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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,
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

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

PRL 113, 043003 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
25 JULY 2014

0031-9007=14=113(4)=043003(5) 043003-1 © 2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.113.043003
http://dx.doi.org/10.1103/PhysRevLett.113.043003
http://dx.doi.org/10.1103/PhysRevLett.113.043003
http://dx.doi.org/10.1103/PhysRevLett.113.043003


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.

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

AfðtÞ ¼ −
1

ℏ2

X

n
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Z
t

−∞
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and in the frequency domain as

AfðtÞ ¼
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where ωij and μij are, respectively, the transition frequency
and dipole matrix element between a pair of states, and μ2fg
is the effective jfi-jgi two-photon coupling. EðωÞ≡
jEðωÞj exp ½iΦðωÞ� is the pulse’s spectral field, which is
related to ϵðtÞ via Fourier transform, with jEðωÞj and ΦðωÞ
being the spectral amplitude and phase at frequency ω. For
the (unshaped) transform-limited (TL) pulse, ΦðωÞ ¼ 0.
Following further development,

AfðtÞ ¼
μ2fg

2πiℏ2
½Aon-res þ Anear-resðtÞ�; ð3Þ

with the on-resonant part

Aon-res ¼ iπAð2ÞðωfgÞ; ð4Þ

and the near-resonant part

Anear-resðtÞ ¼ −℘
Z

∞

−∞
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δ
Að2Þðωfg − δÞ expð−iδtÞdδ; ð5Þ

where Að2ÞðΩÞ ¼ R
∞
−∞ EðωÞEðΩ − ωÞdω, and ℘ indicates

the Cauchy’s principal value. The transient population of
jfi is PfðtÞ=jAfðtÞj2. At times after the pulse ends,
Anear-resðt→∞Þ¼Aon-res and, thus, Af;outcome≡Afðt→∞Þ∝
Aon-res∝Að2ÞðωfgÞ. Hence, the final excited population is
Pf;outcome≡Pfðt→∞Þ¼jAf;outcomej2∝jAon-resj2∝jAð2ÞðωfgÞj2.
So, based on the above frequency-domain formulation, one
obtains that PfðtÞ results from all the two-photon path-
ways, which are either on- or near-resonance with jfi,
while Pf;outcome results only from the on-resonant pathways
(see Fig. 1).
Our present objective is to coherently control the

transient population PfðtÞ and its time dependence, while
keeping the final population Pf;outcome on a preset value.

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 Ûtransient of the spectral field EðωÞ that do not
change Pf;outcome but do change the transient time depend-
ence of PfðtÞ. This invariance of the nonresonant two-
photon absorption process is the symmetry property that we
exploit [14]. Based on Eqs. (3)–(5), it applies to any phase

transformation Ûtransient ¼ exp½iΦðaddÞ
antisymðωÞ� that keeps

jEðωÞj unchanged while adding to ΦðωÞ a ΦðaddÞ
antisymðωÞ that

is antisymmetric around ωfg=2, i.e.,

ΦðaddÞ
antisymðωfg=2þ βÞ − ΦðaddÞ

antisymðωfg=2Þ
¼ −½ΦðaddÞ

antisymðωfg=2 − βÞ − ΦðaddÞ
antisymðωfg=2Þ�; ð6Þ

for any value of β.
Hence, the following new symmetry-based coherent

control scheme for designing the spectral phase pattern

FIG. 1. The excitation scheme of Na for the study of symmetry-
based coherent control of transient two-photon absorption.

PRL 113, 043003 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
25 JULY 2014

043003-2



ΦðωÞ is introduced here. The final excited population

Pf;outcome is set to a chosen value PðbaseÞ
f;outcome by choosing

a proper base phase pattern ΦðbaseÞðωÞ. The corresponding
value of Pf;outcome is the value photoinduced by a refer-
ence shaped pulse having ΦðωÞ ¼ ΦðbaseÞðωÞ. Then, by
adding different suitable antisymmetric phase patterns

ΦðaddÞ
antisymðωÞ, the temporal evolution of the transient excited

population PfðtÞ during the pulse irradiation is modified,

while the outcome is kept constant on PðbaseÞ
f;outcome. The total

phase pattern applied to the shaped pulse is ΦðωÞ=
ΦðbaseÞðωÞ+ΦðaddÞ

antisymðωÞ. Since ΦðbaseÞðωÞ can generally be
any chosen phase pattern, ΦðωÞ is generally not antisym-
metric around ωfg=2.
The present model system is the sodium atom (Fig. 1),

with the 3s ground state as jgi and 4s excited state as jfi,
where ωfg 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 × 109 −W=cm2 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 (ω7p;4s corresponds to a
781.2-nm photon), which is followed by an emission of a
coherent UV radiation at ω7p;3s (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=cm2, 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 ω7p;3s 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 τ, the final 7p population is proportional to the
transient 4s population P4sðτÞ. So, overall, the integrated
intensity of the UVemission is a relative measure of P4sðτÞ
and at delay times after the pump pulse ends it corresponds
to P4s; 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
P4sðτÞ, 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

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 P4s; outcome ¼ PðmaxÞ
4s; outcome

[Figs. 2(a)–2(b)], and (ii) the final outcome is zero two-
photon absorption and P4s; outcome ¼ 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 P4sðτÞ
as a function of the pump-probe delay time τ 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 ΦðbaseÞðωÞ and anti-

symmetric phase addition ΦðaddÞ
antisymðωÞ, are shown in the

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

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 P4sðτÞ are
normalized by the maximal final population PðmaxÞ

4s; outcome 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 Eqs. (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 P4sðτÞ
toward the maximal final population PðmaxÞ

4s; outcome. For this,
the spectral phase patterns of these two shaped pulses are
applied with a base phase pattern that is zero
[ΦðbaseÞðωÞ ¼ 0] and different antisymmetric phase addi-

tionsΦðaddÞ
antisymðωÞ. For the pulse of Fig. 2(a),ΦðaddÞ

antisymðωÞ ¼ 0

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 π step located at ω ¼ ω4s;3s=2 ¼ 12 870.0 cm−1

(777.0 nm), and thus, the total phase pattern is also equal to
this π phase step.
Figures 2(c) and 2(d) present results for the above case

(ii), with two different two-photon dark pulses that each
photoinduces a completely different temporal evolution of
P4sðτÞ 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 P4sðτÞ has a
structure of either a single or double peak, respectively, and
the transient population is always kept below either 25% or

10% of PðmaxÞ
4s; outcome, 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

ΦðbaseÞðωÞ ¼ ΦðbaseÞ
π-step;darkðωÞ that is of a single π step at

position ω ¼ ωðbaseÞ
π-step;dark ¼ 12 884.6 cm−1 (776.12 nm).

This value of ωðbaseÞ
π-step;dark is set such that the reference

shaped pump pulse with ΦðωÞ ¼ ΦðbaseÞ
π-step;darkðωÞ 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 π step at

ωðbaseÞ
π-step;dark. On the other hand, for the dark pulse inducing

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

of two phase steps that are positioned symmetrically around
ω4s;3s=2 ¼ 12 870.0 cm−1 at offsets of �8.9 cm−1. 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, Ûphase-sign-inversion∶jEðωÞj exp ½iΦðωÞ� →
jEðωÞj exp ½−iΦðωÞ�, to the spectral field EðωÞ. Based
on the equations above, it leads to Að2ÞðΩÞ → ½Að2ÞðΩÞ��
and Anear-resðtÞ → ½Anear-resð−tÞ��. For a two-photon dark
pulse, Pdark

f;outcome ¼ 0 as well as Adark
on-res ¼ 0, where the latter

originates from the general relation of Pf;outcome ∝ jAon-resj2
(see above). So, based on Eq. (3), it is also obtained for a
two-photon dark pulse that Adark

f ðtÞ ∝ Adark
near-resðtÞ. Hence,

overall, the application of the sign-inversion phase trans-
formation to the field of a two-photon dark pulse leads to
Adark
f ðtÞ → ½Adark

f ð−tÞ�� and Pdark
f ðtÞ → Pdark

f ð−tÞ. In other
words, any pair of dark pulses (labeled as 1 and 2) that have
the same spectral amplitude (jEðωÞj) and their total spectral
phases, Φ1 and Φ2, satisfy the sign-inversion relation,
exp ½iΦ1ðωÞ� ¼ exp ½−iΦ2ðωÞ�, induce transient evolutions
of the excited population that are time inverted.
In the present corresponding experiments, the spectral

phase ΦðωÞ 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

ΦðbaseÞðωÞ ¼ ΦðbaseÞ
π-step;darkðωÞ (see above). Then, for inducing

the different temporal evolutions by the different dark
pulses, we choose here antisymmetric phase additions,

which are of the cubic form ΦðaddÞ
antisym;cubicðω;ϕðaddÞ

3 Þ ¼
1
6
ϕðaddÞ
3 ðω − ω4s;3s=2Þ3 characterized by the ϕðaddÞ

3

value. So, the corresponding total phase patterns ΦðωÞ
are of the form Φdarkðω;ϕðaddÞ

3 Þ ¼ ΦðbaseÞ
π-step;darkðωÞþ

1
6
ϕðaddÞ
3 ðω − ω4s;3s=2Þ3, and the sign-inversion relation

exp ½iΦdarkðω;ϕðaddÞ
3 Þ� ¼ exp ½−iΦdarkðω;−ϕðaddÞ

3 Þ� holds
for them. Hence, the evolution induced by a dark pulse

having a spectral phase with ϕðaddÞ
3 is time inverted by a

dark pulse that is shaped to have a spectral phase

with −ϕðaddÞ
3 .

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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transient evolutions of P4sðτÞ. In the first row, Figs. 3(a)
and 3(b) present the traces corresponding to the pulses with

ϕðaddÞ
3 ¼ þ0.05 ps3 (black color) and−0.05 ps3 (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 P4sðτÞ is

PðinvertedÞ
4s ðτÞ ¼ P4sð−τÞ. Similarly, in the second row,

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

pulses with ϕðaddÞ
3 ¼ �0.10 ps3 and Fig. 3(f) compares

them, while Figs. 3(g) and 3(h) of the third row display the

traces for pulses with ϕðaddÞ
3 ¼ �0.15 ps3 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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