, wj j+2=20rg1(J +1) and
w3, 3-2 = 2WR1(J —1). This explains the good agreement between thetguraresults and

those obtained from rCMDS+RQL1 for the revivals dilamumber (Fig. 1b) since only the
AJ =2 Raman transitions contribute to the latter. Indeeck-alignment of a molecule at a

delay T,e,/2 [or (n+1/2)T,,with n any integer value] after the pulse implies tha th

molecule rotates with an angular speed that isvan enultiple of that corresponding 1.,
(i.e. to J=1) thus requiring that its quantum numhkkis even. For the revivals of even
number, all theAJ =+1 and AJ =+2 transitions contribute and the situation is muabren
complicated. While numerical computations show tiiIDS+RQ2 lead to good agreement
with quantum calculations for the revivals of evanmber (see Fig. 1c), we have not been
able to understand this result from analytical dgwments. It is important to emphasize that
the quality of the predictions obtained with thetequantization procedures is largely due to
the fact that many rotational levels (up do=50) are populated at room temperature. This
"washes out", through averaging, the imperfectioh®RQ1 and RQ2. For the same reason,
the total (rotational+translational) energy of Hystem remains remarkably constant after the
laser pulse, despite the fact that the requantizathanges the rotational speed of the
molecules. Such a favorable situation would nouodiconly few levels were populated, as it
would be the case at (very) low temperature orafonolecule with a much larger rotational
constantB. Indeed, comparisons similar to those made in.Figsand 1c show a good
agreement between the results of rCMDs and of guartgalculations down to about 10 K
with differences that increase quickly for temperas belowl<5 K asT/B approaches unity.

It is not possible to find a single way to chanige angular speeds of classically rotating
molecules (i.e. to requantize) that can lead tai@te predictions of the revivals of both odd

and even number. Hence, following the previouslgspnted elements, we carried two

requantized CMDS ok cos@)2 > t)- 1/5 using RQ1 and RQ2 respectively, for each given
initial gas conditions and laser pulse characiesstThe final alignment factor was then
obtained from a mix of the results obtained with ttvo requantizations. More precisely, we
retained the alignment factor computed with RQiluat =3T,., /4 and then in all the
intervals [+ 1/4)y,(n+3/4)T,e,] wheren=1,2,3,... while that obtained with RQ2 was
used in the intervals f(- 1/%),,(n+1/4)T,]. Alternately using RQ1 and RQ2 is

obviously not fully satisfactory, but this "trickias the merit, as shown in Sec. lll, to enable

guantitative predictions of the collisional decajshe permanent and transient components



of the alignment, without introducing any parametdjustment,. Finally, the requantization
(i.e., finding the values oK and J and then changing the rotational angular speeds

Wy, Wy, W,) is only made, for a given molecule, at times ¥drich the torque that it is

experiencing (due to the laser and/or interactiathh \&nother molecule) is practically zero.
Indeed, requantizing at each time step would auticaily forbid any change of the values of

JandK and thus of the rotation of the molecule.

[11. RESULTSAND COMPRISONSWITH MEASUREMENTS

A comparison between the measured alignment fdotgoure ethane gas at 2 bar and
initially at 295 K and that computed with the rCMD#fpproach and the intermolecular
potential PES38 is shown in Fig. 2. As can be seen, the agreelnemteen experiment and
theory is good for the permanent alignment andfitisé two revivals but degrades for the
higher order revivals. While it seems like the comapions overestimate the decrease of the
revivals amplitude with time, it is not truly these. In fact, this does not come from an
inaccurate modeling of the effect of collisions,sl®wn by the results for the decay time
constants discussed below, but from the neglectcanitrifugal distortion and of the
contribution of the excited torsional state. Indeede comparison between quantum
calculations displayed in Fig. 1 of Ref. 30 showattkhese contributions neglected in the
rCMDS significantly reducg¢he amplitude of the8and 4" revivals while broadening their
extent but not those of th&and 2° one. The comparison of Figs. 1a and 1c of Refl86
shows that these effects increase significantthasevival number increases.
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In order to go further, we have determined theagidame constants of the permanent
(tp) and transient (7 ) alignments exactly as was done in Ref. 30. Nantaly permanent
alignment was fit by an exponentially decaying ftimt, yielding the value oftp. This
function was then subtracted from the rCMDS-comghubgnment factor and the absolute
value of the result was calculated. We then detezthithe areas below each revival and fit
them by another exponentially decaying functioridiiey the value oft1. The results of this
exercise applied to rCMDS results at 2 bar argguion Fig. 3 which shows the quality of the
exponential fits. A similar treatment was made f@MDS results at 6 bar and, as expected
from the binary nature of intermolecular collisioas such pressures, the time constants

obtained are three times smaller than those ginaha caption of Fig. 3. The values 0
and 17 retrieved from the results of rCMDS carried usiRigS$2 and PES28 have thus been

density-normalized. They are given in Table 1 tbgetwith those obtainéd from
experiments. As can be seen the agreement betlWweerytand measurements is very good

when the intermolecular potential PB82s used, The predicted values Bf and 1p then

differ from experimentally determined ones by orbly2% and +7.7% and are within the
uncertainties of the measurements. Poorer reswt®laained with PES2 This could be
expected since, with respect to PES1, the verynteB&S2 is more accurate for several
reasons, including the use of a much larger basis the fact that complete basis set
extrapolations were made, that zero-point vibratiaifects were not neglectestc As noted

in Ref. 30, and confirmed by the present theorktresults, ethane follows the rule,
previously evidenced for linear molecuted?.27.29 that the permanent alignment decays
more slowly than do the transient revivals. Thissvexplained, for C¢) by a "gyroscopic
effect'28 resulting from the fact that collisions, while yhehange the rotational speed (i.e. the
value ofJ), tend to conserve the direction of the rotaticaraular momentum (i.e. the value
of M/J). A preliminary analysis, whose results will beegented in a forthcoming paper,
shows that, for ethane, the situation is the sam@e ghe collisional cross sections for the
J,K,M)— (J',K',M") change have a maximum for MYW1/J.

11



<cos(0)’>(At)-1/3 (arb units)

0.0 L] l L] l l T l T
\
Q
\
\
— \
@ \
c \
5 \
O
g *,
\
G N,
0 .
< o
N
~
'\
- .\ -
- e
0.0 L] l L] l L] l T l T
0 20 40 60 80 100
At (ps

Fig. 3: Alignment factor (blue curve in top panat)d areas (see text) below the revivals (blue
circles in bottom panel) obtained from rCMDS até2.brhe red dashed lines represent the
associated exponential fits with time constan#000 ps and 24.7 ps, respectively

12



p T
(ps. amagat) (ps. amagat)

Exp30 67.6+6.4 474+36
rCMDS (PES32) 91.0 47.9
rCMDS (PES$3) 72.8 44.9

Table 1: Density-normalized time constants of thiéston-induced decay of the permanent
(tp) and transient {1 ) alignment factor of ethane gas

Finally, it is of interest to study how the symnetop nature of the ethane molecule
affects the alignment and its collisional dissipatiwith respect to the behavior of linear
species. In other words, what is the influencehef éxtra degree of freedom of rotation (that
around the molecular axis of symmetry) broughthmy fiact that the molecule has a non zero

moment of inertid,,. In order to investigate this issue, rCMDS haverbearried using the
true value ofl,, for ethane as well as with five times less an@ fivnes more. The results
show that the collisional dissipation and the asged time constantgp and tp are

practically insensitive td,,. This can be explained by first noting that ithe component of

the torque applied to a molecule in a collisionhwét partner that is perpendicular to the
molecule symmetry (C-C) axis which changes thetimtaof this axis and thus the alignment

factor. Sincely,= Iy for symmetric-tops|,, does not directly participate to changes of the

associated speed of rotation [i.e.(of( +w§,)1/2], as shown by Egs. (3.29a,b) of Ref. 31. The

effect ofl,, is thus only indirect, through its influence ore ttotation around the C-C axis,

which determines the relative positions of the ldna of a colliding pair and thus the
intermolecular forces. Now, it turns out that thetgmtial energy surface of Ref. 33 is only
weakly sensitive to the rotation around the C-Csaakethe two molecules. Its anisotropy is
essentially governed by the respective orientatibthe two C-C axes so that this PES is
more like that for two linear molecules. This expsathe small sensitivity of the relaxation
processes to the asymmetric-top nature of the deresi molecule. This finding likely cannot

be generalized to all symmetric-tops.

V. CONCLUSION
This paper presents the first model for calculaiohthe collisional dissipation of the

laser-induced alignment of a gas of symmetric-toplecules. It is based on Classical

13



Molecular Dynamics Simulations which are requantizbrough proper changes of the
molecules' rotational speeds. It was applied t@rethgas for which measurements of the
alignment have been made using a recent and aecuregrmolecular potential energy
surface. The comparison between predicted and mezhalignment signals demonstrates the
quality of the model. Indeed, the predicted decates of the permanent and transient
alignments differ from experimentally determinedesrby only -5.2% and +7.7% and are
within error bars. The study of the influence of gymmetric-top geometry reveals that pure
ethane gas behaves, from the point of view of thgnment dissipation, like a linear
molecule. This results from the small sensitivity tbe GHes-C,He potential to rotations
around the C-C axes, and is thus not a generafouldl symmetric-tops. It would thus be of
interest to study, both experimentally and theoadty, the alignment of a gas species (pure
or diluted gas) for which the potential sensitivity rotations of the colliding molecules
around their symmetry axes is large. However, figda "good candidate" is not easy, very
time consuming and my be unsuccessful because egasrio: (i) Find a symmetric-top +
collision partner system for which a reliable im@tecular potential is available. (i) This
potential should be significantly anisotropic witbspect to rotation around the molecule
symmetry axis. (iii) The anisotropy of the polab#ay of the symmetric-top molecule should
be sufficient to enable a significant degree ofjrainent using current and reasonable laser
pulse intensities. Although of interest, this skascbeyond the scope of the present paper.
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