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Pulse shaping control of alignment dynamics in N2
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Control on the alignment transients of impulsively aligned ensembles of N2 molecules has been
demonstrated by the use of laser pulses shaped by a spatial light modulator. An alignment experiment
has been inserted in the feedback loop of an evolutionary algorithm that found optimum pulse shapes
for a set of criteria. Optimum pulse shapes for the maximization of total alignment and for the control of
certain aspects of the revival structures are given. The physical mechanisms responsible for the control are
analysed with the help of single-parameter control schemes and numerical simulations, which allowed us
to explore the low-temperature region. This approach sheds light on the role played by different control
mechanisms for the alignment dynamics of a molecular ensemble. Copyright  2006 John Wiley & Sons,
Ltd.
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INTRODUCTION
Laser-induced alignment of ensembles of molecules in the
gas phase has become a subject of great interest in the last
decade.1 The applications cover not only the more obvious
ones concerning steric effects in reaction dynamics2 and
molecule–surface interactions, but also a subject like strongfield molecular physics is becoming very much entangled
with the field of molecular alignment,3,4 and even some of
the first results in the emerging field of attosecond physics
have been obtained in laser-aligned molecules.5,6
When a strong laser field interacts with a molecule that
has an anisotropic polarizability (a linear molecule, for
instance), an induced dipole is created that is in general
not parallel to the electric field, and therefore interacts
with the field producing a torque on the axes of the
molecule.7 This phenomenon permits obtaining narrow
angular distributions in ensembles of gas-phase molecules
and is known as molecular alignment.
In the temporal domain, two distinct regimes can be
identified. In conditions where the duration of the laser pulse
is long compared to the rotational period of the molecule,
the situation is equivalent to the presence of a cw field. As
the field is slowly turned on, the field-free states evolve
adiabatically into pendular states,7 and the only requirement
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for significant alignment to happen is that the Rabi coupling
must be larger than the rotational energy of the molecular
sample. The other extreme happens when the duration of
the laser pulse is much shorter than the rotational period of
the molecule. Raman excitation of rotational wave packets
follows, and phasing and dephasing of their components in
time create, in a manner analogous to rotational coherence
spectroscopy,8,9 rotational recurrences or ‘revivals’, where
the molecular sample can recover a situation of high degree
of alignment long after irradiation with the short pulse.
The possibility to achieve this field-free alignment has made
impulsive alignment, or, in general, non-adiabatic alignment,
the preferred technique for most applications.
The phenomenon of non-adiabatic laser alignment of
molecules has been studied in a number of experimental10 – 14
and theoretical papers.15 – 17 Most of the above have concentrated on the effects of a single Fourier transform-limited
(FTL) laser pulse. In the past years, considerable effort
has been devoted to studying the effect of two pulses,18 – 21
and also of a train of pulses,22 – 24 on molecular alignment.
Poulsen et al.25 have explored the possibilities of combining
a short and a long laser pulse, finding an enhancement with
respect to the degree of alignment that is attainable with each
pulse separately. More recently, efforts have been directed
to control non-adiabatic molecular alignment by using pulse
shaping techniques.20,26 – 28 In particular, Renard et al. have
employed specific phase masks to create pulses that control
the relative contribution of even and odd rotational states to
the prepared rotational wave packet.20,27 On the theoretical
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side, the work by Salomon et al.29 contains an approach
for the optimization of molecular alignment by the use of
arbitrary electric fields, but their algorithm finds an optimal field in the microwave region of the spectrum, not easily
attainable with standard short-pulse lasers. Siedschlag et al.30
studied numerically the efficiency of different evolutionary
algorithms in optimizing total alignment by phase-shaping
of the electric field under the constraint of a given maximum
field intensity.
In this work we present a full account of our previous
report,28 in which we performed a general experimental
exploration of pulse shaping in order to investigate to
what extent it is possible to exert control on molecular
alignment and on the dynamics of the rotational wave
packets produced by a phase-shaped laser pulse. We
have exploited the advantages of closed feedback loop
procedures in combination with evolutionary algorithms31 – 33
to explore a large parameter space of pulse shapes in
search for laser pulses that maximized given effects. We
have looked both for the optimization of the maximum
degree of alignment attainable in a temporal window and
the control of the temporal structure of rotational revivals.
Numerical simulations were performed that agree well with
our experimental findings at room temperature and that
allow us to extend our investigation to lower temperatures.
Results indicating that controllability is higher for higher
temperatures are presented and discussed in terms of the
relative roles played by coherent and incoherent effects on
the alignment dynamics of a gas-phase molecular ensemble.

THEORY
For simplicity we are limiting the discussion here to the
case relevant for our experiment, namely of homonuclear
diatomic molecules interacting with a linearly polarized
electric field. The Hamiltonian of the system then becomes:7,13
Heff

1
D BJ  DJ  jεtj2 ˛ cos2 
4
2

4

1

where B is the rotational constant, D is the centrifugal
distortion constant, J is the angular momentum of the
molecule, ε t is the envelope function of the electric field,
˛ D ˛k  ˛? is the difference between the parallel and
perpendicular components of the polarizability tensor of the
molecule, and  is the angle between the molecular axis
and the polarization direction of the electric field. In writing
Eqn (1) we left out a term that is independent of  and thus
does not affect the dynamics of the system. Furthermore,
a rotating-wave-type approximation was employed7 that
eliminates the rapid oscillations due to the field amplitude.
The symmetry of Eqn (1) implies that dynamical alignment originates from Raman-type transitions, allowing only
transitions with M D 0 and J D š2. Starting from a
pure rotational eigen state j J0 ,M0 t D 0i D jJ0 , M0 i, for high
enough field intensities a coherent rotational wave packet
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is created through successive ladder climbing. This can be
written as:
 J ,M
j J0 ,M0 ti D
cJ0 0 eiEJ t/h̄ jJ, M0 i
2
J½jM0 j

Here EJ D B0 JJ C 1  D J2 J C 12 is the rotational
energy of the sate jJ, M0 i, where we included the correction
for the centrifugal distortion. The field-free states expansion
J ,M
coefficients cJ0 0 are determined by the details of the
laser–molecule interaction i.e. the temporal shape of the
laser pulse.
The experimental observable corresponding to alignment
is cos2 . In the case of an isotropic angular distribution
hcos2 i D 1 , while for the type of rotational wave packets
3
discussed here hcos2 iJ0 ,M0 t D h J0 ,M0 tj cos2 j J0 ,M0 ti
takes the form of beat structures oscillating rapidly with
frequencies ωJ D EJC2  EJ /h̄.
Owing to the low energy spacing of rotational levels,
thermal ensemble averaging generally prevents experimental studies of the rotational dynamics of a pure state. Instead,
the ensemble average hhcos2 ii over the initial state distribution is observed. The time dependence of hhcos2 iit differs
structurally from that of a pure state owing to the incoherent
addition of the effects of the individual wave packets of
the initial ensemble of rotational states. The fast oscillations
cancel out, leaving non-vanishing alignment only at times
of the so-called revivals occurring at integer (and fractional)
multiples of the classical rotational period TR D h̄/B.
For the simulations that were performed, we solved the
time-dependent Schrödinger equation (Eqn (1)) numerically
in the basis of field-free stationary rotational states jJ, Mi
J ,M
of the molecule to obtain the coefficients cJ0 0 of Eqn (2).
2
From the symmetry of cos  it follows that only the matrix
elements
hJ, Mj cos2 jJ, Mi D
1 2 JJ C 1  3M2
C Ð
3 3 2J C 32J  1
hJ, Mj cos2 jJ C 2, Mi D

J  M C 1J  M C 2
J C M C 1J C M C 2

2J C 3 2J C 12J C 5

3

4

and hJ C 2, Mj cos2 jJ, Mi D hJ, Mj cos2 jJ C 2, Mi of the
Hamiltonian (Eqn (1)) are non-zero. As a consequence of
this, the Hamiltonian decouples into systems of states having a fixed M D M0 and only odd (even) J numbers.
Numerically the evolution of the state vector was calculated by iteratively
applying the short-time
propagator


Ut C t, t ³ exp  i Ht C t/2 t .
h̄
Finite temperature is considered by calculating the
dynamics for a thermal ensemble of initial wave functions
with a weight given by the Boltzmann factor and the
multiplicity due to nuclear spin statistics.
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The values of the molecular constants of N2 we used
for the simulations were B0 D 1.989581 cm1 , D D 5.76 ð
3
106 cm1 , and the polarizability anisotropy34 ˛ D 1.00 Å .

EXPERIMENTAL
Figure 1 gives a schematic representation of our experimental
set-up. The laser system, comprising a Ti : sapphire oscillator
and amplifier, produces pulses with a full width at halfmaximum (FWHM) of 30 fs whose spectrum is centred at
790 nm. The alignment laser pulse passes through a pulse
shaper35,36 and is then focussed with a lens of f D 10 cm.
The peak intensity in the focal region was adjusted to
I ¾ 5 ð 1013 Wcm2 . In the interaction region the laser pulses
induce alignment in N2 and O2 molecules from the air at
room temperature.
For measuring the created alignment transients, a
technique sensitive to the instantaneous birefringence of
the media is used,13,37 which measures
2 the deviation from
the isotropic case: S / hhcos2 ii  1 . For that purpose, a
3
delayed 395-nm laser pulse, whose polarization vector is at an
angle of 45° with respect to that of the alignment pulse, probes
the interaction region. The laser-induced birefringence in
the molecular ensemble changes the polarization state of
the probe laser by introducing some ellipticity after the
interaction region. The beam is filtered through an analysing
polarizer cube and the additional polarization component
is detected by a photomultiplier. Experimental volume
averaging was reduced by decreasing the probe diameter
in the focal region with the help of a telescope, thereby
probing only the inner part of the alignment distribution.
Figure 2(a) shows a typical result of the measurement of
the transient birefringence created in air at room temperature
by an unshaped alignment pulse. In the experimental
trace, contributions from N2 and O2 are present, sometimes
overlapping temporally. The lower panel, Fig. 2(c), shows the

Figure 1. Experimental set-up. BBO: ˇ-barium-borate second
harmonic generation crystal; T: telescope (1 : 2); HP: Half-wave
plate, rotates the pump polarization vector by 45° ; L: focussing
lens; IR: interaction region; F: filter to eliminate the pump laser;
PC: polarizer cube; PMT: photomultiplier.
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Figure 2. (a) Transient birefringence observed in atmosphere
gases after flat-phase, short-pulse irradiation. The annotations
Tr /4, Tr /2, 3Tr /4, and Tr refer to submultiples of the rotational
period (Tr ) of the N2 molecule. The grey circles indicate the
temporal positions with a contribution from the O2 molecule.
(b) Simulated birefringence trace for N2 . (c) Calculated
behaviour of hhcos2 iit in N2 for a laser intensity of
I D 5 ð 1013 Wcm2 . The inset in the figure zooms in the area
of the half revival (Tr /2) in N2 , which will be the chosen time
window for this study.

calculated values of hhcos2 iit for N2 . Large birefringence
signals can be obtained in spite of the low values of
hhcos2 ii  1 because of the large density–length product.
3
The calculated values of hhcos2 ii are then used to simulate
the temporal behaviour of the (homodyned13 ) birefringence
signal (Fig. 2(b)). For clarity, the effects of the convolution
of the alignment signal with the probe pulse envelope were
omitted in the theoretical calculations.
The inset in Fig. 2 shows the temporal window where
optimization procedures were applied in this work. The
chosen region corresponds to the half revival in N2 ,
appearing at a time delay of  ¾ Tr /2 ¾ 4.2 ps, where
Tr is the classical rotational period of the molecule. This
area is favourable since there is no interference with O2
signals. For an FTL pulse, the measured rotational half
revival structure of N2 consists of two peaks. The first
peak, appearing at an earlier delay time, corresponds to
the situation of alignment, where the inter-nuclear axes of
the N2 molecules are preferentially aligned parallel to the
incident laser polarization. The second peak corresponds to
anti-alignment (also called planar delocalization), where the
molecules align preferentially in the plane perpendicular to
the polarization vector of the laser. In the figure, both peaks
appear with the same sign because homodyned detection13
was employed.
In our experiments utilizing a closed feedback loop
we used a GENITOR-type evolutionary algorithm38 for
optimization of the shape of the pump pulses, which was
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applied on the parameters defining the phase masks in the
Fourier plane. Different fitness functions were chosen for
each case, as will be described below. In this scheme, we
define an individual as a given phase mask. Starting with an
initially random population of N D 50, in each evolution step
one or two individuals were selected with a probability that
increases exponentially with their fitness rank. From those
individuals, a child was produced according to one of five
different operators: uniform crossover, average, mutation,
and two different creep operators. If the fitness of these new
individuals is higher than that of the worst individuals in
the population, they replace them. The choice of operator
is random at the beginning, but successful operators are
rewarded with higher probabilities along the progress of the
evolution.
In practical terms, we found that it was advantageous
to reduce the parameter space from the available 128 genes
(which represent all the available pixels of the phase mask)
to the first six terms of a Taylor expansion to describe the
function applied in the phase mask. At the potential cost
of finding less optimized solutions, this allows for a faster
convergence that does not compromise the stability of the
experiment over long periods of time. Fast convergence was
a major factor in the experiment since, in order to determine
the fitness function of each individual, it was necessary to
do a short scan taking approximately 10 s. Typical runs
evaluated a few hundred individuals.

RESULTS AND DISCUSSION
The first aim for optimization was the obvious: the search for
the maximization of the total alignment signal. The temporal
window of interest, corresponding to the first half revival
of N2 , was scanned for each individual, and the fitness
function was defined as the maximum signal found in the
window. Note that by defining the fitness function this
way, the algorithm was free to optimize only the alignment
peak, only the anti-alignment peak or both. In practice,
the best individuals turned out to be pretty symmetric,
having approximately equal alignment and anti-alignment
peak heights. Figure 3 shows the result of a typical run in
the search for the strongest alignment. The original random
populations, and even the best of their individuals, show an
average fitness that is considerably lower than that obtained
for unshaped FTL pulses (indicated by the grey band). Along
the course of the evolution, the worst individuals disappear
quickly from the population and, at a lower rate, new best
individuals are found that tend to drag the overall quality of
the population upwards. In the later stages of the evolution,
the fitness of the best individual and the average fitness tend
to converge. However, we found no conditions under which
the fitness obtained at the end of an evolution procedure
was higher than that obtained with the shortest pulse: FTL
pulses produced the strongest alignment. This result is in
accordance with evidence found by Renard et al.20 We think

Copyright  2006 John Wiley & Sons, Ltd.

Figure 3. Feedback loop evolution of the fitness function (i.e. a
measure of the degree of alignment) obtained for the half
revival of N2 . The grey band indicates the error bar of the
measured fitness for a spectrally unshaped pulse (flat-phase).
See text for details of the evolution procedure. The inset shows
the temporal structure of the best pulse (calculated from the
pulse spectrum and the applied phase) in comparison with an
unshaped pulse.

that this finding is quite general because the parameter
space explored by our evolutionary algorithm, although
limited, is clearly more extensive than that of any singleparameter control scheme. On the other hand, it is clear that
these findings are valid only in the regime studied here, in
which ionization does not play a significant role even for
the shortest pulses possible. If the available pulse intensity
is high enough so that ionization is important, it has been
shown that pulse pairs can overcome the limit set by the
onset of ionization.19,21,25,30
In the second part of our experiment, the goal was
to control the temporal shape of a revival structure. We
chose the fitness function as the ratio between the alignment
peak and the anti-alignment peak in the same region of
the transient as before. Fitness for unshaped pulses was
approximately equal to unity, corresponding to a situation in
which the intensity of the alignment and the anti-alignment
peaks is the same. Given this objective, the evolutionary
procedure did find individuals whose fitness function was
significantly higher than that of unshaped pulses, that
is, pulses that induced strong alignment but weak antialignment in the half revival of N2 . Likewise, the opposite
result – higher anti-alignment than alignment – could be
achieved by redefining the fitness function accordingly.
Analysis of the best individuals after an evolutionary run
showed that the key feature in the optimization was the
temporal envelope of the field rather than the details of
the phase function applied. Figure 4 shows the transients
produced by the best individuals for each fitness function,
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Figure 4. Demonstration of control on the temporal structure of
alignment revivals with a closed-loop evolutionary algorithm.
Alignment transients for the first half revival of N2 that
correspond to the best individuals of corresponding
evolutionary runs. (a) Optimization of alignment (vs)
anti-alignment. (b) Optimization of anti-alignment (vs)
alignment. The curves are intended as visual guides. The insets
show pulse shapes of representative good individuals for the
maximization of alignment (vs) anti-alignment or vice versa.

together with typical pulse shapes that produced each effect.
As the examples of the figure show, it was a consistent
feature for pulses that maximized the alignment (vs) antialignment ratio to have a steep leading edge and a slow
trailing edge. Pulses that achieved the opposite effect (higher
anti-alignment to alignment ratio) were the temporal mirror
images of the former. Optical gating techniques39 were
employed to verify the pulse shapes for some of the best
individuals in order to check the experimental pulse form.
The fact that control of the structure of the revivals had
been achieved simply by an asymmetry in the temporal
shape of the pulses led us towards the search for a singleparameter control scheme, which could then be a first step to
get a clearer picture of the underlying physical mechanism
responsible for controllability. The lowest order coefficient
in a polynomial expansion of the phase function to produce
asymmetric pulse shapes is the one that corresponds to
third-order dispersion (TOD) and was therefore chosen
as parameter for a systematic study of its effect on the
revival structure in N2 . The TOD coefficient was scanned
from 108 000 fs3 to C108 000 fs3 in steps of 36 000 fs3 , and
the alignment transient was measured for each condition.
The results are shown in Fig. 5 together with numerical
simulations. As can be seen, the same type of temporal shape
asymmetry in the pulse produces the same effect on the
alignment transient as was found through the evolutionary
algorithm: sharp leading edge and slow trailing edge leading
to a higher alignment to anti-alignment ratio and vice versa.
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Figure 5. Experiment and simulation showing one-parameter
control on the relative magnitude of the alignment and
anti-alignment peaks in the first half revival of N2 by applying
pulses with third-order dispersion (TOD). TOD values are
scanned from 108 000 to C108 000 fs3 in steps of 36 000 fs3
from the lower trace to the top trace. Pulses with positive TOD
produce enhancement in the ratio of the alignment to the
anti-alignment peak. The opposite is true for pulses with
negative TOD. Since the total alignment decreases for
increasing TOD owing to the lower pulse intensity (the total
signal for a TOD phase of C108 000 fs3 drops by a factor of
about 7 compared to an FTL pulse) the experimental traces are
normalized for better comparability, and each theoretical curve
y-scaled to fit the experiment.

Comparing the experimental data to the simulation results
in Fig. 5, an excellent agreement was found, which added
to the demonstration that control on the asymmetry of
the temporal shape of the laser pulse provides substantial
control of the relative strength of alignment and antialignment.
Our experiment was carried out at room temperature and
it is an important question how this influenced the possibility of controlling the alignment transients. Temperature is
a crucial parameter in laser-induced molecular alignment
since it determines the number of rotational levels that
are populated in the thermal ensemble before laser excitation. The revival structures themselves are an effect of
thermal averaging and the maximum degree of alignment
decreases significantly with increasing temperature. Being
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restricted to room temperature implies that the initial rotational distributions are broad, the degree of alignment is
relatively low, and the alignment revivals are narrow in
time.40,41
To address the question of the temperature dependence of
the control scheme, we extended our numerical simulations
to explore temperature regimes not investigated by our
experiment. We have concentrated on the ability of TOD
to control the anti-alignment to alignment ratio in the first
half revival of N2 . In the top section of Fig. 6 (panels (a))
alignment transients are shown that are calculated at three
different temperatures for pulses with positive (top row)
or negative (bottom row) TOD of 120 000 fs3 . The stronger
values for alignment and the temporally broader alignment
structures obtained with low temperatures are in agreement
with previous studies.40 On all the transients displayed,
the first peak in time corresponds to alignment, and the
second to anti-alignment. Figure 6(b) shows the results
of the systematic study performed for a whole range of
temperatures between 1 and 500 K. The symbols (open or
filled) indicate the ratio rC or (r ) between the anti-alignment
and the alignment peaks for positive (negative) TOD. For
comparison, we also show the ratios r0 that result from a
transform-limited pulse (the corresponding transients are
not shown in Fig. 6(a)). To get an understanding of the effect
of the temperature on the controllability, we have to first
discuss the temperature effects on the FTL – pulse ratio r0 . In
accordance with our experimental results discussed above
(Fig. 2), the ratio r0 is approximately equal to 1 at room
temperature. As Fig. 6(b) shows, the situation is different for
lower temperatures. The ratio decreases, meaning that the
alignment peak is favoured as temperature gets lower. A
clear contribution to this is the phenomenon of ‘incoherent
alignment’,12 an effect which is more pronounced for lower
temperatures and which shifts the time-independent baseline
of the alignment transient to a value higher than the
isotropic value of 1/3, thereby favouring alignment over
anti-alignment. When looking at the difference between
rC , r0 , and r in Fig. 6(b), it is clear that no control is
possible through the application of a TOD phase for very
low temperatures, which can also be seen in the negligible
difference that is obtained in the transients of panels in
Fig. 6(a) for T D 3 K. As the temperature is increased, the
effect of the TOD phase increases, while at the same time
the biasing effect of the ‘incoherent alignment’ vanishes. For
positive TOD of C120 000 fs3 , both effects just compensate,
leaving the ratio almost constant. On the other hand,
both effects add up in the case of negative TOD, leading
to transients in which the anti-alignment dominates for
T > 100 K. For room temperature, the calculations once
again are in agreement with our experimental results,
showing that one can switch to alignment (anti-alignment)
dominated transients by applying a positive (negative) TOD
phase.
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Figure 6. Simulation of the TOD control on the enhancement of
anti-alignment (vs) alignment (and vice versa) as a function of
temperature. The simulated intensity (of the corresponding FTL
pulse) was 5 ð 1013 Wcm2 . (a) Simulated alignment transients
of the first half revival in N2 for different temperatures. The top
row corresponds to the application of pulses with a positive
TOD of C120 000 fs3 , the second row, to a negative TOD of
120 000 fs3 . (b) Ratio r of anti-alignment to alignment peak
heights. Open symbols (): rC ratio for a positive TOD of
C120 000 fs3 . Filled symbols (): r ratio for a negative TOD of
120 000 fs3 . Dashed line: ratio r0 for a transform-limited pulse
shown for comparison. The vertical line at 300 K indicates the
temperature at which the experiments of this work were
performed. (c) TOD controllability ˛ D r  rC /r C rC 
giving a measure of controllability as a function of temperature:
a value of ˛ D 1 indicates perfect control; for ˛ D 0 no control
is possible.

In Fig. 6(c), a parameter ˛ is plotted, which is calculated
as the contrast ˛ D r  rC /r C rC  that can be achieved
at a given temperature and is meant to represent the
controllability that is possible through the application of TOD
phase. It is clear from the figure that for low temperatures
control is negligible. Only for finite temperatures above
¾50 K the application of TOD produces a significant
modification on the structure of the revival.
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The finding that controllability is high for high temperatures and disappears for lower temperatures is somewhat
counter-intuitive. One could assume that the large role
played by incoherent addition of the effects of many different rotational wave packets at high temperature would
erase the effects of pulse shaping on an individual wave
packet. Thus, our results indicate that control is performed on the details of this incoherent addition of the
ensemble, rather than on the excitation dynamics of each
rotational state. Within this context, control of the antialignment (vs) alignment ratio with TOD is achieved by
shifting in time the transients hcos2 iJ0 ,M0 t of the different components of the thermal ensemble, resulting in
a different net alignment hhcos2 iit through either an
effective cancellation or an enhancement at a specific time
resulting in different temporal shapes of the revival structure.
More work needs to be done to obtain a full understanding of the mechanisms that are responsible for the
demonstrated control of the alignment transients. Moreover,
it still has to be seen to what extent one can control the shape
of the alignment transient at will. Interesting applications
include exploiting the controllability of revival structures for
the control of the rapidly varying refractive index that can
lead to self-phase modulation42 and exploring the possibility
of enhancing overall alignment in more complex molecules.
Polarization shaping43 should be highly beneficial in the
optimization of 3D alignment of asymmetric tops.44 The
method shown recently45 for the single-shot measurement
of revival structures would be particularly suitable for a
further exploration of the possibilities offered by pulse shaping techniques for the control of molecular alignment in the
impulsive regime.

CONCLUSIONS
In conclusion, we have shown that the alignment transients that appear after short-pulse irradiation of gas-phase
molecules can be controlled by applying tailored laser
pulses. An evolutionary method has proven successful in
the optimization of a given desired feature of the alignment
transient and it has provided clues for single-parameter control schemes. After a significant exploration of the parameter
space by the evolutionary method, it has been found that
overall molecular alignment is maximized for transformlimited pulses. Numerical simulations have allowed us to
extend this work to lower temperatures. The finding that
controllability is favoured by higher temperatures and vanishes completely as T approaches zero, meaning that it
requires a broad initial J level distribution, indicates that
this type of control is exerted on the ensemble effects
rather than the coherent dynamics from each rotational
state.
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