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In this paper we present some of the general features of autoionizing Rydberg wave packets. We assume the
wave packets are generated by a short,perturbativelaser pulse that excites the electronic wave function to a
coherent distribution of final state energies in the autoionizing regime. We describe a possible experiment for
generating and detecting these autoionizing wave packets. A physical effect we call ‘‘cresting of a wave
packet’’ is described. Several calculations for Ba are presented. The cresting of the ejected wave packets
should be observable for this atom. Several other effects may also be of interest: the suppression of particular
wave packets, the angular distribution associated with a wave packet, different decay rates in different direc-
tions, and the systematic variation of angular distribution with the delay time.@S1050-2947~96!08210-8#

PACS number~s!: 42.50.Vk, 34.80.Kw, 31.30.Jv, 31.10.1z

I. INTRODUCTION

The advent of transform limited, short laser pulses has
allowed Rydberg states to be studied in the time domain.
These short pulses excite electronscoherentlyover a range
of energies, creating a time-dependent wave packet@1–6#. A
wave packet is awave functionmade up of a coherent super-
position of stationary states; i.e., the coefficients of the sta-
tionary states have well defined phases relative to each other.
Most previous discussions of Rydberg wave packets have
involved bound electrons. The focus of this paper will be on
autoionizing Rydberg states and the physics that can be
probed by a time-dependent detection of the electrons
ejected into the continua degenerate with these states. Ex-
perimental examples of wave packet studies above an ioniza-
tion threshold are those of Broerset al. @7# and Fielding
et al. @8#. These were multichannel experiments because the
alkali-metal atom was in an electric field; the core couples
together the parabolic coordinate channels that are uncoupled
in hydrogen. We consider the interesting physics of multi-
channel wave packets for open shell atoms not in an electric
field. For our studies, the lowest order effect involves at least
two coupled channels so the formulation we present is based
on a multichannel description of the final state function.

Alber and Zoller@9# presented a review of many aspects
of the ‘‘laser excitation of electronic wave packets in Ryd-
berg atoms.’’ The main effort was on the description of the
Rydberg wave packet while it was bound to the atom. Henle
et al. @10# gave a theoretical development of wave packets
for multichannel systems including the possibility for ioniza-
tion; that paper discussed the motion of the wave packet
when bound to the ion. Fielding@11# recently presented a
calculation of ‘‘Rydberg electron wave packet dynamics in
molecular hydrogen’’ which involves a realization of the
work of Henleet al. @10# for a real molecular system. One
purpose of this paper is to call attention to the interesting
wave packet dynamics for packets that have been ejected
from atoms.

The majority of the work presented to date discusses
probing the behavior of the wave packet with a second laser
pulse @12,13#. Since electronic transitions are induced

through dipole operators, the second laser probes the wave
packet near the nucleus~electrons absorb photons most effi-
ciently near the nucleus! but is restricted by selection rules
and transition moments. For autoionizing packets, these re-
strictions can be removed by direct detection of the electrons
ejected from the atom. Lankhuijzen and Noordam@14# have
detected the electrons ejected into the continuum by ru-
bidium Rydberg wave packets in an electric field. It is not
necessary to employ external fields to eject electrons for
multichannel atoms. When a Rydberg series is degenerate
with a continuum~autoionizing Rydberg states!, the elec-
trons that are naturally ejected from the atom can be detected
directly with high temporal resolution. Since the quasibound
electron can only exchange energy with core degrees of free-
dom when it is near the core, the electrons are ejected into
the continuum in packets which reflect the time dependence
of the electron amplitude near the nucleus. The ejected wave
packets can be detected at large distances from the atom. As
with Refs.@10,11#, multichannel dynamics must be incorpo-
rated at a basic level; therefore our theoretical study will be
based on multichannel quantum defect theory~MQDT! @15#.
This method of detecting the Rydberg wave packet comple-
ments the probe laser technique since the amplitude for ejec-
tion into the electron continuum does not depend on dipole
operators but does depend on electron amplitudes near the
core. We will show that the motion of the wave packet in the
continuum embodies intrinsically interesting features not
present when the packet is probed by a second laser.

This paper presents the basic formulas for describing the
creation and detection of Rydberg wave packets in the ion-
ization continuum. We present calculations for Ba to demon-
strate the effect and describe a possible experimental realiza-
tion. We identify some atomic transitions for which
experiments can be carried out and interesting effects that
may be expected. A property of Rydberg wave packets, tem-
porary reverse dispersion or cresting of the continuum wave
packet, is described. Several interesting effects related to the
angular distribution of the ejected wave packets will be de-
scribed. Finally, we freely speculate about interesting aspects
of this problem that could be measured. Atomic units are
used throughout this paper except where explicitly noted.
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II. BASIC THEORETICAL FORMULATION

In the basic formulation, we assume that the energy-
dependent atomic parameters can be obtained. In particular,
we assume that the threshold energies and the short-range
S-matrix and dipole matrix elements can be calculated. The
most promising atoms for the proposed experiments appear
to be the heavy alkaline earths~Ca, Sr, and Ba!. There is
excellent agreement between calculated and experimental
photoionization cross sections which implies the theoretical
parameters that we need for our time-dependent calculations
will be available. Accurate calculated cross sections have
been obtained for Ca@16,17#, Sr @18,19#, and Ba@20,21#.

It is most convenient to work with thec2 type scattering
functions since the wave packets representing the outgoing
electron can be most easily obtained from this type of func-
tion. In a superposition ofcE j

2 functions of different energy
but same channel index,j , you naturally obtain outgoing
waves at positive times only in channelj . Thec1 type scat-
tering functions could be used but then the analysis would be
much more complicated because of the outgoing waves in
several channels. At the total electronic energyE, the c2

functions in the open channels have the form

cE j8
2

5 1
2A(

j
F j$@ f E j~r !1 igE j~r !#d j j 8

1@ f E j~r !2 igE j~r !#~S†! j j 8%/r ~1!

whenr is larger than the distance where the continuum elec-
tron interacts with the core. This is not the usualc2 function
@e.g., Ref.@22# Eq. ~29! or Ref. @23# Eq. ~4.27!# because the
Coulomb wave phase shift has not been removed; we will
account for this phase shift at a later stage in the calculation.
The distance over which this form of the wave function does
not apply is extremely small on a macroscopic scale, usually
less than 10–100 a.u. TheF j are the channel functions
which represent the part of the wave function for all of the
electronic degrees of freedom except the radial motion of the
ionized electron.S† is the Hermitian conjugate of the physi-
cal S matrix which can be obtained from the short-rangeS
matrix using MQDT. The antisymmetrization operatorA has
been included purely for formal purposes since the outer
electron does not overlap the core electrons where the form
~1! is valid. At large distances

f E j~r !6 igE j~r !→7 iA 2

pkj
exp@6 ifE j~r !#

fE j~r !5kj r1
1

kj
ln~2kj r !2

l jp

2

1arg@G~ l j112 i /kj !#, ~2!

wherekj5A2(E2Ej ) with Ej the core energy,E the total
electronic energy, andl j the orbital angular momentum of
the continuum electron in thej th channel. In atomic units,
kj is the velocity of the electron escaping in channelj . Fi-
nally, an important property of thecE j

2 functions is that they
are energy normalized:̂cE j

2 ucE8 j 8
2 &5d(E2E8)d j j 8 where

^u& means integration over the spatial coordinates of all of
the electrons and dot products of the spin vectors.

We assume that the wave packets are generated by per-
turbative excitation from an initial state of the atom with a
well defined energy using a pulse of laser light. In what
follows we will choose linear polarization for the laser to
simplify the formulas in the derivation. After Eq.~9!, we
describe how to generalize to other polarizations. The wave
function is a solution of the Schro¨dinger equation with the
form

i
]

]t
C5HAC1ZF~ t !cosvtC, ~3!

whereHA is the time-independent atomic Hamiltonian and
Z is the sum of thez coordinates of all of the electrons~only
the dipole interaction of the atom with the laser has been
retained!. The F(t) is the time-dependent amplitude of the
laser pulse andv is the strongest frequency of the laser
pulse. The form of the electric field,F(t)cosvt, assumes the
light source is coherent. We will assumeF(t) is a smooth
function which peaks att50. The Schro¨dinger equation~3!
gives a semiclassical description of the dynamics since the
electric field from the laser is treated as a classical entity.
Squeezed light might give coherences in the electron wave
packets in addition to the ones described below.

We obtain the wave function using eigenstates ofHA as a
representation,

C5AI~ t !c Ie
2 iEI t1(

j 8
E dE8cE8 j 8

2 AE8 j 8
2

~ t !exp~2 iE8t !,

~4!

where

HAc I5EIc I , HAcE j
2 5EcE j

2 , ~5!

whereEI is the initial state energy andE is the energy of the
statecE j

2 . This representation is possible because the eigen-
states ofHA form a complete and orthonormal set. In all that
follows, we assume the laser interacts with the atompertur-
batively; this allows us to setAI(t)51. If we substitute the
representation of the wave function from Eq.~4! into the
Schrödinger equation~3! and projectcE j

2 onto this equation,
we find theAEj

2 (t) are solutions of

i
]

]t
AE j

2 ~ t !5^cE j
2 uZuc I&F~ t !e2 i ~EI2E!tcosvt, ~6!

with the conditionAEj
2 (2`)50. TheAEj

2 (t) can be found
by integrating both sides of Eq.~6! with respect tot. In all of
our applications, we are interested in the wave function at
very large distances from the atom well after the pulse has
turned off, therefore we are only interested inAEj

2 (`)
@AEj

2 (t) for t greater than the turn off time equalsAEj
2 (`)#

which have the form

AEj
2 ~`!52

i

2
^cE j

2 uZuc I&F~E2EI2v!, ~7!

where
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F~«!5E
2`

`

dtF~ t !ei«t. ~8!

The term proportional toF(E2EI1v) in Eq. ~7! is ex-
tremely small and has been set to zero becauseF(«) is
strongly peaked around«50. Removing the term propor-
tional toF(E2EI1v) is the rotating wave approximation.
Before substituting Eq.~7! into Eq. ~4!, we can analyze the
structure ofAEj

2 to gain insight into the behavior of the wave
packet in the ionization continuum.

Equation~4! with Eq. ~7! is the basis for all of the theo-
retical development in this paper; the rest of this paper ex-
plores the implications of these equations for the dynamics
of multichannel wave packets. We would like to stress two
important assumptions that entered our derivation. First, the
laser-atom interaction is perturbative so we do not need to
worry about depletion of the initial state@AI(t)51#, Rabi
oscillations, or other multiphoton effects. Second, we assume
that the light source is a coherent pulse in time; to the extent
possible, the laser pulse is transform limited. For our deriva-
tion, this means that the different frequency components of
the laser have well specified relative phases that do not dras-
tically vary from one pulse to the next. IfF(«) equaled
uF(«)uexp@id(«)# where d(«)2d(0) were unknown phases
that varied from one laser pulse to the next in an unknown
fashion, it would be necessary to average our results with
respect to these phases; this averaging would eliminate the
coherences in the wave function, Eq.~4!, making the wave
packets unobservable.

The easiest piece ofAEj
2 to understand is the dependence

on angular momentum. If we use the Wigner-Eckhart theo-
rem we can write

^cE j
2 uZuc I&5~21!Jj2M jS Jj 1 JI

2M j 0 MI
DDEj

2 , ~9!

whereDEj
2 is the reduced dipole matrix element connecting

the initial state withcE j
2 , Jj (JI) is the total angular momen-

tum for the j th channel~initial state!, andM j (MI) is the
projection of the total angular momentum on thez axis for
the j th channel~initial state!. The DEj

2 do not depend on
polarization of the light or the magnetic quantum numbers of
the initial or final state. If circularly polarized light is used
~instead of linear polarization!, the 0 in the 3-j symbol is
changed to a61 ~the sign depending on whether right or left
circularly polarized light is used!. Generalization to mixed
polarization is straightforward.

We can further analyze theAEj
2 using ideas from MQDT.

Within this framework, the energy dependence in theDEj
2

can be partitioned into pieces that vary rapidly with energy
and pieces that vary slowly. In the first stage of applying
MQDT, we treat the wave function as if all of the channels
were open channels even though some of the channels may
be closed. At this stage, all of the wave functions diverge in
the closed channels. Of course, these wave functions are not
physical because of this divergence. However, they contain
important information that allows the construction of the
physical wave function. The form of the wave function is
similar to that of Eq.~1! except the sum overj includes open
and closed channels

cE j8
2~s2r !

5A
1

2r (
jPo,c

F j$@ f E j~r !1 igE j~r !#d j j 8

1@ f E j~r !2 igE j~r !#~S†! j j 8%. ~10!

TheS is the short-rangeS matrix you obtain by treating all
of the channels as open channels. There are corresponding
reduced dipole matrix elements which can be written as

DE j8
2

5^cE j8
2~s2r !uuZuucg&. ~11!

Although the parameters in Eqs.~10! and~11! are unphysical
because of the divergence in the closed channels, the physi-
cal wave function,S-matrix, and reduced dipole matrix ele-
ments can be obtained by superposing the short-range wave
function in order to eliminate the exponential divergence in
the closed channels. In matrix notation

DEo
2 5DEo

2 2Soc@Scc2exp~22ibc!#
21DEc

2 , ~12!

Soo5Soo2Soc@Scc2exp~22ibc!#
21Sco , ~13!

where theo, c subscripts on the short-rangeS-matrix or
dipole matrix element stand for open, closed channels and
exp(22ibc) is a diagonal matrix with elements exp(22ibj)
for the j th closed channel andb j5p(n j2l j ); the effective
quantum numbern j51/A2(Ej2E) with Ej the core elec-
tron’s energy in channelj . The @Scc2exp(22ibc)#

21 is a
matrix inversion in general. The advantage of using this for-
mulation hinges on the slow variation with energy of the
short-range parametersD andS. The Rydberg series of reso-
nances and the fast energy dependence arise from theb j .

If you substitute the form Eq.~12! for the reduced dipole
matrix element into Eq.~9! and combine Eqs.~9!, ~7!, and
~4! you can obtain the time dependence of the continuum
part of the wave function. The functionF(E2EI2v) is a
smooth, peaked function nearE5EI1v. For ease of ana-
lytic integration in the discussion below we will choose
F(«) to beF0exp(2a«2). However, in the numerical calcu-
lations the integration in Eq.~4! is executed numerically so
this restriction can be easily lifted to incorporate the experi-
mentalF(«) in the calculations. The reason for the choice of
Eq. ~1! for the representation of the wave function becomes
apparent when the integration in Eq.~4! is executed. Set
kj (E). k̄ j1(E2EI2v)/ k̄ j @with k̄ j5kj (EI1v)# and inte-
grate with respect toE, the largest contribution from the
f2 ig part of the wave function is proportional to

E dE exp$2 i @~E2EI2v!~ t1r / k̄ j !#%F~E2Eg2v!

}F~ t1r / k̄ j !, ~14!

which gives an ingoing wave packet at positiver and nega-
tive times or wave packets at~unphysical! negativer at posi-
tive times. We are interested in the wave function at very
large distances andt must be greater than 0, which is the
reason for the last equality. Therefore we can calculate the
continuum wave at very larger from only the f1 ig part of
the wave function. This simplification gives
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1
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j

1

r
F j~21!Jj2M j

3S Jj 1 JI

M j 0 MI
DFmaxj j~r ,t !, ~15!

j j~r ,t !5eif Ē j ~r !E d«e2 i«t
F~«!

Fmax
D

Ē1«, j

2

3exp$ i @f Ē1«, j~r !2f Ē, j~r !#%/Akj~Ē1«!,

~16!

whereĒ5EI1v, fE j(r ) is from Eq.~2!, Fmax is the maxi-
mum of uF(t)u, and «5E2Ē is a dummy variable which
simplifies the numerical integration.~In all that follows, the
barred parameters are the parameters evaluated at the energy
E5Ē5EI1v.! We have tested the second line numerical
integration with the fullcE j

2 and with only thef1 ig part of
the wave function and obtained the same answer to numeri-
cal precision. In the experiments that we will consider, the
part of the wave functionC, Eq. ~4!, proportional to
c Iexp(2iEIt) is zero at the detector because of the small
spatial extent of the initial state.

Equation~15! is the basic formula describing the creation
and detection of autoionizing Rydberg wave packets at large
distances from the atoms; 5.3 cm5109 a.u. We will focus on
the situation where a detector will measure the rate of elec-
trons entering an aperture at a certain distance. The subtleties
involved in obtaining the flux~in particular the angular de-
pendence ofccont and averaging over unobserved quantum
numbers in the initial and final states! are presented in the
next section.

III. TEMPORAL CROSS SECTION

The wave function of Eq.~15! is the correct form of the
electron wave packet after the electron has left the atom. It is
important to determine to what extent this function may be
observable. We will consider a simple detector that measures
the radial electron flux as a function of time; the flux will
depend on the distance to the detector and the direction of
the detector with respect to the laser polarization.

One of the simplest measurements that might be practical
for this system is of therate of electrons entering a detector
at a positionrW relative to the nucleus. If the angular size
subtended by the entrance to the detector is small enough,
the rate that electrons enter the detector can be simply related
to the radial flux of electrons atrW by dividing the rate by the
area subtended by the detector. The quantum mechanical cal-
culation of the radial flux for a one electron functiony(rW,t)
is written as

1

2i Fy* ]y

]r
2S ]y*

]r D yG5ImS y* ]y

]r D . ~17!

In calculating the radial flux for the wave functionC, it is
not necessary to include thec I part of the function because it
does not extend to large distances and is thus zero at the
detector. The radial flux fromC, Frad, equals

Frad~rW,t !5ImF K K ccontU ]

]rUccontL L G , ~18!

where the doublê^ && notation means to integrate and trace
over all of the core electrons’ degrees of freedom and trace
over the spin of the outer electron. This averaging procedure
is necessary when only the outer electron’s flux is measured.
If the electron flux were measured simultaneously with some
other parameter~e.g., the spin of the outer electron or the
energy of the core state!, this formula would need to be
modified.

In many respects the radial flux is important, partly be-
cause it is relatively easy to calculate and measure. However,
in some ways it is not useful because simple changes in the
electric field profile,F(t), will cause changes in the flux. For
profiles with the same shape but different electric field
strengths,F(t)5aF1(t), the radial flux will be proportional
to a2. This suggests defining a fundamental parameter pro-
portional to the radial flux divided by the maximum intensity
of the laser field. We choose to define this parameter in such
a way that it equals the usual definition of the differential
cross section in the limit that the laser pulse is infinitely
narrow in frequency~a laser pulse infinitely long in time!.
The differential photoionization cross section equals the rate
of electrons entering a detector divided by the angular size of
the detector and the photon flux. This quantity equals the
radial electron flux times the distance to the detector squared
divided by the photon flux. This leads to the definition of our
temporal cross section being

ds~rW,t !

dV
5Frad~rW,t !r

2/Fmax photon. ~19!

The temporal cross section manifestly has units of area. The
maximum in time ofds(rW,t)/dV can be formally shown to
become equivalent to the usual photoionization cross section
in the limit the laser is monochromatic. We do not present
this lengthy derivation. However, a simple physical argu-
ment shows this must be true. As the laser becomes mono-
chromatic, maximum photon fluxFmax photonbecomes simply

the photon flux and theFrad(rW,t)→ Frad(rŴ). Equation~19!
becomes the usual definition of the differential photoioniza-
tion cross section in this limit. The temporal cross section
can be used to determine the rate at which electrons enter a
detector.

IV. PROPERTIES OF THE TEMPORAL CROSS SECTION

A. Angular distribution from a specific MI

In this section, formulas for the differential temporal cross
section are derived for the case when the initial state has a
specified magnetic quantum numberMI . This situation
might occur if the initial state is an excited state of the atom
that was populated by a laser with a well defined polariza-
tion. For example, the initial state of Ba might be the
6p2 3PJ states excited by two photons from a laser linearly
polarized in thez direction; for this case,MI50 even though
the JI could be 0 or 2 depending on the laser frequency.
Since the initial state can be strongly aligned, the angular
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distribution can have stronger angular dependence than if the
initial state has a random distribution ofMI .

The formula for radial flux, Eq.~18!, contains averages
over unobserved quantum numbers. This averaging is some-
what cumbersome in the usual couplings@24#: ~1! j j cou-
pling ~where thel of the outer electron is coupled to the
spin of the outer electron to give a total angular momentum
of the outer electron which is then coupled to the total angu-
lar momentum of the core electrons! or ~2! jK coupling
~where thel of the outer electron is coupled to the total
angular momentum of the core to giveK, which is then
coupled to the spin of the outer electron!. Instead of these
couplings jQ coupling will be utilized ~this was called
JcJcs coupling in Lindsayet al. @25#!; the total angular mo-
mentum of the core is coupled to the spin of the outer elec-
tron to giveQ, which is then coupled to the orbital angular
momentum of the outer electron to give the total angular
momentum.

The equation for the radial flux incoherently sums over all
of the unobserved quantum numbers; these are all of the
quantum numbers not associated with the position of the
outer electron. To be specific, a channelj is determined by

the following quantum numbers:nj ~specifies the core state!,
Qj ~arises from the coupling of the total angular momentum
of the nj core state with the spin of the outer electron!, l j
~the orbital angular momentum of the outer electron!, Jj ~the
total angular momentum!, andM j ~the projection of the total
angular momentum on thez axis!. The channel functionF j
equals

F j5cnj
core (

Mq ,m
uQjMq&Yl jm~V!^QjMql jmuJjM j&,

~20!

whereuQjMq& represents the function where the total angu-
lar momentum of the core state,cnj

core, couples to the spin of

the outer electron giving angular momentumQj and projec-
tion Mq and^QjMql jmuJjM j& is the Clebsch-Gordan coef-
ficient that couples together theQj and l j angular momen-
tum to total angular momentumJj with a z projectionM j .
The Clebsch-Gordan coefficient can be written in terms of
the 3-j symbol @Eq. ~3.7.3! of Edmonds@26##.

The radial flux in Eq.~18! can now be obtained explicitly
using Eqs.~15!, ~18!, and~20!,

Frad~rW,t !5
Fmax
2

8pr 2
ImF(

j , j 8
j j* ~r ,t !j j 8

8 ~r ,t !dQjQj 8
dnjnj 8~21!Jj1Jj 812Qj2l j2l j 8@Jj ,Jj 8# (

Mq ,m,m8
Yl j 8m8~V!Yl jm

* ~V!

3S Qj l j Jj

Mq m 2M j
D S Qj l j 8 Jj 8

Mq m8 2M j 8
D S Jj 1 JI

2M j 0 MI
D S Jj 8 1 JI

2M j 8 0 MI
D G , ~21!

wherej j 8
8 (r ,t)5]j j 8(r ,t)/]r and@J#5A2J11. The zeros in the 3-j coefficients arise from the linear polarization of the laser;

these zeros should be changed to61 if the laser is circularly polarized. This expression can be reduced further using
relationships for products ofYl m and identity relationships for sums of 3-j symbols.

The temporal cross section can now be obtained from the radial flux. The maximum photon flux equalscFmax
2 /8pv, which

will give the temporal cross section as

ds~MI !~rW,t !

dV
5

1

4p(
l

s
l

~MI !~r ,t !Pl ~cosu!, ~22!

where cosu5rŴ•zŴ and the time-dependent coefficients are independent of all of the magnetic quantum numbers exceptMI and
the magnetic quantum number from the laser polarization. The time-dependent coefficients are given by

s
l

~MI !~r ,t !5
~2l 11!v

c (
j , j 8

Im@j j 8
8 ~r ,t !j j* ~r ,t !#dQjQj 8

dnjnj 8~21!Jj1Jj 82MI1Qj@ l j ,l j 8,Jj ,Jj 8#S Jj 1 JI

2MI 0 MI
D

3S Jj 8 1 JI

2MI 0 MI
D S l j l j 8 l

0 0 0D S Jj l Jj 8
2MI 0 MI

D H Jj l Jj 8
l j 8 Qj l j

J . ~23!

The coefficients0
(MI )(r ,t) is the total temporal cross section. The angular distribution is determined by the parameters

s
l

(MI )(r ,t)/s0
(MI )(r ,t) where the maximum value ofl is 2JI12; if JI50, the only nonzero terms in the sum isl 50 and 2.

Only even values ofl are nonzero in the summation of Eq.~23!; this means the angular distribution is symmetric about
u590°.

The derivation of the differential temporal cross section mirrors the derivation for the more usual energy-dependent
differential cross section~Starace@23#!. A difference between this derivation and the more usual one is that the asymptotic
Coulomb phase shifts have not been incorporated into the dipole matrix elements. However, the exp@ifĒj(r)# factor in Eq.~16!
is the analog of Coulomb phase shift term in the energy-dependent photoionization cross section.
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B. Angular distribution from average MI

In the preceding section, the angular distribution from a specificMI state was found. If the initial projection of the total
angular momentum on thez axis is completely unknown, then the angular distribution must be obtained by averaging the
temporal cross section over theMI quantum number. This temporal cross section will be

dsav~rW,t !

dV
5

1

2JI11 (
MI52JI

JI ds~MI !~rW,t !

dV
5

1

4p(
l

s l
av~r ,t !Pl ~cosu!, ~24!

where the summation is only overl 50 and 2. The coefficients from Eq.~23! can be used in the average overMI to obtain

s l
av~r ,t !5

~2l 11!v

~2JI11!c S 1 1 l

0 0 0D(j , j 8 Im@j j 8
8 ~r ,t !j j* ~r ,t !#dQjQj 8

dnjnj 8~21!Qj2JI@ l j ,l j 8,Jj ,Jj8#S l j l j 8 l

0 0 0D
3H 1 1 l

Jj 8 Jj JI
J H Jj l Jj 8
l j 8 Qj l j

J . ~25!

Equations~24! and~25! could be used to write the temporal
cross section as

dsav~rW,t !

dV
5

s0
av~r ,t !

4p
@11b~r ,t !P2~cosu!#, ~26!

where21<b<2 andb(r ,t)5s2
av(r ,t)/s0

av(r ,t). This equa-
tion is analogous to the usual formula for the differential
photoionization cross section. Whenb;2, the electrons are
mainly ejected in the direction of the laser polarization and
whenb;21, the electrons are mainly ejected perpendicular
to the laser polarization.

The angular distributions presented in these two sections
have the same form as the angular distributions for mono-
chromatic light. However, the angular distributions for
monochromatic light involve the interference between the
electrons directly excited to the continuum and the electrons
first excited into autoionizing levels. In the temporal cross
section, the wave packets from these two different paths do
not overlap in general. Hopefully, the temporal cross section
will provide more insight into the atomic dynamics for this
reason.

C. Time-dependent radial packets

In this section we explore the structure of the radial part
of the wave packets in the ionization continuum. Most of the
processes described in this paper have their counterparts in
previous studies involving Rydberg wave packets. The re-
verse dispersion or cresting of ionization wave packets is an
interesting new effect.

Before presenting detailed numerical calculations, we will
explore the generic behavior of the ionization Rydberg wave
packets. To accomplish this goal we will restrict ourselves to
one open channel but with any number of closed channels.
We first express the dipole matrix element from Eq.~14! as a
series expansion of the form

DEo
2 5DEo

2 1(
jPc
So je2ib jDE j

2 1 (
j , j 8Pc

So je2ib jSj j 8e
2ib j 8DE j8

2

1 (
j , j 8, j 9Pc

So je2ib jSj j 8e
2ib j 8Sj 8 j 9e

2ib j 9DE j9
2 . . . ~27!

This equation results from the expansion of
@Scc2exp(22ibc)#

21 in powers ofScc . Each of the terms
will contribute different packets to theccont. The packets
will have a simple form if they do not overlap and compli-
cated interference patterns otherwise.

To analytically obtain the integral in Eq.~16! to meaning-
ful accuracy, it is necessary to expand all of the exponenti-
ated functions of energy to second order in«. We assume the
function F(«) is strongly peaked near«50 so this expan-
sion has meaning. If only the first order terms are kept, the
wave packets will not disperse. We do not need to worry
about the energy dependence of theD2, S, andk21/2 ~in the
normalization off1 ig) because their energy dependence is
negligible over the width ofF(«). The Taylor series expan-
sion of theb j is appropriate only if the number of Rydberg
states in the packet is small compared to the effective quan-
tum numbern̄ j in that channel. When this condition holds
the expansion ofb j is

b j.pn̄ j1pn̄ j
3«1 3

2pn̄ j
5«2, ~28!

wheren̄ j51/A2(Ej2EI2v). The radial phasef can be ex-
panded as

fo~r !5fo
~0!~r !1«fo

~1!~r !1
«2

2
fo

~2!~r !, ~29!

where

fo
~0!~r !5 k̄or1

1

k̄o
ln~2k̄or !2

l op

2

1Im@ lnG~ l o112 i / k̄o!#, ~30!
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1

1

k̄ o
3 $2 ln~2k̄or !111Re@c~ l o112 i / k̄o!#%,

~31!

fo
~2!~r !52

r

k̄ o
3

1
3

k̄ o
5 H ln~2k̄or !2 4

3 2ReFcS l 112
i

k̄o
D G J

2
1

k̄ o
6
ImFc8S l 112

i

k̄o
D G , ~32!

where c(z)5G8(z)/G(z) and k̄o5A2(EI1v2Eo) with
Eo the core energy for channelo.

If we now assume a Gaussian form for
F(«)5F0exp(2a«2), all of the integrals can be obtained
analytically. Equations~27!–~32! give

1

A8p
e2 i Ē tE d«e2 i«tF~«!D

Ē1«,o

2
1

Ako~Ē1«!

eifo~r !

5
1

A8k̄o

ei [fo
~0!

~r !2 Ēt]F0S DĒo

2
1

Aw~r !

3exp$2 1
4 @fo

~1!~r !2t#2/w~r !%

1(
j
So je2ip n̄ j

1

Aw~r !23ipn̄ j
5

3exp$2 1
4 ~fo

~1!12pn̄ j
32t !2/@w~r !23ipn̄ j

5#%

3D
Ē j

2
1•••D ~33!

where w(r )5a2 ifo
(2)(r )/2. The different terms in this

equation can be identified with specific types of processes as
will be discussed in the following paragraphs.

The first term in the large parentheses comes from the
direct ionization of the atom by the laser. This term has the
expected structure being proportional toD

Ēo

2
with a Gaussian

wave packet that reaches positionr at time t
5fo

(1)(r )5r / k̄o2dtCoul where dtCoul arises because the
Coulomb potential increases the velocity of the electron; thus
the electron arrives atr sooner than if no potential existed.
Another important aspect of the first term is dispersion of the
wave packet in the continuum. The full width at half maxi-
mum of the absolute value squared for the first term is

Dt5A2 ln2

a
$a21@fo

~2!~r !/2#2%. 1
2 Dvr / k̄ o

3 , ~34!

wherea52 ln2/Dv2, Dv is the full width at half maximum
of the squared amplitudeuF(«)u2, and the last term holds at
large distances. The width of the direct ionization wave
packet increases linearly with the distance to the detector for
large distances. The dispersion of the wave packet in the

continuum is an important effect because it will determine
whether the wave packets will be observed as individual
packets at the detector.

The second term in the large parentheses of Eq.~33! re-
sults from initial excitation of the electron into Rydberg
states in channelj with subsequent scattering from the core
into the ionization channel. TheD

Ē j

2
gives the amplitude for

absorption into channelj , exp(2ipn̄j) gives the amplitude to
travel out from the core in channelj and return and scatter
from the core, and theSo j is the amplitude for the electron to
scatter from channelj into the open channel during one col-
lision with the core. The peak of the packet reaches the dis-
tancer after a timet5fo

(1)(r )12pn̄ j
35r / k̄o2dtCoul1t j

Ryd

where t j
Ryd is the period of a Rydberg electron in channel

j . These pulses arrive at the detector att j
Ryd later than the

first pulse. The full width at half maximum is given by

Dt5DvF S 2 ln2

Dv2 D 21@3pn̄ j
51fo

~2!~r !/2#2G1/2
.DvF S 2 ln2

Dv2 D 21S 3pn̄ j
52

r

2k̄ o
3D 2G1/2. ~35!

Equation~35! indicates a very interesting effect. The width
of the packet decreases withr until a distance

rmin56p k̄ o
3n̄ j

5 ~36!

then increases at larger distances. This distance can be mac-
roscopic; for k̄o50.27 a.u.~energy of 1 eV for continuum
electron!, and n̄ j550, rmin53.93107 a.u.52.1 mm.

This is the effect we are calling cresting of the autoioniz-
ing wave packets. Mathematically, this effect arises because
the term in Eq.~28! quadratic in« has the opposite sign to
the term in Eq.~29! quadratic in«. Physically this effect
occurs because the higher energy part of the Rydberg wave
packet takes longer to complete an orbit than the low energy
part of the packet; the Rydberg wave packet disperses be-
cause the low energy part of the packet gets further and
further ahead of the high energy part of the packet. However,
once the packet emerges into the continuum the packet has
the reverse dispersion; the high energy part of the packet
moves faster than the low energy part. The initial dispersion
of the Rydberg wave packet is completely reversed at the
distancermin .

The cresting of autoionizing wave packets can be quanti-
tatively explained from classical arguments based on the fact
that as you increase energy the Rydberg period increases.
Suppose you start with two electrons at the origin att50,
one with energyE and one with energyE1DE. The two
electrons travel in an elliptic Rydberg orbit for one period at
which point they exchange energy with the core and emerge
into the continuum. The electron with energyE emerges at
time t52pn̄ 3; the electron with energyE1DE emerges at
the later timet1Dt5t16pn̄ 5DE. The time it takes for the
faster electron to catch the slower electron is
t5Dt k̄o /Dk5Dt k̄ o

2/DE56pn̄ 5k̄ o
2 The distance at which

the faster electron catches the slower electron is
r5 k̄ot56p k̄ o

3n̄ 5, which is identical to Eq.~36!. This dis-
tance does not depend onDE to lowest order so electrons
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with a distribution of energies peaked nearE will all reach
the distancermin at the same time.

The higher terms in Eq.~33! ~represented by1 •••) give
pulses that correspond ton1 revolutions in channel 1,n2
revolutions in channel 2, etc. These pulses arrive at times
t5r /ko2dtCoul1( jnjt j

Ryd These pulses will also exhibit re-
verse dispersion. They will crest~have minimum width! at a
distance

rmin56p k̄ o
3(

j
nj n̄ j

5 . ~37!

It is possible~as will be shown in a figure below! that Ryd-
berg wave packets that have dispersed to the extent of
strongly overlapping near the nucleus can be distinguished if
the distance to the detector is chosen wisely.

D. General aspects of angular distributions

In general, thej j (r ,t) functions are calculated numeri-
cally from numerical tabulations of dipole matrix elements
DEj

2 . In the preceding section we performed a MQDT analy-
sis of thej j (r ,t) by expanding the dipole matrix elements
and therefore thej j (r ,t) functions in powers of the closed-
closed part of the short-rangeS matrix. This leads to an
expansion ofj j (r ,t) in terms of superpositions of wave
packets

j j~r ,t !5 (
n1 ,n2 ,n3 , . . .50

`

Cn1n2n3 . . .
j Wn1n2n3 . . .

~r ,t !,

~38!

where ni is the number of revolutions in channeli ,
Cn1n2n3 . . .
j are constants, andWn1n2n3 . . .

(r ,t) are wave

packets that have been delayed by time( init i
Ryd (t i

Ryd is the
Rydberg period in channeli ) from the direct ionization pulse
n150, n250, n350, . . . . If several Rydberg series are at-
tached to the same threshold, several of the
Wn1n2n3 . . .

(r ,t) will be identical. For example, if channels 1
and 2 have the same threshold then

Wn1n2n3 . . .
~r ,t !5Wn16n,n27n,n3 . . .

~r ,t !. ~39!

If a wave packet does not overlap other packets, the
j j (r ,t) equals a function ofr ,t that is common to all the
channels times a constant that depends onj .

This has a strong effect on the form of the temporal cross
section. If a wave packet does not overlap other packets, the
angular dependence of the temporal cross section will not
vary with time over the width of the packet. For simple Ry-
dberg series~i.e., only degenerate Rydberg wave packets!,
we can associate an angular distribution with an initial state
and the number of revolutions made by the Rydberg wave
packet; this is possible because the reverse dispersion always
allows a distance where theN revolution packet crests and
therefore does not overlap other packets. A point of interest
is that for this simple case the angular distribution does not
depend on the effective quantum number or period of the
Rydberg wave packet.

V. EXPERIMENTAL CONSIDERATIONS

Before looking at the numerical results it is worthwhile
summarizing some of the experimental issues that must be
considered to realize direct measurement of autoionizing
wave packets. An appropriate spectrometer would consist of
a picosecond~1–2 ps! light source to excite five to ten au-
toionizing levels and an electron streak camera to monitor
the temporal behavior of the wave packets ejected from the
atom. Lankhuijzen and Noordam@14# have recently utilized
this basic idea for temporal detection of electrons ejected
from Rydberg wave packets generated in rubidium in an ex-
ternal electric field. The simplest design of the electron
streak camera would be based on that of an optical streak
camera that can be run in a repetitive synchroscan mode but
without a photocathode. If cresting of electron wave packets
is to be probed, an ability to vary the distance between the
camera and the interaction region would be necessary. To
obviate the need for physically moving anything, multiple
accelerating zones could be established to vary the time
needed for the wave packet to reach the detector.

Below, we calculate the ejection spectra for a coherent
superposition of Rydberg states nearn550. The Rydberg
period of these states is 19 ps, which sets the upper limit for
temporal resolution for observation of the dynamics. Clearly,
the resolution and repetitive scan jitter of the streak camera
must be less than this. This time scale also puts constraints
on the size of the atomic ensemble~or more correctly the
focused spot of the laser! used in the experiment as well as
the ensemble temperature. Consider, for example, two wave
packets emitted at the same time from two atoms moving
with the same velocity but separated byx0, twice the focused
beam radius (w0). If the electrons from the two atoms are to
arrive at the detector within, say, 10 ps of each other, so as to
be considered as part of the same wave packet, then
x0 / k̄<10 ps. For 1-eV electrons, for example, a beam diam-
eter of no more than 6mm can be tolerated. Since the atoms
are moving relative to each other, there will be a Doppler
spread to the wave packets. The magnitude of this spread
will be t transitDk/ k̄, where t transit is the transit time to the
entrance aperture of the camera~or more correctly the time it
takes the electron to reach the end of the acceleration region!
andDk is the thermal spread of atomic velocities. To achieve
a spread of 10 ps or less, a maximum time ofk̄310 ps/Dk is
required. In the case of a heavy atom like Ba, the ratio
Dk/ k̄ at room temperature is approximately 2.731025, lead-
ing to a maximum transit time of about 37 ns corresponding
to a detector distance of 2.2 cm for 1-eV electrons. This time,
of course, can be increased if the motion along the detection
direction were reduced. With a transverse temperature of 3
K, for example, the transit time and detector distance will
increase by a factor of 10. Finally, highest precision mea-
surements nearly devoid of motional and spatial perturba-
tions would require ultracold atoms and very tight focusing
of the laser pulse.

VI. RESULTS FOR BA

In this section, the results from several different calcula-
tions for Ba are presented. All of the calculations are for
wave packets centered near the 5d5/2nl states withn550.

54 3283AUTOIONIZING RYDBERG WAVE PACKETS



The Rydberg period for the wave packet is;19 ps. At this
energy the channels attached to the 6s threshold and the
5d3/2 threshold are open. The 6pnl channels are closed but
do not give any perturbing Rydberg states near the energies
of the wave packets. The electrons that are ejected into the
continuum leaving the ion in the 5d3/2 state can be distin-
guished from those leaving the ion in the 6s state by the
delay in the time of arrival at a detector at macroscopic dis-
tances. The dispersion in the continuum attached to the
5d3/2 would prevent useful measurements of the wave pack-
ets so all of the calculations will focus on the 6s channel.
The frequency spread of the laser is the same for all of the
calculations giving electron wave packets that initially have
2.4 ps full width at half maximum. The only differences
between the calculations will be in the initial quantum state
and the position of the detector.

Barium was chosen for these calculations because it
seems to be the most promising atom from an experimental
and theoretical perspective. The transition frequencies in Ba
are favorable for certain types of lasers. The large mass of
the Ba nucleus will reduce the spreading of the ejected elec-
tron’s wave packet arising from the Doppler effect; this
would allow the experiment to proceed at higher tempera-
tures. The photoionization spectrum of Ba has been well re-
produced inR-matrix calculations@20,21#. The dipole matrix
elements in Eq.~16! have been checked, where possible, by
using them to calculate photoionization cross sections that
could be compared with experiment.

A model potential similar to that used by Greene and
Aymar was utilized with anR-matrix program to calculate
the short-range dipole matrix elements andK matrices in
LS coupling. All of the calculations included 6s, 7s, 8s,
6p, 7p, 8p, 5d, 6d, 7d, 4f , 5f , 6f , 5g, 6g, and 7g chan-
nels. The 6s, 6p, and 5d channels were open or weakly
closed in the calculation with all of the other channels
strongly closed. TheR-matrix box was 20 a.u. The
LS-coupled parameters were transformed into the
jQ-coupled parameters through a frame transformation
@27,25#. The energy-dependent dipole matrix elements were
generated using MQDT with the experimental threshold en-
ergies. A much higher accuracy in the resonance positions
and interactions results when the experimental thresholds are
used.

The photoionization cross section generated from the
energy-dependent dipole matrix elements agreed very well
with the previous calculations and experiments for excitation
from the 6s2 ground state. This indicates a high level of
accuracy for the dipole matrix elements and the calculated
final state dynamics. We do not know of any previous results
to compare with for excitation from the 6p2 3PJ excited
states. The results for excitation from the excited states are
not as accurate as those for excitation from the ground state
because the 6p2 3P states have more correlation than the
ground state and they are closer to the threshold. This intro-
duces some inaccuracy in the dipole matrix elements al-
though the calculated final state dynamics will be accurate.
The calculations will be for theJI50 and JI52, MI50
states since these states can be excited by a two photon tran-
sition using linearly polarized laser light. The details of the
calculations may not be accurate but the major trends should
be correct.

A. Excitation from the 6 s2 state

The results for wave packets generated from laser excita-
tion from the 6s2 ground state are described in this section.
The partial photoionization cross section~leaving Ba1 in the
6s state! as a function of the ejected electron energy is pre-
sented in Fig. 1. The dotted line in this figure is proportional
to F(E1ETH2EI2v) where the total energy isE1ETH
andv50.21716 a.u. giving a photon wavelength of 209.8
nm. This wavelength could be generated by tripling a pico-
second dye radiation at 629.4 nm. The calculations clearly
demonstrate the cresting of the wave packets as well as two
effects related to the angular distribution.

The initial state hasJI50 and even parity. The final states
must haveJ51 and odd parity. TheLS-coupled channels in
the R-matrix calculation are1Po—6s«p, 5dnp, 5dn f,
6pns, and 6pnd; 3Po—6s«p, 5dnp, 5dn f, 6pns, and
6pnd; 3Do—5dnp, 5dn f, and 6pnd. The dipole matrix
elements are only nonzero between states with the same total
spin in LS coupling. For this calculation, the dipole matrix
elements to the3Po and 3Do channels are zero. In the
MQDT calculation in jQ coupling, the 13 channels are
(6s1/20)«p ~this notation means the core state is 6s1/2,
Q50, and the continuum wave hasl 51), (6s1/21)«p,
(5d3/21)«p, (5d3/22)«p, (5d3/22)« f , (5d5/22)np,
(5d5/22)n f , (5d5/23)n f , (6p1/21)ns, (6p1/21)nd,
(6p3/21)ns, (6p3/21)nd, and (6p3/22)nd. Note, there are
three Rydberg series attached to the 5d5/2 threshold. As men-
tioned in an earlier section, there are no perturbing Rydberg
states attached to the 6p thresholds that fall near the range of
interest although these channels are included in the calcula-
tion.

In Fig. 2, the temporal cross section is plotted for a dis-
tance of 1.93106 a.u.51022 cm from the atom. In all of the
plots of the temporal cross section, the zero of time has been
shifted so the full width of the direct ionization wave packet
is visible. The electron wave packets in the continuum have
not substantially dispersed at this distance. The temporal
cross section parallel to the laser polarization is shown in

FIG. 1. Solid line: Infinite resolution partial photoionization
cross section~from the 6s2 initial state leaving the ion in the 6s
state! as a function of the ejected electron’s energy. Dashed line:
Proportional toF(E1ETH2EI2v) which corresponds to a laser
field that generates an initial electron wave packet with a 2.4 ps full
width at half maximum.
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Fig. 2~a!; the temporal cross section perpendicular to the
polarization is shown in Fig. 2~b!. A quick comparison of the
scales for the figures shows that the electrons are mainly
ejected parallel to the laser polarization. This is not surpris-
ing because the initial state and the core state do not have
angular momentum. The first peak at;4 ps arises from the
direct ionization of the atom. The peak near 23 ps arises
from the electrons excited into the 5d5/2nl channels that
first move away from the core then return after a time
tRyd519 ps to the core at which point they scatter into the
open channel. The peak near 42 ps arises from the electrons
excited into the 5d5/2nl channels making two Rydberg revo-
lutions before scattering into the open channel. The packet
near 61 ps arises from the electrons making three Rydberg
revolutions before scattering into the open channels. The Ry-
dberg wave packets disperse with time and the higher revo-
lution packets are not distinguishable. The fractional revival
of the Rydberg wave packet can be seen@28# including the
complete revival near 300 ps~the full revival time will be
2pn̄ 4/35315 ps@29# later than the time of the direct ioniza-
tion pulse!. This figure demonstrates our assertion in the In-
troduction that the behavior of the Rydberg wave packet can
be detected through the electrons naturally ejected from au-
toionizing states. Except for the direct ionization peak, all of
the features in Fig. 2 have their counterpart in previous stud-
ies of radial Rydberg wave packets.

In Fig. 3, the temporal cross section is plotted for a dis-
tance of 1.93108 a.u.51 cm from the atom. At this dis-
tance, there is substantial dispersion of the electron wave
packets in the continuum. The temporal cross section parallel
to the laser polarization is shown in Fig. 3~a!; the temporal
cross section perpendicular to the polarization is shown in
Fig. 3~b!. The only change from Figs. 2 is the larger distance

to the detector. The direct ionization packet has spread to the
extent that it now slightly overlaps the one revolution Ryd-
berg wave packet giving an interference between the two
packets. This illustrates the beautiful quantum principle that
initially distinct electron wave packets can be made to inter-
fere with each other. These figures also demonstrate the
cresting of the electron’s wave packet due to the reverse
dispersion. This effect arises because electron wave packets
disperse~are chirped! in opposite directions in the continuum
and in the Rydberg states. Rydberg wave packets disperse by
having the low energy part of the packet move to the front of
the pulse while the continuum electron disperses by having
the low energy part of the packet move to the rear of the
pulse. These two types of dispersion will cancel at the dis-
tance given by Eqs.~36! and ~37!. The one revolution peak
crests at 0.36 cm, the two revolution peak crests at 0.72 cm,
the three revolution peak crests at 1.08 cm, etc. A remarkable
point emerges from comparing Figs. 2 and 3. Figure 3
clearly shows a five revolution packet although after 5tRyd
the Rydberg wave packet does not exist as a packeton the
atom; it has completely dispersed covering all of the classi-
cally allowed region of space.

In Fig. 4, the temporal cross section is plotted for a dis-
tance of 3.83108 a.u.52 cm with everything else the same.
At this distance the direct ionization packet and the 1–4
revolution packets have dispersed to the extent that they
strongly overlap and interfere with each other. The 5–9 revo-
lution packets are clearly visible as distinct pulses between
100 and 200 ps. It may be debatable whether to say these
packets arise fromN revolutions of the Rydberg electron
because the Rydberg wave packet at the atom has completely
dispersed after three revolutions. An argument in favor of
this language could be made on the basis of Eqs.~27! and
~33! where the wave function can be obtained by an expan-
sion in terms of the closed-closed part of the short-rangeS
matrix. Each order of the expansion makes a separate wave
packet and can be identified with a specific number of revo-
lutions; the number of revolutions equals the number of

FIG. 2. ~a! Temporal cross section parallel to the laser polariza-
tion at a distance of 1022 cm. ~b! Temporal cross section perpen-
dicular to the laser polarization at a distance of 1022 cm. In all of
the temporal cross section plots, the zero of time has been shifted so
the full width of the direct ionization pulse is visible. Only the
direct ionization pulse and the 1–3 revolution pulses are distin-
guishable at this distance. Note the beating in~b! giving minima
near 80 and 140 ps. Also note that near 300 ps where the Rydberg
wave packet has completely revived, the main peaks in~a! are not
at the same time as the main peaks in~b!.

FIG. 3. Same as Fig. 2 except at a distance of 1 cm. The reverse
dispersion of the wave packets is clearly present, making the direct
ionization pulse and the 1–5 revolution pulses distinguishable. The
four revolution peak in~b! is strongly suppressed which is the ori-
gin of the minima in Fig. 2~b! near 80 ps.
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timesScc appears in the amplitude of the packet minus 1.
There are two interesting effects that arise from comparison
of packets ejected parallel and perpendicular to the laser po-
larization.

One of the interesting effects relates to the wave packets
near 300 ps, near the time at which the Rydberg wave pack-
ets have completely revived. The packets ejected in the par-
allel direction are peaked near the times 285 ps, 303 ps, 322
ps, 341 ps, and 362 ps. In the perpendicular direction, there
is no sign of these packets. However, in the perpendicular
direction there are packets near the times 279 ps, 296 ps, 314
ps, 334 ps, and 354 ps. There are peaks in the parallel direc-
tion at these times but they are much smaller than the ones at
285 ps, 303 ps, etc. Why is it that the main pulses ejected
parallel to the laser polarization fall between the main pulses
ejected perpendicular to the laser polarization? This mysteri-
ous situation is compounded by comparing Fig. 2 to Fig. 5
where the temporal cross section is shown for the distance 4
cm. Reverse dispersion causes the 11 revolution packet to
crest near 4 cm. The wave packets near 300 ps~with the
detector at 4 cm! are now detected at the same time in the
parallel and the perpendicular direction. The reason for this
strange behavior is unknown.

Another interesting effect is the apparent beating in the
temporal cross section perpendicular to the laser polariza-
tion. In Fig. 2~b!, it appears that the three revolution peak is
too large compared to the one and two revolution peaks.
There seems to be a sort of minimum in the temporal cross
section near 80 ps, a broad maximum near 110 ps, and an-
other minimum near 140 ps. The reason for this behavior is
more apparent in Figs. 3~b! and 4~b!. The four revolution
packet and the seven revolution packet are almost com-
pletely suppressed. This behavior is striking because there is
no hint of this behavior in the parallel direction. This erratic
suppression of certain packets extends to higher revolutions

as can be seen in Fig. 5~b! where the packets near 260 ps and
300 ps are almost completely suppressed.

The basic source of these suppressions probably is the
number of closed channels. Each Rydberg revolution in
channel j gives a phase to the packet of 2p(n j2l j2m j ).
Since the quantum defects,m j , differ for the different chan-
nels, there will be some revolutions for which the amplitudes
from the different channels add up constructively and some
times when it adds up destructively. The details may be ob-
scure but it seems probable this beating arises from interfer-
ence between different but indistinguishable paths.

B. Excitation from the 6p2 3P0 state

The 3P0 state is 0.157 166 a.u.534 494 cm21 above the
6s2 ground state. It is just below the ionization threshold.
The partial photoionization cross section~leaving Ba1 in the
6s state! as a function of the ejected electron’s energy is
presented in Fig. 6~a!. The dotted line in this figure is pro-
portional to F(E1ETH2EI2v) where v50.059 99 a.u.
giving a photon wavelength of 759.5 nm near the peak of
Ti:sapphire lasers. The energy-dependentb parameter

ds

dV
5

s~E!

4p
@11b~E!P2~cosu!# ~40!

is presented in Fig. 6~b!. An examination of Clebsch-Gordan
coefficients givesb521 for the nonresonant part of the
cross section. The nonresonant part of the cross section arises
from the 6p2 3P01\v→6s«p 3P1. This is not obvious from
the figure because the resonances are so broad it is difficult
to disentangle the resonances from the background. The
resonances with the most oscillator strength are mainlynp in
character. For this initial state the maximum ofb(E);1.1.

The final state channels are the same as those in the pre-
ceding section. The only difference is the dipole matrix ele-
ments. InLS coupling the1Po channels have dipole matrix
elements equal to zero while the3Po and 3Do channels have
nonzero dipole matrix elements.

FIG. 4. Same as Fig. 2 except at a distance of 2 cm. The reverse
dispersion of the wave packets is clearly visible, making the 4–8
revolution pulses distinguishable. The dispersion in the continuum
causes the direct ionization pulse and the 1–3 revolution pulses to
overlap each other, giving a jagged interference pattern up to 100
ps; in Fig. 2 these pulses were distinguishable. The four~near 110
ps! and seven~near 170 ps! revolution peaks are strongly sup-
pressed in~b!.

FIG. 5. Same as Fig. 2 except at a distance of 4 cm. The reverse
dispersion of the wave packets is clearly visible, making the 9–13
revolution pulses distinguishable near 300 ps. Unlike in Fig. 2, the
main pulses in~a! and ~b! near 300 ps are at the same time.

3286 54F. ROBICHEAUX AND W. T. HILL III



In Fig. 7~a!, the temporal cross sections parallel~solid
line! and perpendicular~dashed line! to the laser polarization
are plotted for the distance of 1.93106 a.u.51022 cm. There
are relatively few wave packets generated because the
5d5/2np states decay rapidly. It is clear from this figure that
the direct ionization pulse is mainly ejected perpendicular to
the laser polarization; the temporal cross section parallel to
the laser polarization is essentially zero until;15 ps. The
temporalb parameter, Eq.~26!, is plotted in Fig. 7~b!. This
parameter equals21 until;12 ps. This parameter exhibits a
striking behavior. When a wave packet is completely distin-
guishable, the temporalb parameter is constant over that
packet. This means there is an angular distribution associated
with a packet.

This effect may be clearer in Fig. 8 where the temporal
cross sections are plotted for a distance of 1 cm or in Fig. 9
where the distance is 2 cm. It appears that the direct ioniza-
tion packet has ab521 and theN revolution packets have
b ’s of b1;0.9, b2;1.7, b3;1.9, b4;1.8, b5;1.5, and
b6;1.0. The remarkable aspect of theseb values is that the
energy-dependentb does not get larger than;1.1. Much of
the interference present in the energy-dependentb is not
present in the temporalb, which may facilitate comparison
between experiment and theory.

As discussed in Sec. IV D, this is the expected behavior

of the angular distribution of the ejected electrons. Neverthe-
less, it is a striking phenomenon. A comparison of Figs. 7~b!
and 9~b! shows that the electron flux from 75 to 150 ps
evolves from an erratic time dependence of the angular dis-
tribution in 7~b! to a simple steplike function in 9~b!. With-
out knowing the basis for this effect, it would appear improb-
able that coherence in the electron flux could produce such
an effect.

The 3P2 state is 0.162 283 a.u.535 617 cm21 above the

FIG. 6. ~a! Same as Fig. 1 except for the initial state 6p2 3P0.
~b! The asymmetry parameter as a function of the ejected electron’s
energy. The nonresonant value ofb for this initial state is21.

FIG. 7. ~a! The temporal cross section from the 6p2 3P0 initial
state parallel~solid line! and perpendicular~dashed line! to the laser
polarization at 1022 cm. ~b! The temporal asymmetry parameter
b. The direct ionization peak hasb521. Note the steplike char-
acter ofb when the packets do not overlap.

FIG. 8. Same as Fig. 7 except at the distance 1 cm.
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6s2 ground state. It is just below the ionization threshold and
is another state that may be easy to utilize in an experiment.
We performed several calculations for this state and found
all of the main effects discussed above. There is a final in-
teresting effect that is only present when this is the initial
state. There is a long time trend in the ejected electron flux:
the ejection of electrons perpendicular to the laser polariza-
tion becomes relatively less likely with time. We find an
exponential decay of flux ejected perpendicular to the laser
with a half-life of ;50 ps. The flux ejected parallel to the
polarization has a half-life.200 ps. The short half-life per-
pendicular to the laser field indicates that it may be only
np Rydberg states that are contributing to this process. That
the different directions have different half-lives is a very
striking result.

VII. DISCUSSION AND SPECULATION

In this paper, we have presented the theoretical results for
the temporal detection of electrons ejected from autoionizing
Rydberg wave packets. This development included the deri-
vation of the wave function and the definition of a parameter,
the temporal cross section. We analyzed the time dependence
of the wave function at macroscopic distances from the atom
and elucidated the angular dependence of the ejected wave
packets. A prospective experimental arrangement has been
described which should be able to resolve features on a pi-
cosecond time scale in the electron current.

Another purpose of this paper was to provide calculations
for a specific atom. This provides a demonstration of several
interesting effects that can be observed even for the simplest
system. In all of the calculations, Ba was excited to
5d5/2nl autoionizing states withn;50. This is a simple
region of energy because the Rydberg states near this energy
are not perturbed by other Rydberg series. Even this simple
system displayed several interesting effects. The wave packet
cresting and the interference between initially distinguish-

able wave packets should be observable for this system. The
complete revival wave packets may emerge at different times
in different directions. Each wave packet has a specific an-
gular distribution if it is distinguishable. The angular distri-
bution for each wave packet varies in a smooth and system-
atic manner. The rate of electron ejection may depend on the
direction with respect to the laser polarization.

We believe this to be a very promising field, ripe with
unexplored possibilities. The most ideal target for these stud-
ies would be the autoionizing Rydberg states between the
lowest 2S and 2D limits of the heavy alkaline earths Ca, Sr,
and Ba. The most intriguing transition involves two photon
excitation from thens2 ground state to thenp2 3PJ excited
states. Photoionization out of the3PJ state to energies just
below the (n21)d thresholds should give electron packets
that are measurable. How will the dynamics be enriched in
the presence of perturbing autoionizing states? We plan to
explore many of these opportunities in future work, but we
would like to briefly mention some of them here.

~1! One of the interesting aspects of the proposed experi-
ment is the interference between initially distinguishable
wave packets and the segregation of initially indistinguish-
able packets~what we have called cresting of the autoioniz-
ing wave packets!. This effect can be observed because of
the dispersion of the wave packets in the continuum. In many
ways, this effect is analogous to the experiment performed
by Noel and Stroud@30# where they made two separate elec-
tron wave packets in potassium with two laser pulses and
probed the interference between the packets with a third laser
pulse. The interference or segregation of wave packets is an
interesting quantum effect which probes the frontier between
quantum and classical physics.

~2! For photoionization from an unpolarized initial state
by linear polarized light, the radial flux of electrons at a
distancer and angleu with respect to the laser polarization
has the form of Eq.~26!. How will b depend ont? Theb for
the initial pulse has the value of the nonresonant background
in an infinite resolution experiment. The subsequent pulses
from the autoionizing packets might all have the same value
of b or b might change drastically from packet to packet. In
the case we explored in this paper, theb varied in a system-
atic manner from packet to packet. In the infinite resolution
experiments,b changes drastically when the photon is at a
resonance energy; but thatb arises from theinterference
between direct and resonance ionization. The direct and au-
toionizing packets do not necessarily overlap in our proposed
experiment so theb for the autoionizing packets may only
arise from the resonance contribution.

~3! The signature of some physical effects may be more
apparent in the time-dependent flux than in the infinite reso-
lution cross section. For example, the effect of the spin-orbit
interaction on the cross section can be accurately incorpo-
rated into the infinite resolution cross section using a frame
transformation on the MQDT parameters. However, the re-
sulting spectrum can be very complicated with few features
that are easily understandable. Perhaps the physics underly-
ing the frame transformation~the precession of the core’s
spin and orbital angular momentum about the total angular
momentum! will give a specific type of time dependence to
b(t) or s0

av(r ,t) in Eq. ~26!.
~4! The short-range scattering matrix, dipole matrix ele-

FIG. 9. Same as Fig. 7 except at the distance 2 cm.
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ments, and threshold energies determine both the infinite
resolution cross section and time-dependent flux in the
pulsed laser experiment. It may be possible to extract some
aspects of these parameters in a very simple manner from the
time-dependent flux. As an example, in Eq.~33! the size of
the first pulse compared to the autoionizing pulses depends
on these parameters in a way that is not very sensitive to the
parameters. The time-dependent flux can provide informa-
tion that will complement the infinite resolution experiments.

~5! There will be interesting effects arising from multi-
channel interactions and coherences. For example, Henle
et al. @10# found that a resonance from one channel can in-
teract with resonances in a second channel in such a way that
the resonances in the second channel are almost equally
spaced; the dispersion of the wave packet in the second chan-
nel was essentially reduced to zero. As another example, we
have found a model case where the resonances in one chan-
nel caused a variation in absorption into a second channel in

such a way that the dipole matrix elements to some Rydberg
levels were greatly reduced. This also reduced the dispersion
of the wave packet. We have not yet explored the details of
these odd systems.

In conclusion, we feel this physical system demonstrates
many interesting features. There does not appear to be any
fundamental limitation that would prevent the proposed mea-
surements.
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