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Classical subharmonic resonances in microwave ionization of lithium Rydberg atoms
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We have studied the ionization of lithium Rydberg atoms by pulsed microwave fields in the regime in which
the microwave frequency is equal to or a subharmonic of the classical Kepler frequency of the two-body
Coulomb problem. We have observed a series of resonances where the atom is relatively stable against
ionization. The resonances are similar to those seen previously in hydrogen, but with significant quantitative
differences. We also present measurements of the distribution of states that remain bound after the microwave
interaction for initial states near one of the classical subharmonic resonances.

PACS numbe(s): 32.80.Rm, 42.50.Hz

[. INTRODUCTION showed remarkable agreement with the observed behavior
[13].

Due to its large size and small binding energy, a Rydberg In this paper, we present the experimental results of a
atom is one of few systems that may be exposed to a wellSystematic study of microwave ionization of lithium Rydberg
controlled external field comparable in magnitude to the in-atoms for microwave pulses 5—1100 cycles long in the
ternal field binding the electron. Experiments have showri@nge of scaled frequency 8:20y<1.5. We have observed
that ionization of Rydberg atoms by electric fields is far @ Series of stairsteps in the ionization thresholds as a function
richer than was anticipated. For example, ionization of hy_of the initial state, which are similar to those observed in
drogen in a static field is quite different from ionization of hydr_ogen. However, there are significant dlﬁgrences in the
other atoms, in which Rydberg electrons are bound by etails of our curves compared to those previously reported

non-Coulombic potential, although in both cases the passa ar hydrogen. In addition to the threshold fields for ioniza-

of the electron ovefor tunneling throughthe saddle point in lon, we h?"e_ measured th? final-state distributions for the
the combined atom-Stark potential plays a key fdl In atoms not ionized by the microwave pulse. These measure-
P play y ments show that near the stairsteps in the ionization field,

: " ! o3 Svhich occur at subharmonic resonances, the atoms are left in
the period of a classical electron’s orbitz8” for the tWwWo- e same final states, suggesting that the electron’s classical
body Coulomb problem, where is the principal quantum qti0n may be pulled into resonance with the applied micro-
number, occurs by momentum transfer and has little to dQyaye field.
with the existence of a saddle point in the potenf&g]. The classical parameters used above are derived from the
lonization by sinusoidal microwave fields combines aspectgyo-body Coulomb problem. For a nonhydrogenic atom, the
of ionization by static fields and by half-cycle pulses, and notRydberg electron orbits a finite-size core, which causes the
surprisingly, it also depends on the frequency of the microaxis of the classical orbit to precefgs4]. The more compli-
wave field relative to the Kepler frequency, the frequency ofcated dynamics in this case brings into question the utility of
a classical electron’s orbit. A convenient way to express thecaling by the classical Kepler frequency. In some cases a
importance of the relative frequencies is to use, rather thascaling that is more closely related to the precessional fre-
the microwave angular frequenay, the scaled angular fre- quency may be more appropridi€5]. For the experiment
quencywozngw, the ratio of the microwave frequency to presented here we used nearly hydrogerpgm|=1 states
the Kepler frequency. Not surprisingly, the most interestingof lithium, which have a quantum defect of 0.05. Since the
regime is that in whichwy~1. effects of the Li core have been minimized by this choice
The first systematic experimental study in the range 0.2f state, we have chosen to scale by the classical Kepler
<we<0.6 was reported by van Leeuwen al. [4] for the  frequency in our discussion and analysis of this experiment.
interaction between a hydrogen atom and a few hundred
cycle microwave pulse that turned on and off slowly. They
examined the onset of ionization as the initial stagewas
varied, to vary the scaled frequency, and observed a This section begins with a brief description of our experi-
staircase-like behavior in the ionization field versusThe  ment followed by detailed descriptions of the individual
steps in this staircase were located at the scaled frequenciesmponents involved. First, a Rydberg state of lithium was
where the microwave frequency was a subharmonic of th@repared using a combination of dye laser pulses. Next, the
classical frequency; i.e., aig=1/4, 1/3, 2/5, and 1/2. These atoms were exposed to an 11.5-GHz microwave pulse. Fi-
data have subsequently been analyzed in a number of thenally, a slowly rising electric field was applied that ionized
retical reports that have furthered both our classical andtoms that remained bound after the microwave interaction.
guantum-mechanical understanding of the ionization processhe number of electrons from field ionization was measured
in this regime5—12]. In particular, calculations of ionization (we call this the remaining atom signas the microwave
fields based on one- and two-dimensional classical modelamplitude was varied, which revealed a sharp threshold for

IIl. EXPERIMENT
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FIG. 1. Waveguide region in which our experiment took place. L e 4
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ionization. By measuring such ionization thresholds for ini- time (ns)

tial Rydberg states in the range 4ny<<95, we obtained
information about the process of microwave ionization in the ~FIG. 2. Three microwave pulses used in our experiment of du-
region of the classical subharmonic resonances. rations(a) ~1/2 ns, (b) ~10 ns, andc) ~100 ns.

Our experiment took place inside a piece of WR90 wave-
guide as shown in Fig. 1. Lithium atoms from an effusivetime slightly longer than the microwave pulse. The switch
source entered the waveguide through a small hole in one dfad a rise and fall time of 10 ns and a contrast ratio of 80 dB
its sides. The three dye laser beams used to excite the Rydnd served to eliminate any broad band noise generated dur-
berg state entered the waveguide through a small hole on thieg preamplification that was outside the pulse window. Fi-
opposite side. The microwave power was transmittechally, the microwave pulse was amplified 20 W in a
through the waveguide in the TEmode. A copper septum, pulsed traveling wave tube amplifier, which was gated on for
to which we applied the field ionization pulse, was placed300 ns.
inside the waveguide just below the atom and laser beams. The amplified pulse passed through a voltage-controlled
The electrons resulting from field ionization were acceleratedttenuator with an attenuation range of 40 dB. Using a co-
through a small hole in the top of the waveguide and onto axial line, it was fed into the vacuum chamber where it was
dual microchannel plate detector. coupled into the waveguide. At the other end of the wave-

Three nanosecond pulsed dye lasers excited the lithiurguide the pulse was coupled out into another coaxial line,
Rydberg atoms through thes2:2p, 2p—3s, and 3—np  which passed out of the vacuum system where the pulse was
transitions. The first two lasers were built in the standardattenuated and monitored on a sampling oscilloscope. After
Littman configuration[16] and operated at wavelengths of being amplified and traveling through the entire microwave
671 nm and 813 nm, respectively. For the third transition tocircuit, the rise and fall times of the pulse were lengthened
the Rydberg state we used a dual grating Littman style lasesomewhat -3 cycles or 270 ps as seen in Fig. 2. There
operating near 617 nifiL7]. This laser had a bandwidth of was also a glitch about 1/2 ns after the beginning and end of
~4 GHz that was sufficient to selectively excite single Ry-the pulse due to a reflection in the microwave circuit that we
dberg states as high as=100. The polarization of this laser were not able to eliminate. The peak power in the microwave
was orthogonal to that of the microwave field in order topulse was calibrated using a Hewlett Packard 432A power
excite|m|=1 states. meter and converted to a field amplitude using the known

The three microwave pulses used in this experimentgeometry of the waveguide interaction region. We estimate a
shown in Fig. 2, were formed in the following way. The microwave field uncertainty of 10%.
continuous wave output of a Hewlett Packard microwave The phase of the microwave carrier wave was also locked
sweep oscillator running at 11.5 GHz was sent into the localto the pulse envelope. This was accomplished using an arbi-
oscillator port of a mixer. Into the intermediate frequencytrary waveform generator that produced three signals; a 250-
port of the mixer we sent a voltage step with a fast risingMHz sinusoidal wave, a rising voltage step, and a falling
edge (100 ps). This produced, at the radio frequency portvoltage step. The phases of these three signals were locked to
of the mixer, a microwave field that turned on quickly. This the 1-GHz clock of the generator. The 250-MHz signal was
signal was fed into a second mixer and combined with a fasted into a comb generator whose output was mixed with a
falling voltage step to form the fast microwave pulse. Theportion of the continuous wave output of the sweep oscilla-
remaining microwave field outside the desired window de-or. The output from the intermediate frequency port of this
fined by the fast edges was further reduced by mixing thenixer was sent through a low pass filter and fed into the
fast microwave pulse with a square voltage pulse with risdrequency modulation input of the sweep oscillator. This
and fall times of~1 ns and duration slightly longer than the locked the 11.5 GHz-output of the microwave oscillator to
microwave pulse. The microwave pulse was then preamplithe 46th harmonic of the 250-MHz signal and consequently,
fied in two stages. After preamplification, the pulse passedo the voltage steps that were used to form the leading and
through a fast microwave switch that was gated open for drailing edges of the pulse.
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The field ionization pulse was applied to the septum in the
waveguide approximately 300 ns after the microwave pulse,
producing a pulse that rose to 450 V/cm inds. We also
applied a constant voltage to the septum to minimize stray
fields so that the atoms were in nearly zero electric field
during the microwave interaction. The field was minimized
by tuning the Rydberg laser to an energy midway between
the 8@ and 8D states. With the polarization of the laser
rotated to be aligned with the electric field axis, we then
scanned the voltage applied to the septum. When the field
seen by the atoms was not zero, the laser could populate the 2 5 10 50 100
81s state that lies approximately midway between the neigh-
boring p states. Thus the field was minimized by adjusting 1.0 ! |
the voltage to minimize the &istate population. We esti-
mate a residual field of less than 50 mV/cm using this tech-
nique. The residual field determines the highest principal
guantum number that is stable against field ionization, some-
times termech cutoff and denotec,. Our residual field of
50 mV/cm leads tan.= 280.
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I1l. IONIZATION THRESHOLDS 00
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Figure 3 shows several typical ionization threshold mea-

surements. We measure the total number of electrons that 10 -
remain bound to the atom after interaction with the micro-
wave pulse. When normalized to the total number of atoms
initially excited to the Rydberg state, this signal is simply the
complement of the ionization probability. We characterize
the ionization threshold by three fields, the fields at which
10%, 50%, and 90% of the atoms are ionized. These three
ionization levels are plotted as a function of the initial state
excited in Fig. 4 for the interaction with microwave pulses of
1/2-ns, 10-ns, and 100-ns, durations. In general, the threshold
fields decrease in a series of stairsteps with the flat portions
of the steps lying at the locations of the classical subhar-
monic resonances. In other words, all initial states near a g, 3. Microwave ionization thresholds fdg) no=50, (b)

classicgl subharmonic resonance ionize at essent.ially theoz 80, and(c) n,=90 interacting with 1/2-ngdotted curves
same field amplitude. In some cases the threshold fields ago-ns(dashed curvesand 100-ngsolid curve microwave pulses.
tually increase slightly as we pass through one of the reso-
nances. cross, but exhibit small avoided crossing®] due to the
Some deviations from this general behavior are also see§re-induced couplings, which allow a ladder climbing
The curve for 90% ionization in Fig.(@ (1/2-ns microwave Mechanism to produce ionization at these low figi(3,21].
pulse is nearly flat forny>65. The lack ofh dependence is FOf lithium |m[=1 states the avoided crossings between
in part due to the excitation of population to extremely Stark states are small, leading to a small probability of mak-
highly excited states during the microwave interactiag]. "9 the transitions necessary for ladder climbing as each field

o : cycle sweeps through the avoided crossings at®l/€on-
Due to the long Kepler orbit time of these extremely h|ghly sequently, we only observe these low thresholds for the long-

the short mi | d in bound fré%t pulses, which sweep through the avoided crossings many
€ short microwave puiS€ and can remain bound even 1q§,a5  ang for the lowest initial states, where the avoided

very large .field amp”“!de.s- A se_cond de"i"’.‘“o_” fr.om thecrossings are largest. The precise form and amplitude of the
general stairstep behavior is seen in the 10% ionization curv§/3ng ionization feature is determined by microwave multi-
of Fig. 4(c) (100-ns microwave pulgeThe threshold fields  no14n resonances, leading to the apparent erratic variation
seem to vary erratically for low, and for the lowest initial o the 109 ionization thresholds of Fig(c} [22,23. For
states the field required to begin ionizing is quite low, microwave pulses 10-ns long and shorter the lithium states
~5 Viem for np=>50. In this case the ionization curve we have studied appear to be similar to their hydrogen ana-
shows a double threshol&ig. 3(@)] that is actually a signa- |ogues.

ture of th85 nonhydrogenic nature of our atom. This field is  The ionization thresholds of hydrogen also show structure
about 1/3 (in atomic unity, which is the field at which  or “subthreshold peaks” in some casg4]. This structure
Stark states from neighboring manifolds cross. Due to thés attributed to avoided crossings between Floquet states
finite size of the Li core, the Stark states do not actually (states of the atom dressed by the microwave ¥ig8-27.

05

bound population

0.0

0.1 1 10 100
microwave amplitude (V/cm)
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R L AL AL curve in Fig. 3b) for ionization of ng=80 with a 10-ns

@ pulse. In this regime the core-induced Stark state avoided
crossings, upon which the ladder climbing mechanism relies,
are traversed very rapidly on each cycle of the microwave
field, making this an unlikely explanation for the observed
structure, especially since the pulse is only 110 cycles long.
A hydrogenic Floguet model may be sufficient for under-
standing most of the behavior in this regime. A more detailed
comparison of our experimental results and those obtained

for hydrogen is given in Sec. V.

100 F%

IV. STATE DISTRIBUTIONS

100 N Outside of the two deviations described in Sec. Ill, the
stairstep behavior of the ionization thresholds dominates Fig.
4. In order to gain insight into the origin of these steps, we
have measured the distribution of states in which the remain-
ing atoms are left after the microwave pulse using selective
field ionization. After the microwave interaction, we apply a
slowly rising electric field pulse. Electrons bound in high
states ionize in a small electric field early in the field ioniza-
tion pulse while those bound in lowstates require a larger
field to ionize and thus ionize at a later time. By collecting
the time-resolved electron signal, we obtain a record of the
final bound-state distribution.

Figure 5 shows a calibration scan of the arrival time of the
electron versus principal quantum number. In this scan, the
microwave pulse was off and the final laser was tuned
through the Rydberg series as we collected the time-resolved
electron signal on a digital oscilloscope. We create an image
of these data by mapping the electron signal to a gray scale
with black representing a large signal, and white, no signal.
The horizontal axis is the arrival time of the electron at the
detector, and the vertical axis is the laser frequency. As the
laser is tuned to highen states, the peak in the electron
signal moves to earlier times. Near 55 there is a double-
peaked structure in the time-resolved electron signal, which
is due to two pathways for field ionization of the electron

g [28]. At low n, the anticrossings between Stark states are
large relative to their size at high Since the rise time of the

FIG. 4. Threshold fields required for 10%, 50%, and 90% ion-field ionization pulse does not change, ionization of low
ization plotted versus the initial state excited for the interactionssigtes proceeds adiabatically while higlstates are ionized
with (&) 1/2-ns,(b) 10-ns, andc) 100-ns pulses. The dotted vertical gjabatically. Adiabatic field ionization occurs at a lower field
lines are at thewo=1/5, 1/4, 1/3, 1/2, and 1 subharmonic reso- ygjye than diabatic ionization resulting in an earlier arrival
nances. time of the adiabatic electron signal. For intermediate values

of n, we see both adiabatic and diabatic components in the
This theory predicts a series of sharp spikes in the ionizatiofield ionization signal.
level as the field is swept through avoided crossings between In an effort to understand the flat steps seen in Fig. 4, we
Floguet states. These sharp spikes are smoothed out in tidot in Fig. 6a) the final state distributions as a function of
experimental curves, but where they were densely clusterefield amplitude for a series of initial states of principal quan-
subthreshold peaks appear. Avoided crossings between Flasm numbem, nearny= 66 for the interaction with a 1/2-ns
quet states may also be sufficient to account for the structurgulse. Again, the electron signal is mapped to a gray scale.
seen in Fig. 3 for lithium[15]. In fact, multiphoton reso- The vertical axis in these images is now microwave ampli-
nances are also important in the ladder climbing mechanisrtude while the horizontal axis is the arrival time of the elec-
described earlier, and for alkali atoms there is a close conton. For the horizontal axis we use the diabatic calibration
nection between these resonances and multiple traversals #6m Fig. 5 since this ionization pathway dominates at these
the Stark-state avoided crossings atnb/g22]. values ofn. In each of these images we see that at low power

Some structure in the ionization threshold curves for(top of each imageall of the population resides in the initial
higher initial states is also apparent, e.g., the shoulder on thetate. As the field is increased, population spreads out to

microwave field amplitude (V/cm)
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190 ionize at nearly the same field, producing the flat spot seen in
\ Fig. 4 neam,=66.
i35 ’ Figure 7 shows very similar behavior of the state distri-
115 bution for ionization with a 10-ns pulse. Again for €5y
105 <70 the state distributions at 10% ionization are nearly iden-
95 tical, but they appear to be centered near64. This appar-
ent shift of the center of the distribution is most likely be-
85 cause population has been distributed among high angular
momentum states that ionize at slightly higher fields. The
75 = correspondence betwearand the ionization fieldFig. 5), is

done withnp states. Outside this range of initial states the

" :—_ final state distribution at 10% ionization makes an abrupt
T o5 = jump away from the resonance at66. For instance, at
"5:.,’ — ny=72 the state distribution at 10% ionization is centered
E - nearn=70, which in turn leads to a large shift in the ion-
T 60 - ization threshold.
5 -

V. DISCUSSION
55

We conclude with a comparison between our experimen-
tal results and those obtained previously for hydrogen. Our
threshold data for lithium ionization by 1/2-ns, 10-ns and
50 a 100-ns microwave pulses are replotted in Fig. 8 using clas-
s sically scaled units. The scaled frequeney= ngw was dis-

. cussed earlier and the scaled fi€lg= an (in atomic unitg,
- is the microwave field amplitude scaled by the Coulomb
binding field of the initial state hf. The steps seen in the

a5 n(adiabatiC)- unscaled representation of this data become sharp peaks in

65 55 45 the scaled plots. This scaled representation of the threshold

lmit 958575 65 55 fields facili_tates a di_rect comparison b_etween sets _of data
feliaisaics taken at different microwave frequencies and for different

ranges of initial states. In Fig. 9, we compare our lithium

FIG. 5. Calibration scan for the time-resolved electron signal.threshold data to the experimental results reported for hydro-
The electron signal is mapped to a gray scale with black corregen [5]. We make this comparison with our 10-1i$10
sponding to large signal and white to no signal. In this image thecycle) pulses since this comes closest to matching the 300-
laser tuning increases along the vertical axis and the electron arriva@ycle interaction time used in the hydrogen experiment.
time increases along the horizontal axis. The peak positions of both Qualitatively, the results shown in Fig(&) are similar;
the diabatic and adiabatic field ionization signals are marked on thenere is a series of peaks where the atom is more stable
bottom axis. against ionization. However, there are many significant

quantitative differences. The most obvious of these differ-

neighboring states. At the highest field amplitude everythingsnces is the overall shift in the positions of the peaks to
is ionized and there is no bound-state signal left. The ionizahigher values of the scaled frequency for lithium. There also
tion threshold shown in Fig. 3 is simply the gated integrationseems to be less overall structure in the lithium threshold
of the associated time-resolved signal. In each of the imagesurves; the peaks are quite smooth. While the 10% ionization
of Fig. 6, some population accumulates at the point markegields for lithium and hydrogen are nearly the same dgr
“limit” as the field increases. These are electrons bound in>1/2, the lithium fields for 10% ionization fall far below the
the extremely highly excited states discussed earlier. Hergydrogen fields at low scaled frequencies, indicating that it is
we focus our attention on the redistribution of population tomuch easier to begin ionizing lithium atoms than hydrogen
states near the initial state. As shown by Figa)6at n,  atoms in this region. Figure() shows that the 90% ioniza-
=66 the population spreads fairly uniformly about the initial tion fields for lithium and hydrogen are similar at high scaled
state as the field is increased before being ionized.rigor frequency, but the lithium 90% ionization fields are still
=64, the population moves to higher states just before somewhat lower than the hydrogenic fields at low scaled
ionizing. Conversely, any=70 the electron is pulled to frequencies. Apparently the difference between lithium and
lower n states before ionizing. hydrogen becomes smaller when higher fractional ionization

A more quantitative measure of this effect is seen in Figis required. The differences seen in the lithium and hydrogen
6(b). Here we plot the state distributions at 10% ionizationthreshold data stem from the differences in the two experi-
for the same series of initial states. At 10% ionization thements. The most obvious and important difference is the at-
state distributions for 68ny<<70 look nearly identical, and oms used in the experiments.
are centered near=66, which is why all of these states First, lithium and hydrogen are not the same. Lithium has
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FIG. 6. State distributions as a function of field strength for. FIG. 7. (a) State distributions as a function of field strength for

. . : L interaction with a 10-ns pulse for initial states neay=1/2. (b)
|_nteract|on with a 1/_2-ns pulse for initial stat_es neg=1/2. In the State distributions at 10% ionization.
first column(a) the time-resolved electron signals are mapped to a

gray scale with black corresponding to large signal and white tono ) . o
signal. In the second colurib) we show lines out of the images in @ finite-sized core, an effect which we attempted to mimim-

(a) for the time-resolved electron signals at 10% ionizatisalid ~ iZ€ by using|m|'= 1 states. The largest quantum defect of the
curves and time-resolved electron signals for the initial statist-  |m|=1 levels is that of thep states,5,=0.05. A second
ted curves for the same series of initial states. significant difference in the atoms is that we start with the
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FIG. 9. Comparison in scaled units of our threshold curves for
55 65 75 85 95 lithium Rydberg atoms interacting with a 10-ns puiselid curve$
A A A ' and threshold curves for hydrogddashed curves[from P. M.

0.08 : Koch and K. A. H. van Leeuwen, Phys. Regh5 289 (1999] for
(a) 10% and(b) 90% ionization.

0.06 are lower for lithium, especially for lown, is likely due to
the n changing, or ladder climbing, transitions, a possibility
that does not exist in hydrogen. At higher scaled frequencies

0.04 our thresholds come closer to matching those for hydrogen,
indicating a more hydrogenic behavior of the lithium states
in this regime.

0.02 The most significant difference in experimental procedure
is the fast rise and fall time of our microwave pulse

I (~3 cycles for our experiment compared t080 cycles

1513 112 " for the hydrogen experimentThe effect of the pulse rise
and fall time on the classical electron dynamics has been
discussed by Jensen and co-workgd.0,13. Using a one-
FIG. 8. Threshold fields for 10%, 50%, and 90% ionization dimensional classical model of the hydrogen atom, they have
plotted in classically scaled units for interaction with 1/2-ns,(b) ~ found remarkable agreement between the experimental
10-ns, andc) 100-ns pulses. curves for 10% ionization of hydrogen and the onset of cha-
otic ionization in the classical system. Justification for the
Rydberg atoms in lithiummp states, while in the hydrogen validity of the reduced dimensionality of this model comes
experiments they are in a mixture loh states. We attribute from the observation that in a three-dimensional system the
the major observed differences, the location of the resohighly eccentric orbits that are aligned with the field are easi-
nances and the overall field strengths required, to these twest to ionize[29,30. Therefore, using this reduced set of
sources. Why the resonances are shifted in lithium relative telongated orbits, or equivalently, a one-dimensional model,
hydrogen is not obvious, but the fact that the ionization fieldsshould be adequate for predicting the onset of ionization.

scaled frequency, wg = wng3
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Using phase-space portraits to display the classical dynanthat increasingn. raises the threshold values slightly for
ics, they observe stable islands where orbits can be trappedrgen, in the hydrogen experimef$]. Therefore, the large

in an otherwise chaotic region of phase space. In this onedifference inn. used in our experiment compared to the
dimensional classical model, they find that the stability of thehydrogen experiment should only affect the comparison in
orbits near these islands depends critically on the turn on ofig. 9 for the highesny's, and there the effect should be
the microwave field. For a sudden turn on their theory presmall.

dicts that the peaks in the ionization threshold curves will Examination of the final-state distributions of the remain-
flatten out and the thresholds will in general be at lower fielding bound atoms has received much less attention than the
amplitudes. While the overall thresholds in our 10% ioniza-ionization fields. Both experiment&B4,35 and theoretical
tion data[Fig. (a)] are lower than the hydrogen data, the[10] reports of the final-state distributions explore only a few
peaks are still clear. For higher levels of ionization, the peak§solated areas of this vast parameter space. The data shown
in our experimental data become even more pronouncedn Figs. 6 and 7 provide complete coverage of the regime
however, for the reasons stated earlier the one-dimensiongl01<F,<0.4 and 0.4% wy<0.65 for two pulse widths.
model has not been used to predict thresholds for higheThese data provide additional insight into the behavior of the

levels of ionization. ionization threshold curves seen neag=1/2. In essence,
The effect of pulse rise and fall times has also been inall initial states neat,=1/2 ionize at nearly the same field
vestigated using quantum Floquet modg®5,31,33. Al-  because the population from any of these states is pulled by

though the specific conditions of our experiment have nothe field into a nearly identical state distribution centered
been addressed, the models indicate a remarkable insensitiyround the classical subharmonic resonance. This observa-
ity to switching time of the microwave pulse. Even for the tion supports a suggestion of Buchleitner and Delande re-
extreme case of a square pulse envelope, the atomic responggrding the origin of the observed resonance in the ionization
is nearly identical to slower switching times as long as thethreshold field 36]. Specifically, at one of the classical reso-
phase of the microwave field is that of a sine wave at switchhances the classical electron’s orbit can become phase locked
on and off. This similarity of a square pulse of sine waves tao the microwave field and be quite stable if the phase is such
a slowly turned on pulse has also been shown experimentalijhat the electron is near the ion core at the peak of the field.
for multiphoton transitions between bound stdtg3]. There is some similarity to an electron’s orbit in a synchro-

A second difference is the much higher valuenautoff  tron. Quantum mechanically, such a state corresponds to the
in our experiment f.=280 for our data versus,=90 for  formation of a wave packet. While our data tell us nothing
the hydrogen daja The effect of our very large cutoff is  about the phases of the observed states, they do demonstrate
most dramatic in the short pulse data. For highinitial  that at the classical resonances the final states are indeed the
states a large amount of population is transferred to exenes required to form a wave packet that is synchronized
tremely highly excited states witin>120. At a level of 90%  with the microwave field.
ionization nearly all of the remaining population is in these
states, leading to the very steep rise of this curve in Hig. 8
For a 10-ns microwave interaction the maximum transfer of
population to states with> 120 is about 3% for the highest This work was supported by the Air Force Office of Sci-
initial states. The lown cutoff of the hydrogen experiments entific Research and the National Science Foundation. We
has the largest effect @ approaches, . It has been shown thank Lung Ko and P. M. Koch for useful discussions.
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