PHYSICAL REVIEW A 70, 063407(2004)

Phase control of a two-photon transition with shaped femtosecond laser-pulse sequences
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Phase effects in a quantum control experiment on the two-photon transgitien<4 3s of atomic sodium
are studied. In our experiment, we combine the generation of phase-locked interferometrically generated pulses
with pulse-shaping techniques to study in detail the interplay of optical and quantum-mechanical phases.
Subtle differences in the physical realization of the pulse sequences produce large difference in the control
objective—the 4 population. The control mechanisms of more complex pulse sequences generated by periodic
and discontinuous phase-modulation functions are investigated systematically and analyzed on the basis of
guantum-mechanical interference.
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The availability of ultrashort laser pulses and the ability tobution, we analyze the quantum control of a two-photon
manipulate them have sped up the field of observation antfansition with two pulses, one of which is phase modulated
control of atomic and molecular dynamics, with prospectsin addition. In particular, we demonstrate that the effect of a
for applications in physics, biology, chemistry, and engineersingle phase-modulated pulse can be efficiently controlled by
ing [1-4]. a suitably timed prepulse.

As one observation and control instrument, interfero- Due to the low laser intensity used in our experimet
metrically generated pairs of femtosecond pulse sequences10? W/cn?), a weak field treatment of our experiment is
have been established. Pulse sequences which are, for iggfficient. Because there are no intermediate resonant states,
stance, used in multidimensional spectroscopy approachgge interaction of our femtosecond laser pulses with the so-
are especially suitable to study temporal phase effects igium atoms can be described by the simplified excitation
quantum-mechanical systems since the first pulse excites thigheme depicted in Fig. 1. The femtosecond laser pulse ex-
system and defines the initial temporal phase while the segites the 4 state from the 8 ground state by a two-photon
ond pulse(and eventually further pulspsteracts with the  transition. The 4 state population decays to the 3tate,
system, delivering relative temporal phases with interferoywhjch emits the sodium D-liné589 nm). The sodium D-line
metric accuracy[5-12. In addition, pulse-shaping tech- fjygrescence serves as the observable. The control objective
niques[13-19 further expanded the range of applications ofjs the 4 population after the interaction with the femtosec-
femtosecond laser pulses as an efficient tool for quanturgng |aser radiation and is assumed proportional to the so-
control [16-23. _ _ _dium D-line fluorescence. We note that the observation of

Here, we combine both techniques—the interferometricsirong field effects using this excitation scheme might be
generation of femtosecond laser pulses and pulse-shapighscyred by averaging over spatial regions of different inten-
technology—to study the role of the optical and quantum-gities. For example, ii32,33 it was demonstrated that the
mechanical phases on a two-photon transition on sodium asgtect of spatial averaging can be circumvented by multipho-
oms. The insights obtained from pure phase-control experin detection schemes as only regions of higher intensities
ments using phase-locked pulse sequences are transferred;{@ sampled.
the analysis of our pulse-shaping results. This approach per- oyr contribution is structured as follows. In Sec. |, the
mits us to decompose a complex excitation scheme into morgyperimental setup is shown. In Sec. I, the theory is dis-

elementary steps that highlight the underlying physicalyssed. In Sec. Ill, our experimental results are presented.
mechanisms. The use of femtosecond laser pulses to contrghe contribution concludes with a summary in Sec. IV.

a nonresonant two-photon transition has been reported for

interferometrically delayed pulsegs] and pulse shaping 4s —=3.2eV
[24,25. Moreover, adaptive closed-loop optimization of a T‘\-“‘1"139 nm
two-photon transition has been investigaf2€]. The control 3p=2—2.1eV
of a resonant two-photon transition has been studig@7h 2x777 nm ]

In addition to phase shaping, polarization shapigg] has 589 nm
been implemented to control an atomic two-photon transition (detection)
[29] and the multiphoton ionization of molecul§30]. Re- 3s 0 eV

cently, pulse-shaping techniques were used to control multi-

photon transitions of dyes in microscof1]. In our contri- FIG. 1. Simplified excitation scheme of the sodium atoms. The

two-photon excitation from thes3ground state to the SAstate is
two-photon resonant at 777 nm. Subsequent fluorescence from the
*Electronic address: baumert@physik.uni-kassel.de 4s to the 3 and the P to the F states is depicted.
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FIG. 3. lllustration of the relative temporal optical phase in a
FIG. 2. Schematic experimental setup. The ultrashort lasetwo-pulse experiment witlia) the real temporal electric fielB(t)
pulses from a titanium-sapphire amplifigs amp are sent into a and its envelope an(b) the carrier oscillation. The two pulses are
Mach-Zehnder-interferometer with a delay line in one arm and sseparated in time by. x; and x, denote the constant relative tem-
pulse shaper with &Rl Inc 128-pixel liquid crystal spatial light —poral optical phases of the pulses.

modulator in the other arm. The recombined beam is directed into

the sodium vapor celiNa). the relative temporal optical phase can be seen by compari-
son of the electric field of each of the pulses with the carrier
|. EXPERIMENTAL SETUP oscillation shown in Fig. @). It shifts the oscillations of the

electric field relative to the envelope and the carrier.
The spectral electric field is given by the Fourier trans-
form of the temporal electric field,

A scheme of our experimental setup is shown in Fig. 2.
The ultrashort laser pulses of about 30 fs full width at half
maximum duration at 788 nm, 1 kHz repetition rate, and
1 mJ maximum energy per pulse were provided by a multi- ~ * »
pass titanium-sapphire amplifier. The incoming laser beam E(w) =f E(he dt. 2
was directed into a Mach-Zehnder interferometer in order to -
generate a pair of pulses. The length of one arm was adjusf spectral phase modulation of an initial electric filg(w)

able using a compgter-controlled high-resolution delay IlneresuItS in the outgoing modulated electric field,
whereas the beam in the other arm passed through our pulse

shaper[34]. Thus, the delayr between both arms and the Eoul(®) = Ein(@) exp[i ¢(w)] (3)
spectral phase(w) of the pulse passing through the pulse ) ]

shaper were adjustable. Interferometric stability conditiongVith the spectral optical phasg(w) of the modulation. For.
were assured. After recombination, the unfocused laser beaf®nvenience, spectral phase modulations are always given
with roughly 5uxJ pulse energy and 2 mm diameteprre- for positive frequenues only,_ although the complete spectral
sponding to 5 10° W/cn?) was sent into a home-made phase modulation has to fulfi(—w)=-¢(w). The resulting
low-pressure cell containing sodium vapor and argon at gemporal electric fieldE,(t) is given by the inverse Fourier
X102 mbar as a buffer gas. The working temperature wasransform Oonut(w)-

350°C, provided by direct electrical heating. The fluores- |n our experiments, we applied different phase functions
cence radiation was collected through a window in a direc«(w) and analyzed their influence on the finalgtate popu-

tion perpendicular to the laser beam propagation and dqation. The time-dependens4tate amplitude is given by
tected by a photomultiplier tube. Using interference filters,

only the sodium D-line emission was selected. After boxcar Cas(t) = |Cas(t)|expi &as(t)], (4)

i_ntegration, the fluorescence signal was recorded as a fu”Where|c4s(t)|2 is the time-dependentsétate population and
tion of the delay and the parameters qf the speetral Phas () is the time-dependentsdstate quantum-mechanical
modulation. Besides the ﬂ_uorescence signal, the intensity Z‘%‘ase' The finalt— ) 4s state population is denotdd,?
well as the spectral amplitudes and phases were monitor Ahd the phaséZ. In the followin e use the 'nterats:t'on
using a power meter, spectral interferen¢g85], and . P as' llowing, We st : :
frequency-resolved optical gatirigé]. picture in order to eI|_m|nate the time dependence
exp(—iwgs. 3d) of the amplitudes when the laser is turned
off. Here,wys_35~4.85 rad/fs is the transition frequency be-
Il. THEORETICAL DESCRIPTION tween the 8 and the 4 state.
We applied two different theoretical methods to describe
e interaction of the femtosecond laser radiation with the
sodium atoms in our experiments. The more general one is to
E(t) = £(t) cowy t+ x(1)], (1)  solve the time-dependent Schrodinger equation numerically,
while the more specific is second-order time-dependent per-
consisting of the temporal pulse envelaf@) and the tem-  turbation theory, which is restricted to the weak-field regime.
poral optical phase with the central laser frequengyand  The direct numerical solution of the time-dependent
the relative temporal optical phagét). The relative optical ~Schrodinger equation was performed to assure the validity of
phase in a two-pulse experiment is illustrated in Fig. 3. Theperturbation theory. In both cases, the sodium D-line fluores-
delay 7 between the pulses determines the temporal separgence is assumed proportional to the final population of the
tion between the envelopes of the pulses. The influence ofs state after the interaction with the femtosecond laser. The

The femtosecond laser pulses are described by their regl
temporal electric fields,
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final 4s population is investigated as a function of the controlthe time-dependent Schrddinger equation are used to inter-
parameters, i.e., the delay and certain parameters of the spgmet the experimental results.
tral phase. In the weak-field regime, both methods agree and
reproduce the experimental data.

To solve the time-dependent Schrodinger equation nu- l. EXPERIMENTAL RESULTS
merically, we employed the short-time-propagator method | the first set of experiments, the delay of the interfero-
adapted for atoms frorf87]. This means that the temporal metric pulse pair is varied while no spectral phase modula-
amplitudesc(t+At) of the sodium atom’s states at a tihe  tjgn is applied(see Sec. Il A. Alternatively, a time delay
+At are calculated by applying the short-time propagatohetween two pulses can also be realized applying a linear
expd—(i/%) H(t) At] with the step sizét [typically 0.1 fs, in  gpectral phaséinear group delay modulatiorf39]. There-
which H(t) is assumed constdnb the temporal amplitudes fore, in the second set of experiments, the interferometric

c(t) at the timet, delay is set to zero and the Na D-line fluorescence is inves-
i tigated as a function of the group delgsee Sec. Ill B. The

c(t+At) = exp{— —H(t) At]c(t). (5) differences between temporal delay and spectral group delay

h modulation are presented and analyzed. On the basis of this

The propagation amounts to the application of an exponer@"@!ysis, we show how the effect of a delay line is imple-
tial operator to the state vector. The Hamiltonidft) con- mented with phase-modulation techniques. The results ob-

sists of the unperturbed atomic Hamiltonidp and the time- _tair_led in the_ time delay versus the_ group delay ex_periments
dependent interaction with the radiation fi&l¢t). The latter indicate the importance of the _relatlve tgmporal opt|cal phase
is described using the dipole approximatisit)=—uE(t), betv_veen the two pulses. To bring out this _effect with greatest
here u describes the dipole moment operator d&f(d) is clarity, absqlute spectral phasg-modulatpn scans are per-
me reaILILtem oral electric field. In the next section. we use thformed at different interferometric delays in the third set of
short—time—p[r)opagator meth(.)d to simulate ’the time- xperimentgsee Sec. Il G Delay, group delay modulation,

dependent population of thes &tate|c,(t)|? during the laser and absolute phase modulation form the basis for the under-

. . . ) . standing of more complex spectral phase modulations. In the
field interaction. In our simulations, all states from the

> last set of experiments, we study periodic sinusoidal and dis-
ground state up to the principal quantum number 7 have bee('ibntinuous m-jump spectral phase modulations with two
included using level data and transition probabilities from

: ulses and discuss the observations in light of the previous
the NIST Atomic Spectra Database P g P

Within the weak-field regime, the two-photon transition results(see Secs. il D and il
from an initial statdi) to a final statef) can be described by
second order time-dependent perturbation th¢a8gy. If the A. Interferometric delay
intermediate states are sufficiently far from resonance, the

. . - . Without spectral phase modulation, the combined electric
final amplitudec; can be approximated by,24,25 P b

field is the sum of two identical pulsds(t)+E(t—7) sepa-

. ) R _ rated by the delay which is set by the delay line. Inserting
¢t = SIEY(D)](wr) :J E“(exdi oy tlJdt  (6)  this into Eq.(6) results in

o N2, + 2
with the transition frequencys;—in our casews=wys. g 1eF (7)1 < |Sqnl(7) + Sopd7)] ®)

This means that the final populatidej? is proportional to  with

the spectral components of the second harmonic at the tran- . )

sition frequency S[EA(t)](wy))|?. Sqn(7) = (L + exfdi oy T)S[EY(D)](wr) 9
For the interpretation of spectral modulations, B&j.can g9

be rewritten ag24]

[ #5~af(%-o)

Sopt(7) = 2 S[EME(t — 7)(wsi)
i =

= ZJOC E(t)E(t - nexdi wy t]dt, (10

2

. Wi Wi
XeXD['{(P(;“ + Q) + QD(?ﬂ - Q)Hdﬂ ' where Sqn(7) and Sy(7) denote the quantum-mechanical
and the optical contribution. The optical contribution van-
(7) ishes if the pulses do not overlap in time.

o ~ ~ . For different ranges of the delay, different types of inter-
where the spectral electric field B(w)=E(w)exfi ¢(@)]  ferences are obser\g/ed in the expe};iment. In F{gg,zdelays
with the spectral amplitudeé(w) and the spectral phase aroundr=0 are presented. Here, optical interferences with a
¢(w). It is shown in[25] that, as a consequence of Kg), period of 2.6 fs corresponding to half of the transition fre-
for all spectral phase functions(w) which are antisymmet- quency are observed. Since both the pulses overlap in time,
ric aroundwy;/ 2, the overall phase vanishes, leading to maxi-they interfere optically, i.e., the shape of the electric fields
mum population. In the next section, second-order timevaries with 7. The separate analysis of the optical and the
dependent perturbation theory and the numerical solution afjuantum-mechanical contribution gives further insiglfig.
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FIG. 4. Interferometric delay: The upper row shows the sodium D-line fluorescence @igisgbopulation as a function of the delay:
close to the optical overlaga), for intermediatgb), and large delayéc). The signal is normalized so that a single bandwidth limited pulse
generates a unity signal. Solid lines are calculated using@eyhile the dashed lines with the dots present measured data. In the lower row,
time-dependent gpopulations calculated with E@5) for different delays are shown. The chosen delays are indicated by the arrows in
(a)—c). For each range of the deldyd)—<f)], examples of destructiveupper parnt and constructive interferendédower par) have been
calculated. Besides thes4opulations(solid black lines with values at the left side of each gpaghe corresponding temporal pulse
envelopes£(t) (solid gray lines with gray values at the right side of each graph, outgoing) tiid their relative temporal phasgét)
(dashed lines with values at the right side of each graph, ingoing) tarkesdepicted. For the electric fields, Gaussian pulses of 30 fs full
width at half maximum duration at a central wavelength of 788 nm are used.

5). The optical contribution has a slowly varying absolute  With increasing delay, the overlap of both pulses de-
value vanishing for large delays and is oscillating with halfcreases and, thus,,(7) decays to zer¢Fig. Xa)] and the

the transition frequencfsee Figs. &) and %b)]. The abso-  additional maxima ofS,.(7) appear in the combined signal.
lute value of the quantum-mechanical contribution oscillatesThis is why the quantum interferencg8] of Sgy(7) with a

with the transition frequency. Its phase is linear with a slopeperiod of 4535~ 1.3 fs corresponding to the transition fre-
equal to the transition frequenggee Fig. £c)]. In the case quency are more pronounced for increasing delage ad-

of a population maximums,(7) and Sep(7) Sum up con-  ditional maxima in Fig. @)]. At large delays, when both
structively. As an example, the delay of 2.6 fs is marked inpulses are completely separated in time, there are no optical
Figs. &b) and Fc) by small black circles. Here, both the interferences, i.e., the optical pa§(7) is zero. Only quan-
optical and the quantum-mechanical contribution have zereum interferences are observed. The population is therefore
phase. At the population minima seen in Figa4 Sqr(7)  given by|Sqy(7)|? [see Fig. 4c)].

and Sy 7) interfere destructively. Here, the optical and the  To elucidate the physical mechanism, the time-dependent
guantum-mechanical contribution have a phase difference giopulation of the 4s state is investigated using the short-
7. This can be seen, for example, at the delay of 1.3 fstime-propagator methofsee Eq(5)]. In Figs. 4d)-4(f), the
which is also indicated by small black circles in Figgbh)s time-dependent € population and corresponding temporal
and 5c). pulse envelopes and their relative optical phases are plotted
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a) optical contribution b) optical contribution ¢) quantum-mechanical contr.
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FIG. 5. Interferometric delay: optical contributiofy,(7) and quantum-mechanical contributiafy,(7) for a Gaussian pulse
(30 fs full width at half maximum temporal duration at a central wavelength of 788 hm{a), Sop[(T)|2 is depicted. In addition to the
square of the absolute value, the wrapped phapeay lines with values at the right side of the grapaie shown for the opticab) and the
quantum-mechanical contributign), respectively. The small black circles indicate delays where the optical contribution and the quantum-
mechanical contribution interfere destructivély.3 f9 and constructively2.6 f9, respectively.

for different delays. Figure(d) refers to the optical regime ways constructive. In the frequency domain, this result is
with small delays. Both pulses interfere optically due to theirinterpreted in terms of the antisymmetry efw) around
temporal overlap so that the finas 4tate oscillates between w,s_3s/2. Thus, the quantum-mechanical phase difference is
maximum and zero at a period of 1.3 fs. Quantum interfernot changed by the group delay. In the next experimept,
ences give rise to different population dynamics depicted irwas set to 2.35 rad/{gorresponding to 800 nmHere, slow
Figs. 4e) and 4f). Since both pulses still overlap at a delay modulations with a period of 2/|2w,e1— was._35| =45 fs are
around 50 fs, the combined action of optical and quantunobserved since the spectral phase aroung ;/2 and,
interferences is observed. The upper part of Fig) dhows therefore, the quantum-mechanical phase change slightly
that the 4 state is populated by the first pulse and depopu{see Fig. €&)]. The difference between the interferometric
lated by the second pulse at60.3 fs. The lower part at a delay and the group delay spectral modulation becomes
delay of 60.9 fs corresponds to constructive quantum interelearly apparent in the time-dependent pictures. In Fig), 4
ference. Purely quantum interferences at large delays atke two pulses have been separated by the delay line while
shown in Fig. 4f). The first pulse populates thes &tate  they have been separated by the spectral group delay modu-
without optically interfering with the second pulse. Depend-lation in Figs. §b) and &d). In both cases, the temporal
ing on its relative optical phase, the second pulse furthegseparations between both pulses have been chosen equal to
populates or depopulates the dtate. Note that the optical 60.3 fs and 60.9 fs, respectively. In the case of the interfero-
phases are not#/2 and -r in Fig. 4f) since the laser metric delay, the relative temporal phases of the electric field

frequency and the transition are nonresonant. vary significantly from 60.3 fs to 60.9 fs and, thus, the final
4s populations. However, for the group delay modulations,
B. Group delay modulation these phases vary only slightly, resulting in nearly constant

. final 4s populations. This means that the relative temporal
In contrast to Sec. 1 A, hgre We use a Ilngar spe_ctral hase between the pulses controls the firmpdpulation.
phase to shift the Ia;er pulse in time. We consider a linea hese results highlight the differences between delays pro-
group delay modulation duced by a delay line and delays generated with spectral

o(0) = Tgp(® = wref) (11)  Pphase-modulation techniques. In particular, we find that by
choosingw,.;=0, a delay line can be emulated by the pulse
with the group delay GD and the reference frequetiyt.  shaper, resulting in the same types of interferericesFigs.

As known from femtosecond optidg0,41, a group delay  6(e)—6(g) with Figs. 4a)-4(c) and Eq.(12)].
modulation shifts the envelope of the temporal electric field

by the group delay for all reference frequencies,

Eao(l) = &(t+ Tep)Cod o t+ Tep * (0o~ wrer)]. (12) To further elucidate the role of the relative temporal

The experimental results show that the finalpbpulation ~ Phase, we performed absolute spectral phase scans at differ-
cannot be controlled by shifting the pulse envelope. In Figent delays. In the absolute spectral phase-modulation experi-
6(a), the group delay is scanned with the reference frequencjnents, the spectral phase is constant for all frequencies,
taken at half the transition frequency, i.@ye;= was 35/ 2 () = (13)
~2.42 rad/fs(corresponding to 777 nmAlmost no modu- ¢ %o,
lation of the 4 state population is observed, although theand ¢, is the control parameter. In the time domain, the
pulse envelope is shifted in time in a range of 100 fs simi-absolute spectral phase modulation corresponds to a shift of
larly to the interferometric delay, scan. In the casewpf;  the relative temporal optical phase kyy while the pulse
Zwys_35/ 2, the quantum-mechanical interferences are alremains at the position given by the delay,

C. Absolute phase modulation
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FIG. 6. Spectral group delay modulations: Group delay scans and time-depesgmypudations forw,.s=2.42 rad/fs and 2.35 rad/fs
are presented i(@)—(d). The arrows in@) and(c) indicate the group delays used in the time-dependepbpulations shown i) and(d):
Ngp=60.3 fs and 60.9 f9.e)—(g) show different ranges of the group delay foy;=0 so that a delay line is emulated.

to analyze more complex phase-modulation functions, as dis-
cussed in the following.

Eapdt) = E(t - 7)cod wq (t— 7) + o). (14)
This means that exclusively the relative temporal phase dif-
ference between both pulses is varied by scanripgdcf.

Fig. 3. In Figs. {a), 7(b), and 1d), scans of the absolute
phase at different positions of the delay line—small, inter- Sinusoidal spectral phase modulations of a single pulse
mediate, and large delay—are presented. In the case of t

I del hen both oul lap in ti ol ve proven to be effective in controlling multiphoton pro-
fsma elay w gn Otd puhs_lesfove_r ap in (’;I_me, opgcla 'nte(;'cesse$24]. Applications to larger molecules and two-photon
erences are observed, while or_mterme late an arge | nicroscopy have been reported as wdi8,31. Moreover,
lays the quantum interferences with the quantum-mechanic

. - ) inusoidal modulations were combined with an evolutionary
phase difference af£;;=2¢, become the dominant type of 545rithm to control a different two-photon transition in so-

interference. This means that the temporal separation bed'lum [26]. Sinusoidal spectral modulation is given by
tween both pulses determines the type of interferences while

the temporal phase difference between both pulses is the
control parameter for the finals4opulation. The influence

of the temporal phase can be further seen in the time-
dependent populations in Fig(cj. Depending ongg, the
second pulse depopulates or further populates thetate.  with the amplitudeA, the time constant, and the phase of
The combination of a delay line with linear and absolutethe sine function. This spectral modulation results in a pulse
spectral phase modulations provides the physical backgrourskquence in the time domain. Using the identity

D. Sinusoidal modulation

o(w) =AsiNT(w- Wref) + ¢] (15
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FIG. 7. Absolute spectral phase modulations: Scans of the absolute spectralpleshe delays=0 fs, 49.6 fs, and 200 fs between
the two pulses are shown i@, (b), and(d). The arrows in(b) indicate the absolute phases used in the time-dependembpllations
presented ir{c). Besides the g populationg(solid black lines with values at the left side of each gpapine corresponding temporal pulse
envelopesE(t) (solid gray lines with gray values at the right side of each graph, outgoing) ok their relative temporal phasgét)
(dashed lines with values at the right side of each graph, ingoing) ticksdepicted irc).

expli A sinT(w - wer) + B} state are presented for a sine amplitdder. Depending on
their relative temporal phases, the subpulses populate and
depopulate thedlstate as seen in the previous section for the
case of two pulses and absolute spectral phase modulation.
In Fig. 8@a) (A=0.8), there is no completely destructive in-
whereJ,(A) is the Bessel function of the first kind and order terference because the energy of the central pulse is too high
n, the modulated temporal electric field is given by and therefore the population created during the central pulse
cannot be eliminated by destructive interference due to the
pre- and postpulses.

After the systematic study of the influence of the param-
eter of the sinusoidal spectral phase modulation with one
+ ol (17) pulse, the more complex two-pulse experiment with one

Therefore,T is equal to the temporal separation between thepmse sinusoidally.moltmllated gnd the other puls_e shifted in
pre- and post-pulses and the amplitulledetermines how M€ by the delay line is investigated. The delay line is set to

much energy is transferred from the central pulse to the pre2Pout 300 fs so that the pulse from the delay line comes
and post-pulses. Changing the phase of the sine fungsion Pefore the sinusoidally modulated pulse and does not tempo-
alters the temporal relative optical phases of the subpulsé&lly overlap with a subpulse from the pulse sequence gen-
and, thus, determines whether the amplitude of thetate  erated by the sinusoidal modulation. In Figsd)Band &e),
interferes constructively or destructively during the pulse sethe experimental results of the Na D-line fluorescence as a
quence. First, we obtain similar results to Rg#4] for only ~ function of ¢ at two slightly different delays are presented.
one phase-modulated pulse, i.e., the other arm of the intefthe results shown in Fig.(8) with 7=300.6 fs are very
ferometer is blocked. In Figs.(® and &b), scans of¢p for  similar to the single-pulse experimdief. Fig. §a)], whereas
o(w)=A siM200fs (w—was._35/2)+p] with A=0.8 andA  the signal modulation in Fig.(8) with 7=300.1 fs is signifi-

=m are presented. The temporal separafion200 fs was cantly reduced. The change of the modulation for different
chosen so that the subpulses do not overlap in time. Therdemporal delays is explained by further analysis of the
fore, no optical interferences between the subpulses amguantum-mechanical interferences using Efgsand(8), re-
present. For both sine amplitudes, the population has a maxspectively. If the unshaped pul&g(t) and the shaped pulse
mum for ¢=0 because¢(w) is antisymmetric around E,(t) do not overlap in time, the optical interference term
was_35/ 2. In Fig. §c), time-dependent populations of the 4 vanishes so that the finab4opulation is given by

= X J(AeXEin[T(w - we) + ¢},  (16)

n=—w

o

Eqn®)= 2 Jo(A) E(t+nT)cogwp t+n [T (@~ wrer)

n=-o
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a)1 pulse ¢(@) = 0.8 5in(200 s (0- 2.42)+) | Jb)1 pulse ®(®)=xsin(200 fs (o-2.42)+¢) t [fs]
1-0,\ A A A 1.0 n | 1000 500 0 500 1000
0 c)1 pulse @(w)=mnsin(200 fs (»- 2.42))
1.0
0.5 0.5] l
W Ak b Al ] ol
!. . e oPeb " B
0- ' ' v -2n ol M ' P ' M ' M
0 T 2n 3n 0 n 2n 3 e
¢[rad) ¢[rad] 0.
) 2658 &) B0 & 1.04

@(©)=0.8 sin(200 fs (0 -2.42)+4)

@(0)=0.8 sin(200 fs (0 -2.42)+¢)
0; 0; -1000 -500 0 500 1000

0 T 2n 3n 0 n 2n 3n tifs]
¢ [rad] ¢ [rad)
FIG. 8. Sinusoidal spectral phase modulatigasand(b) show scans o for a single pulse. Besides the gopulation(solid black ling,
the final quantum-mechanical pha,sg2 (solid gray ling, i.e., after the interaction with the single modulated pulse, as a functighisf
presented i@ with gray values at the right side of the graph.(&, two time-dependentsipopulations and the corresponding temporal

pulse envelopes and phases have been calculated for difte(sitigle pulsg (d) and(e) are scans o with two pulses at different delays:
300.6 fs and 300.1 fs.

|Cig? o \S[E (t))(wy;) + S[E5 (t)](wf|)|2 of spectral phase modulations as well. In the next section, we
, 2, 5 investigate the combined action of an unmodulated pulse and
=|S[EZ(t) () |* + [STES()](wp)] a m-jump spectral phase-modulated pulse as a second ex-
+ 2L STEX ()| |STEZD)](wp)|coS AL, ample.
(18) E. -jump modulation
In Eq. (18) , |S[EX(D]P is constant,|$[E§(t)]|.2 depends m-jump modulation means that the spectral phase is set to
on the spectral phase  modulation,  while zero for all frequencies smaller than a reference frequency

2|S[EXD)]| [STES(D]] codA&,) describes the quantum- «_ and to for all frequencies larger tham,. In a two-
mechanical interaction of both pulses by the quantum-photon transition experiment, such a modulation can gener-
mechanical phase differende, =&, ,— &, Whereé&,; and  ate dark pulses, i.e., pulses which result in the final popula-
&5, are the quantum-mechanical phases resulting from théon being equal to zerfR5]. First, we investigate the effect
nonmodulated and the modulated pulse, respectively. In Figof a single m-jump modulated pulse similar to the experi-
8(a), the quantum-mechanical phagg, resulting from the ments of[25]. Then, we expand to the corresponding two-
modulated pulse is plotted in addition to the population. Fompulse experiment. Here, we demonstrate how the effect of
the used sinusoidal modulation, it does not dependgon single-pulse control can be inverted by another suitably
Therefore, the quantum-mechanical phase differenég  timed pulse.
depends solely on the delay and is equalig._5s 7 for all The temporal electric field of a-jump modulated pulse
¢. As a consequence, depending on the delay, the shapéds a “double half-pulse structure” depending on [see
pulse interferes quantum mechanically constructively or deFig. 9b)]. The results of the single-pulse experiment where
structively with the delay line arm pulse for ab—resulting  w,, is scanned are plotted in Fig(ed. For w,,=w4s_35/2, the
in strong or weak modulation. This means that a suitablgopulation is maximum since the spectral phase modulation
timed initial pulse strongly influences the degree of control-is antisymmetric. At each side af,s, 35/2, a dark pulse can
lability that can be achieved with the phase-modulated pulsébe observed. The corresponding time-dependent populations
Here, the sinusoidal phase modulation served as a first exare shown in Fig. @). The first half-pulse populates thes 4
ample. state while the second half-pulse populates or depopulates
The analysis of the results obtained in the experiment onhe 4s state.
an unmodulated pulse and a delayed sinusoidally spectral The results of the two-pulse experiment are shown in
phase-modulated pulse is generally applicable for other typeSigs. 9c¢) and 9d). In Fig. 9¢), w,, is varied while the delay
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a) 1 pulse l - t [fs]

! V7T 250 0 250
/ 0 b) 1 pulse ®=2.42 rad/fs

i L-27
2.3 24 25
o_[rad/fs]
d) 2 pulses,t=300.0fs [ 1
4 i PR R B I K
2
] 0
23 24 25 2
o [rad/fs]

FIG. 9. Spectrakr-jump modulations. Ina), the 4 population and the final quantum-mechanical pﬁgg for a single pulser-jump
scan is presentedb) shows the time-dependens $opulations, the temporal pulse envelopes, and optical phases for two difiefent
indicated by the arrows ifa). Phase wrapping of the optical phase is employed for disptayand (d) are two-pulser-jump scans for
different delays.

between both pulses is set to 300.6. The result is a central IV. SUMMARY

hole for w;= wys._35/2. Slightly changing the delay to 300.0  ppase control of a two-photon transition with shaped fem-
completely inverts the control. As a consequence, the obgysecond laser pulse sequences was studied in detail on the
served hole in Fig. @) is converted into a hill as seen in Fig. two-photon transition g— < 3s on sodium atoms. The final
9(d). 4s state population was the control objective while the so-
As before, this effect is explained by analyzing the finaldium D-line fluorescence was the observable. Besides the
quantum-mechanical phagg, , after the interaction with the final 4s populations as functions of the control parameters,
single modulated pulse. In the single-pulse experiment, thehe dynamics of theglpopulation during the laser interaction
quantum-mechanical phase at the inner part between the dafere discussed for all experiments. First, regarding the rela-
pulses differs byr from the phase at the outer pgsee the  tjve temporal optical phases and thepbpulation dynamics,
phase in Fig. @)]. In the case of Fig. @), the additional  the analogies and differences between an interferometric de-
pre-pulse is 300.6 fs before the shaped pulse. At this delayay generated by a delay line and the linear spectral group
the final quantum'meChanical phase reSUlting from the interde|ay phase modulation by a pu]se Shaper were presented_
action with only the nonshaped prepulse&g;=0, while  Thereby, we demonstrate how the physical effect of a delay
&5 from the shaped pulse has the structure shown in Figine is properly emulated by the pulse shaper. Additional in-
9(a@. Thus, the quantum-mechanical phase differehég is  vestigation of the absolute spectral phase modulation dem-
- for the inner part around,=w4s._3s/2 and zero for the  onstrated the role of the relative temporal optical phase. The
outer part, i.e., there is destructive interference for the innefelative temporal phase was the fundamental control param-
part and constructive interference for the outer part. Thereeter of the excited state’s population while the temporal sepa-
fore, the resulting 4 state population in the two-pulse ex- ration between the pulse envelopes determined the type of
periments is a hole as shown in Figcp interferences. The dynamics induced by a pulse sequence
In Fig. 9(d), the delay is 300.0 fs so thdfg, is -7 In  generated by a sinusoidal spectral phase modulation were
this case, destructive interference occurs at the outer paféduced to this interpretation. The corresponding two-pulse
(Ag&,=m) while there is constructive interference for the in- experiment with an additional delayed pulse showed that the
ner part(Aé,;=0), i.e., destructive and constructive interfer- additional pulse can significantly influence the controllabil-
ence between the inner and the outer part are exchanged aityl Depending on its delay, the additional pulse determines
the hole is converted into a hill. This demonstrates that dethe amount of control exerted by the shaped pulse. This ef-
spite the complex structure of the two-pulsgump modu-  fect highlighted the role of the quantum-mechanical phase.
lation scan, the results can be explained by reduction to th®ne pulse defines the reference quantum-mechanical phase
single-pulse experiment and the delay line scan in combinawhile the other pulse excites with a relative phase. This leads
tion with the quantum-mechanical phase difference. to constructive and destructive quantum-mechanical interfer-
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ences, especially seen in the time-dependsrgopulations. the combination of phase-locked pulses with phase-
Besides the sinusoidal modulation, the discontinuousnodulation techniques is the ability to “control the control”
m-jump modulation was extended to a two-pulse experimentwith a precisely timed prepulse.
Here, an additional pulse was capable of inverting the con-
trol effe_ct by a smgle shaped pulse. Again, the con_trol effects ACKNOWLEDGMENTS
were discussed in terms of the quantum-mechanical phase.
We demonstrated that by decomposing complex excita- The technical assistance of D. Liese, the support of the
tion scenarios into more elementary steps, the basic physic@leutsche Forschungsgemeinschaft, and the NRC-Helmholtz
mechanisms are revealed. One of the fascinating aspects pfogram are gratefully acknowledged.
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