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Simultaneous control of time-dependent population transfer dynamics and wave-packet quantum
interferences in Li2 by shaped ultrafast pulses

Joshua B. Ballard,* Hans U. Stauffer,* Elizabeth Mirowski, and Stephen R. Leone*
JILA, National Institute of Standards and Technology and University of Colorado, Department of Chemistry and Biochemistr

and Department of Physics, Boulder, Colorado 80309-0440
~Received 19 March 2002; published 4 October 2002!

Ultrafast pulse shapes are used to control simultaneously the optimal population transfer coefficients and
rotational wave-packet quantum interferences in theE 1Sg

1 state of Li2 (nE59, JE527 and 29!. By dividing
the spectral bandwidth of the ultrafast pulses into multiple ‘‘control domains’’ centered on each resonant
wavelength, the population transfer coefficients can be manipulated independently of the wave-packet inter-
ferences to maximize the Li2 photoionization yield at arbitrary short pump-probe time delays. To investigate
the population transfer coefficients with and without wave-packet interferences, respectively, the pump polar-
ization is set to be either parallel to or at the magic angle~;55°! relative to the probe polarization. A
comparison is made between phases that are symmetric and antisymmetric about the resonances. The effects of
resonant and nonresonant frequencies are separately established and quantified. It is estimated that up to 90%
of the possible nonresonant Rabi oscillations can be brought into phase simultaneously for each rovibrational
state in the wave packet, while at the same time a constant phase offset added to one of the control domains
establishes the phase of the wave-packet interference.

DOI: 10.1103/PhysRevA.66.043402 PACS number~s!: 32.80.Qk, 33.80.Eh, 42.50.Md, 82.53.Hn
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I. INTRODUCTION

Coherent control remains a primary goal of ultrafast la
dynamics studies@1,2#. Research so far addresses several
categories, such as the use of resonant frequencies to co
quantum wave-packet interferences@2–5# and different pulse
shapes to control multiorder processes@2,6–10#. Optimiza-
tion of coherent control has been achieved using vari
types of learning algorithms@8,11–13#, but the nature of the
mechanisms for the optimal results is not always readily
parent. This paper will identify a class of pulse shapes t
enhances the ground- to excited-state population transfer
multilevel system, providing a basis for understanding
nature of optimal pulse shapes for both population tran
and quantum interferences in multilevel superpositions.

Much work has been devoted to the field of populati
transfer dynamics in the continuous-wave regime@14#, but
only recently have well-established population transfer th
retical tools been applied to the wide bandwidth inheren
ultrafast spectroscopy@13,15–18#. For example, it has bee
shown that chirped pulses can be used to enhance popul
transfer dynamics in a multiphoton process@15,19# or even
in a single-photon process@13,17#. It has been shown tha
optimal enhancement of multiphoton dynamics can
achieved not by chirped pulses, but by applying const
phases toblocksof nonresonant frequencies@13,16,18#. By
using a frequency-domain analysis, the optimal pulse sh
is shown to depend primarily on frequencies that are n
resonant, as will be discussed in detail in a later section

This paper considers the simultaneous control of b
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time-dependent population transfer dynamics and superp
tion state quantum interferences using analytically optim
antisymmetric pulse shapes, in comparison to simple s
metric, chirped pulse shapes and near-transform-lim
pulses. Of interest are the effects of resonant and nonr
nant frequencies involved in the excitation of superposit
states. It analyzes the extent to which the control of
wave-packet phase influences the control of population tra
fer dynamics. The mutual control of wave packet and po
lation transfer dynamics is shown to more than double
photoionization signal produced by a transform-limited pu
in a two-state superposition pump-probe experiment. A tw
color ultrafast laser experimental system, with pulse shap
is used to isolate the coherent population transfer dynam
of the two-level superposition in Li2 molecules. The criteria
for independent control of the coherent population trans
dynamics and quantum interferences are established. Ex
sions to more than two states are also discussed.

Simultaneous coherent control of two well-defined e
cited states unifies concepts concerning the dynamics
tween interfering superposition states and population tran
dynamics to individual states. As long as the interferi
states are sufficiently separated in energy from each ot
the population transfer dynamics to each state can largel
independently controlled. In Sec. II, a theoretical framewo
for these experiments is presented, followed in Sec. III b
description of the experimental apparatus. Finally, exp
mental results are presented and discussed in Sec. IV.
degree to which the population transfer for two states can
independently controlled is included in that final section.

II. THEORY

In the weak-field limit, first-order time-dependent pertu
bation theory can be used to describe a single-photon abs
tion. The excited-state amplitude coefficient for a single st
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l
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is described in the time domain@20#:

cn~ t !5
meg

i\ E
2`

t

«~ t !exp~ ivegt8!dt8, ~1!

wheremeg is the dipole moment matrix element between t
excited and ground states,«(t) is the electric field as a func
tion of time, andveg5(Ee2Eg)/\ is the transition fre-
quency. As shown in@16,18,21#, this excited-state amplitud
can be approximated for positive timet by the frequency-
domain expression

cn~ t !5
meg

i\ H «̃* ~veg!2
i

p
`E

2`

` «~v!exp@ i ~d!t#

d
dvJ ,

~2!

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.~2! represents the reso
nant contribution to the excited-state amplitude, and the s
ond term represents nonresonant contributions. Ast ap-
proaches infinity, the second term averages to zero, and
~2! reduces to the resonant component; however, the se
term does not necessarily average to zero for smallt ~i.e.,
within the pulse width!. In the absence of any phase manip
lation ~i.e., transform-limited pulses!, the nonresonant term
will be greatly diminished for allt, since thed term for v
.veg is of opposite sign relative to that forv,veg @18#.
Additionally, the i /p leading factor of the nonresonant ter
places the nonresonant contributionp/2 out of phase with the
resonant term. This phase relationship suggests that, to b
all frequency components into phase at smallt an additional
1p/2 and 2p/2 phase must be added to the nonreson
frequencies above and belowveg , respectively. Additionally,
the 1/d dependence of the nonresonant term shows that
most influential frequencies will be those with the small
detuning. These results may then be generalized to mul
states.

The 1/d dependence of the nonresonant wavelengths le
itself to the possibility that frequencies with a larged can be
manipulated with minimal influence on the excited-state
efficient dynamics. This will allow for the manipulation o
multiple states, provided that the energy separation betw
states,Dv, is great enough that all frequencies near one s
have little effect on any other states. In the discussion be
we use ‘‘control domain’’ to refer to large blocks of wave
lengths surrounding each resonant transition and ‘‘reson
control domain’’ or ‘‘resonance’’ to refer to very small band
width regions centered on each resonant transition.

Lithium dimer (Li2) is used as a model system to inve
tigate the extent to which nonresonant frequencies can
used to control multiple excited-state coefficients with
single pulse. The relevant potential energy curves in Li2 are
shown in Fig. 1@22–24#. From a single launch state, tw
rovibrational states (nE59, JE527 and 29! are accessible
within the bandwidth of the pump laser, creating a tim
dependent wave packet. A probe pulse ionizes the cohe
superposition at various pump-probe time delays to ob
04340
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the signal. For parallel pump and probe polarizations~re-
ferred to as a ‘‘parallel probe’’!, the presence of multiple
rotational states in the wave packet produces a coheren
perposition state with oscillations at a frequency equal to
energy difference between the states@25#:

S~ t !>upr1u2uc1~ t !u21upr2u2uc2~ t !u2

12upr1pr2uuc1~ t !c2~ t !ucos@Dvt1Dw~ t !#,

~3a!

where pr1 and pr2 are constants related to the probe st
~not discussed here!; the energy separationDv is 42 cm21

~1.5 THz!; and Dw is the relative phase between the wav
packet states at timet. It has been shown that for a prob
polarization oriented at the magic angle~;55°! with respect
to the pump polarization~‘‘magic-angle probe’’!, the coher-
ent oscillation is completely suppressed, so

S~ t !5upr1u2uc1~ t !u21upr2u2uc2~ t !u2, ~3b!

because the coherent oscillation is rotational in nature@6,24#.
Hence, by manipulating the probe polarization, we can se
whether the signal reflects a full wave-packet trace or sim
the ground- to excited-state population transfer dynam
Furthermore, by subtracting the magic-angle probe sig
from the parallel probe signal, we are left with just the c
herent oscillation piece

FIG. 1. Relevant potential energy curves. A cw laser exci
from theX 1Sg

1 electronic curve to a pure launch state onA 1Su
2 .

An 800 nm ultrafast laser excites a superposition of states on
E 1Sg

1 curve, which is subsequently ionized by a time-delayed 6
nm ultrafast probe pulse. At negative delays, the probe-pump p
way through theF 1Sg

1 state, as indicated by the dotted lines, ha
much lower yield than the positive time pathway due to unfavora
Frank-Condon overlap factors.
2-2
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S~ t !52upr1pr2uuc1~ t !c2~ t !ucos~Dvt1Dw!. ~3c!

The probe step consists of an ultrafast pulse of a differ
color from the pump pulse@26#. This aspect of the signa
acquisition was not considered above for simplicity. T
color of the probe pulse is chosen so that the probability
a probe-pump~i.e., t,0) ionization pathway is below the
noise level, allowing time-dependent ionization to occur o
at positive time delays. There is a constant background c
ponent to the photoionization signal at all time delays, a
this has also been subtracted out of the signals. Hence
observed photoionization signal only shows the tim
dependent coefficient buildup behavior and the quantum
terference of the superposition state as described in Eq.~4!.

III. EXPERIMENT

The lithium sample is contained in a heat pipe at 1050
and is photoionized by a three-step excitation process.
overview of the laser system is given below, but details c
be found in previous work@13,26#. In this experiment, a
narrow-bandwidth continuous-wave~cw! laser, an ultrafast
amplifier system, and an optical parametric amplifier~OPA!
are used, and all but the OPA are pumped by a 27 W ar
ion laser. The frequency of the cw laser is tuned to a spec
A 1Su

1←X 1Sg
1 resonance~606.954 nm! of Li2 , producing

a pure launch state (nA511, JA528) on the first excited
electronic potential energy curve. The ultrafast regenera
amplifier is seeded by a 76 MHz oscillator to produce 180
@full width at half maximum~FWHM!# ultrafast pulses at a
200 kHz repetition rate,; 800 nm central wavelength with
nm ~FWHM! bandwidth. These ultrafast pulses are split in
two beams, with 25% of the light becoming the pump pu
and 75% of the light frequency doubled to pump the OP
The resulting 15 mW OPA output is a train of near
transform-limited pulses with a 200 fs FWHM pulsewid
and a central wavelength of 640 nm. The OPA output
variably time delayed relative to the pump pulse via a pre
sion delay stage.

To shape the pump pulse, it is sent through a dispers
free pulse shaper@27,28#. 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 128 individual f
quency components~SLM pixels! of the pump light. The
central frequencies imaged onto the SLM pixels are se
rated by approximately 4 cm21 with a single-frequency spo
size of approximately 1.7 pixels. Normally, the 8 nm FWH
pulses are imaged onto the SLM to achieve a bandwidth
40 pixels FWHM.

The cw laser, pump, and probe pulses intersect in
interaction region in the center of the heat pipe. The ions
produced between two parallel plates separated by 1 cm
a 10 V potential applied across the interaction region. The
light is optically chopped, and the resulting current is d
tected with a lock-in amplifier that is synchronized to the
modulation.

To study the effects of nonresonant frequencies, t
classes of pulse shape have been used to enhance tra
04340
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photoionization effects, shown in Fig. 2. The first class ha
symmetric phase shape about each resonance that has
shown to transiently enhance excited-state coefficients@17#
~‘‘chirp-type spectrum’’!. It consists of a quadratic phase a
plied across the frequency spectrum around each reson
with the formw(v)5cd21wk , whered5v i2v is the de-
tuning from the nearest resonance, andwk is a constant phase
@see Fig. 2~a!#. The constant phasewk is applied to the en-
tirety of one of the control domains to control the phase
the wave-packet interferences. An antisymmetric phase m
for population transfer comprises the second class, called
‘‘phase-jump spectrum’’; this phase mask involves the ap
cation ofp/2 and2p/2 rad above and below resonance,
established in several recent works@see Fig. 2~b!# @16,18#.
The resonant portion of the control domain is defined here
a block of two pixels~;8 cm21 FWHM! centered on a spe
cific transition, chosen to avoid attenuating the long-tim
delay signal by diffraction@13#. So, in effect, ‘‘resonance’’
actually refers to the smallest practical bandwidth achieva
by our pulse shaper around each transition. As in the cas
the chirp-type spectrum, the relative phase of the wa
packet states using the phase-jump spectrum is manipu
by adding a constant phase to only one of the control
mains. It must be noted that, in each of the cases above
phase-mask profiles for both control domains is the sa
assuring the same population transfer dynamics for each
in the superposition. Additionally, this will assure that th

FIG. 2. Phase-mask classes used in this article. In both pa
quantum state resonances (nE59, JE527 and 29! are marked with
vertical lines. Relative phase offsets of 0.0 andp rad between con-
trol domains are represented by crosses~3! and squares~h!, re-
spectively.~a! Chirp-type spectra. The degree of quadratic phasec,
is defined byw(pixel)5c(dpixel)

2 wheredpixel is the separation in
pixels from the nearest resonance.~b! Phase-jump spectra. A phas
of 1p/2 and 2p/2 is added to the frequencies above and bel
resonance, respectively. A linear phase ofw(pixel)5cdpixel is added
to the phase masks to induce a time shift in the population tran
~not shown!. The phase on pixel 56 is always the same as that
pixel 55, and the phase on pixel 66 is always the same as tha
pixel 65.
2-3
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wave-packet phase will remain nearly constant during
population transfer process.

IV. RESULTS AND DISCUSSION

This section will first analyze the ability to control qua
tum beats while applying a previously studied chirp-ty
phase mask around each state, but extended to a qua
superposition. Next it will be shown that the phase-jum
spectrum gives a much greater enhancement in the tran
photoionization, by up to a factor of 2 for a wave-pack
phase shift ofp. Finally, the nonresonant contributions to th
photoionization will be compared to a simple model to qua
tify the degree to which the quantum states in the supe
sition can be independently controlled.

To demonstrate the separability of the population trans
dynamics from the wave-packet oscillations, we first exa
ine the previously studied case of the chirp-type spectr
@17#, with results for the two states at the magic angle@Eq.
~3b!# and parallel probe minus the magic angle@Eq. ~3c!#,
shown in Fig. 3. The population transfer dynamics in t
upper part of the figure show several traits of the build
produced by a strictly chirped pulse. After time zero, there
a peak in the excited-state population followed by a sh
period of ringing. After just a few picoseconds, this ringin
decays, leaving a constant value for the excited-state po
lation. Notice that these characteristics are present for b
zero andp relative phase between the control domains, a
in both cases there is a peak in the excited-state popula
around a planned delay time of 1.2–1.3 ps, depending on
degree of chirp, in this case a 0.2 chirp factor. The cohe
oscillations, which are simply the difference between the p
allel and magic-angle probes, are also predictably control
Clearly, ap phase shift of one coherent oscillation relative
the other can be induced during the entire population tran
process, which is simply a result of addingp phase to only
one of the resonant control domains. Additionally, around
ps, the amplitude of the coherent oscillations passes thro

FIG. 3. Chirp-type pump spectrum transients. The upper s
line and circles~d! represent the magic-angle probe transient fop
and 0 rad relative phase between control domains, respectively
a chirp factor of 0.2. The lower solid line and circles~s! represent
just the coherent oscillations produced with the same phase m
as above.
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a maximum, as expected from Eq.~4a!. The combination of
the population transfer dynamics and the wave-packet in
ferences produces a clear peak in the photoionization si
at 1.2 ps despite the slightly decreased population tran
using zero phase offset between control domains.

The analysis of the chirp-type spectrum above establis
that both the population transfer dynamics and wave-pac
interferences can be independently controlled. This sec
now explores more optimal phase masks to maximize
photoionization due to the population transfer dynamics
conjunction with the interference of two states at spec
short pump-probe time delays.

Several magic-angle and parallel pump-probe data
summarized in Fig. 4~a!. A pump-probe transient obtaine
with the phase-jump spectrum of Fig. 2 clearly shows
enhancement in the excited-state population, in addition
the proper phasing of the coherent oscillation att50, shown
in Fig. 4~a!. Two population transfer traces~magic-angle
probe! are shown, along with a total wave-packet signal~par-
allel probe! that is designed to have a maximum in the qua
tum beat at the same delay~0.0 ps! as the maximum in the
population transfer. The population transfer traces use ph
masks with 0 andp relative phase between two control d
mains, and the full wave-packet signal is set to have 0 re
tive phase between the two control domains@the 3’s in Fig.
2~b!#. Both population transfer traces show a peak at
same pump-probe time delay, with the case ofp relative

d

nd

ks
FIG. 4. Phase-jump pump spectrum transients.~a! Magic-angle

probe traces produced using zero phase offset~d! and p phase
offset ~solid line! between the control domains, and parallel pro
photoionization signal~s! for zero control domain phase offset.
trace produced by an unshaped pump pulse~1! is included for
reference.~b! Population transfer traces produced by adding
simple phase pattern to the phase-jump spectrum, withp phase
offset between wave-packet resonances. Linear phase was add
nonresonant frequencies to time-shift the peak photoionization
0.0 and 1.0 ps~s andd, respectively!. The crossed line~1! rep-
resents an attempt to shift the nonresonant contribution to a
beyond the capabilities of the experimental apparatus, resulting
purely resonant excitation effect.
2-4
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SIMULTANEOUS CONTROL OF TIME-DEPENDENT . . . PHYSICAL REVIEW A 66, 043402 ~2002!
phase between control domains@theh’s in Fig. 2~b!# having
the larger peak amplitude by 15%.

Of all relative phases between control domains of
phase-jump class, the case of zero relative phase is the
optimal for population transfer. This is so because all of
wavelengths between the two wave-packet states in one
trol domain maximally destructively interfere with th
buildup of the other control domain. For example, the lig
on pixels 57–60@in the ~9,27! domain# maximally destruc-
tively interferes with the buildup of state~9,29!, where the
control domain includes pixels 61–128. Even so, the wa
packet interference produces a global maximum in
photoionization at 0.0 ps pump-probe delay.

In Fig. 4~b! several population transfer traces are sho
for the phase-jump spectra with different amounts of lin
phase added just to the nonresonant frequencies; these t
are generated using onlyp relative phase between the wav
packet resonances. Evident in this figure is that for each t
there is a slow, monotonic buildup~.4 ps! of population
attributable to resonant~and very near resonant! frequencies
coupled with a much shorter time-scale population trans
attributable to nonresonant frequencies. The nonreso
contributions to the population transfer show peak wid
between 750 and 790 fs FWHM. These data will be us
later to quantify the degree to which the superposition sta
can be independently controlled.

The phase-jump spectrum permits a higher degree of
herent control than the chirp-type spectrum as shown by
fact that at short times the phase-jump spectrum doubles
excited-state population, whereas the chirp-type spect
shows a maximum of 30% improvement of the photoioni
tion signal. The phase-jump spectrum shows greater pop
tion transfer enhancement than the chirp-type spectrum
cause the phase-jump shape assures that all nonres
contributions come into phase simultaneously. This is in c
trast to the chirp-type situation, in which only certain no
resonant contributions are in phase at any one time.

The mechanism for the increase in population transfer
the phase jump spectrum can be attributed to off-reson
Rabi oscillations. In the weak-field limit, the Rabi frequen
V(d)5$d21@meg«(d1veg)/\#2%1/2 reduces toV(d)5d,
since @meg«(d1veg)#2!d2 for values of d with non-
negligible electric-field amplitudes@14#. Additionally, given
that the amplitude of any nonresonant oscillation is prop
tional to «(d1veg)/d @29#, the total of all nonresonant con
tributions to the excited-state populations can then be for
lated as c(t)}*2`

` dd@«(d1veg)/d#2 sin2@dt/21f(d)#.
Notice the similarity of this representation to Eq.~2!. To
bring all of these sine waves into phase att50, a phase mask
with 1p/2 and2p/2 rad applied to the positive and negati
detuned wavelengths, respectively, must be implemented
the resonant wavelength~i.e., where d50), the optimal
phase will be intermediate between the positive and nega
detuning, or zero degrees. Thus we have the same opt
phase pattern as predicted by Eq.~2!. In contrast, for the
chirped-phase pattern, not all nonresonant Rabi oscillat
come into phase simultaneously. Rather, there is a serie
partial recurrences in time; this is observed as a ringing
the signal.
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To quantify the degree to which the two states in t
experiments described here can be independently man
lated, a model based upon Eqs.~1! and ~2! is implemented.
This model accounts for the nonresonant and resonant
tributions to the signal and is summarized in Fig. 5. Equat
~2! is used to account for the nonresonant contributions
the population transfer:

cn~ t !5
meg

h (
p

«~vp!exp@ i ~dp!t2 iwp#

dp
, ~4!

where the summation is over all pixels~p! of the SLM, with
each pixel representing light of a specific frequencyvp and
phasewp . In essence, each pixel creates an oscillation w
frequencydp and amplitude«(vp)/dp . Transform-limited
pulses with Gaussian spectral widths equal to experime
observations are assumed, giving«(vp), and the quantum
states are assumed to be symmetrically located under
spectral envelope. In Fig. 5~a!, the values of«(vp)/d andwp
are plotted. The amplitude of the light at the two pixe
around each resonance is assumed to be zero here, bu
accounted for in the resonant portion of the model. The s
nal is then computed as a convolution of the excited-s
population ucn(t)u2 with a 180 fs FWHM Gaussian prob
pulse. The model population transfer dynamics fit very w
with the experimental data, as shown in Fig. 5~b!.

Given the good agreement between model and exp
ment, a more quantitative analysis of the interaction betw

FIG. 5. Comparison of model results with experiment.~a! Phase
~h! and amplitude~d! @«(vp)/dp from Eq. ~5!# of the oscillations
created by each pixel used to generate the nonresonant contrib
to the model population transfer dynamics. Resonances are ma
with vertical lines, and the electric-field spectrum is given by t
solid line. A second state~dashed line! is included for reference.~b!
Comparison of model and experiment. The experimental nonre
nant~h! and full population transfer traces~s! are compared to the
model nonresonant~dotted line! and full population transfer~solid
line! traces. The model resonant contribution is given by the d
dashed line.
2-5
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BALLARD, STAUFFER, MIROWSKI, AND LEONE PHYSICAL REVIEW A66, 043402 ~2002!
control of wave-packet phase and population transfer dyn
ics is given below. For a two-state superposition, a low
limit of the degree to which the population transfer to stati
can be independently controlled,I PTi

, is quantified as

I PTi
5122nU E

Dv/2

1`

dd8«~d i8!/d i8U2

, ~5!

whereDv is the difference in energy between the superpo
tion states (Dv5v i2v j ), the second limit of integration
~6`! has the same sign asDv, and«(d8) is the amplitude of
the electric field at a specific detuning. The factor of 2 a
counts for destructive interference, andn normalizes the ex-
pression. Physically speaking,I PTi

is a measure of the cumu
lative intensity of all nonresonant contributions to
particular population at a specific time relative to the id
case ~i.e., single control domain!. In the case where two
states have degenerate energies~i.e.,Dv50) with a uniform
energy spectrumI PT50, the states cannot be independen
controlled. On the other hand, in the limit ofDv56`, the
second term goes to zero, and the states can be contr
completely independently of each other (I PT51). This
analysis assumes a regime where the spectrum is divided
an arbitrary number of ‘‘control domains,’’ with a specifie
bandwidth devoted to the control of each state. The spect
is divided into two or more regions, and the integrated va
of e(d i8)/d i8 inside the control domain for statei is compared
to e(d i8)/d i8 outside its control domain. Increasing the num
ber of states involved in a control scheme will likely d
crease the spectral width of the control domain for any st
decreasing the degree to which that state can be inde
dently controlled. Using Eq.~4! to quantify the influence of
nonresonant frequencies, Eq.~5! shows that each state can b
controlled up to 90% independently~i.e., I PTi

50.90).
The resonant contribution to the signal is modeled us

Eq. ~1!. The electric field is assumed to be transform limit
a,

r,
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with a bandwidth for excitation equal to approximately 1
cm21 FWHM, which corresponds to the light imaged on
two pixels. Each quantum state is assumed to be locate
the central frequency of its respective narrow bandwidth
gion to best mimic experiment and to minimize compu
tional artifacts related to the singularity atd50. This com-
ponent of the modeled signal shows a slow, monoto
increase in the excited-state population, just as one wo
expect from a several picosecond transform-limited pu
When the resonant and nonresonant components of
model are added together, they closely follow the experim
tal signal, as shown in Fig. 5~b!. A similar analysis was per-
formed on the results using phase-jump spectra with 0
relative phase, with similar outcomes, further supporting
validity of this model. In future work, the effects of changin
the energetic spacing between states will be used to exp
mentally verify the bandwidth considerations presented e
lier.

We have shown the ability to independently impleme
the coherent control of both the population transfer coe
cients and quantum interferences to two states in a supe
sition. Additionally, we have shown that the optimal pul
shape for transient population transfer in the weak-field
gime is characterized by nonresonant wavelengths that
shifted byp/2 and2p/2 rad relative to the resonant wave
lengths. Using a simple model based upon the assump
that an ultrafast transition can be described by a collection
driven oscillators, we have quantified the degree to which
two states in the superposition can be independently c
trolled. This work should be instrumental for designing c
herent control pulse schema and for understanding solut
found by various learning algorithms.
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