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Half-cycle microwave stabilization of rubidium Stark atoms
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~Received 7 May 1999!

We report on the observation of stabilization of laser-excited rubidium Stark atoms above the classical
ionization limit with the help of short~9 ns! unipolar electric-field pulses. Dipping the field down from 40 to
0 V/cm and back to 40 V/cm, 30 ns after photoexcitation into the continuum, yields a large bound-state
population. The results suggest an additional mechanism of the recombination as seen in the THz experiment
by Bensky, Campbell, and Jones,@Phys. Rev. Lett.81, 3112~1998!#. @S1050-2947~99!10111-2#

PACS number~s!: 32.80.Rm, 33.80.Rv
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The behavior of Rydberg atoms in fast oscillating elect
fields has been studied extensively by several groups@1–4#.
In particular, the ionization behavior with microwav
electric-field pulses has been of interest. For ionization
Rydberg atoms in a static field, the corresponding elec
field F is given by F51/16n4, at microwave frequencie
ionization already occurs at fields as low asF51/3n5 @3#
~atomic units are used unless stated otherwise!. In a micro-
wave field, successive Landau-Zener crossings betwee
Stark state from a certainn manifold to a Stark state from
one higher-lyingn manifold causes the ionization to occu
Once in the continuum, successive Landau-Zener transit
can still occur within the lifetime of the continuum stat
~routeA in Fig. 1! @5#.

The question now rises of whether the inverse process
also occur: would it be possible to induce bound states w
microwave fields starting out in a~static! field-induced con-
tinuum, and make a Landau-Zener crossing to more de
bound states by half of a cycle of the microwave field~route
B in Fig. 1!? And, if this is possible, does a microwave fie
play an important role when the electron is in the field
duced continuum? Bensky, Campbell, and Jones@6# reported
on similar ‘‘recombination’’ schemes using half-cycle puls
in the subpicosecond~terahertz! regime. In this paper we
report on the remarkable finding that unipolar pulses in
nanosecond regime can actually be used to ‘‘recombine’
electron in the field-induced continuum with its parent io
For the THz experiments reported in Ref.@6#, the half-cycle
pulse is much shorter than the Kepler orbit period, and
action of the pulse can be described as a momentum k
Dp5*2`

` Fdt. For the nanosecond field pulse reported he
the pulses are relatively slow, and a description in terms
level crossings seems to be more applicable. The stud
schemes to recombine free particles is interesting from
point of view that an efficient way to recombine an ion wi
an electron has still not been found.

Schematically the experimental procedure we use is
follows ~see also Fig. 2!: first we excite gas-phase rubidium
atoms with an 8-ns laser pulse above the classical sa
point; then we apply the unipolar pulse by which we hope
induce bound states, and finally we use pulsed field ion
tion ~explained below! to determine the bound fraction. A
thermal atomic rubidium beam~produced by a resistively
heated oven! is pointed in between two capacitor plate
PRA 601050-2947/99/60~6!/5122~4!/$15.00
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separated by 10.0 mm. The plate furthest away from
detector~a set of microsphere plates! is connected to a box
that generates the voltage ramp for the pulsed-field ion
tion detection~2400 V in 500 ns! superimposed on an offse
of 240 V. Pulsed-field ionization~PFI! @7# is a method
which is used to determine how much bound population
present after a certain event. By increasing the electric fi
gradually, one can ionize a highly excited atom due to
suppression of the ionization limit by the static electric fie
The plate closest to the detector is connected to the
8141a pulse generator, which produces the 9-ns~full width
at half maximum! unipolar pulses, the amplitude of whic
could be tuned from 1.00 to 50.00 V. Through this plate
hole ~diameter 10 mm! is drilled, which is covered by a grid
to minimize the distortion on the electric field. The param
eters varied accurately in this experiment were the freque
of the dye laser, which photoexcited rubidium atoms, and
delay of the field pulse relative to the laser pulse. In a n
resonant two-photon process, rubidium atoms are excited
means of a narrow-band (Dl<0.2 cm21) dye-laser pulse

FIG. 1. Stark map of rubidium; only the lowest and highesk
states of eachn manifold are shown. The dotted line depicts th
position of the classical ionization limit. In the experiments t
atoms are photoexcited above the field-ionization-induced thre
old, and after a fixed delay a unipolar field pulse is applied, wh
dips the field down and back up again within 9 ns. The quest
rises in what manner the ionizing states are affected: two traje
ries ~A andB! are suggested to play a role.
5122 ©1999 The American Physical Society
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PRA 60 5123BRIEF REPORTS
above the classic ionization limit in a static field of 40 V/cm
Approximately 35 ns~variable! after excitation, the field is
ramped down to 0 V/cm and back up to 40.0 V/cm within
ns. The output of this pulse generator was connected to a
of parallel capacitor plates~diameter 50 mm, thickness
mm!, and care was taken to minimize ringing by matchi
the impedance of the two capacitor plates to the output of
pulse generator. Approximately 750 ns after excitation,
field is increased to 400 V/cm in 500 ns to field ionize t
bound states created by the unipolar pulse.

In Fig. 3 the open triangles and circles show the reco
bined fraction, for perpendicular and parallel polarizations
the laser excitation with respect to the static electric field
40 V/cm, when 30 ns after excitation we apply an unipo
pulse which dips the field down to 0 V/cm and back up ag
to 40 V/cm as a function of the term energy.

In a static electric field of 40.0 V/cm, the photoionizatio
threshold is lowered by238.7 cm21; therefore states with a
principal quantum number of 54 or higher ionize, since th
are above the field-induced saddle point in the modified C
lomb potential. In Fig. 3 we show the recorded bound-st
signal as a function of the wavelength of the exciting d
laser in a static electric field of 40.0 V/cm without a
electric-field kick~open squares!. A sharp step is observed i
the PFI signal as a function of the wavelength of the excit
laser. Also, the position of this step agrees with the theor
cally predicted value of the thresholdE5E021/16n4. How-
ever, when we ramp the field down and back up again a
excitation with a laser pulse with a polarization perpendi
lar to the electric field, it appears that we are able to reco
bine free states to bound states. Figure 3 depicts this ef
the step-function shape at the position of the saddle poin
the static electric field case totally diminishes when af
excitation in a static electric field a unipolar pulse is applie
indicating that we are indeed able to induce bound sta
from states above the field-induced saddle point. Note
for the perpendicular case even for excitation of state
cm21 above the saddle point, a bound fraction of at least

FIG. 2. Timing scheme of the experiment: att50 ns, a narrow-
band laser pulse is used to excite Rydberg states in the vicinit
the saddle point in rubidium in a static field of 40 V/cm. After 30
the field is dipped down to zero field and back up again to 40 V/
within 9 ns. After ;750 ns an electric-field ramp is applied
determine the fraction of the excited state population that is st
lized in a bound state.
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is still recorded. For amplitudes as low as225 V/cm of the
field kick, this ‘‘recombination’’ scheme occurs with roughl
the same efficiency.

In terms of Landau-Zener crossing, the observed effe
can only be understood if we follow pathB in Fig. 1. This
means that we are doing experiments in the diabatic regi
implying that the slew rate (DF/Dt) of our unipolar pulses is
greater than the critical slew rate for a diabatic passage f
a statei to a statej. This critical slew rate (Scrit) can be
calculated with the help of the formula

Scrit5
v0

2

]~Ei2Ej !/]F
}

~n24!2

n2 5n210

@8# wherev0 is the size of the avoided crossing, and]Ei /]F
is the derivative of the term energy of a certain state a
function of the field. The couplingv0 can be written asv0
5dm /n4, where dm is the absolute value of the quantu
defectd l ~only taking into account the contribution from th
lowest l state: l 5m). If we introduce the factorS/Scrit
~whereS is the slew rate of the pulses used in our expe
ment!, we find that in our case~at n555) this factor is
S/Scrit54/0.1 (V cm21 ns21)540@1, which indeed places
our experiments in the diabatic regime.

We would like to stress that the PFI signal clearly sho
that we induce bound states from classically free states,
that the effects seen in the experiment are not due to lifet
enhancement of classically free states. However, we did
serve that for amplitudes lower than 25 V/cm we were n
able to induce bound states. Apparently for those amplitu
the slew rate is belowScrit , and no diabatic passage can
made. When we use light which is polarized parallel to t
electric field, creatingm50, recombination is strongly re
duced. Still there is 10% of the initial population which
being recombined at237 and 2 cm21 above the saddle point
The lifetime of the states photoexcited with parallel polariz
tion is considerably shorter, and thus a smaller fraction s

of

i-

FIG. 3. Bound-state population as function of the frequency
the laser. The unipolar pulse was applied 30 ns after laser ex
tion. Both polarizations of the laser field with respect to the sta
electric field are shown. The open squares represents the integ
PFI signal as a function of the wavelength of the exciting la
when no unipolar field pulse is applied. The labelsA(E5
237.4 cm21), B(E5236.2 cm21), and C(E5236.8 cm21) are
markers which will be referred to later on. The vertical dotted li
depicts where the classical ionization limit is at 40 V/cm.
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5124 PRA 60BRIEF REPORTS
vives the 35-ns waiting time~e.g., Broerset al. @9#!. In ad-
dition, them50 character induces larger avoided crossin
than in the case of perpendicular polarization~creating
mainly m52), which also makes it harder to create bou
states by Landau-Zener crossings.

We are able to extract information on the lifetime i
volved in the recombination process when we fix the wa
length to a value which excites the rubidium atoms above
saddle point, and scan the delay time of the unipolar pu
with respect to the time of excitation. In Fig. 4 the bou
fraction as a function of the time delay for different values
the wavelength of the ionizing laser is depicted. We ag
can clearly see that the lifetimes of the parallel excited sta
are substantially shorter than the lifetimes in the perpend
lar case@9#. However, even well above the saddle point the
are still states which have surprisingly long lifetimes for bo
parallel and perpendicular cases. This can be unders
with the help of semiclassical arguments: in the case of p
allel polarization each scatter wave evolves partially tow
the saddle point~along the polarization axis,m50), while
for perpendicular polarization not much scatter wave trav
toward the saddle point~mainly m52).

We have shown that a fast field kick drives a substan
part of the population, initially above the saddle point a
free to ionize, back into bound states. Especially in the c
of perpendicular polarization, we achieved efficient recom
nation probabilities. The lifetimes of states in the fiel
induced continuum that were excited with light polariz
perpendicular to the electric field are of the order of tens
nanoseconds, while the times were shorter for parallel po
ization, although still in the nanosecond regime.

Let us now reconsider a microwave ionization experim
in a static electric field: if, after a certain set of cycles o
single microwave pulse, a substantial part of the origina
bound population is promoted to the field induced co
tinuum, it will still not ionize due to the relatively long life
times involved. Therefore, the Stark states still indu
Landau-Zener crossings in the microwave field resulting
above-threshold ionization~ATI ! @10# behavior. Above-
threshold microwave ionization experiments were alrea

FIG. 4. The three traces show the bound-state population
function of the time delay of the unipolar field pulse with respect
the ionizing laser pulse. The labelsA, B, andC correspond to the
markers in Fig. 3. TracesA andB represent data taken with perpe
dicular polarization, while traceC represents data taken with para
lel polarization.
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performed by Gallagher and co-workers@11# in the nonper-
turbative regime, where the intensities from optical ATI e
periments were scaled down to the microwave regime. H
we suggest that even much lower intensities of microwa
fields in a static electric field already suffice as an alterna
way to induce ATI.

Another point worth noting is that we have seen an eff
of unipolar pulses as long as 9 ns. General unipolar pu
experiments are performed in the subpicosecond regi
where THz half-cycle pulses with an amplitude of the ord
of 1 kV are generated by illuminating biased semiconduc
wavers with a powerful femtosecond laser pulse@12#. Bear-
ing in mind that this half-cycle pulse propagates throu
vacuum, it can not be a real half cycle pulse by Maxwel
laws. It should at least have another half-cycle of oppos
polarity, so that the pulse has zero impulse. Generally,
supposes that this second unipolar feature has a width at
an order of magnitude larger than the first, and therefor
much lower amplitude, thus contributing to minor effects
the actual experiment. However, we have shown that un
lar pulses with relatively long widths and small amplitud
can effect excited states to a great extent.

Below we argue that such a second unipolar feature
responsible for at least part of the recombination effects
served in the experiments performed in Ref.@6# in the THz
regime. In those experiments a broad-band laser pulseDE
510 cm21) was used to excite states above the saddle p
in a static field of about 200 V/cm. They were able to reco
bine 5% of the generated excited states with the help o
THz 5-kV half-cycle pulse delayed on the order of picose
onds relative to the photoionizing laser pulse. Graphica
the excitation scheme is depicted in Fig. 5. If one only tak

FIG. 5. Schematic representation of the experiment perform
in Ref. @6#. A broad-band optical pulse is used to excite states ab
the saddle point in a static electric field of 212 V/cm. After applyi
a half-cycle pulse of about 1.5 kV, they were able to observe bo
states induced by the THz radiation. In this paper we argue tha
inevitable second half-cycle can also play a significant role.
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PRA 60 5125BRIEF REPORTS
into account the reddest 5% of the spectrum of the la
pulse, states very close to the saddle point are excitedn
535). In terms of scaled energy these states are in the
cinity of e52E/Ec521.68, which corresponds in our ex
periment to a term energy of232.7 cm21. We estimate the
duration ~30 ps! and amplitude~150 V/cm! of the second
unipolar feature in the experiments of Ref.@6# by requiring
that the total impulse should be zero, and that the duratio
the ‘‘slowest’’ second unipolar feature is restricted by t
plate separation over which the static electric field is appli
The fractionS/Scrit ~at n535) is now 5000

1 (V cm21 ns21)
55000, and therefore their second unipolar feature ma
induces diabatic behavior, just as in our experiments. O
can scale the duration of the second feature in the puls
the experiments of Ref.@6# to ourn states as follows:DF/Dt
scales asn210, while DF scales asn24; therefore,Dt scales
,
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as n6. This means that a pulse of 30-ps duration atn535
would correspond to a pulse of 0.5 ns atn555, which is in
fact not far off from our conditions.

In summary, we have observed recombination of St
atoms by unipolar field pulses. Lifetimes on the order
nanoseconds have been measured, implying that Lan
Zener transitions in the field-induced continuum are poss
in a microwave field, giving rise to ATI. A suggestion
made on the contributions of nonunipolar features on h
cycle THz recombination experiments.
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