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Effect of impulsive transient electric fields on autoionization

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

~Received 11 October 2002; published 29 January 2003!

Picosecond half cycle pulses~HCPs! have been used to examine the effect of transient electric fields on the
autoionization of doubly excited states of calcium. The autoionization yield, following picosecond isolated core
excitation~ICE! of 4pnd Rydberg states, has been measured as a function of the relative delay between the
transient field and the ICE laser pulse. Using single and multiple HCPs in combination with a static electric
field, we explicitly investigate the relative importance of static field induced, mixing, and transient field
excitation of high-,, low-m or high-,, high-m states on the suppression of autoionization. Our experimental
results can be understood using semiclassical analyses and are well reproduced by quantum simulations.
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I. INTRODUCTION

A number of internal conversion processes in Rydb
atoms and molecules are mediated by energy transfer
tween a Rydberg electron and the multiparticle, ionic core
which it is bound@1–4#. During autoionization~AI !, a bound
Rydberg electron is promoted to the continuum during a
perelastic collision with an energetically excited core. T
first stage of dielectronic recombination~DR!, the capture of
a continuum electron into a bound autoionizing state, is
precise inverse of autoionization. The second step in DR
the stabilization of the autoionizing state via spontane
emission or inelastic collisional deexcitation@1–3#. In pre-
dissociation~PD!, a Rydberg electron bound to a stable m
lecular ion undergoes resonant collisional energy tran
with the ion core, resulting in dissociation of the molecu
The rates for all of these processes depend critically on
overlap of the Rydberg wave function with the compact i
core. This overlap decreases with increasing values of p
cipal and angular-momentum quantum numbers,n and,, for
the Rydberg electron@5#. For constant,, the probability for
finding the Rydberg electron in the vicinity of the ion co
scales asn23, in inverse proportion to the electron’s classic
Kepler period,tK52pn3 ~unless otherwise noted, atom
units are used throughout!. For constantn there is no simple
, scaling formula. The electron-ion core overlap is relative
constant for low-, states due to the finite size of the ion cor
However, the overlap decreases extremely rapidly with
creasing, due to the centrifugal barrier at small electro
radius. Typically, for,*3, the ion core is localized wel
within the radial volumer &,(,11)/2 that is classically for-
bidden to the Rydberg electron@5,6#. Consequently, for thes
high-, states the AI, DR, and PD rates drop precipitou
with increasing,, and are considerably smaller than the c
responding rates of the low-, (&3) states@7–10#.

Not surprisingly, externally applied fields that affect th
angular-momentum composition of the Rydberg wave fu
tion, can have a dramatic influence on AI, PD, and DR ra
Consider the case of a uniform static electric field. In t
presence of the field, the potential that binds the Rydb
electron no longer possesses~near! spherical symmetry and
therefore, electronic angular momentum is no longer a c
served quantity. However,m, the quantum number corre
1050-2947/2003/67~1!/013409~11!/$20.00 67 0134
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sponding to the projection of the electron’s angular mom
tum on the field axis, remains good in the field@5,6#. For
each principal quantum numbern and angular-momentum
projectionm, there aren2m ‘‘Stark’’ states which are linear
combinations of the availablen2m angular-momentum
eigenstates@11#. To a rough approximation, all of then2m
Stark states corresponding to a specificn,m Stark manifold,
share single average AI, PD, or DR rates,GAIS

, GPDS
, or

GDRS
, respectively. EachGS is simply the average of the

respective process rates for the constituent, states (m<,
,n) in each Stark level@12–15#. Moreover, because th
large core-scattering rates for the lower, states dominate the
average, in low-m (&4) manifolds the AI and PD rates are
factor of order of 1/n smaller than the corresponding rate f
a pure,;m level. Typically, due to dipole selection rules
states that can be reached by purely optical excitation h
low m. Consequently, in a sufficiently strong static field@16#,
AI and PD rates of angularly mixed Stark states aresup-
pressedby a factor;1/n relative to the pure levels that ar
optically accessible in zero field@12–15#.

DR is also affected by angular-momentum mixing, but t
observed rates areenhancedrather than suppressed by th
field @15,17–22#. To understand this, consider an atomic sy
tem with doubly excited levels that decay through autoion
ation or are stabilized via spontaneous emission to nona
ionizing states. The contribution of a single autoionizi
state,u,& to the total dielectronic recombination rateGDR is
equal to the rate at which a continuum electron is captu
into stateu,& multiplied by the branching ratio for decay o
u,& by spontaneous emission rather than autoioniza
@13,20–23#,

GDR,
5bGAI,

g

GAI,
1g

, ~1!

whereb is a constant numerical factor,GAI,
is the AI rate of

a pure, state, andg is the spontaneous emission rate. F
doubly excited Rydberg states,g is often dominated by emis
sion from the core and, therefore, is, independent. For low
,, GAI,

is typically several orders of magnitude greater th

g, while for high,, GAI,
can be several orders of magnitud
©2003 The American Physical Society09-1



-

er

di
o

ll
at

h

R

a
ly

t

ll
t

-
h

s

fo

e

th

s

e

f

e AI

ng
le,
lds
nts,

lds
tely
de-
es-
ero
-
o-

n of
ted

e of

s-
he

ro-
a-
tral

the
ong
nal
tory
yd-
larly
ns-

e
nce
an
m
per-

-
a-
ore,
es
el-

by
en
e
in

ex-
of
al-

ion
of

J. G. ZEIBEL, S. N. PISHARODY, AND R. R. JONES PHYSICAL REVIEW A67, 013409 ~2003!
smaller thang @10#. SinceGAI,
decreases rapidly with in

creasing,, to a good approximationGAI,
Þg for any,, and

Eq. ~1! reduces to

GDR,
'bGAI,

, ,>,c , ~2!

and

GDR,
'bg, ,,,c , ~3!

where,c is the critical value of, for which GAI,
5g. Be-

causeGAI,.,c
is typically many orders of magnitude small

than g, states with,.,c contribute little or nothing to the
total DR rate, and the total DR rate is proportional tog
multiplied by the number of states N with,,,c . Therefore,
for large principal quantum numbern@,c , only a small
fraction of the total number of puren, states in zero field
can contribute to DR. However, as discussed in the prece
paragraph, angular momentum mixing in a static field h
mogenizes the AI rate over each Stark level in a givenn
manifold. For the lowm states that contribute to DR, a
states in the Stark manifold autoionize at a rate much gre
than the spontaneous emission rate. Consequently,every
Stark state contributes an additive factor ofbg to the total
DR rate, thereby enhancing the DR contribution from eacn
manifold by a factor of'n/,c @9,21#. The effect of the static
field is to convert pure, states that do not contribute to D
into Stark states that do.

Not surprisingly, analogous, mixing, AI suppression of
optically accessible states, and the enhancement of DR
occur if the static field is replaced by a uniform, linear
polarized rf, or low-frequency microwave field@4,13,24#.
Here, low frequency is defined as a frequency less than
the energy splittingDE'n23, between adjacentn states at
the excitation energy of interest. The situation is dramatica
different, however, if:~i! the rf field has a time-dependen
polarization@23,25#; ~ii ! the static or rf electric field is ap
plied in the presence of a strong static magnetic field wit
noncolinear polarization@22#; or ~iii ! the linearly polarized rf
field is applied in the presence of a static field that ha
different polarization@24#. In all of these scenarios~an in-
complete list of possibilities!, the cylindrical symmetry of
the electron binding potential is destroyed, andm is no
longer a good quantum number. Fortunately, a straight
ward extension of the preceding analysis of, mixing in a
static electric field can be used to understand the chang
AI, PD, and DR rates when both, and m are mixed. Ifm
remains a good quantum number, the field redistributes
character of a few low-, states over approximatelyn levels
with the same low value ofm. If m is not a good quantum
number, the field smears the low-, character over;n2 states
for each principal quantum numbern. Assuming perfectly
uniform mixing, this leads to the creation of AI and PD rate
GAIS

8 and GPDS
8 that are identical for all states in a givenn

manifold. GAIS
8 and GPDS

8 are reduced in magnitude relativ

to the respective rates of the pure low-, states by factors o
order of 1/n2. If n is not too large,GAIS

8 will usually still be
01340
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greater thang. Accordingly, the contribution of eachn state
to the total DR rate is enhanced by;n2 relative to the zero-
field case due to the increase in the number states, whos
rate exceeds the spontaneous emission rateg.

There are a number of practical motivations for studyi
AI, PD, and/or DR in the presence of fields. For examp
DR in plasmas takes place in the presence of microfie
which have nearly static as well as fast transient compone
due to nearby ions and electrons, respectively@12,26#. In
laboratory plasmas, electric and magnetic containment fie
are also often present. Therefore, our ability to accura
predict dynamics in astrophysical and fusion plasmas
pends critically on our understanding of DR rates in the pr
ence of such fields. As another example, consider z
electron-kinetic energy~ZEKE! spectroscopy, a useful tech
nique for measuring vibrational and rotational spectra of m
lecular ions. ZEKE spectroscopy is based on the detectio
very long-lived, highly excited Rydberg states associa
with different ionic core states of the molecule@27#. It has
been established that weak static fields and the presenc
background ions enhance the ZEKE signal~i.e., the number
of long-lived Rydberg states! presumably due to the suppre
sion of AI and PD through angular momentum mixing in t
field @28–35#.

Several recent experiments have utilized rf and mic
wave radiation with linear, elliptical, and circular polariz
tion to simulate the transient fields experienced by neu
and charged species in a plasma@13,24,25#. However, there
are important differences in the physics that determines
rates for AI, PD, and DR in systems that are exposed to l
oscillatory field pulses as opposed to the rapid collisio
transients that are actually present in plasmas. An oscilla
pulse continuously drives transitions between different R
berg states so that, on time average, the levels are angu
mixed. On the other hand, a single transient field pulse tra
fers population from some initial level~or levels! and pro-
duces a linear superposition of differentpure angular-
momentum states@36#. The angular momentum of th
superposition state is not continuously mixed in the abse
of the field. The evolution of this coherent wave packet c
be very different from that of a mixed angular-momentu
state. For example, if a transient field creates a linear su
position of high- and low-, states, only the low-,,,c part
of the wave function will participate in AI or PD. The re
maining high-, components eventually stabilize, via spont
neous emission or another relaxation process. Theref
while a static or oscillatory field can alter AI and PD rat
through angular-momentum mixing, transient fields might
liminate these decay channels by angular-momentumtrans-
fer. If Rydberg atoms and molecules can indeed stabilized
the application of an appropriate electric-field pulse, th
very short electric transients may find application in tim
domain pump-probe spectroscopy of quantum dynamics
doubly excited systems@37–39#.

In the subsequent sections we describe the results of
perimental and theoretical investigations of the effects
transient electric fields on autoionizing Rydberg states in c
cium. We focus on the impulsive regime where the durat
of the field pulse is less than the classical Kepler period
9-2
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EFFECT OF IMPULSIVE TRANSIENT ELECTRIC . . . PHYSICAL REVIEW A 67, 013409 ~2003!
the Rydberg electron. To the best of our knowledge, until t
work, the effects of impulsive fields on autoionizing atom
was experimentally unexplored. We explicitly consider se
eral different field configurations, including:~i! a linearly
polarized transient field in the presence of a static field w
the same polarization direction;~ii ! two time-delayed tran-
sient field pulses with orthogonal linear polarizations; a
~iii ! a linearly polarized transient field in the presence o
static field with an orthogonal polarization. We find no ev
dence for stabilization against AI using field configurati
~i!, but up to 10% of the atoms exposed to fields of type~ii !
and~iii ! are stabilized. Our experimental results can be qu
tatively explained using semiclassical arguments and
well reproduced by numerical quantum simulations.

II. EXPERIMENTAL METHOD

The basic procedure for all three experiments is as
lows. Two dye lasers excite Ca atoms from the 4s 4s ground
state into a 4snd Rydberg level. A short (;1 psec) laser
pulse then drives an isolated core excitation~ICE! of the
4snd atoms, producing a doubly excited 4pnd autoionizing
state @40#. The Rydberg atoms are exposed to a 1-p
electric-field pulse at some timeDt ICE relative to the ICE.
The total ion yield resulting from either AI or transient fie
ionization is measured as a function of the pulsed fi
strength, the frequency of the laser driving the ICE tran
tion, and the time delayDt ICE between the ICE and transien
field pulses.

The experiment takes place in a vacuum chamber wi
base pressure of 1026 torr. Figure 1 shows a schematic of th
interaction region and detector assembly. A diagram of
laser excitation scheme is presented in Fig. 2. The interac
region is defined above and below by a pair of 100 c2

parallel capacitive field plates spaced by 1.5 cm. A resistiv
heated oven produces a thermal beam of Ca atomsr

FIG. 1. A schematic diagram of the laser-atom interaction reg
and detection apparatus. The counterpropagating HCP and IC
ser allow for a range of time delay information to be recovered i
single laser shot@41#.
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;108 atoms/cm3) that enters the interaction region along t

x̂ direction. A 432 nm 5-nsec dye laser pulse passes thro
the interaction region along theŷ direction. This pulse pro-
motes Ca atoms from the 4s 4s ground state to an interme
diate 4s 4p level. A second 5-nsec laser pulse is created
mixing the;620 nm output from a dye laser with the 106
nm fundamental output from a Nd:YAG~YAG denotes yt-
trium aluminum garnet! laser in a potassium dihydroge
phosphate~KDP! crystal. This pulse also enters the intera
tion region alongŷ and excites atoms in the intermedia
4s4p level to some 4snd Ca Rydberg eigenstate. The spe
tral bandwidth of the second pulse is approximate
0.5 cm21 and its central wavelength is tunable from 38
nm–393 nm, allowing the excitation of a range of 4snd
levels with 15,n,70. A third laser pulse, with a duration o
1 psec and a central wavelength of 393 nm enters the in
action region parallel to the nanosecond laser beams. T
psec pulse has a spectral bandwidth of'20 cm21 and is
created by frequency doubling the 120 fsec, 786 nm out
of a Ti:sapphire laser in a 3-cm long KDP crystal@42#. The 1
psec pulse resonantly drives the ionic 4s1-4p1 transition in
the 4snd Rydberg atoms, producing autoionizing 4pnd
states. The Rydberg electron is essentially a spectator du
this ‘‘isolated-core’’ excitation~ICE! @40#. Unless they are
perturbed by an additional external field, the 4pnd atoms
autoionize over a time interval roughly equal totK for that
particular Rydberg state@37–39#. All of the lasers are lin-
early polarized along the verticalẑ axis, and the intermediate
and final Rydberg states have zero projection of total ang
momentum on this axis,M50. For simplicity, the 1 psec
pulse that facilitates the ICE transition will be referred to
the ICE laser or ICE pulse for the remainder of the pape

At some time delayDt ICE preceding or following the ICE
pulse, the Rydberg atoms are exposed to one or more t
sient field pulses. The transient field is generated by illum
nating a biased GaAs photoconductive switch with the 7
nm output of the Ti:sapphire laser@43#. The radiation pulse
that propagates through the GaAs switch has a nearly un

n
la-
a

FIG. 2. Laser excitation schematic for the experiment.
9-3
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lar time-dependent electric field and is commonly called
half cycle pulse~HCP! @44#. The HCP field has a full width
at half-maximum duration of;1 psec and is linearly polar
ized along the bias field direction. Small nonunipolar fe
tures in the HCP are reduced in amplitude through the us
a second, unbiased GaAs wafer that acts as a transien
tenuator@45#. The GaAs switch is located in the vacuu
chamber and, using a parabolic mirror, the HCP is direc
into the interaction region antiparallel to the three la
beams. The HCP redistributes population from the initialnd
Rydberg state into a coherent superposition ofn8,8m8 states
@36#. The details of the final-state distribution depend on
principal quantum number of the initial Rydberg state, t
strength and orientation of the HCP, and on the strength
orientation of any static electric fields that are present. Ho
ever, previous measurements have shown that relati
weak HCPs, with peak amplitudes,1 kV/cm can transfer
significant population to high-, levels @36#.

Approximately 500 nsec following the ICE and HCPs,
;75-V clearing pulse is applied to the lower-field plate. Io
present in the interaction region, formed through AI or HC
ionization, are accelerated towards a slit in the upper-fi
plate. The clearing field,;50 V/cm, has sufficient strengt
to ionize Rydberg atoms withn.50. Therefore, any neutra
Rydberg atoms withn.50 present in the interaction regio
are indistinguishable from ions. Ions passing through the
in the upper-field plate strike a pair of microchannel pla
backed by a phosphor screen. Electrons generated by
impact on the microchannel plates strike the phosp
screen, causing it to fluoresce. The fluorescence is dete
with a charge coupled device~CCD! camera and the video
output from the CCD camera is fed to a computer. Since
HCP and the ICE pulse counterpropagate through the in
action region, atoms at different locations beneath the ext
tion slit experience a different time delayDt ICE , between
the HCP and the ICE. Therefore, delay information is e
coded into the spatial position of the ions that strike
microchannel plates, and the fluorescence from the phos
screen provides an image of ionization yield vsDt ICE for a
particular HCP field strength and ICE laser wavelength@41#.
Approximately 100 psec of delay information is obtained
each laser shot with 1 psec resolution@41#. The apparatus
runs at a 15-Hz repetition rate.

While our primary interest is in HCP induced stabilizatio
of autoionizing atoms, it is important to keep in mind that
HCP of sufficient strength is capable of ionizing Rydbe
atoms directly@44#. An atom that is stabilized by angula
momentum transfer but then ionized by the pulse still res
in the production of an ion and a free electron. The o
observable difference between the two processes is the
electronic state of the ion and the energy and angular
mentum of the ejected electron. Since we measure total
production only, we cannot distinguish between the two p
sible ionization mechanisms.

As noted in the introduction, measurements have b
performed for three different electric-field configuration
First, we consider the effect of exposing the autoioniz
atoms to a single, linearly (ẑ) polarized HCP. In this sce
nario, thez projection of Rydberg angular momentum,m,
01340
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remains a good quantum number during the interaction w
the HCP field. Second, we use a combination of two tem
rally identical, but orthogonally polarized HCPs as the tra
sient field. The two HCPs are separated in time by a de
DtHCP . When DtHCP is comparable to the duration of
single HCP, the net field closely resembles that experien
by a Rydberg electron during a collision with a charged p
ticle @46#. In this case,DmÞ0 transitions are allowed, an
following the HCP, the Rydberg electron is left in a superp
sition of differentm states. Third, we examine the effect
exposing the atoms to a linearly polarized HCP in the pr
ence of an orthogonally polarized static electric field.Dm
Þ0 transitions are allowed in this configuration as well.

III. RESULTS

For the three field configurations, the ion yield vsDt ICE
data are essentially bilevel curves for all values of HCP fi
strength (FHCP) and ICE laser frequency. Within our signa
to noise, the ion yield vsDt ICE has constant values for nega
tive and positiveDt ICE , respectively. The delay indepen
dence of the ion signal is expected at negative delays of m
than a few picoseconds. In this case, all of the atoms exc
to 4pnd states have autoionized before the arrival of t
HCP, so the HCP has no effect on the ion yield or AI ra
For Dt ICE.0, the HCP arrives before the ICE, interacts w
singly excited 4snd atoms. Depending on the field configu
ration and strength, the HCP~s! produces atoms in a cohere
superposition of different 4sn8,8 states. Following the HCP
this Rydberg wave packet evolves for a timeDt ICE before
the ICE @36#. Our measurement, of a delay independent
yield that is distinctly different for negative and positive IC
delays, indicates that the creation of a coherent superpos
state by the HCP does indeed affect the AI rate and/or
yield. However, it also shows quite clearly that the ICE pro
ability and AI rate are not strongly affected by the tempo
evolution of the wave packet. This is quite interesting co
sidering that investigations of time-resolved ICE of radia
localized 4snd wave packets show a significant variation
ICE cross section as the wave packet moves radially betw
its inner and outer turning points@42,47#. Apparently the
wave packet produced by the HCP lacks a coherent ra
breathing motion that is crucial for affecting the ICE pro
ability. This supposition is supported by previous measu
ments of the evolution of a Rydberg electron following
exposure to an HCP@48#. It is also worth noting that a sig
nificant decrease in the AI signal is observed, whenever
HCP and ICE pulses overlap in time and the HCP is
weak to directly ionize the atom. This effect, which is n
completely understood at this time, provides a conveni
marker for determiningDt ICE50.

A. Single HCP measurements

In the first experiment, ion yield is measured as a funct
of ICE laser frequency andDt ICE for several fixed values o
FHCP . In Fig. 3~a! we show representative curves fo
Dt ICE.0 andDt ICE,0 for an initial 4s 19d eigenstate ex-
posed to a HCP withFHCP'3 kV/cm. This HCP field
9-4
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strength results in the greatest difference between theDt ICE
,0 and Dt ICE.0 curves. As explained above, theDt ICE
,0 data provides a measure of the ion yield in the abse
of the HCP. Therefore, for simplicity, we will refer to th
Dt ICE.0 andDt ICE,0 data as ‘‘in field’’ or ‘‘zero field,’’
respectively.

Inspection of the two curves in Fig. 3~a! shows that for
some ICE laser frequencies, fewer ions are produced for
in-field case as compared to the zero-field case. This is
expected result if the action of the HCP has indeed stabili
the atoms against AI. However, at other frequencies the
shows the opposite effect. In fact, it is the line shape of
ICE resonance that has been modified by the HCP, not
branching ratio for decay via autoionization rather than sp
taneous emission. The center of the zero-field AI resona
is noticeably shifted relative to the in-field case. In zero fie
the difference between the quantum defects of the 4s 19d
and 4p 19d states results in a resonance frequency whic
detuned from the 4s1-4p1 ionic transition. However, the
HCP populates high-, states that have negligble quantu
defects in both the 4s and 4p core configurations. As a re
sult, the in-field resonance appears at the ionic transition

FIG. 3. ~a! Observed ion yield plotted as a function of the d
tuning of the ICE laser from the 4s1→4p1 transition. The solid
curve represents the in-field case (Dt ICE.0), while the dashed
curve corresponds to the zero-field case (Dt ICE,0). The initial
state is 4s 19d and the maximum HCP field is 2.5 kV/cm.~b! Inte-
grated ion yield as a function of frequency. Note that the integra
ion yield is the same forDt ICE.0 andDt ICE,0.
01340
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quency@40#. Note that the extremely low AI rate out of th
high-, states should also result in extremely narrow in-fie
ICE resonances. However, the linewidth is instrument li
ited to '20 cm21 due to the bandwidth of the 1-psec IC
laser pulse. From the measured line-shapes analysis, it
pears that the action of the HCP results in the population
higher-, states. But does any stabilization occur?

To answer this question, we take advantage of the fact
the area under the ICE resonance must be independent o
initial Rydberg state and, therefore, must be identical for
in-field and zero-field measurements. Since~in the absence
of HCP ionization! the number of singly excited Rydber
atoms is the same before and after the HCP, any differenc
the frequency integrated ion yield for the two cases indica
a difference in the AI probability following the ICE. The
in-field and zero-field ion yields integrated over ICE excit
tion frequency are shown in Fig. 3~b!. The integrated yields
are identical within the experimental error, indicating n
HCP induced stabilization against autoionization.

In Fig. 4 the in-field and zero-field ionization signal
shown for a 4s 27d initial state andFHCP52.5 kV/cm. Be-
cause the difference in the quantum defects between

d

FIG. 4. ~a! Observed ion yields as a function of the detuning
the ICE laser from the 4s1→4p1 transition for an initial 4s 27d
state. The solid curve represents the in-field case (Dt ICE.0), while
the dashed curve corresponds to the zero-field case (Dt ICE,0).
The maximum HCP field is 2.5 kV/cm. Integrated ion yield
shown in~b!. As in Figure 3, no suppression of AI is observed.
9-5
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4s 27d and 4p 27d states is less than that for the 4s 19d and
4p 19d levels, the shift in the AI resonance is less than
Fig. 3~a!. Also, due to their reduced AI and resonan
widths, the true 4p 27, resonance line shapes are more
verely masked by the 20-cm21 ICE laser bandwidth. Once
again, however, the integrated ion yields are nearly identi
Similar results are obtained for all initial Rydberg states st
ied.

The apparent absence of HCP induced AI stabilization
rooted in two different physical phenomena. The first is H
ionization. A single impulsive HCP puts both energy a
angular momentum into the Rydberg electron@36,44#. An
HCP, which has sufficient strength to transfer a substan
fraction of the Rydberg population to states with,.,c
('7 for the 4pn, levels in Ca! also increases the energy
the electron to the point where it is ionized~or has principal
quantum numbern.50 and is counted as ionized due to t
fields in our spectrometer!. The second effect is an exper
mental artifact that has significant practical relevance. T
HCP has a low amplitude ‘‘tail’’ of opposite polarity tha
follows the primary pulse. This tail can extend for hundre
of picoseconds or even nanoseconds with an amplitude
few V/cm @45#. Therefore, following the HCP, the Rydber
atoms evolve in a small nearly static field that is similar
the microfields produced by ions in a plasma. Conseque
even though the HCP induces angular-momentumtransfer
that should stabilize some fraction of the atoms from AI, t
static field mixes low-, character back into the Rydber
wave function. As a result, the mixed state has an AI rate
exceeds the spontaneous emission rate, and the atom
toionize with 100% efficiency. These statements are s
ported by the results of the quantum numerical simulati
described in the discussion section.

B. Measurements with two orthogonal HCPs

Next we investigate AI stabilization induced by two tem
porally identical, time-delayed, and orthogonally polariz
HCPs. In particular, we consider relative HCP time dela
DtHCP that are comparable to the 1 psec duration of the
equal amplitude HCPs. This combination of HCPs has ph
cal relevance since the time-dependent field closely
sembles that experienced by an atom undergoing a lo
range collision with a charged particle@46#. Due to the time-
dependent polarization of the combined HCP field,m is not
conserved during the HCP-atom interaction. Therefore,
pending upon the combined field amplitude, the pulse p
duces a Rydberg wave packet that is a coherent superpos
of different n,,,m states.

The two HCPs are generated using different Ga
switches. Each pulse enters the interaction region at a s
angle relative to thex̂ axis and approximately perpendicul
to the ICE pulse~see Fig. 5!. In this geometry, ion yield is
measured as a continuous function ofDtHCP in a single laser
shot@41#. The ICE pulse propagates along the1 ŷ direction,
colinear with the slit in the upper-field plate, and at som
delay Dt ICE relative to the HCP sequence. The near 9
crossing angle between the HCP and ICE beams means
collected ions haveDt ICE values that vary by a few picosec
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onds across the narrow dimension of the slit. This unc
tainty can be reduced to less than the 1 psec time resolu
of the ICE and HCPs by including in our analysis only tho
ions at the center of the slit image. Alternatively, errors d
to the uncertainty inDt ICE can be eliminated by choosin
HCP delays of.10 psec and,210 psec for the in-field
and zero-field cases, respectively. This method works
cause, as stated previously, the ion signal is constant
Dt ICE.0 ~the in-field case! and forDt ICE,0 ~the zero-field
case!.

In Fig. 6, we show in-field and zero-field curves that a
completely analogous to those shown in Figs. 3 and 4.
data in Fig. 6 are obtained with an initial 4s 20d Rydberg
level andFHCP'3 kV/cm for each of the two orthogona
pulses. As with a single HCP, population transfer to hi
angular-momentum states results in an in-field AI line sha
that is narrower and shifted toward the ionic transition. Ho
ever, a slight suppression ('10%) of the frequency inte-
grated ion yield is observed whenDt ICE.0. Measurements
performed with other initialn states show similar stabiliza
tion percentages.

We also examine the effect of varying the relative tim
delay between the two HCP fields on the ion yield. Figure
shows the frequency integrated ion signal as a function of
delayDtHCP between the two HCPs. For this data scan,
ICE pulse delay is set so thatDt ICE50 whenDtHCP50 at
the center of the extraction slit. Therefore, the zero-field d
appears at negative values ofDtHCP and the in-field mea-
surement is shown at positiveDtHCP . Of course, from sym-
metry, the in-field signal is symmetric aboutDtHCP50. This
symmetry is not obvious in Fig. 7 due to the positioning
Dt ICE50 at DtHCP50. The data is displayed in this way t
highlight the small, but significant, AI stabilization that

FIG. 5. A schematic diagram of the experimental approach u
to measure AI suppression due to two orthogonal HCP fields. HC

is polarized along1 ẑ and moves through the interaction region

some small angleu/2 to the2 x̂ direction. HCP2 is approximately

polarized along1 ŷ and moves through the interaction region at

angle2u/2 to 2 x̂. A spatially dependent time delayDtHCP exists
between the two HCP fields. The point in the interaction reg
where the two pulses arrive simultaneously (DtHCP50) is defined
to be y50. Typically u,10°, and we can study a range of
220 psec,DtHCP,20 psec.
9-6
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EFFECT OF IMPULSIVE TRANSIENT ELECTRIC . . . PHYSICAL REVIEW A 67, 013409 ~2003!
induced by the HCP fields. Our measurements indicate
the stabilization effect is relatively insensitive to the del
between the two HCPs. Clearly, the stabilization obser
with the two HCPs is facilitated by population transfer
levels with highm and high,. This is in contrast to the
single HCP measurements where states with lowm and high
, are populated and no stabilization is observed.

C. Measurements with orthogonal HCP and static
electric fields

Finally, we investigate the stabilization of AI due to th
combined action of orthogonally polarized HCP and sta
electric fields. A constant voltage applied to the upper-fi
plate produces a uniform static fieldFS along theẑ direction
in the interaction region. The magnitude of the field is le
than the Inglis-Teller field,FS51/3n5 where states from ad
jacentn manifolds cross@5#. In the presence of the field, th
second dye laser excites an incoherent mixture of sev
m50 Stark eigenstates within the 0.5 cm21 laser bandwidth.
The frequency of the second laser is tuned to either the
cation of thed state in zero field or the manifold state wi

FIG. 6. ~a! Observed ion yield as a function of the detuning
the ICE laser from the 4s1→4p1 transition. The solid curve is the
in-field case (Dt ICE.0), and the dashed curve is the zero-field ca
(Dt ICE,0). The initial eigenstate is 4s 20d and each HCP field ha
a maximum field of'3 kV/cm with DtHCP'5 psec. Integrated
ion yield is plotted in~b! analgous to Figs. 3,4. A small amount o
AI suppression ('10%) is observed.
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the most extreme negative Stark shift. After the dye la

excitation, a single HCP~linearly polarized alongx̂) enters
the interaction region. Because the static field defines
quantization axis for the atoms,m is not a good quantum
number in the presence of the HCP, and population may
transferred to higher-m Stark states. Recall that even thoug
the high-m Stark states are angularly mixed, they contain
low-, character. Therefore, form*,c these states should b
stable against AI.

As in the other two field configurations, ion yield is me
sured as a function of ICE laser frequency for a number
different static field and HCP field values. Typical expe
mental results for the in-~HCP! field and zero-~HCP! field
integrated ion yields are shown in Fig. 8. The data in Fig
are obtained for an initialn522 manifold state withFS

550 V/cm andFHCP'3 kV/cm. As in the case of two or-
thogonally polarized HCPs, the in-~HCP!field AI probability
is suppressed by;10% relative to the zero-~HCP! field case.
The dynamical evolution of the Rydberg electron during a
s ubsequent to its interaction with the orthogonal fields
very different for the two configurations,@HCP3HCP# or
@HCP3static field#. Nevertheless, similar stabilization prob
abilities are observed for the two cases. Clearly, the key to
suppression is a population transfer to high-m states.

IV. DISCUSSION AND NUMERICAL ANALYSIS

As discussed previously, doubly excited 4pn, states will
autoionize for,&,c and will be stabilized by spontaneou
emission of the 4p core electron for,.,c . Here,,c defines
the state for which the 4pn, autoionization lifetime equals
the 3-nsec spontaneous emission lifetime of the 4p state of
Ca1 @49#. The first step in obtaining a quantitative unde
standing of the experimental results is a determination of,c
for the 4pn, system. We begin by computing the autoioni
ation rates for the 4pn, states from Fermi’s Golden rule in
the isolated resonance approximation@10#. We ignore spin

e

FIG. 7. Frequency integrated ion yield as a function of relat
HCP delay,DtHCP . Dt ICE50 is at the same point asDtHCP50.
Therefore, negative values ofDtHCP correspond to the zero-field
case, as described in the text.
9-7
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and assume that the bound 4pn, autoionizing state is
coupled to the 4se,,61 and 3de,,61 continua by the di-
pole term in the expansion of the electron-electron Coulo
interaction. The radial matrix elements are computed us
numerical Numerov integration and hydrogenic radial wa
functions are used for the continua@50#. The total AI rate is
taken as the sum of the rates into the 4s and 3d continua. For
the range ofn states studied, we find that,c'7.

In an attempt to quantitatively reproduce the experimen
results and confirm our qualitative explanation of those
sults, we have numerically integrated the time-depend
Schrodinger equation for a calcium Rydberg atom under
influence of an electric field in each of the three experimen
configurations. We utilize a fourth-order Runga-Kutta in
gration routine and use angular-momentum eigenstates a
sis functions. The calculation is performed in the ‘‘leng
gauge’’ under the dipole approximation, ignoring spin. R
dial matrix elements are computed using Numerov integ
tion @50# of Coulomb wave functions using the known qua
tum defects of Ca 4sn, Rydberg states.

In the simulation of the first experiment, the single li
early polarized HCP is modeled as a Gaussian field wit
duration of 1 psec, full width at half maximum. The effect
the negative tail of the HCP is included by adding, for
times following the peak of the HCP, a constant negat
component of 10 V/cm to the total field. Alln and , states
for 10,n,90 are included in the calculation. However, b
causem remains a good quantum number in the field, on
m50 levels are considered. Just prior to the rise of
Gaussian HCP field (t50), the population in the initial Ry-
dberg state is set to 1. The system is allowed to evolve
the lifetime of the 4p1 core electron under the influence
the main HCP and its negative tail. The effect of AI is sim
lated by removing probability amplitude from each angul

FIG. 8. Integrated ion yield as a function of detuning from t
ionic 4s1→4p1 transition. The initial state is a mixture of 4s 22k
Stark states in a 50 V/cm static field. The solid curve shows
in-field case (Dt ICE.0) and the dashed curve is the zero-field ca
The same static field is present in both cases. The HCP has a
field of ;3 kV/cm and is polarized orthogonal to the static field. A
in the case of two orthogonally polarized HCPs, a small amoun
AI suppression is observed.
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momentum state according to its calculated autoioniza
rate. We assume that autoionization commences immedia
following the HCP. HCP ionization is included by absorbin
any probability amplitude reaching the highestn state (n
590). This boundary is well into the effective continuum
the experiment since states withn.50 are ionized in our
spectrometer.

Figure 9 shows the time-dependent high- and low-,
populations, during the HCP, for an initial 4s 22d state ex-
posed to a peak HCP field ofFHCP55 kV/cm. While higher
fields result in greater fractional population of high-, states,
they also produce significant HCP ionization. The results
Fig. 9 represent nearly the best case; over 50% of the in
population is located in high-,.,c states when AI com-
mences. However, as shown in Fig. 10, at the end of
simulation less than 1% of the initial population remai
unionized.

The ‘‘stair-step’’ decrease in Rydberg population that
shown in Fig. 10 is due to the coherent evolution of angu
momentum in the tail of the HCP field. Immediately aft
autoionization commences, the fraction of the Rydberg po
lation that has low-, character rapidly ionizes. At this time
all of the surviving bound population resides in high-, states.
However, the small static field causes a precession of
angular momentum in the ‘‘Stark wave packet’’ from hig
into low , @51–53#. After one ‘‘Stark period,’’ tS
52p/(3Ftailn), a significant fraction of the bound popula
tion again has low-, character@51–53#. Autoionization of
the low-, part of the wave packet results in another rap
decrease in the Rydberg population. The cycle repeats u
the atom has completely ionized. In the best case~i.e. the
greatest survival probability!, the simulation predicts les
than 10% surviving Rydberg population after 1 nsec and l
than 1% remaining after the 3-nsec 4p core lifetime. The

e
.
ak

f

FIG. 9. Result of the quantum-mechanical simulation of the
teraction of a single HCP field with an autoionizing state as d
cussed in the text. The initial Rydberg state hasn522, ,52, and
m50, and the HCP has a peak field of 5 kV/cm with a sta
negative tail of 10 V/cm. The solid curve shows the population
low-, states (,,7), while the dashed curve shows the populati
in high ,.
9-8
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EFFECT OF IMPULSIVE TRANSIENT ELECTRIC . . . PHYSICAL REVIEW A 67, 013409 ~2003!
effective autoionization rate is proportional to the magnitu
of the static field. Choosing a HCP tail field of 20 V/c
would result in an autoionization lifetime that is half of th
indicated in Fig. 10. Clearly, angular momentum mixing
the small HCP tail effectively erases the stability of the hig
, states that are populated during the impulsive compon
of the HCP. The results of the calculation are in good agr
ment with the experimental observation that the action of

FIG. 10. Surviving Rydberg population as a function of tim
calculated under the same conditions as in Fig. 9. The syste
allowed to autoionize after a timeDt ICE51.5 psec according to the
calculated AI rates for calcium. The calculated surviving populat
is shown as a function of time for three values of HCP fie
strength. Less than 1% of the initial population remains after 3 n

FIG. 11. Result of the quantum-mechanical simulation of
interaction of two orthogonal HCP fields with an autoionizing st
as discussed in the text. The initial Rydberg state hasn522, ,
52, andm50, and each HCP has a peak field of 3 kV/cm with

static negative tail of 10 V/cm. The first HCP is polarized alongẑ,

and the second HCP is polarized alongx̂. The time delay between
the two pulses isDtHCP50.81 psec. Them distribution is shown 2

psec after the HCP interaction as measured along the (1/A2)(x̂

1 ẑ) axis. Approximately 8% of the population hasm.,c .
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single HCP causes no reduction in the ionization yield.
From the single pulse simulation it is apparent that St

mixing due to the HCP tail, or any other static field that
present, will prevent AI stabilization for Rydberg populatio
that hasm,,c . Herem is the projection of Rydberg angula
momentumalong the static field axis, ẑ8, not necessarilly
along the lab-fixedz axis. However, sincem is a good quan-
tum number in the presence of the static field, any final-s
amplitude withm.,c will be stabilized. Therefore, for the
crossed field configurations@HCP3 HCP# or @HCP3 static
field#, the fraction of the autoionizing atoms that are sta
lized by the field is equal to the high-m (.,c) population
probability following the HCP~s!. Of course, for crossed
fields allm states for each value of, must be included in the
calculation. As a result, memory limitations restrict the pr
cipal quantum number range of the basis states to 10,n
,45. In all other respects, the calculation is the same as
the single HCP case.

For two crossed polarized HCPs, the static field produ
by the sum of the pulse tails defines the proper axisẑ8 along
which m must be evaluated. This axis lies at an angle of 4
relative to the polarization direction of the main HCPs. F
ure 11 shows the calculated final-statem distribution follow-
ing the passage of two orthogonally polarized HCPs. T
pulses have a relative delay of 0.8 psec, but calculati
performed with other delays showed similar results. The
tial state for the simulation is 4s 22d with m50 along the
lab-fixed z axis, and the amplitude of each pulse isFHCP

53 kV/cm. The HCP fields are polarized alongx̂ and ẑ,
respectively, so in the presence of the pulse tails, the ap

is

n

c.

e
FIG. 12. Results of the quantum-mechanical simulation of

interaction of an HCP field with an orthogonally applied static fie
as discussed in the text. Initially, an ensemble of 4s 22k states is
excited in a 200 V/cm static field. The initial-state energy distrib
tion is centered around the zero-field location of the 4s 22d state.

The static field is oriented along theẑ axis. The HCP is polarized in

the x̂ direction and has a peak field of 3 kV/cm with a 10 kV/c

static field tail. Them distribution as measured along theẑ axis is
shown 2 psec after the HCP interaction. Less than 10% of the po
lation hasm.,c after the HCP interaction.
9-9



th

s

an
on
th
s
n
ld

an
ld
t
p

ti-
e

t
ld
nt

a
a
th
t

an-
s

a-
the
em-
. We

to
in
o-

the
s

able

n-
is

rg
an
ss,
ol-
e-

dy-

ns
by

J. G. ZEIBEL, S. N. PISHARODY, AND R. R. JONES PHYSICAL REVIEW A67, 013409 ~2003!
priate quantization axis isẑ85(1/A2)(x̂1 ẑ) after the pas-
sage of the two pulse sequence. Approximately 10% of
final Rydberg population resides in states withm.,c , and
therefore, are stable against autoionization. This value i
good agreement with our experimental observation of'10%
stablilization probability for two crossed polarized HCPs.

We have also performed calculations for crossed HCP
static fields. In this case, the only additional complicati
relative to the simulation using two crossed HCPs is
specification of the initial state. We assume the dye la
excites a superposition of Stark states within the laser ba
width at some mean energy within a given Stark manifo
The excitation cross section and,-state composition of the
initial state is computed by diagonalizing the Hamiltoni
for our limited calcium basis in the presence of a static fie
Figure 12 shows the final-statem distribution assuming tha
the mean excitation energy of the initial Stark state super
sition is equal to that of the 4s 22d level in zero field. In the
simulation, the 200 V/cm static field points in theẑ direction
while the 3 kV/cm HCP is polarized alongx̂. Due to the
relatively small amplitude of the HCP tail, the final quan
zation axisẑ8' ẑ. Following the HCP, less than 10% of th
population resides in states withm.,c . Again, this value is
in good agreement with our experimental measuremen
&10% stabilization. While the excitation energy, static fie
and HCP strength approximately match our experime
conditions, the calculated results are not sensitive to sm
changes in these parameters. As in the single pulse c
higher HCP field strengths result in population transfer to
basis boundary of the calculation which signals the onse
HCP ionization.
d
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V. SUMMARY

We have examined, experimentally and theoretically, tr
sient electric field induced stabilization of Rydberg atom
against AI for three different transient-static field configur
tions. These time-dependent field configurations mimic
microfields experienced by atoms, molecules, and ions
bedded in neutral plasmas or space-charge distributions
have found that impulsive transients, oriented parallel
relatively weak static electric fields, are totally ineffective
stabilizing atoms against autoionization due to angular m
mentum mixing in the static field. We predict and observe
stabilization of autoionizing atoms for field configuration
where high-m states are populated. These states are st
against autoionization and, in contrast to low-m states, are
immune to angular momentum mixing with rapidly autoio
izing low-, levels. However, the fraction of atoms that
stabilized is small ('10% or less! due to the relatively low
probability for populating high-m states during a field im-
pulse. Ultimately, impulsive field ionization of the Rydbe
electron limits the strength of the transient field that c
effectively stabilize the atom against AI or PD. Neverthele
the use of ultrashort field pulses to stabilize atoms and m
ecules against AI or PD may prove to be an effective tim
resolved probe of state lifetimes and Rydberg electron
namics in these systems.
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