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ABSTRACT 

We propose a Markovian quantum model for the time dependence of the pressure-induced 

decoherence of rotational wave packets of gas-phase molecules beyond the secular 

approximation. It is based on a collisional relaxation matrix constructed using the Energy 

Corrected Sudden approximation, which improves the previously proposed Infinite Order 

Sudden one by taking the molecule rotation during collisions into account. The model is tested 

by comparisons with time-domain measurements of the pressure-induced decays of molecular-

axis alignment features (revivals and echoes) for HCl and CO2 gases, pure and diluted in He. For 

the Markovian systems HCl-He and CO2-He, the comparisons between computed and measured 

data demonstrate the robustness of our approach, even when the secular approximation largely 

breaks down. In contrast, significant differences are obtained in the cases of pure HCl and CO2 

for which the model underestimates the decay rate of the alignment at short times. This result is 

attributed to the non-Markovianity of HCl-HCl and CO2-CO2 interactions and the important 

contribution of those collisions that are on-going at the time when the system is excited by the 

aligning laser pulse.  
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I.  INTRODUCTION 

 As it is well known, dissipation affects all open quantum systems interacting with an un-

controlled bath. Since this process occurs in many natural systems and practical applications, its 

understanding and modeling is a key issue for various scientific fields, which has stimulated 

large research efforts. However, the associated theoretical description is often very complex, 

except for extremely simple systems, due to the large numbers of quantum states and 

decoherence channels involved. This is why most studies use the secular approximation (SA), 

neglecting exchanges between density matrix elements oscillating at different frequencies, and 

consider that decoherence results from a succession of instantaneous and uncorrelated events, 

which is the Markov approximation (MA). Knowing the limits of the secular and Markovian 

assumptions is obviously crucial, but this requires both proper experiments and a model beyond 

both approximations, to analyze them. 

 In the particular case of collision-induced rotational decoherence addressed in this paper, 

studying the time-evolution of gas molecules aligned by short and intense laser pulses has proven 

to be a very valuable tool. Indeed, this enables to probe the field-free evolution of the system 

after its excitation and the creation of quantum coherences [1,2], providing quantitative 

information on the dissipation (see, e.g. Refs. [3-6]). By probing the dynamics at short times, 

using either rotational alignment revivals [1,7] or echoes [8-10], molecular alignment has 

recently enabled to point out the breakdown of the SA and/or MA [11,12] at the very early stage 

of the decoherence process. From the theoretical point of view, the first tractable quantum model 

was proposed, for linear molecules, in Refs. [6,13]. It uses both the SA and MA and models the 

state-to-state collisional rates using an Energy Corrected Sudden (ECS) approach that only 

depends on the principal quantum number J, thus disregarding the influence of the magnetic 

quantum number M. Then, a more refined M-dependent ECS approach was proposed [14], still 

within the MA and SA framework. Comparisons with alignment measurements over long time 

scales for pure CO2 and CO2 diluted in He [4] demonstrated the quality of this model and the 

need to take the influence of M into account, without which the decay of the permanent 

component of the alignment is strongly overestimated. This is explained [14] by the fact that, due 

to a gyroscopic effect, the orientation of the rotational angular momentum (quantified by M/J) is 

much less sensitive to collisions than the rotational speed (quantified by J). A further step was 

later on made [15] by extending the MA-SA-ECS model to the case of symmetric-top molecules, 

explicitly taking into account the influences of all (J, K, and M) rotational quantum numbers. 

This approach was successfully tested by comparisons with measured data for impulsively 

aligned Ethane gas [15]. Finally, a last progress was made in Ref. [11], where the SA was 
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released, and a Markovian J- and M-dependent relaxation matrix was constructed, for linear 

molecules, using the Infinite Order Sudden (IOS) approximation. Comparisons of the associated 

predictions with measurements of the alignment of N2O diluted in He at short times (< 18 ps) 

demonstrated the (expected) large effects of non-secularity during the very first moments of the 

system’s evolution. However, recall the two main limitations of Ref. [11]: the first is that the 

proposed IOS model assumes instantaneous intermolecular interactions and therefore disregards 

the rotation of the molecules during collisions. It is thus only suitable for systems (such as N2O-

He) for which: 1) the rotational constant is not too large, 2) the relative speed of interacting pairs 

is large, and 3) the intermolecular potential is significant only over a very narrow range of 

intermolecular distances. These conditions are not satisfied for most molecular systems. The 

second limit is that non-secular predictions could not be carried for the (room) temperature of the 

experiments [11], due to computer limitations resulting from excessive memory and CPU time 

requirements. Simulations thus had to be made at 100 K, introducing a bias in the comparison 

with the measured data at 295 K. Going beyond these limits is the subject of the present study, 

which proposes a non-secular J- and M-dependent collisional model based on the ECS 

approximation and tests it by comparisons with experimental values of the decay time constants 

of various alignment features of CO2 and HCl, pure and diluted in He. Note that, thanks to the 

fact that only even J values exist in CO2 while only a few J levels are populated for HCl, full 

computations for the room temperature of the experiments could be made in contrast to the non-

SA simulations presented in Ref. [11]. 

 

II. EXPERIMENTAL DATA 

 The experimental data used in the present work for the test of the proposed model have 

been obtained and presented in Ref. [12]. In this previous study, four types of gas samples (CO2 

and HCl, pure and diluted in He) were excited by one (resp. two) nonresonant, short and intense 

laser (pump) pulses in order to generate alignment revivals for HCl (resp. alignment echoes for 

CO2). The time evolution of the resulting anisotropy of the medium was then interrogated by a 

probe pulse providing a signal proportional to the “alignment factor”, i.e. the ensemble average 

2cos 1/ 3 ( )t−θ  where t denotes the time delay since the first pump excitation and θ  is the 

angle between the molecular axis and the direction of the (linear) polarization of the pump 

pulse(s). For HCl, thanks to the small rotational period (≃1.6 ps) resulting from the large 

rotational constant of this molecule (B≃10 cm-1), the short-time dissipation could be directly 

observed by measuring the decays of the alignment revivals (at times Rt ) generated by a single 
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pump pulse. In contrast, since CO2 molecules rotate much slower (B≃0.39 cm-1, leading to a 

rotational period of ≃43 ps) than HCl, in order to access to the short-time dynamics it was 

necessary to align the molecule by generating a rotational echo at time E 122t = τ  which was 

induced by applying to the system two pump pulses separated by a time 12τ . This exercise was 

carried for each gas mixture and various total gas densities d. In practice, for each alignment 

feature appearing at AFt t= , with AF Rt t= , for the HCl revivals (R), or AF Et t= , for the CO2 

echoes (E), its density-normalized peak-to-dip amplitude Exp AF( , )S d t  was determined from the 

recorded time-dependent alignment factor. Finally, the series of values of Exp AF( , )S d t  at fixed 

AFt  was fitted by Fit AF AF AF( , ) exp[ / ( )]S d t A dt t= − τ  yielding the delay-dependent density-

normalized time constant AF( )tτ  for each considered system and alignment feature. This 

provided values of R R AF( ) ( )t t=τ τ  for the fourteen first revivals of HCl between about 1 and 12 

ps, with, for the nth one AF R( ) 0.8t t n n= ≃  ps. For CO2, applying several delays 12τ  between the 

pump pulses enabled to obtained values of AFE 12(2 ) ( )t=τ τ τ  for echoes appearing at AF 122t = τ  

with 122τ  ranging from about 2 to 10 ps. These experimentally determined sets of discrete 

values of R R( )tτ , for HCl, and E 12(2 )τ τ , for CO2, are used in the present paper to test the 

proposed theoretical model. Finally recall that the four mixtures studied in Ref. [12] were 

selected, as explained in this reference, because, in the investigated very short time scale (before 

about 10 ps after their excitation), they show different behaviors with respect to secularity and 

Markovianity: HCl diluted in He is practically secular and Markovian, while pure HCl is also 

practically secular but significantly non Markovian; CO2 diluted in He is non secular but 

Markovian, while pure CO2 is both non secular and non Markovian.  

  

III. THEORETICAL MODEL AND DATA USED 

 The approach uses the Liouville-von Neumann equation governing the time evolution of 

the density matrix operator ( )tρ  

0 L
Coll

( ) [ ( ), ]
d i d (t)

t t (t)
dt dt

 = − + + 
 

ρ ρ
H H ρ
ℏ

 , (1)  

where [A,B]=AB-BA defines the commutator between the A and B operators, H0 is the 

rotational Hamiltonian, and HL describes the interaction of the molecule with the laser pulse. For 

a linear molecule and a laser linearly polarized, the last term takes the form  
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2 2
L

1
( ) ( )cos

2
t E t= − ∆α θH  , (2)  

where ∆α  stands for the anisotropy of polarizability of the molecule and E(t) is the electric field. 

The terms associated with the collisional dissipation are written as 

f i
f i

, ,f i

' ', ' '
f i f i ,

Coll

( )
' ', ' ' , ( )

J J M

J M J M
J M J M

d t
d J M J M J M J M t

dt

ρ 
= − ρ∑  

 
Λ , (3) 

where Λ  is the time-independent (Markovian) relaxation matrix and ' , ( ) ' ( )J M JM t J M t JMρ ≡ ρ . 

Note that this expression accounts for the fact that H0 and HL are diagonal in M. Recall that with 

the non-secular approach all collisional transfers among coherences (off-diagonal elements of ρ ) 

and between populations (diagonal elements of ρ ) and coherences are included in Eq. (3). 

Removing all oscillating terms, setting f i f i' ', ' ' , 0J M J M J M J M =Λ  for f f'J J≠  or 

i i'J J≠ , corresponds to the SA. Once the density matrix elements are known, the time-dependent 

alignment factor is computed from 

2 2 2

, , , '
cos 1/3 ( ) ( )cos ( ) ' ' cos

J M J M J
t JM t JM JM t J M J M JM− = =∑ ∑ρ ρθ θ θ  . (4) 

In order to compare calculations to experiments performed at a finite temperature, this 

expectation value should be computed by including all JM  and 'J M  states of significant 

population before and after the pump pulse(s).  

 The relaxation matrix Λ , describing all possible collision-induced exchanges among the 

density matrix elements, is here constructed beyond the previously used [11] IOS approximation 

as described in Appendix A. This is achieved by introducing the adiabaticity corrections [16] 

which (approximately) take the rotation of the molecules during collisions into account. The 

resulting ECS approach is thus more adapted for the description of systems involving fastly 

rotating molecules and/or long-lasting collisions. Recall that, while the IOS model was well 

adapted for N2O diluted in He [11] (and thus also for CO2 in He), it becomes very approximate 

for pure CO2 and HCl in which the interactions between colliding pairs last much longer due to 

the reduced relative translational speeds and much broader ranges of distances over which the 

intermolecular potential is significant (see Ref. [17] for CO2-CO2, Ref. [18] for CO2-He, Ref. 

[19] for HCl-He, and Ref. [20] for pure HCl). The ECS parameters [A, α, β and cℓ , see Eqs. 

(A7) and (A8) of Appendix A] for the four systems studied here, needed for the construction of 

Λ , were deduced from fits of measured pressure-broadening coefficients of infrared absorption 
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lines for each of the considered systems. This is explained in Appendix B where their values are 

given and the quality of the fits is demonstrated.  

 

 Calculations with the above-described model were carried out at room temperature by 

including all rotational states up to Jmax=60 for CO2 (Jmax =13 for HCl) a maximum quantum 

number for which predictions, although extremely demanding, are tractable at room temperature, 

contrary to the case of N2O [11], thanks to the fact that only even J values exist in CO2. Equation 

(1) was solved with a time step of 0.5 fs, starting from a Maxwell Boltzmann distribution before 

the laser pulse, i.e.: ' , , ' B R( 0 ) exp( / )/ ( )J M JM J J J Jt g E k T Q T−ρ < =δ −  where T is the temperature, Bk  

is the Boltzmann constant, JE  is the energy of level J, Jg  is a degeneracy factor taking into 

account the nuclear spin statistics when symmetric molecules are considered, and 

R B( ) (2 1) exp( / )J J
J

Q T J g E k T= + −∑  is the rotational partition function. For computing Eq. (2), the 

polarizability anisotropies 2(CO )∆ =α 15 a0
3 [21] and (HCl)∆ =α 1.6 a0

3 [22] were used, and the 

laser pulse(s) characteristics were set to those of the experiments. The alignment factors [Eq. (4)] 

calculated for various total gas densities d were then analyzed in order to determine the density-

normalized decay time constants of the revivals (for HCl) and echoes (for CO2), exactly as done 

for the experiments [11, 12]). Non-secular calculations were performed by using a full relaxation 

matrix Λ , and, in order to test the limits of the SA, secular computations were also made by 

setting to zero all the non-diagonal elements f i f i' ', ' ' ,J M J M J M J MΛ  for which the 

involved rotational energies verify 
f i f i' 'J J J JE E E E− ≠ − , i.e.: f f'J J≠  or i i'J J≠ . 

 

IV. RESULTS AND DISCUSSION 

 The theoretical results are compared with the measured density-normalized decay time 

constants of Ref. [12] in Figs. 1 and 2 for the four studied systems. Recall that amagat units of 

density are such that 1 amagat corresponds to 2.686 1025 molecule.m-3. Let us emphasize that, 

since the input data used for the calculations have been determined (see Appendix B) completely 

independently of the experimental results displayed in these figures, the tests presented thereafter 

are unbiased and meaningful. Furthermore, recall that the secular approximation breaks down at 

short times but then becomes progressively valid as the dephasings between the density matrix 

elements wich oscillate at different frequencies increase. This occurs for delays that are inversely 

proportional to the considered molecule rotational constant B [11, 12]. As a result, HCl (B≃ 10 



 7 

cm-1) has a behavior that becomes well modeled by the SA much sooner after the laser excitation 

than CO2 (B≃ 0.39 cm-1), as demonstrated below and in Ref. [12]. 

 Figure 1 displays the results obtained for CO2 and HCl diluted in He, which are both 

Markovian systems [12]. As can be seen, the behavior of CO2-He in Fig. 1(a) is close to that of 

the very similar N2O-He system [11] with a significant decrease of the measured decay time 

constant with the delay in the considered time range, and values that asymptotically tend toward 

a constant value at long times (the plateau region). This behavior is very well reproduced by the 

ECS model when non-secular effects are taken into account but not when the SA is used. In this 

latter case, the decay rates are significantly overestimated at early times because the collision-

induced exchanges between the density matrix elements wich oscillate at different frequencies, 

which slow down the decoherence process, are then neglected. At longer times, the SA becomes 

valid and the two calculations, as well as the measured values, are expected to reach (likely after 

a few tens of ps) the same plateau value expected, from a visual extrapolation of Fig. 1(a), to be 

around 75 ps.amagat. For HCl diluted in He, the comparisons between the non-secular and 

secular theoretical results in Fig. 1(b) confirm that the SA becomes valid much sooner than for 

CO2 due to the higher rotational constant and associated much quicker increase with time of the 

dephasing between the density matrix elements oscillating at different frequencies. Again, using 

the SA leads to overestimated decays of the revivals at early times. Unfortunately, and in contrast 

with the measured data for the other systems studied, the large uncertainties of the experimental 

values for HCl-He, which are explained in the Appendix of Ref. [12], do not enable to 

discriminate the two models for this system.  
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Fig. 1: Density-normalized time constants of the decays of echoes of CO2 (a) and revivals of HCl 
(b), both infinitely diluted in He, as a function of their times of appearance, respectively Rt  and 

122τ  after the (first) laser excitation. The black full circles with error bars are the experimental 

values from Ref. [12], while the blue open squares and red full triangles represent the predictions 
obtained using a secular and non-secular approach, respectively. The horizontal dashed magenta 
lines indicate the values of the population weighted average of the measured pressure-broadening 
coefficient of infrared absorption lines from Ref. [23] for CO2-He and Ref. [24] for HCl-He 
(displayed in Appendix B).  
 

 The results for pure HCl, whose behavior quickly becomes secular as demonstrated above 

and for which large and persistent non-Markovian effects exist [12] due to the strong and long-

range dipole-dipole forces in colliding pairs are displayed in Fig. 2(a). Comparisons between the 

two calculations confirm the quickly vanishing non-secularity observed in Fig. 1(b) and the large 

influence of non-Markovianity. The latter strongly quickens the decoherence at early times, a 

behavior demonstrated [12] using molecular dynamics simulations and explained by the 

important role played by those molecules which are interacting with an other at the time (t=0) of 

the laser excitation. As discussed in Ref. [12], these collisions induce much quicker rotational 

exchanges than at long time scales where the decoherence becomes governed by the mean time 

interval between (efficient) collisions. This, which can be neglected for collisions with He, lasts 

for typically 1/2 ps in the cases of pure CO2 and HCl, a value consistent with the collision 
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duration estimated from / rR v∆  for the typical values of the interaction potential range 3 AR∆ = ɺ  

and mean relative speed rv =600 m/s. Despite the shortness of this effect, its influence on the 

decoherence process is only forgotten after a few tens of ps, delay over which the system keeps 

the memory of this “initial” fast decay. This is not considered by the present Markovian ECS 

model which thus significantly overestimates the decay time constants during a few tens of ps 

before the plateau region (not shown) where the system behavior becomes well modeled by the 

Markov (and secular) approach. The results for pure CO2 (a significantly non-secular and non-

Markovian system [12]) are displayed in Fig. 2(b). They show that, as for pure HCl, the non-

secular ECS predictions overestimate the decay time constant because non-Markovian effects are 

disregarded by this model. As analyzed in Ref. [12], non-secularity and non-Markovianity have 

opposite influences (they respectively slow-down and accelerate the early dissipation) which, for 

pure CO2, tend to compensate each other, reducing the temporal variation of the decay time 

constants, in contrast with those for CO2 diluted in He. 
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Fig. 2: Density-normalized time constants of the decays of the revivals of pure HCl (a) and 
echoes of pure CO2 (b), as a function of their times of appearance, respectively Rt  and 122τ  

after the (first) laser excitation. The black full circles with error bars are the experimental values 
from Ref. [12], while the blue open squares and red full triangle represent the predictions 
obtained using a secular and non-secular approach, respectively. The horizontal dashed magenta 
lines indicate the values of the population weighted average of the measured pressure-broadening 
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coefficient of infrared absorption lines from Ref. [25] for pure CO2 and Ref. [26] for pure HCl 
(displayed in Appendix B).  
 

 For comparison with the alignment decay time constants, it is of interest to consider the 

pressure-broadening coefficients γ  of the absorption lines which monitor [27] the (exponential) 

decay of the autocorrelation function of the molecular dipole ( )tµ�  at long times that is due to the 

collision-induced decoherence of the molecular axis rotation. This Markovian and secular 

quantity thus has much in common with the alignment decay rates that would be observed at 

long time delays when the plateau region is reached and the SA and MA both become valid. This 

statement is confirmed by the horizontal dashed lines in Figs. 1 and 2 which display the values of 

1/(2 )cγτ = π γ , where c (in cm.s-1) is the speed of light and γ  (in cm-1.amagat-1) is the 

population-weighted averaged value of the measured individual line-broadening coefficients 

displayed in Fig. B1 of Appendix B. 

 

 

V. CONCLUSION 

 We have proposed a Markovian quantum approach based on the Energy Corrected 

extension of the Infinite Order Sudden model for calculations of the collision-induced 

decoherence of molecular rotational wave packets that takes non-secular effects into account. It 

has been tested by comparisons with time-domain experimental results for molecules (HCl and 

CO2, pure and diluted in He) aligned by intense and short laser pulse(s). This demonstrated a 

very good agreement for collisions with He (which involve Markovian processes) even when 

significant non-secular effects, which slow down the dissipation process, are involved. As 

expected, significant differences between measured and predicted values are obtained when non- 

Markovianity plays a large role at the early times of the system evolution. Indeed, the decay 

times constants for pure HCl and CO2 are then significantly overestimated since the influence of 

those collisions that are on-going when the system is excited is not considered. After the progress 

made in Refs. [13,14,15,11] (in chronological order) in the quantum modeling of the pressure-

induced dissipation of molecular alignment, the present paper provides a further step by 

proposing a non-secular and non-sudden (but Markovian) approach suitable for gas-phase 

systems involving molecules whose rotation during collisions cannot be neglected. However, the 

crucial issue of developing a tractable quantum model beyond the Markov framework remains to 

be solved. This is a very complex problem for which a solution may be brought by (requantized) 

classical molecular dynamics simulations (rCMDS) which were shown to accurately describe the 
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influence of non-Markovianity on the collisional dissipation of laser-induced alignment [12] as 

well as on the line-core and -wing regions of pressure-broadened light-absorption spectra (e.g. 

Refs. [31-34]).  One could determine, from the rCMDS, the time dependence of the basic rates 

( )LQ t  from the evolution with time of ( 0, , ) / ( 0, 0, 0)N J J L t N J J t= = = = =  where 

( 0, , )N J J L t= =  is the number of molecules within the J=0 level at t=0 which have been 

transferred, by collision(s), to the J=L level at time t. Introducing these ( )LQ t ’s into the 

equations of Appendix A would, in principle, enable to construct a time-dependent relaxation 

matrix ( )tΛ  then taking into account the influence of the initially on-going collisions.  
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APPENDICES 

A. The Energy Corrected Sudden collisional relaxation matrix 

 In Ref. [11], a model based on the Infinite Order Sudden (IOS) approximation was 

proposed to construct the Markovian relaxation matrix Λ  beyond the secular approximation. 

The IOS model, which disregards the rotation of the molecule during collisions (which explains 

the “Sudden” denomination) was adapted for the considered N2O-He collisional pair due to the 

extreme shortness of intermolecular interactions (as for CO2-He). This is not the case for pure 

CO2 and HCl considered in the present study which involve much longer lasting intermolecular 

forces (due to both the extended potential range and slower relative speeds of the collision 

partners). To overcome this limitation, we first introduce the corrections proposed in Ref. [16], 

which leads to the following Energy Corrected Sudden expression [14]: 

 

0
f i f i i i f f

0

f f i i f f i i c

c

( )
' ', ' ' , (2 1)(2 ' 1)(2 1)(2 ' 1)

( )

' ' ' ' ( , )(2 1)
              

0 0 0 0 0 0 ' ' ' ' ( , )

i

L

L

J
J M J M J M J M J J J J

J

J J L J J L J J L J J L J L Q

M M M M M M M M L

>

>

= − + + + +

        Ω +×∑       − − − − Ω       

Λ

ℓ

ℓ

ρ
ρ , (A1) 

where the LQ ’s are basic collisional rates and ( , )cJΩ ℓ  is the adiabaticity factor [16], which are 

discussed later. 0 0( ) / ( ) exp( / ) / exp( / )
ii J B J BJ J E k T E k T

>>ρ ρ = − − , with sup( , ' )i iJ J J> ≡ , 

ensures that the following detailed balance relation: 

 f i f i 0 i f i f i 0 i' ', ' ' , ( ) , ' ', ' ' ( ' )J M J M J M J M J J M J M J M J M J=Λ Λρ ρ  (A2) 

is verified by Eq. (A1). 

 At this step, two difficulties remain. The first one, well known from spectroscopic studies of 

line-mixing effects (Sec. IV.3.3 of Ref. [27]), is that Eq. (A1) cannot be used when the 0LQ =  

term is involved in the sum over L which is here the case, according to the selection rule of the 

3J symbols, when i i'J J= , f f'J J= , and 'M M= . This corresponds to two types of terms: 

(i) The first kind, for i i f f' 'J J J J J= = = =  and 'M M= , is associated with the diagonal 

element of Λ  governing the loss of the population JM JMρ . Equation (A1) does not apply, 

but the following exact relation: 

 ( ', ') ( , )
, , ( ' ')

J M J M
JM JM JM JM K JM J M

≠
= →∑Λ  , (A3) 

connecting the , ,JM JM JM JMΛ  element to the ( ' ')K JM J M→  state-to-state rates can be 

used since the latter can be computed within the ECS approximation using Eq. (C2) of Ref. [14]. 

Incidentally note that ' ', ' ' , ( ' ')J M J M JM JM K JM J M= − →Λ .  
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(ii) The second kind of terms, which correspond to i i f f' ,  'J J J J= =  and 'M M= , is associated 

with the loss of the f iJ M J Mρ  
coherence. Again, Eq. (A1) does not apply, but an exact 

relation can be used [13,14], relating f i f i, ,J M J M J M J MΛ  to the state-to-state rates 

introduced above and to a pure dephasing contribution 
i f

PD
,J M J Mγ  , i.e.: 

i f
i

f

PD
f i f i i,

( ', ') ( , )

f
( ', ') ( , )

1
, , ( ' ')

2

1
                                              ( ' ')

2

J M J M
J M J M

J M J M

J M J M J M J M K J M J M

K J M J M

≠

≠

= + →∑

+ →∑

Λ γ
 , (A4) 

where 
i f

PD
,J M J Mγ  can be computed using the IOS expression given in Eq. (16) of Ref. [14] 

(although their relative contributions to the dissipation of the alignment turn out to be very small 

[14]). 

The second difficulty is that the terms coupling populations and coherences 

[ f i i i' ', ' ' ,J M J M J M J MΛ  and i i f i, ' ', ' 'J M J M J M J MΛ ] constructed using Eq. (A1) verify 

the detailed balance relation in Eq. (A2), but not the following exact one [28,29]: 

 i i f i f i i i 0 i, ' ', ' ' ' ', ' ' , ( )J M J M J M J M J M J M J M J M J=Λ Λ ρ  . (A5) 

The solution to this problem that we propose uses two steps: We first calculate the coupling 

f i i i' ', ' ' ,J M J M J M J MΛ  between population (right) and coherence (left) by using Eq. (A1) 

without the 0 0( ) / ( )iJ J>ρ ρ  factor. Then the transposed term i i f i, ' ', ' 'J M J M J M J MΛ  is 

obtained from the latter by using Eq. (A5).  

Note that one can show that the here proposed ECS model does verify the following exact sum 

rule [28,29]:  

 
i

f i i i 0 i
,

' ', ' ' , ( ) 0
J M

J M J M J M J M J =∑ Λ ρ  , (A6) 

which plays a major role because it ensures that, in the absence of any laser excitation, the 

density matrix computed using Eqs. (1) and (3) of the main text remains at all times that of a 

system at Boltzmann equilibrium, since one then has ( / ) 0Colld (t) dt =ρ . 

 

 Let us now turn back to the adiabaticity factor ( , )cJΩ ℓ  and basic rates LQ  which are the 

ingredients needed for the construction of Λ . For the first, which approximately accounts for the 

influence of the molecule rotation during collisions, the following expression was proposed [16] 

for molecule-atom interactions, parameterized by a “scaling length” cℓ : 
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2 2
, r( , ) [1 ( / ) / 24]c J J J cJ v −ω −∆Ω = + ×ℓ ℓ  , (A7) 

where , ( ) /J J J J J JE E− ∆ −∆ω = − ℏ  is obtained from the energy difference between the rotational 

level J and the nearest inferior level significantly coupled to J by the intermolecular potential 

(i.e. J-2 and J-1 for CO2 and HCl, respectively), and rv  denotes the mean relative speed for the 

considered temperature and collisional pair (note that r/c vℓ  is a typical collision duration). We 

here propose a slight change in order to approximately take into account, for pure HCl, the 

resonance effects in simultaneous rotational-state changes within pairs of interacting molecules. 

It simply consists in using 
max max, ( ) / ( ) /J J J J J J J J JE E E E−∆ −∆ −∆ω = − − −ℏ ℏ  where maxJ  is the 

rotational quantum number of the most populated level. For the LQ ’s, which can be identified as 

being the rates for the collisional de-excitation from level J = L to J = 0, they can, in principle, be 

obtained from quantum scattering calculations provided that an intermolecular potential is 

available. In the absence of such computations, the approach, widely used for computations of 

pressure effects on molecular absorption spectra (see Sec. IV.3.3 of Ref. [27]), consists in using 

an empirical modeling such as the exponential-power law: 

[ ]0 B( 1) exp( / )L LQ A L L E k T−
≠ = + −α β  , (A8) 

where EL is the rotational energy of level J=L, T is the temperature, and kB is the Boltzmann 

constant. Equations (A7) and (A8) show that the relaxation matrix for a given collisional pair and 

temperature can be constructed when the A, α, β and cℓ  parameters are known. The following 

Appendix explains how their values for the systems considered in this study were determined. 

 

B. Determination of the Energy Corrected Sudden model parameters 

 As widely done in frequency-domain studies of “line-mixing” effects (which is how the 

spectroscopic community names non-secularity effects) on molecular spectra, the values of the 

A, α, β, and cℓ  parameters have been determined from fits of measured pressure-broadening 

coefficients 
f iJ Jγ  of the f iJ J←  optical transitions. This is made possible by the fact that one 

has the sum rule [27]: 

  
f i

f i f i

f i f i f i f i f i
( ' , ' ) ( , )f i

1
 ' ' ' 'J J

J J J J
J J J J J J J J J J

J J ≠
γ = = − ∑W d W

d
 , (B1) 

where, for the infrared line-broadening data used below, the dipole reduced matrix element 

f iJ Jd  is:  
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f f i
f i f

1
( 1) 2 1

0 0 0
J J J

J J J
 

= − +  
 

d  , (B2) 

and the off-diagonal elements of the spectroscopic relaxation matrix W within the ECS approach 

are given by:
 

 

0
f i f i c f f

0 i

i fi i f f

L 0 f i c

( )
' '  ( , )(2 1)) (2 1)(2 ' 1)

( )

' ' 1
                                               (2 1)  

' '0 0 0 0 0 0 ( , )
L

J
J J J J J J J J

J

J JJ L J J L J Q
L

J J L L

>
> <

≠

ρ= − Ω + + +
ρ

    × × +∑      Ω     

W ℓ

ℓ  

. (B3) 

 The values of A, α, β, and cℓ  for the system studied here were obtained from fits of 

measured line-broadening coefficients using Eqs. (A7), (A8), and (B1)-(B3). They are given in 

table 1 below (incidentally note that our values of the ECS parameters for pure HCl are in very 

good agreement with those determined from double resonance experiments in Ref. [30]), Fig. 3 

showing that they lead to good agreements between the ECS computed line broadening 

coefficients and the input measured data. Furthermore, recall that, as well known [27], line-

broadening coefficients 
f iJ Jγ  computed using the IOS approximation [with assumes 0c =ℓ  and 

thus ( , ) 1cJΩ =ℓ ] are practically constant and independent of iJ  and fJ . Figure B1 shows that 

this is consistent with measured data for CO2-He but not at all for the other systems considered 

in this study, for which ECS corrections are obviously needed. 

 

 103A 

cm-1/amagat 

α 103β cℓ  

Aɺ  

CO2-CO2 38. 0.89 9. 1.80 

CO2-He 42. 1.05 40. 0.71 

HCl-HCl 56. 0. 2550. 0.86 

HCl-He 10. 1.00 1.5 0.40 

 

Table 1: Parameters of the ECS model, used in Eqs. (A7) and (A8). 
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Figure 3: Measured (symbols) and ECS-computed (lines) pressure-broadening coefficients (Half 
Width at Half Maximum) of R(J) lines of CO2 broadened by CO2 (measurements from Ref. 
[25]), of CO2 broadened by He (multiplied by 2, measurements from Ref. [23]), of HCl 
broadened by HCl (divided by 2, measurements from Ref. [26]), and of HCl broadened by He 
(multiplied by 6, measurements from Ref. [24]). 
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