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Inducing a sign inversion in one state of a two-state superposition using ultrafast pulse shaping
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An ultrafast pulse shaping scheme is presented that transiently modifies a two-state superposition on the
E 12; curve of the lithium dimer. At short time delays, the wave-function amplitude of one of the states is
forced to undergo a sign change, while the sign of the second state is programmed to remain static, analogous
to the operation of a quantum-computatioZajate. This is observed asmaphase shift in the time-dependent
wave-packet signal for pump-probe delay4.5 ps, relative to longer time delays, greater than 2.5 ps. This
shift in sign is accomplished by taking advantage of the separability of the resonant and nonresonant light field
effects in the creation of the excited-state wave function. The results show that, for a single state, the resonant
and nonresonant light field effects can either be added or subtracted to create the total time evolution of the
excited-state wave-function coefficient. If the nonresonant contributions are subtracted from the resonant ones
at a time delay when the nonresonant term dominates, then for a short time the excited-state coefficient will
have a sign opposite to that at long time, where the resonant term dominates. A desired phase function is
derived to produce the opposition in sign of resonant versus nonresonant contributions, and the experimental
transientZ-gate matrix elements are quantified.
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[. INTRODUCTION nonresonant frequencies to control the amplitude of molecu-
lar rotational states, a transiengate is implemented. Using
The study of coherent control to manipulate molecularan ultrafast pulse with sufficient bandwidth to encompass
systems has generated numerous tools that can be useful f&sonant transitions to two excited states, one state of the
directing a system under optical, especially ultrafast, excitatwo-state superposition will have its sign unchanged in time
tion [1—13. The tools of coherent control may be applicableWhile the other will undergo a transient sign inversion. Since
to quantum computing, where superpositions of quantunihe state that undergoes sign inversion is initially a tran-
states, or qubits, are used to perform computational oper&i€ntly prepared state, this operation is not necessarily tem-
tions[14]. Crucial to being able to perform quantum opera-porally reversible, so it cannot be used for actual computa-
tions is the ability to manipulate individual states within qu- tion. Nevertheless, the results illustrate the possibilities of
bits. Basic computations have been performed on spitising optical pulse-shaping techniques for individual state
systems using nuclear magnetic resonance with considerapiéanipulation.
success[15-18. Optically manipulated systems using Earlier, it was shown that resonant frequencies can be
trapped atoms and ions also show promise for quantum contised to control the phases of states involved in a wave packet
putation by using narrow-bandwidth lasers to resonantly cont21,22, and it was also shown that nonresonant frequencies
trol particular transitions between stat¢$9,20. Wide-  can be used to transiently manipulate the absolute amplitude
bandwidth, ultrafast pulses have been proposed as a meansbresonant transitions, even in a weak fi¢k8,24. One
implement quantum-computational operations using the relaadditional aspect of transient, ultrafast control of wave-
tively dense states inherent to single quantum dots and evedicket phases has not been demonstrated: i.e., the transient
molecules[9—-13]. Given the relatively short decoherence phase of a wave packet can be controlled by using nonreso-
times (<100 n$ of these more complex systems, the use ofnant frequencies. In any first-order process, though, the final
ultrafast laser sources is valuable to perform sufficient numwave-packet phase and amplitude at long times are deter-
bers of operations for meaningful computations. mined by the resonant frequencies, as expel2éd
This article explores a mechanism for using weak-field, To demonstrate this change in phase, we first selectively
ultrafast pulse-shaping techniques and nonresonant excitgXcite a single rovibrational state in the first excited elec-
tion to manipulate individual states in a molecular superpofronic state A'37) of the lithium dimer ¢,=11Ja
sition, specifically multiple rotational states in an excited=28). Next, using an ultrafast pulse we weakly excite a
electronic state of the lithium dimer. As an example of usingtwo-state rotational superposition on tI:‘Ielzér curve g
=9Jg=27,29). We photoionize this superposition with a
time-delayed probe pulse. Depending upon the relative angle
*Present address: Department of Chemistry and Department aff linear polarization of the pump and probe pulses, we can
Physics and Lawrence Berkeley National Laboratory, University ofobserve either a coherence-free population sidaélthe

California, Berkeley, CA 94720, USA. magic angle(54.79 of relative pump and probe polariza-
TPermanent address: Department of Physics, Wesleyan Universittions] or a full signal including the coherent quantum bt
Middletown, CT 06457, USA. parallel pump and probe polarizatiorid]. Using pulse shap-
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ing, we divide the ultrafast pulses into multiple spectral re- s(t);|cpr |2|01(t)|2+|0pr 12]c,(1)]?
gions: a resonant region around each transition frequency, ! 2
and nonresonant regions above and below each resonant re- +2|cprlcpr2||c1(t)cz(t)|cos{Awt+Acp(t)], (2

gion. By defining the excitation spectrum in this way, we are

able to separate the res_onant and nonresonan_t Contributio%erecprl andcprz are constants related to the probe step and
that produce each state in the wave packet and mdependeng‘){” be assumed to have a value of unitgee[25]); the

manipulate thesg con_tributions. energy separation of the particular states choaew,is 42
. We show in this article that th? wavg—packet phasg can bgm’l (1.5 TH2; andA ¢(t) is the relative phase between the
induced to undergo a phase shift at time zero relative to wave-packet states at tinte It has been shown that for a

long times. Assuming that one contnbu'_ung state in the suy robe polarization aligned at the magic angle with respect to
perposition has a constant phase at all times so as to act a pump polarization*magic-angle probe), the coherent
referen.ce str_;\te,_the S|gnal shows a change in Sign becauge cillation (quantum beatis completely suppressed, leaving
a transient sign inversion of the second state. This dynamic nly the|c,(t)|2+]c,(t)|? part of the signa24].

effect is apcomphshed by summing nonresona_mt and reso- Consequently, the difference between the parallel and
nant contributions for one state while subtracting the non-

resonant f_rom the resonant gontributi(_)ns_for the second staﬁu?gécgg?g::@gIr;/a\lze)gi!dss Ootrsllg tmhﬁlg;ﬁgggmgﬁég&mepp;%?e
The amplltL_Jdes of the relative contributions of .eac.h effec ay from the launch statecf, ) is also weak. Since,,
are also adjusted so that the nonresonant contribution domi- 0 Pl
nates at short times but naturally disappears at long times<Cor,:Cpr,y ll launch-state terms are left out of the signal,
This process of inverting the sign of one state of a superpoand the time-dependent signal shows only the dynamics of
sition while leaving the second unaltered is characteristic othe excited states.
a quantum-computationa gate, which in this case is con- In these experiments, the probe step consists of an ul-
structed to operate on a transient state. trafast pulse of a different colai645 nm from the pump
This example of controlling the dynamic phase of a wavepulse (801 nm [24], so as to avoid any ambiguities in con-
function in the weak-field regime provides a rather clear il-tributions to the signal when the probe comes before the
lustration of the limitations and possibilities of precise con-pump. With the 645 nm probe pulse, the probability for a
trol of molecular systems. As long as the intensity of theprobe-pump(i.e., t<0) ionization pathway is below the
electric field is weak enough to disregard intensity-dependerfioise level, allowing time-dependent ionization to occur only
Rabi oscillations, pure phase shaping of the ultrafast pulsedt positive time delays. This allows the transient populations
fully controls the dynamics of the effects observed. In Secand coherent oscillations to be measured reliably around
1, a theoretical framework for these experiments is presenteti= 0.
using first-order perturbation theory. In Sec. Il a description In the weak-field limit, first-order time-dependent pertur-
of the experimental apparatus is presented as well as a cdiation theory can be used to describe the single-photon ab-
egorization of the resonant and nonresonant effects that ag@rption. As shown befor23,24, the excited-state ampli-
used as tools in these experiments. Finally, the experiment&lide for a single state can be approximated for positive time
results are presented, discussed, and quantified in Sec. IV.t by the frequency domain expression

Il. THEORY cn(t)xz*(weg)—%pf wdw, 3

This article develops a method to induce a transient sign

change in one state of a two-state Superposition, or WaVghere* (w,,) is the amplitude of the electric field at the
packet. The wave packet consists of two states that are exansition frequencyg(w) is the amplitude of light at fre-

cited coherently, so that quencyw, §=w— g is the detuning, ang is the Cauchy
, principal value. The first term in E@3) is the resonant term,
W' (t)=co(1)|0) +c1(1)]1)+cx(1)[2), (18 which determines the wave-packet behaviot approaches

infinity, and the second term is the nonresonant term and can
where co(t) is the launch-state wave-function amplitude, be seen only transiently. In the absence of any phase manipu-
c,(t) andc,(t) are the complex excited-state wave-functionlation (i.e., transform-limited pulses the spectrally inte-
amplitudes to be described below with(t),c,(t)<co(t),  grated nonresonant term will be greatly diminished fortall
and|0), |1), and|2) are the rovibrational wave functions in since the time-dependent contributions éF w4 are  out
the superposition. The detection scheme is sensitive only tef phase with respect to the contributions far< Weg
|1) and[2), so the effective wave packet can be reformulated26,27]. Additionally, thei/ leading factor of the nonreso-
as nant term causes the nonresonant contribution tereout

of phase with respect to the resonant term. To compensate for

W(t)=cy(t)[1)+c,(1)]2). (1b)  these spectroscopic phase shifts, a phase@® and— /2

must be added to the nonresonant frequencies above and be-
As described previouslj21,24], the photoionization signal low w.g, respectively, to obtain the maximum transient am-
using parallel, linear pump and probe polarizations can belitude coefficients. Additionally, the &/dependence of the
written as nonresonant term shows that the most influential nonresonant
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4 =11J,=28). The ultrafast regenerative amplifier produces
200 fs pulses at a 200 kHz repetition rate, with an 801 nm
central wavelength and-8 nm [full width at half maximum

(FWHM)] bandwidth. These ultrafast pulses are split into

2 probe two beams, with 25% of the light becoming the pump pulse

and 75% of the light used to pump the OPA to obtain the

ELi2 j probe pulse. The resulting 45 mW OPA output at 200 kHz is

- |2> a train of nearly transform-limited pulses with a 200 fs

C FWHM pulse width and a central wavelength of 645 nm.

-~ 1> The OPA output is variably time delayed relative to the pump

\ pulse via a precision delay stage.

§ 2 pump To shape the pump pulse, it is sent through a dispersion-

free pulse shapg¢B0,31]. In the pulse shaper’s Fourier plane,
a liquid-crystal spatial light modulato(SLM) is used to
[0> shape the spatially dispersed pump light by independently

attenuating and/or applying phase to up to 128 individual
frequency componentSLM pixels) of the pump light. The
W central frequencies imaged onto the SLM pixels are spaced

by approximately 4 cm! with a single-frequency spot size

of approximately 1.7 pixels. In the present case, the §om

FIG. 1. States involved in excitation scheme. A cw laser excites1‘24, cm 1) FWHM pulses are |maggd onto the SLM to

from theX 13 ¥ electronic curve to a pure launch stéstate|0)) in aChl_eve a bandwidth of al?out_ 30 pixels '_:WHM' Further
the A 'S electronic state. A wide-bandwidth 801 nm ultrafast Studies of the spectral contributions to the signal are done by

pump pulse excites a superposition of staates|1) and|2)) in  Ulilizing the ability of the SLM to attenuate frequencies in
the E 'S electronic state, which is subsequently ionized by aaddition to manipulating phase. By attenuating all of the
time-delayed 645 nm ultrafast probe pulse. light on a single pixel and monitoring the decrease in total
photoionization, it is possible to quantify the contributions of
frequencies will be those with the smallest detuning. Noticevarious spectral components of a shaped or unshaped pulse
that these effects result in@(t) that is primarily real at ~ [21]. Typically, this method is used for calibration purposes;
=0 and e under the conditions imposed in these experi-when a resonant frequency is attenuated, the total photoion-
ments. The manner in which the various contributions interization goes down. This procedure can also be applied to
act is explored in the next section to demonstrate how t®hase-shaped pulses, as will be explored later.
change the wave-function sign. The cw laser and pump and probe pulses produce photo-
In this article, a transformation of the qubit in Edb) is  ions in the center of the heat pipe between two parallel stain-
empirically equivalent to a quantum-computatio@abate.  less steel plates separated by 1 cm with a 5 V potential ap-
Using a matrix formulation, the action of the ultrafast pulseplied. The cw light is optically chopped, and the resulting
on the prepared superposition transforms the system asaalrrent is detected with a lock-in amplifier that is synchro-

single qubitZ gate: nized to the cw modulation.
To investigate phase mask effects, the available spectrum
cq.(f) 1 0 |[cq(i) is defined as consisting of two spectral channels separated at
co(f )F -1 cz(i)} 4 the energetic midpoint between the two resonant transitions.

A global phase offset can be added to the channel for ate
First, a superposition is prepared such that-aD.0 ps the in order to control the long-time wave-packet pha2d].
two excited states have amplitudes of opposite sign so thadvithin each channel, i.e., for each state, resonant and non-
c,;~1, andc,~ — 1. The electric field then drives the system resonant contributions to the excited-state wave-function co-
so that the sign o€, changes, leaving,=1 at long times.  efficient are independently controlled. See Fig. 2 for one
phase mask that is used to add the resonant and nonresonant
lIl. EXPERIMENT contributions of the excited-state coefficients together, along
with the corresponding observed time domain evolution. In
The lithium sample is contained in a heat pipe at 1050 KFig. 2(a), it is shown that a small bandwidth region around
and is photoionized by a three-step excitation process, asach resonance-8 cm }) is assigned a phase halfway be-
shown in Fig. 1[28,29. An overview of the laser system is tween the positive and negative detuned nonresonant fre-
given below, but details can be found in previous wiith].  quencies. The effect of these narrow-bandwidth resonant re-
In this experiment, a narrow-bandwidth continuous-wavegions is a nearly monotonic increase in the photoionization
(cw) laser, an amplified ultrafast system, and an optical parasignal, as shown by the triangles in Figb2 This will be
metric amplifier (OPA) are used, and all but the OPA are referred to as the resonant contribution. The apptigthase
pumped by a 27 W argon ion laser. The frequency of the cvghift between positive and negative detuned frequencies
laser is tuned to a specifi® '3 X 12; resonance around each resonance compensates for the intrinsic spectro-
(606.954 nm of Li,, producing a pure launch state,  scopics phase shift of the nonresonant contributions above
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FIG. 3. Schematic resonant and nonresonant interaction scheme
for inducing sign inversion(@ Schematic resonant and nonresonant
contributions to the population transfer. The solid line is the reso-
nant contribution time shifted by 1.0 ps. THe and V reflect the
nonresonant contribution for statély and |2), respectively, when

FIG. 2. Phase-shaped population transfer tra@®hase mask
used to maximize population transfer &t 0.0 ps. The applied
phase mask is given kiy, and resonances are marked with The inducing a sign inversion(b) Sum of resonant and nonresonant

li h masks near each resoné in h channghr 2 . L .
applied phase masks near each resonéireee in each channiare contributions to the excited-state coefficient evolution frGan @

identical, assuring that both states follow the same excitation path- . . .
way, with a global phase offset of rad for state2). (b) Magic- shows the time evolution for staf#), andO shows the time evo-

. ) o lution for state|2). (c) Experimental photoionization traces for a
angle traces using the applied phase maskapf The solid line . .
. : single state with a phase mask that adds the resonant and nonreso-
represents the total population transfer signal, theshows the

resonant-only contribution, and th@ gives the nonresonant contri- nant contributiongM), and a phase mask that subtracts the resonant

bution, which is just the difference between the two traces. and nonrt_asonant contributiods). Th_e phot0|on_|z_at|on signal cor-
relates with the square of the amplitude coefficients.

and below the resonances. This allows the nonresonant cop- I .
Be a sum of the resonant and nonresonant contributions with

tributions to cooperate on short time scales, as seen by tr{ﬁe same sign, while stal2) consists of a difference of such

circles in Fig. 2b). The solid line in Fig. &) shows contributions. Since the coefficient f¢2) reflects a differ-

|c1(t)|2+]|c,(1)|2, which has been normalized. Assuming _ _ ; o
that the cross-talk between control channels for the two coNCe: the absolute amplitude of this negative coefficient can

efficients is insignificanf24], which is achieved when the P€ increased in one of two ways: by increasing the negative
two resonances are spaced far apart energetidalift)| is part or by de.creasw_]g t.he p03|.t|ve part. To decrease the posi-
approximately equal tdc,(t)|. Therefore, the solid line is five cor_1tr|t_)ut|on[§olld line in Fig. 3a)], the_ resonant contri-
2|c,(t)|2. By taking the square root of the signal and renor-bution is time shifted by 1.0 ps by applying a simple linear
malizing, a measure of each coefficient is obtained. This sigphase mask to the resonant regions. To demonstrate these
nal shows that at the times of interest in this article0 and ~ addition and subtraction effects experimentally on a single
», |c1(t)|=1.4 and 1.0, respectively. This information will excited state, phase masks with nonresonant effects added or
be used later to quantify the manipulations of the coefficiensubtracted from resonant were applied to a pulse exciting the
Co(1). (ve=7Jg=139) state, and the results are shown in Fig).3
Figure 3 is a schematic diagram of the calculageapli-  The light near stateye=7Jg=41), spaced over 62 cm
tude of the excited-state coefficient§i.e., c,(t), not away, was attenuated to make sure that it was not
|cn(t)|?], based on parameters from the square root of thexcited—so that,(t)=0. Excitation with the phase mask
data from the cooperative signal described above. Alsavith the resonant and nonresonant parts added together
shown is an experimental realization of the photoionizationrshows the expected transient peakt&t0.0 ps. Excitation
signals for a single coefficierithe second level is not ex- with the phase mask that subtracts the nonresonant from the
cited and the signal is proportional fo,(t)|?]. These reso- resonant contribution shows that the photoionization goes
nant and nonresonant contributions can add to yield the amearly to zero at 0.42 ps. It is at this time that the sign of the
plitude of c,(t), and they can also be subtracted. This iscoefficient inverts and the wave-function phase quickly
done by multiplying either the resonant or nonresonant conehanges. These traces show the total photoionization, so they
tribution by —1. In the complex plane, multiplication byl  are proportional tdc,(t)|?, but it is quite clear from the data
is identical to the addition ofr phase, which is accomplished that excitation with the phase mask that subtracts the non-
by the application ofr phase to the appropriate pump wave- resonant part from the resonant part causes the excited state
lengths. In these experiments, the stdeis manipulated to  to go through a significant change.
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cosine wave that is generated to fit the coherence signal be-
tweent=6 and 30 ps. The signal is fitted only at times after
6 ps to avoid potential uncertainties introduced by a chang-
ing wave-packet phase during the population transfer pro-
cess. The maxima and minima of the coherence signal are
compared to the fit, and the time offset of each peak relative
to the fit is used to determine the instantaneous phase, plotted
in Fig. 4(b). As is evident in Fig. &), the experimental trace
matches the fit with a phase of &=hnd a standard deviation
. . . of =0.14q rad over all time delays up to 6 ps. This comes as
2 0 2 4 no surprise, since no effects have been introduced to change
the instantaneous phase of the wave packet.
151 b 1 The case of subtracting the nonresonant contributions
LR from the resonant contribution is the main point of this ar-
manL/U “LL/H\LM ticle and is shown in Fig. 5. The phase mask that is used to
l [l Il induce a sign change in stg®, including the time shifting
of the resonant contributions, is shown in Figa)5 Note that
the phase applied to the nonresonant contributions ardynd
is not changed from the additive case, as shown in the pre-
vious section. In contrast, the phase applied to the nonreso-
. nant contributions aroun¢®) is inverted; the nonresonant
2 4 contributions have an additional phase shift relative to the
t(ps) resonant ones, which is equivalent to a multiplication-,
s explained previously. The corresponding signal traces
mask for each resonand@ Pump-probe signals using phase mask "M Fig. .E(b) show the expected population peak around
of Fig. 2. Parallel pump-probe polarizatidfi)) and magic-angle = 0-0 PS, just as when the contributions were added together.
pump-probe(solid line) traces are shown on the top. The small Note that this trace must remain positive, since the observed
oscillations in the solid line are a result of residual ellipticity in the Signal is a sum of squares fbothstateg1) and|2). A critical
pump polarization. Also shown is the coherence-only sigialas  difference in this case occurs in the coherence-only portion
well as a single-cosine fidotted ling. The coherence-only signal Of the signal, which contains information about the wave-
and fit have been vertically offset for visibilityb) Instantaneous function sign. In Fig. ®) it is apparent that around
wave-packet phase. The maxima and minima of the coherence-onk 0.0 ps the quantum beat portion of the signal exhibits a
signal are compared to the fit to generate the instantaneous phaseansient phase of-# even though the relative phase be-
The wave-packet phase remains relatively constant from the onselveen the resonant frequencies is 0.0 rad. This is caused by
of the signal until long times. the nonresonant frequencies and their effect on the transient
wave-function coefficients. The instantaneous phase graph of
Fig. 5(c) displays aw phase shift in the region around
To serve as a reference, a case where the dynamics of tFe0.0 ps relative ta>2.0 ps. This shows that there is indeed
population transfer are controlled identically for both statesa temporally dynamic phase of one state in the wave packet
involved in the wave packet is shown in Fig.(dee[24]). relative to the other. In fact, it shows that the sign of one
Here, the resonant and nonresonant contributions to the sigtate has changed temporarily relative to the other.
nal are added together for both stafsand|2). The upper A full discussion of the effects observed here cannot be
part of Fig. 4a) shows that there is a peak in the transientmade without a brief mention of the nonidealities at play in
populations of the excited statestat0.0 ps. The difference this pulse-shaping scheme. As was mentioned earlier, the
between the full signal and the population-only signal yieldsresonant contribution to the signal was shifted by 1.0 ps to a
purely the coherence signal, which is shown as the circles imore positive time to minimize the interactions between it
the lower part of Fig. @). Notice that the coherence signal and the nonresonant contributions. An example where the
appears only after the excited-state coefficients become nomonresonant contribution to the signal is not shifted in time is
zero, and that it has an overall temporal phase ofrtad in ~ shown in Fig. 6. It is quite clear in this figure that the phase
this case. The amplitude of the coherent oscillation is smalleat t=0 deviates substantially from either the 0 @phase.
than the amplitude of the incoherent ionization due to “am-The dynamics at play here are highly sensitive to the posi-
plitude filtering” of the coherence sign&R1]: for a coher- tions of the resonances relative to the demarcations between
ence to be seen the interfering states must share not onlythose spectral regions treated as “resonant” and “nonreso-
common launch state but also a common final state. Still, theant.” If the actual resonance is not perfectly centered within
phase information in the coherent oscillation remains largelyhe “resonant” portion of the selected region, there are vari-
unaffected by the amplitude of the coherence signal. able amounts of positive and negative detuned wavelengths
To show that the phase of the wave-packet oscillatiorthat have no compensating phase added. The net effect of
remains constant during the population transfer process, th#is is that the instantaneous phase of the nonresonant con-
signal up to 6.0 ps pump-probe delay was compared to &ibution is not necessarily zero aer. When this nonideality

2.0
1.54

S o =
P D

signal (arb. units)

0.57

phase (rad)

0.0n

2 0

FIG. 4. Phase evolution using the same functional form of phas

IV. RESULTS AND DISCUSSION
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FIG. 5. Sign inversion wave-packet data. Stal is pro- FIG. 6. Sign inversion wave-packet data without time shifting

grammed to behave the same as in Fig. 4, but §@tés pro-  the resonant contribution. All symbols are the same as in Figa) 5.
grammed to change sigif@) Phase mask applied to induce sign Applied phase mask(b) Pump-probe traces. The coherence-only
inversion. The applied phase is given[dsand the resonances are signal and fit have been vertically offset for visibility. Notice the
given by X. The slight linear phase added to the resonant portion ofjeviation in instantaneous phase away from the Grgshase at
the spectrum time shifts the resonant contribution. Notice that thgnort times. Also notice that the coherent oscillati@) persists
relative phase between resonances is 0.0 (t3dPump-probe sig-  after its first appearance, in contrast to the small-amplitude oscilla-

nals using the phase mask @. Population transfetsolid line)  tion at 1.0 ps in Fig. 5(c) Instantaneous wave-packet phase.
trace is shown in addition to the coherence-only sigfal as well

as a single-cosine fitlotted ling. The coherence-only signal and fit

have been vertically offset for visibility(c) Instantaneous wave- cific individual frequencies of the shaped pulses, a measure

packet phase from onset of excited-state population. The wave Of the relative contributions of the various spectral contribu-
packet phase undergoesshift fromt=0.0 tot>1.0 ps. The data tions can be made. The traces shown in Fig. 7 illustrate de-

points with larger error bars represent time delays where the coheplructive interference at play arouner0.0 ps for statd2).
ent oscillation amplitude is small. The data were acquired by setting the pump-probe delay to a

specific value, either 6.0 or 0.0 ps, with either unshaped or
interacts with the transiently prepared state, there can be ghaped pulses, respectively, and attenuating the light imaged
large shift in instantaneous phase, as demonstrated in Fignto one pixel at a time. In the transform-limited case, at 6.0
6(b). For a single stat¢see Fig. &)], the position of the ps, attenuating a contributing wavelength of light decreases
resonant frequency can be tuned with subpixel precision bthe photoionization signal, and the wavelengths of light with
translating the SLM in the Fourier plane of the pulse shaperthe greatest contribution to the signal cause the greatest de-
In the case of two states, the relative spacing between resgrease in the photoionization. In Fig. 7, the relative contribu-
nances is fixedat 10.7 pixels in this cagepreventing the tion to the photoionization is plotted. The circles show the
simultaneous placement of both resonances in the very cemelevant pixels using unshaped pulses at a pump-probe time
ter of the “resonant” bands. For this reason, the instantadelay of 6.0 ps. The trace shows a narrow bandwidth of
neous phase is most predictable when the resonant and natentributing pixels, as one would expect since resonant fre-
resonant contributions are separated in time. guencies determine the ultimate behavior of each state at
Aroundt=0.0 ps, when the sign of the wave function for long times in the weak-field limit. The approximately two-
state|2) is inverted from that expected for the purely reso-pixel bandwidth is primarily an effect of spot size on the
nant phases, there is a certain degree of destructive interfgpulse shaper and not the intrinsic transition bandwidth. The
ence in the contributions to the signal. By attenuating spesquares show the spectral contributions to the signdl at
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=0.0 ps for both stateld) and|2) using the phase mask of
Fig. 5@). The overall line shape for staf&) only partially
reflects the 1§ behavior expected from E¢3), but it unam-
biguously shows an increase in the contributing bandwidth.
The increase in effective bandwidth is attributed to the ap-
plication of = 7/2 phase to positively and negatively detuned
frequencies. The spectral asymmetry is a result of a combi-

o

o
o
y

signal contribution (arb. units)
- 1=}
7S

nation of diffraction effects in the SLM and an asymmetric |2>
laser pulse spectrum. The spectral contributions to the signal |1>

att=0.0 ps for statd2) similarly show that there is an in- L0

crease in the contributing bandwidth relative to the long time 58 60 62 64 66 68 70 72 74 76 78 80 82
delay. More interestingly, the results show that blocking the Pixel number

resonant wavelength actually increases the signalt at o
=0.0 ps, indicating a destructive interference. Even though FIG. 7. Spectral contributions for shaped and unshaped pulses.
the line shape remains ambiguous, the increase in signal rel&he light on one pixel at a time is attenuated; the photoionization is

tive to the baseline obtained by blocking the resonant frePlotted ;ersubs atte”“ateoll_ pi)ée"gqge_amﬁ”m OfICh:“Q‘? in photoion-
quency on pixel 74 is unambiguous. Since the wave—packéfﬁt'on as been normalized. 's the total photoionization
change for an unshaped pulse at a fixed pump-probe delay of

signal at long times consists of oscillations with a phase

. oo egreater than 6.0 ps. The observed linewidths represent the resolution
offset of approximately zero, the resonant contribution to th AN
. o . . of the pulse shaper. THR show the photoionization change for the
signal can be concluded to have a positive sign relative t

1. Thi hat th | f . ffi ?)hase mask of Fig.(8) at a fixed pump-probe delay of 0.0 ps. The
sf[ate\ )- IS suggests that t e. tota Wf_ive' .unctlon COEIll- g spectrum around pixel 65 shows the effect of adding resonant
cient for state|2) aroundt=0.0 is negative, in agreement

; and nonresonant contributions, and that around 75 represents sub-
with the wave-packet phase data. tracting resonant from nonresonant. Note the increased linewidth in

The results can be quantified in terms of theate rep-  the shaped pulse case, and the increase in signal while blocking
resentation as in Eq4), with the initial state taken to be the pixe| 74.

superposition at=0.0 ps, and the final state taken to be the
superposition at=°: This matrix element is programmed to be less than 1 in the
interest of simplifying the applied phase masks. Mg el-
Cresl(oo) ement can be determined from the coherent oscillation am-
Cronres, plitude shown in Fig. 5. At long time delays, the peak-to-
cq.(f) Cresl(OHC”O”fei(o) peak amplitude of the coherent oscillation is approximately
- Creg () 0.9 times that arount=0, or

Cresz(o)_cnonre§(0) |C1(t=00)||C2(t=00)| _
|cy(t=0)[c,(t=0)]

co(f)

Cnonre§1

0.9. (50
cq(i)

Co(i)

: (5a)

Given that|c,(t==)|~0.71c,(t=0)|, then substitution of
Eq. (5b) into Eqg. (5¢) leaves the relation thgic,(t=2)|
whereCes(t) andCponres(t) are the resonant and nonresonant™=1.3¢2(t=0)|. Using the wave-packet phase information

contributions to the coefficient of stateat time t. The  Of F19- 4. this leaves a value of1.3 for theZ, element of
observed dynamics occur under weak-field excitationthez'gate matrix, leaving an experimental transformation of

so the launch-state contribution to the wave functiont® transienty prepared statetatO ps:
dominates—excited-state dynamics only weakly affect the
bulk of the launch-state wave function. Since the excited
states are coupled only through the large-amplitude launch-
state wave function, the off-diagonal elements between the
excited-state coefficients of E¢5a), Cronres, @Nd Cronres,;

are very small. Because the direct coupling between excite@i? UPPer limit to the switching of population from one state

states is very small, the maximum of the off-diagonal elet0 another due to nonresonant Rabi oscillations and have

ments is defined here as the degree to which nonresonaRf€Viously been quantified with respect to the resonant con-

control of one excited state affects the dynamics of the otheF.rIbUtlon to the'coeff|0|ent$24]. , .
TheZ,, andZ,, elements of Eq(53) can be taken directly In the experimentaZ-gate matrlx, the error pars are given

from the experimental data. The first diagoa| element is in terms of the absolute amplitude of the matrix elements. An

determined to be 0.71, based upon the data from Fig. %ddmonal gnclertamty |nlthe phzgse oLthe con;pleévladlueﬁ, of
where the ratio of excited-state populations is given as  '€S€ matrix elements also needs to be considered. Ideally, as

long as a phase of #/2 is applied to the various nonreso-

) nant contributions to the wave packet, there will only be an
[ca(t=22)] —0.72 (5b) addition or subtraction of those components relative to reso-
lc,(t=0)[2 ~ 7 nance, so the imaginary component of the matrix elements in

ci(t=0)
Cz(tzo)}' ®d

The Z4, and Z,, elementszcnonreiz and Cronres, fepresent

cl(f)} 0.7+0.1 <0.1
c(f)] | <01 —1.3+0.2
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this case can be assumed to be small. In other words, ahe phase of stat@), but only at the maxima and minima of
contributions to the signal have been manipulated to havéhe interference signal, giving a data point everp2/ps,
phases of either zero at, which lie along the real axis of the where the state spacing;, is given in units of THz. With
complex plane. Experimentally, error in the measurement ofhe current state spacing of 42 cin one data point is re-
the instantaneous phase implies a minimum measurable utrieved every 0.3 ps, which is nearly half of the time scale
certainty of =0.14x rad off the real axis, but pulse-shaping over which the phase of sta{2) changes fromr to 0 rad.
limitations (see Fig.  show that the true error can be larger. Increasing the state spacing, or increasing the coherent oscil-
The operations described here act upon a transient supdation frequency, will provide a more accurate probe for how
position with a large population i®), with implications for ~ the phase change occurs. Finally, a more rapid coherent os-
multiple pulse sequences and reversibility. At times beforecillation will provide a more accurate measure of the ampli-
t=0, the engineered pulse shapes create a superposition hyde of the coherent oscillation.
exciting the two excited-state resonances. Afte, the part In this article, we outlined a system for manipulating the
of the electric field that excitel) is constructed to induce sign of one state in a two-state superposition while keeping
little net effect, but the part that excité®) undergoes ar  the sign of the second state constant. We showed that this can
phase shift. Since the population|d) is large and approxi- be done by simply using weak-field, phase-shaped ultrafast
mately constant compared to the excited state, the electrigulses. Additionally, we have shown, using established spec-
field aftert=0 destructively interferes with the previously tral techniques, that the resonant and nonresonant contribu-
prepared population in2). This depopulates and then re- tions to a specific transition can be programmed to add to-
populateg2) with a 7 phase shift relative to the initial su- gether or to work in opposition on short time scales. This
perposition. In essence, the mechanism behind the phaseork expands upon established methods for controlling tran-
changes in the superposition is that population ftopgets  sient processes in molecular systems and presents a case
added to the excited-state superposition with varying phasehere both the phase and amplitude of an excited state de-
at different points in time to overwhelm the previous excited-pend upon more than resonant frequencies.
state superposition. If a second engineered pulse were to fol-
low at a later time, the final excited-state amplitudes would ACKNOWLEDGMENTS
essentially be doubled due to the parts of the pulse that come
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