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Coherent Control of the Energy and Angular Distribution of Autoionized Electrons
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Nonstationary, autoionizing wave packets have been produced by exposing calcium Rydberg atoms
a pair of identical phase-coherent subpicosecond laser pulses. The energy and angular distribution a
time of ejection of electrons has been altered by changing the relative phase and delay between the tw
laser pulses. [S0031-9007(99)08888-2]

PACS numbers: 32.80.Rm, 33.80.Rv
-

d

-
r-
to
l

as
n

ce

x-
s
al

g
nd
d
t

Optical control over the branching ratio for nonradi
tive decay of excited states of atoms and molecules
an ongoing problem in physics [1], and several metho
for manipulating the relative yield into a number of e
ergetically flat, unstructured continua have been propo
[2–4]. In the frequency domain, differential control ha
been achieved by exploiting quantum mechanical int
ference between multiple excitation paths into the co
tinua [5–7] and laser-induced continuum structure (LIC
[8]. Typically, these schemes require light at two d
ferent frequencies, and the experimental “knob” that e
ables branching ratio manipulation is either the relat
optical phase between the two laser pulses [6,7] or
detuning of one laser from a bound or quasibound re
nance [5,8]. In the time domain, reaction product cont
has been realized through the application of sequence
ultrashort, time-delayed laser pulses [9]. In its simple
form, one laser pulse creates a nonstationary wave pa
that moves about the potential energy surface acces
different allowed configurations. A second, time-delay
pulse is then used to selectively excite the wave pac
into a particular continuum mode at a specific time [2].

While these methods enable control of different
processes through flat continua, most multiconfiguratio
systems of interest have intrinsic continuum structu
It is well known that continuum resonances provide
mechanism for altering product branching ratios as
function of the frequency of a single exciting laser pul
[8,10]. Furthermore, since the presence of resonan
often enhances the total process yield, the importa
of continuum structure on optical control experiments
well established, at least in the frequency domain [6,7,1
However, continuum-resonance facilitated control has
to be demonstrated in the time domain, where one
modify the time dependence of the emission into vario
continuum channels as well as the total branching ratio
the process.

In this Letter, we present an experimental demons
tion of differential process control in the time doma
using two identical laser pulses to coherently excite
structured, multiconfigurational continuum. Specifical
a 0.4 psec laser pulse photoexcites4sns1S0 calcium Ryd-
berg atoms to an energy just below the Ca14p1y2 ion-
0031-9007y99y82(14)y2852(4)$15.00
a-
is

ds
n-
sed
s

er-
n-
S)
if-
n-

ive
the
so-
rol
s of
st

cket
sing
ed
ket

ial
nal
re.
a
a

se
ces
nce
is
1].
yet
can
us
for

tra-
in

a
ly,

ization limit. The pulse performs an “isolated core ex
citation” (ICE) [12], producing anonstationarycoher-
ent superposition of dielectronic states in a single boun
configuration,4p3y2nsJ ­ 1, at an energy greater than
3 eV above the first ionization limit (see Fig. 1). Be
cause of the repulsive electron-electron Coulomb inte
action, the two valence electrons coherently scatter in
bound4p1y2n0s modes (configuration interaction) as wel
as4s1y2e, and3d3y2,5y2e0,0 continuum channels (autoion-
ization). Autoionization into each available continuum
channel occurs directly, through the4p3y2 channel, and in-
directly, through the4p1y2 configuration. Since the bound
character of the nonstationary wave packet changes
time evolves [13], the direct and indirect autoionizatio
contributions vary as a function of time [14], and the
electrons ejected into each continuum channel experien
time-dependent multiple-path interference.

The time dependence of the interference can be e
ploited to control the energy and angular distribution
of the ejected electrons by using a second, identic

FIG. 1. Schematic energy level diagram of calcium showin
the isolated core excitation (ICE) and the relevant bound-bou
(configuration interaction denoted by CI) and bound-unboun
couplings (autoionization denoted by AI). Five bound and eigh
continuum channels contribute to theJ ­ 1 spectrum at the
energies of interest in the experiment.
© 1999 The American Physical Society
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phase-coherent laser pulse. The second pulse cohere
excites additional amplitude into the4p3y2ns configura-
tion which interferes with any amplitude remaining in
this initial bound mode [15]. In fact, the second puls
modulates any residual4p3y2ns amplitude as the relative
phase (delay) between the two identical pulses is vari
altering the time dependence of the differential autoio
ization yield. We find that the branching ratio for ejec
tion of electrons into the4s1y2 continua can be varied by
more than 20%. This control is achieved through multip
sets of interfering pathways that depend on both the re
tive optical phase and on an intrinsic atomic phase pr
duced by the time-dependent configuration interactio
Although this experiment involves dielectronic states
atoms, the general method is applicable to any multico
figurational system with continuum structure.

In the experiment, ground state4s4s1S0 Ca atoms in an
effusive atomic beam are resonantly excited to a statio
ary 4s14s1S0 Rydberg level via a4s5p1P1 intermediate
state. The tunable laser light required for these transitio
is generated from the output of two optical parametric am
plifiers (OPAs) that are pumped by approximately 90%
the 2.2 W, 787 nm, 100 fs output of a 1 kHz Ti:sapphir
regenerative amplifier. The Rydberg atoms are then e
posed to a pair of identical 0.4 psec, phase-coherent la
pulses with wavelengths centered at the Ca1 4s ! 4p3y2
interval at 393 nm. Each pulse has an energy of only
few mJ and drives an ICE to the4p3y214s J ­ 1 part
of a structurally mixed autoionizing resonance [16]. Th
resonance lies 3.1 eV above the4s1y2-ionization limit and
1.5 eV above the3d3y2,5y2 limits (see Fig. 1) and contains
4p3y214s and4p1y216s bound-state character [16]. Dur
ing the transition, the Rydberg electron acts as a specta
[12], and there is essentially zero direct excitation of th
4s1y2 or 3d3y2,5y2 continua. Since the bandwidth of the
laser pulses (40 cm21) is much smaller than the 223 cm21

fine-structure splitting of the Ca14p level there is also
negligibledirect excitation of the4p1y2ns J ­ 1 configu-
ration [17].

The two phase-coherent 393 nm (UV) pulses are pr
duced by sending a single parent UV pulse through
Michelson interferometer. The parent pulse is genera
by frequency doubling 10% of the 787 nm Ti:sapphir
output in a 1-cm-long KDP crystal. The long nonlinea
crystal restricts the bandwidth of the UV pulse to 40 cm21

approximately matching the width of the excited autoion
izing resonance [16]. The time delay and relative pha
between the two pulses is varied by changing the optic
path length of one arm of the interferometer using a piez
electric driven translation stage.

The laser and atomic beams interact between tw
grounded capacitor plates. A fraction of the electrons th
are ejected in the autoionization process pass throug
1 mm diameter hole in one of the plates and are collect
by a microchannel plate detector. The electrons emitt
into the4s and3dj continua are distinguished by differen
ntly
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flight times to the detector. The fast (3.1 eV) and slo
(1.5 eV) electron signals are simultaneously recorded a
function of the delay between the two UV pulses.

Figure 2 shows the yield of slow and fast electron
ejected parallel to the laser polarization (0±) as a function of
the time delay between the UV pulses. The modulation
the net autoionization signal in each continuum channe
a reflection of delay dependent interference in the4p3y214s
excitation amplitude [14]. In fact, because the experime
is performed in the “weak-field” limit, the electron signa
is simply a constant added to a linear superposition
sine waves [15,18]. Each component sine wave has
frequency within the bandwidth of the UV pulses and th
strength of each component is proportional to the excitati
cross section multiplied by the laser spectrum [18]. Sin
any real signal must exhibit oscillations within the lase
bandwidth, the data are collected using a software fil
that is locked to the translation stage step frequency a
rejects any signal variations not at the laser frequency.
ensure that all of the real signal is collected, the bandwid
of the filter is 150 cm21, nearly four times greater than
that of the UV pulses [19]. Each data point in Fig.
represents 80 laser shots, and approximately 10 data po
are recorded over each interference cycle. The insets
Fig. 2 provide a magnified view of the data at specifi
delays, clearly showing the rapid interference oscillation

For small delays, the wave packet produced by t
first pulse has not changed significantly when the seco
pulse arrives. Consequently, the overlap between the w
packets produced by the two pulses is nearly perfect a
the interference signal is large. As the relative pha

FIG. 2. (a) Slow, 1.5 eV, and (b) fast, 3.1 eV, electro
signal versus delay between the two phase-coherent pul
Only electrons ejected parallel to the laser polarization (0±) are
detected. Insets: High resolution view of the rapid oscillation
in the slow (solid triangle) and fast (solid circle) electron yiel
at t ­ 0.9 psec andt ­ 1.5 psec.
2853
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between the two pulses is changed, the electron sig
in each continuum varies from zero to four times th
yield due to the first pulse alone [15]. For increasin
delays, autoionization and configuration interaction redu
the amount of4p3y2 character that remains when th
second wave packet is produced, decreasing the leve
interference between the two packets [14]. At long delay
the first wave packet has completely autoionized befo
the second laser pulse arrives. Consequently, the w
packets produced with different pulses cannot interfe
and the total signal is equal to twice the single pulse yie
For electrons ejected at 0±, the branching ratio for decay
into the 4s continuum at large delays is 47% in goo
agreement with the experimental frequency domain val
of 43% at the4s-4p3y2 ionic transition [16].

The envelope of the slow electron interferogram
Fig. 2a exhibits, primarily, an exponential decay conv
luted with the finite duration of the laser pulse. The fa
electron interferogram in Fig. 2b shows a qualitative
different behavior. Most notably, its envelope has a no
at t ø 1.2 psec. The difference in the interferogram
stems from the interplay between interferences intrins
to the autoionization process as well as those due to
coherent pulse excitation process. These differences
reflected in the branching ratio for decay into the respe
tive continuum channels.

The branching ratio, BR, for decay into the fast electro
channel is obtained by dividing the signal in Fig. 2b by th
sum of the signals in Figs. 2a and 2b. In contrast to t
fast and slow electron signals, the temporal modulatio
in BR are not necessarily sinusoidal, as is shown in t
insets of Fig. 3. The thick solid curve in Fig. 3 shows th
peak to peak variation in BR for electrons ejected at 0± as a
function of delay between the two laser pulses. For dela
between 0.6 and 1.4 psec, the variation in BR is grea
than 20% due to both amplitudeand phase differences
between the fast and slow electron interferograms.

For delays,t , 1.2 psec, the time dependence of BR i
due primarily to the differences in the envelopes of the i
terferograms. The bold dashed curve in Fig. 3 shows t
variation in BR determined directly from the envelopes o
the interferograms in Figs. 2a and 2b. However, the inte
ferograms exhibit a pronounced, delay-dependent “pha
lag” [6,7] which contributes significantly to the total con
trol level at large delays. The time dependence of t
phase lag is shown explicitly in Fig. 4. Att ø 1.2 psec
a p phase shift between the fast and slow interference p
tern occurs, coinciding with the node in the fast electro
interferogram. As a result, at longer delays, the oscillati
fast and slow electron signals are almost completely o
of phase. Therefore, the peak to peak variation in BR r
mains significant, even at large delays when the envelo
of both interferograms are essentially constant.

Analogous measurements made for electrons ejecte
90± show that the fast and slow electron interferogram
are both very similar to the 0± slow electron interfero-
2854
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FIG. 3. Peak to peak variation in the branching ratio (BR) f
autoionization into the 3.1 eV channel as a function of del
between the two laser pulses. The BR is shown relative
that observed with a single laser pulse for electrons ejected
0± (bold solid line) and 90± (light solid line). The variation
in the BR due to the envelope of the interferograms only
shown by the analogous dashed curves. The insets show
periodic, but nonsinusoidal, variation in the BR att ­ 0.0 psec
andt ­ 1.0 psec delay.

gram. As a result, the peak to peak variation in th
branching ratio is smaller than 5% at all delays, as sho
by the thin curves in Fig. 3. No node appears in eith
interferogram, and the phase difference between the
and slow electron signal is close to zero at all delays (s
the dashed curve in Fig. 4). Since the interferograms
fast electrons ejected at 0± and 90± are quite different,
theangular distributionof the ejected electrons must als

FIG. 4. Phase difference between the rapid oscillations in
fast and slow electron interferograms for ejection at 0± (solid
curve) and 90± (dashed curve) as a function of the dela
between the two phase-coherent laser pulses.
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depend on the delay between the two identical puls
We have observed similar behavior in excitation fro
Rydberg states other than4s14s as well.

It is interesting to compare and contrast the role
resonances in our experiment with that in recentv0 1

3v0 frequency domain phase-control experiments. T
recent observation of a frequency-dependent phase la
v0 1 3v0 branching ratio control has been attributed
the energy dependent modification of the continuum d
to Fano resonances [7]. In those experiments, both
continuum and bound configurations are directly accessi
from the initial state, and it is possible to change the fin
state branching ratio for the one or three photon proc
alone by scanningv0 across the Fano profile. Of course
the Fano line shape is a manifestation of the energ
dependent variation of the interference between the dir
and indirect paths into the continua [17]. The cohere
combination of one and three photon processes provi
additional interfering pathways that can be manipulated
additional branching ratio control [6,7].

In the current experiment, there is no direct excitatio
of the available continua [12]. Instead, the coupling b
tween the available bound channels produces an ene
dependent variation in the total and partial excitation cro
section. Our time domain results can be predicted direc
from available frequency domain spectra. In fact, the inte
ferogram for autoionization into each continuum is equal
the Fourier transform of the partial cross section for exci
tion of that continuum as a function of frequency [18], an
the R-matrix formulation of multichannel quantum defec
theory (MQDT) provides a powerful tool for predicting th
time-domain interferences [16,20]. The observed tempo
variations in the phase lag and envelopes of the interfe
grams are a reflection of the multiple path interferenc
(see Fig. 1) in the decay of the initially excited autoioniz
ing state. These same interferences are the source of
spectral structure in the partial cross sections.

It is important to note that the time-domain approac
used here allows for control of thetime dependenceof
the electron emission into different continua as well
modification of the total branching ratio. This additiona
“time-of-ejection” control is possible whenever there
significant overlap between resonance structures in
different continua [21], a situation that is realized in ou
experiment. In our experiment, the emission into o
continuum channel has a large amplitude only for sm
delays while ejection into the other continuum is mo
probable at longer delays. The application of a seco
phase-coherent pulse at intermediate delays can cohere
modulate amplitude in the long lived channel only, there
changing the time dependence of the branching ratio a
the second pulse.

In conclusion, we have demonstrated for the first tim
that configuration interaction between quasibound diele
tronic autoionizing states can be exploited to control t
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energy and angular distribution of ejected electrons in th
time domain. The method, which uses twoidenticalphase-
coherent pulses, can also be used to alter the tempor
structure of the differential yield, and is applicable to any
multiconfigurational system with structured continua.
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with T. F. Gallagher and the financial support of the NSF
the UVA AEP, the ONR, and the Packard Foundation.
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