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Accumulative effects in temporal coherent control
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This paper analyzes the result of a temporal coherent control experiment using trains of ultrashort laser
pulses in the situation where the laser repetition period is smaller than the relaxation times of the system. We
focus on the accumulative effects present in sequential two-photon absorption. It is shown that stimulated
emission due to the accumulation of population in the excited state give an important contribution to the
coherently controlled process. Excellent agreement is obtained in the comparison between experiments in
rubidium vapor and theory, where resonant pulse propagation is also taken into account.
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Temporal coherent control denotes the set of techniquelSigh-speed optical switchd8,16]. In these systems, the in-
that, in the optical domain, employ combinations of ul- coherent accumulation of population in the excited state can
trashort laser pulses with a variable relative delay to controprevent an efficient turnoff of the switch.
the outcome of a given quantum process. It has been applied In this work, we discuss accumulative effects in the
to a wide range of systems, such as atghg], molecules temporal-coherent control of a three-level atom in a cascade
[3-5], and excitons in semiconductor quantum wi#s The  configuration[Fig. 1(@)]. We consider a sequence of pulse
motivation varies from one system to another. In moleculespairs separated by the laser repetition pefled in which
for example, there is an interest in the detailed control ofthe two pulses in the pair have a temporal relative delay of
chemical reactionf7], while in semiconductors, one goal is [Fig. 1(b)]. Both 7 and the pulse duration are assumed much
the development of optical switches for ultrafast optoelecsmaller thanTg or any relaxation time of the system. A
tronics[6,8]. The simplest systems, such as alkali atoms andheory in the weak-field regime is developed for the case
diatomic molecules, play the role of prototypes: for these, itvhere population accumulates only in level 3: the one with
is possible to develop theories that are easier to compam@eatest lifetime. It is shown that, besides an increase in the
with the experimental data. population of the third level, such accumulation leads to in-

The most conventional configuration for temporal- terferometric terms whose average over an optical period
coherent control employs pairs of laser pulses of equatloes not vanish. These terms contribute even for averaged
shapes to both excite and probe the sample. In such schentew-resolution scans of the temporal delay line, originating a
the observation of interferometric beat signgieriods of a  beating at the frequency difference of the two transitions.
few femtosecondsin atoms and diatomic molecules have Finally, the theory is compared with experimental results ob-
received great attention, since they are directly connected t@ined in Rb vapor and good agreement is obtained for both
quantum interferences between different excitation pathwayBigh- and low-resolution scans af
[1,2,4,5,9. A beautiful and direct extension to semiconductor Our starting point is the Liouville equation for the
quantum wells of such interferometric experiments can bdlensity-matrix elements of a three-level system
found in Ref.[10]. For simple molecular systen4,5], there
are also a great number of measurements concerning the dy- dpy i 1
namics of vibrational wave packef8—5|. Most of the stud- gt = 7 KIH eI~ SR @
ies with atoms and diatomic molecules were performed at
very low densities to avoid propagation effects on the lasefyhereH is the system Hamiltonian in the presence of the
pulses. An experimental investigation in atomic rubidiumejectric fieldE(t) of a laser pulsek and! denote statek and
varying the atomic density is reported in ReL1], where | respectively, and, is the relaxation time of thkl density
propagation effects lead to the formation ofrOpulses matrix element. From Eq1), we can obtain the population
[12,13 and produce density-dependent beating signals with,_ (t) of level 3 for times much longer than the pulse dura-
periods of a few picoseconds. tion, but shorter than every,, or Tr. Since we are only

In general, the experiments performed with atoms, howinterested in an accumulation of the third-level population,
ever, leave out an important issue: the atomic levels may

have lifetimes of more than 10 ns, while the repetition rate of

the most commonly used lasdespecially, Ti:sapphidds of 3 ) (a) (b)
about 100 MHz, which gives a time interval of 10 ns be- o izl it
tween two consecutive pulse pairs. These two points consid- A 12y A A A A
ered together indicate that some accumulative effect must be o

present in such systems. Accumulative effects with cw — 1) ! Tr !

mode-locked lasers were first observed in photon-echo ex-
periments[14,15 and are an important issue for coherent FIG. 1. (a) Cascade configuration for a three-level atom énd
control in semiconductor quantum structures to be used aemporal diagram for a sequence of pulse pairs.
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we consider that, from all initial density-matrix elements ues much greater than the pulse width at half maximum only
pr(t=0)=p?, only the populations in the initial and final the interferometric terms plus the background remain.
states are nonzerp?,,p%# 0. With this in mind and since ~ Now considelp; as being the initial population of level 3

pd,=1-p3;, we obtain the following expression fprz, in  preceding thgth pulse pair. From Eq2), we see thaphst
the lowest order of the field: is equal top33(Tg) when pg3= phs. After a large number of
pulse pairs, the population of level 3 must reach a stationary
pat)=e "Tspaf1-S]+e VTaC, ) value. In this situation, a self-consistency condition applies:
i1 . :

whereC is a second-order term giving the usual two—photonp33 P3a=p3s- From Eq.(2) this results in

feeding of the third level by the population in the first level y4:C(7)

andSis a first-order term giving the reduction of the initial p;3:33—, (7)

population p3; caused by stimulated emission. The factor 1+ v33S(7)

e YTss gives the incoherent decay of the population with the

lifetime T3 of level 3. with ys3=e TR/Tsg/(1—e Tr/Ts3), that is an amplification

For temporal coherent control, the laser pulses are dividetRctor. WhenTgs>Tg, for example,yss is simply T53/Tr,
into pairs of pulses of equal shape, separated by a temporﬂﬂe number of pulse pairs that arrive during the relaxation
delay 7, that is, E(t)=E,(t) +E;(t— 7). In this case, the time of level 3.

factorsS and C become functions of and are given by The simplest limit of Eq(7) occurs wheny;3S<1. In this
case,pgsw v33C(7) and the accumulative effect results in a
S(7)=hy[1+cog w3,7)], (3 multiplicative constant in front of the commonly known ex-
pression for the population. This is the situation, for ex-
and ample, when we have a purely two-photon transition, so that

S=0, as in the studies with Cs atorfis2]. All interferomet-

_ TwoqT _ i waoT fwaq T 2
C(m)=[F(0)+e*2F(—7)+e'*2F (r) + e F(0)]%, ric terms inC(7) disappear for low-resolution scans of

) when averaging over optical periodlS]. As these are the
with only beat signals that survive far much longer than the
pulse width at half maximum, we should not observe any
Wos [ - 2 beating in this situation.
h,;=2 7] dt’e' s Ey(t)| , 5 When y33:S=1, on the other hand, the picture is quite

different. The denominator in E¢7) leads to expressions for
the interferometric terms whose average over an optical pe-
F(r)= #12#23f’° dt’f”rdt” riod does not vanish: it gives rise to a contribution with
P o frequencyws,— w,q @s long as the interferometric terms are
present. These terms survive for much longer temporal sepa-
x elwst glwat"E | (17)Eq (1), (6)  rations than the pulse width. Thus, low-resolution scans of
with averaging over optical periods can distinguish this situ-
where w1, and w,5 are the dipole moments of the first and ation from the one described in the last paragraph. This be-
second transition, respectively, ang is the transition fre- havior has already been observed and repdriddl with a
guency from statg to statei. Note that, as expected for a beating in the difference frequency clearly presentsfomal-
stimulated emission term, the integral n is simply the ues greater than 40 ps, in a situation where the pulse widths
pulse spectrum at the frequency of the second transition. at half maximum were smaller than 1 ps. Refereft#],
The functionC(7) constitutes one of the basic results for however, lacks a quantitative theoretical explanation of the
the temporal coherent control of two-photon transitions and @bserved features, which is now provided.
full description of all its terms can be found, for example, in  In our experiments, a vapor of Rb atoms is excited by
Ref.[5]. The four terms represent the different paths that arpairs of laser pulses tuned }q =778 nm AN ~8 nm),
atom initially in the ground state can take to reach the thirdwvhich corresponds to the sequenti&-5P5,,-5D transition
state. When the square modulus is taken, the resulting 16f Rb. For comparison with the theory described above, lev-
terms give the probability for each one of these processesls 5S, 5P5,, and D correspond to levels 1, 2, and 3,
plus the quantum interferences between them. The existencespectively. The excitation source is a Ti:sapphire laser gen-
of such interferences is the whole point of the coherent conerating pulses of about 100 fs duration with a repetition rate
trol, since it allows for large modulations of the population of 76 MHz, which corresponds b= 13 ns. Since we have
by varying the relative delay. The separate probabilities of Tg3=241 ns for the B state of Rb, the amplification factor
the different pathways constitute a background term, that deis y33=18.
pends onr only through the slowly varying functiof (7). The Rb vapor is enclosed in a 5-cm-long sealed cell,
From Eq.(4), we see that the interferences occur at frequenwhich can be heated to control the atomic density. Typically,
ciesw,y, wzp, wz;, andwg,— w,,. The first three of these we vary the atomic density from 4®to 104 atoms/cr. At
result in the interferometric beatings. The contribution withthese densities, propagation effects need to be taken into ac-
the frequency difference is not interferometric. This term,count and as shown ifill], we see the formation of ®
however, contributes only in a region nea+ 0. For 7 val- pulses in the mediuni13]. To certify that we were really
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FIG. 3. The solid line is the variation of the population in the

FIG. 2. Variation of the blue f_Iuoresce!wce with the r_elative temM-ihird level with temporal delay between pairs of pulses, as given by
poral delay between the pulses in the p@y.Low-resolution scan.  gq (7). The dashed line is the theoretical result in the absence of

Inset shows the Fourier transform of the sigrih). High-resolution  4ccymulation.(a) Low-resolution scan averaging over an optical
scans around six different delays. The atomic density is 7period. Inset shows the Fourier transform of the solid libgHigh-
X 10' atoms / cm. resolution scans around six different delays.

observing @r pulses, we attenuated the laser intensity by arfrequencyws,— w,,. The slower oscillation forming an en-
order of magnitude at the entrance of the cell, and noticedelope for the 473 fs beat comes from pulse propagation and
that the propagated pulse shapes measured by crosgaries with the atomic densifyl1].
correlation measurements remained unchanged. This obser- In Fig. 2(b), we see the results for high-resolution scans
vation also calls for a weak-field approximation in the theory.around six different delays. Note first, the difference between
The Om pulses are formed by the interaction of the laserthe scan around=0 and all others. Around=0, we see a
pulses with the strong $5P3, atomic transition. This re- pattern with just one oscillating frequency; , the central
sults in the depletion of the,; spectral component of the frequency of the laser pulses. Since we have a complete su-
laser pulse and in a negligible transfer of population frogn 5 perposition of the two pulses at=0, this behavior comes
to the 5P;, intermediate state. This effect and the fasterfrom the optical interference between them, and has a com-
decay time of the B5, state {T,,=26.7 ns) lead to a neg- pletely classical interpretation. For the othevalues, how-
ligible accumulation of population in this level, and justify ever, we note a beating a#, superposed with another at
our approximation of accumulation only in the population of 2, . The latter is a purely quantum contribution coming
the third level. from the interference between different two-photon excita-
The population in the B state relaxes to theR, level  tion pathwayd1]. By varying the delay in intervals of 100
and the blue fluorescence from this level is collected in &s, we also notice a modification in the beating pattern that
right angle geometry from the center of the cell, where therepeats itself with a period of about 500 fs. This is a conse-
beam waist was measured to be Z0On. The laser power in quence of the fact that, for time delays longer than the pulse
the cell is 100 mW and we useth;=4.24x10%° Cm. For  width, the », contribution is a combination of two close
hyperbolic secant pulses at the entrance of the cell, thedeequenciesws, and w,;, which results in a pattern that is
parameter values result im~0.05 andy;3h;~0.9. Thus, repeated with a 473 fs period.
our experimental situation fits well the case in whigkS The theoretical curves corresponding to this experimental
~1. situation are shown in Fig. 3. In Fig(&, we have a low-
Typical experimental results are presented in Fig. 2resolution scan and in Fig.(l8 six different high-resolution
where the variation of the blue fluorescence witis plotted.  scans. Figure®) is a direct application of Eq7), with S(7)
In Fig. 2a), it is shown a low-resolution scan afincluding  andC(r) given by Eqgs.(3) and(4), respectively. The solid
the slowly varying background. It is clear the presence of dine in Fig. 3a) is obtained by averaging Eq7) over an
473 fs beating that extends for tens of picosecdimiset of  optical period. The dashed line is an average over an optical
Fig. 2@]. This is exactly the period corresponding to the period of Eq.(4), which gives the theoretical prediction for
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the population with no accumulatidi,2,4]. The propagated tion only, they are emphasized here just to show the consis-
field E4(t) is calculated using the well-known theory forr0  tency of our measurements and theory with previous works
pulses[12]. The best fit to the experimental data was ob-[1,5]. The low-resolution theoretical curve, on the other
tained for a pulse temporal width df,=140 fs at the en- hand, has a shape that is dependent on the accumulation of
trance of the cell, a strength of the electrical field such thapopulation in level 3, as can be inferred from the comparison
h,=0.017 and an absorption coefficient;=130 cm !,  between solid and dashed lines in Figa)3 Its accordance
which are compatible with the experimentally measured pawith the experimental observation, thus, confirms the ad-
rameters. equacy of our treatment. Comparisons for others densities of
For low-resolution scans, the comparison of the solid linethe atomic vapor also show good agreement with the experi-
in Fig. 3(@) with Fig. 2@ shows good agreement. The theory mental results.
predicts the correct beat frequenfpset of Fig. 3a)], the In summary, we have developed a theory for the
amplitude relation between the varying signal and the backiemporal-coherent control of three-level systems that takes
ground, and also the correct coupling between the 473 finto account accumulation of population in its highest level
beating and the slow envelope due to pulse propagation. Theaused by a train of laser pulses with interpulse separations
only discrepancy that we could distinguish is in the width of much smaller than the relaxation time of the level. This
the 7=0 peak, which could be due to a chirp of the lasertheory predicts that, in a situation where stimulated emission
pulses from elements outside the vapor cell. For the highin the second transition is relevant, the interferometric terms
resolution scans, we obtain qualitative agreement betweegan still contribute to low-resolution scans of the delay time
theory[Fig. 2(b)], and experimenitFig. 3(b)]. The difference averaged over optical periods. This indicates the possibility
between the interferometric signal aroung 0 and that for  of efficient temporal coherent control with much simpler ex-
7 much longer than the pulse widths is correctly predictedperimental schemes. We report experiments in such situation
with the presence of a2, frequency component in this last and compare their results with the theory, obtaining very
case. It has also correctly predicted the variation of the signajood agreement.
for steps of 100 fs in the time delay. These characteristics of
the interferometric signals are not dependent of any accumu- This work was supported by CNPg-PRONERrazilian
lation of population and can be inferred from 6é7) func-  Agency.
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