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Microwave Ionization of H Atoms: Breakdown of Classical Dynamics for High Frequencies
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We report the first measurements of microwave excitation and ionization of excited hydrogen atoms
for scaled frequencies n$tv up to 2.8. Classical 3D calculations which directly model this 36.021-GHz
experiment agree quite well for n$tv & 1, agree less well for 1 ~ n$tv ~ 2, and do not agree for nIItv )2.
This supports theoretical predictions that as njtv rises above 1, quantal ionization threshold fields rise
above those for the onset of classical chaos; however, the data continue to reveal local stability near cer-
tain rational frequency ratios that recalls classical behavior.

PACS numbers: 05.45.+b, 32.80.Rm, 42.50.Tj

Two Hamiltonian systems have emerged as comple-
mentary testing grounds for the study of quantal dynam-
ics in a classically chaotic system, which we take to
define the problem of quantum chaos. ' Both involve
the hydrogen atom. The time-independent problem of
excited hydrogen in an intense magnetic field focuses on
the properties of its quantal energy spectrum when the
underlying classical motion passes from regular to irreg-
ular with increasing magnetic field strength.

This Letter concerns the time-dependent problem of
the (de-)excitation and ionization of excited hydrogen
atoms by an intense oscillatory electric field A(t)F
&sin(tat+&). A (t) is a slowly varying "envelope" func-
tion, F is the electric amplitude, and p is a phase that, so
far, experiment has averaged. Useful quantities are the
scaled field nnF, the ratio of F and the mean unper-
turbed Coulomb field, and the scaled frequency ntjto, the
ratio of to and the unperturbed orbital frequency. We
used the fixed frequency ta/2tr 36.021(2) GHz and
principal quantum numbers np 45-80 for the first
penetration into the region npco&1, stepwise covering
the entire range 0.499-2.804.

Large numerical 1D" ' and 2D' calculations, sup-
ported by differing" ' analytical theories, have pre-
dicted for nato rising above 1, an increasing stability of
the quantal atom over its classical counterpart. Our new
results for 3D atoms confirm this predicted quantal
effect, showing that when npm & 2 measured threshold
fields for appreciable flow of population to higher bound
states and the continuum rise systematically above those
for the onset of classical chaos. However, the effect of
local stability near certain rational fraction values of
num & 1, previously observed for npm~1, continues as
a prominent feature of our data in this high-frequency,
"quantal" domain.

Let us recall previous results ' ' for 0.05~ nyct~ 1.1 using the frequencies 7.58, 9.92, and 11.89 GHz
and 3D atoms with nn-32 —90: (i) Measured "ioniza-
tion" and "quench" curves were quite accurately repro-
duced by classical 3D calculations, but poorer agree-
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FIG. 1. Schematic view of the experimental arrangement.

ment near classical resonances [and see (iii) belowl sug-
gested the importance of quantal effects there. Even
classical 1D calculations ' for the onset of ionization
(chaos) explained quite well the nttto dependence of the
10% ionization threshold fields. Locally higher threshold
fields observed near certain resonances, nato = I/p,
p 1,2, . . . , were linked to the temporal periodicity of
the Hamiltonian. Poincare "surface-of-section"
plots ' in the ID classical phase space revealed non-
linear resonance trapping regions, or "islands, " which
have a quantal (1D) analog. That such islands lead to
locally stability is well known; here it is theoretically
enhanced by the slow field turn on [A(t)]. (ii) Quan-
tal 1D calculations' also agreed well with 3D experi-
mental 10% ionization threshold fields. (iii) Ionization
curves for some low nota+0. 2 values contained "struc-
tures" ' ' ' that were not reproduced by classical cal-
culations. They were explained by two different quantal
1D theories' ' that have recently been linked. ' (iv)
"Classical scaling, " i.e., how invariant is nnF as nn and to

are varied but nttto is kept (nearly) constant, was ob-
served' to be reasonably valid for nn3to5 1 and is further
confirmed by some of our present 36.02-GHz results, but
the "quantal structures" in (iii) do not scale classically.

The new measurements required refined experimental
techniques. ' ' ' Referring to Fig. 1, a 14.6-keV beam
of H(nn) atoms was produced by electron transfer col-
lisions and subsequent laser-double-resonance excitation;
neither laser beam entered the microwave cavity,
whose electric field was linearly polarized along the
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beam axis. Previous work showed the distribution of
atomic substates entering the cavity to be consistent with
a microcanonical ensemble with fixed principal action
ID=noh. Microwave power was coupled into the cavity
through an iris from a waveguide circuit that included
model 6913 power sensors ably calibrated specially by
Marconi Instruments Ltd. and other components cali-
brated by us. Electronics both controlled the frequency
and repetitively ramped the power to permit signal
averaging of experimental signals described below. Us-
ing a procedure described in Ref. 26, we converted mea-
sured power to absolute microwave electric amplitude to
5% accuracy. In their rest frames each atom saw the
spatial variation of the microwave field as a constant
[A (t ) )0.95] amplitude lasting 334 field oscillations be-
tween a turn-on and turn-off [A(t) between 0.05 and
0.95] each lasting 82 oscillations.

Data were taken in two different modes. The "ion-
ization" mode (IM) detected atoms actually ionized plus
those excited to n ~ n,', a cutoff value of n determined by
ionization in static fields after the cavity. Electrons were
accelerated after the cavity through a potential
difference applied to it, —Vf,b,1= —6V; those with ini-
tial kinetic energy (m, /M~)14. 6 keV=8 eV that came
from fast beam atoms were boosted to about 14 eV and
were deflected by F, —=0.5 V/cm. Only electrons "ener-

gy labeled" near 14 eV were transmitted through ap-
propriately biased wire meshes into a microchannel-plate
electron multiplier. By varying both Vf,b,I and F, —,we

verified complete transmission of signal electrons to the
microchannel plate. The computed range =0.5-1 V/cm
of the field produced by Vf,b,I after the cavity set the
value of n,'=160-190.

The "quench" mode (QM) registered the microwave-
induced loss (by ionization and excitation to final states
n~n, 'f) of the proton signal generated in a static field
ionizer well downstream of the cavity. Computed and
experimentally derived limits on relevant apparatus fields
=9-12 V/cm set the value of nv=86-92.

For each mode we varied the microwave power from a
value too small to produce a signal to an empirically set
large power. The IM and QM curves usually varied
from 0% to 100% signal over an enormous dynamic
range of power.

Figures 2(a) and 3(a) show, respectively, microwave
scaled fields that produced 2s 10% "quenching"
[nIIFs(10%)] or 10% "ionization" [nIIF;(10%)], with
each rto value corresponding to a given nIIco Co.ntinuing
the effect observed previously, 's'9 for nIIco (1.1, Fig.
2(a) shows locally higher nIIFq(10%) thresholds for nIIro

values near rational fractions such as I, —', ,
—', , —', , —', ,

and, perhaps, others. The keen reader wondering why
there is no local stability for n)ra= —', may be interested
to know that the no 65 QM curve contained definite
(perhaps even nonmonotonic) "structure" near thresh-
old. We infer that a quantal resonance phenomenon is
responsible for this behavior.

Classical 3D calculations used a conventional
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FIG. 2. Curves have been drawn to guide the eye. (a)
Scaled 10%-threshold fields for (0) experimental "quench"
mode (QM) and (x, 0 ) 3D classical calculations vs scaled fre-
quency. (b) &, fractional differences between 0 and x from
(a). For vertical line segments in (a) and (b), see text.

FIG. 3. Curves have been drawn to guide the eye. (a) Same
as Fig. 2(a) except 0 are experimental "ionization" mode (IM)
results. (b) &, fractional differences between 0 and x from
(a); &, fractional differences between IM [Fig. 3(a)l and QM
[Fig. 2(a)l 10%-threshold 6elds.
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Monte Carlo method, choosing initial conditions from a
stratified sample of a microcanonical ensemble, integrat-
ing Hamilton's equations in regularized coordinates to
avoid problems with the Coulomb singularity, and using
for the "envelope function" [A(t)] a cubic spline fit to
the experimental profile. From each set of final orbital
parameters, we obtained final Stark actions and used the
classical results from Ref. 29 to find the critical static
field needed to ionize each orbit (zero for orbits that ion-
ized inside the cavity). This included the effect of static
field ionization of atoms excited to above a cutoff n

value. To simulate the QM and IM experiments, respec-
tively, and to investigate the sensitivity to the static field,
two groups of three fields each —QM (6,8.9,12 V/cm)
and IM (0.35,0.53,0.95 V/cm) —were used for analysis.
In Figs. 2(a) and 3(a) the top (bottom) [cross] of each
vertical line segment shows the classical microwave 10%
threshold for the smallest (largest) [middle] of the three
field values. 2 [Diamonds are earlier results2 (from
modeling of 9.92-GHz experiments) for which the cutoff
n value =95 and the numbers of oscillations (turn-on
and turn-off, 50; constant part, 300) were close to those
for the present QM simulations. ]

Figure 2(b) shows the fractional differences between
the QM and classical 10%-threshold fields. The QM
data for noro & 2 display an intriguing oscillatory behav-
ior in the fractional difference, with five experimental
thresholds even lying below classical ones. For noto & 2,
however, experiment rises systematically above classical
theory, at no 79 more than twice as large. These data
clearly show a breakdown of classical dynamics for
noru) 2, but the persistence of the undulatory pattern
obviously requires further study. Comparisons for other
quenching probabilities produce the same general behav-
ior.

For npru) 2 systematically lower fractional differences
[& in Fig. 3(b)] between IM and classical 10%-threshold
fields, compared to corresponding QM data [& in Fig.
2(b)], suggest that classical dynamics may be less in er-
ror for excitation to states way above no (recall that n,' is

about twice nv) than for excitation to those closer to nu.

The undulatory pattern in Fig. 3(b) is weaker than but
matches with that in Fig. 2(b).

We emphasize that this comparison between experi-
ment and classical theory is for a fixed number of field
oscillations. (Future experiments will explicitly vary this
parameter. ) General considerations' suggest that there
is a critical time r, depending on I', co, and no below
which classical dynamics is valid. Its effect has been
seen in model calculations (e.g. , the kicked rotor' ) as
well as in numerical 1D" and 2D' studies of mi-
crowave excitations and ionization of hydrogen. We do
not yet know the behavior of r, for 3D hydrogen, but
Fig. 4 shows the computed temporal evolution of the
classical 3D atom, during and after a 100-oscillation
turn-on, for one case, Iero 2.2195 (corresponding to
nu 74 at 36.02 GHz) and IuF 0.05. The orbital pa-
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FIG. 4. Computed (3D classical) flow in time from Io 1 to
final principal action Io (binned as shown) and to the continu-
um (E,)0).

rameters of all 256 orbits in the ensemble were sampled
regularly; the graph shows the temporal fiow to final
principal action Io. Ionization corresponds to the com-
pensated energy ' E, & 0, and one notices that after the
experimental time of 330 field periods (vertical dashed
line in Fig. 4), there is scarcely any "true" classical ion-
ization.

There is, however, evidence for "true" experimental
ionization at some notu values. For no values where they
were both taken, Fig. 3(b) (& and right vertical legend)
shows fractional differences between IM and QM data.
At, e.g., noco=1.30, 1.57,2.04 nearly equal thresholds
(small fractional differences) mean no significant excita-
tion to between the cutoffs nq and n,' Perh.aps it has all
somehow moved to even higher values n ) n,', more likely
a significant part of it has moved all the way to the con-
tinuum. Conversely, at other values of noco, particularly
at ne3ru=1. 88 where IM and QM thresholds differ by
more than a factor of 2, there was significant excitation
to nq & n & n,'.

In summary, our results confirm theoretical predic-
tions of quantal excitation-ionization microwave thresh-
old fields rising above classical values when nero) 2.
Classical 3D calculations that, with no adjustable pa-
rameters, modeled 3D experiments so well for nriru&1
have systematically low threshold fields when noco~2,
but they still retain some of the strong experimental vari-
ation with noco. The undulatory variation for npco~1
has not yet been contained in quantal analytical esti-
mates for "instability borders"" " ' variously based
on "localization"" ' ' ' of (diffusive) excitation, un-
certainty principle violation, " dynamics in a severely
truncated "quasiresonant state" basis, ' ' or quantal
versus classical transport through cantori. '
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A brief discussion of errors: Classical 3D 10%-threshold
fields were determined typically to 4%. Apart from the 5% ab-
solute field calibration uncertainty, statistical errors in

npFq(10%) and npFi(10%) generally, but nonmonotonically,
increased with np and were (5% (6%, once up to 13%) for
nt]tp below (above) 2.2. All positive- and negative-going
[positive-going] structures in Fig. 2(b) [in Fig. 3(b) (& and &)]
are highly significant with respect to combined experimental
and theoretical errors.
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