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Abstract. We have studied the ionization of Rydberg—excited xenon atoms in THz-laser fields and by quan-
tum dynamical calculations. The experimental threshold laser field strength for 10% ionization probability
follows an n*~1:%% (w/27 =1.04 THz) dependence (n* effective principal quantum number) with additional
weak resonance structures and shows that ionization does not occur by a Landau—Zener mechanism. At
scaled frequencies of {2 = 0.71 to 5.6 the simulated threshold fields for ionization in oscillatory fields show
a dependence on the principal quantum number n of n=**! to n =135,

PACS. 32.80.Rm Multiphoton ionization and excitation to highly excited states (e.g., Rydberg states) —
42.50.H Strong-field excitation of optical transitions in quantum system; multiphoton processes; dynamic

Stark shift

1 Introduction

The interaction of Rydberg atoms with electric fields, both
static and time dependent, has been intensely studied be-
cause these systems allow the detailed investigation of
electron dynamics at the transition from quantal to classi-
cal behavior. The ionization in static electric fields can be
interpreted in terms of the classical lowering of the ioniza-
tion potential in the external field and quantum mechan-
ical tunneling, leading to the escape of electrons from a
critical quantum number on. The ionization of Rydberg
atoms in time dependent periodic fields has mostly been
studied in the microwave region [1-3]. In microwave fields
ionization occurs already at field strengths much lower
than those required in static fields. At the same time, in
many cases hundreds of microwave photons are necessary
to ionize a Rydberg state with the ionization being in-
terpreted as a sequence of Landau—Zener transitions be-
tween adjacent states of the Stark manifolds [2,3]. The
ionization behavior in static and in microwave fields is
characterized by ion yield curves with threshold fields de-
pending on n, scaling as n~* and n~° for the static and
the microwave case, respectively. Most of the microwave
experiments were performed in the regime of low scaled
frequency 2 = n3w < 1, where the electric field is slowly
varying compared with the Kepler period Tx = 27n? of
the Rydberg electron. Only in very few experiments the
range of {2 ~ 1 and beyond has been explored. This has
been realized either by investigating higher Rydberg states
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in 36-GHz microwave fields (2 < 2.8) [1] or by using
far—infrared (FIR) laser fields. The latter approach has
been pursued by Noordam et al. using frequencies above
3.3 THz (110 cm™!) to investigate resonant multiphoton
ionization of Rydberg states and the Cooper minima oc-
curing therein [4]. The regime of 2 ~ 1 has also been
investigated in nonperiodic electric fields where half—cycle
electromagnetic pulses (HCPs) have been applied to ion-
ize Rydberg atoms. For a HCP with pulse width T}; of the
order of the Kepler period, the threshold fields for ion-
ization show an n~2 dependence [5], approaching an n~1
dependence in the ultrashort pulse limit [6,7].

In the present work the multiphoton ionization of Ryd-
berg states is explored using a far—infrared gas laser oper-
ating at 1.04 THz (34.7 cm™!) and by quantum dynamical
calculations.

2 Experimental

The experimental setup consists of a time—of—flight mass
spectrometer combined with two dye lasers, operating in
the visible and in the near UV, and a far—infrared gas laser.
The FIR light source is an optically pumped gas laser [8],
which consists of a gas cell filled with CH3F. Using the
CO3 9R20 pump line, one obtains radiation at 1.04 THz
with a pulse width of 50 ns. The FIR laser beam was fo-
cused by a parabolic mirror (f = 250 mm) into the exci-
tation region of the ion optics. Its spot size is much bigger
than the region where the Rydberg atoms are formed, and
we assume that all Rydberg atoms experience the same
FIR field intensity. Xenon atoms are excited to Rydberg
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Fig. 1. Experimental (a) and simulated (b) ionization onset
curves as a function of FIR laser field strength.

states using a 241 excitation scheme. Two—photon exci-
tation to the 2Pj /25p56p state is followed by absorption
of a third photon to excite the atoms to 2P s2nd Rydberg
states. After 100 ns the Rydberg states are exposed to the
FIR laser field. After another time delay of 1 us a static
field of 50 V/cm is applied to extract the ions into the drift
tube of the time—of-flight apparatus, where they are de-
tected on a microchannel plate detector. The assignment
of the individual Rydberg states was based on a VUV
absorption spectrum [9]. For our experiments, we chose
the n*d(3/2)-Rydberg series (n* = 15 to 35) converging
to the first ionization potential at 97833.75 cm~!. Only
comparatively low lying Rydberg states were measured,
since very high Rydberg states could cause systematic er-
rors due to the extraction field leading to ionization for
all states above n*=>50. By varying the intensity of the
ionizing FIR laser, we obtained ion yield curves for differ-
ent n*. All measured ion yield curves show a slowly rising
onset with a saturation region at higher pulse intensities.

As an example, the ion yield curve for n*=19.48 is
shown in Figure la. The central part of the onset can be
fitted with a power law I oc P™ (I ion signal, P pulse
intensity), with an exponent of m=2.8. From the ion yield
curves for different n* we extracted field values for 10%
and 50% ionization probability. In Figure 2a the thresh-
old electric fields Eipresn as a function of n* are shown.
The resulting curves can be fitted with n*—~dependencies
of Eipresn, o 18 and Eipresn o< n* 122 for 10% and
50% ionization, respectively. The curve in the logarithmic
plot of Eipresn vs. n can not be expected to be linear in the
investigated n-range. Hence, we interpret the obtained de-
pendence of the threshold field as a linear approximation
by a tangent near the center of the Eipresp vs. n curve at
n = 25, corresponding to a scaled frequency {2 = 2.37. The
different n*—dependencies for the 10% and 50% threshold
fields correspond to the observed broadening of the ioniza-
tion onset region with increasing n*. The 10% threshold
fields for all n* are smaller than those required for ioniza-
tion in static fields.
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Fig. 2. Experimental (a) and simulated (b) threshold laser
fields for 10% and 50% ionization probability as a function
of the effective principal quantum number n*. The threshold
fields scale as n~ '3 (calc., 50%), n~ 1% (calc., 10%), n*~ 22
(exp., 50%) and n* "% (exp., 10%); (n = n* in the simula-
tions).

3 Quantum Simulations

To support the interpretation of the experimental data
quantum dynamical simulations have been carried out.
The time dependent Schrodinger equation for the radial
wavefunction in position space representation can be writ-
ten (in atomic units) as

i%d’(r’t) - T""A/;ff(r’t)} W(r,t). (1)

Here the radial part of the kinetic energy is given by

R 162
T=—-— 2
2 0r? )
and the effective potential is
N 1 (41

Veps(rit) = ——+ —rE(t) (3)

272
where the second and third term on the r. h. s. describe
the centrifugal barrier and the interaction between the
atomic dipole moment and an external (time—dependent)
electric field in the semiclassical dipole approximation, re-
spectively [10]. The laser pulses are assumed to be of the
form

E(t) = & sin? (%) cos(wt), 0<t<2T (4

in which & and w are the amplitude and the frequency of
the pulse, respectively. In our nonperturbative approach
we solve this equation numerically using methods origi-
nally developed for the field of quantum molecular dy-
namics [11] which were also applied to simulate the time
evolution of a Rydberg wavepacket in microwave fields
[12]. The radial wavefunction (r,t) is represented on an
equally spaced grid (consisting of 2048 points covering
the range up to r = 500 nm) which facilitates evaluation
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of the kinetic energy operator by fast Fourier transform
(FFT) techniques. In addition, we use a negative imag-
inary potential to absorb the outgoing part of the wave
function at the end of the grid. To avoid numerical insta-
bilities caused by the steep well of the effective potential
for small angular momenta, we chose here a relatively large
value of £ = 14. However, in principle this problem could
also be circumvented using the recently published mapped
Fourier method [13]. For simplicity, we assume A¢ = 0
and we neglect polarization or orientation effects in the
present work. For sufficiently small time steps At = 10
fs, the potential energy operator of equation (3) can be
regarded time—independent thus permitting an easy eval-
uation of the time evolution operator by the split—operator
scheme [14]

W(t+ At) = e HAH (1)

At 2 At
— eszTe—zAtVeffeszle(t) + O(At)3. (5)

In our simulations we assumed laser pulses of T=90 ps du-
ration. After the end of the laser pulse, the propagations
were continued for another 10 ps to finally determine the
ionization probability. The actual laser pulse of the exper-
iment could not be simulated due to its long duration of
~ 50 ns. In order to be compatible with the experimental
situation where all states for n > 50 are ionized by static
fields, we determined the survival probability (for atoms
not being ionized) by projecting the time dependent wave-
function on the first 50 eigenstates of the effective poten-
tial and defining the remainder as ionization probability.

We performed simulations for FIR pulses of various
intensities and frequencies. The calculated ion yield curve
for n = 19 and 1.04 THz is given in Figure 1b. The central
part of the curve can be fitted by an I o« P™ law with
an exponent of m = 3.5, which is in reasonable agree-
ment with the experimental value of 2.8. Ton yield curves
have been simulated for n = 15 to 35 and the thresh-
old laser fields for 10% and 50% ionization probability
have been extracted. The results for w/2m = 1.04 THz
are plotted in Figure 2b. The curves can be fitted by
an FEipresn < n® scaling law with exponents s = —1.65
(—1.13) for 10% (50%) ionization. Contrary to the exper-
imental data, where the sparsity of data points (together
with possible resonances) make it difficult to determine a
small change of the scaling exponent s for different n* val-
ues, the calculated data points clearly show such a change.
The scaling law exponent decreases with increasing n (10%
ionization: 15 < n < 25: s =1.88, 26 < n < 35: s = 1.28).
Again, the scaling law exponent for 15 < n < 35 is there-
fore taken as a slope of a tangent near the center of the
curve at n = 25.

Note that the Eipresn vs. n curves obtained from the
simulations exhibit small oscillations which will be dis-
cussed later. The experimental laser field strength differs
in all cases from the calculated values by a factor of ~ 8.
This appears to be a consequence mainly of difficulties in
the determination of the experimental field strengths, but
also of the short simulation times (compared to the long—
pulse excitation in the experiment). Nonetheless, the good
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Fig. 3. Experimental and calculated scaling exponents of the
threshold fields (10% ionization probability) as a function of
the scaled frequency (2. For comparison, scaling exponents for
ionization in microwaves and in HCPs have been added at their
approximate {2 values.

agreement of the experimental with calculated slopes for
the ion yield and for the threshold field curves shows that
our numerical model indeed describes the essential phys-
ical behavior of the system correctly. In addition to the
FEihresn vs. n curve for 1.04 THz, we carried out simula-
tions for FIR pulses of 2.4 THz, 0.6 THz, and 0.3 THz,
corresponding to 2 = 5.6, 1.42, and 0.71 for n = 25.
The resulting scaling exponents for 10% ionization were
s =—1.35, —2.11, and —4.1.

4 Discussion

In the present work we have extended the range of scaled
frequency {2 of earlier experiments, which were carried out
using microwave fields, to {2 < 5.6 using THz laser fields.
The weak laser fields E < Ey (Ey attractive field of the
nucleus) and scaled frequencies of 2 < 5.6 are close to
the multiphoton ionization regime. In this regime, where
perturbation theory is commonly used to describe mul-
tiphoton processes, the number of photons required for
ionization, giving the actual multiplicity of the process,
can be extracted from the slope of the ion yield curve
as a function of the intensity in a log—log plot, assuming
that no intermediate resonances occur. The experimental
slope of 2.8 (calc. 3.5) in a 1.04-THz field deviates con-
siderably from the value which one might expect for a
simple multiphoton ionization scheme for a Rydberg state
where 9 photons are required for ionization (n*=19.48).
This clearly shows that nonperturbative calculations are
necessary to describe the ionization. Furthermore, the ion-
ization of Rydberg states in nonresonant FIR laser fields
is found to be distinctly different from the ionization in
microwave fields. The scaling law exponents s between
—1.35 and —4.1 obtained both in experiment and simu-
lations show that a Landau—Zener mechanism, leading to
s = —b, as it is commonly used to describe the ionization
of Rydberg states in microwave fields (2 < 1), can be
excluded for the THz-frequencies considered here.
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The different findings for nonresonant oscillatory fields
are summarized in Figure 3, where various experimental
and calculated scaling law exponents are plotted as a func-
tion of the scaled frequency (2. The scaling exponent s de-
creases from the value for microwave fields with increasing
{2 and seems to approach s = —1 at high scaled frequen-
cies. The scaling exponents obtained in this work can be
compared with those for ionization by a 500 fs-HCP with
a central frequency of ~ 1 THz [5,16] (corresponding to
£2 ~ 2.37 at n=25), and for HCP ionization in the ultra-
short pulse limit [6,7], both given in Figure 3. The scal-
ing exponent of —2 for the 500 fs-HCP fits well with the
experimental and calculated scalings of the present work
[15]. FIR ionization seems to approach the same scaling
exponent as HCP ionization in the limit of ultrafast exci-
tation (£2 > 1). A further similarity for HCPs and FIR
ionization is the broadening of the ionization onset curves
with increasing quantum number n. For the 500 fs-HCP
in reference [5], the scaling exponent for 50% ionization
probability (—1.5) is lower than that for 10% ionization
(—2), similar to our results in FIR-fields (10%:—1.68,
50%:—1.22). These results indicate that there is no prin-
cipal difference between the ionization mechanism in pe-
riodic fields and in the HCP experiments of reference [5]
concerning the time scale of excitation, expressed by the
scaled frequency 2.

Classical dynamics describes very well the microwave
ionization of Rydberg states at low scaled frequencies and
has also been employed by means of a momentum transfer
model to interpret the HCP experiments in reference
[5]. However, quantum effects can be expected to play a
role in oscillatory fields. For the frequencies used here, a
weak resonance structure appears superimposed on the
simulated Fipresn vs. n—curves (see Fig. 2). These minima
(maxima) are caused by accidental quasi-resonances of
the photon energy with a transition from the initial to a
higher (lower) Rydberg state (An = 42,3 in this case),
indicating that in favorable cases resonant absorption
(stimulated emission) is the first step towards ionization.
The resulting Rydberg state is then ionized at lower
(higher) electric field strength. Our experimental data on
xenon show only one feature at n* ~ 24 which can clearly
be assigned to a quasi—resonance. Small oscillations due
to quasi—resonances could also be expected to appear
in an s wvs. {2 curve such as that in Figure 3. The
scaling exponents therein, however, are determined from
the slopes of Ejpresn vs. n curves where the laser field
is nonresonant for most of the n values so that small
resonances are levelled out. The resonances occuring in our
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simulations, however, become less pronounced upon
decreasing the scaled frequency thus illustrating the
transition from higher (2 values, where resonances
and quantal behavior are dominant, to the low
{2 regime where classical models suffice to de-
scribe the dynamical behavior. In conclusion, we
have determined the threshold field dependence of
Rydberg ionization for 0.71 < 2 < 5.6, for the first time
using a far—infrared gas laser. The ionization behavior in
nonresonant laser fields resembles that observed in HCP
experiments but in addition shows quantum effects.
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