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Inducing a sign inversion in one state of a two-state superposition using ultrafast pulse shaping

Joshua B. Ballard,1,* Alan N. Arrowsmith,1,* Lutz Hüwel,1,† Xingcan Dai,2 and Stephen R. Leone1,*
1JILA, National Institute of Standards and Technology and University of Colorado, Department of Chemistry and Biochemist

and Department of Physics, Boulder, Colorado 80309-0440, USA
2Department of Physics and Lawrence Berkeley National Laboratory, University of California, Berkeley, California 94720, US

~Received 21 May 2003; published 22 October 2003!

An ultrafast pulse shaping scheme is presented that transiently modifies a two-state superposition on the
E 1Sg

1 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-computationalZ gate. This is observed as ap phase shift in the time-dependent
wave-packet signal for pump-probe delays,1.5 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.

DOI: 10.1103/PhysRevA.68.043409 PACS number~s!: 42.50.Md, 33.80.Eh, 32.80.Qk, 82.53.Hn
la
ul
ita
le
u
er
a
u-
p

ra
g
om
on

n
el
v
e
o
m

ld
ci
po
ed
in

cu-

ss
the

me
ce
n-

em-
ta-
of

ate

be
cket
ies

tude

e-
sient

eso-
nal
ter-

ely
c-

a

a
gle
an

-

t
o

rs
I. INTRODUCTION

The study of coherent control to manipulate molecu
systems has generated numerous tools that can be usef
directing a system under optical, especially ultrafast, exc
tion @1–13#. The tools of coherent control may be applicab
to quantum computing, where superpositions of quant
states, or qubits, are used to perform computational op
tions @14#. Crucial to being able to perform quantum oper
tions is the ability to manipulate individual states within q
bits. Basic computations have been performed on s
systems using nuclear magnetic resonance with conside
success @15–18#. Optically manipulated systems usin
trapped atoms and ions also show promise for quantum c
putation by using narrow-bandwidth lasers to resonantly c
trol particular transitions between states@19,20#. Wide-
bandwidth, ultrafast pulses have been proposed as a mea
implement quantum-computational operations using the r
tively dense states inherent to single quantum dots and e
molecules@9–13#. Given the relatively short decoherenc
times ~,100 ns! of these more complex systems, the use
ultrafast laser sources is valuable to perform sufficient nu
bers of operations for meaningful computations.

This article explores a mechanism for using weak-fie
ultrafast pulse-shaping techniques and nonresonant ex
tion to manipulate individual states in a molecular super
sition, specifically multiple rotational states in an excit
electronic state of the lithium dimer. As an example of us
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nonresonant frequencies to control the amplitude of mole
lar rotational states, a transientZ gate is implemented. Using
an ultrafast pulse with sufficient bandwidth to encompa
resonant transitions to two excited states, one state of
two-state superposition will have its sign unchanged in ti
while the other will undergo a transient sign inversion. Sin
the state that undergoes sign inversion is initially a tra
siently prepared state, this operation is not necessarily t
porally reversible, so it cannot be used for actual compu
tion. Nevertheless, the results illustrate the possibilities
using optical pulse-shaping techniques for individual st
manipulation.

Earlier, it was shown that resonant frequencies can
used to control the phases of states involved in a wave pa
@21,22#, and it was also shown that nonresonant frequenc
can be used to transiently manipulate the absolute ampli
of resonant transitions, even in a weak field@23,24#. One
additional aspect of transient, ultrafast control of wav
packet phases has not been demonstrated: i.e., the tran
phase of a wave packet can be controlled by using nonr
nant frequencies. In any first-order process, though, the fi
wave-packet phase and amplitude at long times are de
mined by the resonant frequencies, as expected@2#.

To demonstrate this change in phase, we first selectiv
excite a single rovibrational state in the first excited ele
tronic state (A 1Su

1) of the lithium dimer (vA511,JA

528). Next, using an ultrafast pulse we weakly excite
two-state rotational superposition on theE 1Sg

1 curve (vE

59,JE527,29). We photoionize this superposition with
time-delayed probe pulse. Depending upon the relative an
of linear polarization of the pump and probe pulses, we c
observe either a coherence-free population signal@at the
magic angle~54.7°! of relative pump and probe polariza
tions# or a full signal including the coherent quantum beat~at
parallel pump and probe polarizations! @4#. Using pulse shap-
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ing, we divide the ultrafast pulses into multiple spectral
gions: a resonant region around each transition freque
and nonresonant regions above and below each resona
gion. By defining the excitation spectrum in this way, we a
able to separate the resonant and nonresonant contribu
that produce each state in the wave packet and independ
manipulate these contributions.

We show in this article that the wave-packet phase can
induced to undergo ap phase shift at time zero relative t
long times. Assuming that one contributing state in the
perposition has a constant phase at all times so as to act
reference state, the signal shows a change in sign becau
a transient sign inversion of the second state. This dynam
effect is accomplished by summing nonresonant and re
nant contributions for one state while subtracting the n
resonant from the resonant contributions for the second s
The amplitudes of the relative contributions of each eff
are also adjusted so that the nonresonant contribution d
nates at short times but naturally disappears at long tim
This process of inverting the sign of one state of a super
sition while leaving the second unaltered is characteristic
a quantum-computationalZ gate, which in this case is con
structed to operate on a transient state.

This example of controlling the dynamic phase of a wa
function in the weak-field regime provides a rather clear
lustration of the limitations and possibilities of precise co
trol of molecular systems. As long as the intensity of t
electric field is weak enough to disregard intensity-depend
Rabi oscillations, pure phase shaping of the ultrafast pu
fully controls the dynamics of the effects observed. In S
II, a theoretical framework for these experiments is presen
using first-order perturbation theory. In Sec. III a descript
of the experimental apparatus is presented as well as a
egorization of the resonant and nonresonant effects tha
used as tools in these experiments. Finally, the experime
results are presented, discussed, and quantified in Sec.

II. THEORY

This article develops a method to induce a transient s
change in one state of a two-state superposition, or w
packet. The wave packet consists of two states that are
cited coherently, so that

C8~ t !5c0~ t !u0&1c1~ t !u1&1c2~ t !u2&, ~1a!

where c0(t) is the launch-state wave-function amplitud
c1(t) andc2(t) are the complex excited-state wave-functi
amplitudes to be described below withc1(t),c2(t)!c0(t),
and u0&, u1&, and u2& are the rovibrational wave functions i
the superposition. The detection scheme is sensitive onl
u1& and u2&, so the effective wave packet can be reformula
as

C~ t !5c1~ t !u1&1c2~ t !u2&. ~1b!

As described previously@21,24#, the photoionization signa
using parallel, linear pump and probe polarizations can
written as
04340
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S~ t !>ucpr1
u2uc1~ t !u21ucpr2

u2uc2~ t !u2

12ucpr1
cpr2

uuc1~ t !c2~ t !ucos@Dvt1Dw~ t !#, ~2!

wherecpr1
andcpr2

are constants related to the probe step a
will be assumed to have a value of unity~see @25#!; the
energy separation of the particular states chosen,Dv, is 42
cm21 ~1.5 THz!; andDw(t) is the relative phase between th
wave-packet states at timet. It has been shown that for
probe polarization aligned at the magic angle with respec
the pump polarization~‘‘magic-angle probe’’!, the coherent
oscillation~quantum beat! is completely suppressed, leavin
only the uc1(t)u21uc2(t)u2 part of the signal@24#.

Consequently, the difference between the parallel a
magic-angle signals yields only the quantum beat. The pr
pulse is relatively weak, so the multiphoton ionization pa
way from the launch state (cpr0

) is also weak. Sincecpr0
!cpr1

,cpr2
, all launch-state terms are left out of the sign

and the time-dependent signal shows only the dynamic
the excited states.

In these experiments, the probe step consists of an
trafast pulse of a different color~645 nm! from the pump
pulse~801 nm! @24#, so as to avoid any ambiguities in con
tributions to the signal when the probe comes before
pump. With the 645 nm probe pulse, the probability for
probe-pump~i.e., t,0) ionization pathway is below the
noise level, allowing time-dependent ionization to occur on
at positive time delays. This allows the transient populatio
and coherent oscillations to be measured reliably aro
t50.

In the weak-field limit, first-order time-dependent pertu
bation theory can be used to describe the single-photon
sorption. As shown before@23,24#, the excited-state ampli
tude for a single state can be approximated for positive t
t by the frequency domain expression

cn~ t !}«̃* ~veg!2
i

p
`E

2`

` «~v!exp@ i ~d!t#

d
dv, ~3!

where «̃* (veg) is the amplitude of the electric field at th
transition frequency,«~v! is the amplitude of light at fre-
quencyv, d5v2veg is the detuning, and̀ is the Cauchy
principal value. The first term in Eq.~3! is the resonant term
which determines the wave-packet behavior ast approaches
infinity, and the second term is the nonresonant term and
be seen only transiently. In the absence of any phase man
lation ~i.e., transform-limited pulses!, the spectrally inte-
grated nonresonant term will be greatly diminished for alt,
since the time-dependent contributions forv.veg arep out
of phase with respect to the contributions forv,veg
@26,27#. Additionally, thei /p leading factor of the nonreso
nant term causes the nonresonant contribution to bep/2 out
of phase with respect to the resonant term. To compensat
these spectroscopic phase shifts, a phase of1p/2 and2p/2
must be added to the nonresonant frequencies above an
low veg , respectively, to obtain the maximum transient a
plitude coefficients. Additionally, the 1/d dependence of the
nonresonant term shows that the most influential nonreso
9-2
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INDUCING A SIGN INVERSION IN ONE STATE OF A . . . PHYSICAL REVIEW A68, 043409 ~2003!
frequencies will be those with the smallest detuning. Not
that these effects result in acn(t) that is primarily real att
50 and ` under the conditions imposed in these expe
ments. The manner in which the various contributions in
act is explored in the next section to demonstrate how
change the wave-function sign.

In this article, a transformation of the qubit in Eq.~1b! is
empirically equivalent to a quantum-computationalZ gate.
Using a matrix formulation, the action of the ultrafast pul
on the prepared superposition transforms the system
single qubitZ gate:

Fc1~ f !

c2~ f !G'F1 0

0 21G Fc1~ i !
c2~ i !G . ~4!

First, a superposition is prepared such that att50.0 ps the
two excited states have amplitudes of opposite sign so
c1'1, andc2'21. The electric field then drives the syste
so that the sign ofc2 changes, leavingc251 at long times.

III. EXPERIMENT

The lithium sample is contained in a heat pipe at 1050
and is photoionized by a three-step excitation process
shown in Fig. 1@28,29#. An overview of the laser system i
given below, but details can be found in previous work@24#.
In this experiment, a narrow-bandwidth continuous-wa
~cw! laser, an amplified ultrafast system, and an optical pa
metric amplifier ~OPA! are used, and all but the OPA a
pumped by a 27 W argon ion laser. The frequency of the
laser is tuned to a specificA 1Su

1←X 1Sg
1 resonance

~606.954 nm! of Li2 , producing a pure launch state (vA

FIG. 1. States involved in excitation scheme. A cw laser exc
from theX 1Sg

1 electronic curve to a pure launch state~stateu0&! in
the A 1Su

1 electronic state. A wide-bandwidth 801 nm ultrafa
pump pulse excites a superposition of states~statesu1& and u2&! in
the E 1Sg

1 electronic state, which is subsequently ionized by
time-delayed 645 nm ultrafast probe pulse.
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511,JA528). The ultrafast regenerative amplifier produc
200 fs pulses at a 200 kHz repetition rate, with an 801
central wavelength and;8 nm @full width at half maximum
~FWHM!# bandwidth. These ultrafast pulses are split in
two beams, with 25% of the light becoming the pump pu
and 75% of the light used to pump the OPA to obtain t
probe pulse. The resulting 45 mW OPA output at 200 kHz
a train of nearly transform-limited pulses with a 200
FWHM pulse width and a central wavelength of 645 n
The OPA output is variably time delayed relative to the pum
pulse via a precision delay stage.

To shape the pump pulse, it is sent through a dispers
free pulse shaper@30,31#. In the pulse shaper’s Fourier plan
a liquid-crystal spatial light modulator~SLM! is used to
shape the spatially dispersed pump light by independe
attenuating and/or applying phase to up to 128 individ
frequency components~SLM pixels! of the pump light. The
central frequencies imaged onto the SLM pixels are spa
by approximately 4 cm21 with a single-frequency spot siz
of approximately 1.7 pixels. In the present case, the 8 nm~or
124 cm21! FWHM pulses are imaged onto the SLM t
achieve a bandwidth of about 30 pixels FWHM. Furth
studies of the spectral contributions to the signal are done
utilizing the ability of the SLM to attenuate frequencies
addition to manipulating phase. By attenuating all of t
light on a single pixel and monitoring the decrease in to
photoionization, it is possible to quantify the contributions
various spectral components of a shaped or unshaped p
@21#. Typically, this method is used for calibration purpose
when a resonant frequency is attenuated, the total photo
ization goes down. This procedure can also be applied
phase-shaped pulses, as will be explored later.

The cw laser and pump and probe pulses produce ph
ions in the center of the heat pipe between two parallel st
less steel plates separated by 1 cm with a 5 V potential
plied. The cw light is optically chopped, and the resulti
current is detected with a lock-in amplifier that is synchr
nized to the cw modulation.

To investigate phase mask effects, the available spect
is defined as consisting of two spectral channels separate
the energetic midpoint between the two resonant transitio
A global phase offset can be added to the channel for statu2&
in order to control the long-time wave-packet phase@24#.
Within each channel, i.e., for each state, resonant and n
resonant contributions to the excited-state wave-function
efficient are independently controlled. See Fig. 2 for o
phase mask that is used to add the resonant and nonres
contributions of the excited-state coefficients together, alo
with the corresponding observed time domain evolution.
Fig. 2~a!, it is shown that a small bandwidth region aroun
each resonance~;8 cm21! is assigned a phase halfway b
tween the positive and negative detuned nonresonant
quencies. The effect of these narrow-bandwidth resonan
gions is a nearly monotonic increase in the photoionizat
signal, as shown by the triangles in Fig. 2~b!. This will be
referred to as the resonant contribution. The appliedp phase
shift between positive and negative detuned frequen
around each resonance compensates for the intrinsic spe
scopicp phase shift of the nonresonant contributions abo

s

9-3



co
t

g
co

or
sig

ill
en

th
ls
io
-

am
is

on

d
e-

with
h

can
tive
osi-

ar
hese
gle
ed or
the

not
k
ther

the
oes
the
kly
they

on-
state

at

i-

eme
nt

so-

nt

a
reso-
ant

-

BALLARD et al. PHYSICAL REVIEW A 68, 043409 ~2003!
and below the resonances. This allows the nonresonant
tributions to cooperate on short time scales, as seen by
circles in Fig. 2~b!. The solid line in Fig. 2~b! shows
uc1(t)u21uc2(t)u2, which has been normalized. Assumin
that the cross-talk between control channels for the two
efficients is insignificant@24#, which is achieved when the
two resonances are spaced far apart energetically,uc1(t)u is
approximately equal touc2(t)u. Therefore, the solid line is
2uc1(t)u2. By taking the square root of the signal and ren
malizing, a measure of each coefficient is obtained. This
nal shows that at the times of interest in this article,t50 and
`, uc1(t)u51.4 and 1.0, respectively. This information w
be used later to quantify the manipulations of the coeffici
c2(t).

Figure 3 is a schematic diagram of the calculatedampli-
tude of the excited-state coefficients@i.e., cn(t), not
ucn(t)u2], based on parameters from the square root of
data from the cooperative signal described above. A
shown is an experimental realization of the photoionizat
signals for a single coefficient@the second level is not ex
cited and the signal is proportional touc1(t)u2]. These reso-
nant and nonresonant contributions can add to yield the
plitude of cn(t), and they can also be subtracted. This
done by multiplying either the resonant or nonresonant c
tribution by 21. In the complex plane, multiplication by21
is identical to the addition ofp phase, which is accomplishe
by the application ofp phase to the appropriate pump wav
lengths. In these experiments, the stateu1& is manipulated to

FIG. 2. Phase-shaped population transfer traces.~a! Phase mask
used to maximize population transfer att50.0 ps. The applied
phase mask is given byh, and resonances are marked with3. The
applied phase masks near each resonance~i.e., in each channel! are
identical, assuring that both states follow the same excitation p
way, with a global phase offset ofp rad for stateu2&. ~b! Magic-
angle traces using the applied phase mask of~a!. The solid line
represents the total population transfer signal, then shows the
resonant-only contribution, and thes gives the nonresonant contr
bution, which is just the difference between the two traces.
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be a sum of the resonant and nonresonant contributions
the same sign, while stateu2& consists of a difference of suc
contributions. Since the coefficient foru2& reflects a differ-
ence, the absolute amplitude of this negative coefficient
be increased in one of two ways: by increasing the nega
part or by decreasing the positive part. To decrease the p
tive contribution@solid line in Fig. 3~a!#, the resonant contri-
bution is time shifted by 1.0 ps by applying a simple line
phase mask to the resonant regions. To demonstrate t
addition and subtraction effects experimentally on a sin
excited state, phase masks with nonresonant effects add
subtracted from resonant were applied to a pulse exciting
(vE57,JE539) state, and the results are shown in Fig. 3~c!.
The light near state (vE57,JE541), spaced over 62 cm21

away, was attenuated to make sure that it was
excited—so thatc2(t)50. Excitation with the phase mas
with the resonant and nonresonant parts added toge
shows the expected transient peak att50.0 ps. Excitation
with the phase mask that subtracts the nonresonant from
resonant contribution shows that the photoionization g
nearly to zero at 0.42 ps. It is at this time that the sign of
coefficient inverts and the wave-function phase quic
changes. These traces show the total photoionization, so
are proportional toucn(t)u2, but it is quite clear from the data
that excitation with the phase mask that subtracts the n
resonant part from the resonant part causes the excited
to go through a significant change.

h-

FIG. 3. Schematic resonant and nonresonant interaction sch
for inducing sign inversion.~a! Schematic resonant and nonresona
contributions to the population transfer. The solid line is the re
nant contribution time shifted by 1.0 ps. Then and , reflect the
nonresonant contribution for statesu1& and u2&, respectively, when
inducing a sign inversion.~b! Sum of resonant and nonresona
contributions to the excited-state coefficient evolution from~a!. d

shows the time evolution for stateu1&, ands shows the time evo-
lution for stateu2&. ~c! Experimental photoionization traces for
single state with a phase mask that adds the resonant and non
nant contributions~j!, and a phase mask that subtracts the reson
and nonresonant contributions~s!. The photoionization signal cor
relates with the square of the amplitude coefficients.
9-4
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IV. RESULTS AND DISCUSSION

To serve as a reference, a case where the dynamics o
population transfer are controlled identically for both sta
involved in the wave packet is shown in Fig. 4~see@24#!.
Here, the resonant and nonresonant contributions to the
nal are added together for both statesu1& and u2&. The upper
part of Fig. 4~a! shows that there is a peak in the transie
populations of the excited states att50.0 ps. The difference
between the full signal and the population-only signal yie
purely the coherence signal, which is shown as the circle
the lower part of Fig. 4~a!. Notice that the coherence sign
appears only after the excited-state coefficients become
zero, and that it has an overall temporal phase of 1.1p rad in
this case. The amplitude of the coherent oscillation is sma
than the amplitude of the incoherent ionization due to ‘‘a
plitude filtering’’ of the coherence signal@21#: for a coher-
ence to be seen the interfering states must share not on
common launch state but also a common final state. Still,
phase information in the coherent oscillation remains larg
unaffected by the amplitude of the coherence signal.

To show that the phase of the wave-packet oscillat
remains constant during the population transfer process
signal up to 6.0 ps pump-probe delay was compared t

FIG. 4. Phase evolution using the same functional form of ph
mask for each resonance.~a! Pump-probe signals using phase ma
of Fig. 2. Parallel pump-probe polarization~h! and magic-angle
pump-probe~solid line! traces are shown on the top. The sm
oscillations in the solid line are a result of residual ellipticity in t
pump polarization. Also shown is the coherence-only signal~s! as
well as a single-cosine fit~dotted line!. The coherence-only signa
and fit have been vertically offset for visibility.~b! Instantaneous
wave-packet phase. The maxima and minima of the coherence-
signal are compared to the fit to generate the instantaneous p
The wave-packet phase remains relatively constant from the o
of the signal until long times.
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cosine wave that is generated to fit the coherence signa
tweent56 and 30 ps. The signal is fitted only at times aft
6 ps to avoid potential uncertainties introduced by a cha
ing wave-packet phase during the population transfer p
cess. The maxima and minima of the coherence signal
compared to the fit, and the time offset of each peak rela
to the fit is used to determine the instantaneous phase, plo
in Fig. 4~b!. As is evident in Fig. 4~b!, the experimental trace
matches the fit with a phase of 1.1p and a standard deviatio
of 60.14p rad over all time delays up to 6 ps. This comes
no surprise, since no effects have been introduced to cha
the instantaneous phase of the wave packet.

The case of subtracting the nonresonant contributi
from the resonant contribution is the main point of this a
ticle and is shown in Fig. 5. The phase mask that is use
induce a sign change in stateu2&, including the time shifting
of the resonant contributions, is shown in Fig. 5~a!. Note that
the phase applied to the nonresonant contributions arounu1&
is not changed from the additive case, as shown in the
vious section. In contrast, the phase applied to the nonr
nant contributions aroundu2& is inverted; the nonresonan
contributions have an additionalp phase shift relative to the
resonant ones, which is equivalent to a multiplication by21,
as explained previously. The corresponding signal tra
from Fig. 5~b! show the expected population peak arount
50.0 ps, just as when the contributions were added toget
Note that this trace must remain positive, since the obser
signal is a sum of squares forbothstatesu1& andu2&. A critical
difference in this case occurs in the coherence-only por
of the signal, which contains information about the wav
function sign. In Fig. 5~b! it is apparent that aroundt
50.0 ps the quantum beat portion of the signal exhibits
transient phase of;p even though the relative phase b
tween the resonant frequencies is 0.0 rad. This is cause
the nonresonant frequencies and their effect on the trans
wave-function coefficients. The instantaneous phase grap
Fig. 5~c! displays ap phase shift in the region aroundt
50.0 ps relative tot.2.0 ps. This shows that there is indee
a temporally dynamic phase of one state in the wave pa
relative to the other. In fact, it shows that the sign of o
state has changed temporarily relative to the other.

A full discussion of the effects observed here cannot
made without a brief mention of the nonidealities at play
this pulse-shaping scheme. As was mentioned earlier,
resonant contribution to the signal was shifted by 1.0 ps t
more positive time to minimize the interactions between
and the nonresonant contributions. An example where
nonresonant contribution to the signal is not shifted in time
shown in Fig. 6. It is quite clear in this figure that the pha
at t50 deviates substantially from either the 0 orp phase.
The dynamics at play here are highly sensitive to the po
tions of the resonances relative to the demarcations betw
those spectral regions treated as ‘‘resonant’’ and ‘‘nonre
nant.’’ If the actual resonance is not perfectly centered wit
the ‘‘resonant’’ portion of the selected region, there are va
able amounts of positive and negative detuned wavelen
that have no compensating phase added. The net effe
this is that the instantaneous phase of the nonresonant
tribution is not necessarily zero orp. When this nonideality
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BALLARD et al. PHYSICAL REVIEW A 68, 043409 ~2003!
interacts with the transiently prepared state, there can b
large shift in instantaneous phase, as demonstrated in
6~b!. For a single state@see Fig. 3~c!#, the position of the
resonant frequency can be tuned with subpixel precision
translating the SLM in the Fourier plane of the pulse shap
In the case of two states, the relative spacing between r
nances is fixed~at 10.7 pixels in this case!, preventing the
simultaneous placement of both resonances in the very
ter of the ‘‘resonant’’ bands. For this reason, the instan
neous phase is most predictable when the resonant and
resonant contributions are separated in time.

Around t50.0 ps, when the sign of the wave function f
stateu2& is inverted from that expected for the purely res
nant phases, there is a certain degree of destructive inte
ence in the contributions to the signal. By attenuating s

FIG. 5. Sign inversion wave-packet data. Stateu1& is pro-
grammed to behave the same as in Fig. 4, but stateu2& is pro-
grammed to change sign.~a! Phase mask applied to induce sig
inversion. The applied phase is given ash, and the resonances ar
given by3. The slight linear phase added to the resonant portio
the spectrum time shifts the resonant contribution. Notice that
relative phase between resonances is 0.0 rad.~b! Pump-probe sig-
nals using the phase mask of~a!. Population transfer~solid line!
trace is shown in addition to the coherence-only signal~s! as well
as a single-cosine fit~dotted line!. The coherence-only signal and fi
have been vertically offset for visibility.~c! Instantaneous wave
packet phase from onset of excited-state population. The w
packet phase undergoes ap shift from t50.0 tot.1.0 ps. The data
points with larger error bars represent time delays where the co
ent oscillation amplitude is small.
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cific individual frequencies of the shaped pulses, a meas
of the relative contributions of the various spectral contrib
tions can be made. The traces shown in Fig. 7 illustrate
structive interference at play aroundt50.0 ps for stateu2&.
The data were acquired by setting the pump-probe delay
specific value, either 6.0 or 0.0 ps, with either unshaped
shaped pulses, respectively, and attenuating the light ima
onto one pixel at a time. In the transform-limited case, at
ps, attenuating a contributing wavelength of light decrea
the photoionization signal, and the wavelengths of light w
the greatest contribution to the signal cause the greates
crease in the photoionization. In Fig. 7, the relative contrib
tion to the photoionization is plotted. The circles show t
relevant pixels using unshaped pulses at a pump-probe
delay of 6.0 ps. The trace shows a narrow bandwidth
contributing pixels, as one would expect since resonant
quencies determine the ultimate behavior of each stat
long times in the weak-field limit. The approximately two
pixel bandwidth is primarily an effect of spot size on th
pulse shaper and not the intrinsic transition bandwidth. T
squares show the spectral contributions to the signalt

f
e

e-

r-

FIG. 6. Sign inversion wave-packet data without time shifti
the resonant contribution. All symbols are the same as in Fig. 5~a!
Applied phase mask.~b! Pump-probe traces. The coherence-on
signal and fit have been vertically offset for visibility. Notice th
deviation in instantaneous phase away from the 0 orp phase at
short times. Also notice that the coherent oscillation~s! persists
after its first appearance, in contrast to the small-amplitude osc
tion at 1.0 ps in Fig. 5.~c! Instantaneous wave-packet phase.
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INDUCING A SIGN INVERSION IN ONE STATE OF A . . . PHYSICAL REVIEW A68, 043409 ~2003!
50.0 ps for both statesu1& and u2& using the phase mask o
Fig. 5~a!. The overall line shape for stateu1& only partially
reflects the 1/d behavior expected from Eq.~3!, but it unam-
biguously shows an increase in the contributing bandwid
The increase in effective bandwidth is attributed to the
plication of6p/2 phase to positively and negatively detun
frequencies. The spectral asymmetry is a result of a com
nation of diffraction effects in the SLM and an asymmet
laser pulse spectrum. The spectral contributions to the si
at t50.0 ps for stateu2& similarly show that there is an in
crease in the contributing bandwidth relative to the long ti
delay. More interestingly, the results show that blocking
resonant wavelength actually increases the signal at
50.0 ps, indicating a destructive interference. Even thou
the line shape remains ambiguous, the increase in signal
tive to the baseline obtained by blocking the resonant
quency on pixel 74 is unambiguous. Since the wave-pac
signal at long times consists of oscillations with a pha
offset of approximately zero, the resonant contribution to
signal can be concluded to have a positive sign relative
state u1&. This suggests that the total wave-function coe
cient for stateu2& around t50.0 is negative, in agreemen
with the wave-packet phase data.

The results can be quantified in terms of theZ-gate rep-
resentation as in Eq.~4!, with the initial state taken to be th
superposition att50.0 ps, and the final state taken to be t
superposition att5`:

Fc1~ f !

c2~ f !G5F Cres1
~`!

Cres1
~0!1Cnonres1

~0!
Cnonres12

Cnonres21

Cres2
~`!

Cres2
~0!2Cnonres2

~0!

G
3Fc1~ i !

c2~ i !G , ~5a!

whereCresi
(t) andCnonresi

(t) are the resonant and nonresona
contributions to the coefficient of statei at time t. The
observed dynamics occur under weak-field excitati
so the launch-state contribution to the wave funct
dominates—excited-state dynamics only weakly affect
bulk of the launch-state wave function. Since the exci
states are coupled only through the large-amplitude laun
state wave function, the off-diagonal elements between
excited-state coefficients of Eq.~5a!, Cnonres12

and Cnonres21
,

are very small. Because the direct coupling between exc
states is very small, the maximum of the off-diagonal e
ments is defined here as the degree to which nonreso
control of one excited state affects the dynamics of the ot

TheZ11 andZ22 elements of Eq.~5a! can be taken directly
from the experimental data. The first diagonalZ11 element is
determined to be 0.71, based upon the data from Fig
where the ratio of excited-state populations is given as

uc1~ t5`!u2

uc1~ t50!u2 50.712. ~5b!
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This matrix element is programmed to be less than 1 in
interest of simplifying the applied phase masks. TheZ22 el-
ement can be determined from the coherent oscillation
plitude shown in Fig. 5. At long time delays, the peak-t
peak amplitude of the coherent oscillation is approximat
0.9 times that aroundt50, or

uc1~ t5`!uuc2~ t5`!u
uc1~ t50!uuc2~ t50!u

50.9. ~5c!

Given thatuc1(t5`)u'0.71uc1(t50)u, then substitution of
Eq. ~5b! into Eq. ~5c! leaves the relation thatuc2(t5`)u
'1.3uc2(t50)u. Using the wave-packet phase informatio
of Fig. 4, this leaves a value of21.3 for theZ22 element of
theZ-gate matrix, leaving an experimental transformation
the transiently prepared state att50 ps:

Fc1~ f !

c2~ f !G5F0.760.1 ,0.1

,0.1 21.360.2G Fc1~ t50!

c2~ t50!G . ~5d!

The Z12 and Z21 elementsCnonres12
and Cnonres21

represent
an upper limit to the switching of population from one sta
to another due to nonresonant Rabi oscillations and h
previously been quantified with respect to the resonant c
tribution to the coefficients@24#.

In the experimentalZ-gate matrix, the error bars are give
in terms of the absolute amplitude of the matrix elements.
additional uncertainty in the phase of the complex values
these matrix elements also needs to be considered. Ideal
long as a phase of6p/2 is applied to the various nonreso
nant contributions to the wave packet, there will only be
addition or subtraction of those components relative to re
nance, so the imaginary component of the matrix element

FIG. 7. Spectral contributions for shaped and unshaped pu
The light on one pixel at a time is attenuated; the photoionizatio
plotted versus attenuated pixel. The amount of change in photo
ization has been normalized. Thes is the total photoionization
change for an unshaped pulse at a fixed pump-probe dela
greater than 6.0 ps. The observed linewidths represent the resol
of the pulse shaper. Thej show the photoionization change for th
phase mask of Fig. 5~a! at a fixed pump-probe delay of 0.0 ps. Th
j spectrum around pixel 65 shows the effect of adding reson
and nonresonant contributions, and that around 75 represents
tracting resonant from nonresonant. Note the increased linewidt
the shaped pulse case, and the increase in signal while bloc
pixel 74.
9-7
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BALLARD et al. PHYSICAL REVIEW A 68, 043409 ~2003!
this case can be assumed to be small. In other words
contributions to the signal have been manipulated to h
phases of either zero orp, which lie along the real axis of the
complex plane. Experimentally, error in the measuremen
the instantaneous phase implies a minimum measurable
certainty of60.14p rad off the real axis, but pulse-shapin
limitations ~see Fig. 6! show that the true error can be large

The operations described here act upon a transient su
position with a large population inu0&, with implications for
multiple pulse sequences and reversibility. At times bef
t50, the engineered pulse shapes create a superpositio
exciting the two excited-state resonances. Aftert50, the part
of the electric field that excitesu1& is constructed to induce
little net effect, but the part that excitesu2& undergoes ap
phase shift. Since the population inu0& is large and approxi-
mately constant compared to the excited state, the ele
field after t50 destructively interferes with the previous
prepared population inu2&. This depopulates and then re
populatesu2& with a p phase shift relative to the initial su
perposition. In essence, the mechanism behind the p
changes in the superposition is that population fromu0& gets
added to the excited-state superposition with varying ph
at different points in time to overwhelm the previous excite
state superposition. If a second engineered pulse were to
low at a later time, the final excited-state amplitudes wo
essentially be doubled due to the parts of the pulse that c
beforet50, illustrating the limitations of reversibility and o
using this pulse-shaping scheme for computations.

The instantaneous wave-function phase could be be
controlled and determined if the energy spacing betw
states were greater. First, the ability to control one state
sus another increases as the state spacing increases as a
of the intrinsic 1/d Rabi oscillation amplitude@24#. Next, the
interference betweenu1& and u2& permits effective viewing of
P.
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the phase of stateu2&, but only at the maxima and minima o
the interference signal, giving a data point every 2/v12 ps,
where the state spacingv12 is given in units of THz. With
the current state spacing of 42 cm21, one data point is re-
trieved every 0.3 ps, which is nearly half of the time sca
over which the phase of stateu2& changes fromp to 0 rad.
Increasing the state spacing, or increasing the coherent o
lation frequency, will provide a more accurate probe for ho
the phase change occurs. Finally, a more rapid coheren
cillation will provide a more accurate measure of the amp
tude of the coherent oscillation.

In this article, we outlined a system for manipulating t
sign of one state in a two-state superposition while keep
the sign of the second state constant. We showed that this
be done by simply using weak-field, phase-shaped ultra
pulses. Additionally, we have shown, using established sp
tral techniques, that the resonant and nonresonant cont
tions to a specific transition can be programmed to add
gether or to work in opposition on short time scales. T
work expands upon established methods for controlling tr
sient processes in molecular systems and presents a
where both the phase and amplitude of an excited state
pend upon more than resonant frequencies.
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