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Abstract
Localized wavepackets are created in high-n (n ~ 300) Rydberg atoms which travel
in near-circular orbits around the nucleus. Application of carefully tailored electric
fields to quasi-lD Rydberg atoms creates coherent superpositions of Stark states with
near extreme values of one of the components of the angular momentum. Half-cycle
electric field pulses (HCPs) probe the dynamics of the circular states producing signature oscillations in survival probability that correspond to the expected wavepacket
evolution. Although these wavepackets slowly dephase and lose their localization,
their motion can be followed for several orbits and provides an analog of the original
Bohr model, i.e., an electron in circular classical orbit around the nucleus. Measurements of the asymmetry in survival probability with increasing probe strength
at different phases of the orbit confirm orbital motion of the wavepacket. Classical
trajectory Monte-Carlo simulations (CTMC) agree with experimental results, and
provide promising leads for future studies.
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Chapter 1
Introduction
Rydberg atoms are defined as atoms with one or more electrons excited into a high-n
state, where n represents the principal quantum number of the atom. Here, discussion
will be limited to the case where only one electron, the valence electron of an alkali
atom (potassium), is in an excited state. In terms of the classical Bohr theory the
valence electron is excited to a high lying orbit of large radius. Unlike electrons
in the Bohr theory, however, electrons in quantum theory are described by spatial
electronic probability distributions, termed wavefunctions, which may or may not be
well localized. In fact, the radial extent of the electronic distribution in a Rydberg
atom does indeed increase rapidly with n, reaching a classical diameter ~ 10 /im
when n = 306. Table 1.1 outlines this dependence along with some of the more
interesting characteristics of Rydberg atoms, with properties of the Hydrogen ground
state, n = 1, given for comparison. Scaling equations are given in atomic units (see
Sec. A.l), which are used throughout this text.
The term circular state has been used in the literature to describe Rydberg atoms
with near extreme values of angular momentum [1-6]. Such atoms have potential
applications in information processing, in cavity quantum electrodynamics, and in
precision spectroscopy [7 11]. While these wavepackets can be produced with ra-
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Table 1.1 : Scaling properties of Rydberg atoms.
Property

Scaling (a.u.)

n = l

n = 30

n = 306

Mean Radius

n2

5.3 x 10~9 cm

4.8 x 10" 6 cm

5.0 /im

Orbital Period

27m3

1.5 x 10" 4 ps

4.1 ps

4.3 ns

Binding Energy

-l/2n2

13.6 eV

15meV

145 jueV

Energy Spacing

1/n3

10.2 eV

1.0 meV

0.94 ^eV

Classical Field

l/16n 4

3.0 x 108 V/cm

400 V/cm

38 mV/cm

Ionization
Threshold

dial localization, localization in the angular coordinates has not been achieved [12].
Wavepackets, however, have been produced that are localized in both angular and
radial coordinates [13,14], but these have been stationary wavepackets, generally with
(L) ~ 0. The present work is related to the engineering of wavepackets into states
which are well localized, both radially and in their angular extent, that orbit the
nucleus in well defined circular orbits, just as in the Bohr atom.
In the presence of electric fields the characteristics of Rydberg atoms can change
quite drastically (see, for example, Ch. 2). One property of note is the effect of the
electric field on the electron orbital angular momentum, which undergoes periodic

variations with an angular frequency
^ = ^ 1 ,

(1-1)

known as the Stark frequency [15]. This effect is used here to transform quasi one
dimensional (quasi-lD) atoms, with (L) ~ 0, into localized nonstationary circular
states, (Li) ~ ± ( n — 1), by application of an electric field step of precise duration,
Tp = T s /4 = TT/2LOS [16]. The center of the wavepacket is expected to behave like a
classical particle following a circular orbit,
(x(t), z(i)) - f n 2 cos ( - | ? ) , n 2 sin ( - ^ ) J .

(1.2)

Similarly, the center of the wavepacket in momentum space will display strong periodic
oscillations,

(*«•*«) = (£.£) = (;- to (-^).~«(-^)).

<">

90° out of phase.
In addition to the scaling of the mean radius of a Rydberg atom, the scaling
of the classical orbital period, Tn ~ n 3 , is also of note. Commercially available
pulse generators are capable of producing half-cycle electric field pulses (HCPs) whose
duration, Tp, can be much less than Tn for states with n = 306, as considered here.
The term half-cycle pulse refers to an electric field pulse, Fncpifyi whose profile is
unidirectional. Such pulses, in the regime Tp <C T n , transfer impulsive momentum
kicks to the electron given by [17]

Ap = -J FHCP(t)dt.

(1.4)

4
These kicks impart energy
Av2
AE = -^-+pi-Ap,

(1.5)

where p^ is the initial momentum of the excited electron. As classical ionization occurs
for E > 0, Eq. 1.5 points out a means for probing the components and time evolution
of the initial momentum of an electron based on measuring experimental survival
probabilities as a function of kick strength, Ap, and its time of application. Evolution
of the momentum of a nonstationary wavepacket is observed as an oscillation in
survival probability.
Chapter 2 details some of the basic properties of Rydberg atoms, while elaborating
on the theory of the techniques used in the production of nonstationary circular
states. A discussion of the experimental apparatus is given in Chapter 3, where details
of modifications made to the interaction region for this experiment are outlined.
Experimental procedures and results are described in Chapter 4 followed by closing
remarks in Chapter 5.
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Chapter 2
Rydberg Basics
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Figure 2.1 : Orbits of varying eccentricity. High L0 implies near circular orbits, while
low LQ orbits are highly elliptical [18].

In the study of alkali Rydberg atoms it is useful to consider the properties of
the hydrogen atom. Comparison may then be made between the hydrogenic and
non-hydrogenic orbits. Rydberg electron dynamics are described to high accuracy
using a classical model of Kepler orbits, modified where appropriate with quantum
corrections. This viewpoint will be used in describing the relevant physical effects
outlined in this chapter.

2.1

Orbital Equations

The single electron in a hydrogen atom experiences a potential of V = — 1/r, where
r denotes the separation of the electron from the nucleus. The resulting Hamiltonian
in atomic units is then

where p denotes the momentum of the electron. For system energies E < 0, solutions of this Hamiltonian are closed elliptical or circular orbits in a plane, with
conserved angular momentum, L = f x p.

The eccentricity of the orbit is de-

fined a s e = y/l — 2\E\L2, and is related to the scaled, unitless angular momentum
L 0 = Ly/2\E\ = V l — £2- As shown in Fig. 2.1, orbits with L 0 ~ 0 are highly elliptical, while orbits with L0 ~ 1 are near circular orbits. The equation of an elliptical
orbit in polar coordinates is given by [19]

r

=iT7^r

(2 2)

'

Another conserved quantity in the 1/r potential is the Runge-Lenz vector, A,
defined as
A = pxL-f.

(2.3)

The magnitude of the Runge-Lenz vector in atomic units is the eccentricity, e, of the
orbit, while t h e direction is from t h e nucleus toward t h e point of closest approach

(pericenter) of the orbit. Since A • L = 0, the Runge-Lenz vector lies in the plane of
the orbit, always perpendicular to L.

7

Table 2.1 : Quantum defects of alkali atoms [20].

2.2

Atom

1=0

1=1

1 = 1 l =Z

Li

0.40

0.04

0.00

0.00

Na

1.35

0.86

0.02

0.00

K

2.18

1.71

0.28

0.01

Rb

3.13

2.65

1.35

0.02

Cs

4.05

3.57

2.47

0.03

Quantum Defect

For highly elliptical orbits electrons in non-hydrogenic atoms penetrate the ionic core
formed by the nucleus and core electrons. The resulting polarization of the core, as
well as the change in effective potential due to the unshielded core, result in increased
binding, and therefore decreased energy, of the Rydberg electron. To account for this
an empirically determined quantum defect1, 5i, is introduced, modifying the electron
energy levels

The quantum defect varies greatly with angular momentum, but is relatively insensitive to n.

Table 2.1 shows quantum defects for some alkali-metal atoms.

The

potential experienced by the electron as it penetrates the core remains central in
1

As the current work is semi-classical in nature, L, Li, £, and m have all been used in this text

to describe angular momentum. These relate as (L2) = (.{I + 1) and (Li) = m, where L is the
orbital angular momentum, and Lj is the component of the orbital angular momentum along the
quantization axis. For a more detailed discussion see any elementary quantum mechanics text [21,22,
for example].

NON-PENETRATING
ORBIT

PENETRAT1N6
ORBfT

Figure 2.2 : Change of orbital precession with increasing core penetration for nonhydrogenic atoms [23].

character, meaning that the orbital angular momentum, L, is still conserved. The
Runge-Lenz vector, however, is no longer a conserved quantity [15]. As the angular
momentum and energy determine the eccentricity, this leaves the direction of the
Runge-Lenz vector as the quantity that varies. The resulting orbits retain their eccentricity, while the pericenter of the orbit precesses around the atom as shown in
Fig. 2.2. Following the discussion of Ref. [24], an approximation of the precession
frequency can be made. The high-n character of Rydberg atoms makes reasonable
the assumption that iS| « n, leading to the approximation

E

2n 2

(2.5)

9
The classical precession frequency associated with neighboring £ states of the same n
is then
u)t =

-

.

(2.6)

A

n
Treating I as a semi-classical continuous variable we may write
1 86e

86e

.

.

where un is the classical orbital period. Retaining the dipole term of the multipole
expansion of the core potential results in the Hamiltonian
H = Hcoulomb + 77-7,

(2.8)

where Hcouiomb is the pure Coulomb Hamiltonian and aa is the dipole polarizability
of the core. Relating Eq. 2.8 with Eq. 2.5 suggests that Sg/n3 = — «d/2r 4 . The radial
dependence can be evaluated by averaging over a Kepler period,

>0

£-5

r*

27rn

(l + ecos0) 2 d0

3
•n

_2

(1 + ^ / 2 ) .

(2.9)

As e — \/l — fi^-2, St may be written
61 = \ad~\

(2.10)

which, upon differentiation and rearrangement, gives a compact version of the precession due to the quantum defect as

10
Parabolic Coordinates2

2.3

To solve the Schrodinger equation describing the hydrogen atom in a field, F, it is
useful to transform to parabolic coordinates, (TJ, £,(/>). Setting
2
2
2
V = —z + \Jx + y + z ,

£ = z + \/x2 + y2 + z2,
arctan-,
x

(2.12)

or, equivalently
x = y£?7Cos</>,
2/ = V ^ s i n .

r =

(2.13)
2

'

the Schrodinger equation becomes
V22

+ ^ — ^
*=£*,
£ +2 ?? , F ( £ - 7 j )

(2.14)

with
,2

4

d f^d\

4

d /

d\

. 1 &|2

The coordinates £ and r? define confocal parabolas that are rotated about the z
axis. £ = 0 corresponds to the — z axis, while rj = 0 corresponds to the +z axis.
Figure 2.3 illustrates a 2D example of the parabolic coordinate system. Assuming a
2

Much of the discussion in this section follows that of Gallagher [20].
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Figure 2.3 : A sample of the parabolic coordinate system. £ represents downward
facing parabolas, while rj represents upward facing parabolas [25].

separable solution, ^(£,77, <fr) = Ui(^)u2(r))e±m<^, yields

« far)+IT+*•-«-— h _ o
&(

du2\

{En

m2

n

Fr)2\

n

/ r t

_

where the separation constants Z\ and Z2 are related by Z\ + Z2 — 1. These constants
are known as the effective charges binding the electrons in the £ and 77 coordinates [20].
It is convention to solve this system in the zero field limit and use perturbation theory
to determine the effects of the field on the solution. Quantum numbers n\ and n2
are introduced to describe the zero field hydrogenic parabolic states. These quantum
numbers are not fully independent, following the relation
n = n\ + n2 + \m\ + 1,

(2-17)

and determine the effective charges
1/

Zl =

nl

„

1/

|m| + l \

ni + _

2—J'

\m\ + 1\

3.=-(»*+4-).

„„,
(2,„ 18)

-

12

Figure 2.4 : Charge distribution for the parabolic eigenstates of H : n = 8, m = 0, A; =
n\ — n2 = — 7 to + 7. The asymmetry of the charge distribution for the extreme Stark
states leads to a permanent dipole moment [20].

They also relate to the expectation value of a component of the Runge-Lenz vector,

(A,) = ^ ^
n

^ I

(2.19)

n

Using the approximate form of the Laguerre polynomials an approximate, unnormalized wavefunction may be written [20]
VWm 2 m ~

e im0^ni

+ |m|/2 7 y n 2 +|m|/2 e -«+,)/2n_

(2.20)

Squaring the absolute value and reverting back to polar coordinates yields the elec-
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tronic probability distribution [20]
IV'nmnaml 2 = ^ ^ ( l + COS 0) 2 "1 + H ( ; L _

cos

^2n2+|m|e-2r/„_

(2>21)

This distribution is illustrated in Fig. 2.4 for n = 8, m = 0, and n\ — ri2 = — 7 , . . . , 7.

2.4

Effect of a Static Electric Field
Energy

^Slark

V = -1/z + Fz

Z

Stark

Figure 2.5 : Potential energy for an electron in a uniform, static electric field applied
in the z direction.

The presence of external electric and magnetic fields will also cause changes in
the electron orbit. When placed in a uniform, static electric field, F, oriented in the
z direction, the potential experienced by the electron will be
V = - - + Fz.
r

(2.22)

Such a potential is illustrated in Fig. 2.5 where the presence of a saddle point on the
2-axis is shown. The saddle point is located at zs = —1/y/F, with a potential of
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V = —1\rF. Classical ionization occurs above this barrier, at a threshold field of
E2
4A

thresh

1 1
4(2n 2 ) 2

1
16n 4 '

(2.23)

as stated in Table 1.1. A portion of the kinetic energy of an electron with a nonzero
component of angular momentum along the field axis goes into the momentum perpendicular to the field, thereby raising the field necessary to ionize the electron [26].
Labeling the angular momentum p29 = Lz we may write the Hamiltonian in cylindrical polar coordinates (p, 6, z) as
H

=^

+

+F

^-7

'-

(2 24)

'

giving an effective potential energy
m2
1
eff = 2f?~r
^2-Z+

V

F

(2-25)

^

which varies with m. For the case m = 0, this leaves the same threshold as before.
The potential for states with m ^ 0 leads to an increase in the classical ionization
threshold by [26]

AF _ | m M E | _ H
Fthresh

2

In

The energy shift for an atom with an overall dipole moment, d, in a field, F is

AE = -d- F.

(2.27)

This is not to be confused with the dipole term resulting from the polarizability of the
core in Eq. 2.8. Averaged over a Kepler period the direction of the dipole moment will
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point toward the pericenter of the orbit, A. The magnitude of the dipole moment,
averaged over the same period, relates to the magnitude of the average position,
1(d)| = \(r)\. In spherical coordinates

\ r
1(d)I =

- /

rcos6>d£

T JO

=
=

i

- —32im
1
27rn3

= 2im
J?-z J_^
r
=

1

r

/ r cos 6 - dd
J_v
0
r r3
/ -^cosfldtf
J_T r2d
C Se

°

dO

(l + ecos6>)3

\n\.

(2.28)

Eq. 2.2 and r29 = L are used in the fourth line, and the definition of the eccentricity,
e = y/l — L2/n2,

is used in the last line. Since \A\ = e the time averaged vector

dipole moment is
(d) = \n*{A).

(2.29)

Casting the potential in parabolic coordinates,

it is possible to obtain a separable solution to the Schrodinger equation, even with the
electric field, while this cannot be done in spherical coordinates. The energy levels
are given to second order by [27]
E = - - ^2 + ln(ni
2n
2

- n2)F - ^-n4F2[17n2
16

- S(ni - n 2 ) 2 - 9m 2 + 19].

(2.31)

The first term is recognized as the field-free hydrogen energy, while the second and
third terms are the first and second order effects of the electric field. The second

16

Figure 2.6 : Stark structure and field ionization properties of the \m\ = 1 states of the
H atom. Here the label W represents the energy E, while the label E represents the
field F. The zero field manifolds are characterized by the principal quantum number
n. The saddle point limit Ec = —1\fF is shown by a heavy curve. Field broadened
Stark states appear approximately only for E > Ec [20].

order term lifts the m degeneracy, while for circular states, \m\ = n — 1, ri\ = n? = 0,
the first order term vanishes. Figure 2.6 shows an example of the Stark energy level
structure for the \m\ = 1 states of hydrogen, where the effects of the electric field on
the degenerate zero field energy states can be observed.
Focusing on the first order Stark correction we see an energy level splitting of
AE = 3n(ni — n2)F/2.

Notice that this energy shift is equivalent to that obtained

considering the effect of an electric field on a dipole, Eqs. 2.27 and 2.29, and inserting
Eq. 2.19. The first order separation between Stark energy levels (equivalent to a
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frequency in atomic units) is called the Stark frequency, and is given by

UJS = ^nF.

(2.32)

The presence of the electric field acts both to set a preferred quantization axis
and to eliminate the spherical symmetry of the potential. The angular momentum is
no longer conserved, and Hamilton's equations

i? = -v#,
'r = VPH,

(2.33)

where V p denotes the derivatives with respect to momentum, describe the resulting
dynamics. Writing the Hamiltonian as H = Hcouiomb + Vp(f), where Hcouiomb &nd
VF{r) are the pure Coulomb Hamiltonian and electric field potential, respectively, the
change in angular momentum becomes

L = r x p + rx.jp
=

-f x [VHcoviomb + WF(r)]

=

Lcoulomb

=

-rxVVF{r)

=

-fxF,

-fxVVF(f)

(2.34)

where Lcoulomb is the conserved angular momentum of the pure Coulomb potential,
and the relation F = WF(r)

has been used in the last step. Time averaging over the
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Kepler orbit yields

(t) = (-rxF)
=

-(f)

xF=(d)xF

=

^n2{A) x F.

(2.35)

The Runge-Lenz vector evolves as

A = pxL+pxL

—f

=

[-VHCouiomb-^VF{r)}xL

=

{-VHcouiomb xL-r)-Fxl

=

Acouiomb -FxL

=

-FxL

+

+

pxL-f+

pxL

pxL

+ pxL,

(2.36)

where ACouiomb is the conserved Coulombic Runge-Lenz vector. It is instructive to
time average Eq. 2.36 by term. Expanding the second term

pxL

= px (—r x F)
=

we see that p-f=

-r(p-F)

+ F(p-r),

(2.37)

\^tr2 will average to zero over an orbit as it is an exact differential

of an even function. Another quantity that will average to zero over an orbit is the
exact differential [15]
±[f(f-

F)] = f(p- F) +p(f- F),

(2.38)

19
which implies that {f(p- F)) = —(p(r- F)). The triple product expansion of the first
term in the last line of Eq. 2.36 is then
~F x L =

—Fx(fxp)

=

-f(p• F) + p{f • F)

=

-2r(p-F).

(2.39)

Leaving F x L as it is in Eq. 2.36 and combining Eqs. 2.37 and 2.39 yields a time
averaged value for the change in the Runge-Lenz vector of
(A) = ^(L)xF.

(2.40)

Taking another derivative of Eq. 2.40 and plugging in Eq. 2.35 yields
(4

=

-(^)[(fx(l))xF]

= -(ln)2[(A)(F.F)-F(F.(A))].

(2.41)

As F is in the z direction, (Az) = 0. The remaining components follow the equation

<l) = -(;|nF)V>,

(2-42)

which shows that the Runge-Lenz vector and, by similar analysis, the angular momentum rotate about the z axis at the Stark frequency, UJS = 3nF/2. The physical picture
is that of a precessing ellipse, at u>s, with an ellipticity that also varies at us [15]. This
second statement, that the ellipticity of the orbit can be controllably varied with a
uniform, static electric field of precise duration, is one of the fundamental concepts
in the production of the circular wavepackets discussed in this text.

20

2.5

Quasi-ID Atoms

0

5

10

15

F (V/cm)

Figure 2.7 : Calculated Stark energy level structure for K(m = 0) states in the vicinity
of n = 50 (thin lines). Also included is the probability for photoexcitation from the
ground state (thick lines) by a laser with a linewidth AUL = 10~ 3 /n 2 for different
values of applied DC field. Energies are displayed in scaled units eo = n2e [14].

The production of strongly polarized, quasi-ID Rydberg atoms forms the first
step in the process of creating localized nonstationary circular wavepackets.

The

extreme members of the high-n Stark manifolds have large permanent electric dipole
moments and approximate quasi-ID states [14]. These states, however, have low
excitation probabilities. In order to create the desired quasi-lD states, the coupling
of Stark states is utilized. These LQ ~ 0 wavepackets are produced by photoexciting

21
a thermal beam of potassium atoms in a weak dc electric field (see Sec. 3.3). The
calculated Stark energy level structure for n ~ 50, is shown in Fig. 2.7. Though the
work in this text takes place at n = 306, the figure is shown for n = 50, as at higher
n it becomes difficult to resolve the energy levels graphically. The quantum defects
that determine the structure, however, are relatively independent of n, allowing a
qualitative understanding of the features of the Stark energy level structure.
Photoexcitation probabilities calculated for vertically polarized incident radiation,
exciting potassium from the 4s ground state, for several values of applied dc field
are superimposed on the figure. Dipole coupling dictates that transitions obey the
selection rule (n'£'\z\n£) ~ $«±i, where primed quantum numbers represent final
states, the unprimed quantum numbers represent the initial 4s ground state, and 6ij
is the Kronecker delta. In zero field, then, only the p state is excited. As the electric
field is increased, however, Stark states that adiabatically correlate to non-p states
(such as the levels that trace to the 50d and 5Id states in the figure), take on p state
character, in that the Stark state expansion in terms of the zero field states

\a) = ^2antt\n,£),

(2.43)

contains non-zero contributions from the zero field p states, i.e., there exists an
a

n,e=i 7^ 0. In Eq. 2.43 \a) denotes the Stark state, expanded in terms of the \n,£)

zero field basis states, with proportionality coefficients an>(.
As detailed in Table 2.1, while the s and p states have large quantum defects, the
d state quantum defect of potassium is « 0.28. As the electric field is increased the
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Figure 2.8 : Survival probabilities for quasi-lD atoms in low lying states in the n = 350
manifold as a function of scaled momentum. Closed squares represent experimental
data for HCPs applied transverse to the axis of the atom, while open squares represent
data for HCPs applied along the axis. Lines represent CTMC simulations [28].

levels that begin as s and p states first encounter states in manifolds of different n.
The d levels, due to their small quantum defect, first encounter states in the manifold
of the same n. This is seen in Fig.-2.7 as the 50d state approaches the manifold
originating at e = —0.50 in the zero field limit, while the n = 50 manifold encounters
the 52s and 52p states first. Coupling is strongest between levels of the same n [14],
leading to strong mixing of the d state with the extreme states of the neighboring
manifold as the field is increased to ~ 2.5 V/cm in Fig. 2.7.
Production of quasi-lD states can be verified using HCPs. Recalling Eq. 1.5 it
is evident that the application of HCPs of duration Tp <C Tn parallel to the initial
momentum will increase the electron energy, while HCPs applied anti-parallel will
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tend to decrease the energy, leading to ionization only for kicks \Ap\ > 2pz. A slow
decrease in survival probability is then expected as the magnitude of HCPs directed
parallel to the axis of a quasi-ID atom is increased. HCPs directed transverse to
the axis of a quasi-lD atom, however, should lead to a narrow distribution of energy
transfers, AE ~ Ap 2 /2, resulting in a sharp drop in survival probability beyond a
threshold impulse, |Ap| = -y/2|E|, or in scaled quantities Ap0 = 1. This behavior has
been demonstrated experimentally [28] for states near n = 350, and is illustrated in
Fig. 2.8.
In the present work, at n = 306, quasi-lD atoms are photoexcited in a weak
~ 500 fiV/ciD. dc field. Field steps of —20 mV/cm are then applied transverse to the
quasi-lD axis for Tp = Ts/A = TT/2LOS to produce localized circular states. Details of
the excitation scheme and experimental procedure are laid out in Chapter 4, where the
results of simulations and the corresponding experimental results are also discussed.
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Chapter 3
The Experimental Apparatus

Figure 3.1 : Diagram of the modified apparatus with the front face removed for
illustrative purposes. A UV laser pulse intersects a collimated alkali beam exciting
high-n Rydberg states. Half-cycle electric field pulses (HCPs) and electric field steps
are applied by the two electrodes, while the channeltron electron multiplier measures
electrons resulting from field ionization.

The present experimental apparatus is a slight modification of that used with much
success in previous studies of Rydberg atoms [29,30]. This comprises three pairs of
copper plate electrodes arranged as a cube, the interaction region, whose faces are
electrically isolated so they may be individually biased to reduce residual electric fields
in the interaction region to < 50/xV/cm. Two electrodes are also incorporated for
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the application of field steps and HCPs, along with a channeltron electron multiplier
for the detection of field-ionized electrons.
High-n Rydberg atoms are produced in the interaction region via single photon
excitation with a frequency doubled Coherent 699-21 CW Rhodamine 6G (Rh6G)
dye laser whose output is chopped by an acousto-optic modulator into a train of
1 [is duration pulses. The laser is focused into the center of the interaction region
where it intersects a thermal potassium beam originating from a potassium beam
oven. Following excitation, the Rydberg atoms are subject to one or more carefully
tailored electric field pulses. Surviving Rydberg atoms are measured by application of
a field ionization pulse, after some delay, and the resulting electrons are detected by
a channeltron electron multiplier. Measurements with no HCPs applied are repeated
at routine intervals to determine the number of Rydberg atoms initially created and
obtain survival probabilities. Due to the low probability of Rydberg excitation during
a given cycle, data are accumulated following many cycles to improve the statistics.
Experiments are repeated approximately every 50 /is.
In order to study the circular states of interest it is necessary to probe in at least
two dimensions. For this reason one of the faces of the cube was modified to allow
for a side electrode (Fig. 3.1). The structure and placement of this electrode are
described in Section 3.3, along with further details of the interaction region. A brief
discussion of the general apparatus is laid out in Sections 3.1 & 3.2, while detection
methods are described in Section 3.4. Finally, the creation of the necessary electric
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field pulses, and how they couple into the system, are described in Section 3.5.

3.1

The Vacuum Chamber

The vacuum chamber consists of two stainless steel sections coupled by a 0.7 mm
aperture. An initial vacuum on the order of 10 mTorr is produced by a Welch Duo Seal
mechanical backing pump. Next, a vacuum of 5 x 10~8 Torr is produced using Varian
VHS-6 and VHS-4 diffusion pumps. Bayard-Alpert ionization gages are located in
each chamber to monitor pressure.
The source chamber houses the potassium beam oven and is pumped by the 4"
diffusion pump. The oven contains a 5 g ampule of potassium. The body of the oven
is heated to 315 °C by applying current to resistive heater cartridges inserted into the
oven body. Heater cartridges are also placed in the nose of the oven which is heated
to 365 °C; the temperature difference is maintained in order to prevent potassium
from condensing on, and thereby clogging, the nose aperture. Thermocouples placed
on the nose and body of the oven relay temperature information to a set of Omega
CN9000A microprocessor temperature controllers which regulate the current applied
to the heater cartridges.
Thermal radiation transfer from the oven to the rest of the apparatus is reduced
through the use of heat shielding and water cooling. An aluminum heat shield surrounds the oven, reducing heat transfer and containing excess potassium vapor. The
oven and heat shield are further surrounded by a copper enclosure, to which copper
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tubing has been blazed. Chilled water is routed by vacuum feed-throughs into the
copper tubing.
Potassium exits the oven through a 0.38 mm aperture in the nose and travels
approximately 10 cm before passing through the 0.7 mm aperture which leads to
the main chamber. A rough estimate of the beam's angular divergence may then be
calculated using the expression

6d = 2arctan

( ^ ) .

<»>

where 9d denotes the angular divergence, df and d, denote the diameters of the two
apertures, and I denotes the distance between the apertures. With the values given
the angular divergence is estimated to be ~ 0.2°.
The velocity distribution of the beam is estimated using [31]

fBeam{v) = -{—)v\-^,

(3.2)

where JBeam is the Maxwell-Boltzmann velocity distribution of a beam. The first
moment of the velocity distribution, (vn) = f vnf(v)d3v

with n = 1, yields an

average velocity of

V=

9TrkbT

V^T'

(3 3)

-

which, with the values given above, is v = 660 m/s. Further characterization of the
beam will be described as needed throughout the text.
The main chamber houses the interaction region (discussed in detail in Sec. 3.3)
and is pumped by the 6" diffusion pump. Stray magnetic fields in the chamber
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are reduced by ^-metal shielding to values < 20 mG. Laser light enters and exits
the chamber through quartz windows set at Brewster's angle, preferentially passing
vertically polarized light. All electrical signals are routed through the chamber using
semi-rigid coaxial copper cables.

3.2

The Laser System

Essential to the creation of Rydberg atoms is precise control of the excitation laser
system, an extracavity doubled CR-699-21 Rh6G dye laser. A Coherent Verdi V8
laser is used to pump this laser. Rh6G laser dye, dissolved in ethelyne glycol, acts
as the lasing medium yielding approximately 1W of laser radiation over a tunable
wavelength range of 570 — 610 nm. A Spectra-Physics Wavetrain frequency doubler
is used to produce the near UV laser radiation needed for single photon Rydberg
excitation.
The Verdi is a diode pumped solid state laser which reliably provides powerful
and stable 532 nm pumping radiation, with a linewidth of 5 MHz and < 0.03 %rms
noise. The 7.5 W pump beam is focused into a jet of Rh6G flowing at approximately
10 m/s, expanding from a stainless steel nozzle into a flat laminar stream whose face
is oriented at Brewster's angle to the incoming pump beam in order to minimize
reflection loss [32]. A 380 GHz bandwidth birefringent filter, a 225 GHz free spectral range (FSR) thin etalon, and a 10 GHz FSR thick etalon combine to produce
single frequency operation. The efficiency of single frequency operation is enhanced
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through the use of a polarization rotating element referred to as an optical diode.
This component ensures unidirectional operation through the use of optical activity
and the Faraday effect, by slightly rotating the polarization of waves traveling in one
direction, while leaving unchanged the polarization of waves traveling in the other
direction [33]. Reflection losses at an intracavity Brewster plate then suppress the
propagation of the unwanted traveling wave.
A portion of the CR-699 output beam is split off for use in active stabilization.
Two detectors compare the intensities of an unmodified beam and one that passes
through an oven stabilized Fabry-Perot interferometer containing a galvo driven Brewster plate, collectively known as the reference cavity. The interferometer output intensity varies with laser frequency providing the means to produce an error signal
that is fed into the controls for varying the position of the intracavity Brewster plate
and a piezoelectric-mounted cavity mirror. The position of the galvo driven Brewster plate, in the reference cavity, can be externally controlled allowing for a linear
30 GHz frequency scan. Active stabilization of the CR-699 maintains a linewidth of
< 500 kHz with a long term frequency drift of < 50 MHz per hour.
Long-term stability is enhanced to < 1 MHz per day by the Superlock system [34].
Another small portion of the CR-699 output is superposed with an orthogonally polarized beam from an Aerotech 110SF frequency stabilized Helium-Neon laser (HeNe).
This combination is directed into a Burleigh confocal scanning Fabry-Perot etalon
with a FSR of 750 MHz, controlled by a Burleigh RC45 etalon controller. A piezoelec-
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trie transducer (PZT) scans one of the mirrors of the etalon leading to transmission
peaks related to each laser's frequency. After passing through the etalon each beam
is separately directed into a pair of photodiodes. Given a linear PZT response, the
separation of a HeNe intensity peak from that of a CR-699 peak should be constant
while the CR-699 is in a stable state. The PZT scan voltage at the time of each
intensity peak is stored by a sample and hold circuit and the difference of the two
values is compared to a reference voltage producing an error signal that is fed into
the CR-699 control circuitry. Setting the reference voltage to a linear ramp enables
frequency scans over a range of 800 MHz, while setting the reference voltage to a constant value allows for precise frequency locking. A scanning Michelson interferometer
monitors the overall CR-699 wavelength [35].
The 1W output of the CR-699 is then directed into the Wavetrain frequency doubler [36] producing, typically, 50 — 100 mW of the near UV light needed for Rydberg
excitation. A beta barium borate (BBO) crystal located in one arm of a triangular ring resonator is used as the nonlinear medium for second harmonic generation
(SHG). Two curved mirrors and a PZT-mounted prism act as the vertices of the resonator. Phase matching, where the phase velocity of the harmonic wave matches that
of the fundamental wave in the nonlinear material, is necessary in order to maximize
conversion efficiency. This is achieved through the use of the birefringence of the BBO
crystal, in that the angular dependence of the refractive index of the crystal may be
used to match the phases of the waves by varying their incident angles with the aid
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of the PZT-mounted prism. Optics located in between the CR-699 and the Wavetrain are used in the active resonator stabilization of the system. The Pound-Drever
Hall [37] method is utilized by passing the incoming beam through an electro-optic
modulator (EOM) and monitoring the superposition of signals with a photodiode.
The EOM, driven by an electrical radio frequency (rf) signal, adds sidebands to the
incident beam. A portion of the incident beam reflects off the resonator input mirror
and interferes with a transmitted portion of the beam in the cavity. The rf modulation on the resulting beam is then measured by the photodiode. A double balanced
mixer is used in the phase sensitive detection of the photodiode signal to produce the
error signal used for active stabilization. The linewidth of the cavity is small enough
that the rf sidebands are not transmitted into the cavity.
An Intra-Action acousto-optic modulator (AOM) then chops the beam into 1 yus
pulses approximately every 50/is. To do this the first order diffracted beam from
the AOM, driven at a constant frequency, is kept while all other order beams are
blocked. While the maximum intensity in the first order is less than that available in
the zeroth order, a full extinction ratio is possible with the former while this is not
possible with the latter. Steering mirrors then direct the beam through a lens and
into the interaction region via a Brewster window.
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3.3

The Interaction Region

Three pairs of planar copper plate electrodes, 10 cm x 10 cm, comprise the basic
structure of the interaction region (IR) as illustrated in Fig. 3.1. The separation of
these large plates from the center of the IR helps to reduce the effect of patch fields
caused by nonuniformities in the plate electrode surfaces, while bias potentials applied
to these plates reduce stray electric fields near the center of the IR to < 50 //V/cm [29].
Vertical plate pairs are biased with a push-pull system where each plate is given an
equal but opposite bias potential. The top and bottom plates, however, are arranged
with the top plate receiving the full bias potential while the bottom plate is held
at a constant potential.

This is due to the location of the channeltron electron

multiplier below the IR, which is accessed via a 1" diameter aperture in the bottom
plate electrode covered by a fine copper mesh. More on this arrangement and the
channeltron will be discussed in Sec. 3.4. A set of 0.1 /JF capacitors connects the
side plates to ground, thereby eliminating pickup of nearby rf signals by providing
an rf-shunt. Apertures are located in the center of the four side walls to allow for
the entrance and exit of the laser and the alkali atom beams. These beams cross,
perpendicularly, in the center of the IR exciting high-n Rydberg states.
Hanging from the top plate of the IR is a 2" diameter, | " thick disk electrode.
This electrode shares the bias of the top plate while independently receiving electric
field pulses, and is held in place, 1" above the center of the IR, by a semi-rigid copper
coaxial cable. A 50 Q resistor connects the electrode to the coax shield to minimize
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Figure 3.2 : A cross section of the IR with potential contours produced by applying
an arbitrary potential to the top electrode while keeping all other surfaces grounded.
Ninety contours are drawn equally spaced in potential from ground to the arbitrary
potential applied on the top electrode.

reflections while allowing pulse rise times as fast as 200 ps. Figure 3.2 shows the
potential contours that result when a static potential is applied to the top electrode
while keeping all other electrodes grounded. Of note are the spacing and relative
flatness of the contours in the vicinity of the center of the IR. These relate directly
to the uniformity and direction, respectively, of the applied electric fields in the area
via
F = -V<f>,
where F is the electric field and <f> is the potential.

(3.4)
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Figure 3.3 : A cross section of the IR with potential contours produced by applying
an arbitrary potential to a centered side electrode while keeping all other surfaces
grounded.

The two dimensional kicking necessary for the production of circular states requires the presence of a side electrode in the IR. This electrode shares the bias of
the surrounding side plate while independently receiving electric field pulses. As with
the top electrode, the uniformity and direction of the electric field produced by this
electrode are important parameters. Other parameters that must also be satisfied are
that the magnitude of the electric field produced be sufficient to produce the circular states and that the capacitance of the electrode, with respect to the large plate
electrode it is near, be small enough to allow fast rise times for pulsed electric fields.
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The electric field produced by the side electrode should point horizontally so as to be
perpendicular to the direction of fields produced by the top electrode. The placement
and size of the top electrode, however, complicate the placement of the side electrode
as its presence modifies the resulting potential contours. Figure 3.3 shows the potential contours that result when a potential is applied to a centered side electrode. As
is evident in the figure, the electric field near the center of the IR that would result
from this arrangement is not directed horizontally. Numerical calculations show a
deviation of approximately 14°. Recognizing the relation to minimal surfaces it be-

Figure 3.4 : A cross section of the IR with potential contours produced by applying
an arbitrary potential to a side electrode, displaced upward from the center, while
keeping all other surfaces grounded.
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comes evident that in order to direct the electric field horizontally the side electrode
must be relocated upward. Moving the electrode upward, however, moves it further
away from the IR center thereby reducing the maximum attainable electric field for
a given applied potential. While centered the side electrode is capable of producing
a field strength 11% that of the top electrode. Numerical calculations were used
to determine a reasonable compromise of field direction and strength resulting in a
displacement of the side electrode upward by | " , resulting in a field strength of 8%
that of the top electrode and a field tipping of 3.6°. Figure 3.4 shows the potential
contours that result when a static potential is applied to the displaced side electrode
while all other surfaces are held at ground.
The capacitance of the side electrode with respect to the surrounding plate electrode is roughly approximated using the parallel plate equation

C = e0^,
a

(3.5)

where e0 is the vacuum permittivity, A is the area of the edge of the side electrode,
and d is the distance from the side electrode to the surrounding plate electrode.
Here, d = 3.18 mm, while the electrode radius is 19.1 mm, with an electrode thickness
of 1.59 mm, yielding a side area of 190 mm 2 , and a capacitance approximately C =
0.5 pF. Just as with the top electrode, the side electrode has a 50 $7 resistor connecting
it to the coax shield. This arrangement allows for pulse rise times around r = RC =
25 ps. Having met all the requirements in theory, the side electrode was added to the
apparatus yielding results to be described in Chapter 4.
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Figure 3.5 : Sjuts Optotechnik KBL 25RS channeltron electron multiplier schematic.
The channeltron is used to detect electrons resulting from Rydberg atom ionization.

A 1" aperture is located in the center of the bottom plate electrode, covered by a
series of fine mesh copper grids. Directly below these grids lies a Sjuts Optotechnik
KBL 25RS channeltron channel electron multiplier (Fig. 3.5). To detect surviving
Rydberg atoms a voltage ramp which rises from 0 to 5 V over a period of 5/iS is
applied to the bottom plate, accelerating electrons into the funnel shaped aperture
and curved channel of the channeltron. There, collisions with a hydrogen-reduced
lead oxide glass lining produce an avalanche of secondary electron emissions. With
a bias across the channeltron of 3 kV, up to 108 electrons can be produced from this
process [38] which, upon collection by the anode, trigger an output pulse to a LeCroy
MVL 100 amplifier/comparator.

The MVL acts as a discriminator and amplifier

reducing the number of spurious counts and improving the signal to noise ratio. The
MVL outputs to an Ortec 566 time to amplitude converter (TAC) whose output
ranges from 0 to 10 V based on the duration from the beginning of the ramp to the
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time of the MVL signal. An analog to digital converter then passes the result to the
computer for processing.
Though Rydberg ionization is a complex process, whose details may be found elsewhere [20,39, for example], Rydberg atom binding energies scale roughly as —l/2n 2 ,
while classical ionization thresholds scale as l/16n 4 . With a linear field ramp the
above-mentioned technique allows for time sensitive, and therefore field sensitive, detection. This method forms the means of Selective Field Ionization (SFI), where the
state of a Rydberg atom can be determined based on the field required for ionization.
For the present study, however, it is sufficient to take the total number of ionized
electrons, regardless of arrival time, since specific parent state information is not
critical.
Previous work on the apparatus [18] shows that the low energy electrons produced
by photoionization during the UV Rydberg excitation pulse, and by the applied HCPs,
might remain in the IR for up to 5/is. Thus, in order to obtain accurate survival
probabilities the field ramp is applied 6/xs after the UV Rydberg excitation pulse,
and the TAC start pulse is slightly delayed from the start of the field ramp. This way
any free electrons from the initial Rydberg excitation, or those produced during the
course of the experiment, are not counted in the determination of the overall survival
probabilities. As stated before, the experimental cycle is repeated approximately
every 50 /J,S. Experimental runs, during which HCPs and field steps are applied to the
atoms, alternate with calibration runs, during which no HCPs are applied, in order to
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determine survival probabilities. Due to the low Rydberg excitation probability of a
given cycle, data from many cycles are accumulated to produce meaningful statistics.

3.5

Electric Field Pulses

The electric field steps and HCPs are produced using a pair of high speed pulse
generators. The Hewlett Packard 8131A pulse generator is used for the field steps.
This generator is capable of producing up to 5 V pulses with rise times < 200 ps. A
Picosecond Pulse Labs 10,050A pulse generator is used for the production of HCPs
and ionizing field steps. This generator is capable of 45 ps rise times and pulses up
to 10 V over a duration of 100 ps to 10 ns. These pulse generators are triggered by a
Stanford Research Systems DG535 Digital Delay Generator with up to 5 ps resolution.
Pulse strengths are adjusted through the use of fixed and rotary attenuators. Potential to field conversion is determined experimentally by varying the signal strength
of short (Tp -C Tn) HCPs while monitoring Rydberg atom survival probabilities. The
potential required for 50% ionization has been shown [17] to correspond to a scaled
momentum transfer of Ap 0 = n~l (see A.2) in this limit.
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Chapter 4
Producing Localized Circular Wavepackets

Figure 4.1 : Simulated initial quasi-ID distribution. CTMC simulations produce a
representative spatial distribution for a wavepacket with a scaled dipole of 1.25.

With an understanding of the physical processes involved and the experimental
apparatus available, the details of the creation and behavior of localized nonstationary circular wavepackets are discussed. As noted previously, in the present protocol
potassium atoms are first photoexcited by a linearly polarized, near UV laser pulse to
n = 306. The excitation takes place in the presence of a weak dc electric field directed
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along the x-axis, F^

= 500 //V/cm, producing the initial quasi-ID state. Figure 4.1

shows the calculated spatial distribution associated with the initial quasi-ID state.
Next, an electric field step is suddenly applied perpendicular to the quasi-lD state,
namely, along the z axis. The rise and fall times of this field step were chosen to be
~ 0.3 ns. Equation 2.35, (L) = 3n2(A) x F/2, describes the change in the angular
momentum. Initially, (A) points along the —x axis, as this is the direction of the
dipole moment of the quasi-lD atom. For an electric field step applied in the —z direction the y component of the angular momentum initially increases negatively, i.e.,
the orbital motion becomes counterclockwise in the xz plane as shown in Fig. 4.2.
The next section discusses the use of CTMC simulations to understand the dynamics involved in circular wavepacket creation, while Sec. 4.2 details the experimental
results obtained using the present protocol.

4.1

Classical Trajectory Monte Carlo Simulation Results

Figure 4.2 shows the effect of a —20 mV/cm field step on the orbit and angular
momentum distribution of a quasi-lD wavepacket. The upper portion of the figure
illustrates the change in eccentricity of an orbit over time Ts/2, while the inset displays
the evolution of the angular momentum distribution with time. Note that the initial,
Ly ~ 0, state evolves into a high angular momentum state, \Ly\ ~ 300, over a time
T g /4 « 22 ns, and returns to Ly ~ 0 at time T s /2 « 43 ns. The goal, then, is to apply
the field step just long enough for \Ly\ to reach its maximum, and then to quickly
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Figure 4.2 : Electron trajectory and angular momentum distribution in the presence
of a —20 mV/cm electric field step. The upper portion of the figure shows an electron trajectory over a time T3/2. The inset figure shows the change in the angular
momentum distribution, Ly, with field step duration.

turn off the field, allowing the high Ly wavepacket to evolve freely.
The results of CTMC simulations showing the evolution of the expectation values of the components of the momentum and spatial coordinates of the wavepacket
following turn-off of the field step are presented in Fig. 4.3 and Fig. 4.4. Rewriting
Eqs. 1.2 and 1.3,
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Figure 4.5 : Simulated evolution of the spatial distribution of the orbiting wavepacket
with time. Times are relative to the termination of a —20 mV/cm field step. The
wavepacket orbits the nucleus in a counterclockwise manner.

shows a 90° phase shift between the expectation values of the x and z coordinates,
and the x and z components of momentum is expected, as is observed in the figures.
Furthermore, for counterclockwise rotation the maximum (x) should coincide with
the maximum in (pz) as is also shown.
Maximum localization of the wavepacket occurs a few orbital periods after turning
off the field step. The snapshots in Fig. 4.5 were taken near the time of maximum

45
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Figure 4.6 : An example of superpositions of functions with nearly identical, but
continuous (blue) vs. discrete (red) frequency spectra [40].

localization, and show the counterclockwise motion of the wavepacket in the xz plane.
The transient localization then decays as the wavepacket becomes more evenly distributed around the orbit.
A small revival is seen in the wavepacket localization at later times, as a result of
partial rephasing. Figure 4.6 illustrates an example of the behavior of a superposition
of functions with continuous (blue) vs. discrete (red) frequency spectra. Functions
with discrete spectra rephase periodically, and a full revival in amplitude is seen.
Continuous distributions, however, contain a dense frequency spectrum and no revivals occur. The energy level separation at n = 306, ~ 1 /xeV, is much smaller than
the binding energy, ~ 150 //eV, and revivals of successively decreasing amplitude are
expected.
The CTMC simulations described in this section give a clear picture of the expected properties of the nonstationary localized circular wavepackets being studied.
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The results of these simulations are used as a guide in the experimental realization
of the wavepackets, discussed in the next section.

4.2

Experimental Results

The production of the wavepackets follows, exactly, the description given in the previous section. The subsequent evolution of the wavepackets was monitored using
probe electric field pulses applied along the x and z axes. Because a given voltage
pulse applied to the side electrode in the IR produces a field that is only 8% of that
generated by applying the same pulse to the top electrode, it was not possible experimentally to monitor the evolution of the momentum components along the cc-axis
through the use of impulsive ionization. A longer —100 mV/cm probe pulse was
therefore used, whose duration is 6 ns. Such pulses probe the spatial characteristics
of the wavepacket by ionizing those electrons whose z (or x) coordinates are such
that their energy, — l/(2n 2 ) + zFprobe, is larger than the top of the potential saddle,
—2^/\Fprobe\, generated by the probe pulse [41].
Figure 4.7 shows survival probabilities measured following application of a pump
field of Fjnilnp = —20 mV/cm for 22 ns as a function of the time delay, ta, between the
turn-off of the pump field and application of the probe pulses. Strong periodic oscillations in the survival probabilities are evident which are in excellent agreement with
the CTMC predictions. In addition, the survival probabilities well reflect the dynamical behavior of the expectation values {x) and (z) indicating that the wavepacket
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follows a circular orbit and remains localized over several periods. Evidence of a
revival in localization is seen after ~ 30 ns.
The results presented above were obtained by turning off the dc field at t ~ 22 ns
to create a wavepacket orbiting counterclockwise in the xz plane, i.e., with Ly ~ —300.
Measurements were also undertaken in which the field was turned off at t ~ 65 ns
to form a wavepacket rotating clockwise in the xz plane, i.e., with Ly ~ +300.
Application of probe pulses along the x and z axes revealed behavior similar to that
seen in Fig. 4.7. These results are displayed in Fig. 4.8. The sign of the 90° phase
shift between measurements made along the x and z axes is reversed compared to
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Figure 4.8 : Survival probabilities when probing in the x (blue) and z (black) directions, following a —20 mV/cm field step with 66 ns duration. The z data here leads
the x data by 90°, corresponding to clockwise motion. Circles represent experimental
data, while the lines are CTMC results.

Fig. 4.7, consistent with the expected opposite sense of rotation of the wavepacket.
Agreement between theory and experiment is again good.
To further explore the orbital behavior, the evolution of the electron momentum
was monitored using very-short HCPs with durations Tp ~ 800 ps <C Tn. In this
limit, each pulse FpT.0t,e(t) simply delivers an impulsive momentum kick to the excited
electron. When the electron is located on the +x axis moving in the +z direction
(t = 4 ns in Fig. 4.9) a kick Ap in the +z direction will accelerate the electron and
increase its energy. Even relatively small kicks can lead to ionization. In contrast,
if the electron is located on the —x axis traveling in the — z direction (t = 6.4 ns in
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Figure 4.9 : Survival probabilities measured as a function of the strength, Ap, of a
probe kick (expressed in scaled units Apo = np) that is applied in the z direction
when (t = 4 ns) the electron is located on the +x axis moving in the +z direction
and when (t = 6.4 ns) it is located on the — x axis moving in the — z direction. Points
represent experimental data, while results of CTMC simulations are represented by
lines.

Fig. 4.9), small kicks will tend to decelerate the electron and reduce its electron energy
leading to stronger binding. Only if the kick strength satisfies the condition \Ap\ > 2pz
does the electron gain energy, possibly leading to ionization. In consequence, much
larger kicks are required to induce ionization. Survival probabilities measured under
these two conditions are shown in Fig. 4.9 as a function of the strength of the probe
kick. Pronounced differences in the ionization characteristics are seen that agree
well with the results of CTMC simulations. The experimental results demonstrate
clearly the production of Bohr-like localized Rydberg electron wavepackets, that travel
around the ionic core in near circular orbits.
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Chapter 5
Conclusions and Outlook
The present work demonstrates that application of carefully tailored electric field steps
to quasi-lD Rydberg atoms can be used to create localized nonstationary wavepackets
which travel in near-circular orbits around the nucleus. Although these wavepackets
slowly dephase and lose their localization, their motion can be followed for several
orbits and provides the closest analog yet achieved to the original Bohr model of the
hydrogen atom.
The effects of the application of field steps of different amplitudes, such as —5, —10,
and —40 mV/cm, are presently being explored. Preliminary results show extended
localization lifetimes can be achieved with —5 and —10 mV/cm field steps. This
results because application of the smaller field leads to a wavepacket that comprises
a narrower distribution of the principal action, n, and therefore dephases less rapidly.
The effects of the rise and fall times and of shape of the field step are also being
examined to see if further improvements in localization and lifetime can be achieved.
The production of Bohr-like atoms in which the position of the electron wavepacket
in its near-circular orbit is known provides new opportunities to study the behavior
of periodically-driven atoms, i.e. atoms subject to a periodic train of kicks. A variety
of dynamical phenomena similar to those seen for quasi-lD atoms are to be expected
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which should depend not only on the strength and frequency of the kicks but also on
their direction and phase relative to the electron orbit. Opportunities also exist for
further atomic engineering by, for example, using a carefully-tailored sequence of kicks
to move the electron to near-circular states of higher (or lower) n [42]. Preliminary
simulations also show that a sequence of kicks may help to maintain localization of
the wavepacket for extended periods.
Possible extension to study the interactions of Rydberg atoms in close proximity
might also be possible. Although in the current setup the probability for creation of a
Rydberg atom in a given laser pulse is much less than one, it is, in principle, possible to
achieve much higher excitation probabilities using multistep excitation schemes [43].
One such technique that appears promising involves the use of an Argos 2400 infrared laser recently acquired, capable of producing ~ 2 W of 2.3 to 3.9 //m radiation.
This laser would excite electrons, initially excited by the CR-699 to the n ~ 10 range,
to high-n.
Increased excitation rates make possible the study of blockade effects where the
excitation of one atom forbids subsequent excitation of its neighbors due to energy
level shifts associated with dipole-dipole or van der Waals interactions. More general
investigation of dipole-dipole interactions can be realized by, for example, splitting
the incident laser beam and, through tight focusing, creating two compact excitation volumes whose separation can be varied leading to a coupled two-dipole system
with tuned interaction strength [30]. Such techniques will help to gain new insights
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into dipole-dipole interactions which are crucial in quantum computing and quantum
information processing.
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Appendix A
Units
A.l

Atomic Units

The system of atomic units, particularly useful when considering atoms and electrons,
is used in the current work. Each of the following is equal to one in atomic units:

Angular Momentum

3

lanck's Constant, h

1.055 x 10" 34 J s

Charge

Electron Charge, q

1.602 x 10" 19 C

Mass

Electron Mass, m e

9.109 x 10~31 kg

Length

Bohr Radius, a^

5.292 x 10" 11 m

Energy

Hartree Energy, Eh

Time
Coulomb's Constant

4.360 x 10" 18 J = 27.2 eV

h
Eh

2.419 x 10" 17 s

1

8.988 x 109 Nm 2 /C 2

4jreo
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A.2

Scaled Units

The following scaled units are used in the current work:

nz
Po =

np
t

k = 2irn3
uio

=

nSLO

E0

=

n2E

F0 =

n4F

