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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 pulséslCP3 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 indu€eghixing, 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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[. INTRODUCTION sponding to the projection of the electron’s angular momen-

tum on the field axis, remains good in the fi¢ll6]. For

A number of internal conversion processes in Rydbergeach principal quantum number and angular-momentum

atoms and molecules are mediated by energy transfer bgrojectionm, there aren—m “Stark” states which are linear

tween a Rydberg electron and the multiparticle, ionic core taombinations of the availablen—m angular-momentum
which it is bound 1-4]. During autoionizatiorfAl), a bound  eigenstate$l1]. To a rough approximation, all of the—m
Rydberg electron is promoted to the continuum during a suStark states corresponding to a speaifim Stark manifold,
perelastic collision with an energetically excited core. Theshare single average Al, PD, or DR ratésy,, I'epg OF

first stage of dielectronic recombinatioBR), the capture of I'pr., respectively. Eachl's is simply the average of the

a coptlngum electron Ir!to a bpund autoionizing statg, IS th.?espective process rates for the constituérgtates (n<¢
precise inverse of autoionization. The second step in DR |s< n) in each Stark leve[12—15. Moreover, because the
the_ st_abilizat_ion of_the a_u_toionizing state via spontaneou:farge core-scattering rates for thé Iov@estates’ dominate the
emission or inelastic collisional deexcitatiph—3]. In pre-

dissociation(PD), a Rydberg electron bound to a stable mo_av(i:)e;g;,(;? dlgrh Jol f ﬁg’%g}%?'{ﬁf: ttr?e? ('?‘(;r?gsd Er? d:?tefa?eﬁ(?r
lecular ion undergoes resonant collisional energy transfeféla uref~m level. Tvpicallv. due to diole zelectign rules
with the ion core, resulting in dissociation of the molecule. P - lypically, pole o ’
The rates for all of these processes depend critically on th fates that can be reached by purely optical excitation have

overlap of the Rydberg wave function with the compact ion ow m Consequently, in a sufficiently strong static figl],

core. This overlap decreases with increasing values of prin’9‘r|e§22| df Darf;;f) r0~f SQ%ZII‘Z‘IR(S(')X?& St:rr: Izsiglesstr?;?;lre
cipal and angular-momentum quantum numbesnd ¢, for P y P

o tically accessible in zero fie[d2-15.
the Rydberg electroff]. For constant, the probability for opticat .
finding the Rydberg electron in the vicinity of the ion core DR is also affected by angular-momentum mixing, but the

3. . , . Observed rates arenhancedrather than suppressed by the
scales ag ™ °, in inverse proportion to the electron’s classical .

. o 3 ; .~ field [15,17—22. To understand this, consider an atomic sys-
Kepler period, 7«=2m7n* (unless otherwise noted, atomic . . P>
! . . tem with doubly excited levels that decay through autoioniz-
units are used throughgufor constant there is no simple

. . . .~ ation or are stabilized via spontaneous emission to nonauto-
¢ scaling formula. The electron-ion core overlap is relatively

A . ionizing states. The contribution of a single autoionizing

&%ﬁgﬁﬁ;?%;ﬁtes dngefstehse g)r(lt':z;'gle or;tr};loc\,ﬁﬁr?ﬁ state,|¢) to the total dielectronic recombination rdfgr is
o P . =Mely rapicty equal to the rate at which a continuum electron is captured
creasingf due to the centrifugal barrier at small electron .

radius. Typically, for¢=3, the ion core is localized wel into state|¢) multiplied by the branching ratio for decay of

o - ~ . . |€) by spontaneous emission rather than autoionization
within the radial volume < € (¢ + 1)/2 that is classically for- [13,20-23
bidden to the Rydberg electrd,6]. Consequently, for these ' '
high-¢ states the Al, DR, and PD rates drop precipitously
with increasingf, and are considerably smaller than the cor- Tpg. = AT Y 1)
responding rates of the lo-(<3) stated7-10. DRy AeTp,+y

Not surprisingly, externally applied fields that affect the

angular-momentum composition of the Rydberg wave func-

tion, can have a dramatic influence on Al, PD, and DR rates\.Nhere'B is a constant numerical faCtd?A'« is the Al rate of

Consider the case of a uniform static electric field. In the® PUret state, andy is the spontaneous emission rate. For
presence of the field, the potential that binds the Rydbergoubly excited Rydberg stategjs often dominated by emis-
electron no longer possess@®aj spherical symmetry and, SION from thg core and, therefore,ﬂsndepgndent. For low
therefore, electronic angular momentum is no longer a cont» I'ai, is typically several orders of magnitude greater than
served quantity. Howevem, the quantum number corre- vy, while for high¢, FA|€ can be several orders of magnitude
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smaller thany [10]. Sincel', decreases rapidly with in-
creasingt, to a good approximatioﬁA,{,# v for any €, and
Eqg. (1) reduces to

o, ~Blar,, =4, 2
and

FDRfmﬁﬂy’ €<€C! (3)

where € is the critical value of¢ for which FA,(= v. Be-

causeFNM, is typically many orders of magnitude smaller

than vy, states with¢>¢. contribute little or nothing to the
total DR rate, and the total DR rate is proportional o
multiplied by the number of states N with< €. Therefore,
for large principal quantum number>{., only a small
fraction of the total number of pure( states in zero field
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greater thany. Accordingly, the contribution of each state
to the total DR rate is enhanced byn? relative to the zero-
field case due to the increase in the number states, whose Al
rate exceeds the spontaneous emission yate

There are a number of practical motivations for studying
Al, PD, and/or DR in the presence of fields. For example,
DR in plasmas takes place in the presence of microfields
which have nearly static as well as fast transient components,
due to nearby ions and electrons, respectidlg,26. In
laboratory plasmas, electric and magnetic containment fields
are also often present. Therefore, our ability to accurately
predict dynamics in astrophysical and fusion plasmas de-
pends critically on our understanding of DR rates in the pres-
ence of such fields. As another example, consider zero
electron-kinetic energyZEKE) spectroscopy, a useful tech-
nigue for measuring vibrational and rotational spectra of mo-
lecular ions. ZEKE spectroscopy is based on the detection of
very long-lived, highly excited Rydberg states associated

can contribute to DR. However, as discussed in the precedingith different ionic core states of the molecUtg7]. It has
paragraph, angu'ar momentum mixing in a Static f|e|d hobeen estabhshed that Weak static fle|dS and the presence Of

mogenizes the Al rate over each Stark level in a given
manifold. For the lowm states that contribute to DR, all

background ions enhance the ZEKE sigfia., the number
of long-lived Rydberg statepresumably due to the suppres-

states in the Stark manifold autoionize at a rate much great&ion of Al and PD through angular momentum mixing in the

than the spontaneous emission rate. Consequeetgry
Stark state contributes an additive factor®$ to the total
DR rate, thereby enhancing the DR contribution from each
manifold by a factor ok~n/€; [9,21]. The effect of the static
field is to convert purd states that do not contribute to DR
into Stark states that do.

Not surprisingly, analogou$é mixing, Al suppression of

field [28—-35.

Several recent experiments have utilized rf and micro-
wave radiation with linear, elliptical, and circular polariza-
tion to simulate the transient fields experienced by neutral
and charged species in a plasfi8,24,29. However, there
are important differences in the physics that determines the
rates for Al, PD, and DR in systems that are exposed to long

optically accessible states, and the enhancement of DR algscillatory field pulses as opposed to the rapid collisional
occur if the static field is replaced by a uniform, linearly transients that are actually present in plasmas. An oscillatory

polarized rf, or low-frequency microwave fieldt,13,24.

pulse continuously drives transitions between different Ryd-

Here, low frequency is defined as a frequency less than therg states so that, on time average, the levels are angularly

the energy spliting\E~n~2, between adjacent states at

mixed. On the other hand, a single transient field pulse trans-

the excitation energy of interest. The situation is dramaticallyf€rS Population from some initial levebr levels and pro-

different, however, if:(i) the rf field has a time-dependent
polarization[23,25; (ii) the static or rf electric field is ap-

duces a linear superposition of differepiure angular-
momentum state§36]. The angular momentum of the

plied in the presence of a strong static magnetic field with Superposition state is not continuously mixed in the absence

noncolinear polarizatiof22]; or (iii) the linearly polarized rf
field is applied in the presence of a static field that has
different polarization24]. In all of these scenario&n in-
complete list of possibilities the cylindrical symmetry of
the electron binding potential is destroyed, amdis no

of the field. The evolution of this coherent wave packet can

be very different from that of a mixed angular-momentum

state. For example, if a transient field creates a linear super-
position of high- and low¢ states, only the low-<¢ . part
of the wave function will participate in Al or PD. The re-

longer a good quantum number. Fortunately, a straightformaining high¢ components eventually stabilize, via sponta-

ward extension of the preceding analysisfofmixing in a

neous emission or another relaxation process. Therefore,

static electric field can be used to understand the change f{hile a static or oscillatory field can alter Al and PD rates

Al, PD, and DR rates when both and m are mixed. Ifm

through angular-momentum mixing, transient fields might el-

remains a good quantum number, the field redistributes thiminate these decay channels by angular-momertraims-

character of a few low- states over approximatelylevels

with the same low value ofn. If mis not a good quantum
number, the field smears the lofveharacter over-n? states
for each principal quantum number Assuming perfectly

uniform mixing, this leads to the creation of Al and PD rates,

I'p.andI'pp_ that are identical for all states in a given
S S

fer. If Rydberg atoms and molecules can indeed stabilized by
the application of an appropriate electric-field pulse, then
very short electric transients may find application in time
domain pump-probe spectroscopy of quantum dynamics in
doubly excited systems37-39.

In the subsequent sections we describe the results of ex-
perimental and theoretical investigations of the effects of

manifold. I'5, . andI'pp_ are reduced in magnitude relative yansjent electric fields on autoionizing Rydberg states in cal-

to the respective rates of the pure ldwstates by factors of
order of 1% If niis not too large[y,_ will usually still be

cium. We focus on the impulsive regime where the duration
of the field pulse is less than the classical Kepler period of
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FIG. 2. Laser excitation schematic for the experiment.
FIG. 1. Aschematic diagram of the laser-atom interaction region
and detection apparatus. The counterpropagating HCP and ICE la- . . .
ser allow for a rgr?ge of time delay info?m;ti(?n to %e recovered in aflos atoms/crﬁ) that enters the interaction region along the
single laser shdf41]. x direction. A 432 nm 5-nsec dye laser pulse passes through
the interaction region along the direction. This pulse pro-
the Rydberg electron. To the best of our knowledge, until thisyotes Ca atoms from thes4is ground state to an interme-
work, the effects of impulsive fields on autoionizing atoms gjate 45 4p level. A second 5-nsec laser pulse is created by
was experimentally unexplored. We explicitly consider SeV-mixing the ~620 nm output from a dye laser with the 1064
eral different field configurations, includingi) a linearly  hm fundamental output from a Nd:YAGYAG denotes yt-
polarized transient field in the presence of a static field withyjym aluminum garnetlaser in a potassium dihydrogen

the same polarization directiofij) two time-delayed tran-  phosphateKDP) crystal. This pulse also enters the interac-

sient f|_eld pulses W'th orthog_onal_llnef_;lr polarizations; andtion region alongy and excites atoms in the intermediate
(iii) a linearly polarized transient field in the presence of a

static field with an orthogonal polarization. We find no evi- 4s4p level tp some 4nd Ca Rydberg elger)state. Thg spec-

P : . ' ' . _tral bandwidth of the second pulse is approximately
dence for stabilization against Al using field conflguratlon0 5 cem L and its central wavelenath is tunable from 389
(i), but up to 10% of the atoms exposed to fields of tyipe ) g

and(iii ) are stabilized. Our experimental results can be quali-nm_393 nm, allowing the excitation of a range oéndl

tatively explained using semiclassical arguments and arligvels with 15<n<70. Athird laser pulse,wnhaduratmn_of
well reproduced by numerical quantum simulations psec anq a central wavelength of 393 nm enters the inter-
' action region parallel to the nanosecond laser beams. The 1

psec pulse has a spectral bandwidth=e20 cmi ! and is
created by frequency doubling the 120 fsec, 786 nm output
The basic procedure for all three experiments is as folof a Ti:sapphire laser in a 3-cm long KDP crysfté2]. The 1
lows. Two dye lasers excite Ca atoms from the44 ground ~ PSec pulse resonantly drives the ionig™44p™ transition in
state into a 4nd Rydberg level. A short {1 psec) laser the 4snd Rydberg atoms, producing autoionizingo#d
pulse then drives an isolated core excitatidBE) of the  States. The Rydberg electron is essentially a spectator during
4snd atoms, producing a doubly excitegprd autoionizing  this “isolated-core” excitation(ICE) [40]. Unless they are
state [40]. The Rydberg atoms are exposed to a 1-pse®erturbed by an additional external field, thert atoms
electric-field pulse at some timét,.g relative to the ICE. autoionize over a time interval roughly equal #@ for that
The total ion yield resulting from either Al or transient field Particular Rydberg statf37-39. All of the lasers are lin-
ionization is measured as a function of the pulsed fieldearly polarized along the verticalaxis, and the intermediate
strength, the frequency of the laser driving the ICE transi-and final Rydberg states have zero projection of total angular
tion, and the time delagt,cg between the ICE and transient momentum on this axisdyl =0. For simplicity, the 1 psec
field pulses. pulse that facilitates the ICE transition will be referred to as
The experiment takes place in a vacuum chamber with #he ICE laser or ICE pulse for the remainder of the paper.
base pressure of 16 torr. Figure 1 shows a schematic of the At some time delayAt,cg preceding or following the ICE
interaction region and detector assembly. A diagram of theulse, the Rydberg atoms are exposed to one or more tran-
laser excitation scheme is presented in Fig. 2. The interactiosient field pulses. The transient field is generated by illumi-
region is defined above and below by a pair of 10¢ cm nating a biased GaAs photoconductive switch with the 786
parallel capacitive field plates spaced by 1.5 cm. A resistivelynm output of the Ti:sapphire lase43]. The radiation pulse
heated oven produces a thermal beam of Ca atoms (that propagates through the GaAs switch has a nearly unipo-

Il. EXPERIMENTAL METHOD
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lar time-dependent electric field and is commonly called aemains a good quantum number during the interaction with
half cycle pulseHCP) [44]. The HCP field has a full width the HCP field. Second, we use a combination of two tempo-
at half-maximum duration of-1 psec and is linearly polar- rally identical, but orthogonally polarized HCPs as the tran-
ized along the bias field direction. Small nonunipolar fea-sient field. The two HCPs are separated in time by a delay
tures in the HCP are reduced in amplitude through the use aft,cp. When Aty cp is comparable to the duration of a

a second, unbiased GaAs wafer that acts as a transient aingle HCP, the net field closely resembles that experienced
tenuator[45]. The GaAs switch is located in the vacuum by a Rydberg electron during a collision with a charged par-
chamber and, using a parabolic mirror, the HCP is directedicle [46]. In this case Am# 0 transitions are allowed, and
into the interaction region antiparallel to the three laserfollowing the HCP, the Rydberg electron is left in a superpo-
beams. The HCP redistributes population from the initidl  sition of differentm states. Third, we examine the effect of
Rydberg state into a coherent superpositiom’af’m’ states  exposing the atoms to a linearly polarized HCP in the pres-
[36]. The details of the final-state distribution depend on theence of an orthogonally polarized static electric fieddn
principal quantum number of the initial Rydberg state, the# 0 transitions are allowed in this configuration as well.
strength and orientation of the HCP, and on the strength and
orientation of any static electric fields that are present. How-

ever, previous measurements have shown that relatively Il RESULTS
weak HCPs, with peak amplitudes1 kV/cm can transfer For the three field configurations, the ion yield &$ ¢
significant population to higli-levels[36]. data are essentially bilevel curves for all values of HCP field

Approximately 500 nsec following the ICE and HCPs, astrength Fcp) and ICE laser frequency. Within our signal
~75-V clearing pulse is applied to the lower-field plate. lonsto noise, the ion yield vat,ce has constant values for nega-
present in the interaction region, formed through Al or HCPtive and positiveAt,cg, respectively. The delay indepen-
ionization, are accelerated towards a slit in the upper-fieldjence of the ion signal is expected at negative delays of more
plate. The clearing field>-50 V/cm, has sufficient strength than a few picoseconds. In this case, all of the atoms excited
to ionize Rydberg atoms with>50. Therefore, any neutral to 4pnd states have autoionized before the arrival of the
Rydberg atoms witt>50 present in the interaction region HCP, so the HCP has no effect on the ion yield or Al rate.
are indistinguishable from ions. lons passing through the slifor At,.z>0, the HCP arrives before the ICE, interacts with
in the upper-field plate strike a pair of microchannel platessingly excited 4nd atoms. Depending on the field configu-
backed by a phosphor screen. Electrons generated by ig@étion and strength, the HC$ produces atoms in a coherent
impact on the microchannel plates strike the phosphosuperposition of differentgin’ ¢’ states. Following the HCP,
screen, causing it to fluoresce. The fluorescence is detectefis Rydberg wave packet evolves for a time, . before
with a charge coupled devid€CD) camera and the video the ICE[36]. Our measurement, of a delay independent ion
output from the CCD camera is fed to a computer. Since thgjeld that is distinctly different for negative and positive ICE
HCP and the ICE pulse counterpropagate through the inteelays, indicates that the creation of a coherent superposition
action region, atoms at different locations beneath the extragtate by the HCP does indeed affect the Al rate and/or ion
tion slit experience a different time delayt,ce, between yijeld. However, it also shows quite clearly that the ICE prob-
the HCP and the ICE. Therefore, delay information is en-apility and Al rate are not strongly affected by the temporal
coded into the spatial position of the ions that strike theeyolution of the wave packet. This is quite interesting con-
microchannel plates, and the fluorescence from the phosphefdering that investigations of time-resolved ICE of radially
screen provides an image of ionization yieldAgce for a  |ocalized 4ndwave packets show a significant variation in
particular HCP field strength and ICE laser wavelerigthl.  |CE cross section as the wave packet moves radially between
Approximately 100 psec of delay information is obtained inits inner and outer turning p0|n'[“:84_2,47_| Apparenﬂy the
each laser shot with 1 psec resolutiptl]. The apparatus wave packet produced by the HCP lacks a coherent radial
runs at a 15-Hz repetition rate. breathing motion that is crucial for affecting the ICE prob-

While our primary interest is in HCP induced stabilization apility. This supposition is supported by previous measure-
of autoionizing atoms, it is important to keep in mind that anments of the evolution of a Rydberg electron following its
HCP of sufficient strength is capable of ionizing Rydbergexposure to an HCR48]. It is also worth noting that a sig-
atoms directly[44]. An atom that is stabilized by angular- nificant decrease in the Al signal is observed, whenever the
momentum transfer but then ionized by the pulse still result$4CP and ICE pulses overlap in time and the HCP is too
in the production of an ion and a free electron. The onlyweak to directly ionize the atom. This effect, which is not

observable difference between the two processes is the fingbmpletely understood at this time, provides a convenient
electronic state of the ion and the energy and angular mamarker for determininght,cg=0.

mentum of the ejected electron. Since we measure total ion
production only, we cannot distinguish between the two pos-
sible ionization mechanisms.

As noted in the introduction, measurements have been In the first experiment, ion yield is measured as a function
performed for three different electric-field configurations. of ICE laser frequency andt,.g for several fixed values of
First, we consider the effect of exposing the autoionizingrF ... In Fig. 3a) we show representative curves for
atoms to a single, linearlyz] polarized HCP. In this sce- At,cg>0 andAt,cg<O0 for an initial 4519d eigenstate ex-
nario, thez projection of Rydberg angular momentum, posed to a HCP withFycp~3 kV/cm. This HCP field

A. Single HCP measurements
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FIG. 3. (a) Observed ion yield plotted as a function of the de-
tuning of the ICE laser from thes# —4p* transition. The solid
curve represents the in-field casAt(c.g>0), while the dashed
curve corresponds to the.zero-field c§m|.£E<O). The initial 1o dashed curve corresponds to the zero-field cage.£<0).
state is 4 19d and the maximum HCP field is 2.5 kv/crb) Inte- the maximum HCP field is 2.5 kv/icm. Integrated ion yield is

grated ion yield as a function of frequency. Note that the integrate%hown in(b). As in Figure 3, no suppression of Al is observed.
ion yield is the same foAt,cg>0 andAt,cg<0.

FIG. 4. (a) Observed ion yields as a function of the detuning of
the ICE laser from the " —4p™* transition for an initial 4 27d
state. The solid curve represents the in-field casge>0), while

strength results in the greatest difference between\thie: ~ quency[40]. Note that the extremely low Al rate out of the
<0 and At;cg>0 curves. As explained above, the,c¢ high-¢ states should also result in extremely narrow in-field
<0 data provides a measure of the ion yield in the absencikCE resonances. However, the linewidth is instrument lim-
of the HCP. Therefore, for simplicity, we will refer to the ited to ~20 cm ! due to the bandwidth of the 1-psec ICE
At,cg>0 andAt,cg<0 data as “in field” or “zero field,” laser pulse. From the measured line-shapes analysis, it ap-
respectively. pears that the action of the HCP results in the population of
Inspection of the two curves in Fig(& shows that for higher{ states. But does any stabilization occur?
some ICE laser frequencies, fewer ions are produced for the To answer this question, we take advantage of the fact that
in-field case as compared to the zero-field case. This is thihe area under the ICE resonance must be independent of the
expected result if the action of the HCP has indeed stabilizedhitial Rydberg state and, therefore, must be identical for the
the atoms against Al. However, at other frequencies the data-field and zero-field measurements. Sir{gethe absence
shows the opposite effect. In fact, it is the line shape of theof HCP ionization the number of singly excited Rydberg
ICE resonance that has been modified by the HCP, not thatoms is the same before and after the HCP, any difference in
branching ratio for decay via autoionization rather than sponthe frequency integrated ion yield for the two cases indicates
taneous emission. The center of the zero-field Al resonance difference in the Al probability following the ICE. The
is noticeably shifted relative to the in-field case. In zero field,in-field and zero-field ion yields integrated over ICE excita-
the difference between the quantum defects of ted tion frequency are shown in Fig(l®. The integrated yields
and 4p 19d states results in a resonance frequency which isire identical within the experimental error, indicating no
detuned from the ¢"-4p™ ionic transition. However, the HCP induced stabilization against autoionization.
HCP populates higli- states that have negligble quantum In Fig. 4 the in-field and zero-field ionization signal is
defects in both the gand 4p core configurations. As a re- shown for a 427d initial state and~cp=2.5 kV/cm. Be-
sult, the in-field resonance appears at the ionic transition frecause the difference in the quantum defects between the
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4s27d and 4p 27d states is less than that for the 29d and HCP #2 HCP #1
4p 19d levels, the shift in the Al resonance is less than in
Fig. 3@. Also, due to their reduced Al and resonance
widths, the true $ 27¢ resonance line shapes are more se-

verely masked by the 20-cm ICE laser bandwidth. Once 2
again, however, the integrated ion yields are nearly identical. Dye Laser
Similar results are obtained for all initial Rydberg states stud- X t
ied.

The apparent absence of HCP induced Al stabilization is % ICE Laser
rooted in two different physical phenomena. The first is HCP Pulse
ionization. A single impulsive HCP puts both energy and

HCP, which has sufficient strength to transfer a substantial
fraction of the Rydberg population to states with> ¢
(=7 for the 4on{ levels in Ca also increases the energy of
the electron to the point where it is ionizéar has principal
guantum numben>50 and is counted as ionized due to the i . ) ) )
fields in our spectrometerThe second effect is an experi- is polarized along+z and m0\fes through the interaction region at
mental artifact that has significant practical relevance. Thgome small angl@/2 to the —x direction. HCP2 is approximately
HCP has a low amplitude “tail” of opposite polarity that polarized alongty and moves through the interaction region at an
follows the primary pulse. This tail can extend for hundredsangle— 6/2 to —x. A spatially dependent time delaytycp exists

of picoseconds or even nanoseconds with an amplitude of lzetween the two HCP fields. The point in the interaction region
few V/cm [45]. Therefore, following the HCP, the Rydberg where the two pulses arrive simultaneouscp=0) is defined
atoms evolve in a small nearly static field that is similar toto be y=0. Typically #<10°, and we can study a range of
the microfields produced by ions in a plasma. Consequently; 20 pPse&Atycp<20 psec.

even though the HCP induces angular-momentuansfer

that should stabilize some fraction of the atoms from Al, theonds across the narrow dimension of the slit. This uncer-
static field mixes low-¢ character back into the Rydberg tainty can be reduced to less than the 1 psec time resolution
wave function. As a result, the mixed state has an Al rate tha@f the ICE and HCPs by including in our analysis only those
exceeds the spontaneous emission rate, and the atoms a@Rs at the center of the slit image. Alternatively, errors due
toionize with 100% efficiency. These statements are supto the uncertainty inAt,cg can be eliminated by choosing
ported by the results of the quantum numerical simulation$iCP delays of>10 psec and<—10 psec for the in-field

angular momentum into the Rydberg electi@6,44. An \/
Atomic Beam

FIG. 5. A schematic diagram of the experimental approach used
to measure Al suppression due to two orthogonal HCP fields. HCP1

described in the discussion section. and zero-field cases, respectively. This method works be-
cause, as stated previously, the ion signal is constant for
B. Measurements with two orthogonal HCPs Atice>0 (the in-field caspand forAt,ce<0 (the zero-field

ase

Next we investigate Al stabilization induced by two tem- |5 £y g we show in-field and zero-field curves that are
porally identical, time-delayed, and orthogonally p°|a”2edcompletely analogous to those shown in Figs. 3 and 4. The
HCPs. In particular, we consider relative HCP time delays a4 in Fig. 6 are obtained with an initias20d Rydberg
Atycp that are comparable to the 1 psec duration of the tWQg,;q| andFycp~3 kV/cm for each of the two orthogonal
equal amplitude HCPs. This combination of HCPs has phys'bulses. As with a single HCP, population transfer to high

cal relevance since the time-dependent field closely regnq jar.momentum states results in an in-field Al line shape

sembles t_h_at experienced by an atom undergoing_ a l0ngpat is narrower and shifted toward the ionic transition. How-
range collision with a charged partidlé6]. Due to the time- ever, a slight suppression~(L0%) of the frequency inte-

dependent polarization of the combined HCP fieidis not : Al
) . . ted Id b d wheXt;cg>0. M t
conserved during the HCP-atom interaction. Therefore, degrae 'on y1eld 1S ohserves w ICE casuremants

; ) ; . perf d with other initiah stat h imilar stabiliza-
pending upon the combined field amplitude, the pulse proper ormed with ofher iniiiah states show simiar stabiliza

q Rvdb et that | h . -tion percentages.
uces a kydberg wave pac etthatis a coherent SUPerposition \ye 5150 examine the effect of varying the relative time
of differentn,{,m states.

. . delay between the two HCP fields on the ion yield. Figure 7
The two HCPs are generated using different GaA y y g

itches. Each oul he i . ) ows the frequency integrated ion signal as a function of the
switches. Each pulse enters the interaction region at a sm lay At,,cp between the two HCPs. For this data scan, the

angle relative to the axis and approximately perpendicular ICE pulse delay is set so thatt,cg=0 whenAt,cp=0 at

to the ICE pulse(see Fig. 5. In this geometry, ion yield is  the center of the extraction slit. Therefore, the zero-field data
measured as a continuous function\df;cp in afingle laser appears at negative values Mf,cp and the in-field mea-
shot[41]. The ICE pulse propagates along the direction,  surement is shown at positivet,cp. Of course, from sym-
colinear with the slit in the upper-field plate, and at somemetry, the in-field signal is symmetric abait,,cp=0. This
delay At,cg relative to the HCP sequence. The near 90°symmetry is not obvious in Fig. 7 due to the positioning of
crossing angle between the HCP and ICE beams means that,.=0 atAtycp=0. The data is displayed in this way to
collected ions havat,cg values that vary by a few picosec- highlight the small, but significant, Al stabilization that is
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FIG. 7. Frequency integrated ion yield as a function of relative
HCP delay,Atycp. At,ce=0 is at the same point astycp=0.
Therefore, negative values dft,cp correspond to the zero-field
case, as described in the text.

the most extreme negative Stark shift. After the dye laser

excitation, a single HCPRlinearly polarized alond<) enters
the interaction region. Because the static field defines the
quantization axis for the atomsy is not a good quantum
number in the presence of the HCP, and population may be
o transferred to highem Stark states. Recall that even though
the highm Stark states are angularly mixed, they contain no
low-¢ character. Therefore, fan= ¢ these states should be
FIG. 6. (a) Observed ion yield as a function of the detuning of stable against Al.
the ICE laser from theg" —4p™* transition. The solid curve is the As in the other two field configurations, ion yield is mea-
in-field case At,ce>0), and the dashed curve is the zero-field casesyred as a function of ICE laser frequency for a number of
(Atice<t0). The initial eigenstate iss20d and each HCP field has  ifferent static field and HCP field values. Typical experi-
a maximum field of~3 kv/cm with Atycp~5 psec. Integrated menia| results for the iGHCP) field and zeroHCP) field
flnsﬂsgigﬁt{idlgf)) ie;ng;)gszl:jetg Figs. 3,4. A small amount of .10 ated ion yields are shown in Fig. 8. The data in Fig. 8
' are obtained for an initiah=22 manifold state withFg

induced by the HCP fields. Our measurements indicate that 20 V/cm andFcp~3 kV/cm. As in the case of two or-
the stabilization effect is relatively insensitive to the delaythogonally polarized HCPs, the {iHCP)field Al probability
between the two HCPs. Clearly, the stabilization observeds suppressed by 10% relative to the zer@-CP) field case.
with the two HCPs is facilitated by population transfer to The dynamical evolution of the Rydberg electron during and
levels with highm and high¢. This is in contrast to the S ubsequent to its interaction with the orthogonal fields is
single HCP measurements where states withdoand high ~ very different for the two configuration§HCPXHCP] or

Integrated lon Yield (arb. units)
o
(o]
T T T T

v by ey b ey e Ll

—-40 -20 0 20
Frequency (cm™)

~
o

€ are populated and no stabilization is observed. [HCPx static field. Nevertheless, similar stabilization prob-
abilities are observed for the two cases. Clearly, the key to Al
C. Measurements with orthogonal HCP and static suppression is a population transfer to higfstates.

electric fields

. . . e IV. DISCUSSION AND NUMERICAL ANALYSIS
Finally, we investigate the stabilization of Al due to the

combined action of orthogonally polarized HCP and static As discussed previously, doubly exciteg states will
electric fields. A constant voltage applied to the upper-fieldautoionize for¢ <¢. and will be stabilized by spontaneous
plate produces a uniform static fiefick along thez direction ~ emission of the # core electron fol > €. Here,{ defines

in the interaction region. The magnitude of the field is lessthe state for which the gin¢ autoionization lifetime equals
than the Inglis-Teller fieldF s=1/3n° where states from ad- the 3-nsec spontaneous emission lifetime of tipestate of
jacentn manifolds cros$5]. In the presence of the field, the Ca’ [49]. The first step in obtaining a quantitative under-
second dye laser excites an incoherent mixture of severstanding of the experimental results is a determinatiofi.of
m=0 Stark eigenstates within the 0.5 chlaser bandwidth. for the 4pn¢ system. We begin by computing the autoioniz-
The frequency of the second laser is tuned to either the loation rates for the gn¢ states from Fermi’'s Golden rule in
cation of thed state in zero field or the manifold state with the isolated resonance approximatid©]. We ignore spin
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FIG. 8. Integrated ion yield as a function of detuning from the
ionic 4s*—4p™* transition. The initial state is a mixture 0622k FIG. 9. Result of the quantum-mechanical simulation of the in-

Stark states in a 50 V/cm static field. The solid curve shows thderaction of a single HCP field with an autoionizing state as dis-
in-field case At,ce>0) and the dashed curve is the zero-field case cussed in the text. The initial Rydberg state has22, =2, and

The same static field is present in both cases. The HCP has a peBk=0, and the HCP has a peak field of 5 kv/cm with a static
field of ~3 kV/cm and is polarized orthogonal to the static field. As Negative tail of 10 V/cm. The solid curve shows the population in

in the case of two orthogonally polarized HCPs, a small amount ofoW-¢ states {<7), while the dashed curve shows the population
Al suppression is observed. in high €.

and assume that the boundod( autoionizing state is Mmomentum state according to its calculated autoionization
coupled to the de,£+1 and 3le, =1 continua by the di- rate. We assume that autoionization commences immediately
pole term in the expansion of the electron-electron Coulomfollowing the HCP. HCP ionization is included by absorbing
interaction. The radial matrix elements are computed usin@ny probability amplitude reaching the higheststate (1
numerical Numerov integration and hydrogenic radial wave=90). This boundary is well into the effective continuum of
functions are used for the contin{B0]. The total Al rate is  the experiment since states witt»>50 are ionized in our
taken as the sum of the rates into treahd 3 continua. For ~ spectrometer.

the range oh states studied, we find thét~7. Figure 9 shows the time-dependent high- and lofv-

In an attempt to quantitatively reproduce the experimentapopulations, during the HCP, for an initias22d state ex-
results and confirm our qualitative explanation of those refosed to a peak HCP field &f,cp=5 kV/cm. While higher
sults, we have numerically integrated the time-dependerfields result in greater fractional population of higfstates,
Schrodinger equation for a calcium Rydberg atom under théhey also produce significant HCP ionization. The results in
influence of an electric field in each of the three experimentaFig. 9 represent nearly the best case; over 50% of the initial
configurations. We utilize a fourth-order Runga-Kutta inte-population is located in higli>{. states when Al com-
gration routine and use angular-momentum eigenstates as baences. However, as shown in Fig. 10, at the end of the
sis functions. The calculation is performed in the “length simulation less than 1% of the initial population remains
gauge” under the dipole approximation, ignoring spin. Ra-unionized.
dial matrix elements are computed using Numerov integra- The “stair-step” decrease in Rydberg population that is
tion [50] of Coulomb wave functions using the known quan-shown in Fig. 10 is due to the coherent evolution of angular
tum defects of Ca gnf Rydberg states. momentum in the tail of the HCP field. Immediately after

In the simulation of the first experiment, the single lin- autoionization commences, the fraction of the Rydberg popu-
early polarized HCP is modeled as a Gaussian field with dation that has low¢ character rapidly ionizes. At this time,
duration of 1 psec, full width at half maximum. The effect of all of the surviving bound population resides in higlstates.
the negative tail of the HCP is included by adding, for all However, the small static field causes a precession of the
times following the peak of the HCP, a constant negativeangular momentum in the “Stark wave packet” from high
component of 10 V/cm to the total field. Al and ¢ states into low ¢ [51-53. After one “Stark period,” 75
for 10<n< 90 are included in the calculation. However, be- =27/(3F4;n), a significant fraction of the bound popula-
causem remains a good quantum number in the field, onlytion again has lowt character{51-53. Autoionization of
m=0 levels are considered. Just prior to the rise of thehe low<{ part of the wave packet results in another rapid
Gaussian HCP fieldt&0), the population in the initial Ry- decrease in the Rydberg population. The cycle repeats until
dberg state is set to 1. The system is allowed to evolve fothe atom has completely ionized. In the best case the
the lifetime of the 4 core electron under the influence of greatest survival probability the simulation predicts less
the main HCP and its negative tail. The effect of Al is simu-than 10% surviving Rydberg population after 1 nsec and less
lated by removing probability amplitude from each angular-than 1% remaining after the 3-nse@ 4ore lifetime. The
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T " T " T " T single HCP causes no reduction in the ionization yield.
1 3 —— 5 kV/cm HCP field | 3 From the single pulse simulation it is apparent that Stark
F ~ | 4 kvjcm HCP field | 3 mixing due to the HCP tail, or any other static field that is
et N ——-——3 kV/em HCP field | . e )
- present, will prevent Al stabilization for Rydberg population
that hasm<{_.. Heremis the projection of Rydberg angular

momentumalong the static field axjsz’, not necessarilly
along the lab-fixed axis. However, sincenis a good quan-
tum number in the presence of the static field, any final-state
amplitude withm> ¢ will be stabilized. Therefore, for the
crossed field configuratiod$iCP X HCP] or [HCP X static
field], the fraction of the autoionizing atoms that are stabi-
] ~ ] lized by the field is equal to the high-(>¢.) population
1E-3 L 4 probability following the HCRs). Of course, for crossed
- ‘ ’ : ! : : fields allm states for each value éfmust be included in the
0 1000 2000 3000 calculation. As a result, memory limitations restrict the prin-
time (psec) cipal quantum number range of the basis states tarl0
o . ) _ <45, In all other respects, the calculation is the same as for
FIG. 10. Surviving Rydberg p_o_pulatlon_as a function of time the single HCP case.

calculated under the same conditions as in Fig. 9. The system is For two crossed polarized HCPs, the static field produced

allowed to autoionize after a timet,cg=1.5 psec according to the ) ] ~
calculated Al rates for calcium. The calculated surviving population®Y the sum of the pulse tails defines the proper akialong

is shown as a function of time for three values of HCP field Whichmmust be evaluated. This axis lies at an angle of 45°

strength. Less than 1% of the initial population remains after 3 nsed€lative to the polarization direction of the main HCPs. Fig-
ure 11 shows the calculated final-statelistribution follow-

effective autoionization rate is proportional to the magnitudeng the passage of two orthogonally polarized HCPs. The

of the static field. Choosing a HCP tail field of 20 V/cm Pulses have a relative delay of 0.8 psec, but calculations

would result in an autoionization lifetime that is half of that Performed with other delays showed similar results. The ini-

indicated in Fig. 10. Clearly, angular momentum mixing in tial state for the simulation iss22d with m=0 along the

the small HCP tail effectively erases the stability of the high-lab-fixed z axis, and the amplitude of each pulseRgcp

¢ states that are populated during the impulsive component 3 kV/cm. The HCP fields are polarized aloxgand z,

of the HCP. The results of the calculation are in good agreerespectively, so in the presence of the pulse tails, the appro-

ment with the experimental observation that the action of the

0.1¢
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FIG. 12. Results of the quantum-mechanical simulation of the

FIG. 11. Result of the quantum-mechanical simulation of thejnteraction of an HCP field with an orthogonally applied static field
interaction of two orthogonal HCP fields with an autoionizing stateas discussed in the text. Initially, an ensemble sP2k states is
as discussed in the text. The initial Rydberg state ma22, £  excited in a 200 V/cm static field. The initial-state energy distribu-
=2, andm=0, and each HCP has a peak field of 3 kV/cm with a tion is centered around the zero-field location of the2ad state.
static negative tail of 10 V/em. The first HCP is polarized alang  The static field is oriented along tizeaxis. The HCP is polarized in
and the second HCP is polarized alongThe time delay between the x direction and has a peak field of 3 kV/cm with a 10 kV/cm
the two pulses idt,cp=0.81 psec. Thendistribution is shown 2 gavic field tail. Them distribution as measured along theaxis is
psec after the HCP interaction as measured along the2)t  shown 2 psec after the HCP interaction. Less than 10% of the popu-
+2) axis. Approximately 8% of the population has> ¢, . lation hasm> ¢ . after the HCP interaction.
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priate quantization axis i’ = (1/\2)(x+2) after the pas- V. SUMMARY
sage of the two pulse sequence. Approximately 10% of the \ye have examined, experimentally and theoretically, tran-
final Rydberg population resides in states with-{., and  sjent electric field induced stabilization of Rydberg atoms
therefore, are stable against autoionization. This value is i3yainst Al for three different transient-static field configura-
good agreement with our experimental observatior@0%  ions. These time-dependent field configurations mimic the
stablilization probability for two cros_sed polarized HCPS.  icrofields experienced by atoms, molecules, and ions em-
We have also performed calculations for crossed HCP anfeqqded in neutral plasmas or space-charge distributions. We
static fields. In this case, the only additional complicationpaye found that impulsive transients, oriented parallel to
relative to the simulation using two crossed HCPs is thggatively weak static electric fields, are totally ineffective in
specification of the initial state. We assume the dye lasegiapilizing atoms against autoionization due to angular mo-
excites a superposition of Stark states within the laser bandyentym mixing in the static field. We predict and observe the
width at some mean energy within a given Stark manifold.gapjlization of autoionizing atoms for field configurations
The excitation cross section afdstate composition of the \yhere highm states are populated. These states are stable
initial state is computed by diagonalizing the Hamiltonianagamst autoionization and, in contrast to lowstates, are
for our limited calcium basis in the presence of a static fieldjnmune to angular momentum mixing with rapidly autoion-
Figure 12 shows the final-state distribution assuming that izing low-¢ levels. However, the fraction of atoms that is
the mean excitation energy of the initial Stark state superpogispilized is small £10% or less due to the relatively low
sition is equal to that of thes22d level in zero tield. In the probability for populating highm states during a field im-
simulation, the 200 V/cm static field points in thelirection  pulse. Ultimately, impulsive field ionization of the Rydberg
while the 3 kV/cm HCP is polarized along Due to the electron limits the strength of the transient field that can
relatively small amplitude of the HCP tail, the final quanti- effectively stabilize the atom against Al or PD. Nevertheless,
zation axisz’ ~z. Following the HCP, less than 10% of the the use of l_JItrashort field pulses to stabilize atoms _and.mol-
population resides in states with> €. . Again, this value is €cules against Al or PD may prove to be an effective time-
in good agreement with our experimental measurement disolved probe of state lifetimes and Rydberg electron dy-
<10% stabilization. While the excitation energy, static field, "@mics in these systems.
and HCP strength approximately match our experimental
conditions, the calculated results are not sensitive to small ACKNOWLEDGMENTS
changes in these parameters. As in the single pulse case,
higher HCP field strengths result in population transfer to the We are grateful to E. Wells for stimulating conversations
basis boundary of the calculation which signals the onset ofegarding this experiment. This work has been supported by
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