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Abstract: We show that the decays with pressure of theiomialt alignment echoes induced inONHe gas
mixtures by two ultrashort laser pulses with vasidgelays show detailed information about collisiotuced
changes of the rotational speed of the moleculesaddrements and classical calculations consistently
demonstrate that collisions reduce the echo anagitll the more efficiently when the echo appeates. We
guantitatively explain this behavior by the filant&tion of the classical rotational phase spacedediby the
first pulse and the narrowing of the filaments withe. The above mentioned variation of the echcage
then reflects the ability of collisions to chandpe tmolecular rotation speed by various amountsblamg
refined tests of models for the dissipation indubgdintermolecular forces. We also demonstrate that
collision-induced changes of the rotational speédithim the filaments are the classical equivaleritshe
nonsecular transfers among quantum coherencesegthdiencing the correspondence between the cléssica
and quantum worlds.

I.INTRODUCTION

In gas media, intermolecular collisions modify ttetational and translational motions of
molecules. These processes are of fundamentagstend must be properly modeled for practical
applications. Indeed, in gases at equilibrium, male-molecule and -atom interactions largely
govern the shape of molecular spectra [1] and tieggy and mass transports [2,3], for instance.
When the system has been perturbed by an extarmahétion, the return to equilibrium often
follows channels enabled by collisions [2].

Much previous research has studied collisionaa$fin the frequency domain through their
consequences on the shape of light-absorption scattering spectra [1,4]. The influences of
intermolecular forces in gases have also beentigetsd in the time domain through the decay of
the molecular-axis alignment/orientation inducedany electromagnetic pulse (e.g. Refs. [5-12])
and, recently, by using the echo following the &twn of the system by two laser kicks [13,14].
However, these studies provide averaged informatidgth little detail on intermolecular
interactions. For instance, the pressure broadeafngnisotropic Raman lines or the decay of
alignment revivals (which are, through a Fouriemsform, equivalent [11]) only tell how fast
collisions change the rotational motion, with ndomrmation on the respective contributions of
dephasing, changing of the rotational speed or hef &angular momentum orientation. The
"transient” and "permanent" components of alignnségnals provide more insights as they tell at
which (different) time scales relaxation affects thodulus and orientation of the rotational angular
momentum [8,10,12,15]. However, again, no inforomatis provided on how efficiently do
collisions modify the rotational energy by a givemount. The way to overcome these limitations
was, up to now, to carry joined time and spectaahdins (double resonance) experiments [16,17].
One can, for instance, depopulate a rotationall Ieyea resonant pulse and then probe the
evolutions of other levels populations using theetiand spectral dependences of the absorption
spectrum. Such measurements can provide statetm+&laxation rates, but they are complicated
to carry. Furthermore, disentangling the contritmsi of the various collisional channels requires
the use of a model.



This paper gives experimental and theoretical destnations that alignment echoes enable
detailed investigations of the collision-inducediebes of molecular rotation. These echoes in the
alignment of molecular axes after nonadiabatic takoins by two successive nonresonant and
linearly-polarized laser pulses were shown in lawsgure C@[18]. Some of the molecules are
first aligned by a short and intense puld®) (thanks to the anisotropy of the molecular

polarizability. This results in a peak in the aligent factor<cos @ )> t), whered is the angle

between the molecule axis and the laser polarizatidich vanishes quickly due to the spread of
the angular velocities. A second pulsg)(Rppliedr;, later, induces a rephasing creating an echo

in the alignment factor &t=2r;, after R [e.g. Fig. 1(a)]. Further investigations, stillnéad at

pressures for which collisional effects are negligiat the investigated time scales, revealed the
existence of fractional, imaginary, and rotatedoesh[19-21]. The collisional dissipation of echoes
was studied later [13,14], by varying the delgy for fixed gas densities. A pressure-induced

decay time constant was obtained from the decreeie,increasingr,, of the echo amplitude.
Reference [14] demonstrated the advantage of fpsoach under high-pressure for which the
alignment revivals have vanished and cannot be ts@dobe the collisional dynamics. However,
such experiments provide a single time constam¢atifig the influence of all types of rotation-
changing collisions throughout the time window dfservation. The echoes were revisited very
recently from a much richer point of view, by stimy the decay of their amplitudes with
increasing pressure for fixed delags [22]. This provided the evolution, with,, of the echo

dissipation, showing that the efficiency of colhiss in damping the echo significantly varies with
time at the early stage of the relaxation procéssociated quantum theoretical calculations
evidenced the breakdown of the widely used “seaparoximation” at short times.

We here reanalyze the experimental results of [R2f.with a completely different approach,
using a classical instead of a quantum model. fidueals that the variation of the echo pressure-
induced decay with its time of appearance refldusability of collisions to change the rotational
speed by various amounts. We also show that rotialignment echoes are some kind of bridge
between the quantum and classical worlds, as a@&sently observed in an isolated vibrating
molecule [23]. For this, we demonstrate the tigletrespondence between the progressive
filamentation of the angular speed in the clasgictdtional phase space and the time evolution of
the quantum coherences created by the first laglsepWe also show that the validity of the
secular approximation, quantum mechanically dribgrthe dephasing between the coherences is,
in the classical world, conditioned by the widthtloé filaments.

1. EXPERIMENTS

The experimental set-up, the procedures usedhfomteasurements and their analysis, and
the results used below have been presented in[Ejf.Two linearly polarized, intense, and non
resonant femtosecond laser pulses were appliedratep by various delays,, and the alignment

factor was recorded forJJ0(4%)+He(96%) gas mixtures at room temperaturesaveral pressures.
For this, a third (weak) pulse was used, with wasidelays with respect to the pumps, that probed
the transient birefringence resulting from the amigpic distribution of molecular orientations. The
modification of its polarization was analyzed byighly sensitive balanced detection delivering a

signal proportional te< cos @)-1/3> { ). As exemplified by the calculated signal of Figa)

(and by the measurement in Fig. 2(a) of [22]), finst pulse, att=t;, results, thanks to the
molecular polarizability anisotropy, in an alignmegoeak that quickly disappears due to the
dephasing of the quantum coherences that it hasraeal. The second pulset=t+z;,, which also
generates a quickly vanishing alignment, somehoverses the course of time and induces a
progressive rephasing of the coherences (see Appdedding to the formation of an alignment
echo att=t;+2r;,. The variation of the amplitude of this echo withe gas density contains
information on the loss of coherences induced lgrimolecular collisions [22]. In order to
guantify this process, after normalization by tlas densityd in order to remove the proportionality
of the signal to the number of molecules in theuww excited by the lasers, the amplitude
S(d,t,,) (see Fig. 1b) of each measured echo was determiiitexl values obtained for several



densities were then fitted b$(d,t,,) = At,,)exp[-d/ ¢ (t1o)] and a density-normalized time
constant (in ps.amagat, 1 amagat corresponding.88M0?° molecules/) was then defined
by te(ty,) =21, d(T,,), Which accounts for the fact that the echo appatirs 2t,, after the time
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Fig. 1. Alignment factors for MO diluted in He at various densities. (a) Compuitaldies forr;,=3.0 ps. (b)
Measured values for;,=3.1 ps.

1. CALCULATIONS

Classical Molecular Dynamics Simulations (CMDS)e&vearried for NO diluted in He gas,
as described in Refs. [14,15]. Many molecules amtha were treated using periodic boundary
conditions, nearest-neighbors’ spheres, and théet/algorithm [24]. After proper initializations
(Boltzmanian energies, random orientation of thetmes, molecules/atoms not to close to each
other [15]) of the center of mass positigg,(t=0) and velocityV,,(t=0), and of the axis

orientation G,,(t=0) and angular speedy,(t=0) of each particlem, these quantities were

propagated in time using the equationslasicalmechanics. The forcg,(t) and torquet ,(t)
applied to each molecule (or atom) by its neighbamsl the laser pulses were computed, as
explained in [15], from knowledge of the positioasd orientations of all particlesg,(t+dt) ,

Vmn(t+dt), Gy(t+dt), and G, (t+dt) were then obtained frorﬁm(t) , Tm() 5 Gt V(D) ,

U (1), and @y, (t) . In order to simulate molecules infinitely dilutedHe while keeping computer
time reasonable, 50%.,8 + 50% He mixtures were treated by only takingDMHe forces into
account with the accurate potential of Ref. [29]eTaser pulses characteristics were set to those o
the experiments (linearly polarized along the salinection, Gaussian time-envelop with a 100 fs
full width at half maximum (FWHM) and peak intensit around 20 TW/cf and the NO

anisotropic polarizabilityha =19.8 a03 [26] was used. The molecules were treated as r@gw's,
and the requantization procedure introduced in [R&S] was eventually applied, in which the
rotational angular speed is changed, at propemgem times, to match the closest quantum value.
These requantized CMDS (rCMDS) and the purely @absCMDS enabled to calculate the



alignment factor< cos’ @ ¢ )> for several densities [Fig. 1(a)]. The time constg=(t,,) of the
echo decay was then determined from the predidigdnaents as done with the experimental ones
(Sec. Il and Ref. [22]). Note that the merits QC(VIDS have been demonstrated for various laser-
induced alignment features in different gases 14,9.9,20,27,28].

IV.RESULTS

The experimental and predicted valuestp(t,,) are displayed in Fig. 2. As pointed out
previously [22], the measured echo decay, whiateletively slow at short delays, becomes faster
as the delay increases before a plateau is reamfoecd?2t,, = 12ps with 1(21,,212 pskE 7(
ps.amagat. This is well reproduced by the rCMDSitesa predicted plateau reached a little later
(around 21,, =20 ps) and slightly lower [withtc(21,,> 20 psk 6 ps.amagat] than in the
experiments. Concerning the CMDS, they also leagkty satisfactory predictions before about 10
ps but do not predict any plateau. This, whichisguksed later, comes from the fact they enable
filament widths (and rotational speed changes)doome smaller than the quantum lirhitl .

However, note that this quantum limit is reachedemwlthe time approaches the revival time for
N>O (20 ps, see Appendix A), which makes sense.
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Fig. 2: Density-normalized decay time constanjs(t,,) of the echoes for JO diluted in He at 295 K

obtained from measured (red open circles, from)[Z22MDS- (black open triangles) and rCMDS-computed
(blue full circles) alignment factors for variousrsities and fixed delays. The insert shows theliptexd
values over a broader time interval.

V. DISCUSSION
V.A Phase-space filamentation, echoes and rotational speed changes

Recall that the alignment echo created=atr, by laser kicks at=0 andt=ry, is a classical
phenomenon [18], contrary to the revivals (see idetademonstration in the Appendix where
several experimental characteristics of the resiwald echoes are analytically derived). This echo
results from the fact that the first pulse charthesmolecule rotational speed according to theeang|
& between its axis and the laser polarization atithe of the excitation, with the largest effect fo



&=45° and no response to the excitation fgr0° and &=90°. This induces [18] a progressive
filamentation of the 0,8) rotational phase space which is explained usitgaadimensional 2D
model in Refs. [18,19], and shown in Fig. 3 andh@ Supplementary Material [29] (both obtained
from 3D CMDS for NO gas under collision-free conditions). The secpatbe, att=7;, then
somehow acts on the filaments in a way similarhi® influence of the first pulse on the initial
equilibrium distribution, leading to a folding dfd filaments which bunch up ne&r0 att=27,, as
can be seen in Fig. 3 and in [18,20f Fig. 3, the echo appears clearly in the alignirfactor
displayed in the right hand-side panel, with a mmaxin of the alignment att"'=5.82 ps followed
by a minimum at=t=6.14 ps. The maximum results from the fact thrathe phase space (see left-
hand side panel), the various folded filaments ciased with high probability densities (appearing
in orange, yellow and green) are aligned (along hbdazontal dashed line d@t5.82 ps) and
collectively contribute, which was not the caseobef Symmetrically, a little later, it is the foltle
filaments with a low probability density (in blut)at are aligned (along the horizontal dashed line
att=6.14 ps), in contrast with the situation beford after, leading to a minimum alignment factor.
Equivalents of these features within a 2D anal{tisadel can be found in Fig. 3 of Ref. [18]. Note
that the extrema in the probability distributiontbé molecular axes associated with the maximum
and minimum of the alignment echo can also bearséfee Supplementary Material [29], around
6=0° for t*=1.95 and around =90° for t*=2.05, respectively. Recall that fractional echaés
appear after the second pulse, at rational frastadrthe delay (e.g. &t41,/3, 3r1,/2, ...) [19,20].
These can be seen in the supplementary movie wiigheorder transient symmetric structures
appear in the angular distribution (e.g. arotind..5), While these structures do not manifesthia t

alignment factor< cos @)> () due to their high angular symmetry, they can bseoked using
other experimental probing techniques [19,21].
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Fig. 3: Time-dependent CMDS-predictions for collision fidgO gas excited by laser pulsest=d andt=3
ps. Left panel: Probability density (from blue &mrwith increasing value) for the,® molecules whose axis
makes an anglé=0° with the lasers polarization to have an anguddocity w. Right panel: Alignment factor.

As shown by Fig. 4, the numba(t) of filaments increases linearly with time aftee fhulse, while
their mean widthAwgyym (1) and the average distansey,(t) between their peaks reduce. Note



that Awy(t) very well follows ther/t law deduced from a 2D model [18])ote that, since the

number of filaments is integer valued, its increagh time follows a stepped curve (looking like a
stair-case) not represented in Fig. 4(b) where tirdywalue at the center of each step is plottad (
same remark also applies to the mean distance éetiie filament). The time evolution of the
filament width in Fig. 4(c) provides a first, butllsonly qualitative, explanation for the results

Fig. 2. Indeed, because it is the progressive ramof/the molecules from "their" filament by
collisions that induces the echo decay, it is obsithat this process is all the more rapid when the
filaments are narrow.
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Fig. 4. CMDS results for collision-free dD excited by a laser pulse centeredt=. (a) Probability
distribution (i.e. normalized number of moleculesthat the integration oven leads to a unit area)f
angular velocities at different times for the mailles whose axis makes an angle of 0° with the laser
polarization (the black line being the CMDS preéditBoltzmann distribution before the pulse); (binier
of filaments , blue full circles, left y-axis) and mean distarlmetween successive filamentad, , red

triangles, right y-axis) ; (c) Mean full width aalfi maximum Awgyy Of the filaments.

In order to now be quantitative, we carried CMD$ IO diluted in He gas at equilibrium (no
pulse), and looked at the time evolution of the hamof molecules whose angular speed was
betweenwy — Aw/2 and wy + Aw/2 att=0 and is still within this interval &t The time constant

T oss(Aw) of the decay of this number is shown by the blaek in Fig. 5 (obtained for the most

probable angular speagy =2.3 16° radl). As expectedy| ,o(Aw) increases withw, since
changing the rotational speed by a larger amountires more time, because either a strong (and
thus little probable) collision or several successiveak collisions are needed. To now cast the
results of Fig. 2 into Fig. 5, we need to assoaatepresentative filament widihw(t,,) with each
x-axis coordinate of Fig. 2. For this, and conditgithat the mean width of the filaments evolves
with time [Fig. 4(c)], it seems reasonable to chloothe value for the median time
ty =[t(Echo)-t(R)]/2=14, between P and the echo. We thus retained
AW(Ty0) = 2D00pwHm (T12) » with Aw(tyo) =1.9/145 [see Fig. 4(c)], where the factor 2 is
introduced in order to include the full filamentdamot its top half only. Then plotting the measured



values from Fig. 2ss Auw(t1,) leads to the open circles in Fig. 5. As can bensédespite its

simplicity, the model based on the rate of remosfimolecules from given rotational-speed
intervals well agrees with the observed resultsis Tquantitatively confirms the above given
explanation of the results of Fig. 2 by the timelation of the filaments widths, and the fact that
molecules are more quickly removed from their fiéarwhen the latter is narrow.
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Fig. 5: Decay time constants of molecules' lagg,s (black line) obtained from CMDS (see text) andhef

measured (red open circles with error bars) eclaydefrom Fig. 2 versus the average filament w{dte
text).

Note that the experimentally observed plateanpoffor small values ofAw in Fig. 5 (and for large
delays in Fig. 2) is absent in the purely classazdtulations oft| ,ss(and in the CMDS results of
Fig. 2). This is because the CMDS allow filamendtivs to become smaller than the quantum limit
nll =0.15 10? rad/s. However, a posteriori imposing this limit (i.e. setting
TLoss(AW) =T | oedAwy ) for Aw< Aw =2h/1) creates a plateau below 0.3"d/s in the black
curve in Fig. 5 (shown by the dashed curve) makingpre consistent with the measurements.

V.B Classical-quantum cor r espondences

It is of interest to relate the present resultselleon a classical model to those obtained with a
quantum approach [22] since, despite the fundarheiffarence between them, both well predict
the observed behavior of the echoes as shown by2Figove and Fig. 3 of [22], respectively. This

connection can be made, as detailed below, by derisg that the(J,M|p(t)|J'= J+2, M)

guantum coherence involved in the alignment facteith p being the density operator, is
represented by those molecules that classicalbtaavith angular speeds such that2w is the
closest to|E; — E;:|/7 (the factor 2 being introduced since we here stthy behavior of

<cos.26¢)>). Now, the quantum results show that exchangesdsst coherences limit the echo

decay, a nonsecular effect significant at earlyeirvhich vanishes with increasing delay and the
associated dephasing [22]. The classical equivadérthis is the fact that exchanges between
rotational-speed classes limit the echo decayras @3 they occur within a given filament, an event
all the less probable when the filament width hasowed with the elapsed time.

In order to demonstrate these statemdatsys, for simplicity, consider the 2D case whare
linear molecule classically rotates in a plane dadote byfy(t) and wy(t) the axis orientation



and angular speed of molecueat timet. Assuming that the molecules have been instantesteo
aligned along th&? =0 direction by a laser pulse &0, one has, under collision-free conditions:
Om(t > 0) = wm(t = 0)xt (1)

and the associated contribution to the alignmeutbge t )> factor thus oscillates with the angular
frequency 2a,(t=0) . In the quantum world, Eq. (A12) of the Appendikows that the
contribution of the{JM|p(t)|J' M) coherence to the alignment factor oscillates with angular
frequencyB[J(J+1)— J'(J+ 1)] Ih= (g - B')/h=w; y.0ne may thus consider that a specific
quantum coherencglgM|p(t)| ;M) is represented by those molecules that classioatiéte with
angular speeda}, such that2a, is closer tow, ; than to wj ;- for any other

{(IM|p(t)|3' M) coherence. The dephasirig), j -y, 5-)t between to different quantum

coherences then corresponds to twice the angleebetthe axes of the associated molecules. For
rotors in 3D, an additional criterion concerning tirientation of the angular momentum is that it is

constrained by the fact that the projecti@g.Z of @, onto the space fixed axis should be such
that @y,.Z/ ||@y, || is the closest taM /J . In this last term, since only the coherences with
J1=Jp*2 contribute to the alignment factor, and since mbewels are populated, the choice

J =(Jp+ J)/2 is reasonable.

Now that we have defined correspondences betweantgm coherences and classically rotating
molecules, let us consider the case where inteulae collisions participate to the evolution of
the system in order to relate nonsecular quantuectsfto the widths of the filaments in the
classical rotational phase space. Let us first titag for the considered,®-He interacting pairs,

the typical duration of a collision is less thath fs (as discussed in the Supplementary Material of
Ref. [22]), much smaller that the rotational per@dhe molecules for the significantly populated
levels. One may thus assume, consistently with vhkdity of the Infinite Order Sudden
approximation used in Ref. [22], that collisionglahe associated exchanges between coherences
as well as those of the classical rotational mosiinstantaneous.

Let us first consider a classically rotating maolean whose angular speed is instantaneously
changed fromyy, to W'y, by a collision occurring at a given tinke Assuming that it had been
rotating freely untik,, so that Eq. (1) can be used until this time, witlin a 2D case for simplicity,
the axis orientations of this molecules fet; is then given by:

On(t>10) = [t =0) — @'t + ' pxt . 2)

With respect to those molecules , such thatw,, (t = 0) = w',,, which have been rotating freely
up tot, the axis orientation difference is thus

Al m(td =[wft=0) —wy(t =0)]t . 3
For the cumulative effect of such collision-induadtnges not to “destroy” the echo by more than
a given amount|Agy, ()| should be smaller than a given threshold valéy discussed

below. This implies that:

|t (t = 0) = oy (t = O)|<Dp A . (4)
This enlightens the role played by the filamenis¢es echo-preserving collisions should keep the
rotational speed change smaller than a given amthamntdecreases inversely proportionally with
time, consistently with the CMDS results in Figc@(Precisely defining the value &, is not
possible, but one may consider that a choice suahthe dephasing of the squared cosine should
be less tham'2 is reasonable. This leadsAd}, = 77/ 4, so that Eq. (4) becomes

| &n(t = 0)- iy ¢ = O))<~ 081, (5)
which is consistent with the CMDS results in Fi¢e)4

Let us now turn to the quantum coherences andridkdown of the secular approximation
at short times evidenced in [22]. Recall that thttel neglects all collision-induced exchanges
between coherences (i.e. between nondiagonal eteroéthe density matrip) as well as those



between coherences and populations (diagonal etsroép), an approximation that becomes valid
when|a)JO’J'0 - Wy, 34 |t becomes greater than a few tinTfe§22]. In order to relate nonsecular

effects to changes of the classical rotational gpeensider an instantaneous transfer, at tyne
from the (Jgy, J'g) to the(J4,J'1) coherence. The latter, which has evolved freelyl tims time

according to Eq. (A9) of the Appendix then beconesst>t.:
t

(3Mp(t> )] 3'1 M) = IM[p(t= 0%)| 33 M) €471 .
+F(JM[p 1= 0| O-M>é(wjo,a-o—wjl,yl)tc @t

where the first term corresponds to the free ewatuof the(J;,J';) coherence and the second is

the contribution coming from th@Jy, J'g) coherence (assuming that a fractfowof its amplitude

has been transferred). For the cumulative effesuch collision-induced transfers to limit the echo
decay (with respect to the secular case where doBses are taken into account),

|a)JO J.O—a)Jl,J-l |t should be smaller than a given threshold value,clwhis the quantum

equivalent of the collision-induced classical rimtaal speed change limit discussed above. In other
words, the quantum secular approximation validéyion is connected to the filament widths in the
classical phase space. Nonsecular effects in thstgon world are significant at times such that the
dephasing between coherences is small and theytadmetome negligible for large dephasings. In
the classical world, the amount of nonsecularitgirisgen by the filaments’ widths, with the secular
approximation becoming increasingly valid as thenier becomes smaller and smaller.

VI. CONCLUSION

We have shown, with very good agreement betweerordkieal predictions and
measurements, that alignment echoes created inlecuer gas by two successive intense and
short laser excitations enable to probe the abdityollisions to change the rotational speed by
various amounts. This is thanks to the progressieowing of the filaments created, in the
classical rotational phase space, by the firshalgpulse. With respect to the alignment revivals
the time domain and to the pressure-broadenindpgdration lines in the spectral domain, echoes
thus give a much more contrasted picture by engltdirtrack the dissipation at the very early stage
of the collisional relaxation process. This unpdegded scrutiny opens renewed perspectives for
our understanding of collisional processes andhggnt tests of rotational-relaxation models and
intermolecular potentials. Rotational alignment@xhbeing a generic classical phenomenon, this
statement is also valid for very complex (heavynlim@ar) molecules for which quantum
calculations are intractable. This further broadéms potential applications of this study. In
addition, it would be interesting to extend thesgr@ work to the dissipation of the alignment of
molecules embedded inside helium nanodroplets, @c t@f growing interest for which
experimental results have been obtained recentdge Refs. [30-32] and references there-in).
However, note that modeling the helium cage andethbedded molecule behavior at the involved
very low temperature with a classical approach fmaya challenging theoretical problem. The
present paper also shows that the rotational akgrirachoes are a bridge between the classical and
guantum worlds, involving classical equivalentsqoiantum coherences. This property could be
used for the theoretical modeling and understandihgonsecular, but also of non Markovian,
effects in systems for which quantum models arevaidable or too complex.
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Appendix: On the nature of therevival and echo phenomena
The time evolution of the density matgt) of linear molecules subject to a nonresonant

and linearly polarized laser pulse is, under dolfisree conditions, given by:

d i

=2 THo+HL(®.p(0] . (A1)
whereHy is the free rotation Hamiltonian and:

HL (1) = —%AaEz(t)(cosze— 1/3F —%AaEz tP, (co8 |, (A2)

with Aa the anisotropic polarizability=(t) the envelop of the laser pulse aRg a Legendre
polynomial. Writing Eqg. (Al) in the interaction pice, introducing

<o HHGt/ R -iHg /h

p(t)=e p(f)e , (A3)
and assuming a laser pulse appliet=8twith a negligible duration (sudden approximaliteads,
just after the pulse, to:

ﬁ(t — O+) — e-HCPZ(COSH)ﬁ(t: O_ )e_|CP2 (C0§ : , (A4)
whereC is proportional taAa and to the energy of the pulggt =0 )= g HolkeT /Tr(e_HO/ I‘BT)
where Tr(...) denotes the tra¢g,being the Boltzmann constant afidhe temperature. Recall that,
since

J'23\J'2 3
(IM|Py(cosB ) J 'M } =3y, ,M.(—lj\" (2+ 1)+ 1§oooj(|\/| ,(}MJ , (A5)

where (::3) is a 3J symbol andandM are the quantum numbers associated with the ootdti
angular momentum and with its projection alongdbantification axis, one has the selection rules
M'=M andJ'=J,J+2. We now make a development of the sudden apprdiximaperators,
ie.

&HCP2(0%9) = 1 4 CP, (co )—%CQPZ (co® P+ .. (A6)
and limit ourselves to the first order. The magigments ofp(t) defined in Eq. (A4) then become:

(IM|p(t=0")[3'M) =8y 5-(IM[p(t=0") IM)

+IC(IM|Py (coB |3 M)[(3 M[p tE& O|p M)-(IMp & O IM] “7)
After the pulse, the system evolves freely andtwase
p(t>0+)=e—iH0t/hl~)(t:O+)éHot/h’ (A8)
i.e. for a rigid rotor of rotational constdat
(IM]|p(t>0")[ 3" M) = (IM[p(t= 0" )| 3* M) dB1 QD=3+ 2]/ (A9)

1. Single pulse and the alignment revivals
When a single excitation pulse is applied, Eq.)(lk@ds to the following of alignment factor:

<00526?>¢> 0 )= X (M|p t)cod|IM)= = (IM|p ¢)I M)(I M cds8| IM)
JM M, J
PR : (A10)
=3 (JM“S (= ) |)J |V|> Igt[J (J +1)—J(.]+1)]/}‘1<‘:| M| 08§| JM>
J,M,J
in which the 1/3 contribution coming from the zératrder terms in Egs. (A6) and (A7) has been

disregarded. Introducing Eq. (A7) into Eq. (A10)yokeeping the terms proportional to the laser
energy (i.e. to C) leads to:
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(006) (>0 yic > (MR, (o080 M(3 Mp t= D[ ) BVOHCUN 5y o
€ > (M, (@) M{Mp t¢ g BN g oy

By permuting J and J in the second sum taking into account that
(IM|Po(cos8 ) J 'M) =(J 'M|P, (co® )IM) and (IM|cos’ 6|3 'M)=(J ‘M| coéd| IM) , Eq.
(A11) reduces to:
<cos.26> t>0 )=« Y (JM|P2 (co® |)J M)(JM|f) t= 0 |)JM>

J,M,J'=J%2 : (A12)

x(3 M| cbg|am) §iB{J I¢ I I¢ |}/

It is obvious that all the oscillating terms of them in Eq. (A12) rephase, all sine functions being
zero, for timegs multiples oft,, =h/(4B) for N,O [t,e, =h/(8B) in the case of COfor which
only evenJ values exist]. This leads, witB(N,0)=0.42 cril and B(CO,)=0.39 cn, to the so-
called "revivals" with (positive and negative) extra in the alignment factor appearing around
multiples oft,e,, =20 ps [22,33] and,ey =11 ps [8,15] ps, respectively. Since these spedifies
depend on the rotational constd)tthe revivals are of purely quantum nature. EquagAl2)
shows that the amplitudes of the revivals are,him weak field limit, proportional to the laser
energy [through the multiplicative fact@], in agreement with measurements [34] and direct
calculations [15] of the alignment factor. Also e@dhat the time-independent component of the
alignment can be obtained using the same apprdathesults from the second-order terms. The

resulting "permanent"-alignment amplitude is thugpprtional to the square of the laser energy, a
finding also consistent with experiments [34] anddpendent calculations [15].

. (A11)

2. Two pulses and the echoes
First note that Eq. (A4) can be rewritten as:

p(t) =Up(t=0")U" (A13)
with U = g"CP2(¢989) | ot us now consider the case where a second milapplied at =17;,.
From Egs. (A8), (A10), and (A13), one obtains:

p(t> 71) = e—iHO(t—rlz)/huze—iH Orlzlhuf)( t= 0—)U*1e+i H glzlhu*zéi H§-1/h (A14)
and:
(c0f6) >rp)= T Ay gngmgm(3M] coBE M)
J,3,3"3",3" M , (Al15)
x efpiB[J I+ Bfmp HI A+ = I (I +1rpm J(HY(t745) i}
with

Ay 373, 3 = (IM[UZ 3 M) (3 MU 3" M)( 3" Mp (=0} 3" M
x(3 M{UL[3 W)(3 WU 3 W) |
Let us ne now use
(IM|Up[3"M) =8y 5. +iCph{ IM|Py(cosB | I 'M) - Ci( IMP,(co$ §| 3'M Iz, (A17)
whereC,, is proportional to the intensity of th& pulse, and consider the various order€irand
C,. The preceding section shows that the contribattonEq. (A15) which are proportional @

(A16)

andCf (respectively to €and C22) lead to the revivals and to the permanent aligrirgenerated

by the first (respectively second) pulse, respettivConsidering the four terms proportional to
C,C,, it is "relatively" easy to show that they canoet. Let us now look at the contributions

proportional toClC%, coming from approximating); or UI by +iC;P,(cosB). There are six of

them, two that result from approximating bdthp and UE by +iC,P,(cos8), and four others
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obtained when eithetJo or UE is approximated by—C%Pz(cose)Z/Z while UE or Us is
approximated by unity.

Let us first consider the first two, which arevegn by Egs. (A15) and (Al16) with either
J"=J" or J™=J"" since only the first order contributions @ are kept, i.e.:

<CO§¢9> (>r0)= > Ay grgmgm s (J 'M| CO§H| Jl\/|>
3,3',3%3"M

x efpiB[d I+ BErp 93 T+ Mo- I (I"+1ri- I(H(t7 15 1)

: (A18)
+ > AJ’J""]"""]"",J'<J'M|CO$(9| JM>
J,J,J3"J3"M
x efpiB[J I+ BEnp HI T+ Bp- I (I"+1r- J( I )(t717) M}
with
Ay v 30 g 3= =ICLH(IM|P4cosg ) I"M)( 3" M|p (t= 0 ) 3"
><<J IVI|P2 (C&M IVI)(J N7I|P2 (oﬁs*f J) M) (ALS)
Ay gu g ,J----,J-zicp%<JM|Picosé?j J"M)(J" M|P2(co§ |)J I\/b
><<J '"M|f) =0 pJ "'M)(J "'M|P2 (co8 |)J M}
By making the changed -~ J' andJ" « J" in the second sum in Eq. (A18), one obtains:
(B0 TR TG X (IMp 6= 0)IM(IMR (@8I "W I NP (o I Iy
3,3,3",3" M . (A20)

X IMPocoB)I "M (I'M o M sfrB J 0 Dz H I "0F - I "0+ Ay 03470/}
It is easy to show that, for tispecifictime t = 27,5, the phase of the sine function is exactly zero,
regardless ofthe values of], J' andB, for the terms associated with'=J' andJ "=J (e.g.
J'=J"=J+2=J"% 2 that are allowed by the selection rule of the aasiP,(cosd) matrix
elements involved). Note that=J' andJ"™ =J" is also allowed but that this choice leads to a
time-independent (“permanent”) alignment. Closetto2r;,, att=2r,+At the associated
alignment factor shows two antisymmetric extremat tre the echo signal (e.g. Fig. 1). The fact
that its central position does not dependBifas well as on the temperature and laser pulses
intensities), shows that its existence is obdissical nature. This explains why the echoes are
predicted by purely classical calculations (e.ghtihand-side panel of Fig. 3 and Refs. [14,18]).
However, the fact that bottit and the amplitudes of the extrema depen@ amake the echo “semi-
classical”.

Let us now consider the other terms, associatgd Wi=J" or J™=J"" while J"=J or
J'=J"". At the timet = 21y of the echo, they are given by:
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(cof6) @12)=-1C£3/2) % (3 M| code] )
J, 33" M

x| +(IM[PE(cos8 ) 3 "M)(J "M|P, (co® DI M)(J Mp €= O )I M|
xexp{=iBryp[J 3+ D+ I "0 1) 20 '3+ 1) 4}
—(IM|[p €= 0 )IM){IM|P; (cod |\J M)(J MPE (ca&|p M)
xexp{-iBryp[ 20 0 +1)=3"(3"+ Dy - I'(I% 1) /n} . (A21)
~(IM|PZ (cof [0 MY(J M|p (= D[N M)(JI MP, (ca|) M
xexp{-iBryp[J 3+ D+ 3" % 1) 21 '3+ 1) 4}
+(IM|P, (co® I MY(J M|p (= D} M)(J MPE (ca|p M
xexp{=iBryp[ 20 3 +1)-J"(I"+1)- J'(I* 1 /h}]
Making the changel « J' in the second and last terms enables to combara thith the first and
third, respectively, leading to:
(cof6) (@12)=C,C5 ¥ (3'M]| codd] M)
J,343" M
x[+<JM|P22(cosejJ "M){J "M|P, (co# )J M){(J Mp ¢= 0 I M
xsin{ =Bryo[ J (J+ )+ 3"(3" 1) 23'(I+ 1) 4} , (A22)
+{IM|P; (co® I MY(J M|p (= D[\ M)(J MPE (c&|p M)
xsin{ —Bryp[ 23 (I+ 1)- J"(3"+1)- J'(I '+ 1 /h}]
and, by again making the change- J' in the second term:
<co§e> (Z12)=CC5 > (I'M codg|IMx sif-B [ J 0+ B 30+ B 2 ' Iy
3,343 M (A23)
x(IM|P3(cost} 3 "M)( 3 MIP, (co# DI M| (I Mp & DI M~(IMp € D)3 M|
Among the various terms, the only ones for whiahphase of the sine function is independerit of

are those with1'=J+2 and J"= J+4. For these specific values df andJ", the sine becomes
sin(-8Bry, /7). We see that these contributions to the echb=dr > have amplitudes which,

contrary to the ones discussed above, depend,pnThey have a periodicity df/(8B) with
respect toryo and lead to a switching of the extrema, from mimmmaximum to
maximum/minimum, on both sides df=2r1, for 7,5, =h/(32B) and 7,5, =3n/(32B) . This
contribution will thus be constructive or destrueti with respect to those discussed above, with
maxima or minima aty, = h/(16B). Its direct dependence on the rotational conddsstiows that
it is of quantum nature.

In conclusion, we have shown that two pulses=a0 andt =171, generate an echo in the
alignment factor at =2ry, regardless of the molecule rotational constant,diso of the laser

pulses intensities and of the temperature. Thispeddence, confirmed by experiments [13,14,22],
shows that this echo is ofassicalnature. We also demonstrated that the echo ardplis) in the
weak field limit, proportional to the energy of tfiest pulse and to the square of the energy of the
second pulse, a result in agreement with experimheasults [13,35] and with a classical model
[18]. Finally, we showed that some contributiongtte echo, which have amplitudes that depend
on the rotational constant, have a periodicityhé&BB) with respect taq» and lead to extrema of

the echo amplitude forrys=(2k+1)h/(16B), two results confirmed by calculations and
experiments [13].
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