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We present and experimentally demonstrate for the first time the observation and femtosecond coherent
control over the temporal evolution of a transient population that is excited via nonresonant two-photon
absorption. Based on symmetry properties of the two-photon absorption process, the exciting femto-
second pulses are phase-shaped to photoinduce different evolutions of the transient excited population for
a given final excited population. As a study case, we focus here on the attractive case of two-photon dark
pulses that, although inducing zero final population (hence, the terminology of “dark pulses”), they
induce a transient excited population during the pulse irradiation that can significantly deviate from zero.
This nonzero transient population can be viewed as the bright side of such dark pulses. The symmetry-
based coherent control is demonstrated first with dark pulses that we shape to induce transient excited
population that at all times is kept below different target levels. Then, it is further demonstrated with pairs
of dark pulses where one is rationally shaped to induce temporal evolution of the transient excited
population that is the inverse of the evolution induced by the other. The work is conducted in the weak-
field regime with the sodium atom as the model system. The approach developed here is general,

Observation and Symmetry-Based Coherent Control of Transient Two-Photon

conceptually simple, and very effective.
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The general concept of femtosecond quantum coherent
control is to control the photoinduced dynamics of a
quantum system by utilizing and manipulating interfer-
ences among a manifold of coherent excitation pathways
that are induced by a broadband femtosecond pulse [1-6].
The control tool is the optical shaping of the pulse [7].
Over the past 20 years, such femtosecond control has been
demonstrated very successfully in the lab with many
physical systems and various photoprocesses [3—6].
However, except for very few works, all the corresponding
studies have focused only on the final outcome of the
photoinduced process, and have not been concerned with
the exact temporal evolution of the system during the
pulse irradiation that leads to the desired outcome.
Simultaneous control over both objectives, i.e., the final
outcome as well as the exact temporal evolution toward
the outcome, can actually be considered as complete
quantum coherent control, and its experimental study is
of major importance to fundamentals of coherent control
and control landscapes. It is also very important for
achieving effective coherent control when fast relaxation
processes compete with the controlled photoexcitation by
either fast depopulation or dephasing of the intermediate
or final excitation states. As always, additional important
aspects and applications might arise as progress will be
made in this direction of complete dynamical quantum
control. The few relevant experimental studies that have
previously been conducted include the observation [8] and
control [9,10] of coherent transients in one-photon
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excitation of a two-level atomic system, and their uti-
lization for time-resolved quantum state holography [11],
femtosecond spectral electric field reconstruction [12], and
high-precision calibration of pulse-shaping setups [13]. No
experimental work has previously studied coherent control
of temporal evolution in two-photon excitation or any
other multiphoton excitation.

In this Letter, we present and experimentally demon-
strate for the first time femtosecond coherent control over
the temporal evolution of a transient population that is
excited via nonresonant two-photon absorption. Based on
symmetry properties of the two-photon absorption process,
utilizing the invariance of the final excited population to
specific phase transformations of the exciting pulse [14],
the exciting femtosecond pulses are phase shaped to
photoinduce different evolutions of the transient excited
population for a given final excited population. The
framework of the demonstrated scheme extends the
weak-field frequency-domain two-photon control picture,
used so far for analyzing the final excited population after
the pulse ends [15], to also describe the time-dependent
evolution of the excited population during the pulse
irradiation. As a study case, we focus here on the attractive
case of two-photon dark pulses that, while inducing zero
final population, they can induce a significant nonzero
transient excited population during the pulse irradiation.
This nonzero transient population can be viewed as the
bright side of such dark pulses. We first demonstrate the
symmetry-based coherent control with dark pulses that we
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shape to induce a transient excited population that at all
times is kept below different target levels. Then, the
control is further demonstrated with pairs of dark pulses
where one is rationally shaped to induce temporal evolution
of the transient excited population that is the inverse
of the evolution induced by the other. The approach
developed here is general, conceptually simple, and very
effective.

|

1 t 3|
Af(t) = _FZ”fn/‘ng/_ /_ g(t
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where w;; and y;; are, respectively, the transition frequency
and dipole matrix element between a pair of states, and y%g
is the effective |f)-|g) two-photon coupling. E(w)=
|E(w)| exp [i®(w)] is the pulse’s spectral field, which is
related to e(7) via Fourier transform, with |E(®)| and ®(w)
being the spectral amplitude and phase at frequency w. For
the (unshaped) transform-limited (TL) pulse, ®(w) = 0.
Following further development,
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with the on-resonant part
Aon-res = i”A(z)(wfg)’ (4)

and the near-resonant part
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where A( = [=, E(Q — w)dw, and @ indicates
the Cauchy S pr1n01pa1 value The transient population of
If) is Ps(t)=|A;(1)]*. At times after the pulse ends,
Anezu'—res(t_)oo) :Aon—res and» thUS, Af.outcome EAf<t - 00) «

Aonres XA® (w;,). Hence, the final excited population is
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So, based on the above frequency-domain formulation, one
obtains that P,(¢) results from all the two-photon path-
ways, which are either on- or near-resonance with |f),
while P qycome Tesults only from the on-resonant pathways
(see Fig. 1).

Our present objective is to coherently control the
transient population P ,(¢) and its time dependence, while
keeping the final population P gycome ON @ preset value.

(@)E(e')
(w+ o

We consider a nonresonant two-photon absorption proc-
ess from an initial state |g) to a final state |f) that is induced
by a weak shaped femtosecond pulse of the temporal field
€(t). The initial and final states are coupled via a manifold
of intermediate states |n) that are all far from resonance
with the exciting pulse. Based on second-order perturbation
theory [5,6], the transient amplitude A /() of | f) at time 7 is
given in the time domain as

1)e(ty) expli(wp,ty + @, tp)]dt dt,, (1)

)exp{ [0 — (0 + @)t} dwda, (2)
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This stands for the simultaneous control over both the final
outcome and the exact temporal evolution toward this
outcome. In order to achieve this goal, we utilize trans-
formations U™ of the spectral field E(w) that do not
change Py yycome but do change the transient time depend-
ence of P,(t). This invariance of the nonresonant two-
photon absorption process is the symmetry property that we
exploit [14]. Based on Egs. (3)—(5), it applies to any phase

transformation ~ {yansient — exp[zq)amls)ym (w)] that keeps
|E(w)| unchanged while adding to ®(w) a @gi?i;m( ) that

is antisymmetric around a)fg/ 2, 1.e.,

dd) (add)
(I)z(l?msym (a)ff]/z + ﬂ) a?msym( ft}/2)

= _[(I)a?l(tll’iym( f9/2 ﬂ) ai(til(:ym( fg/z)] (6)

for any value of fS.
Hence, the following new symmetry-based coherent
control scheme for designing the spectral phase pattern
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FIG. 1. The excitation scheme of Na for the study of symmetry-
based coherent control of transient two-photon absorption.
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®(w) is introduced here. The final excited population
(base)

P quicome 18 set to a chosen value Pf.outcome

by choosing

a proper base phase pattern ®(®*¢) (). The corresponding
value of P gycome 18 the value photoinduced by a refer-
ence shaped pulse having ®(w) = ®®°(w). Then, by
adding different suitable antisymmetric phase patterns
(I)(add)

antisym
population P(t) during the pulse irradiation is modified,

(base)  “pe total

f,outcome*

phase pattern applied to the shaped pulse is ®(w)=
B0 (@) + @il
any chosen phase pattern, ®(w) is generally not antisym-
metric around wg,/2.

The present model system is the sodium atom (Fig. 1),
with the 3s ground state as |g) and 4s excited state as |f),
where @y, corresponds to two 777-nm photons. The
nonresonant two-photon absorption process is induced
by a phase-shaped linearly polarized femtosecond pump
pulse whose shape controls both the final and transient 4s
population. It is of about 777-nm central wavelength, 4 nm
bandwidth, 200-fs TL duration, and 5 x 10° — W/cm? TL
peak intensity. The time-dependent 4s population is probed
using a time-delayed probe pulse that is much shorter and
weaker than the pump pulse. It induces a one-photon
absorption transition to the 7p state (wy), 4, corresponds to a
781.2-nm photon), which is followed by an emission of a
coherent UV radiation at @y, 3, (corresponding to a 259.5-
nm photon) upon stimulated deexcitation to 3s [16]. The
linearly polarized probe pulse is a TL pulse of 790-nm
central wavelength, 12-nm bandwidth, and ~80-fs dura-
tion. Its peak intensity is below 107 W/cm?, such that no
significant three-photon excitation to 7p and no detectable
UV radiation are induced by the probe pulse alone. In order
to prevent three-photon resonant access to 7p and UV
emission by the pump pulse alone, the pump pulse
spectrum results from properly blocking an original broader
spectrum at its lower-frequency edge. The integrated
intensity of the coherent UV emission at @y, 3, is propor-
tional to the final population of the 7p state [16]. In the
present excitation scheme, as the probe pulse is much
shorter than the pump pulse, at a given pump-probe delay
time 7, the final 7p population is proportional to the
transient 4s population P4,(7). So, overall, the integrated
intensity of the UV emission is a relative measure of Py(7)
and at delay times after the pump pulse ends it corresponds
t0 Py outcome- This is corroborated by the results presented
below, particularly by the excellent experimental-
theoretical agreement that they show. It is worth noting
that generally the final 7p population, and, hence, also
P,(7), can also be obtained by measuring the spontaneous
emission from the 7p state. Experimentally, sodium vapor
in a heated cell with Ar buffer gas is irradiated with such
pump and probe laser pulses, after the former undergoes

(), the temporal evolution of the transient excited
while the outcome is kept constant on P

(w). Since %) (@) can generally be

shaping using a liquid-crystal spatial light phase modulator
[7]. The forward-emitted coherent UV radiation is mea-
sured after the cell. It is worth mentioning that the
experimental conditions are such that no detectable UV
radiation is generated in the cell via nonresonant four-wave
mixing processes.

Figure 2 presents several examples of results for basic
phase control of transient two-photon absorption, where
different temporal evolutions of the transient population are
photoinduced for a given final population outcome.
The presented results correspond to two extreme cases
of the final outcome: (i) the final outcome is the maximal

two-photon  absorption and Py, qucome = Pﬁ?ﬁmome

[Figs. 2(a)-2(b)], and (ii) the final outcome is zero two-
photon absorption and P gycome = 0 [Figs. 2(c)-2(d)].
The shaped pulses inducing the latter are referred to as
“two-photon dark pulses” [14,15]. The maximal two-
photon absorption refers to the maximal absorption for
the present excitation, i.e., for the present spectrum and
energy of the pump pulse and the present experimental
focusing conditions. The main graphs of the different
panels show the experimental (circles) and theoretical
(black lines) results of the 4s transient population P(7)
as a function of the pump-probe delay time 7 for different
shapes of the pump pulse. For controlling the final and
transient populations, the corresponding spectral phase
patterns are designed along our new symmetry-based
scheme. For each case, the two corresponding phase
components, the base phase pattern ®®*¢) (@) and anti-
iy
panel’s inset in blue and red lines, respectively. For
completeness, the different panels also show the temporal
intensity profile of the different shaped pump pulses (gray

Pf, outeome Pma){ \M -| Dark Pulses

symmetric phase addition ® (w), are shown in the

()

TL-normalized population

Pump-Probe Delay (ps) Pump-Probe Delay (ps)

FIG. 2 (color online). Experimental (circles) and calculated
(black solid lines) results for basic symmetry-based phase control
of transient two-photon absorption. Different temporal evolutions
of the 4s transient population are photoinduced for a given final
population that is (a),(b) maximal, and (c),(d) zero (dark pulses).
The components of the spectral phase of the different shaped
pulses, the base phase pattern (blue line) and antisymmetric phase
addition (red line), are shown in the insets. The temporal intensity
of the different pulses (gray dotted-dashed lines) are also shown.
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dotted-dashed lines). All the presented traces of Py (7) are

normalized by the maximal final population Pi?asgwome that
is induced by the TL pulse [14,15]. The theoretical results
are the results of numerical calculations using the fre-
quency-domain formulation of Egs. (2)—(5) or, equiva-
lently, the time-domain formulation of Eq. (1). As seen,
there is an excellent agreement between the experimental
and theoretical results, which confirms our correct under-
standing of the experimental signal and measurements.
Figures 2(a) and 2(b) present results for the above case
(i), with two different shaped pump pulses that each

photoinduces a different temporal evolution of P, (7)

toward the maximal final population Pg??gtcome. For this,

the spectral phase patterns of these two shaped pulses are
applied with a base phase pattern that is zero

[®(®25¢) () = 0] and different antisymmetric phase addi-
(@9 (4). For the pulse of Fig. 2(a), ®™ () =0

tions q)zmtisyrn antisym

and the total phase pattern is, thus, also zero, and the shaped
pump pulse is actually the TL pulse. On the other hand, for
the pulse of Fig. 2(b), the antisymmetric phase addition is
of a single 7 step located at @ = @y, 3,/2 = 12870.0 cm™!
(777.0 nm), and thus, the total phase pattern is also equal to
this 7 phase step.

Figures 2(c) and 2(d) present results for the above case
(i1), with two different two-photon dark pulses that each
photoinduces a completely different temporal evolution of
P, (7) with zero final population. As seen, even though the
final population is zero, the transient population during the
pulse irradiation can significantly deviate from zero, and
the corresponding evolution and upper limit can exten-
sively vary from one case to the other. In the examples of
Figs. 2(c) and 2(d), the evolution trace of P, (7) has a
structure of either a single or double peak, respectively, and
the transient population is always kept below either 25% or

10% of Pﬂ?u)mme, respectively. This overall photoinduced

transient behavior adds new dimension to phase control
using the family of two-photon dark pulses. For setting the
level of zero final population, the spectral phase patterns of
the present dark pulses are built with a base phase pattern

dbe) (o) = @itf:f:g.dark(w) that is of a single 7 step at
poSition @ = @) gy = 12884.6 cm™  (776.12 nm).
This value of a’&:‘::g,dark is set such that the reference

shaped pump pulse with ®(w) = @f[tfgf:g.dark(a)) is a two-

photon dark pulse for the present two-photon transition
[14]. The antisymmetric phase additions of the present dark
pulses are as follows. For the dark pulse inducing the
evolution shown in Fig. 2(c), the phase addition is zero. The

corresponding total phase pattern is, thus, of a 7 step at

(base)
n-step,dark

the other (completely different) evolution shown in
Fig. 2(d), the antisymmetric phase addition is composed

On the other hand, for the dark pulse inducing

of two phase steps that are positioned symmetrically around
w4535/2 = 12870.0 cm™! at offsets of +8.9 cm™!. The
resulting total phase pattern is, thus, composed here of
several phase steps at different positions.

Next, we demonstrate a more sophisticated symmetry-
based coherent control of transient two-photon absorption
with the attractive family of two-photon dark pulses. In this
part of the study, pairs of dark pulses are rationally phase-
shaped to induce time-inverted transient evolutions of the
excited population; i.e., one pulse is shaped to induce a
time-dependent evolution that is the inverse of the evolu-
tion induced by the other. The corresponding scheme
utilizes the effect of applying the sign-inversion phase
transformation, ~ (yphase-sign-inversion | i) | exp [i®(w)] —
|E(w)| exp [-i®(w)], to the spectral field E(w). Based
on the equations above, it leads to A (Q) — [A®)(Q)]*
and Apearres (1) = [Anearres(—1)]*. For a two-photon dark
pulse, Pdak = 0 as well as A%X = 0, where the latter

f,outcome

originates from the general relation of P oycome o [Aon.es|*
(see above). So, based on Eq. (3), it is also obtained for a
two-photon dark pulse that AP™ (1) o ARk (7). Hence,
overall, the application of the sign-inversion phase trans-
formation to the field of a two-photon dark pulse leads to
AF(1) = [APS(=1)]* and PP™¥(1) — PP™*(—=1). In other
words, any pair of dark pulses (labeled as 1 and 2) that have
the same spectral amplitude (|E(w)]|) and their total spectral
phases, ®; and ®,, satisfy the sign-inversion relation,
exp [i®(w)] = exp [-i®,(w)], induce transient evolutions
of the excited population that are time inverted.

In the present corresponding experiments, the spectral
phase ®(w) of different shaped dark pulses is designed
based on our new symmetry-based scheme, and then, the
control objective of time inversion is achieved by applying
the sign inversion to their spectral phase. The zero final
population is set here for all the dark pulses by applying

base
@(base)(a}) = éi—steg,dark
the different temporal evolutions by the different dark

pulses, we choose here antisymmetric phase additions,
which are of the cubic form @ngi)ym’cubw( ) =

6¢3add (@ — wy3,/2)°  characterized by the d);dd

value. So, the corresponding total phase patterns ®(w)

() (see above). Then, for inducing

are of the form Py (w; ¢§add)) = ‘P,(,lfffg_dark(w)Jr
6¢3‘1dd (w — @y53,/2)°, and the sign-inversion relation

exp [iPgani (@3 ¢§add>)] = exp [~ Py (@ —¢§"‘dd))] holds
for them. Hence, the evolution induced by a dark pulse

having a spectral phase with ¢3add is time inverted by a

dark pulse that is shaped to have a spectral phase

with ¢3add .

Figure 3 shows the time-inversion experimental results.
In the figure, each row of panels corresponds to a different
pair of shaped dark pulses that induce time-inverted
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FIG. 3 (color online). Experimental results for time-inversion
symmetry-based transient coherent control with pairs of two-
photon dark pulses that photoinduce time-inverted evolutions of
the 4s transient population. Each row corresponds to a different
pair of dark pulses: the induced traces are presented individually
in the first two panels of each row [(a),(b), (d),(e), and (g),(h)],
while the third panel of each row [(c), (f), and (i)] compares them
by presenting the first one as is (black line) and the second one
after its numerical time-inversion (red line). See text for details.

transient evolutions of P, (7). In the first row, Figs. 3(a)
and 3(b) present the traces corresponding to the pulses with

¢gadd> = +0.05 ps? (black color) and —0.05 ps? (red color),
respectively. To clearly illustrate the demonstrated time
inversion, Fig. 3(c) compares these two traces by present-
ing the former one as is (black line) and the latter one after
its numerical time inversion (red line). The numerically
time-inverted trace of a given trace Py (z) is

pimeted () = p, (—7). Similarly, in the second row,

Figs. 3(d) and 3(e) present the traces for the pair of dark

pulses with (ﬁgadd) = +0.10 ps* and Fig. 3(f) compares

them, while Figs. 3(g) and 3(h) of the third row display the
traces for pulses with gbgadd) = 40.15 ps® and Fig. 3(i)
presents their comparison. As seen, in all the cases
[Figs. 3(c), 3(f), and 3(i)], the compared traces experimen-
tally agree well one with the other. Hence, for all the
different dark pulses, the experimental results, indeed,
clearly demonstrate the desired coherent control of time
inverting the evolution of the transient excited population,
while keeping the final excited population zero. The
complete set of results also demonstrates the robustness
of the corresponding transient coherent control.

In conclusion, observation and symmetry-based femto-
second coherent control of transient two-photon absorption
is experimentally demonstrated for the first time. The time
evolution of the transient excited population (during the
pulse irradiation) is controlled independently of the final

excited population (after the pulse end). The present study
case is the attractive family of two-photon dark pulses. The
approach presented here for the corresponding symmetry-
based pulse design is general, conceptually simple, and
very effective. It can be applied to any system once its
symmetry properties are identified.
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