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lonization of atoms in parallel electric and magnetic fields: The role of classical phase space
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We analyze the influence of classical phase-space structures on the ionization behavior of Rydberg atoms in
parallel electric and magnetic fields. Classically, ionization above the Stark saddle-point energy is suppressed
for moderate magnetic fields compared to zero magnetic field. The location of a stable periodic orbit in the
surface of section serves as a criterion to understand this trend. For strong magnetic fields the effect is reversed,
and ionization is enhanced. This fact is related to the onset of global chaos in the Hamiltonian system. We
provide an analytic criterion for the field values at which this crossover takes p&H@50-294{©8)04011-

PACS numbd(s): 32.80.Rm, 32.60ki, 05.45+b

[. INTRODUCTION between stable and ionizing states above the classical field
. . ' ionization threshold on a microsecond time scdlg,y

Ryd_berg atoms in static externa_ll fields have attractedmzo us. It thus differs from the above-mentioned photoex-
much mte_zrest over recent years, since they belqng to th8itati0n experiments in external fields for which closed-orbit
most basic quantl_Jm systems gxhlbltlng chaos which neve'iheory can be applied. Quantum mechanically, this experi-
theless are experimentally realizalplel. They are therefore 1 on"measures the ratio of photoexcited states with a decay
|deally suited to .study thg fupdameqtal guest|on as t(_) howyigih larger thanl’ =2/ T, to the total density of photo-
classically chaotic behavior in Hamiltonian systems is re-gycited states at the excitation energy. A nonmonotonic pro-
flected in their quantum-mechanical counterp&ftgiantum  gression of the ionization threshold in crossed fields, defined
chaology”) [2]. To date most of the experiments and theo-as the energy above which the percentage of ionized atoms
retical calculations have focused on explaining the long+o the total number of photoexcited atoms is larger than 50%,
range modulations seen in photoabsorption spectra of Rydvas observed as the magnetic field was changed. This ion-
berg atoms in magnetic or combined electric and magnetiization behavior was shown to depend only on the scaled
fields. An elaborate semiclassical theory has been developepgarameters of the corresponding classical systsee be-
which relates these modulations to the closed orbits of théow), and a subsequent theoretical interpretation based on
corresponding classical system, starting from the nucleus andassical trajectory calculations confirmed the behavior
returning back to it(*closed-orbit theory”) [3—6]. In con-  found by the experimerjtL0].
trast, relatively few investigations have addressed the ques- The plan of the paper is as follows: We briefly review the
tion as to how Rydberg electrons ionize, once they have beetlassical description of a Rydberg electron in parallel electric
laser excited, in the presence of external fields. In the time@nd magnetic fields in Sec. Il. In Sec. lll, we present the
domain the ionization dynamics of laser-excited Rydbergglobal ionization behavior as a function of the field param-
wave packets subject to an additional homogenous electrieters and the energy. The relationship to parameter ranges in
field has been studied theoretically] and experimentally typical experiments is briefly discussed. In Sec. IV we ex-
[8]. plain the trends of the ionization probability as a function of

In this paper we study ionization of highly excited Ryd- the field parameters and the energy in terms of the classical
berg electrons in parallel electric and magnetic fields in thgphase-space structure. We show that the overall behavior of
frequency regime, that is at fixed energy. The addition of &he ionization cross section can be related to the appearance
magnetic field introduces a feature into the phase space @f two periodic orbits of the Hamiltoniar(a) For small and
the corresponding classical Hamiltonian which is not presenintermediate magnetic fields, the so-called downhill balloon
in a pure electric field: If potentials of competing symmetry orbit creates an island of stability which takes flux away
exercise an equally strong influence on the electron its mofrom the ionization channel, ar{@)) for large magnetic fields
tion may become chaotic. This prompts the question as tan unstable periodic orbit is created which leads to an en-
what is the influence of the classically chaotic dynamics orhancement of the ionization probability. An analytic criterion
the ionization behavior of the Rydberg electron. We describés derived giving the field values at which this crossover
ionization within a classical framework, aiming to under- occurs. Finally, in Sec. V, we discuss the relationship be-
stand the trends in the ionization behavior in terms of theéween the results presented here and closed-orbit theory. We
classical phase-space structure. A semiclassical or evealso address the question as to how a nonhydrogenic core
guantum-mechanical theory for field ionization in externalinfluences the ionization behavior. More technical aspects
fields is still out of reach due to the spacially extended naturare left to the Appendix.
of the wave functions involved. An experimental test of the results presented here is yet

Our investigations have also been motivated by a recerutstanding, but could be performed along the same lines as
experiment on Rydberg atoms in crossed electric and magdias been done for the crossed-field experiment. Atomic units
netic fields[9]. This type of experiment is able to distinguish will be used throughout the paper unless otherwise stated.
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IIl. HYDROGEN IN PARALLEL ELECTRIC 1

AND MAGNETIC FIELDS
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The Hamiltonian for a hydrogen atom in a homogeneous
electric fieldF and a parallel magnetic fieB, both oriented
parallel to thez axis, in a reference frame rotating with the

relative scaled energy
o
N

Larmor frequency, is 0.1
p* 1 B 2042 0
H=% -+ g (X +y)-Fz 1) -2 -15 -1 -05 0 05 1
r logyo f
B and F are measured in atomic unit§,=2.35x10° T, FIG. 1. Classical ionization probabilityatio of ionizing trajec-

Fo=5.14x10° Vcm™?). Introducing scaling relations for tories on a 2D grid of the scaled electric fiefdn atomic units, and
the coordinates, the momenta, the Hamiltonian, and the timthe dimensionless scaled energy= 1— ¢/&, relative to the classi-
asr—B %%, p—BYp, H—B%®H andt—1/B, the scaled cal ionization threshold. The right panel gives the coding of the

Hamiltonian function reads ratio of ionizing trajectories. Light shaded areas indicate a high
ionization probability. Dashed line: bifurcation of the almost circu-

p2 1 1 s lar orbit [+] [Eg. (11)]. Along the solid line the Kepler frequency

HSCZE_ P g(x +y°) —fz, (2)  wy and the Larmor frequency{*) are equalsee the discussion

after Eq.(6)].

where f=B" %% is _the _scaled (_electric field. The scalin_g ates as described in the Appendix. This removes the Cou-
property of the Hamiltonian function means that the classic omb singularity at the origirsee also Ref[12]). A high-

dynamics does not depend on the three paramBiefs and  qer Taylor integrator was used as described in Reg],
energyE independently, butﬁozgly on the scaled ele.ctnc'ﬁeldwhich reduced computation times by a factor of approxi-
f and the scaled energy=B"“"E. The scaled Hamiltonian 46y 3 compared to conventional Runge-Kutta methods.
(2) is the s_tartlng point fo_r our analysis of ionization in par- Trajectories were propagated from the origin O until the
allel electric and magnetic fields. In the rest of the paper, o T =250Ty, where Tc=27/(—25)¥ is the Kepler

. - max !
andp denote scaled quantities unless otherwise stated. Noige (in scaled unitsfor the electron motion in zero external

that for a fixed electric field=, the scaled electric field {45 A trajectory is recorded as ionized if the condition
decreases with increasing magnetic fi@ld The z compo-  _ . is fulfilled within t<T
S = I'max-

nent of the angular momentulry or its scaled counterpart - ,°rig 1 e present the global picture of the ionization
|,=B™L, are conserved quantities. We will confine our-, opapility as a function of the scaled electric field and the

selves to the case where the=0 manifold is excited. Due  gcgieq energy. Light shaded areas indicate values of the
to the cylindrical symmetry, is a conserved quantity and the gcajed parameters with a high ionization probability, and

phase space of the parallel field Hamiltonie?) is effec-  yark shaded areas belong to values @ind s where only a

tively four dimensional. small ratio of trajectories ionize. The energy=1—z¢/¢ is
plotted relative to the Stark energy. The scaled electric field
[1l. IONIZATION AND PHASE-SPACE STRUCTURE is plotted on a logarithmic scale, and varies over three orders

of magnitude. If the scaled energy relative to the energy
of the Stark saddle point is kept fixed, and the scaled electric
Photoexcitation takes place from a low-lying state whichfield is decreasedgoing from right to left in Fig. 1 the
is well localized within a few Bohr radii from the nucleus. ionization probability decreases first. However, below ap-
For a high-lying state to be laser excited, it must have conproximately log, f=—1.1 the trend is reversed, and ioniza-
siderable overlap with the low-lying state. Neglecting tunnel-tion is enhanced again. In Fig. 2 we have plotted a cut
ing effects, the wave function of the excited state can bahrough the ionization probabilities of Fig. 1 taken at con-
constructed semiclassically according to Huygens principletant relative scaled energies=0.1 a.u. ands,=0.2 a.u.
[11] from outgoing Coulomb wavels8]. The characteristics The rise in the ionization probability for small scaled electric
of wave fronts are classical trajectories starting at the origirfields or large magnetic fields, respectively, is clearly visible.
r=0. We briefly discuss the connection between the scaled pa-
Trajectories in parallel electric and magnetic fields ionizerameters depicted in Fig. 2 and typical field strengths used in
in the direction of the positive-axis, since the diamagnetic |aboratory experiments. In the crossed-field experimgSits
term in Eq.(2) acts as a confining potential in the other the electric-field strength was kept fixed and the magnetic-
coordinates. The sum of all static potentials has a local maxifield strength changed. A typical electric-field strength used
mum at the Stark saddie=y,=0 andz,=1/\/f. Classically was F=30 V/cm. The highest scaled electric fiell
the threshold for ionization is the Stark saddle-point energy=10 a.u. in Fig. 2 then corresponds to a magnetic field of
es=—2/f. B=0.028 T, and the lowest scaled electric fielf
In numerical simulations trajectories were started at the=0.01 a.u. corresponds 8=4.96 T. Keeping the electric
origin r=0 within a one-dimensional initial manifold char- field fixed has the advantage that a fixed relative scaled en-
acterized by the azimuthal angkes[0,7] with respect to ergye, is equivalent to a fixed unscaled excitation enegy
the z axis. The equations of motion were then solved byof the Rydberg atom. In an experiment which measures the
writing the scaled Hamiltonia2) in semiparabolic coordi- ionization flux at constant,, the laser frequency can then

A. lonization probabilities
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electric fieldF, the magnetic fieldB increases going from right to

left in the figure. FIG. 3. lonization time in units of the Kepler tim&=2x/

) . (—2¢&)%2 of the field-free motion as a function of the azimuthal
be kept fixed. The Stark saddle-point energy- — Zﬁ for starting angled with respect to the axis. Scaled electric fields in

the above field parameters corresponds to the excitation Qomic units from(a)—(d): f=1.44, 0.36, 0.1225, and 0.04. The
the principal quantum number~57 (if no external fields  gimensionless relative scaled energyjs-0.125 in all cases.
were present The relative scaled energies=0.1 a.u. and

£=0.2 a.u. correspond to~69 and 74, respectively, which C. Phase-space structure

is accessible in present day experiments. To interpret the ionization behavior in the different pa-

o rameter regimes in terms of the classical phase space struc-
B. lonization times ture we created Poincargurface of sectioPSOS plots
To gain a better understanding of the nonmonotonic beusing the scaled Hamiltoniai2). We plotted PSOS’s in the
havior of the ionization probability, as depicted in Fig. 2, thepair of action-angle variablesa{x/—Zs,daaz) introduced in
ionization time as a function of the starting anglés plotted  the Appendix. The use of these variables has the advantage
in Figs. 3a)-3(d) for four different parameter regimes of the that the connection to results in the perturbative regises
scaled electric fieldf. The relative scaled energy is kept sec. |V B) is easily made. The action variabig\— 2e¢ is

fixed at e,=0.125. For a strong scaled electric field ( proportional to the component of the modified Runge-Lenz
:144), tl’ajectories which start within a COI’KKO.&T, Vector(in unscaled Variables{lS,lq

whose axis points towards the Stark saddle point, ionize on a

fast time scaldFig. 3@)]. If the scaled electric field is de- 1
creased {=0.36) a second interval of starting angles, cen- A= NET (D
tered around?=0.277 appears in addition to the one of Fig. —2H,
3(a), for which trajectories do not ionizd-ig. 3(b)]. For an
even smaller scaled electric fielfi=€ 0.1225), the ionization
time becomes a highly irregular function of the starting angl

@ in the interval#e[0.187,0.337] [Fig. 3(c)]. Finally, and

L i 3
=t &)
which is a conserved quantity in first-order perturbation
theory in the external fieldsH, is the part of the Hamil-
&onian (1) which is independent of the external fields:

most importantly, in the regime of weak scaled electric field p? 1

(f=0.04), trajectories starting toward the uphill side of the Ho=% =1 (4)
electric field in an intervald [0.717,0.897] are able to

ionize within the time T, [Fig. 3(d)]. Thus, classically, Second, at the nucleus=0 the full Hamiltonian(1) and

ionization is enhanced in the regime of a small scaled electrigs field-independent pat#) coincide; therefor&€=H,, and
field due to the opening of an ionization channel which is nothe exact relationship

present at low or intermediate magnetic fields. lonization via

this channel takes place on a much longer time scale than the a,\—2&=—cos6 5)

fast, direct ionization in the cone around the downhill axis of i ) ) .

the potential ¢=0), and the ionization time is an irregular Petween the azimuthal starting anglef trajectories and the
function of the starting angle. A fractal structure of classica/@ction variablea, holds. From the transformation formulas
ionization times as a function of initial conditions has previ- Of the Appendix one can derive that the conjugate angle vari-
ously been found for hydrogen in crossed electric and magable has the valug, = = /2 at the originr =0.

netic fields[14]. Such a structure is a signature of chaotic Figure 4 translates the ionization time results into
motion in phase space, as we will show in detail in SecPSOS’s. Surface of sections were taken whenever a trajec-
Il C. tory crossed the axis. In strong scaled electric fields and for
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FIG. 4. Surface of sections at= yxZ+y?=0 in the pair of coordinates¢(azlqr,az\/—28) (all quantities in atomic uni}s The scaled
electric field and the scaled energy are the same as in Rgs-3d). The inset in(b) shows one-half of the downhill balloon orbit ip (z)
coordinates with the origin in the lower left cornéFhe other half is obtained by reflection on thexis) The arrows indicate the position
of this orbit in the surface of section.

trajectories which start toward the uphill side of the electricfor pure magnetic fields lies in the plane perpendicular to the
field potential, a,y—2¢ is an almost conserved quantity magnetic field. In the presence of an electric field its starting
[Fig. 4@]. This is related to the fact that the Runge-Lenzangle is shifted toward the uphill side of the electric-field
vector is a conserved quantity for the first-order Stark effectpotential[19]. Finally in Fig. 4d), for a small scaled electric
The starting conditiormr =0 corresponds to the lineg, = field or a high magnetic field, most of the phase space is
+ /2 in the surface-of-section plots. The relation betweerfhotic with the exception of the stable island around @je

the starting angle) and a, 2% is given by Eq.(5). The qrbit. ;:hgo_t!c ionizaFipn can now alsq proce'ec.i.for. tra_tjecto—
fast ionizing trajectories starting toward the downhill side'i€S With initially positivea, . Due to this possibility ioniza-
lead to the white area in the PSOS's in the intervallion is enhanced.

a,y—2ee[—1.0,-0.6]. In Fig. 4b), a small island shows

up arounda,\—2e=—0.667. It belongs to a stable orbit, IV. DIFFERENT IONIZATION REGIMES

the so-called downhill balloon orbit, namd@®—] in the
classification scheme of periodic orbits of Eckhardt and ) ) . ) o
Wintgen[17] (see also Ref.18]). The downhill balloon orbit In this section we explain the behavior of the ionization
is shown in the inset of Fig.(8). The arrows indicate the Cross section for intermediate and large scaled electric fields
location of the island of stability of this orbit. The island (10910 f>—1.1). Close inspection of the PSOS plots for dif-
created by the downhill balloon orbit is responsible for theferent values of ande revealed that the stable island asso-
reduction of the percentage of ionizing trajectories in theciated with the above mentioned downhill balloon orbit
parameter regime of Fig.(d). We will come back to this [0—] is always very closely situated near the last remnant
point in detail in Sec. IV A. For a smaller scaled electric field Kolmogorov-Arnold-Moser(KAM) torus with the topology
[Fig. 4(c)], chaotic ionization can be seen in the lower part ofof the pure Stark problem which reaches frofp = — to

the figure. The other main feature compared with Fig) 4 $a, =T [see Fig. 4b)]. Although the downhill balloon orbit
the existence of a stable periodic orbit &t =+0.57,  together with its surrounding stable island does not ionize
wherea,—2e~0.5. This is the so-callef0] orbit which itself its location in the PSOS plots indicates the cone of

A. Regime of suppressed ionization
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. 04 [ EFEEEEEE 0.6 +3nf| introduced by the external field40]. The condition
gos HEHE wi> ! is fulfilled to the right of the solid line in Fig. 1.
c 0. Ja . EE
§ 3 Ik 0.4
‘;‘i 0.2 E r To make the connection to trajectories starting at the ori-
2 o 1| EEEEEEEE 0.2 gin, one notices that = — 1/(2n¢?) is an exact relation for
i : trajectories when they pass the nucleus,0. The crucial
S ol 0 point in the argument now is that this relation still holds
5 15 -1 -05 0 05 1 approximately in the perturbative regime for the dynamics
logso f not too far away from the nucleus, and we therefore replace
FIG. 5. Starting angled, of the downhill balloon orbif 0—]. Nge— 1\ —2¢ (7)

Axes and units are as in Fig. 1. The right panel gives the darkne . . . .
coding of §,/7r. Dark shaded areas indicate a small starting anglz?] E(l' (6). To S|mp2)I7|\fy. form:c.llas tf(;e Iadtdltlonegléresge;lltr?
is performed. In terms of an e

0, with respect to thez axis. The white dots indicate the region —Ns@z andA=ngc"/ !
where the 0— ] orbit is unstable. adiabatic invariant is then approximately

A=-2(1-al)cos2¢,)+2+108a,+2ya;, (8)

angles within which trajectories must start to be able to ion-
ize in the regime of strong and intermediate scaled electritvhere we have introduced
fields. _ __3 2

Figure 5 shows the starting angig of the downhill bal- p=24flell5, y=—3[1-19(2e)] ©
loon orbit, determined numerically, as a function of thein accordance with previous notatigh6]. The key to ex-
scaled electric field and the scaled energy. Dark coded are@daining the opening of the ionization channel for orbits
indicate a small starting angle with respect to the axis of thetarting toward the uphill side of the potential is to relate it to
external fields, and light coded areas a large angle. Ththe creation of an unstable periodic orbit, the so-called al-
downhill balloon orbit is unstable in the region indicated by most circular of +] orbit at certain combinations dfande.
the white dots. In the region, where it is stable, Fig. 5 closelyThe[+] orbit doesnot go through the origin. It nevertheless
resembles the behavior of Fig. 1. Thus for strong and interinfluences the ionization behavior drastically due to the cre-
mediate scaled electric fields, or low and intermediate mag@tion of a separatrix along which uphill orbits can diffuse

netic fieldsB compared to the electric fiel, the suppres- and finally ionize. Tht{+] orbit is an unstable fixed point in
sion of the ionization probability can be directly related to the PSOS. Perturbatively it can be calculated from the con-

the starting angled, of a singlebound periodicorbit. The  dition dA/d¢, =dAlda,=0 as a critical point of the equi-
argument is valid in the regime where the downhill balloonpotential lines of the adiabatic invaria(@). It is located at
orbit is stable, and thus creates an island which takes away ~

flux from the downhill ionization channel. ba,= 0, a,=-5p/[2(1+y)]. (10

The orbit exists whena,|<1, which is fulfiled when the

B. Regime of enhanced ionization .
g scaled parameters obey the relation

In this section we derive an analytic criterion for the
crossover border between suppressed ionization for interme-
diate magnetic fields and enhanced ionization at strong mag-
netic fields. To do this we will use results from classical . . .
perturbation theory for hydrogen in parallel electric andFor the[+] orbit to be unstable the critical point must be a

g e : addle point which is the case whe — 1. In the range of
magnetic fields. The scaled Hamiltonié?), expressed in the s X >~ L
action-angle variables of the unperturbed Kepler problerr%he scaled field parameters in Fig. 1 fhe] orbit is always

(see the Appendix can be averaged over one period of theunstable if it e_xists and the values bfand e at which it is_
fast motion, which is the motion along the perturbed Keple created are given by Eq11), and are plotted as the white

r . . . . . .

X . . . o P dashed line in Fig. 1. The almost circular orbit exists left of
ellipse. This leads to an adiabatic Hamiltonigt,16,20,  hjs jine giving rise to the uphill ionization channel. Condi-
for which the scaled actiong. is a constant of motion. A

. S : _ tion (11) predicts the onset of enhanced ionization very ac-
second—adiabatic—invariant existgl0,15, which (ex- curately.

5
7B$|1+'y|. 11

pressed in scaled quantitiegads as Note that because of the conservatiomgf, the pertur-
24 bative Hamiltonian has a bound phase space, whereas we
A=—2(n.2—a2)cog 2d. )+ 2n.2—3a2+ - 1 wish to analyze the onset of chaotic ionization for the un-
(Nsc’—83)CO42¢ba )+ 2Nsc R bound motion of the full Hamiltoniari2). However, in the

2, 2,2 region close to the nucleus the external fields are small com-
+3fnga; . (6) pared to the Coulomb potential, and the perturbative treat-
ment is always valid. The argument then is tliahe ioniza-
tion dynamics is influenced by the phase-space structure near
The use of perturbation theory is justified as long as thehe nucleus, the perturbative Hamiltonian can be employed.
scaled Kepler frequencyy = 1/nZ of the unperturbed mo- Classical chaotic ionization is a necessary condition for
tion over which the perturbed motion is averaged is muchhe occurrence of Ericson fluctuatiofil] in a quantum
larger than the two Larmor type frequencie§i)=2*1|1 spectrum due to broad overlapping resonances. This fact has
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been demonstrated for hydrogen in crossed electric and matjon must be taken into account. Work on incorporating the
netic fields[14]. The above criteriofEq. (11)] therefore also  effects of laser polarization and the initial state from which
provides a guideline for the parameter regimes in photoexcilaser excitation takes place is in progress.
tation experiments in parallel electric and magnetic fields A final question which needs to be addressed is whether
where the manifestions of the classically chaotic dynamics irthe classical enhancement of ionization due to the chaotic
the form of Ericson fluctuations could be tested. ionization dynamics can survive quantum-mechanically. It
has been demonstrated for the problem of microwave ioniza-
tion of atoms that quantum-mechanical coherence effects,
V. DISCUSSION that is interference between ionization trajectories, can sup-
press the effects of classically chaotic dynanjizs], a phe-
npmenon known as dynamical localization. It would there-
re be very interesting to test experimentally whether the
chaotically enhanced ionization at relatively small scaled
electric fields, predicted on classical grounds, can indeed be
Rpserved.

In the classical description of ionization, presented here
an electron leaves the region near the nucleus on a trajecto
which can either ionize or remain bound in phase space. Th
ionization probability is the ratio of ionizing trajectories to
the total number of trajectories on the initial manifold in
phase space. We can relate such a description of ionization
the semiclassical closed-orbit theory of photoexcitafidr

5]. It is important to recognize that closed-orbit theory itself VI. SUMMARY
cannot make any predictions about gtability of a manifold
of excited states against ionization. In summary, we predict the ionization behavior of Ryd-

In closed-orbit theory an initial outgoing Coulomb wave, berg atoms in parallel electric and magnetic fields over a
produced by photoexcitation, is responsible for the direct owide range of field parameters on the basis of the classical
background part of the photoabsorption cross section. At disphase-space structure. At a fixed energy relative to the Stark
tances of approximately 50-bohr radii the outgoing wave isenergy, the ionization probability varies nonmonotonically as
continued semiclassically. Only bound trajectories contributéhe scaled electric field is changed. We have related this
to this construction and among them those which return tdehavior to two periodic orbits in the system. The stability
the nucleus play a prominent role in closed-orbit theory. Theasland created by the downhill balloon orbit was identified to
returning trajectories are continued by incoming Coulombbe responsible for the suppression of ionization for interme-
waves in the region near the nucleus. Interference betweetiate scaled electric fields compared to the case of a pure
outgoing and incoming waves leads to oscillations in theelectric field. For small scaled electric fields, or a strong
absorption spectrum as a function of the excitation energymagnetic field compared to the electric field, a crossover to
This picture also remains valid in the context of field ioniza-enhanced, chaotic ionization takes place. An analytic crite-
tion. As for the photoabsorption spectrum, it is expected thation for this crossover based on the creation of the unstable
in a fully semiclassical description the interference betweer@lmost circular orbit was derived. We thus demonstrated that
the outgoing wave and incoming waves gives rise to oscillathe ionization behavior in an unbound Hamiltonian system
tions in the ionization probability as a function of the scaledcan be related to bound periodic orbits of this system.
energy. However, carrying out a fully semiclassical descrip-
tion of ionization in a consistent manner would, first of all,
require one to construct a semiclassiSahatrix [22], which ACKNOWLEDGMENTS
incorpor_ates pha_ses and gmplitudes of the io_nizing trajec_to— It is a pleasure to thank A. Buchleitner, H. Held, G.
ries, which we discussed in Sec. Ill. At least in the chaoticrgjthel, H. Walther, and T. Uzer for stimulating discussions.
regime, which is the most interesting, such a semiclassicaly | gratefully acknowledges financial support from the EU
construction of theS matrix seems extremely dlfflcu!t if not  Marie Curie scheme under the Training and Mobility of Re-
intractable because of the fractal structure of the time delagearchers Programme. We also acknowledge financial sup-

function (see Fig. 3 The classical description of ionization ,ort from the EU Human Capital and Mobility program.
therefore predicts the direct or smooth part of the ionization

rate, neglecting interference effects due to closed trajectories.

Core scattering of Rydberg electrons induces additional APPENDIX: HAMILTONIAN
modulations in the photoexcitation spectra of nonhydrogenic IN ACTION-ANGLE VARIABLES
Rydberg atoms which are not present in hydro{2®,24]. ) . o
However, since the classical theory of ionization is insensi- '€ Singularity of the scaled Hamiltonid@) can be re-
tive to such modulations, our results for the background ionMoved if semiparabolic coordinates,{) are introduced:
ization probability should also apply to honhydrogenic atoms
like lithium or rubidium. The success of classical trajectory p=Vx2+y?=uv, z=3%(u?-v?). (A1)
calculations in the hydrogenic approximation in reproducing
the ionization behavior for rubidium atoms in crossed elec-

tric fields[10] also supports this argument. Additionally the new timelike variabls is defined via
The ionization behavior was calculated in Sec. Ill A, as-
suming an equal distribution of starting trajectories in the dt=(u?+0v?)ds. (A2)

azimuthal angled. More accurately the dependence of the
probability distribution of starting angles on the angular mo-
mentum character of the initial state and the laser polarizaThe regularized Hamiltonian function reads
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1 1 — 2l.sin & T (=
Hm 2= B2 )~ (7 07 U 07) g=v2lisin g, pi=\V2licosd (i=12. (A5)

f A final transformation relates these variables to the action-
- E(u“—u“), (A3)  angle variables of the unperturbed Kepler probléor |,
=0):

The Hamiltonian can then be expressed in terms of action-

angle variables of the unperturbed Kepler problem by per- l,=3(netay), 1=y + dba
forming a succession of three canonical transformations. In e z
the first step new pairs of conjugate variables,fp;) and

(9z2,py) are introduced: l,=3(Nge—a,), ¢r= bn,~ ba,

u=(-2¢) "ait+p1), Ppu=(—28)""(q—py),

—=(—26) Y q,+p,), —(—2:) Y — D). The scaled action variables,; and a, are related to their
v=(=2e) G2t P2). Pu=(28) A~ P2) unscaled counterparts used in REf5] via nge=B*n and
The transformation to action-angle variablek ,¢;) is a,= BY3A,, whereA, is the z component of the unscaled

achieved by modified Runge-Lenz vector equati¢s).

(AB)
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