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Molecular “ 7r Pulse” for Total Inversion of Electronic State Population
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Theoretical analysis leads us to the intriguing conclusion that nearly complete electronic population
inversion of molecules can be achieved with intense positively chirped broadband laser pulses, as
a combined result of vibrational coherence and adiabatic inversion. Strong field quantum calculations
demonstrate inversion probabilities of up to 99%. The results are robust with respect to changes in light
field parameters as well as to thermal and condensed phase conditions, are supported by experimental
evidence, and have many potential applications in chemistry, biochemistry, biology, and physics.
[S0031-9007(97)05267-8]

PACS numbers: 42.50.Hz, 33.80.—-b

Optimal inversion of the electronic population of a a pulse is a few femtoseconds. A two-level-system in-
molecular system [1-7] is an intriguing theoretical prob-teracting with a resonant pulse exhibits Rabi oscillations,
lem which has many potential experimental applicationswith the Rabi frequency given Q¢ = Equ/h, Eq being
to a variety of fields such as (i) the suppression of groundhe peak field strength and being the transition dipole
state interference in many types of excited electronianoment [8]. Complete inversion takes place when the
state spectroscopy, scattering, and diffraction experimentpulse satisfies a constant area conditidgr = 7, with
(i) more effective impulsive photoinitiation of chemi- 7 being the pulse duration. However, multiple rovibra-
cal and biochemical reactions as well as their quantuntional optical transitions and multiple coupling strengths
control, (iii) more effective pumping of molecular lasers, in real molecular systems make it impossible to define a
(iv) brighter short-pulse fluorescence microscopy of bio-single 7= pulse which is in resonance with all transitions
logical samples, and (v) induced transparency. In particuand which simultaneously satisfies the area condition for
lar, for many biochemical and biophysical experimentseach transition. Thereforer pulses based on two-level
one would like to achieve maximal electronic excitation ormodels are unlikely to achieve complete electronic popu-
initiation of chemical reactions without damaging the ex-lation inversion for molecular systems. Furthermore, for a
cited molecules or the delicate environment of living cells.typical value of transition dipole moment, the intensity for
In atoms [8] and in some spin systems (nuclear magnetisuch a moleculasr pulse would be on the order ¢6'>—
resonance), where two level approximations are reasori0'* W/cn?. In this intensity range, the deviation from
able, complete population inversion by pulses of electrothe two electronic state model may become observable and
magnetic radiation, where the entire population of one stathence population inversion may be complicated by other
is transferred to another state, is a long-established tecleompetitive processes such as multiphoton excitation and
nique. The parallel solution for the electronic populationionization. One way to avoid such high intensity is to
of molecules, with their multiple rovibrational states, hasmake use of chirped pulses (in which the frequency of the
not previously been found, although several theoreticalight varies with time), which significantly reduce the field
calculations have been made [9-12]. In this Letter, westrength by increasing the pulse duration while maintaining
demonstrate that such a solution does exist for molecuthe same power spectrum. In fact, with the introduction of
lar systems and can be understood with simple physicdinear chirp, there are two interesting mechanisms, unex-
models. We show that this solution is robust with respecpected from zero chirp (transform-limited) pulses, which
to variation of the parameters of the “pulses” as well agprove crucial for the success of molecutampulses.
robust to the effects of temperature and of intermolecu- A classical-like wave packet picture is most convenient
lar interactions. Finally, we point to recent experimentalfor describing the “coherence” between the evolution
evidence supporting these conclusions. of the femtosecond light field and the superposition

For atoms and quasi-two-level systems, a resomant of vibrational states it creates on a given electronic
pulse has a bandwidth broader than the transition line bugtate. Vibrational wave packets propagate on the two
narrow enough as to avoid overlap with neighboring ab-electronic potential energy surfaces shown in Fig. 1, and
sorption lines. A parallel argument for molecular sys-amplitude is transferred between them when the vertical
tems suggests that the bandwidth of a possible moleculdransition is resonant with the instantaneous frequency
7 pulse should be on the same order as the width of thef the optical pulse. The instantaneous frequency of
corresponding molecular absorption spectrum, which is apthe optical pulse is determined by the chirp, with a
proximately 10? to 10° cm™! at room temperature. Ac- positively chirped pulse having low frequencies followed
cording to the uncertainty principle, the duration of suchby high frequencies (as shown in Fig. 1) and a negatively

1406 0031-900798/80(7)/1406(4)$15.00 © 1998 The American Physical Society



VOLUME 80, NUMBER 7 PHYSICAL REVIEW LETTERS 16 EBRUARY 1998

of a simple four-level model [15], we can demonstrate a
universal principle: As long as the eigenenergy spectrum
E(t) is bounded from below and the initial configuration is a
thermal distribution on the ground electronic surface, a
positively chirped pulse is always more efficient for popu-
lation inversion than zero chirp (transformed-limited) or
negatively chirped pulses.

In addition to the positive chirp effect, adiabatic inver-
sion due to chirp also becomes substantial in the picosec-
ond regime. When the frequency sweep is much lower
than any other time scale, molecular systems respond to
the frequency sweep as an adiabatic parameter rather than
a dynamical variable. Thus, for adiabatic inversion, the
frequency sweep should be accomplished over a suffi-
FIG. 1. lllustration of wave packet motion induced by a ciently long duration, ideally in the picosecond regime,
femtosecond pulse and its coupling to the chirped laser fieldin order to lock the adiabatic electronic states. Further,
Optimal electronic state inversion occurs when the evolutionf the frequency sweeps from below the lowest transition

of light frequency is opposite to the evolution of resonant ; ;
frequency due to wave packet motion, in the sense that thfrequency of the absorption spectrum to above the highest

instantaneous peak photon energy is increasing with timﬁequen_cy of the absorption spectrum, adiabatic passage
(positive chirp,c’ > 0) while v, — V, for the molecular wave can switch the electronic states, giving rise to complete
packet is decreasing. The inset is a schematic positivelglectronic population inversion [8]. A diabatic population
chirped electric field. inversion has been demonstrated for a subset of eigen-
states on the ground electronic surface [3—5]. Here, we
predict that chirped pulses with broader bandwidths than
chirped pulse having high frequencies before low. In theused before can invert essentially the complete electronic
Franck-Condon region, the ground state potential energgopulation. Since the adiabatic effect is independent of
surface is relatively flat, while the excited state surfacehe sign of the chirp, the combination of the positive chirp
is sloped, resulting in an initially excited wave packeteffect and the adiabatic frequency sweeping effect makes
which gains momentum and accelerates downward sudhtense positively chirped pulses with broad bandwidth
that its resonant frequendy, — V, decreases with time. the optimal choice for molecular# pulses.”
This time-dependent transition energy, which results from To verify our proposal and to test the feasibility of such
the multilevel nature of the molecular system and has n@ulses under thermal and condensed phase conditions, we
analog in the theory of two-level systems, couples to theresent example numerical results of strong field quantum
time-dependent light pulse frequency and their interactiorcalculations for theX (%) — A(X ™) transition [16] of
determines the effectiveness of population transfer to theiH, results which have been confirmed by calculations
excited state. For the case of a positively chirped pulsegn other molecules. The wave functions are expanded
by the time the Rabi oscillation starts to cycle the excitedas 2,y R; Yy, WhereY,,, are spherical harmonics and
electronic population back to the ground surface, the puls&; are the associated radial functions. Rotational and
has become off resonant with the moving wave packetibrational effects including the rovibrational coupling are
it created and can only pump more amplitude up to thdaken into full consideration and are treated exactly by
excited state. In contrast, a negative chirp (where th@onperturbative quantum mechanics. The set of radial
photon energy decreases with time) can follow the motiorwave functions labeled witli is propagated with a small
of the wave packet and hence cycle the excited electronitme step of less thaf.1 fs through the Fourier transform
population back to the ground surface. This wave packemethod [17].
picture has been used by Ruhman and Kosloff [13] to The electric field of the light is described by a Gaussian
explain intrapulse pump-dump mechanics and by Cerullofunctional form
Bardeen, Wang, and Shank [14] to explain the chirp ) )
dependence of dye fluorescence. A positively chirped E(t) = Eo eXp[_ﬁ — lwol lc?}’ 1)
B e nales Sl he PUMP D QUM here £, o, 7, and c are he amplude, carer fre-
P quency, pulse duration, and linear temporal chirp rate, re-

limited pulses and negatively chirped pulses. . : e
Though the above argument is based on vibrational CO§pect|vely. The Fourier transform of this field is given by

_ 2 _ 2
herence, positive chirp is effective for electronic state in- E(w) = E, exp[—w - ic’w}, (2)
version in any molecular system, including rotational and 2r 2

vibrational wave packets, gas phase and condensed phasbere I' is the bandwidth andc’ is the linear fre-
samples, and even dissipative systems. In fact, by virtuguency chirp rate [18]. We use a carrier frequency of
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wo = 29 027 cm~! and a bandwidth of = 1000 cm™!, electronic surface. Simulations demonstrate that the large
which, in the transform limit (zero chirp), corresponds toinversion probability is robust with respect to variations
T = 5 fs, or equivalently a pulse FWHM df/In 2r =  of molecular “r pulse” parameters such as the amount
8.3 fs. To match the experimental conditions,is var-  of positive chirpc’ (see the upper curve in Fig. 2) and
ied for a fixed power spectrum. For the given band-pulse intensityZ(w)|?> (above a sufficiently high value),
width T', by chirping the pulse, we increase the pulseas well as moderate variations of carrier frequeagyand
duration according tor?> = 1/T? + I'>¢?, change the bandwidthr.
temporal linear chirp rate by = ¢/I'’’/72, and decrease  The inversion is also robust with respect to thermal and
the peak intensity, because the integrated intemRity=  condensed phase conditions. In Fig. 3(a), the inversion
TE} is a conversed quantity. For example, when= probability is given as a function of temperature. At each
+4 X 107°/cm2, the 7 = 5 fs transform-limited pulse temperature, the probability is averaged over the relevant
is stretched to a chirped = 200 fs pulse and accord- initial vibrational (v = 0,1) and rotational (0 = J =
ingly, the peak intensity is reduced by a factor of 40. 10,M = J) quantum numbers on the ground electronic
The resulting inversion probability for LiH molecules surface, and weighted by the Boltzmann distribution
is plotted as a function of linear frequency chirp ratén  function. The inversion probability for th& = J initial
Fig. 2 for two values of peak intensity. The inversionstate for linearly polarized light is relatively small in
probability is the probability for the initially ground comparison with other initial states but does not effect the
electronic state system to be on the excited electronic statverall inversion probability which is an average owér
after the pulse. The initial state for Fig. 2 is assumed to b@ndJ quantum numbers. Although there is a noticeable
the ground vibrational, rotational, and electronic state, thaprobability decrease with temperature, nearly complete
is, v =M =J = 0. As can be seen, the positive chirp inversion with a probability above 99% is maintained
consistently leads to high inversion probabilities, withup to 500 K. It is clear from our analysis that, as the
complete inversion of over 99% for the higher intensityabsorption bandwidth increases with temperature, one
curve. For comparison, the inversion probabilities forshould broaden the pulse spectrum accordingly, to sustain
the transform-limitedr = 5fs pulses are 61% and 53% the high inversion probability.
for the two curves. As expected, there is an overall Electronic dephasing, which represents the random
increase of inversion probability with the absolute valuefluctuations of electronic transition frequencies, has a
of the chirp on both the negative and positive sidesshort time scale of tens to hundreds of femtoseconds in
because of the adiabatic frequency sweeping effect andense environments, and hence is capable of undermining
a sharp increase as one moves away from zero chifie phase modulation induced by the chirp. In Fig. 3(b),
toward the positive side because of the positive chirghe inversion probability for LiH with the initial quantum
effect. The valleys and peaks on the negative half ohumber » =J =M = 0 is plotted as a function of
the plot are the result of the intrapulse pump-dumpelectronic dephasing tim&,. Here, a stochastic phase
mechanism and the vibrational oscillation on the excited
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FIG. 2. Plot of the inversion probability of LiH as a function FIG. 3. (a) Plot of LiH inversion probability as a function
of linear frequency chirp rate for a fixed power spectrumof temperature, forr = 100 fs, ¢/ =2 X 107°/cm?, Py =
with Py = 100 mJ/cn? (I, = 5 X 10'! W/cmf) and P = 8 mJcn? (I, = 8 X 10" W/cm?). (b) Plot of LiH inversion
10 mJ/cnm?, (I, = 5 X 10'° W/cn?). The peak intensity is probability as a function of electronic dephasing tiffie for
labeled for the+4 X 107°/cn? linear frequency chirp rate and 7 = 50fs, ¢/ = 1 X 107°/cn?, Py = 10 mJ/cn? (I, = 2 X
increases as the chirp rate decreases. 102 W/cm?).
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sampling [15] is built into the numerical algorithm so state inversion. The recent condensed phase experimen-

that electron decoherence can be reproduced on thal results of Cerullo, Bardeen, Wang, and Shank [14] on

density matrix level. As can be seen from Fig. 3(b), nodye molecules and of Bardeen, Yakovlev, Wilson, Car-

large loss of excited state population is observed untipenter, Weber, and Warren [20] on the feedback quantum

the dephasing timd, becomes smaller than the pulse control of electronic state population transfer demonstrate

durationr. This result suggests that population inversionthat such transfer can be enhanced by as much as a factor

should be accomplished before electronic phase coherenoé two using high intensity, wide bandwidth, positively

is lost. Energy relaxation on the excited electronic statehirped pulses.

generally gives rise to an irreversible loss of the energy We would like to thank Dr. C.P.J. Barty for helpful

of the excited wave packet (e.g., the Stokes shift in dyeliscussions.

molecules [14], which further enhances the positive chirp

effect in the inversion process. Other dissipative effects,

such as electronic population relaxation and rotational
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