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We simulate the non-adiabatic laser alignment of the weakly bound 4He–CH3I complex based on a
quantum mechanical wave packet calculation for a model He–CH3I interaction potential. Two different
regimes are found depending on the laser intensity. At intensities typical of non-adiabatic alignment
experiments, the rotational dynamics resembles that of the isolated molecule. This is attributed to
the fact that after the initial prompt alignment peak the complex rapidly dissociates. The subsequent
revival pattern is due to the free rotation of the molecule detached from the helium atom. It is super-
imposed to a flat background corresponding to ∼20% of the wave packet which remains bound,
containing lower rotational excitation. At lower intensities, dissociation is avoided but the rotational
excitation is not high enough to provide an efficient alignment and a broad non-regular structure is
observed. Besides, the interaction of the He atom with the molecule quenches any possible alignment.
These interpretations are based on the calculation of different observables related to the rotational
motion. We compare our findings with recent experimental and theoretical results of non-adiabatic
alignment of linear molecules solvated in helium nanodroplets or weakly interacting with one helium
atom. Published by AIP Publishing. https://doi.org/10.1063/1.5048338

I. INTRODUCTION

The alignment of molecular species by intense non-
resonant laser fields has been widely studied both experi-
mentally and theoretically within the last two decades.1 It
has proven to be very useful in many applications in molec-
ular science.2–7 Laser-induced alignment in the non-adiabatic
regime where the laser pulse is turned on (and off) much faster
than the rotational period of the molecule, τpulse < τrot, is
well understood.8–10 The strong pulse interaction leaves the
system aligned after the turn-off as the result of a coherent
superposition of a large number of rotational levels. The sub-
sequent dynamics is then driven by the time evolution of the
free rotor states. At short times, it exhibits strong dephasing at
a rate proportional to the square of the wave packet width in
J-space, leading to an almost isotropic orientational distribu-
tion. However, for an isolated system, due to the discreetness
of the spectrum and to the finite number of excited rotational
states involved, the rotational wave packet rephases at well-
defined time intervals, leading to the same aligned state as
the one at the end of the laser pulse (rotational revivals).9,11

Hence, non-adiabatic alignment has the advantage of pro-
viding a field free alignment of molecules at these predeter-
mined times of the revivals and survives for a controllable
period.12,13

a)Electronic mail: patricia.vindel@irsamc.ups-tlse.fr
b)Electronic mail: Nadine.Halberstadt@irsamc.ups-tlse.fr

Most of the research so far has dealt with the alignment
of isolated molecules in the gas phase. However, since the
phenomena of revivals depend crucially on the coherent evo-
lution of the rotational wave packet, it provides a sensitive
tool to study the interaction with a weakly interacting envi-
ronment. Along this line, more recent studies are focusing
on the alignment of molecules that interact with one another,
weakly bound molecular systems involving van der Waals
bonds, or molecules coupled to an environment in the solid
or liquid phase.14–21 Laser induced alignment of molecules in
a liquid is hindered by several mechanisms which are absent
in vacuum. In a classical solvent, molecular rotation is not
free due to the molecular forces exerted by the surround-
ing environment. In addition, the molecules of the solvent
may be polarized or even ionized, which can alter any align-
ment created, as can collisions with molecules of the sol-
vent. Superfluid helium nanodroplets constitute an interesting
alternative. They are characterized by their ability to solvate
almost any molecule and exhibit a very low polarizability
and a high ionization potential, which minimizes any inter-
action with the laser light. In addition, a discrete rotational
structure has been observed in high resolution infrared and
microwave spectroscopies, which was taken as a proof of their
superfluidity.22–25 Due to these properties, superfluid He is
expected to be an advantageous environment for laser induced
alignment.

Recent time-resolved experiments have shown that mod-
erately intense laser pulses can induce alignment of molecules
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inside He nanodroplets.26–28 However, the measurements
revealed a different dynamics from that of gas phase molecules,
contrary to what could have been expected from superfluid
motion. The initial alignment dynamics was much slower than
for isolated species and the transient alignment recurrences
(revival pattern) characteristic of gas phase molecules were
absent. New experiments on impulsive alignment of iodine
molecules inside He nanodroplets29 showed that it is possi-
ble to create a coherent rotational wave packet lasting long
enough to form revivals, and that at high laser fluences initial
alignment dynamics can be as fast as for isolated molecules.
The mechanism behind these results has been theoretically
described within the angulon quasiparticle approach.30 The
authors propose that the rotational dynamics is due to the rota-
tion of the iodine molecules together with a helium solvation
shell.

Recent theoretical work has studied the non-adiabatic
alignment of a van der Waals complex of linear molecules
and one single He atom by numerically solving the time
dependent Schrödinger equation.31 Two different regimes
were found depending on the laser intensity. At intensities
typical of non-adiabatic alignment, the rotational dynamics
resembles that of isolated molecules; however, the complexes
rapidly dissociate. At lower intensities, in the non-dissociative
regime, a non-regular and continuously evolving structure is
seen.

Motivated by these experimental and theoretical results,
we present a quantum dynamical analysis of the non-adiabatic
alignment and subsequent rotational motion of the van der
Waals complex formed with the CH3I molecule and a sin-
gle He atom, based on the solution of the time dependent
Schrödinger equation using a model 4He–CH3I interaction
potential. Emphasis is put on the effect of the helium atom on
the coherent time evolution of the rotor states. We gain insight
in the alignment dynamics by analyzing the time-dependent
wave packet. Our main finding is that for laser pulse intensities
needed to induce alignment in gas phase, the 4He–CH3I com-
plex mostly dissociates as observed in Ref. 31. The initial rota-
tional dynamics coincides with that of an isolated molecule,
and the observed revival pattern is due to the alignment of
CH3I coming from the dissociated complex, superimposed to
a broadly oscillating background coming from the part of the
wave packet that remains bound. For lower intensities, disso-
ciation is avoided, but no efficient alignment is achieved and
the interaction of the He atom with the molecule quenches
any possible alignment. The possible consequences of these
findings in the context of helium nanodroplets are sketched
out.

II. THEORY
A. Quantum dynamics of the 4He–CH3I
van der Waals complex

We present a theoretical and numerical study of the non-
adiabatic alignment of the van der Waals complex formed by
CH3I and a single helium atom based on the solution of the
time-dependent Schrödinger equation. The degrees of freedom
included are the overall rotation of the complex, the CH3I
rotation, and the helium motion. The latter can range from

bound (stretching and bending vibrations) to free, dissociated
(translation and rotation) motion. The complete Hamiltonian
of the system is

H(t) = Hmol + Hlas(t), (1)

where Hmol is the field-free molecular Hamiltonian and
H las is the Hamiltonian for the laser-complex interaction.
For non-adiabatic alignment, the laser-matter interaction is
non-resonant and it is given by1

Hlas(t) = −
1
4

∑
ρ

Eρ(t)µind
ρ = −

1
4

∑
ρ,ρ′

Eραρρ′E∗ρ′ , (2)

where ρ, ρ′ = X, Y, Z are the space-fixed (SF) Cartesian coor-
dinates, Eρ are the Cartesian components of the electric field,
α is the polarizability tensor, and µind is the induced dipole
operator approximated by that of CH3I.

In the case of a symmetric top molecule, H las simplifies
to32

Hlas(t) = −
1
4
E2(t)∆α cos2 θ, ∆α = α ‖ − α⊥, (3)

where α ‖ and α⊥ are the components of the polarizability
tensor parallel and perpendicular to the molecular symmetry
axis, respectively, and θ is the angle between the polariza-
tion axis of the laser field and the symmetry axis of the
molecule.

The pulse intensity I(t) = c ε0 E2(t) is modeled as

I(t) =

{
I0 sin4(πt/τ) if 0 ≤ t ≤ τ

0 otherwise,
(4)

with I0 being the peak intensity and τ being the total pulse
duration, this form ensuring that the pulse will be strictly zero
outside the [0, τ] time interval.

In order to simplify the calculations, CH3I is approxi-
mated by a diatomic molecule. This is justified by the fact
that A � B where A is the constant for rotation about the
C3 C–I axis and B is the constant for rotation about an axis
perpendicular to it: A = 155 092.4 MHz (5.173 325 6 cm−1),
while B = 7 501.275 745 6 MHz (0.250 215 62 cm−1).33 With
these values, the Boltzmann population of the symmetric top
rotational levels (J, K) with K > 0 (K being the projec-
tion quantum number of J on the C–I symmetric top axis)
is negligible at the helium droplet temperature of 0.4 K. In
addition, the CH3I dipole moment is along the C–I axis;
hence, alignment dynamics does not involve rotation about the
C–I axis.

Within the rigid rotor approximation, Hmol then reduces
to

Hmol = Hrot + V (R, θBF) + TR. (5)

In this equation, the helium atom is described within the body
fixed (BF) frame (x, y, z) illustrated in Fig. 1: its z axis is parallel
to the C–I bond and its x axis lies in the plane defined by the
C–I bond and the helium atom. R is the Jacobi coordinate from
the center of mass of CH3I to the He atom, with spherical
coordinates (R, θBF , ϕBF = 0), with θBF = 0 at the iodine side.
The origin is set at the center of mass of the system; hence, the
radial part of the kinetic energy is given by TR = −(~2/2µ)∇2

R,
with µ = mHemCH3I/(mHe + mCH3I) being the reduced mass of
the complex.
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FIG. 1. Coordinates and reference frames used in this work. (X, Y, Z) is a
space-fixed (SF) frame with its Z axis parallel to the electric field ~E of the
laser pulse. (x, y, z) is the body-fixed (BF) frame with its z axis parallel to
the C–I axis and with the x axis such that the He atom is in the (x, z) plane.
The Euler angles for rotating from the SF to the BF frame34 are represented
on the left plot (ϕ, θ) or on the right plot (χ). θ is also the alignment angle
between the C–I axis and the electric field. R is the vector going from the
center of mass of CH3I and the He atom, with θBF being its angle with the BF
z axis.

The 4He–CH3I interaction potential V (R, θBF) is
described later in Sec. II B, and the rotational Hamiltonian
Hrot (angular kinetic energy of the molecule and of the helium
atom) is given by

Hrot =
B

~2
j2 +

l2

2µR2
, (6)

with j being the angular momentum of CH3I about its center of
mass and l being the angular momentum of the orbital motion
of the helium atom and the center of mass of the molecule
about their common center of mass. Here, B = ~2/2I is the
CH3I rotational constant with I being the moment of inertia
of the CH3I molecule about an axis perpendicular to the C–I
axis.

We introduce the total angular momentum of the complex
J = j + l, with projection JZ on the space-fixed Z axis and Jz

on the body-fixed z axis. The wave function Ψ is expanded in
the coupled body-fixed (BF) eigenbasis |JMlΩ〉 of J2, JZ , l2,
lz, and Jz. Note that in the case of a diatomic molecule, the
projection of j on the BF z axis is jz = 0, and thus Jz = lz. Using
this basis, the total wave function is expanded as

Ψ(t) =
∑

J′M′l′Ω′
CJ′M′l′Ω′(R, t)��J ′M ′l′Ω′

〉
, (7)

where the basis functions are

��n
〉
= ��JMlΩ

〉
=

√
2J + 1

8π2
D∗JMΩ(ϕ, θ, χ)ΘlΩ(θBF). (8)

In this expansion, ϕ, θ, χ are the Euler angles for the body
fixed (CH3I) axes (x, y, z) with respect to the space-fixed
axes (X, Y, Z) illustrated in Fig. 1; θBF is the angle of the
He atom with respect to the z axis in the body fixed frame;
DJ

MΩ are the Wigner rotation matrices53 and ΘlΩ(θBF) are
ϕBF = 0 spherical harmonics proportional to the associate
Legendre functions PlΩ(cos θBF), defined by YlΩ(θBF , ϕBF)
= ΘlΩ(θBF) eiΩϕBF

/
√

2π with ϕBF = 0.
Substituting Eq. (7) into the time-dependent Schrödinger

equation and projecting onto the |n〉 = |JMlΩ〉 state yields

the following set of coupled equations for the expansion
coefficients:

i~Ċn(R, t) =
∑

n′
〈n|H(t)|n′〉Cn′(R, t)

= −
~2

2µ
d2

dR2
Cn(R, t) +

∑
n′

[
〈n|

l2

2µR2
|n′〉

+ 〈n|
B

~2
j2 |n′〉 + 〈n|V (R, θBF)|n′〉 + 〈n|Hlas(t)|n

′〉
]

×Cn′(R, t). (9)

The diagonal matrix elements for the different angular
kinetic operators are

〈JMlΩ|
l2

2µR2
|JMlΩ〉 =

~2l(l + 1)

2µR2
, (10)

〈JMlΩ|
B

~2
j2 |JMlΩ〉 = B[J(J + 1) + l(l + 1) − 2Ω2], (11)

and the non-diagonal elements (Coriolis coupling)

〈JMlΩ|
B

~2
j2 |JMl(Ω ± 1)〉 = −B

√
J(J + 1) −Ω(Ω ± 1)

×
√

l(l + 1) −Ω(Ω ± 1) (12)

with all other matrix elements being zero.
The matrix elements for the interaction54 with the laser

pulse are given by

〈JMlΩ|Hlas(t)|J
′M ′l′Ω′〉

= −
1
4
E2(t)∆α〈JMlΩ| cos2 θ |J ′M ′l′Ω′〉 (13)

with

〈JMlΩ| cos2 θ |J ′M ′l′Ω′〉

= δMM′δΩΩ′δll′(−1)Ω−M
√

2J + 1
√

2J ′ + 1

×

(
J 2 J ′

−M 0 M

) (
J 2 J ′

−Ω 0 Ω

)
. (14)

B. He–CH3I interaction potential

In order to obtain V (R, θBF) in Eq. (5), we first determined
the 4He–CH3I interaction as a sum over a CH3–He interaction
and a He–I interaction, each one calculated ab initio. This is
a rather severe approximation since the CH3I molecule can-
not be simply described as the sum of a CH3 radical and an
iodine atom. We believe that the resulting van der Waals inter-
action is still reasonable, at least concerning the features that
are important for this study, for several reasons. The CH3 elec-
tronic orbitals have the correct sp3 hybridization imposed by
the tetrahedral shape. Hence the anisotropy of the interaction,
which is essential for the motion of He relative to CH3I, should
be correct. The free orbital resulting from sp3 hybridization is
used to bind to the iodine atom, with the region between C
and I being repulsive for the He atom anyway since helium-
electron interaction is repulsive. The main error that can be
expected from this potential comes from charge transfer from
the CH3 part to the iodine atom, which results in a moder-
ate dipole moment. From the point of view of the He–CH3I
potential, this means that the interaction should be less attrac-
tive on the iodine side since iodine is negatively charged, and
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more attractive on the CH3 side which is positively charged.
However, the polarizability of the helium atom is small, and
the equilibrium position that we obtain is already on the CH3

side, so that changes will be quantitative but not qualitative:
deeper potential well, slightly larger anisotropy. Instead of dis-
sociating for J ≥ 8 [B J(J + 1) ' 18 cm−1] as discussed later in
this paper, the complex might dissociate for J ≥ 9 or 10 [B J(J
+ 1) ' 22.5 or 27.5 cm−1], which will not alter the conclusions
from this work.

Both components were determined by RCCSD(T) [(spin-)
restricted coupled cluster method with full treatment of sin-
gle and double excitations and perturbative treatment of triple
excitations] calculations using the MOLPRO suite of ab initio
programs35 and least squares fitted to appropriate analytical
representations.

For the He–I part, the interaction energies for the two
lowest electronic states 2Σ+ and 2Π arising from the s2p5

electronic configuration of the iodine atom were computed
using an effective core potential36,37 and treating explicitly
only the 4s, 4p, 4d, 5s, and 5p electrons of iodine using
augmented Dunning basis sets.38,39 The 5s and 5p electrons
of iodine and the 1s electrons of helium were explicitly
treated in the correlation calculations. A radial grid of 47
points densely covering distances from 6a0 to 12a0 with pro-
gressively sparser coverage out to 100a0 was explored. The
interaction energies obtained at augmented triple, quadru-
ple, and quintuple zeta level were extrapolated to the infinite
basis limit40 and fitted to an extended Tang-Toennies model
V (r) = A exp[β(r)r] −

∑
k f kck /rk with β(r) = β1 + β2r and

k = 6, 8 and a Tang-Toennies damping function f k(r),41 result-
ing in a root mean square error of less than 0.05 cm−1. In order
to account for the spin-orbit interaction in the iodine atom,
the fitted zero order 2Σ+ and 2Π interactions are used to con-
struct a complex 6× 6 matrix using the experimental spin-orbit
splitting of 7603.15 cm−1 assumed to be independent of the
iodine–helium distance. The iodine–helium interaction energy
is taken to be the lowest eigenvalue of this matrix.

The three dimensional CH3–He interaction potential V (R,
θ ′, φ′) for a given geometry of the CH3 fragment respecting
C3v symmetry is represented with a Hartree-Fock-dispersion
(HFD) style functional form42 for the radial dependence with
parameters which are expressed as expansions over tesseral
harmonics T (θ ′, φ′),

V (R, θ ′, φ′) = A exp {−b(θ ′, φ′)(R − Re(θ ′, φ′))}

−
C6(θ ′, φ′)

R6
−

C8(θ ′, φ′)

R8
,

X(θ ′, φ′) =
∑
lm

xlmTlm(θ ′, φ′), X = b, Re, C6, C8.

(15)

In the last expansion, l goes from 0 to lmax = 6 and the allowed
m values are m = 3k, k = 0, 1, . . . and m ≤ l. In this section,
θ ′ is the angle between the vector R and the symmetry axis of
CH3 with θ ′ = 0 corresponding to helium on the carbon side of
pyramidal CH3, and φ′ is the azimuthal angle for rotation of
R around this axis with φ′ = 0 corresponding to helium being
in a plane containing a hydrogen atom.

The condition V (R, θ ′, φ′) = V (R, θ ′, −φ′) arising from
the rotational symmetry of the potential eliminates tesseral
harmonics with a sine factor from the angular basis which is

thereby limited to

Tlm(θ ′, φ′) =
√

2NlmPlm(cos θ ′) cos mφ′, m > 0,

Tl0(θ ′, φ′) = Nl0Pl0(cos θ ′), (16)

Nlm =

(
2l + 1

4π
(l − m)!
(l + m)!

)1/2

,

and Plm(cos θ ′) is an associate Legendre function.43

The ab initio interaction energies underlying this analyt-
ical representation were obtained by counterpoise corrected
RCCSD(T) calculations using augmented quadruple zeta basis
sets for all atoms. The radial grid ranged from 2.9 to 10 Å and
the angles θ ′ and φ′ were explored on grids with a spacing of
π/12 using the ranges 0 ≤ θ ′ ≤ π and 0 ≤ φ′ ≤ π/3. Only inter-
action energies below +50 cm−1 were used in the least squares
fit representing 963 data points out of a total of 1108. Since the
higher order expansion parameters for C8 were statistically not
well determined, the final fitting model used only lmax = 4 for
the C8 expansion leading to a total of 42 free fitting parameters
which represent the ab initio data within a root mean square
error of 0.1 cm−1.

C. Potential matrix elements

The interaction potential obtained above is then averaged
over ϕBF (or φ′) and expanded in ϕBF = 0 spherical harmonics
Θλ0(θBF) defined in the text following Eq. (8) as44,45

V (R, θBF) =
∑
λ

√
2

2λ + 1
vλ0(R)Θλ0(θBF). (17)

Its matrix elements are

〈n|V (R, θBF)|n′〉 =
∑
λ

(−1)Ω−M
(

(2l + 1)(2l′ + 1)(2λ + 1)
2

) 1
2

× vλ0(R)

(
l λ l′

−M 0 M ′

) (
l λ l′

−Ω 0 Ω′

)
× δMM′δΩΩ′δJJ′ . (18)

Figure 2(a) shows the averaged ground state interaction
potential in the (x, z) plane containing the C–I molecular axis,
with the center of mass of the CH3I molecule placed at the
origin. It has a potential well which corresponds to the equi-
librium distance of Re = 3.97 Å and angle θBF

e = 0.589 π
(1.85 rad or 106◦), with dissociation energy De = 33.5 cm−1

[instead of −37.2 cm−1 at Re = 3.9 Å, θBF
e = 0.61 π

(109.5◦) and φBF = π/3 (between two hydrogen atoms) before
averaging].

The J = 0 ground and first excited state wave func-
tions are displayed in Figs. 2(b) and 2(c), respectively. The
ground state one is localized in the potential well with a
rather wide zero-point amplitude in R and θBF . Its energy is
E = −13.001 cm−1 with respect to the dissociation limit. The
(J = 0) excited state wave function corresponds to an angu-
lar (bending) excitation with its node close to θBF

e . It is widely
delocalized in angle, showing almost free rotation of He around
the CH3I molecule (69% l = 1). The corresponding excita-
tion energy with respect to the ground state is ∼5.2 cm−1

(E = −7.837 cm−1).
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FIG. 2. Contour plots for (a) averaged ground state interaction potential with
contour lines for the energy in cm−1, (b) J = 0 ground state wave function,
E = −13.001 cm−1, and (c) first excited state wave function E = −7.837 cm−1

(in Å−1/2) with respect to the dissociation limit.

D. Observables

By solving the set of coupled differential equations (9) on
a radial grid Rk , all the observables of interest can be computed
as a function of time. Note that all the operators are diago-
nal in M; hence, one propagation is run for each M0 value
of a given initial J0 value of J. The observables below are
thus calculated for a given (J0, M0) value. They are then aver-
aged over a Boltzmann distribution if temperature effects are
considered.

The observable that is most commonly used to quantify the
degree of alignment and its time evolution is the expectation
value 〈cos2 θ〉,

〈cos2 θ〉(t) = 〈Ψ(t)| cos2 θ |Ψ(t)〉

=
∑
Rk

∑
n′n

C∗n(Rk , t)Cn′(Rk , t)〈n| cos2 θ |n′〉, (19)

where 〈n|cos2 θ|n′〉 is given in Eq. (14).
The rotational excitation can be characterized by the

expectation value of J2 as

〈J2〉(t) = 〈Ψ(t)|J2 |Ψ(t)〉 =
∑
Rk

∑
n

|Cn(Rk , t)|2Jn(Jn + 1) (20)

as well as by the time evolution of the population of each J
state, given by

PJ (t) =
∑
Rk

∑
lΩ

|CJM0lΩ(Rk , t)|2. (21)

The angular distribution of the helium in the BF sys-
tem is characterized by the probability density as a function
of θBF ,

P(θBF , t) =
∑
Rk

∑
n′n

C∗n(Rk , t)Cn′(Rk , t) Θn′(θ
BF)Θn(θBF). (22)

Its time evolution is of particular interest: it is expected to
remain unchanged if the He atom follows rigidly the rotation
of CH3I.

Information on the dynamics of the helium atom motion
with respect to CH3I is also given by the time evolution of the
population of each l state,

Pl(t) =
∑
Rk

∑
JΩ

|CJM0lΩ(Rk , t)|2. (23)

The temperature of helium nanodroplets in usual exper-
imental conditions is 0.4 K; thus, the time evolution of the
expectation value of 〈cos2 θ〉 corresponds to the Boltzmann
average of the observable 〈cos2 θ〉av(t) for T = 0.4 K. It is
obtained from the pure rotational state analogs 〈cos2 θ〉J0M0

(t)
for a given (J0, M0) value as

〈cos2 θ〉av(t) =
∑
J0M0

wJ0M0 (T )〈cos2 θ〉J0M0 (t) (24)

with

wJ0M0 (T ) = exp(−EJ0M0/kT )

/
*.
,

∑
J0
′M0

′

exp(−EJ0
′M0

′/kT )+/
-
.

The initial states considered in the Boltzmann average
were obtained by imaginary time propagation (for J0 = 0) or
by diagonalization of Hrot (for J0 = 1). In the latter case, Hrot is
expressed in a basis of Wang states,46 which are eigensolutions
of J2, JZ , l2, and the parity operator,

��nε
〉
= ��J0M0lΩ̄ε

〉
=

1√
2(1 + δΩ̄0)

[
��J0M0lΩ̄

〉
+ ε(−1)J0 ��J0M0l − Ω̄

〉]
(25)

with Ω̄ = |Ω| and a DVR (discrete variable representation) rep-
resentation47 for the radial coordinate. The resulting energies
(independent of M0) are shown in Table I.

E. Dissociation

As strong laser intensities are employed, high rotational
states can be excited. Therefore the rotational kinetic energy

TABLE I. Bound ground state energies of the 4He–CH3I complex for
J0 = 0 and 1 states.

J ε Energy (cm�1)

Imaginary time 0 +1 �13.001

Diagonalization in the basis
of Wang states

1
+1 �12.691
�1 �12.525
�1 �12.445



124301-6 Vindel-Zandbergen et al. J. Chem. Phys. 149, 124301 (2018)

can become larger than the CH3I binding energy and the
complex can dissociate.

If the wave packet reaches the end of the grid, it must
be absorbed to eliminate reflections at the boundaries which
would interfere with the wave packet propagation.48,49 This
absorption was implemented by multiplying the wave function
at each time step by an exponentially decreasing function f (R)
between Rmax − ∆ and Rmax,

f (R) =




1 for R < Rmax − ∆

exp

−γ

(
R − Rmax − ∆

∆

)2
for R ≥ Rmax − ∆

,

(26)
with Rmax = 53 Å and ∆ = 12.4 Å which corresponds to 64
grid points. The absorption was optimized by trial and error,
checking for reflections which can be observed as oscillations
in the time evolution of the radial distribution of the wave
packet at a long range. A value of γ = 0.009 leads to the com-
plete elimination of reflections for the intensities studied in
this work.

The radial probability distribution P(R, t) at different
times is shown in Fig. 3 after a strong laser pulse of I0 = 1.12
× 1013 W/cm2 and 450 fs duration. The pulse envelope is given
by Eq. (4) with its maximum at half duration. Within 10 ps,
a large amount of the wave packet has traveled around 50 Å
and reached the grid boundary where it has been absorbed.
This roughly corresponds to a speed of 500 m/s (5 Å/ps) and
a kinetic energy of more than six times the binding energy.
After 80 ps, a good part of the wave packet has dissociated,
and a significant portion (≈20%) remains trapped in the bound
region R ≤ 10 Å, not being able to dissociate. Hence we stop
the propagation at t = 80 ps.

F. Dissociative vs. bound part

It is important to note that the absorbed wave packet com-
ponents contain information about the CH3I molecule rotation

FIG. 3. Time evolution of the probability distribution for the distance between
the He atom and the center of mass of the CH3I molecule after a strong pulse
of maximum intensity 1.12 × 1013 W/cm2 and 450 fs duration. By employing
absorbing boundary conditions starting from Rmax − ∆ = 40.6 Å, spurious
reflections are eliminated. Inset: Time evolution of the norm of the wave
function. For high intensities, after 60 ps, the norm stays constant at around
0.2, which corresponds to ≈20% of the wave packet that remains trapped in
the bound region.

and alignment. Hence, when dissociation occurs, the absorbed
part of the wave packet also contributes to the 〈cos2 θ〉 expec-
tation value characterizing alignment and Eq. (19) can no
longer be used. This information must be measured before
the wave function is absorbed. Thus, the probability current
at a defined distance RI smaller than Rmax is integrated over
time as in Ref. 31. RI should be chosen large enough that
the interaction potential V (R, θBF) is negligible compared
to the CH3I rotational constant for any angle θBF . Further-
more, the rotational energy Bj(j + 1) should be larger than
the centrifugal potential ~2l(l + 1)/2µR2

I for all possible com-
binations of j and l. These two conditions ensure that CH3I
can be considered as a free rotor for R > RI. Finally, the
laser pulse must be over before any component of the wave
packet reaches R = RI . These conditions are fulfilled for
RI ≈ 38 Å.

Including this contribution, Eq. (19) needs to be com-
pleted by an asymptotic part which can be evaluated by a
flux analysis across RI . In practice, this analysis needs to
be performed in a basis set of rotational eigenstates of the
fragments,

〈cos2 θ〉(t) = 〈Ψ(t)| cos2 θ |Ψ(t)〉

=
∑

Rk<RI

∑
m′m

A∗m′(Rk , t)Am(Rk , t)〈m′ | cos2 θ |m〉

+
∑
m′m

〈m′ | cos2 θ |m〉Ujj′(t)
∫ t

0
dt ′Uj′j(t

′)Im′
m (RI ),

(27)

where Ujj′(t ′) = e
−iB
~ [j(j+1)−j′(j′+1)]t′ is a phase factor and the

probability current is given by

Im′
m (RI ) =

i~
2µ

[
Am′(RI )∇A∗m(RI ) − A∗m(RI )∇Am′(RI )

]
R=RI

. (28)

Here, |m〉 = |JjlM〉 are basis functions in the coupled space-
fixed (coupled SF) representation and Am are the correspond-
ing coefficients for the expansion of the wave packet. The
transformation of the wave packet coefficients from the BF
[Eq. (7)] to the coupled SF basis functions can be obtained
by

Am(R, t) =
√

2j + 1(−1)J
∑
Ω

(−1)Ω
(
l j J
Ω 0 −Ω

)
Cn(R, t). (29)

The first term in Eq. (27) corresponds to the inner part of the
wave packet (R ≤ RI ) which at longer times (t > 60 ps) is
the part that remains bound. It can also be calculated in the
BF basis as in Eq. (19). The second term corresponds to the
dissociative part of the wave packet.

For an isolated molecule, e−iBj(j+1)(t−t ′ )/~ results from
applying the time evolution operator to a |jM j〉 stationary state.
The time evolution of the expectation value for the dissoci-
ated fraction of the wave packet is included in the phase factor
U jj ′(t). This time evolution corresponds to that of a freely rotat-
ing molecule, when the molecule and the helium are no longer
interacting.

G. Numerical specifications

For the numerical calculations, the basis set for the prop-
agation must be very large since the laser pulses studied in this
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work can excite the 4He–CH3I complex to states with J higher
than 30 (and j > 50) and produce very fast initial dissociation.
Based on convergence tests, the basis set includes all the func-
tions |JMlΩ〉 [Eq. (8)] or |JjlM〉 [introduced in Eq. (28)] with
J ≤ 35, l ≤ 20, |Ω| ≤ 20, and j ≤ 55.

Note that all operators are diagonal in M, but the matrix
elements for both the laser-system interaction [Eqs. (13) and
(14)] and the potential [Eq. (18)] depend on M. Hence for a
given initial J0 value, one simulation is run for each M0 value.
The simulations are conducted for initial rotational states (J0,
M0) = (0, 0), (1, 0), (1, ±1).

The grid in R extends from Rmin = 2.17 Å to
Rmax = 53 Å with 256 grid points, resulting in a grid spacing
of ∆R = 0.198 Å. The propagation time is 80 ps with a time
step of 5 fs. The time evolution of the wave packet during and
after the pump laser pulse is determined by solving the time
dependent Schrödinger equation with the Crank-Nicholson
method.50

III. RESULTS

In this section, we present and discuss the results obtained
from the numerical simulation of the time evolution of the 4He–
CH3I complex after the application of a laser pulse to induce
molecular alignment. In particular, we determine different
observables in order to understand the mechanism behind the
non-adiabatic alignment of molecules weakly interacting with
an environment in conditions similar to helium nanodroplet
experiments (T = 0.4 K).

A. Molecular alignment: High vs. low intensities

The alignment dynamics, characterized by 〈cos2 θ〉, is
shown in Fig. 4. There one can observe the effect of the
laser pulse intensity and of the temperature on the degree of
alignment of the He–CH3I complex compared to that of the
free CH3I molecule. The pulse parameters are similar to the

FIG. 4. Alignment dynamics of the 4He–CH3I complex represented by
〈cos2 θ〉 as a function of time. [(a)–(c)] Comparison of the 4He–CH3I align-
ment (black) with free CH3I alignment (red), for a laser pulse intensity [Eq. (4)]
and temperature of (a) I0 = 1.12 × 1013 W/cm2 and T = 0.4 K, (b) I0 = 2.46
× 1012 W/cm2 and T = 0.4 K, (c) I0 = 1.12 × 1013 W/cm2 and T = 0 K. (d)
Alignment dynamics of the bound part (green) and the dissociative part (blue)
of the wave packet for I0 = 1.12 × 1013 W/cm2 and T = 0.4 K.

experimental ones used to induce non-adiabatic alignment of
isolated molecules in the gas phase. The intensity of the align-
ment pulse [I = 1.12 × 1013 W/cm2 for plots (a), (c), and (d)
in Fig. 4] was selected such that the expectation value 〈J2〉

≈ 400, which leads to gas phase alignment for a laser pulse
of τ = 450 fs duration.26,32 We also show for comparison the
results for an intensity 4.5 times smaller in Fig. 4, plot (b),
corresponding to 〈J2〉 ≈ 16 (see Fig. 5).

Figure 4(a) shows the calculated 〈cos2 θ〉 as a func-
tion of time for isolated CH3I molecules (red) and for the
4He–CH3I complex (black) for an alignment laser pulse of
I0 = 1.12 × 1013 W/cm2 intensity and τ = 450 fs duration,
and a temperature of 0.4 K, characteristic of He nanodroplets.
At this temperature, the Boltzmann average of the signal only
includes J = 0 and J = 1 rotational states, higher J-states con-
tributing less than 5% to the thermal population. In the case of
the isolated molecule, the structure exhibits a prompt align-
ment peak shortly after the pulse and prominent transients
repeating periodically in time (τrot = 66.6 ps), in agreement
with the results of previous studies on the calculation of the
non-adiabatic alignment of the CH3I molecule.26 For the com-
plex, the 〈cos2 θ〉 curve resembles that of the isolated molecule.
The initial prompt peak is identical, and the narrow transients
appear at the same time intervals although the amplitudes are
significantly smaller.

For T = 0 K, that is, when considering only the con-
tribution of J = 0 in the calculation of 〈cos2 θ〉 [Fig. 4(c)],
the alignment dynamics barely changes from the results at
T = 0.4 K. The only noticeable difference is the quarter revival
at t ≈ 17 ps in the case of T = 0 K, which almost disappears
when the J = 1 state is included at T = 0.4 K, for both the
isolated molecule and the complex.

An important aspect to consider for high intensities is the
dissociation probability. As already discussed in Sec. II E, the
complex rapidly starts dissociating for t ≥ 7 ps, and after 60 ps
the norm, which corresponds to the part of the wave packet that
remains bound, stabilizes around 0.2. The dissociation proba-
bility and its effect on the rotational revivals will be discussed
in more detail below.

FIG. 5. Time evolution of the expectation value of J2 of the 4He–CH3I com-
plex for two different laser intensities. For the higher intensity, I0 = 1.12
× 1013 W/cm2, the expectation value of J2 rises to ≈400, meaning that a dis-
tribution of J states around 20 are initially populated. After the dissociation
of the complex, this value decays to 〈J2〉 ≈ 16 corresponding to a distribution
of J states around 5. 〈J2〉 ≈ 16 is also the maximum value obtained after the
pulse with the lower intensity, I0 = 2.46 × 1012 W/cm−2, where the complex
does not dissociate.
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Dissociation can be avoided by lowering the intensity
of the alignment pulse. For I0 = 2.46 × 1012 W/cm2 and
τ = 450 fs, the norm barely decays (see the inset of Fig. 3),
so the pulse is not powerful enough to dissociate the complex.
Under these conditions, the calculation of 〈cos2 θ〉 (t) reveals
an alignment dynamics in Fig. 4(b) which differs from the
one for higher intensities [Fig. 4(c)]. The rise time of the first
alignment peak is longer, and it is followed by a broad revival
structure for isolated CH3I (red), and by slow oscillations
with no significant sign of revivals in the case of 4He–CH3I
(black). For gas phase CH3I, the transients occur at the same
time intervals as for higher intensity because all energy lev-
els are multiples of the same rotational constant. The change
from typical sharp transient recurrences to broad structures
as the intensity is lowered corresponds to the smaller number
of J-states coherently populated by the lower intensity laser
pulse.

Note that the 4He–CH3I complex is not linear, so the time
intervals at which the rotational components of the wave packet
rephase no longer depend on one single rotational constant.
Thus, the position of rotational revivals, if they existed, should
be different from those of the isolated CH3I molecule. In an
attempt to assign the broad structures observed for He–CH3I
in Fig. 4(b) to possible half revivals, we have estimated the
rotational periods of the complex from its rotational constants
deduced from the energy difference between the J = 0 and
1 rotational energy levels (see Table II). The results were not
conclusive. Hence we do not expect revivals to appear at larger
times. Note that the 4He–CH3I complex is very flexible; hence,
the rotational “constants” are only an approximation to a rigid
top. A piece of evidence of this is that since the complex is
modeled as a triatomic, it should be planar; hence, the follow-
ing relationship should hold: 1

CP
= 1

A + 1
B .34 This is the second

value (Cp) in Table II. The two values for the C constant differ
by ∼10%.

We now turn to examine the dissociation process and the
role it plays in the alignment signal. We first examine sepa-
rately the alignment dynamics corresponding to the bound and
the dissociating fractions of the wave packet [first and second
terms in Eq. (27)] in Fig. 4(d) for the same laser parameters as
in Fig. 4(a). For the bound fraction, the initial prompt align-
ment remains unchanged, but the following defined transient
revivals disappear. Hence the helium atom is clearly chang-
ing the rotational dynamics of the complex with respect to
that of the isolated molecule. The half and the first revivals at
t ≈ 33 ps and t ≈ 66 ps, respectively, observed in Fig. 4(a),
are due to the dissociative part of the wave packet [Fig. 4(d)],
which explains why they occur at the same times as for the

TABLE II. Rotational constants (cm�1) and corresponding rotational periods
(ps) of the 4He–CH3I complex approximated by a rigid top (see text), left
columns, and of CH3I (right column).

He–CH3I CH3I

A B C Cp B

cm�1 0.361 0.194 0.115 0.126 0.250
ps 46.15 85.63 145.08 131.78 66.6

bare CH3I molecule. The initial prompt alignment signal is
unaffected because these oscillations come from coherent pop-
ulation of high J levels, with no rotation involved. Therefore
their period roughly corresponds to h/(∆E), with ∆E = B(4〈J〉
+ 6) being the energy difference between two rotational lev-
els 〈J〉 and 〈J + 2〉 with 〈J〉 = 20 (the laser-system interaction
operator couples J with J ± 2 for M = 0).

B. Rotational analysis
1. Rotational distribution

In order to get more insight into the alignment and disso-
ciation processes, we calculated the time evolution of different
observables related to the rotation of the molecule and of the
complex. Only the dynamics starting from the initial wave
function with J = 0 is considered in the following since the
T = 0 K alignment dynamics does not significantly differ from
the T = 0.4 K Boltzmann averaged one.

The efficiency of molecular alignment depends on the
degree of rotational excitation, that is, the number of rotational
J-states excited by the laser pulse. Figure 6 shows the popu-
lation of J-states in the renormalized bound fraction of the
wave packet, i.e., the wave packet divided by its norm, which
can differ from 1 because of absorption, in order to show the
relative J population for the part remaining in the simulation
grid. The expectation value of J2 was already shown in Fig. 5.
At the end of the higher intensity (1.12 × 1013 W/cm2) laser
pulse, the population is found to be distributed among many

FIG. 6. Time evolution of the 4He–CH3I J rotational distribution cal-
culated from Eq. (21) and renormalized (see text for details), for (a)
I0 = 1.12 × 1013 W/cm2 and (b) I0 = 2.46 × 1012 W/cm2. The laser pulse is
visualized in negative, attached to the upper abscissa axis (dashed line with
the grey shaded area). In (a), high rotational states up to J = 26 are initially
populated. At later times (inset), the highest J-components are carried away
by the dissociating part of the wave packet, leading to the loss of the initial
strong alignment and the absence of revivals for the bound complex. At lower
intensities (b), fewer and lower J-states (up to J = 10) are populated. Note
that only even J’s are populated because initially J = 0 which implies M =
0 at all times: it is a property of the 3-j symbols in Eq. (14) that the sum of
the angular momenta in the first row be even when the second row has only
zeros.34
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rotational states up to J = 26, corresponding to a strong align-
ment in Fig. 4. The population of each rotational state remains
constant up to ∼7 ps. At larger times, when the complex starts
dissociating, higher J-states decrease to zero as shown in the
inset of Fig. 6(a), therefore increasing the relative population
of lower rotational states, until only J ≤ 10 states remain.
This is consistent with the interpretation that high rotational
states dissociate and that the transients observed at t ≈ 33
and t ≈ 66 ps in Fig. 4(a) or 4(c) are due to the alignment
of a CH3I molecule dissociated from the He atom and corre-
sponding to high rotational excitation. Also, the disappearance
of the revival pattern for the bound part of the complex in
Fig. 4(d) is due at least partly to the loss of high rotational
levels.

For the lower intensity (2.46 × 1012 W/cm2) alignment
pulse, fewer and lower J-states are populated as can be seen in
Fig. 6(b). In this case, the rotational wave packet is composed
of the J = 0 to J = 8 states and leads to the broader and non-
regular alignment structure observed in Fig. 4(b).

2. Angular distribution in the BF frame: l distribution

To gain further insight into the alignment of molecules
weakly interacting with He, we study the dynamics of the
angular distribution in the BF (rotating frame) represen-
tation.

The time evolution of the l-states population is presented
in Fig. 7. The initial ground state bending function is mainly
composed of l = 0 to l = 5 states. For the lower intensity kick
pulse presented in Fig. 7(b), the l state population remains
mostly in the l = 0–5 manifold, meaning that the helium atom
and the CH3I molecule rotate together as a whole. On the

FIG. 7. Time evolution of the population of l-states after the interaction of
the 4He–CH3I system with a laser pulse of (a) I0 = 1.12× 1013 W/cm2 and (b)
I0 = 2.46 × 1012 W/cm2. For the higher intensity, the population is distributed
among many different orbital angular states that mix during the dynamics. On
the other hand, for the lower intensity, the initial l-state population remains
mostly in the l = 0–5 manifold. This means that the complex rotates as a whole,
that is, the He atom follows the rotation of CH3I.

contrary, for the higher intensity presented in Fig. 7(a), higher
l states are populated and mix after the laser is turned off. This
shows that the He rotation is excited in the frame rotating with
CH3I. In other words, it is not able to follow the fast rotation
of the molecule.

3. Angular distribution in the BF frame: θBF distribution

The angular motion of the He atom relative to that of
CH3I can be observed directly by looking at Fig. 8, which
displays the time evolution of the probability density as a func-
tion of the angle θBF between the He atom and the C–I axis
of the molecule [Eq. (22)]. Initially, the density is localized
around θBF = 0.61π (1.91 rad or 109◦), which corresponds to
the ground state geometry of the complex.

For a pulse with peak intensity I0 = 1.12 × 1013 W/cm2,
the probability density shown in Fig. 8(a) decreases due to
dissociation, as already noted in Secs. II E and III A. However,
it first begins to oscillate between θBF = 0 and θBF = π in less
than 5 ps. This is not surprising since the first excited van der
Waals level is only about 5 cm−1 above the ground level, and
it corresponds to quasi-free rotation around CH3I as can be
seen in Fig. 2(c). Hence most of the wave packet corresponds
to He rotating faster and faster around CH3I in the BF frame
(CH3I rotating faster and faster in the SF frame and “losing” the
He atom), before acquiring enough energy to dissociate. The
low anisotropy of the interaction potential makes it possible
for the He atom to rotate around the molecule with almost no
collision, hence maintaining the coherence of the angular wave

FIG. 8. Time evolution of the probability density in θBF describing the angu-
lar distribution of the helium atom in the body-fixed system. (a) For a laser
pulse with I0 = 1.12 × 1013 W/cm2, the probability density rapidly spreads
between θ = 0 and θ = π, that is, the He atom is not able to follow the fast
rotation of the CH3I molecule. (b) For a laser pulse with I0 = 2.46 × 1012

W/cm2, the probability density remains always localized around the initial
θ angle, which corresponds to the configuration of the ground state of the
complex. In this case, the He atom rotates together with the molecule.
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packet, which explains the revivals observed after dissociation.
After about 40 ps, the probability density settles again around
the initial angle. This is consistent with the duration of the
dissociation process of the complex (see Fig. 3): the remaining
bound part of the wave packet relocalizes around the minimum
of the interaction well; hence, the He atom follows the rotation
of the CH3I molecule.

By contrast, if the intensity is set to 2.46 × 1012 W/cm2,
the probability density evolves always localized at the initial
θBF angle as can be seen in Fig. 8(b). In this case, the helium
atom can follow the rotation of the molecule. This gives rise
to a radically different alignment dynamics than for the strong
pulse as shown in Fig. 4.

In order to gain a more detailed view of the rotational
excitation and subsequent dissociation process for the higher
intensity case, we analyze in Fig. 9 the probability dis-
tribution P(R, θBF) defined by P(R, θBF) =

∑
n′n C∗n(Rk , t)

Cn′(Rk , t)Θn′(θBF)Θn(θBF), as a function of time. The upper
left panel of Fig. 9 [t = 0 ps, (a)] shows the initial bound
wave function, with a maximum at 4.24 Å and θ = 0.61π
(1.91 rad or 109◦) (the difference with the distance at the
potential minimum, Re = 3.97 Å, is due to anharmonicity
and zero-point delocalization). At the end of the laser pulse
[t = 0.5 ps, (b)], a large part of the distribution is delocalized
in the θBF direction, without any significant displacement in
the R direction. This means that the rotational excitation of
the 4He–CH3I initially leads to an angular excitation of the
helium atom in the BF frame, i.e., He is not able to follow

FIG. 9. Snapshots of the probability distribution P(R, θBF ) as a function of
the He–CH3I distance R and angle θBF , at t = 0 (switch on of the laser pulse),
0.5 ps (switch off of the laser pulse), and 1, 2, 3, and 4 ps (laser free dynamics).
Comparing with the initial, bound wave function at t = 0 ps (a), the distribution
first spreads in the θBF direction during and after the laser pulse [(b) and (c)],
corresponding to an angular excitation of the helium atom in the BF frame.
At later times [(d)–(f)], the wave packet spreads in R, i.e., moves to larger
distances, resulting in the dissociation of the complex.

the rotation of CH3I. Only at later times [t = 1 ps, (c)] does
the wave packet start moving to larger R-distances, indicat-
ing the onset of the dissociation process. Interestingly, this
extension toward large distances takes preferentially place at
angles around θBF ≈ π, i.e., at the CH3 side. This changes
at later times [t = 2 and t = 3 ps, (c) and (d)], where the
helium atom moves further away from the complex on the
iodine side. Finally, for t = 4 ps (e) onwards, the wave packet
corresponding to the dissociation shows a structured but nearly
isotropic distribution in θBF , meaning that the dissociation has
no preferential angular distribution. The looser structure on
the iodine side reflects the fact that the interaction potential is
going to zero more slowly at long distances than on the carbon
side.

Hence the dissociation proceeds via a strong rotational
excitation, and there is no clear sign of the CH3I molecule
kicking the He atom when it starts rotating so fast that the
atom cannot follow.

IV. CONCLUSIONS

We have modeled the non-adiabatic laser alignment of a
van der Waals complex formed with the CH3I molecule and
a helium atom using a rigid diatomic approximation of the
CH3I rotor. All the other degrees of freedom (CH3I rotation,
He bound or dissociated motion) were described using a quan-
tum mechanical wave packet propagated on a model poten-
tial energy surface for the molecule-atom interaction. This
way, we could directly model the alignment signal, as a first
step in view of comparing with the experiments presented in
Ref. 26.

From the results, it is clear that the alignment dynamics
strongly depends on the intensity of the initial laser pulse.
We show that high intensities are needed for an efficient
alignment, which, however, leads to the dissociation of the
complex. A strong pulse populates high rotational energy lev-
els, making the molecule rotate fast. For 80% of the wave
packet, the rotational energy exceeds the binding energy of
the complex, resulting in the ejection of the helium atom.
The proportion of the wave packet that dissociates depends
on the laser pulse intensity since with the lower intensity
used in this work we observe almost no dissociation. On the
other hand, Søndergaard et al.31 have found that He–CS2 or
He–HCCH does not reach 100% dissociation when further
increasing the intensity. We have not attempted to check if
a limit lower than 100% also existed for He–CH3I at higher
intensities.

In this higher intensity regime, the degree of alignment is
obtained by adding the signal calculated from the dissociated
components of the wave packet to the signal corresponding
to the bound part. The alignment dynamics resembles that of
isolated CH3I, with revivals at the same time intervals due to
the dissociated part. On the other hand, when lower intensi-
ties are used, the pulse is not powerful enough to populate
high rotational states. As a result, there is an initial align-
ment peak, but the subsequent signal is broad and does not
show any clearly assignable structure. In addition, the helium
atom remains attached and keeps interacting with the CH3I
molecule. The same behavior is observed for the bound part
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of the wave packet remaining after dissociation when a strong
pulse is applied. The interaction of the helium atom with the
molecule affects its rotation and leads to the disappearance of
the revivals. Instead, broad and slow oscillations are observed,
resembling the 〈cos2 θ〉 structure for low laser intensities. As
noted by Galinis et al.19 in their study of the acetylene-helium
complex, these oscillations are due to rotational as well as van
der Waals excited states.

The experiments on laser induced alignment of CH3I sol-
vated in helium nanodroplets by Pentlehner et al.26 revealed
initial alignment but, unlike our results, with a dynamics that
is much slower than in the gas phase and no sign of revivals.
In addition, it was found that the maximum degree of align-
ment for this initial peak gradually occurred at later times and
decreased as the intensity was lowered. In a more recent pub-
lication on I2 in helium nanodroplets, Shepperson et al.29 also
observed initial alignment with a width that depended on the
kick pulse intensity. In addition, at low intensities (1.2 J/cm2),
the prompt alignment peak was followed by oscillations decay-
ing out at larger times. At very large fluences, this structure
disappeared. Using the angulon quasiparticle theory,30 they
interpreted the structure observed at low intensities as a man-
ifestation of coherent rotation of the molecule and its local
helium solvation shell. At high intensities, they proposed that
several He atoms detach from the I2 molecule, leaving it almost
freely rotating inside a bubble.

Extrapolating our results to a helium droplet environment,
both the low and the high intensity regimes do lead to an initial
prompt alignment peak, with a structure similar to that of the
free molecule at the same intensity. The low intensity regime
could lead to an oscillatory structure after that, but with no
clear recurrence, and the structure would require a frequency
analysis to assign it.19 In the high intensity regime, our results
show that the 80% of the wave packet corresponding to freely
rotating CH3I should exhibit the same recurrences as the free
molecule. Of course, the dissociating helium atoms would not
necessary leave the droplet because of the surrounding helium,
but, as suggested by Shepperson et al.,29 the molecule would
end up rotating freely inside a “bubble.” However, this sig-
nal would be superimposed to that of the ∼20% of the wave
packet which remains bound and exhibit no revival structure
after the initial alignment. The disappearance of the recur-
rences in the droplet could be due to the fact that the molecule
is initially surrounded by a large number of atoms so that a
number of them could remain bound inside the bubble men-
tioned above. Hence the contribution of the part of the wave
packet that remains bound could win over the freely rotating
part.

Our results on the 4He–CH3I complex presented in
this work can also be compared to the theoretical study of
Søndergaard et al.31 on the nonadiabatic alignment dynam-
ics of the acetylene and of the CS2 molecule complexed to a
He atom. When one aims at comparing to an experimentally
measured signal, an average over the spatial laser beam profile
should be performed, as has been done in their work. Compar-
ing with our results, one finds a similar qualitative behavior
of the alignment dynamics. Since in our case we focus on
the study of the alignment dynamics itself as a function of
laser intensity, we do not average over intensities. For high

intensity of the initial kick pulse, a similar alignment signal
〈cos2 θ〉 was obtained for CS2 and its van der Waals complex
with He. This was attributed to fast dissociation of the complex,
as we observe in this work on 4He–CH3I. The small differ-
ence in the permanent alignment level between recurrences
at long times was attributed to the loss of angular momen-
tum taken away by the departing He atom. In our case, the
most notable difference between CH3I and He–CH3I is the
lower intensity of the recurrences, which we attribute to the
20% of the wave packet which remains trapped in the van
der Waals well. For a lower intensity kick pulse, Søndergaard
et al. obtained the same prompt alignment peak as for free CS2,
which is also true in this work for CH3I. However, revival peaks
were still present, albeit less pronounced, slightly broader and
appearing later than for the isolated molecule, whereas we
obtain a broadly oscillating structure which shows no clear
correspondence with the revivals observed for free CH3I. We
believe that this difference in behavior is due to the larger
masses and deeper (De = 54 cm−1)51 and more anisotropic
well involved for CS2, which makes the complex behave
more like a quasi-rigid molecule. The case of the acetylene-
He complex was more involved,31 with a prompt alignment
peak unchanged as in the other cases but also a decay of the
revivals for the complex at high intensity, which disappear
after one rotational period. This is presumably due to the lower
moments of inertia, as proposed by the authors. We think that
the fact that the complex equilibrium configuration is linear
with a large amplitude motion around that reference struc-
ture19 is also contributing to the loss of coherence. In that
respect, He–CS2 was more directly comparable to the case
of He–CH3I studied here since the bound state structure was
perpendicular.

Our interpretation is based on the study of different
observables related to the rotational dynamics of the system. In
particular, the (R, θBF) probability distribution snapshots show
that dissociation at high intensity proceeds via high rotational
excitation of He in the frame rotating with the CH3I molecule
rather than colliding with it. We show that lower intensities
prevent dissociation because they populate only low lying J-
states, but this prevents efficient alignment and there is no clear
recurrence. Angular distributions reveal that the molecule and
the helium atom rotate as a whole in this case since the l-
state population does not evolve much in time and the angle
of the He atom with respect to the molecular C–I axis remains
mainly constant. This is in agreement with the interpretation
of the iodine molecule rotating together with the solvation
shell in the nanodroplet experiment. On the other hand, we
show that high intensities populate higher rotational states,
which leads to an alignment signal resembling that of freely
rotating molecules but leads to dissociation of the complex.
Angular distributions show an important mixing of angular
l-states and a strong variation of the He-molecule angle distri-
bution, which confirm this mechanism where the helium atom
is not able to follow the fast rotation and detaches from the
molecule.

In conclusion, we have shown that initial alignment is
induced by a laser pulse for molecules weakly interacting
with a helium atom. The fate of this alignment at larger times
when the laser is off depends on the intensity of the pulse. For
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large intensities, recurrences can be observed when the ini-
tial pulse is sufficiently intense to populate high J states and
dissociate the complex. The proportion of the wave packet
remaining bound obviously depends on the well depth of the
van der Waals interaction and on the energy of the rotational
excitation achieved by the laser pulse. For lower intensities,
the complex remains bound. Recurrences can be observed if
the complex is rigid enough, although they are more involved
than in the simple diatomic case because the complex will
generally correspond to an asymmetric top. In the case of a
collinear complex, the amplitude of the He angular motion is
usually wide, which complicates the analysis. Extrapolating
to helium nanodroplets, the high intensity case could produce
a bubble around the rapidly rotating molecule if the intensity
was high enough and the potential well shallow enough to
ensure total dissociation. In this case, it would be expected to
recover the sequence of recurrences of the free molecule. If
dissociation is not complete because the well depth is deep,
the broad and slowly oscillating signal from the complex
composed of the molecule and the remaining bound atoms
can hide the recurrences. The low intensity case is expected
to produce a more or less complex alignment signal cor-
responding to the molecule and the helium atoms in direct
interaction with it rotating as a whole. Further insight can be
achieved by modeling molecular alignment inside superfluid
helium droplets within the framework of density functional
theory.52
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I. C. E. Turcu, M. J. Watkins, and K. von Haeften, Phys. Rev. Lett. 113,
043004 (2014).

20G. Galinis, L. G. Mendoza Luna, M. J. Watkins, A. M. Ellis, R. S. Minns,
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