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Selective and efficient excitation of diatomic molecules by an ultrashort pulse train
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In this paper, I discuss the selective and efficient vibrational population transfer between electronic states of
diatomic molecules by a weak, ultrashort pulse train. The spectrum of each individual pulse in the train is wide
enough to simultaneously excite several vibrational levels of the molecule. However, selectivity is achieved by
mismatching the frequency comb, associated with the pulse train, to the excited vibrational levels. Efficiency
results from the coherent accumulation of population from one pulse in the train to the next.
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I. INTRODUCTION

The control of molecular dynamics with laser pulses is a
current major goal of both physics and chemistry. Preparing
a molecule in a predetermined internal energy state may sig-
nificantly affect the course of a chemical reaction [1]. The
selective excitation of population in molecular vibrational
levels is highly desirable for many applications, including
quantum computing [2], molecular spectroscopy [3], colli-
sion dynamics [4], and photochemistry [5]. Most of these
applications require, or perform better with, an efficient (near
100%) excitation of the preselected vibrational level.

Exciting molecules with a cw laser can be inefficient be-
cause losses due to spontaneous decay or other relaxation
processes to nonresonant levels cannot be avoided. In the
case of excitation of rapidly-decaying excited states, selec-
tive and efficient population transfer can only be accom-
plished by short pulse excitation. Using nanosecond 7 pulses
is the simplest method to achieve population inversion be-
tween two vibrational levels of different electronic states
with high selectivity. However, the technique is very sensi-
tive to the pulse intensity and duration [6]. Picosecond
frequency-chirped pulses can be used to adiabatically trans-
fer population to selected vibrational levels robustly in a very
short time scale [7]. Although the method is largely insensi-
tive to the pulse area, it requires intense pulses in order to
achieve the typical conditions necessary for adiabatic follow-
ing. Through optimal control theory and learning algorithms
[8-10], a pulse shape can be designed that will drive the
molecule as close as possible to the target state. Here, physi-
cally interpreting the mechanisms behind the excitation dy-
namics is often quite difficult. And usually, the optimal pulse
shape itself is not easy to deconstruct. Also in the picosecond
regime, adiabatic passage by light induced potentials [11,12]
has been proposed as a way to selectively excite a molecule.
The method relies on very intense (>10'> W/cm?) time-
delayed and frequency-detuned pulses. The required intense
fields pose significant experimental challenges in that they
may result in ionization or additional multiphoton processes,
compromising the selectivity of the method. To date, this
method has not yet been experimentally implemented. In the
femtosecond regime of excitation, precisely controlled, in-
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tense femtosecond pulses are used to selectively open and
close field-induced avoided crossings [13]. However, many
vibrational levels of the molecule may be excited by the
large bandwidth of the excitation pulse, and selectivity may
be lost.

Excitation by a train of short pulses has also been inves-
tigated as a way to selectively excite molecules with a high
degree of population transfer within a single electronic state
[14-18]. Warren and Zewail showed that a sequence of non-
resonant strong pulses could dramatically increase popula-
tion inversions and multiphoton pumping in molecules [15].
Diels and Besnainou have shown that matching the fre-
quency peaks, associated with the train spectrum, with the
successive transition frequencies of an anharmonic ladder of
vibrational levels resulted in nearly complete population
transfer to the upper state [17]. Terahertz-rate trains of fem-
tosecond pulses have been experimentally demonstrated to
amplify selected vibrational modes of an a-perylene molecu-
lar crystal by matching the pulse repetition rate to the desired
phonon frequency [18].

The pulse train excitation of atomic systems has been
studied as well. Vitanov and Knight [19] showed that the
excitation of a nondecaying two-level atom by a train of
weak pulses leads to the coherent accumulation of popula-
tion in the excited state. Large atomic excitations are pos-
sible even if the population transfer by each individual pulse
in the train is small. And for decaying atoms, if the pulse
repetition period is shorter than the relaxation time of the
system, population will still coherently accumulate in the
excited state from one pulse to the next [20,21].

In this paper, I show that a combination of those ideas can
lead to an efficient method of population transfer in a mo-
lecular system. I investigate the selective vibrational popula-
tion transfer between two electronic states of a diatomic mol-
ecule by means of a train of weak femtosecond pulses.
Almost 100% population transfer between the ground vibra-
tional state of the molecule and any arbitrary excited-
vibrational state, accessible by a dipole transition, is theoreti-
cally demonstrated. High selectivity is achieved even though
the individual pulses in the train have a spectrum broad
enough to overlap with several excited vibrational levels.
The use of weak pulses has both theoretical and experimental
advantages to the strong field approaches. From the theoret-
ical point of view, the excitation dynamics is conceptually
simpler to understand and numerically easier to model in the
weak field regime of excitation. Experimentally, implemen-
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FIG. 1. (Color online) An isolated, nonrotating diatomic mol-
ecule interacting with an ultrashort pulse train with repetition period
T,. Initially, all the population is in the lowest ground vibrational
level. To excite the molecule with high selectively, the “teeth” of
the frequency comb should be mismatched to the excited vibra-
tional levels.

tation should be easier since competing processes (ionization
and multiphoton excitation), which decrease the excitation
efficiency and selectivity, are avoided.

II. ULTRASHORT-PULSE-TRAIN EXCITATION
OF DIATOMIC MOLECULES

Figure 1 shows a pictorial representation of a homo-
nuclear diatomic molecule being excited by a femtosecond
pulse train. The molecule consists of a lower (ground) and an
upper (excited) manifold of vibrational energy levels belong-
ing to distinct electronic states. The ultrashort pulses excite
dipole transitions between the ground and excited states
(blue arrow), transferring population from the former to the
latter. Because the pulses I will consider are weak, multipho-
ton transitions to other electronic states will be ignored.

Selective and efficient vibrational excitation of molecules
with weak femtosecond pulses is counterintuitive for two
reasons. First, due to the broad spectrum of the femtosecond
pulses, several vibrational levels in the excited electronic
state may be simultaneously accessed by the driving pulses.
Second, weak pulses interact pertubatively with the molecule
and are thus inefficient. These two obstacles are overcome
when excitation is carried out by a train of such pulses. After
excitation by a large enough number of pulses, a significant
fraction of the ground state population will coherently accu-
mulate in the excited electronic state, even if the individual
pulses are weak. Selectivity is achieved by exploiting the
sharp frequency peaks associated with the spectrum of the
pulse train.

A. Ultrashort pulse train

Suppose the diatomic molecule of Fig. 1 is being excited
by an ultrashort pulse train described by
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N-1

()= 2 glt—qT,)e?, (1)

q=0

where 7, is the pulse repetition period, ¢ is the phase differ-
ence between two consecutive pulses, and N is the number of
pulses in the train. The slowly varying envelopes of the
pulses g(t—qgT,) are assumed to have identical shapes and to
be uniformly spaced in time. The classical electric field of
the train is then E(r)=Ey[f(r) exp(—iw;t)+c.c.], where E; is
the pulse amplitude. The pulses have carrier frequency w;
tuned to a preselected, target vibrational level in the excited
electronic state of the molecule.

For well separated pulses, the spectrum of the pulse train
consists of a comblike structure of peaks located at frequen-
cies 2mm—¢)/27T, (where m is an integer), weighted by
the broad spectrum of a single pulse. For transformed limited
pulses, the width of each “tooth” of the comb is 1/(NT,). For
large N, the teeth can be extremely narrow. Ultrashort pulse
trains have thus been successfully used to perform ultrahigh
resolution spectroscopy [22,23]. The spectral intensity of the
individual frequency peaks increases as N> due to construc-
tive interference between the spectra of individual pulses.

To avoid spontaneous decay from the excited to the
ground vibrational levels, the pulse repetition rate must be
significantly higher than the decay rate from the excited elec-
tronic state. Terahertz repetition rates can be achieved by
splitting a single pulse in multiple Michelson interferometers
[24] or by pulse shaping [25]. At these high rates, the mol-
ecule could be excited by several tens to hundreds of pulses
before experiencing any significant decay.

B. Interaction model and excitation dynamics

In the interaction-picture state basis, the molecular state
at an arbitrary time ¢ is given by |[(1)=2;a,(r)
Xexp(—iwg;t)|g,j)+=,b,(t)exp(=id,t)|e,n). The equations of
motion governing the time evolution of the ground [a;()]
and excited [b,(t)] probability amplitudes are, in the rotating
wave approximation [26],

Yp

Cl] = OSlf(t)EO lezbn(t)e_i(ﬁn_ng)t, (23)
bn = 05lf(l)2 anaj(t)ei(ﬁil_ng)t' (Zb)
j=0
Here, an =2(j,8 d e,n)Ey/h is a real “Rabi frequency” for

the ground j— excited n transition; v, are the number of
eigenstates contained in each of the two electronic mani-
folds; w,, and w,; are the eigenfrequencies of the excited and
ground vibrational levels, respectively, where w,,=0 and
6,=w,,—wy is the pulse detuning for each transition. If 7 is
the excited, target vibrational level to which the pulse carrier
frequency is tuned to, then 5;=0. Since I will be considering
excitation times much shorter than the lifetime of the excited
electronic state, the model does not include spontaneous de-
cay. Initially, all the population is in the lowest ground-
vibrational level: ay(—2)=1.
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Some insight into the excitation dynamics can be gained
by considering the weak-excitation limit in which the first
few M pulses do not significantly change the ground-state
amplitude. That is, a,(7) = 1. By substituting Eq. (1) into Eq.
(2b) and integrating, yields

M-1 .,

bu(t) = 0.5iQ0, > | gls—qT,)e%ds. 3)
q=0 J -

At r=T,, after excitation by the first pulse is completed and
before the second pulse arrives, Eq. (3) gives

bn(Tr) = 0~5i90ngn9 (4)

where g, = ["_exp(iJ,s)g(s)ds is the Fourier spectral compo-
nent of the driving pulse g() evaluated at frequency &,. Be-
cause the pulse width is assumed to be shorter than the pulse
repetition period 7', the upper integration limit in the defini-
tion of g, could be extended to +o. The first pulse creates a
coherent superposition of the excited states, a wave packet,
with the probability amplitudes weighted by ), and g,,.
After the second pulse (1=2T,),

b,(2T,) = 0.5iQ,Z,[ 1 + e “T7]. (5)

This second pulse transfers a second wave packet to the ex-
cited electronic state which will interfere with the wave
packet created by the first pulse. The nature of the interfer-
ence is dictated by the phase between the pulses and the
pulse repetition period. Such interferences were explored by
Noel and Stroud to create a Rydberg atomic-wave-packet
analog of a Schrodinger “cat state” [27].
After excitation by N pulses,

N-1
b,(NT,) = 0.5iQ()ng,,[ > eik<<°+5nTr>] , (6)
k=0

giving a population distribution in the excited electronic state
of

sin’[N(¢ + 6,T,)/2]
sin’[ (@ + 8,T,)/2]

|6,(NT,)|> = [6,(T,). (7
Consider the upper manifold of states to be harmonic and the
pulse repetition period to be matched to the excited vibra-
tional period. In this case, 6,7, is an integer multiple of 27
for all n. If the phase ¢ between pulses is zero (or an integer
multiple of 247), then the wave packets excited by each pulse
will interfere constructively at the inner turning point of the
excited electronic potential and, from Eq. (7),

|6,(NT,)I? = N°|b, ()| (®)

The population distribution across the excited vibrational
levels created by the first pulse is maintained from pulse to
pulse. At each new pulse, population accumulates in the ex-
cited vibrational levels, increasing with the square of the
number of pulses. A similar dependence of the excitation on
the number of pulses was first shown to occur in the excita-
tion [19] and photoionization [28] of two level atoms, and it
is here extended to a multilevel system. From an alternate
point of view, in the frequency domain, the tooth spacing of
the frequency comb associated with the pulse train is
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matched to the excited vibrational-level spacing, resonantly
exciting the upper vibrational levels. In the weak excitation
regime, since the spectral intensity of the train increases as
N2, so will the population in each excited vibrational level.

However, if the phase between successive pulses is 7, the
wave packets will interfere destructively, and each pulse will
undo the effect of the previous pulse. For an even number of
pulses, the net excitation will be null. In the frequency space,
a m phase difference means that the location of the comb
teeth are shifted to halfway in between, and out of resonance
with, the vibrational levels. For other values of the phase, the
excited population will oscillate with the number of excita-
tion pulses as sin?(N¢/2)/sin?(¢/2). Therefore, for the fast-
est accumulation of population, the phase ¢ between con-
secutive pulses should be zero or an integer multiple of 2.

Real electronic potentials are anharmonic. For the first
few excitation pulses, several vibrational levels may be ex-
cited by the train. However, as the number of excitation
pulses increases, and the comblike structure of the train’s
spectrum develops, the comb’s teeth will be mismatched to
the vibrational levels; even if the pulse repetition period is
set equal to the molecule’s vibrational period. Only a few of
the levels adjacent to the target vibrational level (5;=0) will
be resonantly excited. However, by choosing the pulse rep-
etition period to be a noninteger multiple of the vibrational
period of the excited state, the mismatch can be enhanced
such that only the target vibrational level will be resonantly
excited. Selective excitation of the molecule becomes pos-
sible. From Eq. (7), |b#(NT,)|?=N?|b;(T,)|* for ¢=0, and
population will quickly accumulate in the resonant n=n
level. But for the other vibrational levels, their population
will oscillate with the number of excitation pulses without
experiencing accumulation.

III. NUMERICAL EXAMPLE: POTASSIUM DIMER

As an specific example, I will consider the case of exci-
tation of the potassium dimer. The ground electronic state of
K, is the X 'S} state. And the A '3} is its first excited elec-
tronic state, which has a vibrational period of 7=470 fs and
a lifetime time of 28 ns. The eigenfrequencies and Franck-
Condon factors for the X and A states were calculated from
the potentials of Ref. [29]. For simplicity, I ignored the de-
pendence of the electronic dipole moment with internuclear
distance and assigned to it a value of 11.4 D—the value at
the Franck-Condon region [30].

The driving pulses are assumed to have a Gaussian enve-
lope and to be transform limited: g(¢) =exp[—*/(27%)], where
7=48 fs; or equivalently, a pulse intensity full width at half
maximum (FWHM) of 2vIn 27=80 fs. The phase difference
between pulses is chosen to be zero (¢=0) for maximum
accumulation-of-excitation effect. And the pulse repetition
period is set to 7,=1.2T=564 fs. This pulse repetition period
is large enough that the individual pulse wings vanish before
the next pulse arrives, and consecutive pulses do not overlap.
The frequency comb associated with such a pulse train is
very “coarse:” there are only about nine comb teeth within
the FWHM of the pulse spectrum. The driving pulses are set
resonant to the 7=10 vibrational level in the A state (w
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FIG. 2. (Color online) Total population in the excited electronic
state as a function of time evaluated for three pulse intensities: (a)
1.6X 107 W/em? (6=/20), (b) 3.3X 10’ W/cm? (6=m/14), and
(c) 6.5x 107 W/cm? (6=/10). Large population inversions be-
tween the two electronic states are achieved after excitation by a
few pulses in the three cases.

~11 834 cm™!). Equations (2a) and (2b) are then solved nu-
merically.

Figure 2 shows the total population in the excited elec-
tronic state as a function of time. At a peak intensity of 1.6
%X 107 W/cm?, the individual pulses have a very small
“area”

0= Qo; f °° g(s)ds )

—o0

equal to 7/20. The first driving pulse merely perturbs the
molecule, exciting less than 2% of the ground-state popula-
tion. At each new excitation pulse, the excited population
accumulates, reaching almost 100% after excitation by 20
pulses when the total area of the train becomes equal to .
Because the pulse repetition rate is much larger than the
excited-state decay rate, the population in the excited vibra-
tional levels does not change in between pulses, and excita-
tion occurs in a stepwise manner. Increasing the pulse inten-
sity increases the accumulation rate. At an intensity of 6.5
X107 W/cm? (#=m/10), almost complete inversion is
reached after only ten pulses. In this last case, population
inversion is very fast, occurring in approximately 5.4 ps.
After maximum excitation is reached, as the number of
pulses continues to build up, population Rabi cycles between
the ground and excited states. A similar result was previously
discussed in the context of the excitation of a nondecaying
two-level atom by an ultrashort pulse train [19].

Figure 3 shows the population distribution (|b,|?) in the
excited states after excitation by (a) one, (b) four, and (c) ten
pulses. The first pulse, due to its broad spectrum, coherently
excites about five vibrational levels. After the fourth pulse,
only three levels are significantly populated. And after ten
pulses, most of the population is in the 7=10 vibrational
level, to which the pulses were tuned. The pulses do not just
add population to the target level, but they also drive popu-
lation out of the adjacent vibrational levels. In (b), levels n
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FIG. 3. (Color online) Histogram of the population distribution
(|b,|?) in the excited vibrational levels of the A electronic state after
excitation by (a) one, (b) four, and (c) ten pulses from the train.
Here, the peak pulse intensity was 6.5X 107 W/cm? (#=/10),
and the pulse carrier frequency was set resonant to the target i
=10 vibrational level. For a two level system consisting of the
lowest-ground and the target-excited vibrational levels, the pre-
dicted excited state population [Py=sin>(N6/2)] is (a) 2.4%, (b)
34.5%, and (c) 100%.

=9 and n=11 hold together over 12% of the total population,
but in (c), more than 95% of the population is in the 7=10
vibrational level. That is, population was stimulated out of
the adjacent levels back to the ground state, and then up to
the 7=10 level as the pulses accumulated.

The area of a pulse is only rigorously defined in the con-
text of excitation of a two level system. Complete population
inversion takes place when the pulse satisfies the condition
of its area being equal to 7. In a molecular system, the mul-
tiple optical transitions and coupling strengths make it diffi-
cult to define an area for a pulse with a very broad spectrum.
It is, therefore, impossible to define a single 7 pulse that
simultaneously satisfies the area condition for all possible
transitions. However, Fig. 2 shows that when a molecule is
being excited by a train of pulses, almost complete inversion
will be obtained when the total “area” of the train is approxi-
mately equal to 7. In this case, the pulse area is defined as in
Eq. (9) in terms of the Rabi frequency of the resonant tran-
sition between the initial-ground and the target-excited vibra-
tional levels. The ground-state population in all three cases
of Fig. 2 is significantly altered by the pulse train, and there-
fore, the predicted N?> dependence is not followed. It is inter-
esting to note from Fig. 3 that the population in the target
level actually follows closely the expression found by Vi-
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FIG. 4. (Color online) Histogram of the population distribution
(|b,») in the excited vibrational levels with the pulse carrier fre-
quency tuned to the (a) n=11, (b) n=15, and (c) n=2 levels after
excitation by 10, 15, and 55 pulses, respectively. In all three cases,
the peak pulse intensity was 6.5X 10”7 W/cm? and T,=564 fs. The
solid circles correspond to the Franck-Condon factors [{0,g|e,n)|?
for transitions starting from the lowest vibrational level in the
ground X state.

tanov and Knight [19] for a two level atom: Pj;
=sin?(N6/2). Therefore, due to the selectivity afforded by
the pulse train, the multilevel molecular system behaves ef-
fectively as a two level system.

In general, by simply tuning the laser frequency, and pos-
sibly adjusting the pulse repetition rate, it is possible to ex-
cite any vibrational level within the Franck-Condon window
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with high efficiency. Figure 4 shows the results for the pulse
carrier frequency tuned to different excited vibrational levels.
In (a), the pulses were resonant to the 7=11 vibrational level,
and almost 95% of the population was found in this level
after excitation by 10 pulses. And in (b), the pulses were
tuned to 7=15, achieving almost 93% efficiency after 15
pulses. For a fixed pulse intensity, target levels with less
favorable Franck-Condon factors will require a larger num-
ber of driving pulses to reach a high degree of inversion
since the accumulation of population will proceed at a
smaller rate for these levels. In (c), the laser was set resonant
to the n=2 excited vibrational level, which has a very small
Franck-Condon factor with the lowest ground vibrational
level. Almost unit efficiency is achieved after 55 pulses.
Even here, complete inversion is achieved in a very short
time: approximately 31 ps. Selectivity is slightly better than
in the previous cases probably due to the very small Franck-
Condon factors of the adjacent levels, which prevents them
from being excited.

IV. CONCLUSION

I have shown that selective and efficient excitation of
molecules using a weak, femtosecond pulse train is possible.
The pulses considered here have a spectrum broad enough to
simultaneously excite several vibrational levels. Selectivity
comes from mismatching the teeth of the frequency comb,
associated with the pulse train, to the excited vibrational lev-
els such that one tooth of the comb is resonant to a single
vibrational level. And near unity efficiency results from the
coherent accumulation of population between consecutive
pulses in the train. The molecule studied here was nonrotat-
ing, but due to the high selectivity afforded by the frequency
comb, excitation of specific rovibronic excited levels in a
rotating molecule should also be possible.
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