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Simultaneous control of time-dependent population transfer dynamics and wave-packet quantum
interferences in Li, by shaped ultrafast pulses
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Ultrafast pulse shapes are used to control simultaneously the optimal population transfer coefficients and
rotational wave-packet quantum interferences inEEh’ég+ state of Lp (vg=9, Jg=27 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 Lphotoionization 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 angl®5°) 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.
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[. INTRODUCTION time-dependent population transfer dynamics and superposi-
tion state quantum interferences using analytically optimal,
Coherent control remains a primary goal of ultrafast lase@ntisymmetric pulse shapes, in comparison to simple sym-
dynamics studiefl,2]. Research so far addresses several keynetric, chirped pulse shapes and near-transform-limited
categories, such as the use of resonant frequencies to contidlises. Of interest are the effects of resonant and nonreso-
guantum wave-packet interferend@s-5] and different pulse Nant frequencies involved in the excitation of superposition
shapes to control multiorder proces§@ss—10. Optimiza-  States. It analyzes the extent to which the control of the
tion of coherent control has been achieved using variou¥/ave-packet phase influences the control of population trans-
types of learning algorithm8,11—13, but the nature of the fer_ dynamics. The mu_tual_ control of wave packet and popu-
mechanisms for the optimal results is not always readily ap!ation transfer dynamics is shown to more than double the

parent. This paper will identify a class of pulse shapes thaPhotoionization signal produced by a transform-limited pulse

enhances the ground- to excited-state population transfer in'g & two-state superposﬂpn pump-probe experlment. A tvyo-
! - . . color ultrafast laser experimental system, with pulse shaping,
multilevel system, providing a basis for understanding the

. . is used to isolate the coherent population transfer dynamics
nature of optlr_nal pulse sha_pes fo_r both populatlt_)r_1 transfeéf the two-level superposition in Limolecules. The criteria
and quantum interferences in multilevel superpositions. ¢, inqenendent control of the coherent population transfer

Much work has been devoted to the field of populationgynamics and quantum interferences are established. Exten-
transfer dynamics in the continuous-wave regifé], but  <igns to more than two states are also discussed.
only recently have well-established population transfer theo- gjmultaneous coherent control of two well-defined ex-
retical tools been applied to the wide bandwidth inherent tqsjted states unifies concepts concerning the dynamics be-
ultrafast spectroscopyl3,15-18. For example, it has been tween interfering superposition states and population transfer
shown that chirped pulses can be used to enhance populatieggnamics to individual states. As long as the interfering
transfer dynamics in a multiphoton procdd$,19 or even  states are sufficiently separated in energy from each other,
in a single-photon procegd3,17. It has been shown that the population transfer dynamics to each state can largely be
optimal enhancement of multiphoton dynamics can béndependently controlled. In Sec. Il, a theoretical framework
achieved not by chirped pulses, but by applying constanfor these experiments is presented, followed in Sec. Il by a
phases tdlocksof nonresonant frequenci¢$3,16,18§. By  description of the experimental apparatus. Finally, experi-
using a frequency-domain analysis, the optimal pulse shap@ental results are presented and discussed in Sec. IV. The
is shown to depend primarily on frequencies that are neagegree to which the population transfer for two states can be

resonant, as will be discussed in detail in a later section. independently controlled is included in that final section.
This paper considers the simultaneous control of both

Il. THEORY

*Present address: Department of Chemistry and Department of In the weak-field limit, first-order time-dependent pertur-
Physics, University of California, and Lawrence Berkeley Nationalbation theory can be used to describe a single-photon absorp-
Laboratory, Berkeley, CA 94720. tion. The excited-state amplitude coefficient for a single state
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F(Z,)

is described in the time domaj20]:

Heg [

Ch(t)= 7 e(t)expliwegt’)dt’, (1)

whereu.q is the dipole moment matrix element between the hvpr

excited and ground states(t) is the electric field as a func-
tion of time, and weq=(E.—Eg)/% is the transition fre-
qguency. As shown ifi16,18,2], this excited-state amplitude
can be approximated for positive tinteby the frequency-
domain expression

)2
Cn(t)= i_;g

’5*

(weg)_%g{)fj; s(w)ex5q|(5)t]dw ,

(2 hv

wherez* (w.g) is the amplitude of the electric field at the
transition frequencyg(w) is the amplitude of light at fre- .
quencyw, 6= w— wqq is the detuning, ang is the Cauchy
principal value. The first term in E@2) represents the reso- g 10

nant contribution to the excited-state amplitude, and the sec- R(‘?\)

ond term represents nonresonant contributions. tAap- . )
proaches infinity, the second term averages to zero, and Eg. 7'C- 1. 1R<3Ievant potential energy curves. A cw laser excites
(2) reduces to the resonant component; however, the secoff@™ theX "X electronic curve to a pure launch state X, .

term does not necessarily average to zero for sinéle., An 800 nm ultrafast laser excites a superposition of states on the

ot o S .
wihinthe puise wicth In the absence of any phase manipu- = 4 SIVe W 5 ubseenty lonieed by 8 e doved 960
lation (i.e., transform-limited pulsgsthe nonresonant term P puise. g yS, P pump p

. L . way through thd- 129* state, as indicated by the dotted lines, has a
will be_ greatly dlmlnlshed for alt’ since thed term for o much lower yield than the positive time pathway due to unfavorable
> weg IS Of Opposite sign relative to that fas<weq [18].

29 . . Frank-Condon overlap factors.
Additionally, thei/ s leading factor of the nonresonant term

places the nonresonant contributief2 out of phase with the the signal. For parallel pump and probe polarizatiores
resonant term. This phase relationship suggests that, to br”}grred to as a “parallel probe’ the presence of multiple

all frequency components into phase at smah additional rotational states in the wave packet produces a coherent su-

+ml2 and —m/2 phase must be added to the nonresonanfo ition state with oscillations at a frequency equal to the
frequencies above and belaw,, respectively. Additionally, energy difference between the staf@s]:
the 1/5 dependence of the nonresonant term shows that the '

most influential frequencies will be those with the smallest _ 2 2 2 2
detuning. These results may then be generalized to multiple S(t=[praf*les(t)]*+|pralea(t)
states. +2[prypralca(tica(t)|cog Awt+Ag(t)],

The 1/ dependence of the nonresonant wavelengths lends
itself to the possibility that frequencies with a lar§ean be (33
manipulated with minimal influence on the excited-state co-
efficient dynamics. This will allow for the manipulation of Wherepr, andpr, are constants related to the probe step
multiple states, provided that the energy separation betwedfot discussed heyethe energy separatiofw is 42 cm
statesAw, is great enough that all frequencies near one statél-5 TH2; and A¢ is the relative phase between the wave-
have little effect on any other states. In the discussion belowPacket states at time It has been shown that for a probe
we use “control domain” to refer to large blocks of wave- Polarization oriented at the magic angte55°) with respect
lengths surrounding each resonant transition and “resonar® the pump polarizatioi‘magic-angle probe}, the coher-
control domain” or “resonance” to refer to very small band- €nt oscillation is completely suppressed, so
width regions centered on each resonant transition.

Lithium dimer (Li,) is used as a model system to inves- S(t)=[pry|?[cy(t)[>+[pral?[ca(t)]?, (3b)
tigate the extent to which nonresonant frequencies can be
used to control multiple excited-state coefficients with abecause the coherent oscillation is rotational in natéiy24).
single pulse. The relevant potential energy curves indte Hence, by manipulating the probe polarization, we can select
shown in Fig. 1[22-24. From a single launch state, two whether the signal reflects a full wave-packet trace or simply
rovibrational states =9, Jg=27 and 29 are accessible the ground- to excited-state population transfer dynamics.
within the bandwidth of the pump laser, creating a time-Furthermore, by subtracting the magic-angle probe signal
dependent wave packet. A probe pulse ionizes the coherefrom the parallel probe signal, we are left with just the co-
superposition at various pump-probe time delays to obtaimerent oscillation piece
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S(t)=2[priprof[ci(t)cy(t)[cogAwt+Ag). (30 201 2 . oo
=i} 7 " 7 Il
The probe step consists of an ultrafast pulse of a different 3 \E 9,27 / Yoo e
color from the pump puls¢26]. This aspect of the signal £ 10 \g Pag® / /XE
acquisition was not considered above for simplicity. The 2 0.5/ \g \ /@Xﬁ\x /n
color of the probe pulse is chosen so that the probability for = \E @)f % /x/‘ X
a probe-pump(i.e., t<0) ionization pathway is below the 200 . LS ol
noise level, allowing time-dependent ionization to occur only 50 pixel S(L)lmber 0
at positive time delays. There is a constant background com- 201 poooooooc
ponent to the photoionization signal at all time delays, and §1.6- b
this has also been subtracted out of the signals. Hence, the g, /DD
observed photoionization signal only shows the time- o EEEEOOOD | XXXXXXXX>
dependent coefficient buildup behavior and the quantum in- _§°'8' / | /
terference of the superposition state as described inf4qg. a4+ " /_?<
0.0 fEEEERMERR XXX ]
lIl. EXPERIMENT 50 pixel ﬁ’ﬁmber 70

The lithium sample is contained in a heat pipe at 1050 K gy 2 phase-mask classes used in this article. In both panels,
and is photoionized by a three-step excitation process. AQuantum state resonances:€ 9, Je.=27 and 29 are marked with
overview of the laser system is given below, but details caRjertical lines. Relative phase offsets of 0.0 andad between con-
be found in previous work13,26. In this experiment, a trol domains are represented by croségs and squares]), re-
narrow-bandwidth continuous-wavew) laser, an ultrafast spectively.(a) Chirp-type spectra. The degree of quadratic phase,
amplifier system, and an optical parametric amplif@PA) is defined by (pixel)=Cc(Syixe)® Where Sy is the separation in
are used, and all but the OPA are pumped by a 27 W argopixels from the nearest resonanée). Phase-jump spectra. A phase
ion laser. The frequency of the cw laser is tuned to a specifiof +4/2 and —#/2 is added to the frequencies above and below
A3 )X 13 resonancé606.954 nm of Li,, producing  resonance, respectively. A linear phasepgpixel)= e is added
a pure launch staterg=11, J,=28) on the first excited to the phase masks to induce a time shift in the population transfer
electronic potential energy curve. The ultrafast regenerativ&10t shown. The phase on pixel 56 is always the same as that on
amplifier is seeded by a 76 MHz oscillator to produce 180 fsPixel 55, and the phase on pixel 66 is always the same as that on
[full width at half maximum(FWHM)] ultrafast pulses at a Pixel 65.

200 kHz repetition rate;- 800 nm central wavelength with 8

nm (FWHM) bandwidth. These ultrafast pulses are split intophotoionization effects, shown in Fig. 2. The first class has a
two beams, with 25% of the light becoming the pump pulsesymmetric phase shape about each resonance that has been
and 75% of the light frequency doubled to pump the OPAshown to transiently enhance excited-state coefficifLit

The resulting 15 mW OPA output is a train of nearly («chirp-type spectrum’. It consists of a quadratic phase ap-
transform-limited pulses with a 200 fs FWHM pulsewidth pjieq across the frequency spectrum around each resonance
and a central wavelength of 640 nm. The OPA output ISwith the form o(0)=c8+ ¢, whered=w;,—  is the de-

variably time delayed relative to the pump pulse via a preC|-tuning from the nearest resonance, ands a constant phase

sion delay stage. . . . i
To shape the pump pulse, it is sent through a disper:sioE\See Fig. 2a)]. The constant phase is applied to the en

; . irety of one of the control domains to control the phase of
free pulse shap¢P7,28. In the pulse shaper's Fourier plane, the wave-packet interferences. An antisymmetric phase mask
a liquid-crystal spatial light modulato(SLM) is used to P ' y P

shape the spatially dispersed pump light by independentl{?r popglation transfer ::om.prises the secqnd class, called t'he
attenuating and/or applying phase to 128 individual fre- PNase-jump spectrum’; this phase mask involves the appli-
quency componentéSLM pixels) of the pump light. The cat|0n_0fq-r/2_and—rr/2 rad above and be_Iow resonance, as
central frequencies imaged onto the SLM pixels are sepa€Stablished in several recent worleee Fig. 20)] [16,18.
rated by approximately 4 cit with a single-frequency spot The resonant portion of the control domain is defined here as
size of approximately 1.7 pixels. Normally, the 8 nm FWHM @ block of two pixels(~8 cm™* FWHM) centered on a spe-
pulses are imaged onto the SLM to achieve a bandwidth ofific transition, chosen to avoid attenuating the long-time-
40 pixels FWHM. delay signal by diffractiof13]. So, in effect, “resonance”
The cw laser, pump, and probe pulses intersect in th@ctually refers to the smallest practical bandwidth achievable
interaction region in the center of the heat pipe. The ions arby our pulse shaper around each transition. As in the case of
produced between two parallel plates separated by 1 cm witthe chirp-type spectrum, the relative phase of the wave-
a 10V potential applied across the interaction region. The cvpacket states using the phase-jump spectrum is manipulated
light is optically chopped, and the resulting current is de-by adding a constant phase to only one of the control do-
tected with a lock-in amplifier that is synchronized to the cwmains. It must be noted that, in each of the cases above, the
modulation. phase-mask profiles for both control domains is the same,
To study the effects of nonresonant frequencies, twassuring the same population transfer dynamics for each state
classes of pulse shape have been used to enhance transignthe superposition. Additionally, this will assure that the
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FIG. 3. Chirp-type pump spectrum transients. The upper solid
line and circled @) represent the magic-angle probe transientfor 0
and 0 rad relative phase between control domains, respectively, and T

. ., : - ' 2 4
a chirp factor of 0.2. The lower solid line and circlgs) represent 2 0 t(ps) 2
just the coherent oscillations produced with the same phase masks

FIG. 4. Phase-jump pump spectrum transietds Magic-angle
probe traces produced using zero phase off@t and = phase

. . . offset (solid line) between the control domains, and parallel probe
wave-packet phase will remain nearly constant during thef)hotoionization signalO) for zero control domain phase offset. A

as above.

population transfer process. trace produced by an unshaped pump puls¢ is included for
reference.(b) Population transfer traces produced by adding a
IV. RESULTS AND DISCUSSION simple phase pattern to the phase-jump spectrum, witbhase

offset between wave-packet resonances. Linear phase was added to

This section will first analyze the ability to control quan- nonresonant frequencies to time-shift the peak photoionization by
tum beats while applying a previously studied chirp-type0.0 and 1.0 psO and @, respectively. The crossed ling+) rep-
phase mask around each state, but extended to a quantuesents an attempt to shift the nonresonant contribution to a time
superposition. Next it will be shown that the phase-jumpbeyond the capabilities of the experimental apparatus, resulting in a
spectrum gives a much greater enhancement in the transiepirely resonant excitation effect.
photoionization, by up to a factor of 2 for a wave-packet
phase shift ofr. Finally, the nonresonant contributions to the a maximum, as expected from Eda). The combination of
photoionization will be compared to a simple model to quan-the population transfer dynamics and the wave-packet inter-
tify the degree to which the quantum states in the superpderences produces a clear peak in the photoionization signal
sition can be independently controlled. at 1.2 ps despite the slightly decreased population transfer

To demonstrate the separability of the population transfetising zero phase offset between control domains.
dynamics from the wave-packet oscillations, we first exam- The analysis of the chirp-type spectrum above establishes
ine the previously studied case of the chirp-type spectrunthat both the population transfer dynamics and wave-packet
[17], with results for the two states at the magic arldlg.  interferences can be independently controlled. This section
(3b)] and parallel probe minus the magic an@jieg. (3c)], = now explores more optimal phase masks to maximize the
shown in Fig. 3. The population transfer dynamics in thephotoionization due to the population transfer dynamics in
upper part of the figure show several traits of the buildupconjunction with the interference of two states at specific
produced by a strictly chirped pulse. After time zero, there isshort pump-probe time delays.
a peak in the excited-state population followed by a short Several magic-angle and parallel pump-probe data are
period of ringing. After just a few picoseconds, this ringing summarized in Fig. @. A pump-probe transient obtained
decays, leaving a constant value for the excited-state popwvith the phase-jump spectrum of Fig. 2 clearly shows an
lation. Notice that these characteristics are present for botinhancement in the excited-state population, in addition to
zero andm relative phase between the control domains, andhe proper phasing of the coherent oscillation-a0, shown
in both cases there is a peak in the excited-state populatian Fig. 4(@. Two population transfer trace@nagic-angle
around a planned delay time of 1.2—1.3 ps, depending on thgrobe are shown, along with a total wave-packet sigfper-
degree of chirp, in this case a 0.2 chirp factor. The coherertllel probg that is designed to have a maximum in the quan-
oscillations, which are simply the difference between the partum beat at the same del&9.0 p9 as the maximum in the
allel and magic-angle probes, are also predictably controlledoopulation transfer. The population transfer traces use phase
Clearly, a7 phase shift of one coherent oscillation relative tomasks with 0 andr relative phase between two control do-
the other can be induced during the entire population transfenains, and the full wave-packet signal is set to have 0 rela-
process, which is simply a result of addimgphase to only tive phase between the two control domditie X's in Fig.
one of the resonant control domains. Additionally, around 1.2(b)]. Both population transfer traces show a peak at the
ps, the amplitude of the coherent oscillations passes througtame pump-probe time delay, with the casemofelative
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phase between control domaiitke (I's in Fig. 2(b)] having
the larger peak amplitude by 15%.

Of all relative phases between control domains of the
phase-jump class, the case of zero relative phase is the least
optimal for population transfer. This is so because all of the
wavelengths between the two wave-packet states in one con-
trol domain maximally destructively interfere with the
buildup of the other control domain. For example, the light
on pixels 57-6(in the (9,27 domain maximally destruc-
tively interferes with the buildup of stat®,29, where the
control domain includes pixels 61-128. Even so, the wave-
packet interference produces a global maximum in the
photoionization at 0.0 ps pump-probe delay.

In Fig. 4(b) several population transfer traces are shown
for the phase-jump spectra with different amounts of linear
phase added just to the nonresonant frequencies; these traces
are generated using onty relative phase between the wave-
packet resonances. Evident in this figure is that for each trace R R 3 1
there is a slow, monotonic buildu>4 ps of population t(ps)
attributable to resonariand very near resonarfrequencies _ _ i
coupled with a much shorter time-scale population transfe FIG. 5. Comparison of model results with experiméat.Phase

r . S
attributable to nonresonant frequencies. The nonresonaif) "9 amplitudd®) [&(wp)/d, from Eq. (5] of the oscillations
created by each pixel used to generate the nonresonant contribution

contributions to the population transfer show peak Widthas the model population transfer dynamics. Resonances are marked
between 750 and 790 fs FWHM. These data will be use ith vertical lines, and the electric-field spectrum is given by the

later to quantlfy the degree to which the superposition State§0Iid line. A second stat@ashed lingis included for referenceb)
can be independently controlled.

Comparison of model and experiment. The experimental nonreso-

The phase-jump spectrum permits a higher degree of CQ;ant(m) and full population transfer tracé®) are compared to the
herent control than the chirp-type spectrum as shown by thg,oqe| nonresonar(dotted ling and full population transfefsolid

fact that at short times the phase-jump spectrum doubles thgie) traces. The model resonant contribution is given by the dot-
excited-state population, whereas the chirp-type spectrurgashed line.

shows a maximum of 30% improvement of the photoioniza-

tion signal. The phase-jump spectrum shows greater popula- To quantify the degree to which the two states in the
tion transfer enhancement than the chirp-type spectrum besxperiments described here can be independently manipu-
cause the phase-jump shape assures that all nonresong@ted, a model based upon E@$) and(2) is implemented.
contributions come into phase simultaneously. This is in conThis model accounts for the nonresonant and resonant con-
trast to the chirp-type situation, in which only certain non-tributions to the signal and is summarized in Fig. 5. Equation

resonant contributions are in phase at any one time. (2) is used to account for the nonresonant contributions to
The mechanism for the increase in population transfer fothe population transfer:

the phase jump spectrum can be attributed to off-resonant

Rabi oscillations. In the weak-field limit, the Rabi frequency = ,uegE e(wp)exfi(Sy)t—iepp] @
Q(8) ={ 8+ [ pege (5+ weg) /i ]3Y2 reduces toQ(8)=4, Cal h 5 S ’

since [pege(8+weg)1°<6® for values of & with non- o _ _
negligible electric-field amplitudesl4]. Additionally, given ~ Where the summation is over all pixejs) of the SLM, with

that the amplitude of any nonresonant oscillation is proporeach pixel representing light of a specific frequengyand
tional to e(5+ weg)/ 5 [29], the total of all nonresonant con- phaseg,. In essence, each pixel creates an oscillation with
tributions to the excited-state populations can then be formufrequency 5, and amplitudes(w,)/8,. Transform-limited
lated as c(t)xf”. ddo[e(5+ weg)/é]zsinz[étIZJr @(5)]. pulses with Gaussian spectral widths equal to experimental
Notice the similarity of this representation to E@). To  observations are assumed, giviagw,), and the quantum
bring all of these sine waves into phaséal, a phase mask states are assumed to be symmetrically located under the
with + /2 and—7/2 rad applied to the positive and negative spectral envelope. In Fig(&, the values ot(w,)/ 5 andg,
detuned wavelengths, respectively, must be implemented. Adtre plotted. The amplitude of the light at the two pixels
the resonant wavelengtfi.e., where §=0), the optimal around each resonance is assumed to be zero here, but it is
phase will be intermediate between the positive and negativaccounted for in the resonant portion of the model. The sig-
detuning, or zero degrees. Thus we have the same optimahl is then computed as a convolution of the excited-state
phase pattern as predicted by H8). In contrast, for the population|c,(t)|?> with a 180 fs FWHM Gaussian probe
chirped-phase pattern, not all nonresonant Rabi oscillationgulse. The model population transfer dynamics fit very well
come into phase simultaneously. Rather, there is a series w@fith the experimental data, as shown in Figh)5

partial recurrences in time; this is observed as a ringing in Given the good agreement between model and experi-
the signal. ment, a more quantitative analysis of the interaction between

¢ (rad/w)

: ¢
spmyrjdure pazijeuiou

photoionization

2 3 4
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control of wave-packet phase and population transfer dynanwith a bandwidth for excitation equal to approximately 10
ics is given below. For a two-state superposition, a lowercm ! FWHM, which corresponds to the light imaged onto
limit of the degree to which the population transfer to sfate two pixels. Each quantum state is assumed to be located at
can be independently controllethy, is quantified as the central frequency of its respective narrow bandwidth re-
gion to best mimic experiment and to minimize computa-
tional artifacts related to the singularity &= 0. This com-
' ) ponent of the modeled signal shows a slow, monotonic
increase in the excited-state population, just as one would
whereAw is the difference in energy between the superposiexpect from a several picosecond transform-limited pulse.
tion states Aw=w;—w;), the second limit of integration When the resonant and nonresonant components of the
(+) has the same sign @sv, ande (") is the amplitude of model are added together, they closely follow the experimen-
the electric field at a specific detuning. The factor of 2 ac-tal signal, as shown in Fig.(b). A similar analysis was per-
counts for destructive interference, andormalizes the ex- formed on the results using phase-jump spectra with 0 rad
pression. Physically Speakinngi is a measure of the cumu- relgtiye phage, with similar outcomes, further supporting the
lative intensity of all nonresonant contributions to a Validity of this model. In future work, the effects of changing
particular population at a specific time relative to the idealtn® €nergetic spacing between states will be used to experi-
case(i.e., single control domajn In the case where two mentally verify the bandwidth considerations presented ear-
states have degenerate energigs, Aw=0) with a uniform  "€"-

energy spectrunis=0, the states cannot be independently . e have shown the ability to independently implement
controlled. On the other hand, in the limit Afwo= =+, the the coherent control of both the population transfer coeffi-

g&ents and quantum interferences to two states in a superpo-
sition. Additionally, we have shown that the optimal pulse
ﬁ?ape for transient population transfer in the weak-field re-
an arbitrary number of “control domains,” with a specified gime is characterized by nonresonant wavelengths that are

bandwidth devoted to the control of each state. The spectrur?ihifted by 2 and —m/2 rad relative to the resonant wave-

is divided into two or more regions, and the integrated valu%ﬁn?ths' lLtJS|fngte: S|m$|e mod?)l b(?sed.tt:pgrg) the aﬁsutmptlo?
of e(5{)/ 5] inside the control domain for statés compared atan ultrafast transition can be described by a collection o

t0 e(8')/8' outside its control domain. Increasing the num_driven oscillators, we have quantified the degree to which the
L . : ) ng ! two states in the superposition can be independently con-
ber of states involved in a control scheme will likely de-

th tral width of th trol d inf ¢ ttrolled. This work should be instrumental for designing co-
crease the spectral width ot In€ control domain for any stat&,q et control pulse schema and for understanding solutions
decreasing the degree to which that state can be indepe

dently controlled. Using Eq4) to quantify the influence of fbund by various learning algorithms.
nonresonant frequencies, E§) shows that each state can be
controlled up to 90% independentfie., I oy =0.90).

The resonant contribution to the signal is modeled using The authors gratefully acknowledge the support of the
Eq. (1). The electric field is assumed to be transform limitedNational Science Foundation.

2

+ oo
J d5,8(5i,)/5i,

I PT. — 1_ 2n
: Awl2

completely independently of each othefp{=1). This
analysis assumes a regime where the spectrum is divided in
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