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We have used amplified, programmable, shaped optical pulses to engineer Rydberg wave packets in cesium.
Our apparatus employs a computer-controlled liquid-crystal pulse shaper which could control either the phase
or the magnitude of the pulse's spectrum. The shaped optical field was analyzed via cross correlation and

frequency-resolved optical gating. The wave-packet evolution was analyzed by monitoring temporal interfer-

ence via the optical Ramsey method to obtain both auto- and cross-interferograms of the engineered wave

packet.

PACS number(s): 32.80.Rm

I. INTRODUCTION

We have tailored an atomic Rydberg wave function by
controlling the spectrum and phase of the excitation radia-
tion. Our apparatus employs a 10-nm bandwidth coherent
optical pulse generated by a Kerr lens mode locked laser
(KLM), which is shaped using a computer-controlled seg-
mented liquid-crystal modulator (LCM). Following amplifi-
cation, the shaped light excites a coherent superposition of
np states (a wave packet) in atomic cesium. Both the mag-
nitude and phase of the complex scalar field W(r, t) can be
controlled in this way. We examine the shaped wave function
in two ways: the optical Ramsey method [1,2] produces an
autocorrelation of W(r, t), which can be used to derive its
spectrum. A related technique is the "cross interferogram, "
which is a phase-sensitive monitor of the wave packet.

This research was motivated by our interest in the prob-
lem of coherent control of quantum processes [3].A wave
packet affords control by localizing the electron probability
amplitude where it is wanted. As a simple example, ioniza-
tion from an intense, short pulsed laser can be suppressed by
keeping the wave function away from the core of the atom.
In this paper we show how light may be shaped to control
wave-packet formation. Wave-packet shaping using shaped
optical pulses made with a fixed mask [4] has been demon-
strated as has shaping using unshaped pulses, but utilizing
various aspects of the light-atom interaction [5].

This paper is organized as follows. Section II describes
the experimental apparatus for shaping and characterizing
the optical pulses used in the experiment. The wave-packet
evolution is monitored by measuring auto- and cross-
interferograms using the optical Ramsey method, which is
discussed in Sec. III. The apparatus implementing the
method is described in Sec. IV. The results of this work are
presented and discussed in Sec. V. Finally, Sec. VI summa-
rizes the experiment and outlines future experiments.

age plane of the spectrometer is the focal plane of the mirror
(the Fourier plane). This forms the input plane of the second
spectrometer, which is a mirror image of the first, i.e., a
spherical mirror followed by a grating. The second spectrorn-
eter recombines the dispersed colors, so that ideally the sys-
tem has zero spatial and temporal dispersion. The pulse is
shaped by a programmable phase or amplitude mask placed
in the Fourier plane.

The first optical pulse shaper of this type used fixed (non-
programmable) masks, which could modify amplitude or
phase [6].The use of a programmable LCM phase mask was
first reported in 1990 [7]. The first demonstration of LCM-
based phase and amplitude shaping was reported in 1993 [8].
Recently, shaping using an acousto-optic modulator in the
Fourier plane was demonstrated [9].

The LCM pulse shaper used in this experiment was con-
structed at the National Science Foundation Center for ad-
vanced liquid crystalline optical materials (ALCOM) at Kent
State University. It used a positive nematic liquid crystal
sandwiched between two glass plates patterned with indium

II. OPTICAL PULSE SHAPING AND MEASUREMENT

Our pulse shaper is a frequency domain device that re-
sembles two back-to-back spectrometers [6].Briefiy, the first
spectrometer consists of a diffraction grating followed by a
spherical mirror (Fig. 1). For collimated input light, the im-

FIG. 1. Pulse shaping apparatus. The hardware used for phase
shaping is shown in solid lines. Addition of the dashed elements
(box denotes polarizer, line denotes half-wave plate) allows for am-

plitude shaping.
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FIG. 2. Cross correlation of a phase shaped pulse with the un-

shaped pulse from which it was generated. The phase shaping in-

volved sudden m phase jumps with a periodicity 16 LCM pixels.
The abscissa is the delay between the shaped and unshaped pulses
in the cross-correlator.

tin oxide (ITO) to make electrical contact. The director,
which defines the optic axis of the anisotropic liquid, was
oriented parallel to the device's width and, in the absence of
a field, had a constant orientation throughout the crystal.
There were 256 individual pixels, each 300 p, m wide by
—1 cm high. The pixels were arranged side-by-side giving
the unit's active area a total width just over 7.5 cm. Each
pixel width includes a 10% (-30p,m) dead space, that is, an
area in between the patterned ITO electrodes. In the absence
of fringing fields, this area will simply transmit the light
passing through it unaltered. The LCM was controlled by
two Cambridge Research Instruments (CRI) drivers, each ca-
pable of addressing 128 pixels. The drivers were themselves
controlled by a personal computer.

The LCM was configured as a phase shaper by placing it
between pairs of gratings and mirrors as described above and
as depicted in Fig. 1. The system used gold-coated, holo-
graphic gratings with 2000 lines/mm and spherical aluminum
mirrors with a focal length of 500 mm. The diffraction lim-
ited spot size for this system is 5 p, m, 6 times smaller than
the LCM pixel size. We used 100-fs pulses with approxi-
mately 10 nm of bandwidth centered about 790 nm from a
KLM titanium sapphire laser. This was collimated in a tele-
scope, and then injected at an incident angle of 76 to the
first grating, with p polarization. The gratings pass p polar-
ization preferentially over s polarization with a contrast of
roughly 30:1.Light propagating through the system suffered
roughly 50% losses from light rejected into the zero-order
grating mode, absorption in the aluminum mirror coating,
and surface rejections from the LCM. The temporal shape of
the light was unaltered when the LCM was not powered.
When powered, each pixel could shift the phase of the radia-
tion . "addressed" over a range exceeding 2 ~, providing
phase control of the radiation within the resolution of our
system. The resolution is determined by the grating, lens, and
pixel width, and was 0.12 THz/pixel.

Figure 1 also shows the same LCM configured as an am-
plitude shaper. A Gian-Thompson polarizer was placed be-
fore the first grating to improve the polarization purity of the
light injected into the system. A half-wave plate then rotated
the polarization to 45' with respect to the director. A polar-

~ —0.0 —6 —4 —2 0 2 4
time (ps)

0 —10 —5 0
frequency

5 10
(THz)

FIG. 3. FROG results for a shaped pulse: m phase jumps, 16
pixel period. Shown are the FROG image (top), extracted intensity

(left), and electric field phase (right). Note the phase is shown as a
function of frequency so the operation of the LCM may be seen.

izer followed, aligned to extinguish the light when the LCM
was not powered. A wave plate following the second polar-
izer rotated the polarization back to the p axis. Each pixel,
then, acted as a programmable half-wave plate between two
crossed polarizers, allowing amplitude control of the short
pulses generated by our KLM. This method of amplitude
modulation also introduces an additional phase shift equal to
half the difference in phase between the fast and slow axes of
the liquid crystal. If necessary, this can be eliminated using a
second LCM phase modulator [8], however our experiment
did not require this. After shaping, the pulses were amplified
up to 10 mJ using chirped-pulse amplification [10] at a rep-
etition rate of 10 Hz. Care was taken to operate the amplifier
in an unsaturated, linear gain regime, in order to not distort
the pulse.

Prior to amplification, the shaped pulses were character-
ized with a monochromator and cross-correlator. These de-
vices are useful diagnostics, but they do not allow complete
determination of the pulse shape. After amplification, the
greater energies available allowed us to exploit a new tech-
nique, frequency-resolved optical gating (FROG) [11], that
provides total determination of a short pulse to within a few
trivial phase ambiguities. The phase shaped pulses were
measured using FROG and a deconvolution algorithm em-

ploying intensity constraints [12] and generalized projections
[13].It would have been difficult to characterize these pulses
any other way, given their complex phase variation.

A typical cross correlation is shown in Fig. 2 for an LCM
phase "mask" consisting of a periodic sequence of pixels
with alternating 0 and vr phase shifts. The principal effect is
to split the injected pulse into two pulses with a time sepa-
ration given by the reciprocal of half the periodicity in fre-
quency (Af X n/2) . The mask had a periodicity of 16 pix-
els, or equivalently, 1.92 THz. This resulted in a splitting of
1.10 ps, which compares well with the predicted value of
1.04 ps. This double pulse could not have been created using
a simple beam splitter and delay line in an interferometer
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configuration. efi . The phase relationships between the two
r hasepulses are i eren .d'ff t An interferometer uses a linear p ase

sweep to translate one pu se w1 1 with respect to the other. Here,
the pulse shaper is using sudden phase jumps.

Figure s ows e3 h th results of FROG analysis on the phase
h d ulse after amplification. Although Fig. c ear y

shows a double pulse with separation o . ps,f 1.1 s, double
d t n the FROG results. Nonetheless, the

extracted phase data have phase jumps of nearly ~. e
d t spectral shift in the amplifier. T e

spectrum must be centered over a phase jump to obtain
clearly resolved pulses, or the various frequency components
will not balance to create the null between the two pulses.

lification; how-The hase jumps were centered before amp i ca
'

ever the amplifier system pulled the frequency spectrum
sli htl so that the symmetry was broken. This wThis was not cor-
rected because we only required the ~ ju p pm s to be resent
for this experiment, the centering not being i pim ortant. There
is also a spectra cu ic p1 bic hase error due to uncompensate

te the ban wi thhi her-order dispersion in the amplifier. Note the ban wi t
of these pulses is less than the system is capa e o p

ig er-or er

hat to excite fewerbecause the wings are clipped somewha
states in the wave-pac e eh — ket experiment to be described later.
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FIG. 4. Interferograrn using an unshaped p: ped ulse: ex erimental
results (top) and model calculation (bottom).

~%"(t, r)) = g c„(t)e '""'~n),

The total Rydberg wave function can be wrttten as tn
atomic units)

III. TIME DOMAIN RAMSEY METHOD: AUTO- AND
CROSS-INTERFEROGRAMS

We required a means of detecting the changes in the wave

sha ed. Currently, no method for measuring the spatial varia-shape . urren y,
tion of an atomic wave packet has been dern
thou h a wave packet has been measured completely re-
cently in Na2 using tomograp y,

f th harmoniclike potential wells present in that
molecule and is not readily generalized to atoms. e
amount of wave unc ionf t n near the core can be measure via
short pulse photoionization, and this was the principal means
used to measure wave pac eackets when the experiments forming
them first too p acek 1 [15]. In general, these experiments

cause shortf idable signal-to-noise problems because s ort
pulse lasers cannot saturate the ionization of Ry erg
wit ep erh K 1 r times longer than the pulse duration.

A somew a ih t different technique monitors wave-p
acket 1,2].l b comparing it to a reference wave pac e [,

e ackets roducedWe use this approach to examine wave pac e s p
de-sha ed li ht. The method has been variously

ic interferom-described as a Ramsey technique and as atomic inter erom-
lds that are hase. The former refers to the use of two fie s petry. e o

Ramse 's methodco eren anh t d separated in time, much as Ra y'
ace. A ulse iso hase-coherent fields separated in space. puses two p ase-c

ich s lits it intoinjecte in o ad
'

t Michelson interferometer, w ic sp
'

. Thetwo identica pu ses wi1 1 th a variable delay between them.
wave acketpulse pair is enth used to excite an atom. T e wave pac e

se uentl, hasexcite y ed b the first pulse evolves and, su sequent y, as
wavechanged s ape an oh d 1 cation by the time the second

packet is launc e . s ehed. As the delay between the two pulses
f the two ulseschan es, the population excited by each of the two pu ses

will interfere constructively and destructive y, c '
g

tions in the yield.

where the c, are the complex amplitudes and the co„ the
energies o ef the eigenstates ~n). Let E(t) represent the com-

lex) o tical field of a single pulse. Accordtng to firs-
perturbation theory, and using the rotating-wave approxima-
tion, the total amplitude of state n after both pulses is

c r)= [E(t)+E(t+r)]e ' "'dt,n
J —infinity

is the di ole moment connecting the initial state to
~

—co . Denoting~n), and 5„ is the energy difference co;n;„»—co„. g
as E 5 ),the Fourier transform of E(t) with respect to „as

and the delay as v., we have

2

~E(A„)~ (1+ cosh„r).
2

The total population P is

(4)

As r is varied, P will undergo complex oscillations as the n
frequencies presen eat b t against each other. If we introduce a
non ineari y, we1' 't, can measure the envelope within w ic t e
oscillations occur. ne way o. 0 to do this is to evaluate the root-
mean-square (RMS) variation of (4) [1].Figure 4 (bottom)
shows the RMS variation for the case of excitation by a
model, short, Gaussian pulse.

There are some important time scales characterizing the
evolution of a wave pac ek t [16].The time for a particle in an
equivalent classical system to execute one orbit is
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—1

Tk= 2m = 2mn*,
n

where F„ is the energy of the state with principal quantum
number n, and n* is the effective quantum number given by
—I/$28„. The quadratic dependence of F. on n introduces
dispersion in the wave-packet evolution, causing the wave
packet to explore regions of phase space that a similar wave
packet in a harmonic oscillator would never see. The revival
time, T„, is the time for this wave packet to return to the
phase space of the harmonic oscillator [16].The revival time
is given by

!

KLM

,
SHAPER

t

AMP

SHAPER

AMP

(6)
FIG. 5. Apparatus for measuring autointerferograms (left) and

cross-interferograms (right).

If pulses used are short compared to the Kepler time, the
signal in Fig. 4 has an interesting interpretation [1]because
each pulse alone produces a well-localized wave packet.
Near v= —2TI, the first wave packet is localized at the outer
turning point of the classical orbit, so that the two wave
packets occupy different locations. Thus there is no quantum
interference, so the total population is relatively independent
of delay, resulting in the small RMS value near 1 ps. Near
7 = Tz, on the other hand, the two wave packets are both at
the core, the first having just completed its first circuit. The
two wave packets interfere, so that a large RMS value seen
around 2.5 ps. Somewhat after the first return of the wave
packet, at —,'T, , we see a series of peaks spaced by 2T&. The
wave packet has dispersed into two equally spaced sub-wave
packets. This is called a "fractional revival. "

The above interpretation is appealing, and correct if it is
known that short pulses are indeed being used. However,
from (3), we see that only the spectral magnitude appears,
not the spectral phase. A short pulse would yield the same
signal as a severely chirped pulse, for example [17]. Inde-
pendent of the pulse shape, we can still say that the RMS
signal reports how similar two wave packets are, so that an
atomic interferogram monitors the evolution of the wave
packet [1].The peak occurring at a delay equal to the Kepler
orbit time represents the first return of the wave packet to its
initial conditions, and similarly for the various fractional re-
vivals. The interferogram, then, is a time domain view of the
atomic spectrum.

Since the autointerferogram is equivalent to a Fourier
transform of the spectrum, it can be used to record changes
in amplitude-shaped light. Clearly, however, it is not useful
for detecting phase shaping. Two ways around this difficulty
are suggested by analogy with optical interferometry. The
optical interferogram (field autocorrelation) from a Michel-
son interferometer is also phase independent. It measures
only a coherence length (spectral magnitude dependent
only), as opposed to a pulse width (magnitude and phase
dependent). One way to improve things is to introduce a
nonlinearity, for example, add a doubling crystal to make a
second order, intensity autocorrelator. Another way is to
break the symmetry in the system and interfere one pulse
with a different reference pulse. We can make the atom non-
linear by using more intense light. We have done this re-
cently in potassium [2]. In cesium, however, the coupling
between the initial state and the Rydberg states is weak (a

typical dipole matrix element is about 0.02 atomic unit), and
increasing the intensity produces considerable ionization. A
cross-interferogram is simpler, and this was the method used.
Specifically, we measured cross-interferograms formed by
interfering a reference, unshaped, wave packet with a shaped
one. As is the previous argument, if the reference wave
packet is short compared to the Kepler time, the cross-
interferogram can be interpreted as a measure of the amount
of shaped wave packet near the core.

IV. APPARATUS FOR MEASURING THE
INTERFEROGRAMS AND THE ATOMIC SYSTEM

The system used to measure the evolution of amplitude
shaped pulses is shown in Fig. 5 (left). The light from the
KLM is amplitude shaped and amplified, then injected into a
Michelson interferometer forming the pulse sequence neces-
sary to measure an autointerferogram. One leg of the Mich-
elson had a computer controlled length which could change
in 1-p,m increments corresponding to a delay change of 6.7
fs. The optical period for this experiment was about 2.6 fs.
Since we were only interested in the RMS envelope, there
was no need to follow the evolution with sub-optical-cycle
resolution. It was sufficient to change the delay on a scale
that was small compared to the slow variations of the enve-
lope. Although this technique does not require the Michelson
to be stable, the one used to generate the autointerferogram
was, in fact, stable to better than one-quarter of a wave.

The light illuminated an effusive cesium beam inside a
vacuum chamber. Typically, each pulse had an energy of
about 200 p,J and a spot size of about 3 mm at the interaction
region. The chamber had a base pressure of 5X10 torr.
The beam was formed by heating a stainless steel oven con-
taining 3—10 g of cesium to 100—150 C. The vapor from
the molten cesium (melting point 28.7') passed through two
apertures, one on the oven itself, the other about 2 cm away,
forming a beam. The aperture sizes were approximately 0.4
and 3 mm, respectively. The atomic beam passed between
and parallel to two capacitor plates, orthogonal to the laser
beam.

Just prior (-4 ns) to excitation with the shaped light, the
cesium was excited from the 6s ground state to the 7s state
using 1.079-p,m light to drive a two-photon transition. The
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FIG. 6. Rydberg spectrum excited by (a) u pa unsha ed, b) win-

dowed, and (c) slice pu ses.d l The spectrum was measured using

ramped field ionization. Higher np states, being less bound, appear
first.

lifetime o t e sof the 7s state is about 7 ns. The infrared light was
generated by difference frequency mixing the 1.0 -p, m un-

f Nd: YAG laser with 535,7-nm light from an
KD*P cr stal. Thelified Hansch dye laser in a Type I KD*P crysta . e

output of the Hansch laser was about 4 mJ, ywhich ielded
J of 1.079- m light when mixed with 20 mJ of

the Nd:YAG fundamental. The infrared and s ort pu se
light were both polarized normal to the capacitor plates.

After excitation by both lasers, the total population was
measured at a given e ayd lay using ramped field ionization 18 .

~ ~

A hi h-voltage pulser delivered a —3-kV negative going
1 h a 3- s rise time to one of the capacito ppu se wit a -ps

ble micro-other p ate a1 had 0.4-mm hole in it leading to a doub e
The ca acitorchannel plate detector after a 4-cm drift region. The capaci or

1 The pulsed voltage field ionized theplate spacing was cm. e
and drove theRydberg states with nearly 100% efficiency and drove t e

resulting electrons o et th detector. The high efficiency is one
~ ~ '~of the important advantages of this method over using ion-

stud wave-packet behavior, Both the infrared and
short pulsed light used to excite the cesium were po arize
parallel to the ramped field.

E h R dberg state, bound by a different energy, was ion-
ized at a different voltage and hence, a different time.e. This
allowed us to distinguis id h d fferent Rydberg states and was a
useful iagnos ic.d' t' . A typical field ionization profile from an

asured theed short ulse is shown in Fig. 6(a). We measure eunshape, s or pu se
'

RMS of the signal integrated over all the Ry erg
f dela to construct an interferogram. Typically,function o e ay o

h data oint consisted of the RMS of the signa ro
different delays 6.7 fs apart. That is, if the sig
delay is denoted x;, then the RMS signal was

6 2 t 6 )2 —1/2
X, ,x, X, ,x;

6 ( 6

~ ~

A laser shot was used only if each excitation laser was within
—~7% of some given value. The delay rangeran e measured

—15 to +15 ps. The autointerferogramsranged from about — o
ld b thwere symmetric about zero de y, yla as the should e, so e

FIG. 7. Autointerferograrn exciting with a w'a windowed pulse.

results for positive and negative delays were averaged to
improve the signal-to-noise ratio.

The apparatus for using phase shaped 'ged li ht is shown in
Fi . 5 ri ht). The cross-interferogram compares a pares a sha ed

ulse to a near-transform-limited reference p
~ ~

ulse. Since thepu se to a ne
latter generates a wave packet loca izized near the core, the
cross-interferogram is eth time-dependent current of the

h h ed wave packet near the core. To construct a
cross-interferogram, the phase shaper shown in ig.

into one le of the Michelson interferometer. The
of the shaper required that each leg of the inte erome ersizeo e s

be 2 m long, so the long-term stability was grea y
However, as we ave a rh 1 eady noted long-term interferomet-
ric stability is not crucial for the measureme ent. The two-
pulse output was amplified as before.

V. RESULTS AND DISCUSSION

The autointerferogram of a short, unshap pha ed ulse is
shown in Fig. 4 (top), to be compared with the model inter-
ferogram shown e ow.b 1 The first return and some of the frac-
tional reviva s stan ou1 d t clearly. The first use of the amp i-
tu e s aperd h r was simply to limit the number of states

o b "windowing" the optical spectrum.
sultant R dberg spectrum is shown in Fig. 6 . e mea-
sured autointerferogram and model calculation are presented

F' 7. The first return is cleaner after the pu se is spec-ln ig, . e
ave ackettrally win owe .

'
d ed. Fewer states are excited so the wa p

ructure resentsuffers less dispersion, and much of the fast structure presen
in the autointerferogram of the unshape pu se is

model is much im-The match between experiment and mode

The high intensities used in this experimen
there could be effects beyond the first-order perturbation
theory predictions and' '

t3) nd (4). As a check, Schrodinger's
1 d ations of motion were integrate using an essen-

tial state asis consis inb
'

sisting of the 7s initial state and — y p
states. No continuum states were use, so ionization was not
included. The equations were

c;(t) = g c„(t)(n 2~i)A(t)e't"o
n
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FIG. 8. Fourier transforms of the
' f

unshaped, (b) windowed, and (c) sliced ulse
o e inter erograms made usin aing (a)

s o t e energy spacing between two Rydberg states. A f
peaks have been labeled.

s aes. ew

l
c„(t)= c;(t)(i~z~n)A*(t)e (8)

w ere c; is the amplitude for the initial 7s state d h
electric field is re re

sae, an te
is represented as a complex envelope A(t) over

a carrier wave with frequenc coq ncy coo. The matrix elements were
eva uated usin Numerod g erov numerical integration to find the
cesium wave functions given the kn
a out . 8 for 7s and 3.56 for np). The results of (4) and

~&8j~were in close a ree
lar est fIu

g ment, indicating that even f th

g uence used in this experiment the s
~ ~

or e

essentiall e
en, e system was still

y perturbative. In any case all d 1mo e interfero-
grams shown were calculated using ~8~

An experimental check was also made. If the
d b d lib loy owest-order perturbation theor h h
7s state is not si

ory, t ent e

Rydber state
significantly depleted, and ea h d' ' '

y g s ate should have a population that oscillates like a
simple sine wave at frequency co —co . Th
cated sm

„—co7, . e analysis indi-
s o er i erence frequen-small nonperturbative effects ( th d'ff

cies), but the system was mostly in th kin e wea response limit.

FIG. 10. Crooss-interferogram exciting with h

pulse.
wi a p ase shaped

The Fourier transformorm of an interferogram, on the other

~ ~

hand, will have peaks at many of th d ff
possible in the system. Onl the d ff

e i erence fre uencies

berg states appear, as o os
y e i erences between Ryd-

~ ~ ~

ppose to their separation from the
initial state, because of the RMS roc ~e process. Fourier transforms
o e inte erograms made using the unsha d dape an win-

pu ses are shown in Figs. 8(a) and 8(b). Since the
autointerferograms were measured 30
spectral resolution was about 1 cm '. Th n

over ps of dela, the

R dber sta
ou cm . The spacings between

y erg states are clearly well resolved and c ld
bi uousl idg y i entified. Several are labeled in the fi ure. Note
the simpler spectrum of the windowed data
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Model 600
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Time (ps)
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FIG. 9. A. Autointerferogram exciting th 1wi a s iced pulse.

FIG. 11. Calculated wave-packet evolution of an
kt (b) 1' de, s ice wave packet, and cp, )pas p wa

e . e ra ia expectation value r is lott1 p o e in atomic units as
ion o time in ps.
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We next used the amplitude shaper to window and "slice"
the optical spectrum to produce the Rydberg spectrum shown
in Fig. 6(c). The only states excited were 27p, 29p, and 31p.
The spectrum was also shaped to equalize the populations
(given by the integral under the peaks, not the height). The
measured interferogram and model calculation are shown in
Fig. 9. Note that the first return now occurs at about one-half
the Kepler orbit time. Effectively, the spacing between states
has doubled, so the relevant times, including the recurrence
time, have halved approximately. There is also less disper-
sion present, of course. The Fourier transform is shown in
Fig. 8(c). The only three possible state separations are all
present.

We used phase shaping to change the initial conditions
with which the wave packet was launched. The shaped pulse
had a series of sharp ~ phase jumps occurring periodically in
its frequency spectrum, as described previously, and caused
equivalent phase jumps in the Rydberg states excited. We
measured the effect of these jumps by measuring the cross-
interferogram using an amplified unshaped pulse to create a
reference wave packet. Figure 10 shows the result when ex-
citing with the shaped pulse. The shaped wave packet begins
dispersed and immediately launches into a series of recur-
rences. A model calculation is shown as well. The calculation
does not agree as well for the phase shaped results as for the
amplitude shaped ones because small misalignments in the
various grating systems used in the laser system cause fre-
quency sweeps across the spatial mode that can result in the
FROG measuring a somewhat different pulse than that used
in the experimental vacuum chamber.

Finally, to help summarize the results from using the dif-
ferent shaped pulses, Fig. 11 shows the calculated expecta-
tion value of the radial coordinate, (r), as a function of time
for excitation by an unshaped pulse, the sliced pulse, and the
phase shaped pulse. When the wave packet is localized the
behavior is nearly classical and (r) describes a classical tra-
jectory with strong modulations. When the wave packet de-
localizes, the modulations are vastly reduced. As expected,
the time variation of the wave packet excited by the sliced
pulse is roughly twice as fast (note the first return) than that
for the unshaped pulse. The behavior of the wave packet
excited by the phase shaped pulse, on the other hand, is
different in a completely different way. It reaches its full

revival in approximately half the time compared to the un-

shaped wave packet, although the Kepler time is unchanged.
This is because the entire interferogram has been shifted in
phase.

VI. CONCLUSION

This paper has presented results of the use of amplitude
and phase shaped light to excite shaped wave packets. The
wave-packet evolution was monitored using autointerfero-
grams and, for the first time, cross-interferograms. By using
phase and amplitude shaping it was possible to engineer new
structures in the wave-function probability distribution, and
measure them. The amplitude shaped pulses were used to
control the time scales characterizing the wave-packet evo-
lution, the phase shaped pulse was used to shift specific fea-
tures in the wave packet's evolution to a different time. In-
teresting issues to explore now include the effect of depletion
and other strong response effects on wave-packet evolution
and control. Also, by using simultaneous phase and ampli-
tude shaping, it should be possible to craft more complicated
structures in the target wave function [19].Finally, we would
also like to exploit the computer control of these LCM opti-
cal pulse shapers to implement learning algorithms that use
feedback from the experiment to control the shape of the
wave packet [20].
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