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W = −1
2n2

r ∝ n2

Lifetime ∝ n3

ωkepler ∝ 1/n3

Eionization ∝ 1/n4

V = −1/r

Properties of Rydberg Atoms

}1/n3

E
n
e
rg

y

J. Gurian MW Ionization of Rydberg Atoms 3 / 47



Introduction Experimental Setup Experimental Results Rydbergs Field Ionization Photoionization MW Ionization

Introduction to Rydberg Atoms

W = −1
2n2

r ∝ n2

Lifetime ∝ n3

ωkepler ∝ 1/n3

Eionization ∝ 1/n4

V = −1/r

Properties of Rydberg Atoms
For n=100:

I W = −1.4 meV
I < r >= 0.5µm
I τ = 1 ms
I ωkepler = 2π×6.5 GHz
I Eionization = 5.7 V/cm
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Field Ionization
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Photoionization
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Photoionization

h̄ω

if h̄ω > W ,

If we have some collection of
atoms,

how do we calculate the
ionization rate?
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Fermi’s Golden Rule
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Fermi’s Golden Rule

l’Huillier et al., PRA 27 (1983).
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Where does Microwave Ionization fit?
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Scaled Microwave Units:

Ω =
ω

ωKepler
= ωn3

E0 =
E

ECoulomb
= En4
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Hydrogenic Microwave Ionization

First experiments
by Bayfield and
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Non-Hydrogenic Microwave Ionization

Ladder-climbing
mechanism for
ionization:

E =
1

3n5

Pillet et al., Phys. Rev. Lett. 50, 1983.
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Where does Microwave Ionization fit?
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Scaled Microwave Units:

Ω =
ω

ωKepler
= ωn3

E0 =
E

ECoulomb
= En4

Experimentally, what happens as we
approach the photoionization limit?
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Microwave Ionization
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What happens as we approach the photoionization limit?
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Experimental Setup
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Pictures
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A New Laser System
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External Pulse Splitting
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Dye Laser Output: ≈ 20µJ/pulse

JHG, HM, and TFG, Rev. Sci. Instrum. 81 073111 (2010).
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Expected Results
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Microwave Ionization Steps - 17 GHz
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Microwave Ionization Steps - 36 GHz

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

-250 -200 -150 -100 -50

1234567

Fr
ac

ti
on

of
at

om
s

M
W

io
ni

ze
d

Binding energy (GHz)

Number of microwave photons to the limit

1.07 V/cm
2.15 V/cm
4.29 V/cm
8.56 V/cm
17.0 V/cm
34.0 V/cm
67.9 V/cm

J. Gurian MW Ionization of Rydberg Atoms 20 / 47



Introduction Experimental Setup Experimental Results Multiphoton MW Ionization Rates ATI

Dynamical Anderson Localization

First work by Casati et al.
Energy

Anderson Localization - Destructive interference between many
multiphoton paths localizes the electronic wave function, and
ionization occurs when electron transport diffuses over the limit.
Schelle et al. - Anderson Localization crossing over to Fermi’s
Golden Rule

Schelle, Delande, and Buchleitner, PRL 102 (2009).
Casati et al., Phys. Rep. 154 (1987).
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Jensen et al. Model

|n〉

|n′〉

ω

Rabi width = µ · E =
0.4108E
ω5/3n3

State spacing =
1
n3

MW ionization occurs when the
Rabi width ≥ state spacing

E = 2.4ω5/3

Jensen et al., Phys. Rev. Lett. 62, (1989).
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Jensen et al. Comparison
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Schelle, Delande, and Buchleitner Model

computational power provided by parallel supercomputing

facilities. The production of one single data point as dis-

played in the figures below requires repeated diagonaliza-

tion of banded complex symmetric matrices of dimension

up to 106, which amounts to storage needs up to 150 GB.

In order to highlight the continuous transition from sup-

pressed transport due to Anderson localization to enhanced

transport due to the photoeffect, we scan an energy range

of atomic initial states from n0 ¼ 90 to n0 ¼ 245, at fixed

microwave frequency and atom-field interaction time t ¼
500 ns, and angular momentum quantum numbers ‘0 ¼ 1,

m0 ¼ 0. The specific choice of these parameters is inspired

by ongoing experiments [13] on Rydberg states of lithium,

and we will provide data for lithium as well as for atomic

hydrogen, to disentangle universal features of the said

transition from those characteristic of the atomic species

under scrutiny. Furthermore, our ‘‘starting value’’ n0 ¼ 90

guarantees that we start out in the Anderson regime, where

the ionization yield is characterized by a universal ioniza-

tion threshold irrespective of the atomic species [20].

Figure 1 shows the results of our calculation in terms of

the scaled ionization threshold field F10�
0 ¼ F10�n40, i.e.,

of the driving field amplitude F10�
0 which induces

PionðtÞ ¼ 0:1, measured in units of the Coulomb field

experienced by the electron on its unperturbed Rydberg

orbit n0 [21]. The threshold field is plotted as a function of
the scaled driving field frequency �0 ¼ �n30, i.e., of the

driving field frequency � measured in units of the unper-

turbed Kepler frequency for n0. Clearly, we can identify

three regimes of qualitatively different behavior: In

regime (I), for low principal quantum numbers n0 ¼
90–170 (corresponding to scaled frequencies �0 ’
1:9–13:1), we witness the characteristic signature of

Anderson localization—the scaled ionization threshold in-

creases with the excitation of the initial atomic state, i.e.,

with decreasing ionization potential, and is essentially

independent of the atomic species [20]. In regime (II),

the ionization threshold still increases on average—sug-

gestive of Anderson localization—but is garnished by

large-scale modulations. Closer inspection of this oscillat-

ing structure reveals its origin in successive passages

through the multiphoton ionization thresholds indicated

by vertical arrows in the figure: The opening of a direct,

N
�
-photon ionization channel [22] is manifest in a local,

rapid decrease of F10�
0 with �0 (since the dominant con-

tribution to the ionization signal is of lower order). As �0

increases further on, the threshold field increases again,

since the cross section for N
�
-photon ionization decreases

with increasing frequency—until the next channel opens.

The thus emerging structures are precursors of the final

opening of the single photon ionization channel at n0 ¼
230 (�0 ¼ 32:4), which defines the demarcation line be-

tween regime (II) and the realm of the photoeffect,

regime (III) [23].

We therefore witness a synchronicity of Anderson local-

ization and (N
�
-order) photoeffect in regime (II): the

former still largely suppresses the ionization process,

even when, by virtue of the value of N
�
, multiphoton

transitions of very low order mediate the transport, while

the latter is already reflected in prominent nonmonotonic-

ities of the threshold field. Only in regime (III) is Anderson

localization completely absent.

A complementary analysis corroborates this interpreta-

tion. According to the theory of Anderson localization, the

exponential localization of the electronic wave function on

a characteristic scale � (in units of the driving field photon

energy ��) on the energy axis [24] implies an exponential

scaling of the ionization yield, according to Pion �
expð�2N

�
=�Þ. Consequently, for a fixed ionization yield

(as implicit in the definition of F10�
0 ), this leads to the

prediction that �ð�0; F
10�
0 Þ=N

�
be independent of �0.

This is what is observed in Fig. 2 in regime (I) (modulo

threshold fluctuations which are characteristic for the

Anderson problem [25]), where we plot �ð�0; F
10�
0 Þ=N

�

vs �0, with � estimated according to [24]

� ’ 3:33F2
0�

�10=3
0 n20: (3)

This simple expression is known to be quantitatively in-

correct [10,16], but to provide a qualitatively reliable

10 20 30 40

0

0�1

0�2

0�3

0�4

FIG. 1 (color online). Scaled ionization threshold field F10�
0 ¼

F10�n40 of atomic hydrogen [red dashed line (�)] and lithium

[blue solid line (�)], at fixed laboratory microwave frequency

� ¼ 17:5 GHz and interaction time t ¼ 500 ns. The scaled

frequency�0 ¼ �n30 ¼ 1:9–39:1 is tuned by changing the initial

state’s principal quantum number from n0 ¼ 90 to n0 ¼ 245, at

fixed values of the angular momentum quantum numbers ‘0 ¼ 1

and m0 ¼ 0. We observe three distinct regimes. (I), 1:9 � �0 �
13:1: the monotonous increase of F10�

0 with �0 is a character-

istic signature of Anderson localization in strongly driven quan-

tum systems [20]. Regime (II), 13:1 � �0 < 31:5: F10�
0 still

increases with �0, on average, but is garnished by large modu-

lations due to the passage of the atomic initial state across

subsequent N
�
-photon ionization thresholds indicated by verti-

cal arrows. Anderson localization and finite N
�
-photon ioniza-

tion coexist. Regime (III), �0 � 31:5: The photon energy

exceeds the ionization potential of the initial state, the

Anderson scenario is inapplicable, and single photon absorption

mediates the ionization process.

PRL 102� 183001 (2009) P HY S I CA L REV I EW LE T T E R S
week ending
8 MAY 2009

183001-2

H

Li

Schelle, Delande, and Buchleitner, Phys. Rev. Lett. 102, (2009).
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Schelle, Delande, and Buchleitner Comparison
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Schelle, Delande, and Buchleitner, Phys. Rev. Lett. 102, (2009).
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Photoionization - Timing
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Single Photon Ionization
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Single Photon Ionization

0.01

0.1

1

0 500 1000 1500 2000

R
el

.r
em

ai
ni

ng
po

pu
la

ti
on

(a
rb

)

Time (ns)

8.34 V/cm 0.47 V/cm 0.47 V/cm

J. Gurian MW Ionization of Rydberg Atoms 29 / 47



Introduction Experimental Setup Experimental Results Multiphoton MW Ionization Rates ATI

Fermi’s Golden Rule Comparison
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Influence of Stray Field

Stray fields limit the maximum n we can validly investigate

If we artificially depress nc , we see that stray fields depress the
microwave ionization threshold

field of E � 1=16n4, it is consistent with a stray electric

field of �60 mV=cm.

To show explicitly the dependence of the apparent

ionization field on nc we lowered nc by introducing a

small field pulse immediately after the MW pulse and

before the field ionization pulse, as shown by the dotted

line in Fig. 1(b).With this pulse we ionize atoms in states

of n > nc before we apply the field ionization pulse, so

that MW excitation to n > nc appears as ionization. In

Fig. 3 we show the results for nc ’ 145 and ’ 120 ob-

tained with field pulses of �1 and �2 V=cm. Not surpris-

ingly, the apparent ionization fields are qualitatively

similar to those obtained in the previous hydrogen ex-

periments [4].

In Fig. 4 we compare our measured scaled ionization

fields to those predicted by several theoretical approaches

[1,6,14]. The classical prediction for the scaled ionization

field [6],

Fc
0
� 1=�49�1=3�; (1)

shown by the dashed line of Fig. 4, is far below the

experimental data. Before comparing our data to the

quantum models, it is worth noting that both the local-

ization theory of Casati et al. [6] and the refinement due to

Jensen et al. [1,14] are based on a one dimensional atom.

In both theories, the MW field couples a sequence of near

resonant atomic states. How many states are coupled, or

equivalently, how many photons are absorbed, depends

on the strength of the MW field. In the localization

theory, ionization occurs if the photonic localization

length l� equals the number of photons required to reach

the ionization limit, i.e., when l� � 1=2n2�, leading to a

scaled ionization field of [6]

Fl
0
� �7=6�6n��1=2; (2)

which is shown as a dotted line in Fig. 4.While the field of

Eq. (2) is in far better agreement with our data than the

classical field, it is still below the observed fields for

�> 2:5.
Jensen et al. refined the quantum description in the

following way [1,14]. They noted that the dipole matrix

element connecting states of principal quantum numbers

ni and ni�1, which are i and i� 1 photons removed from

the initial n state, is given by [1,14]

xi;i�1 � �0:411�nini�1�
�3=2��5=3: (3)

For ni � ni�1 � 1, xi;i�1 scales as ni�1
�3, just as the

spacing between adjacent n levels. Similarly, the detuning

of � from the ni � ni�1 frequency is given by

�i�1ni�1
�3, where �i�1 is random with a maximum value

of j�i�1j � 1=2. It is the random character of �i�1 which

leads to the similarity to Anderson localization. Jensen

et al. introduced the parameter a, given by

a � xi;i�1F=�1=2ni�1
3�; (4)

the ratio of the on resonance Rabi frequency to the

maximum detuning, and they made the crucial observa-

tion that a characterizes the entire sequence of one photon

transitions from the initial state to the ionization limit

[1,14]. The physical significance of the Rabi frequency is

that it characterizes the frequency of population oscilla-

tion between a pair of coupled states. For a < 2 the Rabi

frequency, or width, is less than the spacing between n
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FIG. 4. Scaled 50% ionization fields for 0:9<�< 5:5. The

classical prediction of Eq. (1) (dashed line) is far below the

data. The localization theory prediction of Eq. (2) (dotted line)

fits reasonably well for � � 2:5 but does not appear to have the

correct functional form. The prediction of Eq. (4) (solid line),

which corresponds to an n independent field F � 6:3 V=cm,

seems to be in quite good agreement with the data. The

horizontal bars at the top of the figure indicate the resolution

�� from our dye laser linewidth.
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FIG. 3. Scaled 50% ionization fields for 0:4<�< 2:5. Fields

obtained with a cutoff n, nc � 270, by varying the MW field

amplitude (�) and by scanning the second laser frequency with

different fixed field amplitudes as shown in Fig. 2 (�). The

substantially suppressed 50% ionization fields obtained when

nc is lowered to nc � 145 (4) and nc � 120 (�). Data points

are connected by straight lines to guide the eye. The horizontal

bars at the top of the figure indicate the resolution �� from our

dye laser linewidth.

VOLUME 93, NUMBER 19
P H Y S I C A L R E V I E W L E T T E R S week ending

5 NOVEMBER 2004

193002-3 193002-3

New cut-off n has been increased from nc = 270 to nc = 575

Maeda and Gallagher, Phys. Rev. Lett. 93, 2004.
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Applied Bias Field
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We can reduce stray field to below 3 mV/cm
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Schelle, Delande, and Buchleitner Comparison
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Schelle, Delande, and Buchleitner, Phys. Rev. Lett. 102, (2009).
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Dressed Atom Picture
E

n
e
rg

y

Can we simply use a Floquet
picture to describe system?

How do we choose the correct
levels to include?

How do we include the
above-threshold continuum
states?
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MQDT-Floquet Model

Giusti-Suzor and Zoller proposed a Floquet-MQDT model for
Rydberg atoms in laser fields where the couplings between
channels are radiative dipole couplings. The Rydberg electron
is in a Coulomb potential, and can only scatter to other states
near the core.

3 2 1 c1 c2

Giusti-Suzor and Zoller, Phys. Rev. A 36, (1987).
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MQDT-Floquet Model

We can define a series of channels, each separated by one
microwave photon.

3 2 1 c1 c2

The coupling between channels are radial dipole couplings -
the same as the level coupling used by Jensen et al.
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MQDT-Floquet Model

Following the method of Cooke and Cromer, we can easily
calculate the time-dependent transfer of the bound channel
populations to the continuum along the dashed line.

3 2 1 c1 c2

By iterating the binding energy (the dashed line) we can
compute the ionization spectrum

Cooke and Cromer, Phys. Rev. A 32, (1985).
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Model Comparison
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Model Comparison
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Rydberg Atoms and How They Ionize
Rydberg Atoms
Field Ionization
Photoionization
MW Ionization

Experimental Setup
Experimental Apparatus
kHz Laser

Experimental Results
Multiphoton MW Ionization
Single Photon Ionization Rates
Above-Threshold Bound States
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Above-Threshold Bound States - Timing
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Above-Threshold Bound States
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Above-Threshold Bound States
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Simpleman’s Model

z

V W = −
∫ t f

0
~F(t) ·~v(t) dt

∆E = 2Upond = F2

2ω2

e
W

F0(t) cos(ωt)
t
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New Classical Model

z

V

e

W = −
∫ t f

0
~F(t) ·~v(t) dt

∆E ≈ 3F
2ω2/3

W

KE

F0(t) cos(ωt)
t

Shuman et al., Phys. Rev. Lett. 101, (2009).
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Above-Threshold Bound States
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Conclusions

I Anderson Localization model fits experimental results
I There is no experimentally accesible regime where Fermi’s

Golden Rule applies
I The coherent coupling of levels both above and below the

ionization limit describes high scaled frequency microwave
ionization

I A simple classical model illustrates population transfer
from above the limit to bound states
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