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Time- and energy-dependent response of Cs in a strong electric field

F. Robicheaux
Department of Physics, 206 Allison Laboratory, Auburn University, Auburn, Alabama 36849-5311

~Received 9 June 1997!

The results of a theoretical study of Cs atoms in a strong and static electric field are compared to experiment.
The atoms are excited from the ground state tom50 or m51 states above the classical ionization threshold.
Regularities in the spectra seem to be caused by simple physical mechanisms. The systems are studied in the
time domain using two different methods, recurrence spectroscopy and the ejected time dependent flux, and in
the energy domain using two different methods, photoionization cross section and expectation values of the
energy shift operator. Each of these methods provides some additional insight into the dynamics.
@S1050-2947~97!06711-5#

PACS number~s!: 32.60.1i, 32.80.Dz, 42.65.Re
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I. INTRODUCTION

Studies of the absorption properties of atoms in sta
electric fields predate the discovery of quantum mechan
In recent times, the study of alkali-metal atoms in sta
fields @1–23# has provided several examples of complex d
namics arising from state mixing, avoided crossings, and
cay. It is the main purpose of this study to fill in a light
explored region of the spectrum: above the classical ion
tion threshold in the field and below the zero field ionizati
threshold. For this purpose, the energy-dependent photo
ization cross section of Cs atoms in 1-kV/cm electric fie
has been calculated and compared to experiment@24#. Fur-
ther, interesting results have been obtained in recent m
surements@20,23,25# and calculations@21,22# of the time-
dependent flux of electrons that are ejected from the al
atoms after the atom is exposed to a laser pulse with a d
tion ;4 ps. These two quantities are independent and ca
be obtained from each other. The good agreement tha
obtained between the calculated and measured param
gives confidence that both the theoretical and experime
tools are working well for this system.

In the photoionization measurements, the current of e
trons that leaves a gas cell is measured as a function o
frequency of a laser. Because the laser has very high-en
resolution, there is no time-dependent information obtaina
from the cross section at a given energy. However, so
dynamical information is available by comparing the cro
section at several energies. For example, the energy wid
a resonance can be related to the state’s lifetime and
spacings of energy levels can be related to dynamical per
of the system.

The time information that can be inferred from the cro
section measurements can bedirectly obtained at the expens
of energy resolution. Exciting the atom with a pulsed la
generates a superposition of states at several energies
resulting wave packet evolves in time with features of
wave packet moving in ways reminiscent of classical dyna
ics. By measuring the time dependence of the flux of el
trons ejected from the atom, aspects of the time-depen
electron wave are directly measured. Although some ene
resolution is lost in this procedure, there still is a noticea
dependence of the wave-packet dynamics on the main
561050-2947/97/56~5!/4032~6!/$10.00
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ergy of the packet; the dynamics depends on the peak
quency of the laser pulse as well as the pulse’s duration

These two parameters, the photoionization cross sec
and the time-dependent electron flux, can be used to prod
other time-dependent or energy-dependent information.
example, Fourier transforming the energy-dependent c
section gives a quantity that depends on time; this quantit
simply the expectation value of the time translation opera
Fourier transforming the time-dependent electron flux giv
a quantity that depends on energy; this quantity is simply
expectation value of an energy translation operator. Eac
these Fourier-transformed quantities is a correlation func
and thus they may aid in the interpretation of the quant
dynamics. However, it must be kept in mind that the Fouri
transformed quantities are derived parameters and there
new information that can be gained from them that is n
already contained in the cross-section and time-depen
flux.

Alkali-metal atoms in static fields are a fascinating pro
type for the behavior of a quantum system with two coup
degrees of freedom. An electron in a pure Coulomb poten
and a static electric field has three uncoupled degrees of f
dom: w, j, andh wherej and h are the parabolic coordi
nates. A hydrogen atom in a static field can be understoo
terms of three uncoupled, one-dimensional problems. An
kali atom is much more complicated because the core e
trons change the potential for the valence electron from
pure Coulomb potential. This couples together thej and h
degrees of freedom. Although the coupling between the
ordinates may be strong, the coupling is well localized to
small region of space, less than 5 a.u. from the nucleus. T
leads to the picture of the electron performing simple u
coupled motion inj andh while it is far from the nucleus.
But when it returns to the nucleus, the electron may be s
tered from one parabolic channel to another.

This possibility qualitatively changes the electron dyna
ics in the energy range above the classical ionization thre
old but below the zero field threshold. In this energy ran
there will be several channels in parabolic coordinates
are classically open and several channels that are classi
closed. The channels arise from the quantization of the m
tion in the up-field parabolic coordinate. The more ener
there is in the upfield coordinate the less there is in
4032 © 1997 The American Physical Society
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56 4033TIME- AND ENERGY-DEPENDENT RESPONSE OF Cs . . .
downfield coordinate. Quantum mechanically, all of t
channels are open. However, there is a barrier to escape
barrier arises from the increasing Coulomb potential ene
and decreasing static field potential energy asz→2`. If too
much energy is in the upfield motion, the electron must t
nel through this barrier to escape. If very little energy is ti
up in the up-field motion, then the electron can travel o
the barrier with almost unit probability.

The core electrons qualitatively change the dynamics
the valence electron by scattering it from one parabolic ch
nel to another. The electron is excited into several chan
by the photon; some channels are classically open and s
are classically closed. For a hydrogen atom, the electro
forced to tunnel out in the closed channels because the
no channel coupling; this causes the resonances in the cl
channels to be very sharp. For an alkali atom, the elec
does not have to tunnel out if it is in a closed channel
cause it can scatter from a closed channel to an open cha
if it returns to the core. For Cs, the core scatterings are
large that channel coupling, not tunneling, is the domin
decay path of the resonance states.

The dynamics of a Rydberg state of an alkali-metal at
in a static electric fieldF is governed by two types of motio
for small fields. Within ann manifold the Coulomb degen
eracy is partially lifted to give states that are nearly equa
spaced in energy with a spacing of 3Fn. The eigenstates ar
mixtures of many differentl states. A wave packet tha
starts at lowl will precess into states with highl before
returning to lowl states after a time 2p/(3Fn). The differ-
ence in energy betweenn manifolds is roughly 1/n3.
Roughly speaking, the time 2p/(3Fn) may be thought of as
the period for an angular-type motion and the time 2pn3

may be thought of as a radial type of motion. It must be k
in mind that this is not strictly true because the ‘‘angula
motion is motion in bothr and angles. An important obse
vation from our results is that the periodicity, 2p/(3Fn),
remains qualitatively applicable even forn levels and field
strengths where perturbation theory breaks down comple

In Sec. II we discuss the theoretical techniques and
meaning of some of the parameters. In Sec. III, we pres
results for Cs in a static field.

Atomic units are used throughout this paper unless sp
fied otherwise.

II. THEORETICAL METHODS

This paper presents the results of a study of the ene
dependent and time-dependent response of an alkali-m
atom in a static electric field to a weak laser field. The d
scription of this process rests on correctly calculating
dipole matrix elements connecting the ground state to
final states and on correctly calculating the asymptotic fo
of the wave function. The theoretical methods used in t
paper are the same as those in Refs.@21,22#. We used a
modification of Harmin’s technique@7,26# for calculating
photoionization cross sections in electric fields. In this te
nique, the wave function near the core is calculated in sph
cal coordinates. These functions are then transformed
functions of parabolic coordinates, which are appropriate
a particle moving in a constant electric field plus a Coulo
field. These wave functions and the dipole matrix eleme
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that couple them to the initial state are all that is needed
obtain the photoionization cross section and the tim
dependent flux of electrons.

As was discussed in Ref.@27#, the Fourier transforms o
these two quantities may be related to expectation value
translation operators or equivalently to the projection of
initial state onto itself but with every component shifted
energy or time. To be specific, these relationships may
expressed as

r~ t !5E
2`

`

R~E!uA~E!u2e2 iEtdE

5^CuU~ t !uC&

5^C~0!uC~ t !& ~1!

and

h~e!5
1

2pE2`

`

I ~ t !e2 i etdt

5KE dE(
j

^cguTucE1e, j
2 &A* ~E1e!A~E!

3^cE j
2 uTucg&

5^CuW~e!uC&, ~2!

whereR(E)5K( j u^cE j
2 uTucg&u2 is the energy-dependent re

sponse,T is the transition operator~eitherz for parallel orx
for perpendicular laser polarization!, I (t) is the measured
time-dependent current,U(t)5exp(2iHt) is the time trans-
lation operator, and

W~«!5E dE(
j

ucE1«, j
2 &^cE j

2 u ~3!

is the energy translation operator. The wave function is
fined by uC&5A(H)Tucg&AK, whereH is the Hamiltonian
of the system with no laser but with the constant elec
field; this function has the energy representation

uC&5AKE dE(
j

ucE j
2 &A~E!^cE j

2 uTucg&. ~4!

The factoruA(E)u2 in Eq. ~1! is used to cut off the range o
the Fourier transform.uA(E)u2 is chosen to be peaked aroun
a certain energy; the quantityr(t) thus depends on the pea
energy, the energy width of theA(E) function, and ont. The
quantity h(e) depends one and on the peak of the energ
excited by the laser and the laser pulse width.

III. RESULTS

All of the results in this section are for Cs in a consta
electric field of 1030 V/cm52.00331027 a.u. The classica
ionization threshold is atEth522AF528.95131024 a.u.
The initial state of the Cs atom is the 6s ground state. There
are two sequences of results: one for the exciting laser
larized parallel to the constant electric field and the sec
sequence for perpendicular polarization. In all of the cal
lations, the spin-orbit interaction is set to zero; this will be
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4034 56F. ROBICHEAUX
good approximation as long as energy scales smaller than
cm21 or time scales longer than;60 ps are not probed.

Figures 1 and 2 illustrate the measured@24# ~solid line!
and calculated~dashed line! photoionization cross section a
a function of energy of the final state; Fig. 1 is for lig
polarized parallel to the static field and Fig. 2 is for lig
polarized perpendicular to the static field.~The cross section
is in arbitrary units because I cannot calculate the 6s to np
dipole matrix element to high accuracy.! The calculated
cross section has been convolved with a 0.55 cm21 Gaussian
to match the estimated laser resolution. None of the re
nances near the classical ionization threshold are resol
As can be seen from these cross sections, there are a
large number of resonances in this region. The agreem
between the calculations and experiments is good cons
ing the number of strongly interacting resonances in this
ergy region. Overall, the agreement for the perpendicular
larization appears to be somewhat better than for the par
polarization. This is not too surprising. The coupling b
tween the resonances arises from differences with the C
lomb potential; form50, there arel 50, 1, and 2 compo-
nents that are substantially phase shifted from pure Coulo
waves where as form51 only l 51 and 2 are substantiall
phase shifted; thus any inaccuracy of the calculation will
enhanced form50. Form50, there is nearly perfect agree
ment for energies greater than20.0006 a.u. Below this en
ergy, the positions of the resonances agree but the oscil
strengths do not match up as well. Form51, there is very
good agreement over the whole energy range except f
few resonances near20.0007 a.u.

There are two possible reasons for the descrepencies

FIG. 1. The experimental~solid line! and calculated~dashed
line! photoionization cross section as a function of final-state
ergy. The laser is polarized parallel to the constant electric field
1030 V/cm.

FIG. 2. Same as Fig. 1 but for the laser polarized perpendic
to the constant electric field.
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tween the experimental and calculated results.~1! Spin-orbit
effects are not negligible. All spin-orbit effects are neglect
in the calculation because the amount ofp character in the
Stark states is relatively small. It may turn out that the cro
section is sensitive to the spin-orbit interaction since t
interaction mixes eigenstates of theLz operator. Future work
will address this issue.~2! The experimental field strengt
might not be 1030 V/cm. Small changes in electric fie
change the oscillator strengths of the resonances. Calc
tions at several different field strengths did not give resu
with better agreement; however, it was not possible to
calculations for all possible field strengths and therefore
actual field strength may have been missed.

We have classified a large number of these resonan
One general trend was that states with roughly the sa
number of nodes in the up-field and down-field directi
~states with smallz) were relatively pure states in parabol
coordinates; the states that were localized up-field w
strongly mixed in parabolic coordinates. In hindsight, the
is a second general trend that is evident in these figures. N
the energies of20.0008,20.0006, and20.0004 a.u. are the
energies in H~in a 1030 V/cm field! where levels from then
manifold are nearly degenerate with levels from then11
manifold. The spectrum near these energies becomes s
what simple because all states from different manifolds ar
the same energy. Near energies of20.0007 and20.0005
a.u., the states from adjacentn manifolds are interleaved
The energy spacing of the resonances at these two energ
roughly half that of the resonances near20.0006 a.u.

In Figs. 3 and 4, the time-dependent electron flux is pl
ted as contours inE andt. E is the center energy excited b
the laser pulse andt is the arrival time shifted by an energy
independent amount. I have compared calculated and m
sured time-dependent fluxes for this system and obtai
very good agreement@21–23#. I only present our calculated
results since this was easiest to obtain in a form for cont
plotting. The amplitude for the laser to have photons of f
quency v was chosen to be proportional t
exp@2(Eg1v2E)4/G4#, whereG54.831025 a.u. This func-
tion is somewhat flatter than a Gaussian. With these par
eters, the laser has a full width at half maximum of rough

-
f

ar

FIG. 3. Contour plot of the electron current ejected from t
atom after excitation by a pulsed laser of width 3 ps polariz
parallel to the constant electric field. All times have been shifted
a fixed amount.E is the average energy of the packet created by
laser.
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56 4035TIME- AND ENERGY-DEPENDENT RESPONSE OF Cs . . .
3 ps. This time scale is fast enough to observe the period
ties arising from the 3Fn spacing of levels in ann mainifold.
But it is not fast enough to observe the periodicities from
1/n3 spacing between manifolds.

There are several features of these graphs that ca
understood in a qualitative manner. The white band t
starts near 5 ps atE520.0008 a.u. and ends near 2 ps
E520.0004 a.u. is from electrons that immediately lea
the atom after the laser excitation. The band that starts
17 ps and finishes near 11 ps arises from the part of
electron wave that is initially in the part of phase space t
is closed. But after a timet;2pA22E/(3F), the wave
packet returns to low angular momentum states and the
gion near the core. At this point, it can scatter off of the co
and part of the wave leaves the atom. The band that s
near 25 ps and finishes near 18 ps comes from the w
packet returning to the core a second time.

Some of the details of these figures have a simple in
pretation. The sloping of the bands arises because hig
energy electrons leave the atom faster than lower-ene
electrons. The distance of the bands decreases with inc
ing energy because the time required for the wave packe
evolve from low l to high l then back to low l is
;2pA22E/(3F). For m51, the prompt ionization band
increases in width with increasing energy; this reflects
fact that more electrons are emitted in the prompt ionizat
pulse at higher energy. Form50, the prompt ionization band
does not change much with energy over this range. The
son for this may be related to an aspect of the classical
namics. Classically, there is an energy-dependent separ
angle that divides trajectories starting from the nucleus i
bound or escaping trajectories. This separatrix angle is g
by @15#

sin~Q/2!52E/A4F. ~5!

At low energies the separatrix angle is nearly 180°, reflect
the fact that only trajectories launched nearly downfield w
leave the atom. As the energy increases, this angle move
zero, allowing more trajectories to escape. This affects
relative amount that leaves in the direct ionization pulse.
E52831024 a.u.,Q50.7p, which means for light polar-
ized perpendicular to the field only a very small fracti
directly leaves the atom,;11%, because the initial wave ha

FIG. 4. Same as Fig. 3 but for the laser polarized perpendic
to the constant electric field.
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a sin2u distribution. However, for light polarized parallel t
the field roughly half the flux is in the initial pulse,;40%,
because the initial outgoing wave has a cos2u distribution. At
E526.3331024 a.u.,Q5p/2, which means half of the ini-
tial pulse leaves directly, independent of the polarization.
E52431024 a.u., Q50.3p, which means almost all
;89%, of the initial packet directly leaves the atom for pe
pendicular polarization but still roughly half,;60%, directly
leaves for parallel polarization.

Another interesting feature of these figures is the relat
size of the first return and second return pulses versus
energy of the packet. At times near28, 26, and2431024

a.u. the first return pulse is maximal. Near2731024 and
2531024 a.u., the second and third return pulses are ma
mal. This can be related to commensurabilities betwe
spacings of states betweenn manifolds and between state
within n manifolds @23#. This may also be related to th
energies of the bifurcations of orbits from the uphill orb
@28#.

In Figs. 5 and 6, the magnitude ofr(t) is plotted as con-
tours inE andt. For this calculation, the sameA was used as
for the laser excitation in Figs. 3 and 4. Bands similar
those in Figs. 3 and 4 are present in Figs. 5 and 6. This is
too surprising since the necessary condition for flux be
ejected is for the wave to return to near the core. These

ar FIG. 5. Contour plot ofur(t)u5 z^C(0)uC(t)& z for a laser polar-
ized parallel to the constant electric field.E is the average energy o
the packet created by the laser.

FIG. 6. Same as Fig. 5 but for the laser polarized perpendic
to the constant electric field.
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4036 56F. ROBICHEAUX
also the times when the overlap of the state at timet with the
initial state is maximum. Although there are some simila
ties between Figs. 3 and 5 and Figs. 4 and 6 a quick com-
parison shows several major differences. One differenc
the initial pulse is fixed att50; the sloping of the othe
pulses in Figs. 5 and 6 is strictly due to the periods decre
ing with energy. Therefore, no information on the speed t
electrons leave the atom is obtainable fromr(t). The bands
in Fig. 6 are much sharper than in Fig. 4 whereas the ba
in Fig. 3 are somewhat cleaner than those in Fig. 5. T
shows that the same physical mechanism may be obse
more easily sometimes usingI (t) and sometimes usingr(t).
The same physical mechanism is sometimes expresse
completely different ways betweenI (t) and r(t). For ex-
ample, the increase of the separatrix angle with ene
causes the initial band to broaden in Fig. 4. In Fig. 6,
initial band remains roughly the same width for all energ
however, forE near20.0004 a.u., there are almost no retu
overlaps because almost all of the electron wave dire
leaves the atom and does not return to the nucleus.

A fourth method for exploring the dynamics is based
the expection value of the energy shift operator,h(e), of Eq.
~2!. The full information in this parameter is not utilizd i
this paper since in Figs. 7 and 8 we only present the con
plot of the absolute value. Most of the information about t
general dynamics that is understandable from these fig
has already been discussed. However, there is some info
tion that is most simply observed from these figures. Figur
seemsto have relatively little information that is understan
able. However, the general upward slope of the contour li
with E is due to the same mechanism that causes the incr
of the flux in the first pulse; i.e., the increase of the separa
angle with energy. This figure gives the clearest indication
this process since it is very close toE526.331024 a.u. that
the second contour line increases most rapidly. In Fig. 7,
band neare51.531025 a.u. arises from the first return o
the wave packet to the nucleus. The band n
e50.7531025 a.u. arises from the second return. It is inte
esting that only near energiesE52731024 and2531024

a.u. are the second returns strong. There is almost no sig
a second return pulse nearE52831024 a.u.; i.e. there is
not a peak neare50.7531025 a.u. at this energy. This is

FIG. 7. Contour plot ofuh(e)u @h(e) is the expectation value o
the energy shift operator# for a laser polarized parallel to the con
stant electric field.E is the average energy of the packet created
the laser.
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clear indication of the mechanism that causes the sec
return pulses: near energiesE52731024 and 2531024

a.u. the second return pulse in Figs. 3 and 5 is strong bec
the energies have a spacing half that of the expected spa
but near energyE52831024 a.u. the second return puls
in Figs. 3 and 5 is strong because the resonances have a
lifetime and it takes multiple return to the core for the wa
packet to fully decay. There is one feature in Fig. 7 that d
not have a clear counterpart in the other figures. This is
peak in the energy translation operator forE52531024

a.u. ande52.631024 a.u. This peak implies some sort o
time dependent process with a period roughly 3/5 that of
main period. A simple physical reason for this peak is n
known at this time.

IV. SUMMARY

We have explored the dynamics of Cs in a strong elec
field. Contrary to simple expectations, we have found t
the dynamics is dominated by the simple periodicities t
are present in thel -mixing regime. Some effects fromn
mixing affect the character of the dynamics at longer tim
By investigating the dynamics using four different method
we have found that simple mechanisms control the beha
of the parameters that we have plotted and thus a coarse
of understanding is possible in this system with many int
acting levels.

The parameter that seemed to give the most informa
on the coarse level dynamics was the time-dependent cu
of electrons measured as a function of the central energ
the laser pulse. The recurrence spectrum~which is obtained
from the photoionization cross section! gave nearly the same
level of information but could not give any informatio
about how the electron leaves the atom.
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FIG. 8. Same as Fig. 7 but for the laser polarized perpendic
to the constant electric field.
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