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We demonstrate the feasibility of exciting long-lived, circular Rydberg states by time dependent weak electric
fields such as might be encountered in typical ZEKE-PES (zero-electron-kinetic-energy photoelectron
spectroscopy) conditions. Through a geometric interpretation of the dynamics, we identify the field

configurations needed for either the stability or the excitation of ultra-long-living Rydberg states and conclude
that nonuniform stray fields could be (partially) responsible for the observed, anomalously long lifetimes

exhibited by ultrahigh Rydberg states, although under typical ZEKE-PES conditions other mechanisms like,
for example, ion-Rydberg collisions constitute the main stabilization agent.

1. Introduction The problem of the stability of such states in very weak
+ lectric fields is particularly interesting, because it is related to

Zero electron kinetic energy (ZEKE) spectroscopy is a robus
oy ( )sp i the intriguing observation that the lifetimes of ZEKE states do

and widely used method for obtaining spectra of molecular ions 3 -
or clusters with laser-optical resolutidnf The method relies ~ NOt Scale as-n,*as was expected by extrapolation from low-

on producing, and subsequently ionizing, ultrahigh, ultra-long- qugntum calculatio.ns based on hydrogenic approximations. The
living molecular Rydberg staté¢ZEKE states”) with principal Ilfet|mes observgd in the experiments are much longer, _probably
quantum numbem x 100. An issue that has attracted SC@lng as as eithern’ or ~n®.110713 However there is no
considerable attention lately is the enhanced stability of such €l€ar experimental ewdencgl)éet of the exaatependence of
states®16 |t is generally accepted that ZEKE states are a the lifetimes of ZEKE state¥.1° Most likely, the scaling with

superposition of angular momentu) €igenstates, in which of the lifetimes qf ZEKE states is gi\_/en by the convolutior_1_
the hight states carry more weight than ldvenes. Therefore, of more than one S|_n_gle power law and it depends on the specific
the expectation value of the angular momentum over ZEKE €XPerimental conditions. , .

states is large, and it is understood that ZEKE states owe their Itis clear that small-states are necessarily shorter lived than
exceptional stability precisely to their large angular momentum. 1arge angular momentum states. For small angular momenta,
However, in this paper we focus directly on the dynamics of the Rydberg electron is effectively <_:oup|e_d to the electr_onlc
high-, definited states in weak external fields. These states ¢loud around the molecular core, which quickly leads to either
are an acceptable approximation to the long-lived ZEKE states aut0|on|z§t|on of the electrc'm. or dissociation of the molecule.
which occur in the experiments; moreover the understanding The matrix elements describing the process scale-ms’?°

of their dynamics opens the way to the accurate manipulation @ One can see by applying first-order perturbation theory to
of ultrahigh, atomic, or molecular Rydberg states by applied, the hydrogenic approximation, and become rapidly negligible
weak external fields. Therefore, from the standpoint of ZEKE for largerl’s. Therefore, the lifetimes are expected to _scale as
the issue is how the initially smallstates, which are prepared ~":°and also to be much longer for Rydberg states with large
in a few-photon experiment, are stabilized (i.e., how they acquire 2ngular momenta. . .

large angular momenta). Clearly, a number of mechanisms may _ Ultrahigh Rydberg states, however, are in an anti-Born
be at work, and recently intramolecular stabilization mechanisms OPpenheiméf regime (the electron frequency is the slowest
have also been proposed, in which the nature of the coupling'" the system, slower even than core rotqtlon) and the_quan_tum
between the rotation degrees of freedom of the core and thenumbers myolved are so large that cIasgcaI (anq semiclassical)
degrees of freedom of the Rydberg electron plays an importantMethods givequantitative agreement with experimensand
role1415 However, collisions with neighboring ior3}316 full quantum treatment@._ Moreover, a classical approach
which are always present in a molecular beam, are an effectiveConstitutes the most practical way o_f investigating the dynamics
way for the Rydberg electron to acquire a large angular of these states, because the very high densny of states (and also
momentum, and the effects of uniform dc fieltigf any are ~ the large degeneracy, for largss, of hydrogenion-manifolds)
present) should be considered too. All these mechanisms musfneans that the computational demands of an accurate quantum
contribute, to a greater or lesser extent, to the excitation of long- c@lculation escalate dramatically, posing formidable challenges
lived ZEKE states. We concentrate here on the effects of one 0 cOntemporary computers. In any case, classical mechanics
of the many agents which may contribute to the excitation of leads to the same conclusions on the stability of large vs small
stable ZEKE states, i.epnuniform weak, stray electric fields, ~ @ngular momentum states: the expected scaling of the lifetimes
In fact, under the most typical ZEKE experimental conditions, ©f low-L (in this paper we indicate the classical angular
the initial smallt states are exposed, among other things, to Momentum byl and the corresponding quantum numbeijoy
weak, stray electric fields. In this article, we address two classical orbits obeys the same® law as low+ quantum states.
questions, namely how stray fields can excite ldrgtates and In the classical picture the Rydberg electron, being exposed to

also how these largiestates are affected by weak electric fields. @ potential which is almost exactly Coulombic, follows a Kepler
ellipse??to a good approximation, and can exchange energy with

lGeohrgia Institute of Technology. the core electrons only when it is in the proximity of the
Utah State University. i i ; ;
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guantum mechanical analysis. Moreover, if the Rydberg
electron moves along a lardeerbit, i.e., a Kepler ellipse with

small eccentricity, then it senses a strong centrifugal barrier and
it cannot approach the molecular core closely; therefore, energy
exchanges with the core are quenched and the orbit becomes

stable.
Since ultra-long-living ZEKE states are (in our approximation,

as we will tacitly assume in the rest of the paper) Rydberg states

with large angular momentum raechanismvhich can populate
highd Rydberg states will consequently enhance the ZEKE
signal. It has been argued (and experiments coffitfi that
weak dc fields increase the lifetimes of Rydberg states by mixing
different angular momentum states. In the hydrogenic ap-
proximation, a small-state, when placed in a uniform dc field,
mixes with all the othen — 1 angular momentum states, and
since the largé-states are stable, the probability of decay of
the state becomes diluted by a facten. However, dc fields
cannot change the magnetic quantum numhebecause the
projection of the angular momentum along the axis of the
external field is a constant of motion, and higktates carry
the same weight as loWwstates, despite their larger degeneracy
(g =2 + 1). Therefore, uniform, dc fields cannot account for
all of the proposed extra-n? factor in the lifetimeg212 On

the other hand, weak fields with time dependent orientation can
changem, and nonuniform stray field (as well as fields due

to neighboring moving ions) are conjectured to be the cause o
the unaccounted diffusion im space. Ifm is not conserved,
highd states become statistically favored, andf stable states

become available to the Rydberg electron, which leads to a

greater dilution of the decay probability and to the extna
factor in the lifetimes. In this paper we examine the effect of
stray electric fields of varying orientation on Rydberg states

and answer the question of how and when they can significantly

contribute to the extended lifetimes of ZEKE states. The

strength of our study is that most of the results may be obtained

analytically. The price we pay is that we restrict our analysis
to a simple, but representative hydrogenic model.
classical model captures the essence of the excitation an
stabilization mechanism and we prefer to confine our study to
this idealized problem reserving our study of dipolar and
quadrupolar effects in alkali atoms for a another publicatfon.
This paper is organized as follows. In section 2 we briefly
review our classical model of the dynamics of Rydberg electrons
in weak, slowly varying electric fields; in section 3 we present
our explanation of the experimental results of Gross and Efang
and generalize their numerical results on the stability of very
high4 states (“circular states”), providing a complete analysis
of the dynamics of such states in weak, slowly varying electric
fields. In the same section we also discuss the excitation o
high4 ZEKE states by stray electric fields. We finally draw
some general conclusions in section 4.

2. The Model

In this section we briefly review our classical model, which
we described in detail elsewhélfe.We begin our analysis by
considering an uniform dc field (Stark effect). The corrections
to the pure hydrogenic eigenenergies are linear in the #feld,
which means that physically the external field is coupled to the

Indeed, our ! : : S -
dthe motion. Essentially, by a direct application of classical
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Figure 1. A Kepler ellipse and the two orthogonal conserved vectors,
the angular momentunh and the Rungelenz vectorA (not to
scale): these two vectors define uniquely both the shape of the Kepler
ellipse and its orientation in space and also the sense of the motion of
the Rydberg electron along the orbit.

Figure 1), where it moves much more slowly, andadterage
charge distribution is therefore skewed toward the aphelion of

fthe ellipse, thereby yielding a permanent electric dipole

moment?>-27 The Stark frequené} ws (in atomic units, which

we use throughout this papesis = %/,nF, whereF is the
external field) of typical, weak stray field&=(~ 5 V/m) is
usually much smaller than the Kepler frequeBtwyx = n—3,

of the Rydberg electron. This means that the electron revolves
around the Kepler orbit many times before the external field
can change the angular momentum of the electron significantly.
Under such conditions the Kepler orbit itself can be treated as
a dynamical object2526in the sense that the parameters which
determine the characteristics of the ellipse change in time, and
precisely those parameters become the dynamical variables of

perturbation theory, we study the effects of the external field
on theelementgin the sense of celestial mechaif}wof the
Kepler ellipse. Also, if the Stark frequency is larger than the
precession frequency due to the quantum defect (this is generally
satisfied if Irydberg > lcore Whereleore is the largest possible
angular momentum of the core electrons), the analysis of the
hydrogenic model not only encapsulates the dominant dynam-
icst41617.29 hyt is also capable of providing quantitative
explanation of the experimental resil®#$® The dynamical
variables of the model are the angular momenturand the

¢ Runge-Lenz vectorA of the orbit?? which fully describe a

Kepler ellipse. The angular momentum is orthogonal to the
plane of the ellipse and also defines the sense of the motion
along the orbit, while the Runge.enz vector points in the
direction of the perihelion and its magnitude is equal, in atomic
units, to the eccentricity of the ellipse. The equations of motion,
however, turn out to be particularly simple when expressed in
terms of thescaledRunge-Lenz vectora = nA, which has the
dimensions of an angular momentum, is obviously orthogonal
to L and satisfies a constraint equation with it:

permanent electric dipole of the Rydberg state. Clearly, L+ a’=n? 1)
hydrogenic states do not have a permanent electric dipole

moment in the usudln,l,m} basis, but the Hamiltonian of the  Note that the scaled Rungé&enz vector may range between 0
hydrogen atom can also be diagonalized in parabolic coordi- andn, just like the angular momentum of a Rydberg electron
nates?® and in that basis the eigenstates exhibit a permanentin an n-manifold, so that we may speak of “large” or “small”
electric dipole moment. Classical mechanics provides a more a’s in the same sense in which we speak of “large” or “small”
intuitive picture of the origin of such dipole: the electron spends angular momenta. It is next convenient to introduce two new
a much longer time at the aphelion of the Kepler orbit (see vectors, which are simple combinationslofinda and are the
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generators of SO(4) (i.e., 1.0
=", +a) (2) ]
0.5 -
n= 1/2 L-a 7
The equations of motion df and#n are particularly simple: . ]
~ U7
d& )
o @sX g 3) i
d -0.5 4
where ws is the Stark frequency mentioned before. Not o | —
surprisingly, eqs 3 were derived originally by Bdf.The 10

solution of these equations is easy in the case of a time

independent external field: in that case the two vecfoasid - — how hol ds to the acti " "
: : : : igure 2. These curves show holvresponds to the action of a weal
7 simply precess, clockwise and counterclockwise respectively, electric fieldF rotating with frequencyr. F andL are initially aligned

aroundws, as Was.pomted out already by Perci¥alin typical along thez -axis, and the evolution of the projection bfonto the
experimental settings, however, Rydberg atoms or molecules;y 7 -plane is shown for up to a time= 7/wr. Curves ab, ¢, and d
travel in a beam and they sense any spatially nonuniform field correspond tavgwg = 10, 1, 0.2, and 10 again (but with a different
as atime dependent fieJdwhich makes the dynamics more initial angle betweer. and the field), respectively. The magnitude of
complicated. To a first approximation, however, a time varying L is normalized to 1.

stray field can be modeled by a field rotating uniformly (around

they-axis) with frequencyvg,?ti.e., a circularly polarized (CP) (Q) = (Q) — R X (5)
field: dt/rotating  \dt/fixed
. ] . and the equations of motion become
F = F [cosgt)k + sin(wgt)1] 4)

| | | § Lo (o5t o (6)
Gross and Liang} studied the special case of the stability of dt
very highi states under the action of the field in eq 4). This d
seemingly idealized problem reveals interesting clues about the d_1tl =(0s— og) x

stability of circular Rydberg states in time dependent, weak
electric fields. Gross and Liang, however, confined themselves
to the case in which is initially aligned with the external field
and integrated egs 3 numerically; their results agree well with
their full quantum treatment (showing that for very lange
egs 3) are very accurate, whereas the computational demands — 0t () B
of a quantum treatment escalate dramatically). Those authors 5() = U (L1)5() (7)
also checked their results experimentally, thus verifying the e
accuracy of the classical predictions and quantum calculations. 7(t) = U (L) (1)

The emphasis of the work in ref 21 was on the study of the
stability of high{ states, and their results, both numerical and .
experimental, show that for slowly varying fields the long-living precessionp as

where wgj. These equations can be solved analytically, by
introducing the propagators fd and#n respectively, so that
the time evolution is given by

Introducing the precession frequenoyand the total angle of

circular states remain essentially circular, if the angular mo- 5 5
mentum of the Rydberg electron is initially aligned with the 0 =\ os+ wg 8
external field. We reproduced their calculations and we show
the results in Figure 2], where curves a, b, and ¢ are essentially p=o(t—1t)
identical with the plots in ref 21. It is clear that very different th ‘ tors in the rotating framel.
dynamical behaviors are possible (see Figure 2). We can € exact propagators in the rotating frame-are
explain the dynamics analytically and our approach can also U (Lt) =
make sense of the strange trajectory of curve d, so that, in what of(Ll) =
follows, we explain and alsgeneralizethe results of ref 21. cos¢ :I:%S sing _ %{simﬁ
3. Results 2 2
: . , T%5in¢ &SCOS(ﬁ + 2R +29%R[1 — cosg]

It is convenient to treat the problem of a Rydberg electron in w w2 w2 w? 9)
a rotating electric field by viewing the dynamics in a frame DR w2 w2
rotating with the field, so that in the new frame the field (and %{Simb + ; [1 — cosg] —':cosqb + _j

therefore also the Stark frequeneyassociated with it) becomes

a time independent field. It is also useful to observe that since
the field in eq 4 rotates in thgx,z} -plane, the axis of rotation ~ where the upper and lower signs of eq 4 give the propagators
is directed along thg-axis and it is also time independent both  for & andyg, respectively. However, the exact, complicated form
in the inertial and rotating frame. By transforming to the of the propagators in eq 9 is not particularly useful in providing
rotating frame the following operator equation hafds physical insightinto the dynamics and in identifying the

w w w
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Figure 3. Trajectories o andp in the rotating framews/wg = 10. Figure 4. Trajectories off andy in the rotating framewsgwgr = 1.

Both vectors precess on two narrow cones, shown in the figure, which The two cones of the previous figure are no longer aligned, and the

have almost coincident axes, and therefpemdn never separate much,  axes of precession have significant components alend andn are

so that the state remains circular. still initially aligned with F (i.e., thez-axis of the figure, so that the
amplitude of the precession cones becomes much larger than in the

mechanisnbehind the process. We prefer to present here a previous case.

clear,geometricview of the motion which not only explains

the numerical and experimental results of ref 21 atitibgiti ve Lenz vector remains maximal and tracks the rotating electric
level, but also allows us to estimate the conditions under which field. These special results, however, depend on the choice of
nonuniform stray fields become important in the excitation of the initial conditions and a completely different outcome ensues
ZEKE states. One can best understand the dynamiésaafi from a different initial orientation of. (Figure 2, curve d, which

7 in the inertial frame by observing that it consists of of two could also be explained, albeit in a more complicated way, by
components: a pair of precessions around different axes, whichthe same approach). Therefore, we are able to conclude that
yields the dynamics in the rotating frame, and a rotation around the stability of circular states observed in ref 21 is strictly
they-axis, which maps the two vectors back to the inertial frame. contingent to the initial orientation of the angular momentum
It is worth spending a few lines to clarify the relationship relative to the external field.

betweerg andy and the angular momentum, and therefore also ~ Notice that the dynamics of Figure 2, curve a, and Figure 3
the stability and lifetime, of Rydberg states. A smialshort- seems to contradict our statement that the external fields couple
lived state corresponds to the two vectdmndsy being almost with the permanent electric dipole moment of the Rydberg orbit.
opposite, because = & + . On the other hand, a larde-  Although the corrections to the energy levels of a hydrogen
long-lived state will be excited if, during their motio&andzn atom in an external electric field (Stark effect) can be calculated
approach each other, and become approximately parallel (i.e.,exactly by considering thelassical energy shift due to an

if their differencea becomes small, since the magnitudeapf electric dipole in a dc fielf-2>and quantizing the Runge.enz
which is proportional to the eccentricity of the orbit, is connected vector, the dynamics of Figures 2 and 3 is not the same as for
to the magnitude of by eq 1). Finally, a circular, stable state an electric dipole in a rotating external field. The effective
remains (quasi) circular if the differenae= & — 5 remains electric dipole of a Kepler ellipse is oriented aloagwhich is
small throughout the motion. We will consider three typical always orthogonal to the angular momentum, so that the initial
cases. First, whemg < ws, the two axes of precession are configuration in which the angular momentum and the field are
very close Figure 3]); ifL is initially close to its maximum aligned is a configuration of unstable equilibrium for the dipole
value (circular state) and originally aligned with the field, as in  (orthogonal to the field, which is a hyperbolic pciht As the

the experiments of Gross and Liafighen& andg are initially electric field begins to rotate, one expects the dipole to move
almost parallel and they are also oriented approximately alongaway from the hyperbolic point and to oscillate around the
the Stark frequency vectap. During their motion§ and 5 equilibrium point, namely, in alignment with the slowly rotating

describe two cones of small amplitude, so that they are neverelectric field. This, however, does not happen: the dipole
distant from their own axes of precession which are almost rotates with approximately the same frequency as the field and
coincident (see Figure 3): therefofeand#n do not separate  remains essentially orthogonal to it. The reason for this
significantly during their precessiomnd the state remains unexpected dynamical behavior is that the effective dipole of
essentially circular. The rotation aroupdimply reverses the  the orbit of a Rydberg electron does not have any inertia term.
direction ofL, at the same rate of rotation as the external field, Therefore, although the dipole analogy explains well the shift
so that the angular momentumtracks theF-vector, as is shown  of the energy levels, the equations of motion are intrinsically
in curve a of Figure 2. This analysis provides a simple, intuitive different from the one of a real, physical dipole in a time
explanation of both the numerical result and the experimental dependent electric field, and new dynamical behavior appears,
observation that under these conditions circular states maintainlike curve a in Figure 2.

their circularity while the direction of the angular momentum Next, consider the case in whiebg ~ ws Figure 4. now

is reversed! A moment’s thought shows that, by the same the two axes of precession are well separated, and no longer
geometrical argument, a small, large a state will follow a aligned with thez-axis; therefore§ andp, although initially
similar dynamics. A small state, in which the scaled Runge aligned with one another, describe two cones of large amplitude
Lenz vector is initially aligned with a slowly rotating field, does and drift apart during their motion. This implies that the
not acquire a large angular momentum, while the scaled Runge eccentricity of the orbit grows and the state loses its circularity
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parameters are not the absolute value of the field strength and
rotation frequency as separate quantities, but rather their ratio,
which determines the relative orientation of the axes of
precession, in the rotating frame, férand #.1%3° This key
observation allows us to derive some estimates of the conditions
under which nonuniform stray fields can or cannot significantly
enhance the lifetimes of Rydberg states. Remember that
Rydberg electrons are usually prepared by a laser pulse, and
are initially in a small angular momentum state, due to the usual
selection rules and if such electrons can be promoted to large-
states, they will avoid close collisions with the core, which are
responsible for the decay of Rydberg states via either autoion-
ization of the electron or dissociation of the molecule. A weak
dc field can only changk because in a Stark field the projection
of L along the field is a constant of motion. Therefore, only
one value of the magnetic quantum number is accessible and
low-I and largel states are equally probable, and, as we
discussed before, a uniform distributionlispace can account
only for an extra factor-n in the lifetimes. However, we have
Figure 5. Trajectories of andy in the rotating frameps/wg = 0.2. shown (curves b and d in Figure 2 that fields with time
The two precession cones are now almost opposite and they havegependent orientatioio change man uniform distribution in
become very large, almost degenerating to a pair of diskand m space greatly favors lardestates, thanks to thel 2~ 1
point initially along thez-axis (i.e., they are initially almost orthogonal L . .
to their axes of precession). degeneracy factor; this in turn makes collisions with the core
even less likely and provides a dynamical mechanism which
Figure 2, curve b). The final result, after half a perié@Tk, accounts for the proposesgn? factor in the scaling of the
depends strongly upon the ratio betwegandwg, as resonant  lifetimes of ZEKE state$213.16 |n a typical ZEKE experiment,
effects become dominant, sinfeandy can eventually come  the atoms or molecules whose spectra are being investigated
together agaif® Obviously the rotation around which maps undergo a supersonic free jet expansion and then travel in a
all variables back into the inertial frame, does not influence the well collimated beam. Clearly, these atoms or molecules which
dynamics of the magnitudes &f anda. Finally we consider are rapidly moving in the experimental beam, will sense any
the limit in whichwgr > ws Figure 5: in this case the two axes nonuniformstray field present in the experimental apparatus as
of precession are determined essentiallydgyand are almost  atime dependerfield. While a realistic stray field is not the
opposite to each other. Howevémprecesses clockwise because same as a CP field, the analysis above can nevertheless give
of the minus sign in eq 6 whilg precesses counterclockwise some useful results. Any time dependent field can be decom-
so that the two vectors, which now describe almost a pair of posed in a Fourier series, and each Fourier component contrib-
back-to-back disks, remain very close to each other during their utes independently to the total transition matrix element
precessions and the state remains essentially circular. &lso, (neglecting interference effects). We may then concentrate on
~ wg, and therefore the rotation aroumdis almost exactly the “typical” Fourier component of a stray field and study the
balanced by the precession aroundso that also the direction  effects of a field that rotates with that frequency. In fact, this
of L remains essentially unchanged. This explains curve c in is exactly the case of the field configuration studied experi-
Figure 2 and was also observed experimentdllyVe have so mentally by Gross and Liang: those authors obtain good
far clarified the problem of one of the two issues relevant to agreement between theoretical predictions and experimental
ZEKE, namely, the stability of circular states in weak, time results, even if the CP field of eq 4 is only an approximation to
dependent electric fields, and we have demonstrated that thethe actual field which they used in the experiments. The typical
stability of such states in slowly rotating fields, which was period of a CP field approximating a nonuniform stray field
observed in the experimefAtsdepends on the initial, relative  field should be equal to the ratio between the spatial correlation
orientation of the angular momentum and the external field. We lengthA of the stray field to be modeled, and the speed the
will now show that our analysis of the results in ref 21, thanks supersonic molecular beam, so that we may consider a typical
to its greater generality, sheds some light also on the excitationfield frequency to be
of ZEKE states. In fact, in contrast with the first two cases,
our argument for the stability of circular states wheg> ws WP ~ 2y (10)
applies toall possible initial conditions, not only to the special A
case of circular states with initially oriented along the field.
This generalizeshe results by Gross and Liaf§and applies
to initial conditions with small, which constitute the second
issue relevant to ZEKE, namely how smiditates acquire large
angular momenta. As we mentioned before, several mecha-
nisms are at work, and we concentrate here on the role played
. . 1 27y
by nonuniform stray fields. —z2L,=lz
It is clear that in the situation of Figure 5, the relationship R 3NFgyray
betweenrs andsn does not vary significantly as the two vectors
rotate around their respective axes of precessegardless of
their initial configuration We conclude that the properties of
all Rydberg states do not change significantly in a relatively 1<t (12)
rapidly varying, weak external field (as long as the conditions
under which the model remains a good approximation are wheret is a time shorter than the delay between the laser
satisfied®). Our analysis also makes clear that the relevant excitation of the Rydberg state, and the pulsed electric field

The condition under which a rotating field can change
effectively and excite the highebtstates is that the rotation
frequency is not much larger than the Stark frequency of the
field, namely6

(11)

At the same timed cannot be too large, otherwise the field
will become almost uniform: this leads to the requirement that
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which ionizes the Rydberg molecules or atoms, and also collectshydrogenic model would become more accurate. We expect

the ionizing electrons which constitute most of the ZEKE signal.
Typically, such delay is~1 us 2 and one may reasonably set
7 ~ 100 ns. Using typical values of the other experimental
parameterd? namelyv ~1000 m/s andFsyay ~5 V/m the two
conditions yield

%85/152x106 (13)

It follows that forn 2 50 there is scope for nonuniform stray
fields to enhance Rydberg states lifetimes. Clearly, a shorter
would imply a higher constraint on principal quantum number
n. However, ZEKE experiments are performed exciting Ryd-
berg states with principal quantum numbers which do satisfy
the conditionn = 50 (in typical experiments; is often much
greater than such lower limit); therefore, nonuniform stray fields
constitute aviable mechanism for the excitation of long-lived,
highd states, andnayhave been playing a nonnegligible role
in the success of ZEKE. Under typical experimental conditions,
stray fields are thought to be rather uniform, and they are
probably not the most important agent in the stabilization
process, in which many other mechanisms are involved;
however, we have just shown that they cannot be totally
neglected. In fact, typical ZEKE molecular beams also contain
ions which move at a speeddv relative to the Rydberg atoms
or molecules, wherév is the spread in the distribution of beam
speeds. Since for typical experimental settidgs< %, ion-
Rydberg collisions become tremendously effective in extending

Rydberg lifetimes because of the very large cross section of

slow {nl} — {nl'} collisions!® Recent experiment% were

aimed at determining the mechanism of the enhancement ofg,
Rydberg lifetimes and great care was taken in reducing stray

fields; in these experiments, in which extra ions were injected
in the interaction region and long lifetimes were observed,
indicate that ionic fields are indeed an important mechanism
for lifetime enhancement.
necessarily contradict our analysis, which relatestyfuical

ZEKE conditions, in which the goal of the experiment is a really

These results, however, do not

that nonuniform stray fields should be able to enhance Rydberg
lifetimes for sufficiently largen’s, and that long lifetimes should

be observable even in ion free environments. Finally, our work,
thanks to the clear geometric picture of the dynamics, suggests
a simple way to prepare specific angular momentum states, in
the quasidegeneratemanifold, by selecting both the appropriate
configuration of external fields and the time during which the
Rydberg electron is exposed to such fields. In fact, a Rydberg
electron in a weak, CP electric field in the rotating frame is
equivalent to a Rydberg electron in crossed electric and magnetic
field3334in the inertial frame, as long as the magnetic field is
weak enough ( i.e., the rotation frequency of the CP electric
field is small), and the diamagnetic term, which is quadratic in
the field, can be neglected.
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