VOLUME 76, NUMBER 21 PHYSICAL REVIEW LETTERS 20 My 1996

Creating and Probing Electronic Wave Packets Using Half-Cycle Pulses
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Ultrashort, nearly unipolar electric field pulses are used to produce novel dynamic states in
Rydberg atoms. A single 500 fsec field pulse redistributes essentially all of the population from
a single stationary Rydberg state to hundreds of different final states. The dynamic evolution of
the nonstationary wave packet is monitored using a second, time-delayed pulse. The time-dependent
momentum-space probability distribution of the wave packet can be retrieved experimentally using a
classical impulse approximation. [S0031-9007(96)00264-5]

PACS numbers: 32.80.Rm, 42.50.Dv

Recently, a significant amount of research interest haamplitude and phase in each of the vast number of con-
been aimed at studying the evolution of atomic and molecstituent stationary states is extremely sensitive to small
ular systems during and subsequent to irradiation by nonsariations in the temporal structure of the HCP, making
perturbative electromagnetic pulses [1]. These studies ammparison with theory virtually impossible. However,
a necessary prerequisite to the creation of electronic anithe general shape and evolution of the electronic probabil-
nuclear wave packets with arbitrary characteristics whichity distribution can be less sensitive to experimental noise
are the key to coherent control of atoms and moleculeand uncertainties, making a direct measurement of the
[2]. This Letter describes an experiment which demon-probability distribution more appealing and robust than a
strates that brief, unipolar “half-cycle” pulses (HCPs) canprecise measurement of the eigenstate amplitudes.
be used to create novel dynamic states in atoms and It has been noted that HCPs might be used to study
that HCPs with sufficiently short duration may be imple-dynamic evolution in wave packets [12]. Since the
mented to retrieve the momentum-space probability distriprobability for optical photon absorption and emission
bution of essentially any electronic wave packet. in Rydberg atoms is restricted to a small spatial volume

Highly excited Rydberg eigenstates in alkali atomsnear the nucleus, all previous studies of wave-packet
have been exposed to subpicosecond HCPs [3—6]. Thevolution in atoms have only been sensitive to the small
coherent bandwidth of these pulses is so large thatadius part of the electronic probability distribution [13].
many states of different angular momentum and principleHowever, the interaction of a bound electron with a HCP
quantum numbers are coupled in a single pulse [3,7-9]s significant over the entire volume of the Rydberg wave
Experimental and theoretical investigations have showrfunction. The results presented here show that a HCP,
that even very small HCP fields are capable of completelyvhose duration is much less than the evolutionary time
depleting the population in the initial state [6,9]. The scale of the wave packet, can be used in conjunction
application of still higher fields initiates a diffusion of with a classical impulse approximation to retrieve the
population through states of higher and lower energymomentum probability distribution of the wave packet as
and essentially all available angular momenta [6,9,10]a function of time.

At extremely high fields, significantly larger than those Consider a classical electron with momentyim I

required for “over the barrier” ionization, the diffusion the duration of the HCP is negligible compared to the

proceeds into the continuum until the atom is ionizedtime scale for variations in the electron’s position and

with 100% efficiency [3,10,11]. Considering the sheermomentum, then the momentum of the electron after its

number of intermediate states and enormous relative fielthteraction with a HCP i$ = py + A whereA is defined

strengths, the ionization of Rydberg atoms by HCPs is onas

of the most extreme examples of nonperturbative atom- -

field interactions. The goal of the experiment described A= - f Fycp(r)dt 1)

Lnotmhls'Letter is to determine t_he t'emporal evolution of thelgndFHcp(t) is the electric field in the pulse. Atomic units
plicated wave packet which is produced when a HC . .

) ) are used throughout. The pulse induces a change in the

interacts with a Rydberg atom. electron’s total ener of

An accurate measurement of the final state distributiory ay - .y
of these wave packets is not only extremely difficult [6], AE = (p* = pp)/2 = po - A + A*/2, )
it is also insufficient for studying their dynamic behavior. so that the energy gained (or lost) by the electron depends
The complex amplitude of each eigenstate in the supemnly on its initial momentum and the time integrated field.
position must be known if the time-dependent probability The energy exchange required to ionize a Rydberg
distribution is to be determined. Furthermore, the preciselectron is simply its binding energyl,/2n%. Without
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loss of generality, assume thatlies in the+z direction.  per unit momentum so that the integrated probability is
Then from Eqg. (2) it is clear that for each valuedfthere  equal to unity.
exists a single value oby - 2 = po. for which the atom The model does a reasonable job of reproducing the
ionizes at threshold ) general form of the expected distribution in Fig. 1. The
_2 2 impulse approximation rapidly breaks down for lower
po. = (n7" = A)/2A. (3) values but becomes even more accurate for higlstates

Hence, the probability that the Rydberg electron has a madue to the variation ofx [8,10]. At the present time, the
mentum componenp, is equal to the probability that a utility of a more formal treatment is questionable due to
HCP with a time integrated fiele-A will ionize the atom  small uncertainties in the precise temporal shape of the
at threshold. So by measuring the ionization probabilpulse [5,7]. However, the respectable agreement between
ity as a function of field, the momentum distribution of the impulse model and experiment in Fig. 1 suggests that
the initial state along the field axis can be obtained usindt may be possible to retrieve information on the dynamic
Egs. (2) and (3). evolution of wave packets using this simple approach.

Figure 1 shows an experimental determination of theSince wave packets have no well defined energy, the value
probability distribution forpo. for the Na25d state. The of n which is used in Eq. (3) must be an average value
distribution is obtained from the ionization vs peak field for the distribution. In practice, for bound wave packets,
curve shown in the inset. The dashed curve shown witthe value ofn is adjusted so that the time-averaged
the experimental distribution is a theoretical momenturfmomentum of the distribution is zero as is required for
distribution for the25d state in H. The theoretical distri- a bound state.
bution is obtained by taking the averagenomentum of The impulsive momentum retrieval (IMR) technique
a classical electron during a time window, and weightingdiscussed above has been used to study the evolution of
that momentum by the probability for finding the electronthe wave packet created by a strong, 0.5 psec HCP. In the
at each point in its orbit. The duration of the time win- experiment, ground state Na atoms in a thermal beam are
dow is equal to the 0.5 psec duration of the HCP. Theexcited to the25d Rydberg state through an intermediate
windowed distribution is nearly identical to the true dis- 3p1,2 level using two, tunable nanosecond dye lasers [3—
tribution for small momenta, but it drops off much more 6]. The Rydberg atoms are then irradiated by two time-
rapidly for large values. The window average is insendelayed HCPs. The HCPs are produced by illuminating
sitive to the short time that the classical electron spendBvo, separate biased GaAs photoconductive switches with
near the nucleus where its momentum is large. Both thd50 fsec, 780 nm pulses from an amplified Ti:sapphire
theoretical and experimental distributions are normalize@scillator [7]. The first pulse has insufficient amplitude
to ionize the atoms, but instead redistributes the Rydberg
population, creating a complicated, dynamically evolving
wave packet. The total ionization yield produced by

o
]

2 the second pulse is monitored as a function of its
40| 0 S 081 peak field and delay relative to the first pulse. The
‘”U"l % 0.6F HCPs counterpropagate through the laser-atom interaction
Iy & oal region at right angles to the atomic and laser beams.
30 |- | : Approximately 50 nsec after the HCPs interact with the
c 02 atoms, a small voltage-50 V is applied to the lower

* - of two capacitor plates which straddle the interaction
5 10 15 . .
. volume. Any ionized atoms are pushed through .50
Field (kV/cm) L X
slit in the upper plate toward a microchannel plate
detector. The narrow extraction slit makes it possible to
achieve a temporal delay resolution ©f200 fsec in the
counterpropagating pulse geometry [6].
Figure 2 shows the probability for ionizing the wave
packet produced by the first HCP as a function of relative
—0.04 -0.02 0.00 0.02 0.04 delay and field in the second, analyzing pulse. Thé
P, (atomic units) initial state and~2.5 kV/cm peak amplitude of the first
FIG. 1. Experimental probability distribution fgs, for the ~ pulse are identical in all the scans. The modulations
Na 25d state obtained using the impulsive momentum retrievain the ionization signal as a function of time are due
(IMR) technique (solid curve). Shown with the data is theto temporal variations in the wave-packet momentum
theoretical momentum distribution discussed in the text (dashegdistripution. The peak field calibration is obtained by

curve). Inset: The ionization probability vs HCP field data.” . " . . . .
used to generate the experimental probability distribution. ThdoNization of the25d state directly with a single pulse

continuous experimental probability distribution is obtained[3,5,11]. Because the HCPs contain small nonunipolar
using the spline fit (inset solid line) to the datz).( features up to 15 psec after the main pulse [5,7], a
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20 40 60 80 FIG. 3. Temporal evolution of the momentum distribution
Delay (ps) for the same wave packet as in Fig. 2. Oscillations in the

distribution are clearly visible. The time interval between
FIG. 2. Probability for ionizing a wave packet as a function adjacent traces is-230 fsec. Each curve is obtained using
of time for several analyzing field amplitudes. The wavea smoothed spline fit to ionization vs field data similar to that
packet is created by exposing tB&d state to a strong HCP shown in Fig. 1.
whose amplitude is only slightly below threshold for ionization
(approximately 2.5 kV/cm). From bottom to top, the peak
analyzing HCP field amplitudes are 2.0, 3.7, 5.2, 6.9, andhe momentum-space probability distribution, not the

9.5 kV/cm, respectively. momentum-space wave function, no direct information
on the spatial characteristics of the wave packet can be
obtained. Fortunately, the response of the wave packet to

minimum delay of 15 psec is shown in the scans. Hencesubsequent interactions can be formulated in momentum

none of the observed features are due to temporal overlagpace as well as in configuration space.

between the two fields. Although the huge number of stationary states in-

Using the ionization probability vs delay scans forvolved makes plotting the quantum mechanical distribu-

13 different analyzing pulse amplitudes, the ionizationtion very difficult, it is straightforward to calculate the

probability as a function of peak field can be extracted fortime-dependent expectation valyg,). To this end, the

any time delay. With the aid of Eq. (3), this ionization time-dependent Schrddinger equation is integrated using
probability vs peak field data can be used to retrieveapproximately 1000 basis states, includingraéind! val-

the time-dependent momentum distribution of the waveales fromn = 17 to 47 [6]. The calculation assumes that

packet. The results are shown in Fig. 3, where cleathe HCP which creates the wave packet has a Gaussian

oscillations in the momentum distribution can be seen atemporal profile with a 0.5 psec full width at half maxi-
the wave packet evolves in time. The oscillationgyp ~ mum (FWHM) and a peak amplitude of 2.5 kV/cm. The
can be understood qualitatively by considering the initialradial matrix elements for Na are calculated using a stan-
eigenstate of the atom as a stationary charge distributiodard Numerov integration algorithm [14]. The results of
which is symmetric about the-y plane. The HCP the simulation are shown in Fig. 4 along with the average
produces an impulsive force on the charge distributiongxperimental values op, obtained from curves similar
giving it a kick along thez axis. The kinetic energy to those shown in Fig. 3. The agreement between the-
gained by the distribution is converted into potentialory and experiment is quite respectable, especially when
energy as it pulls away from the nucleus in analogy toone considers that the calculation predicts that hundreds

a mass on a spring. The distribution then accelerates iof states are actually excited by the first pulse, and that

the direction opposite to the impulse, overshoots its initiathe largest population in any of the states is less than

equilibrium position, and executes quasiperiodic motion8%. Note that experimental results are shown for a sec-

Because of the anharmonicity of the Coulomb potentialpond pulse polarized parallel (measuripg or antiparallel

the wave packet alternately disperses and revives gsneasuring—p;) to the initial pulse. The features in the

it oscillates [13]. Since the IMR technique measureswo data sets are 18@ut of phase as expected.
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| | |
I T ) i
0.004 | A | | I the constituent stationary states.
X | | Il It is a pleasure to acknowledge interesting discussions
L 0.000 ANl ' ‘ ‘ with D.W. Schumacher, P.H. Bucksbaum, and T.F.
' ‘ : Gallagher. This work was supported by the ONR and the
-0.004 | | | AFOSR.
oooaf y, B | |
|
N 0.000 | ' W\/\ [1] K. Burnettet al.,J. Phys. B26, 561 (1993), and references
~ | | | therein; P. H. Buckshauret al., Phys. Rev. Lett64, 1883
—0.004 L | | (1990); D.G. Papaioannou and T.F. Gallaghbid. 69,
: = : : : 3161 (1992); R.B. Vrijenet al., ibid. 70, 3016 (1993);
L J.G. Storyet al., ibid. 70, 3012 (1993); B. Yanget al.,
0005 | ‘ : ibid. 71, 3770 (1993); R.R. Jonethid. 74, 1091 (1995);
o8 0.000 l | LT A K.C. Kulanderet al., Phys. Rev. A51, 561 (1995).
~ ‘ ' | ' [2] P. Brumer and M. Shapiro, Chem. Phys. LeltP6 541
—0.005 |~ | { : w : (1986); M. Shapiro and P. Brumer, J. Chem. Ph93,
| I | l | I | 6259 (1992); D.J. Tannor and S.A. Ridbjd. 83, 5013
20 40 60 80 (1985); B. Armstrupet al., J. Phys. Chem95, 8019

Delay (ps)

FIG. 4. Average momentum(p,.) for the wave packet.
(A),(B) The distributions obtained when the field of the
analyzing pulse is directed in the-z and +z directions,
measuring(—po.) and (p,.), respectively. (C) The time- [3] R.R. Jones, D. You, and P.H. Bucksbaum, Phys. Rev.
dependent expectation valug, ) obtained from a quantum Lett. 70, 1236 (1993).
calculation. The dashed lines demonstrate the good overall[4] R.R. Jones, N.E. Tielking, D. You, C.S. Raman, and
agreement in the positions of the oscillations. P.H. Bucksbaum, Phys. Rev. %1, R2687 (1995).

[5] N.E. Tielking, T.J. Bensky, and R.R. Jones, Phys.

Rev. A51, 3370 (1995).

In summary, this work demonstrates a new IMR tech- [6] N-E. Tielking and R.R. Jones, Phys. Rev. 52, 1371
. ) . (1995).
nique which can be used to directly measure the momen-

. ’ . [7] D. You, R.R. Jones, D.R. Dykaar, and P.H. Bucksbaum,
tum distribution of extremely complicated electronic wave Opt. Lett. 18, 290 (1993).

packets created by highly nonperturbative fields. Mea- [8] The classical Kepler period for Rydberg statesris =

(1991); P. Groset al., J. Chem. Phys96, 2834 (1992);
R.S. Judson and H. Rabitz, Phys. Rev. L&8, 1500
(1992); W. S. Warren, H. Rabitz, and M. Dahleh, Science
259 1581 (1993).

surement of the full three-dimensional momentum dis-

tribution should be possible by alternately rotating the

polarization of the analyzing pulse along three orthogonal
axes. The method is applicable to any wave packet whose

the Rydberg state.

27n® a.u. wheren is the principal quantum number of
For = 25, 7x = 2.4 psec and a
HCP amplitude of~1 kV/cm is capable of completely
depleting the initial state.

temporal evolution is slow compared to that of the HCP so [9] C.O. Reinhold, H. Shao, and J. Burgdorfer, J. Phy27B

that the impulse approximation is valid. The IMR method _ L469 (1994).

was used to study the evolution of novel wave packet§l9] A. Bugacovet al., Phys. Rev. A51, 1490 (1995).

produced by exposing Rydberg atoms to strong, subpiid C-O- Reinholdetal., J. Phys. B26, L1 (1993).

cosecond HCPs. The experimental results are in gooHZ] P.H. Bucksbaum (private communication); C. Raman,
T . ; . C.W.S. Conover, C.l. Sukenik, and P.H. Bucksbaum,

agreement with quantum calculations in spite of uncer- Phys. Rev. Lett76, 2436 (1996).

tainties in the precise shape of the pulse [5,7]. This ob[13] J.A. Yeazell and C.R. Stroud, Phys. Rev. L&®, 1494

servation is further evidence that the specific probability ~ (1988); A. ten Woldeet al., ibid. 61, 2099 (1988); J. A.

distribution of wave packets created by nonperturbative  Yeazell and C.R. Stroud, Phys. Rev.48, 5153 (1991).

fields may be far less sensitive to experimental noise anfl4] M. 1. Zimmermanet al., Phys. Rev. A20, 2251 (1979).

3930



