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Phase-controlled stair-step decay of autoionizing radial wave packets

S. N. Pisharody and R. R. Jones
Department of Physics, University of Virginia, Charlottesville, Virginia 22904

~Received 6 October 2001; published 27 February 2002!

The time-dependent survival probabilities of autoionizing 4pNd wave packets in calcium have been mea-
sured. Femtosecond laser pulses induce sequential isolated-core excitations of singly excited 4sNd radial wave
packets to create and probe the nonstationary doubly excited states. Stair step rather than exponential decay of
the wave packets is observed. Moreover, we show that the autoionization lifetime can be varied by a factor of
five by adjusting the relative phases of the constituent eigenstates in the packet. The stair-step decay structure
and its dependence on the wave packet phase is interpreted using an intuitive time-domain picture. The
experimental results are in excellent agreement with aK-matrix based, 28-channel quantum-defect theory
calculation as well as with an approximate two-channel formulation.
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I. INTRODUCTION

The use of coherent laser radiation to modify and con
chemical reaction rates and pathways is a long-stand
dream in chemical physics and physical chemistry@1#. Yet in
spite of enormous advances in laser and optical techno
and the development of new theoretical methods, experim
tal demonstrations of quantum-controlled chemistry are
relatively few in number@2,3#. In large part, this is due to th
extreme complexity of the molecular systems of interest. N
surprisingly, a number of investigators have considered r
tively simple systems for proof-of-principle tests of las
control schemes@4–7#. Doubly excited Rydberg atoms ar
particularly interesting in this regard for several reaso
@8–13#. First, configuration interaction in two-electron atom
is analogous to the coupling between rotational, vibration
and electronic modes in molecules. Because each elec
moves in a noncentral potential, energy and angular mom
tum are not conserved for each electron individually. Inste
at energies above the first ionization limit, dielectronic eige
states with well-defined total angular momentum are lin
combinations of bound and continuum configurations w
different angular and principal quantum numbers for the
spective electrons. In the time domain, two valence e
trons, each with well-defined energy and angular moment
coherently scatter and exchange energy and angular mo
tum @14#. The collision rate and number of dielectron
modes that are accessible during each collision are rea
tuned by increasing the total energy and/or angular mom
tum of the system. Second, sophisticated methods for cr
ing and viewing singly excited Rydberg wave packets w
specific dynamical properties have been demonstrated@15–
18#. This fact, coupled with the wealth of spectroscopic
formation that is available for two-electron atoms sugge
that one might be able to intuitively control time-depende
configuration interaction and the byproducts of autoioni
tion by designing the appropriate doubly excited wave pa
ets. Third, well-established numerical methods, involvi
multichannel quantum-defect theory~MQDT! and ab initio
K matrix theory, enable full quantum simulations of abso
1050-2947/2002/65~3!/033418~10!/$20.00 65 0334
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tion spectra and dynamics in two-electron atoms, particula
at energies well below the second ionization limit@19–26#.
Comparison of experimental results with exact theoreti
analyses allows one to unambiguously determine whe
limited control efficiencies should be attributed to the phy
ics that governs the system, or to experimental errors
limitations @13#. Lastly, in the presence of visible and nea
visible laser radiation, the alkaline earths, Mg, Ca, Sr, and
are excellent approximations of two-electron atoms. Th
elements are easy to handle and are readily vaporize
vacuum to form atomic beams.

In recent years, a significant number of investigators h
employed ultrafast laser pulses to examine doubly exc
two-electron atoms@10–14,27–29#. However, most of these
studies have used time-domain spectroscopies to probe n
rally occurring time-dependent configuration interaction a
autoionization. To the best of our knowledge, only a hand
of experiments have used laser light to alter the dielectro
dynamics, either through direct atom/field coupling@8,10,11#
or through the creation of specific doubly excited wave pa
ets that are predisposed to evolve in particular ways@12,13#.
Here we consider the decay of tailored autoionizing rad
Rydberg wave packets. We find that the time-dependent
cay of such wave packets can be remarkably nonexponen
Moreover, the autoionization lifetime of the doubly excite
atom can be changed by a factor of 5 or more by altering
relative phases of the constituent eigenstates in the w
packet.

In the following section the experimental procedure a
results are presented. Next, we formulate a semiclass
model that qualitatively explains the observed nonexpon
tial decay of the wave packets as well as the phase de
dence of the autoionization lifetimes. An approximate tw
channel QDT that uses a single, adjustable, decay-
parameter is shown to quantitatively reproduce the exp
mental data. However, we note a discrepancy between
value of the decay-rate parameter required to fit our curr
data as compared to that used to reproduce the nonexpo
tial decay spectra previously observed for autoioniz
‘‘shock wave packets’’@30#. Lastly the result of a 28-channe
©2002 The American Physical Society18-1
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S. N. PISHARODY AND R. R. JONES PHYSICAL REVIEW A65 033418
QDT simulation usingab initio K-matrix parameters is pre
sented. While the theoretical curves are in excellent ag
ment with thecurrent data, there is a small, but significan
difference between the measured and numerical shock w
packet decay curves.

II. EXPERIMENTAL PROCEDURE

The experimental procedure is nearly identical to t
used previously to measure the nonexponential decay of
toionizing shock wave packets@30#. Briefly, a thermal beam
of ground-state Ca atoms is exposed to four consecutive l
pulses~see Fig. 1!. The first laser pulse~423 nm, 5 nsec!
promotes atoms in the 4s2 1S0 ground state into an interme
diate 4s4p 1P1 state. The second pulse~392 nm, 500 fsec!
coherently transfers electron population from the 4s4p level
to a superposition of 4snd1D2 eigenstates. This superpos
tion state, or wave packet, is characterized by an ave
principal quantum numberN and evolves for a time,T1,
before undergoing a sudden isolated core excitation~ICE!
@31# 4sNd-4p3/2Nl . The ICE is initiated by a third lase
pulse, hereafter referred to as ICE1~393 nm, 200 fsec!. The
doubly excited 4p3/2Nl atoms decay by ejection of electron
with energies of 1.5 eV or 3.1 eV corresponding to 3del
and 4sel continua, respectively. The time-dependent au
ionization decay of these atoms is probed by initiating
second ICE at some timeT2 following the first ICE. The
probe ICE is accomplished using a fourth laser pulse~ICE2,
318 nm, 300 fsec! that further excites a fraction of the atom
remaining in 4p3/2Nl configuration to a superposition o
4d5/2Nl states. As shown in Fig. 1, atoms in 4d5/2Nl states
decay into a number of final ionic states via the emission
electrons with energies of 3.9, 5.4, and 7.0 eV. Such hi
energy electrons are only produced during autoionization
4d5/2Nl atoms. Therefore, the number of high-energy el
trons generated on a given laser shot is directly proportio
to the probability that the atom was in the 4p3/2Nl configu-
ration at the instant the atoms were exposed to the fo
laser pulse~ICE2!. By detecting the number of high-energ

FIG. 1. Schematic energy-level diagram indicating the wa
length and duration of the excitation and probe laser beams an
energies of the electrons emitted from the laser-excited autoioni
states.
03341
e-

ve

t
u-

er

ge

-
a

f
-
f
-
al

th

electrons as a continuous function of the delayT2 we mea-
sure the time-dependent decay of the 4p3/2Nl wave packet.

The three subpicosecond laser pulses used in the ex
ment are derived from a single 120 fsec, 787 nm laser pu
that is produced by an amplified, self-mode-locked Ti:Sa
phire oscillator@30#. The second laser pulse, which is r
sponsible for the creation of the singly-excited 4snd wave
packet, is produced by spectrally filtering and then freque
doubling a fraction of the 787 nm beam@18#. The average
binding energy and number of eigenstates in the 4snd wave
packet are selectable by modifying the central frequency
width of the spectral filtering aperture@32#. The third laser
pulse ICE1 is obtained by frequency doubling an unfilter
portion of the 787 nm pulse. The fourth laser pulse ICE2
created by mixing the 534 nm output of an optical parame
amplifier~OPA! with the 787 nm Ti:sapphire beam. The OP
itself is pumped by a 200 fsec, 393 nm frequency-doub
Ti:sapphire pulse. The lasers fire at a 15 Hz repetition r
and are all linearly polarized in the vertical direction.

Electrons produced via autoionization of the laser-exci
atoms pass through a time-of-flight spectrometer and are
lected with a dual microchannel plate~MCP! detector. High-
energy electrons (.3.5 eV) produced during the decay o
the 4dnd atoms are easily distinguished from the low-ener
electrons~3.1 and 1.5 eV! that are the result of autoioniza
tion from the 4pnd levels. The eigenstate composition of th
4snd wave packet is measured using state-selective fi
ionization ~SSFI! of atoms remaining in bound Rydber
states following the ICE pulses@21#. Typical SSFI traces for
N535 andN540 wave packets are shown in Fig. 2.

III. EXPERIMENTAL RESULTS

We have studied in detail, the decay of 4pNd radial wave
packets with average principal quantum numberN535 and
N540. Considering that the 4snd quantum defect at thes
energies is approximately 1.2, the wave packets have cla
cal Kepler periodstK55.9 psec and 8.9 psec, respective
Figure 3 shows the survival probability of 4pNd, N540
autoionizing wave packets as a function of the time delayT2
between the excitation of the 4pNd wave packet and the
appearance of the ICE2 probe. From bottom to top,
curves in Fig. 3 are the survival probabilities forN540 wave
packets created at increasing values ofT1, at approximately
constant intervals. The sequence of curves has severa
table features. First, none of the curves appear to be e
nential. Instead, in all cases, the survival probability rema
nearly constant and then decreases by approximately 8
over a 1.5 psec time interval. Close inspection indicate
second plateau region and 85% drop following the first s
of the decay. This second step is more apparent in Fig
Second, the duration of the initial plateau changes dram
cally, and nonmonotonically with increasingT1. As T1 is
increased from zero totK the duration of the plateau de
creases linearly withT1. The lifetime of the autoionizing
wave packet changes by approximately a factor of 5 over
interval 0,T1,tK . At a delay just greater thantK , the
plateau width suddenly increases, returning to its value
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PHASE-CONTROLLED STAIR-STEP DECAY OF . . . PHYSICAL REVIEW A 65 033418
T150. The pattern repeats again fortK,T1,2tK . Third,
the duration of the second probability step is approximat
tK , independent ofT1. These same characteristics are o
served in analogous decay curve sequences forN535 wave
packets as well.

Assuming the laser pulse that creates the 4sNd wave
packet appears at timet50, its wave function at later time
T1 can be written in terms of the constituent eigensta
u4sNd&5SnCnu4snd&e2 iEnT1 (a.u.). HereEn521/2n2 is
the energy of the 4sndRydberg level. To a good approxima
tion in this experiment, the eigenstate amplitudesCn are real,
and the time-independent probability that the electron is i
particularu4snd& state, as determined by the SSFI measu
ments, isCn

2 . With increasingT1, the changes in the boun
wave packet cause the strikingly different decay cur
shown in Fig. 3. These differences are due entirely to
evolution of the complex phasee2 iEnT1 of each eigenstate
Therefore, in the experiment, we probe the decay of a c
of doubly excited wave packets that differ only in the co
plex phase of the constituent eigenstates at the instant o
ICE. Such phase-shaped wave packets may also be
duced, albeit with significantly higher experimental dif
culty, by manipulating the spectral-phase profile of the la
pulse that produces the wave packet@17,33#. Therefore, it
seems appropriate to consider the observed modificatio
autoionization lifetimes in the context of experiments expl
ing phase control of quantum dynamics.

FIG. 2. State-selective field ionization~SSFI! electron spectrum
indicating the eigenstate distribution in the~a! N535 and ~b! N
540 wave packets that are investigated.
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The insets of Fig. 3 show the calculated real and ima
nary parts of the 4sNd, N540, eigenstate amplitudes at d
lays corresponding to the respective survival probabi
curves. Unfortunately, inspection of the insets provides li
if any insight as to the source of the stair-step decay and
significant variation in the autoionization lifetimes. Most n
table is the situation nearT15tK where a modest change i
the real and imaginary amplitude distribution results in
change in the observed lifetime from approximately 2 to
psec.

Alternatively, we present a semiclassical picture that p
vides a qualitatively complete description of the physics
sponsible for the intriguing form of the observed dec
curves. To a first approximation, the two valence electron
the 4pNd doubly excited atoms can be considered to
independent particles. In classical terms, the Rydberg e
tron moves in an extended orbit in the potential of a sin
charged ionic core. The other electron is tightly bound to
doubly charged ion. Autoionization occurs when the tw
electrons collide and exchange energy and angular mom
tum via their mutual Coulomb repulsion. Since the ionic 4p
electron is confined to a small volume very near the nucle
these collisions can only occur at times when the Rydb
electron is also near the ionic core. Quantum mechanica
at any instant, the autoionization rate is directly proportio
to the probability for finding the Rydberg electron near t
nucleus at that time. Since the Rydberg electron is in a n
stationary state, changes in the autoionization rate reflec
time-dependent probability for finding the electron near
ionic core. Figure 4 shows the calculated radial probabi

FIG. 3. Survival probability of the autoionizing 4pNd, N540
wave packet as a function of the ICE2 probe delay,T2. The vertical
offset of each trace is proportional to the delayT1 of ICE1 after the
creation of the 4snd radial wave packet. The upper scale shows
delayT2 in units of the Kepler period of the wave packet. From t
to bottom, the two arrows on the right-hand side of the main fig
mark delays ofT152tK andT15tK , respectively. The bar graph
on the right-hand side of the main figure indicate the calculated
and imaginary amplitudes of the constituent 4sndeigenstates in the
wave packet at time delays corresponding to the curves in the m
figure. Note that the only difference between the decay curves is
complex phase of the constituent 4snd eigenstates at the instant o
the 4sNd-4pNd transition.
8-3
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S. N. PISHARODY AND R. R. JONES PHYSICAL REVIEW A65 033418
distribution for a 4sNd, N540 wave packet as a function o
delay following its creation. Immediately following its exc
tation from the tightly bound 4s4p intermediate state, the
wave packet is localized near the nucleus, but is expand
radially. The packet moves outward, reflects from the C
lomb potential at a radius of approximately 2N2

'3200 a.u., and returns to the nucleus. Dispersion du
the nonequally spaced energies of the contributing eig
states leads to collapse and revivals of the wave packet
tion as it evolves in time.@15#

Armed with this intuitive picture, we can qualitativel
explain the data shown in Fig. 3. If ICE1 appears just f
lowing the launch of the wave packet (T1'0), there is es-
sentially zero probability of finding the electron near t
nucleus until one Kepler period later. Therefore, as observ
the survival probability remains constant for a timeT2

5tK . As the wave packet approaches the nucleus, the a
ionization rate increases suddenly and dramatically, prod
ing a rapid decrease in the 4pNd survival probability. A
second plateau in the probability occurs as the wave pa
moves out and back during the second Kepler period.
instead, the core electron is excited whenT15tK /2, the Ry-
dberg wave packet is near the outer turning point of its m
tion during ICE1. Consequently, it requires a timeT2
5tK /2 to return to the nucleus, and the first plateau in
decay curve has a durationtK /2. After passing the nucleu
the wave packet requires a full Kepler period to retu
which defines the duration of the second plateau. For IC
delays just less thantK , the wave packet crashes into th
ionic core almost immediately, resulting in the minimu
autoionization lifetime. IfT1 is increased slightly beyond
one Kepler period, the wave packet is on its way out and
plateau extends to its maximum value once again. In al
the decay curves, the duration of the transition between s
reflects the temporal width of the wave packet as it pas
the nucleus. In addition, the fractional decrease in probab

FIG. 4. Calculated time-dependent radial probability distribut
for a 4sNd, N540 wave packet. Dark indicates high probabilit
The wave packet spends most of its time near the classical o
turning point in the Coulomb potential. It moves rapidly past t
ionic core once every Kepler period.
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at each step is proportional to the autoionization rate of
constituent eigenstates in the wave packet. As shown m
clearly in Fig. 5, only two distinct steps are observed due
the large autoionization rate of the 4pNd states and the
broadening of the step transition due to wave packet dis
sion.

IV. TWO-CHANNEL QUANTUM DEFECT THEORY
ANALYSIS

Previous measurements of the autoionization decay
shock wave packets in the identical Ca 4pnd system are well
described using a two-channel QDT analysis@30#. An analo-
gous procedure is used here in an attempt to quantitati
reproduce the observed 4pNd radial wave packet deca
curves. The model assumes that there are only two rele
final-state channels, one bound and one continuum. A
given delayT1, following the launch of the 4sNd wave
packet, the energy-dependent transition moment to the 4pnd
states is@20,34,30#

T~Wn ,T1!}(
n

Cne2ıWnT1A~n!Q~n,n!, ~1!

where Cn is the amplitude of an eigenstate with effectiv
principal quantum numbern* 5n2d i , A(n)51/sinp(n
1df1ıg/2) is the spectral density in the 4p3/2 channel and

ter

FIG. 5. Measured survival probability for the autoionizin
4pNd, N540 wave packet at ICE1 time delays of~a! T1

51.4 psec and~b! T155.4 psec. The solid and dashed curves
the results of the two-channel and 28-channel QDT calculatio
respectively. As discussed in the text, the 28-channel simulation
no adjustable parameters, and a scaled decay rateg50.29 is used in
the two-channel fit.
8-4
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PHASE-CONTROLLED STAIR-STEP DECAY OF . . . PHYSICAL REVIEW A 65 033418
Q(n,n)5sinp(n2n* )/Wn2Wn is the overlap integral for the
ICE transition @35#. Wn521/2n2 is the energy of the au
toionizing wave packet with respect to the 4p3/2 ionization
limit; Wn521/2n* 2 is the energy of the Rydberg eigensta
with respect to the 4s ionization limit; d i and d f are the
quantum defects of the initial and final state configuratio
g5n* 3Gn is the energy-independent scaled-autoionizat
rate, andGn is the autoionization rate of the 4p3/2nd autoion-
izing level. The time-dependent decay rate is obtained
Fourier transforming the product of the energy-depend
transition moment with the spectral amplitudeF(W) of the
ICE1 laser pulse,

R~ t,T1!5U E dWne2ıWntT~Wn ,T1!F~W3/21Wn2Wn!U2

,

~2!

whereW3/2 is the energy of the Ca14p3/2 level relative to the
4s ionic ground state. The time-dependent autoionizat
probability is P(t,T1)5* tR(t8,T1)dt8, and conservation o
probability dictates that the population remaining in t
4pNd wave packet at timet is

P~ t,T1!512E t

R~ t8,T1!dt8. ~3!

The results of the calculation are uniformly in very go
agreement with the data, both for different wave packets
different delays,T1. Typical theoretical curves are show
with data for theN540 wave packet in Fig. 5. Note that th
calculation incorporates the measured eigenstate distribu
in the 4sNd wave packet, the measured frequency spectr
of ICE1, and the known quantum defects for the 4snd and
4p3/2nd levels@36,37#. The only free parameter that has be
adjusted to achieve the agreement shown is the scaled
ionization rateg. We find the best agreement between the

FIG. 6. Measured survival probability for an autoionizin
4pNd, N540 shock wave packet. The thick solid curve is t
result of the two-channel QDT fit withg50.21, while the thin solid
line shows the result forg50.29. The dashed curve is the result
the 28-channel QDT calculations as discussed in the text. As sh
in Fig. 5, accurate reproduction of the radial wave packet data
quiresg50.29.
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and experiment forg50.29. Interestingly, this value is in
significant disagreement with the valueg50.21 that is re-
quired to achieve excellent agreement between measured
calculated shock-wave packet decay curves~see Fig. 6! @30#.
Note that the only difference between the shock and ra
wave packet experiments is that ICE1 acts on a single 4snd
eigenstate in the former and on a superposition of 4snd
eigenstates in the latter. Moreover, sinceg is a property of
the entire 4pnd series, its value should be independent
whether or not a single eigenstate or wave packet underg
the ICE.

After noting the differences in the values ofg required to
fit the two data sets, we immediately suspected that so
thing in the experimental apparatus or procedure was at
root of the problem. Therefore, the eigenstate and w
packet experiments were repeated under identical conditi
only a few hours apart. The new data sets matched th
from the previous experiments perfectly, indicating a re
difference between the apparent autoionization rates for
two different wave packets.

Another possible source of the discrepancy between d
and theory in the two experiments is the distinction betwe
the quantity that is actually measured and that which is c
culated. The numerical simulations provide a prediction
the time-dependent survival probability of atoms excited in
the 4pNd configuration. In the experiment, the probabili
that atoms decay from 4dNd states via ejection of high
energy electrons along the common laser polarization
spectrometer axis is measured. In our initial formulation
the experiment, we assume that these quantities are iden
Nevertheless, in principle, there could be differences
tween the two. First, configuration interaction in the 4pNd
or 4dNd channels could lead to a time-dependent variat
in the angular and energy distribution of electrons ejec
from the 4dNd states@13#. Second, because the energ
dependent transition moment between the 4pNd and 4dNd
configurations changes in response to the time-depen
field of the moving Rydberg wave packet@18#, the
4pNd-4dNd excitation probability could be time dependen

Our reasons for neglecting these potential complicati
are as follows. First, since thetime-integratedyield is mea-
sured, we expect that any temporal variation in the angula
energy distribution of electrons ejected from the 4dNd wave
packet will average out over its lifetime. Second, for t
high-lying Rydberg states investigated here, the 4p3/2nd se-
ries is degenerate with the 4p1/2el continua and is energeti
cally isolated from any other perturbing bound channe
Therefore, configuration interaction does not play a role, a
the initial state in the second ICE is always a superposit
of 4p3/2nd levels. Third, because the bandwidth of ICE2
roughly ten times greater than the width of the 4dnd excita-
tion profiles, small changes in the ICE line shape@18# should
not affect the total 4pNd24dNd excitation probability.
However, despite the apparent legitimacy of these ar
ments, the fact remains that there is a clear difference
tween the rate parameters required to fit the decay cu
obtained for initial 4snd eigenstates as opposed to rad
wave packets.

n
e-
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TABLE I. LS K matrices at energy520.321 646 a.u.@38#.

1P0 4snp 3dnp 3dn f 4pns 4pnd

4snp 20.11385 0.12953 0.17339 20.97642 20.25674
3dnp 0.12953 20.78481 0.33251 21.6152 20.098125
3dn f 0.17339 0.33251 20.39437 20.26045 0.72937
4pns 20.97642 21.6152 20.26045 20.97277 1.1504
4pnd 20.25674 20.098125 0.72937 1.1504 20.53812

3P0 4snp 3dnp 3dn f 4pns 4pnd

4snp 20.33937 0.34323 20.09064 20.56855 0.29591
3dnp 0.34323 20.45516 0.002109 21.5611 20.59313
3dn f 20.090640 0.002109 20.22377 20.22375 0.62998
4pns 20.56855 21.5611 20.22375 3.6092 0.44188
4pnd 0.29591 20.59313 0.62998 0.44188 20.63770

3D0 3dnp 3dn f 4pnd

3dnp 20.82238 0.031903 0.46628
3dn f 0.031903 20.039409 0.40638
4pnd 0.46628 0.40638 20.32777

1F0 4sn f 3dnp 3dn f 4pnd 4png

4sn f 0.22830 0.32957 20.14201 0.37450 20.062271
3dnp 0.32957 21.5613 20.064441 1.1987 20.095575
3dn f 20.14201 20.064441 20.022135 0.53045 20.059457
4pnd 0.37450 1.1987 0.53045 21.6966 0.14259
4png 20.062271 20.095575 20.059457 0.14259 20.12945

3F0 4sn f 3dnp 3dn f 4pnd 4png

4sn f 0.34515 20.18247 20.063689 0.24536 20.041226
3dnp 20.18247 20.61997 20.075997 20.044269 20.0085487
3dn f 20.063689 20.075997 0.12687 0.26260 20.019838
4pnd 0.24536 20.044269 0.26260 20.21046 20.040918
4png 20.041226 20.0085487 20.019838 20.040918 20.10687

3G0 3dn f 4png

3dn f 0.090996 20.0030878
4png 20.0030878 0.14447
or
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V. K-MATRIX ASSISTED, 28-CHANNEL QDT ANALYSIS

Fortunately,ab initio K matrices have been calculated f
the 4pnd J51,3 system@38#, and numerical MQDT simu-
lations based on these matrices have been in excellent a
ment with previous experimental results@13# ~see Table I!.
Because these calculations have no adjustable parame
we should be able to determine which~if either! of the two-
channel QDT fits provides a better approximation of real
Any disagreement between the data and the 28-cha
MQDT simulation will indicate that either~i! the assump-
tions presented in the preceding paragraph are invalid; or~ii !
some other effect that we have failed to identify is resp
03341
ee-

ers,

.
el

-

sible for the difference between the effective decay rate
the shock- and radial wave packets.

The numerical simulation is based onJ51,3 K matrices
calculated inLS coupling for calcium@38#. TheJ51 matri-
ces include 13 bound and continuum channels while th
are 15 channels in theJ53 matrices. Both show a sligh
energy dependence. The matrices are rotated into
j j -coupled basis and the energy-dependent ICE1 trans
moment into eachj j -coupled continuum channel is then ca
culated using the MQDT formalism of Cooke and Crom
@20#.

For J51, the transformation matrixV1 that rotates the
LS-coupled states to thej j -coupled form is
8-6
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and the transformation matrixV3 for J53 is
033418-7
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Using these transformation matrices, thej j -coupledK matri-
ces are

K j j 5VTKLSV. ~4!

TheK matrices can be equated with the reaction matri
in the standard Cooke and Cromer formalismK j j 5R. The
energy-dependent spectral amplitudes of the bound and
tinuum channels are determined, using

@K1tan~pn!#a50, ~5!

whereai5cos(pni)Ai , and theAi are the spectral amplitude
we seek@24#. In general, for each value of J,nb bound and
nc continuum channels contribute to the spectrum. As d
cussed by Cooke and Cromer, it is convenient to split thK
matrix into blocks corresponding to the bound and co
tinuum parts of the matrix

S @K1tan~pn!#bb Kbc

K cb @K1tan~pn!#cc
D S ab

ac
D 50, ~6!

whereab andac are column vectors withnb andnc compo-
nents, respectively. This equation hasnc independent solu-
tions and, therefore, Eq.~5! reduces to annc dimensional
eigenvalue problem,

$K cb@K1tan~pn!#bb
21Kbc2K cc%ac5e jac , ~7!

ab52@K1tan~pn!#bb
21Kbcac . ~8!
-
h
ur
m

en

ta

w
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The nc continuum eigenvectorsac are normalized by

@~e j !
211#(

i 51

nc

aci
251, ~9!

since the electron ionizes into one of the possiblej
51, . . . ,nc continuum channels.

The nc solutions Ab5ab sec(pn) give the contributing
energy-dependent amplitudes from each bound channe
the nc eigencontinua. These eigencontinua are linear su
positions of thenc j j -coupled continua. Because we are i
terested in the time-dependent emission into thej j -coupled
channels, at each energy we rotate thenc eigenvectors,Ab
back into thej j -coupled basis using the transformation

a8b5ab ac
T, ~10!

wherea8b and ab are nb3nc matrices composed of thenc
column vectorsA8b and Ab , respectively.ac is an nc3nc
matrix composed of thenc eigenvectorsAc . The energy-
dependent excitation amplitude in eachj j -coupled con-
tinuum channeli, for i 51 to nc is

x i~n!5kbA8bi , ~11!

wherekb is a row vector whosenb elements are the angula
parts of the ICE transition moment from the initial 4snd
level~s! to the bound final-state channels. The vectorskb and
the corresponding channel vectors forJ51 andJ53 are
kb~J51!5S 0 0 2A 2

45

2A2

15

2A2

5 D⇔~4p1/2ns1/2 4p3/2ns1/2 4p1/2nd3/2 4p3/2nd3/2 4p3/2nd5/2!,

kb~J53!5S A2

5

21

A15

2

5A3
0 0 0D⇔~4p3/2nd3/2 4p1/2nd5/2 4p3/2nd5/2 4p1/2ng7/2 4p3/2ng7/2 4p3/2ng9/2!.
p-

ket
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By replacingA(n) in the original two-channel approxima
tion @see Eq.~1!# with x i(n), the transition moment into eac
continuum channel is determined. Following a proced
completely analogous to the two-channel case, the ti
dependent decay probability into each of thenc continuum
channels is calculated from its respective transition mom
The sum of all the decay probabilities, forJ51 andJ53, is
subtracted from unity to give the time-dependent bound-s
survival probability for the autoionizing wave packet.

VI. DISCUSSION

Typical results of the 28-channel calculations are sho
with the data and two-channel simulations in Figs. 5 and
For the radial wave packets in Fig. 5, the numerical res
are almost indistinguishable from each other and the d
However, there is a clear discrepancy between the sh
wave packet decay data and the results of the full calculat
e
e-

t.

te

n
.

ts
a.
ck
n.

The K-matrix calculation suggests that a two-channel a
proximation using an effective decay rate,g50.29 should be
sufficient to reproduce both the radial and shock wave pac
data. Furthermore, the fact that the full simulation agrees
well with the radial wave packet data indicates that our
sumption of direct proportionality between the measu
high-energy electron yield and 4pNd survival probability is
justified.

It is interesting that the experimental shock wave pac
decay curves can be fit nearly perfectly by the two-chan
model if the scaled rate parameter is reduced tog50.21.
However, we have no physical justification for modifying th
value of this parameter, nor do we currently have any exp
nation for the small but significant discrepancy between
measured and predicted decay curves. We do note that w
a 4snd eigenstate is exposed to ICE1, that autoionizat
commences at its maximum rate as the transition is proce
ing. As a result, there is some ambiguity in the normalizat
8-8
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of the measured survival probability curve. Conversely,
the radial wave packet experiments, the probability for fin
ing the Rydberg electron near the nucleus is essentially
for most delays,T1. Consequently, except for those bri
intervals when the wave packet is passing the nucleus du
ICE1, the maximum survival probability is unity for an ex
tended period of time and there is no ambiguity as to
proper normalization of the data curves. Our results indic
that direct time-domain measurements of autoionization
cay rates may be more accurately performed using w
packet as opposed to stationary initial states.

VII. SUMMARY

We have examined the effect of constituent-state pha
shaping on the time-dependent decay of autoionizing ra
wave packets in Ca. We have demonstrated that phase
trol enables alteration of the decay rate of these wave pac
.
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tt
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e
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an
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by at least a factor of 5. The observed stair step rather t
exponential decay of the atoms can be qualitatively und
stood using a semiclassical model and is in excellent qu
titative agreement with two-channel and 28-channel Q
simulations. Analogous phase control over rovibration
wave packets in molecules might provide a mechanism
enhancing or reducing transition rates through reactive ch
nels.
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