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Impulsive laser excitation of molecules can create rotational wave packets that lead to transient alignment or
orientation. We present a theoretical analysis of the signatures of post-pulse field-free time-dependent alignment
and orientation of diatomic molecules in time-resolved nonresonant x-ray scattering. This shows that alignment
and its time dependence due to the interference terms of the rotational wave packet are visible in the x-ray
scattering signal whereas signatures of orientation and its time dependence are absent. To that end, we discuss
the time dependence of the coherent rotational motion associated with electronically resonant one-photon
excitations. We illustrate our findings with calculated two-dimensional scattering signals for the sodium fluoride
molecule (NaF) in the gas phase.

DOI: 10.1103/PhysRevA.102.052825

I. INTRODUCTION

The real-time detection and control of molecular dynamics
continues to be a topic at the forefront of modern chemical
physics. Recent developments of x-ray free-electron lasers
(XFELs) permit nonresonant x-ray scattering experiments for
molecules in solution as well as in the gas phase [1–6]. Pump-
probe setups with a time resolution below 100 fs allow for
real-time tracking of structural dynamics.

A generic type of molecular dynamics is that of alignment
or orientation, induced by the interaction of an ensemble of
randomly oriented gas-phase molecules with the electric field
of a laser pulse [7–13]. A sample of diatomic molecules
AB is perfectly aligned if all the molecules are parallel to a
space fixed axis, typically chosen as the polarization vector
of the electric field. Orientation requires, in addition, that the
atoms A point in the same direction. Impulsive laser excita-
tion creates a rotational wave packet and post-pulse field-free
alignment or orientation will occur in a periodic manner due
to wave-packet revivals.

Impulsive alignment, also referred to as nonadiabatic or
dynamic alignment, has been studied extensively in experi-
ments. In a recent state-of-the-art example, an unprecedented
degree of field-free alignment of carbonyl sulfide (OCS) was
detected with velocity map imaging of the ionic fragments of
the dissociating molecule [14]. Impulsive alignment has also
been detected using ultrafast electron diffraction on trifluo-
roiodomethane (CF3I) [15] and carbon disulfide (CS2) [16]
and fully time-resolved detection of the rotational dynam-
ics has been achieved in nitrogen molecules [17]. Moreover,
static adiabatic alignment induced by pulses with longer du-
ration has been demonstrated with x-ray scattering [18,19].
The benefits of alignment for a complete retrieval of three-
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dimensional structure of molecules in the gas phase are
significant [20].

On the theoretical side, the group of Santra presented
theoretical studies of x-ray scattering from laser-aligned
molecules [21–24]. In addition to the development of the rel-
evant theoretical expressions, extensive computational studies
of scattering patterns were presented for both diatomic and
polyatomic molecules. Most of the computational studies
addressed static alignment but also included a case of impul-
sively aligned Br2 molecules [22]. Finally, Debnarova et al.
investigated the scattering signal from statically aligned stil-
bene [25].

Motivated by these advances, we analyze the generic
features of field-free time-dependent alignment as well as
orientation of diatomic molecules [9–11] and their signatures
in time-resolved x-ray scattering. Our work emphasizes the
distinction between alignment and orientation. The paper is
organized as follows: In Sec. II, we develop the theoreti-
cal expressions for the x-ray scattering signal and Sec. III
presents illustratory simulations of the total scattering signal
for various rotational wave packets of sodium fluoride (NaF)
as recorded on a two-dimensional detector. Finally, Sec. IV
summarizes our results.

II. THEORY

The theory of time-resolved x-ray scattering has been de-
veloped in step with the experimental XFEL facilities [21,26–
35]. For the present purpose, the standard theory of time-
resolved x-ray scattering based on the independent atom
model (IAM) suffices. Though deviations from the IAM can
reveal important electronic effects such as chemical bonding
or electronic excitations [36,37], they do not concern the
signatures of rotational alignment or orientation considered
here. Thus, the electron density is expressed as a sum of free
atomic densities and contributions from coherently populated
electronic states [30,32–35] are neglected.
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The elastic component of the time-resolved differential x-
ray scattering signal in units of the Thomson scattering cross
section for a molecule in a nonstationary nuclear state of the
electronic ground state can be written as [29]

dσel

d�
=

∫
ρ̃(R, tp)|F (R, q)|2dR, (1)

where ρ̃(R, tp) is the convolution of the instantaneous distri-
bution (probability density) of the nuclear positions ρ(R, t )
with the intensity profile of the x-ray pulse centered at t = tp.
F (R, q) is the molecular scattering amplitude or form factor,
and q is the scattering vector, i.e., the difference between
the wave vectors of the incident and scattered x-ray photons.
Thus, according to Eq. (1), the time-resolved x-ray scattering
signal can be interpreted in terms of the conventional form
factor weighted by the density of nuclear positions at the time
of probing. Within the IAM, the elastic scattering intensity for
a diatomic molecule takes the form

|F (R, q)|2 = | f1(q)|2 + | f2(q)|2

+ 2 f1(q) f2(q) Re[eiq·R], (2)

where R = R1 − R2 is the bond vector, R1 and R2 are the
position vectors of atoms 1 and 2, and fi(q) is a real-valued
atomic form factor where q = |q|. With this approximation
and for an instantaneous x-ray probe pulse, Eq. (1) becomes

dσel

d�
= | f1(q)|2 + | f2(q)|2

+ 2 f1(q) f2(q) Re

[∫
eiq·Rρ(R, tp)dR

]
(3)

using that ρ(R, tp) is normalized.
Now, consider a diatomic molecule rotationally excited by

a linearly polarized laser pulse. At low rotational angular mo-
mentum, we can neglect the coupling between rotational and
vibrational motion [38] to write the instantaneous distribution
of the bond vector as

ρ(R, tp)dR = χ (R)2|ψ (θ, tp)|2R2dR sin θdθdφ (4)

with χ (R) = u(R)/R, where u(R) is the vibrational wave func-
tion, to a good approximation given by a Gaussian centered
around the equilibrium bond length R = Req. In the rigid-rotor
approximation, the integrand in Eq. (3) is nonzero only for
R = Req. The rotational wave packet ψ (θ, tp) is a function of
the polar angle θ between the bond axis and the polarization
vector of the laser field E . Due to the conservation of the
M quantum number during excitation by linearly polarized
light, there is no dependence on the azimuthal angle φ. The
field-free time evolution of the rotational wave packet can
be expanded in terms of spherical harmonic eigenfunctions
YJ,M (θ, φ) [10],

|ψ (θ, tp)|2 =
∑

J ′
|cJ ′ |2|YJ ′,M (θ, φ)|2

+ 2
∑

J ′

∑
J ′′>J ′

|cJ ′ ||cJ ′′ |YJ ′,M (θ, φ)Y ∗
J ′′,M (θ, φ)

× cos[	EJ ′,J ′′tp/h̄ − ϕJ ′,J ′′ ] (5)

with ϕJ ′,J ′′ = arg(cJ ′ ) − arg(cJ ′′ ) and 	EJ ′,J ′′ = hcB̃e[J ′(J ′ +
1) − J ′′(J ′′ + 1)], where B̃e is the rotational constant in wave
numbers.

The populations of the spherical harmonics in Eq. (5) de-
pend on the laser pulse and the mode of excitation. Interaction
via static-dipole coupling leads to resonant excitation whereas
interaction via induced-dipole coupling (electron polariza-
tion) takes place as nonresonant excitation. The selection rules
for these processes are, respectively, 	J = ±1 and 	J = ±2.
Assume the molecule is initially in J = 0; the interaction with
intense laser fields leads then, in the two cases described
above, to the population of either odd or even J states [11].

In order to evaluate the integral in Eq. (3), we expand the
exponential [39]

eiq·R = 4π

∞∑
l=0

l∑
m=−l

il jl (qR)Y ∗
l,m(α, δ)Yl,m(θ, φ) (6)

where i is the imaginary unit, jl (qR) is a spherical Bessel
function, and (q, α, δ) are the norm and the polar and az-
imuthal angles of the q vector in the laboratory frame.

We consider two simple examples now. First, we work
out the result for a superposition of the (J, M ) = (0, 0) and
(J, M ) = (1, 0) states, corresponding to the simplest type of
time-dependent orientation. In this case, Eq. (5) takes the form

|ψ (θ, tp)|2 = |c0|2|Y0,0(θ, φ)|2 + |c1|2|Y1,0(θ, φ)|2
+ 2|c1||c0|Y0,0(θ, φ)Y ∗

1,0(θ, φ)

× cos[	E1,0tp/h̄ − ϕ1,0]. (7)

The first two terms are static and the mixing with higher an-
gular momentum states |YJ,0(θ, φ)|2 leads to alignment along
the polarization vector E of the laser field. Concerning the
last term in Eq. (7), we note that, for a fixed orientation, θ →
π − θ with θ ∈ [0, π ] and φ → φ + π when φ ∈ [0, π ] and
φ → φ − π when φ ∈ [π, 2π ] specifies the opposite orienta-
tion. Under such an inversion of the molecular axis, YJ,0(θ, φ)
changes sign for odd J whereas there is no change in sign
for even J . This implies that the last term in Eq. (7) changes
sign when θ → π − θ . The term therefore corresponds to
a time-dependent change in orientation where, in general,
|ψ (θ, tp)|2 �= |ψ (π − θ, tp)|2 [9,10].

Focusing on the time-dependent part of the signal, we use
Eqs. (4), (6), and (7) to evaluate the integral over R in Eq. (3),

2 f1(q) f2(q) Re

[∫
eiq·Rρ(R, tp)dR

]

= 8
√

π f1(q) f2(q)|c1||c0| j1(qReq )Re[iY ∗
1,0(α, δ)]

× cos[	E1,0tp/h̄ − ϕ1,0] = 0, (8)

where we applied the orthonormality of spherical harmonics,

〈Yl ′,m′ |Yl,m〉 =
∫ π

0

∫ 2π

0
Y ∗

l ′,m′ (θ, φ)Yl,m(θ, φ) sin θdθdφ

= δll ′δmm′ . (9)

Thus, field-free transient orientation does not lead to time
dependence in the x-ray scattering signal. This result can
be explained as follows: From Eq. (2), we can deduce that
|F (R, q)|2 = |F (−R, q)|2. The squared form factor is thus
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independent of the molecular orientation. It is symmetric un-
der inversion R → −R while the time-dependent part of the
nuclear density in Eq. (7) is antisymmetric under the same
operation. The product of the squared form factor and the
time-dependent part of the nuclear density is therefore an odd
function of (θ, φ) and the corresponding integral in Eq. (1)
has to vanish. This argument generally applies to all time-
dependent cross terms with spherical Harmonics that differ
by an odd number in J , i.e., to all dynamics associated with
molecular orientation beyond this simple example.

Second, for a superposition of the (J, M ) = (0, 0) and
(J, M ) = (2, 0) states, corresponding to the simplest type of
time-dependent alignment, Eq. (5) takes the form

|ψ (θ, tp)|2 = |c0|2|Y0,0(θ, φ)|2 + |c2|2|Y2,0(θ, φ)|2

+ 2|c2||c0|Y0,0(θ, φ)Y ∗
2,0(θ, φ)

× cos[	E2,0tp/h̄ − ϕ2,0]. (10)

Again, the first two terms are static and reflect alignment
that depends on the magnitude of the second term. Since

Y ∗
2,0(θ, φ) is even under inversion of θ , the last term of

Eq. (10) refers to a time-dependent change in the degree
of alignment. Focusing on this part of the signal again,
we use Eqs. (4), (6), and (10) and evaluate the integral in
Eq. (3),

2 f1(q) f2(q) Re

[∫
eiq·Rρ(R, tp)dR

]

= −8
√

π f1(q) f2(q)|c2||c0| j2(qReq )Y ∗
2,0(α, δ)

× cos[	E2,0tp/h̄ − ϕ2,0]. (11)

Thus, field-free changes in time-dependent alignment are vis-
ible in the x-ray scattering signal and the dependence on the
polar angle α of the q vector shows that the scattering pattern
can appear anisotropically on the detector.

For a general rotational wave packet beyond the two
examples discussed above, the integral in Eq. (3) can be
written as

2 f1(q) f2(q)Re

[∫
eiq·Rρ(R, tp)dR

]
= 8π f1(q) f2(q)Re

[ ∞∑
l=0

l∑
m=−l

ilY ∗
l,m(α, δ)

∫ ∞

0
jl (qR)

∣∣∣∣u(R)

R

∣∣∣∣
2

R2dR

×
(∑

J ′

∑
M

|cJ ′ |2
∫ π

0

∫ 2π

0
Yl,m(θ, φ)|YJ ′,M (θ, φ)|2 sin θdθdφ

+ 2
∑

J ′

∑
J ′′>J ′

∑
M

|cJ ′ ||cJ ′′ | cos [	EJ ′,J ′′tp/h̄ − ϕJ ′,J ′′ ]

×
∫ π

0

∫ 2π

0
Yl,m(θ, φ)YJ ′,M (θ, φ)Y ∗

J ′′,M (θ, φ) sin θdθdφ

)]
.(12)

In Eq. (12), it is still assumed that 	M = 0 is fulfilled. We
used the expansions of both the exponential, Eq. (6), and of
a general rotational wave packet for a linear molecule that
extends Eq. (5) such that an additional sum over quantum
number M is introduced. We have split the equation into
diagonal and off-diagonal terms, the former with J ′ = J ′′
and the latter with J ′ �= J ′′. These terms lead to, respec-
tively, static and time-dependent contributions to the x-ray
scattering signal. The sum over M is bound to the inter-
val [−J ′, J ′] for J ′ = J ′′ and to [−min(J ′, J ′′), min(J ′, J ′′)]
for J ′ �= J ′′.

Approximating the vibrational density |u(R)|2 simply by a
Dirac delta function around the equilibrium bond length Req,
we may write for the integral over R in Eq. (12)∫ ∞

0
jl (qR)

∣∣∣∣u(R)

R

∣∣∣∣
2

R2dR =
∫ ∞

0
jl (qR)|u(R)|2dR

≈
∫ ∞

0
jl (qR)δ(R−Req )dR = jl (qReq ).

(13)

The integrals over the product of three spherical harmonics in
Eq. (12) can be furthermore evaluated analytically in terms of

Clebsch-Gordan coefficients 〈 j1, m1, j2, m2| j3, m3〉 [39]∫ π

0

∫ 2π

0
Yl,m(θ, φ)YJ ′,M (θ, φ)Y ∗

J ′′,M (θ, φ) sin θdθdφ

=
√

(2l+ 1)(2J ′+ 1)

4π (2J ′′+ 1)
〈J ′, 0, l, 0|J ′′, 0〉〈J ′, M, l, m|J ′′, M〉.

(14)

The Clebsch-Gordan coefficients require that the triangular
condition, |J ′ − J ′′| � l � J ′ + J ′′, is fulfilled and that m = 0.
The infinite sums over l and m in Eq. (12) thus truncate
accordingly.

III. SIMULATIONS AND DISCUSSION

To illustrate the findings discussed in Sec. II, we have sim-
ulated total x-ray scattering signals for sodium fluoride (NaF)
in the gas phase as recorded on a two-dimensional detector.
The signals are given in units of the Thomson scattering cross
section throughout and are calculated for an equilibrium bond
length of Req ≈ 1.93 Å and various rotational eigenstates and
wave packets as specified below. The signals include the elas-
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FIG. 1. Sketches of the collinear (‖) and perpendicular (⊥)
pump-probe setups, defined by the relative orientation of the pump
and the probe pulses. Here, E is the polarization vector of the optical
pump pulse and k0 is the wave vector of the incident x-ray photon,
i.e., the probe pulse. Moreover, ks illustrates the wave vector of a
scattered photon and q is the corresponding momentum transfer (or
scattering) vector. The z refers to the z axis in the laboratory frame.

tic as well as the inelastic component, all calculated by means
of the independent atom model with atomic form factors and
incoherent scattering functions taken from the International
Tables for Crystallography (see Tables 6.1.1.4 and 7.4.3.2 in
Ref. [40]). Note that the inelastic component is described as an
incoherent and structure-independent sum of the incoherent
scattering functions of the two atoms. It is therefore also
independent of time.

With the propagation of the incident x-ray pulse in the z di-
rection, the scattering patterns are calculated in the qx-qy plane
of the detector. They are evaluated on a three-dimensional
q-space grid by defining a two-dimensional grid of concentric
circles around the origin in the qx-qy plane with 37729 points
in total. Within the elastic (or Waller-Hartree) approximation,
ks ≈ k0, where k0 and ks are the norms of the wave vectors
of the incident and scattered photons, respectively, the third
coordinate of the q vector, qz, is given by [41]

qz = k0

(
1 −

√
1 − q2

x + q2
y

k2
0

)
. (15)

The radial coordinate (norm) of q, i.e., the argument of the
atomic form factors, is simply q = (q2

x + q2
y + q2

z )1/2. Using a
mean x-ray photon energy of ch̄k0 = 12.00 keV, it follows that
the maximum value of q is 8.600 Å−1 and that the projection
of q upon the qx-qy plane of the detector is 6.081 Å−1 at most.

To account for different experimental pump-probe setups,
we rotate the q vector around the laboratory y axis while ef-
fectively keeping the molecule and thus the excited rotational
wave packet fixed. The resulting polar and azimuthal angles
of q, α, and δ, are calculated accordingly as

α = arccos

[
qz cos γ − qx sin γ

q

]
, (16)

δ = arctan

[
qy

qx cos γ + qz sin γ

]
, (17)

where γ refers to the angle of the rotation around the y axis.
The scattering patterns are shown for the collinear (‖) and per-
pendicular (⊥) pump-probe setups (see Fig. 1). These setups
are defined by their respective angle between the wave vector
of the incident x-ray photon k0 and the polarization vector E

FIG. 2. Detector images of the static total x-ray scattering signal
for sodium fluoride in three rotational eigenstates with quantum
numbers J ∈ {0, 1, 2} (all M = 0). The patterns are calculated in
the qx-qy plane for the collinear (‖) and perpendicular (⊥) pump-
probe setups (see Fig. 1). The independent atom model and a mean
x-ray photon energy of ch̄k0 = 12.00 keV are used. The radial co-
ordinate of the detector takes values of 0 � qxy � 6.081 Å−1. The
scattering intensity is given in units of the Thomson scattering cross
section, (dσ/d�)Th. Note that the isotropic patterns of the collinear
pump-probe setup are almost identical. The rotational eigenstates
are distinguishable primarily by their anisotropic scattering patterns
measured with the perpendicular pump-probe setup.

of the pulse that excites the rotational wave packet, i.e., the z
axis of the spherical harmonics.

In the first case (‖), the pump pulse is polarized paral-
lel to the direction of the incident x-ray pulse (z direction).
In the second case (⊥), it is polarized in the orthogonal
x direction. As expected, the patterns are isotropic in the
collinear case and anisotropic in the perpendicular case (see
Figs. 2–5). The scattering patterns are also centrosymmetric.
To that end, we note that the molecular form factor F (R, q)
is a Fourier transform of the real-valued electron density,
which leads to |F (R, q)|2 = |F (R,−q)|2 (Friedel’s law), also
fulfilled within the IAM in Eq. (2). Thus, Friedel’s law en-
sures inversion symmetry in the three-dimensional space of
the q vector. In the context of the time-resolved scattering
signal in Eq. (1), |F (R, q)|2 is weighted with the nuclear
density as prepared by the pump pulse. Thus, whether the
condition for centrosymmetry on the two-dimensional detec-
tor, dσ/d�(qx, qy ) = dσ/d�(−qx,−qy ), is fulfilled depends
on the alignment of the molecule with respect to the detec-
tor. Noncentrosymmetric scattering patterns can be observed
with a setup in between our parallel and perpendicular se-
tups [21,41]. We note in passing that recently a different type
of deviation from centrosymmetry has been predicted [42].

With typical rotational timescales of many picoseconds,
any x-ray pulse duration shorter than a few hundred fem-
toseconds will not give rise to noticeable changes. Thus, the
scattering signals correspond to an instantaneous x-ray probe,
which justifies the omission of the convolution with the tem-
poral pulse profile.
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FIG. 3. Detector images of the static total x-ray scattering sig-
nal for sodium fluoride in three rotational wave packets. The wave
packets contain two rotational eigenstates with different quantum
numbers J ′ and J ′′ each (all M = 0). The weights of the states are
real valued and equal. The patterns are calculated in the qx-qy plane
for the collinear (‖) and perpendicular (⊥) pump-probe setups (see
Fig. 1). The same method and parameters are applied as in Fig. 2.

Turning to the numerical results, Fig. 2 shows static scatter-
ing patterns for individual rotational eigenstates with different
quantum number J (all M = 0). The (J, M ) = (0, 0) state
corresponds to no alignment and the higher J states imply
an increasing degree of alignment. Figure 3 shows the static
contribution to the scattering patterns of different rotational
wave packets, i.e., signals arising from the time-independent
part of Eq. (5). Each wave packet consists of two rotational
states that contribute with equal weights, ci = 1/

√
2. Again,

alignment is visible as anisotropy in the perpendicular setup.
Figure 4 shows the total static plus time-dependent scat-

tering signal at three different pump-probe delay times τ for a
wave packet that consists of the two rotational states (J, M ) =
(0, 0) and (J, M ) = (2, 0). Note that τ = tp for a pump pulse
centered at t = 0. Again, both states have equal weights,
ci = 1/

√
2, and since it is assumed that the coefficients are

real valued the phase in Eq. (11) is ϕ2,0 = 0. The time is given
in units of the period T0,2 = h/	E2,0. The time evolution of
the signal reflects the change in the degree of alignment and
is visible for both pump-probe setups. Using Eq. (12), the
simulation presented in Fig. 4 can be easily extended to more
complex wave packets that contain more than two rotational
eigenstates, leading to scattering patterns that exhibit a richer
and more intricate time dependence.

Typically, experimental pump-probe signals are reported
as a difference signal (“pump on” minus “pump off”). To
that end, Fig. 5 shows the difference scattering signal that
corresponds to Fig. 4, that is, the signal in Fig. 4 minus
the signal for the unaligned NaF molecule with an isotropic
distribution (J = 0). Despite the simplicity of the model
wave packet used here, the scattering patterns in Fig. 5 are
qualitatively comparable to experimental electron diffraction
patterns of a significantly more complex rotational wave
packet of N2 [17]. Quantifying the degree of alignment,

FIG. 4. Series of detector images at different pump-probe delay
times τ of the time-dependent instantaneous total x-ray scattering
signal for sodium fluoride in a rotational wave packet. The wave
packet contains rotational eigenstates with quantum numbers J ′ = 0
and J ′′ = 2 (all M = 0). The weights of the states are real valued
and equal. The patterns are calculated in the qx-qy plane for the
collinear (‖) and perpendicular (⊥) pump-probe setups (see Fig. 1).
The pump-probe delay times τ are given in units of the rotational
period of the wave packet, T0,2 ≈ 12.8 ps. The same method and
parameters are applied as in Fig. 2. Note that the patterns at τ =
3/4 T0,2 and τ = T0,2 are not shown since they are identical to those
at τ = 1/4 T0,2 and τ = 0, respectively. The time dependence of
the signal is visible in both pump-probe setups and the pattern at
τ = 1/4 T0,2 is equal to the static signal (see Fig. 3, center column).

〈cos2 θ〉, the patterns at τ = 0 can be related to the strongest
alignment of the molecule along the polarization vector E ,
〈cos2 θ〉 ≈ 0.73. The patterns at τ = 1/2 T0,2, in contrast, re-

FIG. 5. Series of difference scattering patterns (pump on–pump
off) that correspond to the detector images shown in Fig. 4. The static
scattering signal for the rotational eigenstate with quantum numbers
(J, M ) = (0, 0) (see Fig. 2, left column) is subtracted.
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flect the molecule’s strongest antialignment in a perpendicular
direction, 〈cos2 θ〉 ≈ 0.13 (note that an isotropic ensemble of
randomly oriented molecules shows 〈cos2 θ〉 = 1/3 whereas
〈cos2 θ〉 = 1 and 〈cos2 θ〉 = 0 correspond to perfect align-
ment and antialignment, respectively). To realize a larger
value of 〈cos2 θ〉 than observed in Fig. 5, one would need to
increase the relative weight of the (J, M ) = (2, 0) state or to
populate additional eigenstates with larger angular momen-
tum quantum numbers J .

The two other wave packets displayed in Fig. 3 with J1 = 0
and J2 = 1 as well as J1 = 1 and J2 = 2, respectively, ap-
pear as completely static in the x-ray scattering signal. In
line with the conclusion drawn from Eq. (8) before, their
time-dependent contributions vanish. Thus, time-dependent
changes in the orientation are not visible in time-resolved
x-ray scattering. The observed signal is sensitive to molecular
alignment but not to molecular orientation.

This result has important implications beyond the pure
rotational excitations and assumptions discussed so far. Con-
sider electronic coherences caused by an electronic transition
in a diatomic molecule initially in its vibrational-rotational
ground state. Within the electric-dipole approximation and
first-order perturbation theory, the nuclear wave function
of the electronically excited state is proportional to cos θ

and thus Y1,0(θ, φ) [29]. Transgressing the independent atom
model, we can conclude that the interference terms between
the initial (J, M ) = (0, 0) state and the excited (J, M ) =
(1, 0) state do not add any time dependence to the scatter-
ing signal via its coherent mixed component and only static
alignment is observed. Thus, if a change in the anisotropy
is observed over time, it must be due to a change in the
population of the excited (J, M ) = (1, 0) state, e.g., related
to energy transfer to surrounding molecules. Again, we note
that a description of coherent mixed scattering requires a
theoretical framework that goes beyond the independent atom
model applied here.

Electronic excitation can also create coherence between
rotational eigenstates in the electronically excited state. Con-
sider a molecule initially in a rotational state with J � 1 of
the electronic ground state. Following the 	J = ±1 selection
rule, both the J + 1 and the J − 1 states of the excited elec-
tronic state will become coherently populated. This coherence
will add time dependence to the scattering signal (similar to
Fig. 4). Furthermore, when we do not have an electronic � ←
� transition, 	J = 0 also applies, but due to the odd-valued
differences in J with the J + 1 and J − 1 states, respectively,
the resulting coherences and time dependence of the rotational
wave packet are not visible in the scattering signal. These
conclusions are valid for the experimentally relevant case of
a partially coherent rotational wave packet that was, prior to
its excitation, thermally populated. Here, the time-dependent
contributions to the scattering signal from coherently popu-
lated states (those that differ by 	J = 2 for J � 1) will be
visible.

To that end, we also note that signatures of alignment
due to photoexcitation have been detected and exploited

in recent work that distinguished different excitation chan-
nels [43] and electronically excited states [44] by means of
anisotropic electron and x-ray scattering, respectively. Fur-
thermore, alignment is a prerequisite for the observation of
interference between multiple coherently excited electronic
states in time-resolved x-ray scattering when electronic co-
herences prepared by resonant one-photon excitation are
probed [33]. The observation of these coherent mixed terms
in homonuclear diatomic molecules requires some degree of
alignment of the molecule. For a pure (J, M ) = (0, 0) state or
an isotropic rotational density in general, the coherent mixed
component averages out (see Ref. [33]). The (J, M ) = (1, 0)
state that is excited by the pump pulse when the electronic
coherence is created, however, allows for a nonvanishing con-
tribution. How large that contribution is depends not only on
the weight of the (J, M ) = (1, 0) state but also on properties
of the molecule, pulse, and detector.

As the discussion above illustrates, our findings concern-
ing the time dependence of the scattering signal have been
demonstrated within the IAM but are applicable and valid
beyond. This conclusion can be drawn from the general theory
of time-resolved x-ray scattering [34].

IV. SUMMARY

We consider the detection of rotational dynamics in di-
atomic or linear molecules via time-resolved nonresonant
x-ray scattering. We find that if the wave packet consists of
eigenstates that differ by an even number in J , rotational mo-
tion adds time dependence to the scattering signal, reflecting
alignment and its field-free time evolution. If the wave packet
consists of eigenstates that differ by an odd number in J ,
the time-dependent interference terms that lead to transient
changes in molecular orientation do not affect the scattering
signal. Both types of wave packets can be created experimen-
tally, depending on the mode of interaction with the driving
laser field.

We also discuss the time dependence associated with
coherent rotational motion created by electronically reso-
nant one-photon excitation driven by linearly polarized light,
within the conditions imposed by the electric-dipole approxi-
mation and first-order perturbation theory. We point out that
time-dependent contributions to the x-ray scattering signal
originate from coherently populated rotational states that dif-
fer by 	J = 2.

Our theoretical and computational results point to an im-
portant distinction between alignment and orientation and
how this manifests itself in the anisotropy of time-resolved
x-ray scattering signals. This has immediate implications for
experiments that wish to detect anisotropy in rotationally ex-
cited molecules, an aspect of time-resolved x-ray scattering
that is bound to receive increasing attention in the coming
years.

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.
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