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We study theoretically the behavior of two atomic Rydberg series, coupled by a light field that
strongly drives the optical transition between the core states to which these series converge. It is
shown that this strong-field version of isolated-core excitation leads to a strong modification of the
photoionization spectrum and to transitions between adjacent Rydberg states when the Rabi fre-
quency associated with the core transition becomes larger than the Rydberg spacing. The intensities
and pulse durations (=~ 2 GW/cm?® and 1 ps, respectively, for n ~ 20 Rydberg states) needed for
the observation of these effects are within reach of present-day lasers.

PACS number(s): 32.80.Rm

I. INTRODUCTION

When one of the electrons in an atom is promoted to a
weakly bound Rydberg orbit, the interaction of the elec-
tron with the remaining ionic core is very weak due to the
small spatial overlap between the extended Rydberg wave
function (extending 2n? Bohr radii, where n is the prin-
cipal quantum number) and the core (confined to only a
few Bohr radii). Hence the transitions of the ionic core
are nearly undisturbed by the presence of the Rydberg
electron. This forms the basis of the well-known method
of isolated-core excitation (ICE) [1,2] (see also Fig. 1),
which can be conveniently used to create and study dou-
bly excited atomic states. In ICE an atomic electron is
first promoted to a Rydberg level. Subsequently the core
is excited by an optical transition. Since photoionization
can only take place close to the core, the Rydberg elec-
tron is relatively insensitive to the light and essentially
remains a spectator to the core transition. The proper-
ties (e.g., energies and autoionization rates) of the doubly
excited states that are created in this way reveal informa-
tion on the residual interaction of the Rydberg electron
with the atomic core. ICE has proven to be a valuable
means of determining the role of electron-electron inter-
action and correlation in atomic structure.

In this paper we study theoretically the case where
the core transition is driven by an intense light source.
The intense light field leads to a strong coupling between
the two resonant core states. This coupling results in
two “dressed” core states with an energy splitting pro-
portional to the electric field amplitude of the light (an
“Autler-Townes doublet”). One can also describe this
as a rapid oscillation between the two original (“bare”)
core states, driven by the light field. The oscillation fre-
quency, the so-called Rabi frequency, corresponds to the
energy splitting between the dressed states.

In the absence of the intense light the atomic eigen-
states form Rydberg series converging to the ionic core
states. With the intense light on, these Rydberg se-
ries are strongly mixed and converge to the dressed ionic
core states. This provides a means of externally control-
ling the atomic structure in a time-dependent manner by
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varying the intensity of the light. Of particular interest
is the case where the Autler-Townes splitting of the core
becomes comparable to the spacing of the Rydberg levels.
Considered in the time domain instead of the frequency
domain, this corresponds to a situation where the Rabi
oscillation period of the core is similar to the Kepler orbit
time (2mn® a.u.) of the Rydberg electron. We will show
that this case leads to intriguing dynamics.

The system described above has been studied before
by Robicheaux [3] for driving light of constant intensity.
He calculated how the spectroscopy of the Rydberg series
would change when these are coupled by a core-resonant
intense light field. An experimental realization of such
spectroscopy would be rather difficult (as pointed out in
Ref. [3]) because the driving light needs to be both in-
tense and of constant intensity. Otherwise the dressed
Rydberg levels would shift appreciably during the pres-
ence of the probe laser.

We show in this paper that the atomic dynamics with
photon-dressed core states can also be observed in a dif-
ferent way, using pulsed light fields. In particular we find
that when the peak Rabi frequency in the light pulse
becomes comparable to the Rydberg level spacing, this
leads to strong modifications in the photoionization spec-
trum and to transitions between adjacent Rydberg levels.
Since present-day laser systems can easily reach the in-
tensities (= 2 GW/cm?) and pulse durations (= 1 ps)
used in the calculations, this approach makes an experi-
mental realization feasible [4].

This paper focuses on the effects of a large core Rabi
frequency in ICE, i.e., on the use of intense light pulses.
We note here that the use of short light pulses in ICE has
attracted considerable interest recently and the theoreti-
cal framework used in that case is very similar to the one
adopted in this paper. Using light pulses much shorter
than the Kepler orbit time of the Rydberg electron,
one can excite a Rydberg radial wave packet [5-9] and
study time-dependent autoionization [10-12] and time-
dependent core excitation [13]. In such short pulses the
frequency bandwidth of the light is much larger than the
spacing between the Rydberg states, so that a coherent
superposition of Rydberg states can be excited that con-
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stitutes the wave packet. In contrast, in our case the
necessary bandwidth is created by the large Rabi fre-
quency of the core. Very recently, the use of short and
intense pulses has been combined by Hanson and Lam-
bropoulos [14] and by Zobay and Alber [15], in a study
of the Rydberg wave-packet dynamics in the presence of
core-resonant light, for the case that the Rabi frequency
of the core becomes comparable to the Kepler orbit time.

In other related work it has been shown experimen-
tally that for very high intensities (~ 1012 W/cm?), when
multiphoton ionization becomes important, one can ob-
serve (nonresonant) isolated-core tonization instead of
(resonant) isolated-core excitation [16,17]. At such in-
tensities the effects of the resonant core dressing on pho-
toionization of the atomic ground state (instead of on
the Rydberg series) also have been considered theoreti-
cally [18-22]. In this case the resonant core dressing has
been predicted to yield a split peak in the photoelectron
spectrum of multiphoton ionization of the atomic ground
state. Experimental evidence for this effect was found re-
cently [23,24].

In the following section of this paper we describe the
theoretical model we have used and discuss the phys-
ical meaning of the parameters in this model. Next, in
Sec. III the results of calculations using this model are de-
scribed, illustrating the main features of this system and
showing the effects that can be observed with a pulsed
core-resonant light field. We also discuss how the effects
studied here could induce “zero-photon ionization,” i.e.,
ionization of Rydberg states by photon scattering instead
of by photoabsorption.

II. THEORY

We study the dynamical behavior of the system de-
picted in Fig. 1 in a pulsed light field. In this field the
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FIG. 1. Energy diagram schematically depicting the situa-
tion studied in this paper. Two atomic Rydberg series 1) and
|v), converging to the ionic core states |a) and |b), respectively,
are strongly coupled by light with frequency w, resonant with
the core transition w &~ E, — Fs. The Rabi frequency of the
core transition, induced by the light, is indicated by das. The
upper Rydberg series can autoionize by the coupling V' to the
continuum |€) above the ionic ground state.
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various states involved shift in energy as a function of
the field strength and population will be transferred from
the initial state to other states at different energies. As a
consequence, the traditional approach of quantum-defect
theory [3,25], which calculates the atomic eigenstates for
a given fixed energy, is not sufficient.

In order to calculate the evolution of the system in a
time-dependent light field, it will be easiest to reduce the
problem to a finite set of basis functions and then numer-
ically integrate the time-dependent Schrodinger equation
(TDSE) on that basis set. It turns out that a descrip-
tion in terms of such a finite basis set is possible, as we
will show in this section. We start from the conventional
description of ICE, within the framework of quantum-
defect theory [1,25,26]. From this description we arrive
at a TDSE for a finite basis set by eliminating the contin-
uum, applying the rotating-wave approximation (RWA)
(see, e.g., Ref. [27]), and selecting a range of relevant
Rydberg states from each series. Atomic units (a.u.) [28]
will be used throughout this paper, unless other units are
explicitly given.

For simplicity we consider only two Rydberg series,
each converging to one of the two core states. Since the
Rydberg electron has a very small overlap (proportional
to n~3/2) with the core, it is usual in ICE to neglect the
direct interaction between the two [1]. The atomic wave
functions of the (bound) lower Rydberg series can thus be
written as products of a core wave function |b) and Ryd-
berg wave functions |np) [29]. The energies of the bound
Rydberg states are given by Ej — 1/2(np — d5)2, where
Ey is the energy of the ionic state |b). The quantum de-
fect &p of the lower Rydberg series depends only on the
electron configuration (i.e., the core state and the vari-
ous angular momenta involved) and not on the principal
quantum number n;. If we disregard the autoionization
of the upper Rydberg series for the moment, this upper
series is also described by product wave functions |a)|n,)
with energies E, — 1/2(n, — 84)2.

For convenience we now introduce effective quantum
numbers p and v for the upper and lower Rydberg series,
respectively,

L =ng— b, (1a)
v = np — Op; (1b)
a shorthand notation for the Rydberg states

1) = la)|na), (22)
[v) = [b)|ms); (2b)
and a shorthand for the Rydberg binding energy
-1

WI" = 517’ (3&)
-1
Wl, = ﬁ. (3b)

For a driving light field that is near resonance with the
core transition, the transition dipole moment between
members of the two series is given by [1,26,30]
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F(v|D|u) = F(n|(b| D|a)|na) = dab(ns|na) (42)

., 2sin[r(p—v)]y/pv
= dgp = e dabSpv,  (4b)

where d,;, = F(a|D|b) is the Rabi frequency for the core
states, determined by the matrix element of the dipole
operator D and the the electric-field amplitude F' of the
light. The symbol S, has been introduced to simplify
the notation later. Note that Eq. (4b) contains the char-
acteristic dependence of ICE on 8, — 6, (mod 1) the dif-
ference in quantum defect between the two series. For
0o = & (mod 1), p — v is integer and S,, reduces to
the Kronecker delta 8¢ ,—,. Physically, for §, = 6, (mod
1) the Rydberg wave functions of the upper and lower
series are identical (except in the core region, which is
negligibly small in the Rydberg overlap integral), so that
the Rydberg overlap integral (ny|n,) is only nonzero for
g — 0q = Tip — Op.

For é, # 0p (mod 1), S, is nonzero for all optical tran-
sitions between states |u) and |v) and has a maximum for
p =~ v. This is well known in ICE spectroscopy and can
be used to excite a range of autoionizing (upper series)
Rydberg states from a single bound (lower series) Ryd-
berg state with a (weak) probe laser, so-called shakeup.

Autoionization of the upper Rydberg series is intro-
duced by a coupling V), to a continuum, represented by
the states |€) with energy e. We have now introduced the
states and couplings that are essential for the description
of ICE and we neglect all further states and couplings
that could be taken into account [31]. We can thus write
the atomic state |¢) as

W) =3 aulw) + 3 bul) + / de c.le) (5)

and the TDSE for the state |¢) of Eq. (5) takes the form

.da
7"d—t“ = (Ba + Wy)a,
+ Z Suubydap coswt + / de Vyece, (62)

io = Z Suvaudap coswt + (Ep + Wb, (6b)
m

.dce

zgt— = Z Viea, + ece, (6¢)
I

where w is the angular frequency of the driving light.

The treatment so far is common in ICE calculations;
now we continue by reducing the problem to a finite basis
set. The continuum can be eliminated using very reason-
able assumptions [32]: the continuum is taken to be flat
in the (small) energy range of the autoionizing states we
study, so that the autoionization matrix element does not
depend on €, V,. = V,,. In addition, we assume the con-
tinuum to have infinite energy range (with respect the
energy range of the upper Rydberg states we consider).
Formally integrating Eq. (6c) and substituting the result
in the integral over c., which appears in Eq. (6a), results
in

¢
deVyee = | deV, | —ie ™t dt’' Vaau(t)e't
o u ulpy
oo “l

= —miV, Yy Viau(t), (7)
ul

which eliminates the continuum from Eq. (6a).

Since autoionization takes place close to the core,
where the wave functions |u) are all similar, the autoion-
ization coupling is given by

Vu — (_1)M+5avu—3/2’ (8)

where V is the coupling constant (taken to be real for con-
venience) and the dependence on p is due to the scaling
of the Rydberg wave function amplitude near the core.
The alternating sign for comsecutive Rydberg states is
a consequence of our choice of the sign of the Rydberg
states in Eq. (4a).

Finally, the optical frequency w can be eliminated from
Eq. (6) using the RWA [27]. This amounts to neglect-
ing the nonresonant processes of photoemission from the
lower series to the upper series and photoabsorption from
the upper series to the lower series. The RWA is valid for
a near-resonant light field as long as the Rabi frequency
is much smaller than the optical frequency, i.e., under
the conditions dgp € w and A < w for the detuning
A = w — (E, — Ep). Making the RWA [33] leads to the
TDSE

;d2u

it = (Wu = 8/2)ay
iV Y Vst + 5 3 dasSubi,  (99)
Iy v
db, 1
il =5 > dabSuvan + (W, + A/2)b, (9b)
uw

for the reduced wave function

|¢> — Eaﬂe~i(Ea+A/2)th> + Zbye_i(E"_A/z)th>.

" v

(10)

Note that for this choice of phase factors in Eq. (10) the
right-hand side of Eq. (9) does not explicitly depend on
time anymore. Although Eq. (9) still contains an infinite
number of Rydberg states, in most cases only a finite
number of these is physically relevant. We can thus ar-
rive at a TDSE for a finite basis set by selecting only the
relevant states. Equations similar to our Eq. (9) were
independently used by others for wave-packet calcula-
tions in the presence of an intense core-resonant light
field [14,15].

The Hamiltonian matrix formed by the coefficients on
the right-hand side of Eq. (9) is no longer Hermitian due
to the autoionization of the upper Rydberg series to the
continuum, hidden in the coupling terms V,,. These terms
not only cause decay, represented by the complex diago-
nal elements for the upper Rydberg series in Eq. (9a), but
also induce an anti-Hermitian coupling between members
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of the upper series. This type of coupling (also called
“dissipative” or “resistive” coupling) is not nearly as well
known as the usual Hermitian one, but has neverthe-
less been studied in quite different situations (see, e.g.,
Refs. [34,35]). As we will see in Sec. IIT A, this coupling
has some interesting consequences.

As an additional aside we note here that direct pho-
toionization of the bound Rydberg states |v) to the con-
tinuum |€) can be included in the finite-size Hamiltonian
in a manner similar to the autoionization coupling of the
upper Rydberg series [14]. For weak light fields the inclu-
sion of this coupling leads to the well-known asymmetric
Fano line shapes [1,36] due to the interference of this ion-
ization path with the path via the autoionizing state. We
have not studied the effects of the inclusion of the direct
photoionization coupling in the present paper to keep the
system as simple as possible and because in most ICE ex-
periments such coupling turns out to be negligible [1].

N. J. van DRUTEN AND H. G. MULLER

III. CALCULATIONS

As indicated in the Introduction, we will be interested
mainly in the regime where the Rabi frequency is of the
order of the Rydberg spacing and in near-resonant exci-
tation A ~ 0. According to Eq. (4b), the light couples
a state |v) mainly to states |u) with p ~ v. We thus
expect that if the atom is initially prepared in a single
Rydberg level, only a limited number of Rydberg states
will be important for the atomic dynamics.

In our calculations we have therefore used a range
of typically ten Rydberg states of each series, centered
around p ~ v = 20. This center value was chosen since
the relevant intensities and pulse durations are within
reach experimentally in this case [4]. For v = 20 the Ry-
dberg spacing is W11 — W, ~ v™3 =~ 1.25 x 107% a.u,,
corresponding to a Kepler orbit time of 7 = 2m® =~
5 x 10% a.u., i.e., 1.2 ps. A Rabi frequency that is equal
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FIG. 2 (Continued).
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to the Rydberg spacing implies dgp = 1.25 x 10% a.u.
= 2w x 0.8 THz. Assuming a dipole matrix element
{a|D|b) =1 a.u. (which is reasonable for a strong optical
transition), the light intensity needed for this Rabi fre-
quency is I = F? = (da/|{(a|D|b}|)? = 1.6 x 1078 a.u.=
0.5 GW/cm?. The results are not expected to depend
critically on the choice of v once the light pulse duration
and intensity are appropriately scaled (with v® and v~¢,
respectively). The other parameters were chosen such
that they reflect a typical Rydberg atom: &, = 0.65,
8o = 0, and V = 0.132 [corresponding to a popula-
tion decay rate of 27er12 = 0.11x~3 and an autoionization
probability of 1 ——exp(——21rVu2'rK) = 50% per Kepler orbit
time].

A. Eigenenergies

In order to gain insight into the behavior of the system
we first calculate the eigenvalues of the (non-Hermitian)
Hamiltonian defined by the coefficients on the right-hand

side of Eq. (9), for fixed core Rabi frequency dq,. The cal-
culation was done numerically using standard methods of
matrix diagonalization. The results are shown in Fig. 2
for different values of §, and w as a function of dgp. An
instructive case is that of §, = 65, shown in Fig. 2(a). As
noted in Sec. II, the transition dipole moment of Eq. (9)
then reduces to dopSpuy /2 = dapbo, .- /2. If we ignore for
the moment the (weak) autoionization coupling V', each
member of the upper Rydberg series only interacts with
the corresponding member of the lower Rydberg series
and vice versa, and the Hamiltonian can be split into
separate 2 X 2 matrices for each pair of states |v) and |u)
with 4 = v. In other words, for equal quantum defects
in the lower and upper Rydberg series the outer electron
is not affected by the state of the core at all and stays
in the same Rydberg state, while the interaction of the
core with the light is described by the same simple two-
level system for each Rydberg state. When the light is on
resonance A = 0, these levels are degenerate in dressed
energy for zero light field strength. When the light is
turned on, they are split in energy, with a separation of
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dap, the Rabi frequency, and the dressed eigenstates are
() + [1)/V2 and () — [1))/V2 (for each pair u = v).
If we now allow for a small autoionization rate V, with
V‘f < dgp, the above dressed states will essentially remain
eigenstates, while the autoionization rate, which only af-
fects the states |u) for zero light field, will be distributed
equally over the two new eigenstates. All these features
are clearly illustrated in Fig. 2(a), where a small detun-
ing A has been used to show the different decay rates for
the two series at dgp = 0.

As mentioned before, introducing the autoionization
also introduces a coupling between the members of the
upper Rydberg series. The influence of this is very small,
except near the crossings of the dressed levels. The anti-
Hermitian coupling between different |u) states causes a
similar anti-Hermitian coupling between the two cross-
ing dressed levels. The result is shown in the inset of
Fig. 2(a), a blowup of one of the crossings. The anti-
Hermitian coupling leads to a “contracted” level crossing
for the (real part of the) eigenenergies, while the decay
rates of the new eigenstates become zero and twice the
original value, respectively. The interference of the two
decay amplitudes of the crossing states is destructive and
constructive, respectively. Thus there are states that are
stable against autoionization at the level crossings, where
the Rabi frequency is equal to the Rydberg spacing. Such
states were also found by Robicheaux [3] in his theoretical
analysis of the spectroscopy of this system.

Physically, at the level crossing the radial oscillation of
the Rydberg electron and the Rabi oscillation of the core
are “locked” [14,34,35] by the dissipative autoionization
coupling. The new eigenstates at the crossing correspond
to entangled states of the core and the Rydberg electron:
in the long-lived state the Rydberg electron is far away
from the core when the core is in the excited state |a) and
it is near the core when the core is in the ground state
|b), so that autoionization is inhibited. The short-lived
state corresponds to a similar entanglement but with the
role of the ground and excited core state reversed, i.e.,
now the Rydberg electron is close to the core when the
core is in the excited state. The localized wave functions
of the Rydberg electron in these entangled eigenstates
are composed of superpositions of the (delocalized) ordi-
nary Rydberg states that are present in the two crossing
dressed levels.

It would be very interesting to observe the long-lived
states and they might, for instance, reveal information
about other decay mechanisms that are usually negligi-
ble compared to autoionization. Unfortunately, it is also
quite difficult to observe these states experimentally since
they require an intense light field with a constant am-
plitude for a time longer than the autoionization decay
time.

As a final remark on the inset in Fig. 2(a) we note that
the complex eigenenergies are nearly degenerate at the
points where the real parts of the dressed eigenenergies
meet. Such induced (near) degeneracies are typical for
strongly driven systems involving decaying states [34,35].
For a recent theoretical example involving atoms driven
by intense light, see Ref. [37].

In Fig. 2(b) the quantum defect of the upper series was
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changed so that 6, — 6, = 0.15. As noted in Sec. II, if
8¢ # 0p (mod 1), a member of the lower Rydberg series
|v) will not only be coupled by the light to the corre-
sponding member of the upper series |u) with p =~ v
but also weakly to the neighboring states, i.e., shakeup is
possible [cf. Eq. (4b)]. In our case, for a large core Rabi
frequency, this leads to a (Hermitian) coupling between
the dressed states and turns the contracted crossings of
Fig. 2(a) into the usual avoided crossings, as is visible in
Fig. 2(b). The size of the avoided crossings strongly de-
pends on é,—6 (mod 1), the difference in quantum defect
between the two Rydberg series, through the overlap in-
tegral S,,,,. The variation in decay rate of the eigenstates
near the level crossing is still present, as is clearly visible
in the inset of Fig. 2(b).

An interesting limiting case occurs if we choose §, —
8, = 0.5 and tune the light exactly to the core resonance
A = 0. The result is shown in Fig. 2(c). The light now
couples the Rydberg levels with comparable strength to
the members of the other series just above and below and
the net result is that the levels hardly shift their energy
as a function of field strength. The levels are strongly
mixed, as is evident from the oscillatory behavior of the
decay rates as a function of field strength. Note that in
experiments on ICE, where the principal quantum num-
ber of the inner electron is unchanged by the core tran-
sition, the quantum defects of two such Rydberg series
usually do not differ by more than 0.2 [1], so that the
case of Fig. 2(c) may be considered as rather unlikely in
practice.

To conclude this section we show in Fig. 2(d) an exam-
ple where the light is detuned significantly from the core
resonance A = —3.3 x 10™% a.u. (i.e., approximately 2.6
Rydberg spacings). In this case the levels hardly shift
until the Rabi frequency becomes comparable to the de-
tuning. For lower Rabi frequencies, the decay rates only
mix when members of the upper and lower Rydberg se-
ries are degenerate in (dressed) energy, so that the usual
ICE spectrum of shakeup resonances is recovered for such
large detunings.

B. Pulsed fields

As mentioned in the preceding subsection (and dis-
cussed by Robicheaux in Ref. [3]), measuring the ener-
gies and decay rates of the dressed eigenstates is diffi-
cult experimentally since it requires the use of an intense
yet stable dressing light source. However, if one uses a
pulsed light source, the effects of the dressing can also
be observed, as we will show in this section. The basic
idea is to start in a single bound Rydberg level and to
use a light pulse that is sufficiently strong to pass one
or more of the (avoided or contracted) level crossings of
Fig. 2. Passing such a level crossing will in general cause
a redistribution of the population over the dressed lev-
els and (among other effects) will lead to population of
bound Rydberg levels adjacent to the initial bound state
once the light is off again. Such bound-state population
transfer can subsequently be detected fairly easily [38].

As is well known [27], the actual amount of population
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transferred when passing a level crossing will depend on
the rate at which the crossing is passed (i.e., the rate
of change of the Rabi frequency in our case) and on the
shape of the crossing (determined in our case by the dif-
ference in quantum defect between the two series and the
autoionization rate). We show below that considerable
population transfer can be found for experimentally fea-
sible light pulses, using the same atomic parameters as
in Sec. IITA.

Before we discuss the results of our calculations, we
first emphasize that the population transfer is made pos-
sible by the large Rabi frequency of the core and that this
effect can in principle also occur for very long light pulses

[39]. It is thus quite different from the effect that popu-
lation transfer can be observed when the pulse duration
is much shorter than the Kepler orbit time (as discussed,
e.g., in Ref. [8]).

The effects of a light pulse, nearly resonant with the
core transition, were calculated by numerically integrat-
ing the time-dependent Schrédinger equation Eq. (9) us-
ing a fifth-order Runge-Kutta method with adjustable
step size [40]. In order to verify the validity of our finite-
basis-set Hamiltonian, we compared the results of the
calculation for a narrow-bandwidth, low-intensity light
pulse with those of perturbation theory [1]. As an ex-
ample, Fig. 3(a) shows the total ionization yield, start-
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FIG. 3. Photoionization yield from initial state » = 20.35, as a function of light detuning A from the core resonance, for
6a —0p = 0.15. (a) Perturbative regime, comparison of quantum-defect theory (QDT) to the numerical result, using Eq. (9) with
along (T = 4 x 10° a.u.), weak (do = 5 x 107 a.u.) pulse. (b) Nonperturbative regime, numerically calculated photoionization
for three different pulse strengths, with a relatively short Gaussian pulse [Eq. (11), 7 = 4 x 10* a.u. = 1 ps].
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ing in the v = 20.35 bound state, for a weak, narrow-
bandwidth Gaussian pulse. The same atomic parameters
as in Fig. 2(b) were used and the light pulse was given
by :

—$2 /.2
dab = doe I 9

(11)
with dg =5 x 1077 a.u. and 1/7 = 2.5 x 10~ a.u. (i.e.,
7 = 10 ps). These numbers should be compared to the
Rydberg spacing, which is 473 = 1.2 x 10~% a.u., and to
the autoionization width 27V,2 = 1.4 x 1075 for p = 20.
Note that the ionization yield is given by the decrease in
the norm of the wave function |@) (i.e., the population
fraction transferred to the continuum during the light
pulse) plus the population remaining in the upper Ry-
dberg states at the end of the pulse. The latter states
will decay by autoionization and will also be detected as
photoionization.

The result is compared to the perturbative calcula-
tion of the photoionization cross section o in standard
quantum-defect theory [1]

1+ tan®7wp

32
(2m2V2)2 4 tan? 7rp”

pv)

o x 2m2V? (12)

where p is now taken as a continuous variable, defined
by —1/2u? = W, = W, + A. The agreement is ex-
cellent. Note that our numerical calculations reproduce
quite well the shape of the ionization curve of Eq. (12)
between the resonances, even though we have only used
the quantum-defect result of the matrix elements for on-
resonance excitation.

When the light pulse is shortened by a factor 10 (r =
4x10%), with dy fixed (dp = 5x10~7 a.u.), the ionization
spectrum shown in Fig. 3(b) results. Clearly most of the
details of the excitation structure are washed out due to
the large bandwidth of the excitation pulse, but the gen-
eral features remain unaltered. Increasing the peak Rabi
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frequency of the light significantly (to do = 8 x107° a.u.)
changes the spectrum dramatically, as is also visible in
Fig. 3(b). The main peak broadens and the shakeup and
shakedown peaks, which were very weak initially, become
clearly visible. Note that the broadening is due the large
Rabi frequency and not only to ionization depletion of
the bound states during the light pulse since the Rabi
frequency is much higher than the autoionization decay
rate. Thus this Rabi broadening is quite different from
the depletion broadening observed in ICE using nanosec-
ond lasers [1,41]. In the latter case the ground state is
depleted during the laser pulse and the ionization rate
is given by the perturbative rate. In our case, a major
part of the initial population is transferred to other Ryd-
berg states during the light pulse. Directly after the light
pulse, there is still relatively little population transferred
to the continuum and most of the population is still in
the autoionizing (and in the bound) Rydberg series.
When the peak Rabi frequency is increased further
(do = 1.5 x 10™* a.u.), the resonances broaden so much
that the shakeup satellites are no longer recognizable.
From the discussion of Fig. 2 we expect that for such
high intensities transitions between the dressed levels oc-
cur. This is indeed the case and can be observed as
population ending up in Rydberg states neighboring the
initial Rydberg state. Examples of this for two differ-
ent pulse strengths are shown in Fig. 4. Note that for
do = 1.4 x 10% a.u., more population is left in one of
the neighboring bound Rydberg states than in the ini-
tial state, while for do = 1.8 x 10~% a.u. almost 40%
of the population returns to the initial state. The final-
state population distribution depends critically on the
exact value of the parameters chosen. The size of the
level crossing and the rate of change of the light am-
plitude determine the amount of population transferred.
In addition, since during the light pulse each relevant
dressed-level crossing will be passed on both the rising
and the falling edge of the pulse, there will in general

Bl d,-1.4x10% a.u.
dy=1.8x10" a.u.

FIG. 4. Population distribu-
tion over the lower Rydberg se-
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be interference between these two crossings. We do not
discuss these effects in detail here. The sensitivity to the
parameters is illustrated in Fig. 4 by the large difference
in final-state distribution in the two cases shown, where
only the light pulse amplitude was changed by 30% (i.e.,
a change in peak intensity of 70%). These cases corre-
spond to a peak light strength that reaches or just crosses
the first level crossing. In an experiment using focused
laser beams, the ionization yield and the final popula-
tion distribution are averaged over the range of peak light
strengths present in the laser focus and these interference
effects are averaged out.

An interesting variation on the effects studied here
would be reached when the peak Rabi frequency in the
pulse would become larger than the binding energy of the
initial state. For such Rabi frequencies, the coupled Ryd-
berg series form two new Rydberg series, each converging
to its own dressed core state [3]. The upper dressed series
will be coupled to the continuum above the lower dressed
series, giving rise to autoionization. This would result in
electrons emitted at an energy corresponding to the Rabi
frequency instead of to the photon frequency. Such low-
energy electrons may be said to result from “zero-photon
ionization” since photons are only scattered for this ion-
ization process, not absorbed. Note that in this case
our finite-basis approach would be inadequate since on
the rising edge of the light pulse the atomic state should
pass avoided crossings with dressed levels connected to
the infinitely many Rydberg states with higher principal
quantum number than the initial state.
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IV. CONCLUSIONS

We have theoretically investigated the properties of
two Rydberg series coupled by a strong light field reso-
nant with the core transition. When the Rabi frequency
equals the Rydberg level spacing, level crossings occur,
which can be avoided or contracted. At these level cross-
ings stable (dressed) states are found. The minimum
separation in the avoided level crossings depends on the
difference in quantum defect of the two bare series. For
equal quantum defect contracted crossings show up due
to the anti-Hermitian coupling associated with autoion-
ization. Numerical integration of the time-dependent
Schrodinger equation shows that a strong light pulse,
shorter than the autoionization decay time, can lead to
broadening of the photoionization spectrum and to tran-
sitions between the dressed levels, resulting in population
of bound Rydberg states neighboring the initial state.

ACKNOWLEDGMENTS

We thank the authors of Refs. [14,15,21,22,24] for com-
municating their results prior to publication. We grate-
fully acknowledge F. Robicheaux and L. Hansen for stim-
ulating discussions and L. D. Noordam for critically read-
ing the manuscript. This work is part of the research
program of the “Stichting voor Fundamenteel Onderzoek
der Materie” and was made possible by financial support
of the “Nederlandse Organisatie voor Wetenschappelijk
Onderzoek.”

(1] T. F. Gallagher, Rydberg Atoms (Cambridge University
Press, Cambridge, England, 1994).

[2] R. J. de Graaff, W. Ubachs, and W. Hogervorst, Phys.
Rev. A 45, 166 (1992).

[3] F. Robicheaux, Phys. Rev. A 47, 1391 (1993).

[4] We have recently found experimental evidence of these
effects of the core dressing in magnesium. These experi-
mental results will be presented elsewhere [38].

[5] W. A. Henle, H. Ritsch, and P. Zoller, Phys. Rev. A 38,
683 (1987).

[6] B. Wolff, H. Rottke, D. Feldmann, and K. H. Welge, Z.
Phys. D 44, 35 (1988).

[7] J. A. Yeazell, M. Mallalieu, and C. R. Stroud, Jr., Phys.
Rev. Lett. 64, 2007 (1990).

[8] L. D. Noordam, H. Stapelfeldt, D. I. Duncan, and T. F.
Gallagher, Phys. Rev. Lett. 68, 1496 (1992).

[9] J. H. Hoogenraad, R. B. Vrijen, and L. D. Noordam,
Phys. Rev. A 50, 4133 (1994).

[10] Xiao Wang and W. E. Cooke, Phys. Rev. Lett. 87, 976

(1991).

[11] Xiao Wang and W. E. Cooke, Phys. Rev. A 46, 4347
(1992).

[12] Xiao Wang and W. E. Cooke, Phys. Rev. A 46, R2201
(1992).

[13] J. G. Story, D. I. Duncan, and T. F. Gallagher, Phys.
Rev. Lett. 71, 3431 (1983).

[14] L. G. Hanson and P. Lambropoulos, Phys. Rev. Lett. 74,
5009 (1995).

[15] O. Zobay and G. Alber, Phys. Rev. A 52, 541 (1995).
[16] H. Stapelfeldt, D. G. Papaioannou, L. D. Noordam, and
T. F. Gallagher, Phys. Rev. Lett. 67, 3223 (1991).

[17] R. R. Jones and P. H. Bucksbaum, Phys. Rev. Lett. 67,
3215 (1991).

[18] R. Grobe and J. H. Eberly, Phys. Rev. Lett. 68, 2905
(1992).

[19] R. Grobe and J. H. Eberly, Phys. Rev. A 48, 623 (1993).

[20] R. Grobe and S. L. Haan, J. Phys. B 27, L735 (1994).

[21] S. L. Haan, M. Bolt, H. Nymeyer, and R. Grobe, Phys.
Rev. A 51, 4640 (1995).

[22] L. G. Hanson, Jian Zhang, and P. Lambropoulos (unpub-
lished).

[23] D. G. Papaioannou, D. A. Tate, and T. F. Gallagher, J.
Phys. B 25, 2517 (1992).

[24] B. Walker et al., Phys. Rev. Lett. 75, 633 (1995).

[25] M. J. Seaton, Rep. Prog. Phys. 46, 167 (1983).

[26] S. A. Bhatti, C. L. Cromer, and W. E. Cooke, Phys. Rev.
A 24,161 (1981).

[27) B. W. Shore, The Theory of Coherent Atomic Ezcitation
(Wiley, New York, 1990).

[28] H. A. Bethe and E. E. Salpeter, Quantum Mechanics of
One- and Two-Electron Atoms (Springer, Berlin, 1957).

[29] The angular-momentum quantum numbers of the core
and the Rydberg series are not explicitly written down in
order to simplify our notation. The only relevant property
we use here is that the optical transition between the
upper and the lower series is allowed by the angular-



3056 N. J. van DRUTEN AND H. G. MULLER 52

momentum selection rules.

[30] Equation (4b) is actually an approximation. The approx-
imation is excellent as long as the angular momentum of
the Rydberg electron is much smaller than the principal
quantum number 7 [1,26].

[31] In particular, we neglect direct photoionization of the
bound Rydberg states. This is usually a very good ap-
proximation in ICE. Note that we also neglect photoion-
ization of the upper Rydberg series for the same reason.

[32] J. Parker and C. R. Stroud, Jr., Phys. Rev. A 41, 1602
(1990).

[33] Since in the cases we study here the spacing of the Ryd-
berg states within one series is much smaller than the
distance between the two Rydberg series, all relevant
detunings are much smaller than the optical frequency
w and the RWA is an excellent approximation. Specifi-
cally, we study v = 20 so that the Rydberg spacing is
v~% ~ 10~* a.u. The Rabi frequency dqp and the detun-
ing A are always on the order of the Rydberg spacing in
this paper. Thus both are always more than two orders
of magnitude smaller than the resonant frequency for a
typical optical core transition (E, — Ep ~ 0.1 a.u.), which
means that the rotating-wave approximation is applica-

ble. In addition, we note here that the values of E, — E}
and w only enter Eq. (9) through the detuning A, so that
we will only need to specify A in the calculations.

[34] G. Weinreich, J. Acoust. Soc. Am. 62, 1474 (1977).

[35] J. P. Woerdman and R. J. C. Spreeuw, in Analogies in
Optics and Micro-Electronics, edited by W. van Haerin-
gen and D. Lenstra (Kluwer Academic, Dordrecht, 1990),
pp- 135-150.

[36] U. Fano, Phys. Rev. 124, 1866 (1961).

[37] O. Latinne et al., Phys. Rev. Lett. 74, 46 (1995).

[38] N. J. van Druten and H. G. Muller (unpublished); see
also N. J. van Druten, One- and Two-Electron Atoms in
Intense Light Fields (Free University, Amsterdam, 1995),
p. 35.

[39] In our case the pulse duration of the light is limited in
practice by the autoionization rate. If the light is turned
on too slowly, autoionization will have depleted the
atomic population before any level crossing is reached.

[40] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P.
Flannery, Numerical Recipes in C, 3rd ed. (Cambridge
University Press, Cambridge, England, 1979).

[41] N. H. Tran, R. Kachru, and T. F. Gallagher, Phys. Rev.
A 26, 3016 (1982).



