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ABSTRACT

Engineering Very-High-/i Polarized Rydberg States and Behavior at High Scaled 

Frequencies

by

Jeffery J. Mestayer

Quasi-one-dimensional (quasi-ID) atoms can be produced by photoexciting 

selected Stark states in the presence of a weak dc field. For n > 500, such direct excitation 

of quasi-ID atoms becomes problematic because stray fields and effective laser 

linewidths lead to creation of a range of Stark states with no preferred orientation. We 

show here that very-high- n quasi-ID atoms can be produced by a multi-step process in 

which lower- n ( n -350) quasi-ID atoms are first produced. The excited electron is then 

localized in phase space near the outer classical turning point at which time it is 

transferred to a highly-elongated very-high- n orbit using a half-cycle pulse (HCP). This 

leads to the population of a broad distribution of final n states centered at n -580. It is 

shown that this broad distribution can be dramatically narrowed by subsequent 

application of further HCPs. The factors that govern the final n distribution are discussed 

with the aid of classical simulations. The availability of very-high- n quasi-ID atoms 

allows the dynamics of the periodically kicked atom to be examined at high scaled 

frequencies, v0 *15. Novel behavior, such as local increases in survival probability with 

increasing number of kicks, is observed.
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Chapter 1 

Introduction

A Rydberg atom is an atom in which one electron is excited to a state of very 

large principal quantum number n. Rydberg atoms have physical characteristics quite 

unlike those of atoms in ground or low-lying excited states. Several atomic properties are 

listed in table 1.1 along with their dependence on n and typical numerical values for each 

at several n. Atomic dimensions increase rapidly with n, and on average the separation 

between the excited Rydberg electron and the atomic core is large, so the gross properties 

of any species of Rydberg atom resemble those of hydrogen. The time scale for atomic 

motion is given by the classical Kepler orbital period and also increases rapidly with n. 

At high n, this time scale is of the order of tens of nanoseconds, which is easily 

observable with standard laboratory electronics. The binding energy of the electron 

decreases rapidly with increasing n, and at n = 350 only 120 peV is required to remove 

the electron. At high n, even weak externally applied electric fields can strongly perturb 

electronic motion. If the field is sufficiently strong, the electron can be stripped from the 

atom in a process termed field ionization. The response of Rydberg atoms to pulsed 

electric field has been studied extensively.1 However, until recently, the rise-time and 

width of the applied pulses were much larger than the classical Kepler orbital period, T„, 

of the Rydberg electron. With such slowly varying fields, the atom can respond 

essentially adiabaticaily and little energy is transferred. In contrast, the application of
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Table 1.1 Properties of Rydberg atoms

Property scaling (a.u.) n= 1n= 1 n=30 n=350 n=6 00
Mean radius n 1 5.3x5.3x10 9cm 4 .8 x l0 _6cm 6.5pm 19.1pm

Orbital
Period

2 m 3 1.5 xlO"16 4.1ps 6.5ns 32ns

Binding
Energy

l/2 « 2 13.6eV 15meV 120peV 37.8peV

Energy 1 /n3 10.2eV l.OmeV 0.1 peV 0.05peV
Spacing

Classical
Field Ionization 1/16h4 3 .0x l08 400V/cm 20mY/cm 2.3mV/cm
Threshold

a rapidly varying electric field can transfer energy to the electron. The application of a 

unidirectional electric field pulse, termed a half-cycle pulse (HCP), whose duration is 

much less than T„, delivers an impulsive momentum transfer given by

where F{t) is the field associated with the HCP. This impulsive momentum transfer 

imparts energy to the electron given by

where is the initial electron momentum. Due to the distribution of initial momentum,

the application of the HCP results in the coherent excitation of a range of Rydberg states. 

Sufficiently strong HCPs can deliver enough energy to ionize the atom.

Just as the application of a single HCP can modify the energy distribution of a 

Rydberg electron, it is thought that the application of a tailored sequence of pulses can

(1.1)

AE = ^ -  + p r Ap (1.2)
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lead to the manipulation and control of atomic wavefimctions with potential applications 

ranging from quantum information processing2’6 to ultra-cold collisions7,8. Of particular 

interest are highly polarized Rydberg Stark states, which play an important role in 

quantum localization due to their quasi-one dimensional (ID) character9,10. In addition, if 

successful, this control of atomic wavefimctions could lead to the exploration of a regime 

of Rydberg atom dynamics where Rydberg atoms are exposed to a periodic train of 

pulses whose period is much less than the classical Kepler orbit T„.
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Chapter 2 

Theory of the Kicked Atom

2.1 Classical Motion in a Coulomb Potential

At very-high-n, the Rydberg atom can be modeled classically. Therefore, it is 

essential to understand the behavior of such a system. The Hamiltonian of the classical 

Rydberg atom in scaled atomic units is

2 i
H  =  £ — 4  (2 .1)

where p  is the momentum and r is the distance from the nucleus. This problem is 

mathematically equivalent to the Kepler motion of planetary systems. Since the potential 

energy only depends on the distance from the force center, the system has spherical 

symmetry and thus it is rotationally invariant. As a consequence of this invariance, the

angular momentum L = r x p  is conserved. Another quantity conserved in this system is

p
the Runge-Lenz vector A -  p x L  ——. The magnitude of the Runge-Lenz vector is equal

to the eccentricity s. The value of e defines the nature of the orbit. For values of s > 1, 

the resulting motion is hyperbolic and unbound. However, here we are interested in the 

behavior of bound states and thus restrict discussion to motion where 0 < s  < 1. It can

also be shown that e = Vl + 2El} . The Runge-Lenz vector lies along the major axis of 

the orbital ellipse and points from the nucleus to the point of closest
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Figure 2.1 Parameters describing a Kepler orbit.
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approach, or the perigee, as demonstrated in Fig. 2.1. By taking the dot product A - r , we 

find the equation of a conic section with one focus at the origin.

L 2 = l + fc o s#  (2.2)
r

From this equation, the shape of the orbit can be determined. For an orbit with 

£ = 0 , the result is a circular orbit of radius L2. For 0 < s  < 1, the result is an ellipse 

with major axis 2a and minor axis 2b given by

£
a

1 -s2 2|£j (2-3)

L2 (2.4)
J2 E

It is interesting to note that the major axis only depends on the energy of the electron, 

while the minor axis is a function of the energy and the angular momentum.

To calculate the orbital period t, we note that the radial vector will sweep out an

area ~^r2d0  in the time intervald t . Also noting that the area of the ellipse is swept in

one complete orbit, the period can be determined from the equation

[ *  = - % d A

T -  — A (2.5)
L

Inserting the area of an ellipse, which is given by A = nab , the period becomes
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For the bound electron, E  = — , which leads to r  = I n n ’ .
I n 1

2.2 Rydberg Atoms in the Presence of a Uniform Electric Field

Currently the technique for creating quasi-ID atoms, which are used exclusively 

as parent states in this work, requires the presence of a weak DC field during excitation. 

Therefore understanding of the Stark effect is of critical importance. The potential for a 

hydrogenic electron in the presence of a uniform electric field in the +z-direction is

U = -  + F - z ,  where F is the field strength. For a quasi-ID atom, a crude estimate of 
r

the field ionization threshold can be obtained. If it is assumed that the motion of the

electron is confined to the z direction, the potential becomes U = —  + F  ■ z . In this case,
z

there exists a saddle point at z -  as demonstrated in Fig 2.2. The potential energy

at this point is U = -2-Jf  . The atom will be ionized when the electron energy is greater 

than the binding energy, or when-2 s[f  > E . Solving for F, we find that the classical

1
ionization threshold is

16 nA '

Another useful exercise is the calculation of the classical dipole moment due to an 

elliptical Kepler orbit. The average dipole moment is given by the equation
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U(z)

2 — —.

Figure 2.2 Potential energy curve of a quasi-ID atom in the presence of a uniform electric 
field.
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d) = {r cos (2.7)

To calculate (r cos d ) , we make use of the conservation of angular momentum, which

2 d egives L = r — . The calculation goes as follows.

1 r  r 2rcos0dt = — ■ — cos GdO
T T *-* L

Solving equation 2.2 for r, and inserting into the above equation yields

L5 pr cos 9
d

L u z(1 — £  COS 0)
-do

Then, inserting r  = I n n 1 into the equation we obtain

d fd-7l COS0
In n  *-* ( 1 - f  cos^)

dO

d 3 3 3 3 .= - - n  s  = — n ,/! —
n

(2.8)

The intuitive result is that the states with lowest eccentricity and therefore lowest angular 

momentum also have the highest dipole moment. Those states which are highly eccentric 

can be considered quasi-one-dimensional.

To obtain an accurate description of the behavior of a Rydberg atom in an electric 

field, a quantum mechanical approach is necessary. For simplicity a simple hydrogenic 

model will be used. It is convenient to study the Stark effect on the hydrogen atom in 

parabolic coordinates because only in this system is the Schrodinger separable. Despite 

this fact, an analytical solution is still quite difficult. Therefore, a perturbation theory 

approach is often employed. Of course, for this approach the zero-field solutions are
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used as basis states. The solution of the hydrogen atom in parabolic coordinates 

introduces the quantum numbers nj and « 2  which obey the following the relation 

n = nl +n1+\m\ + l.  Because of the rotational symmetry in the system, |m| remains a

good quantum number. An importance consequence of the Stark effect is that 

degeneracy in |m| is removed resulting in a manifold of n - |m| energy levels. From the 

separation of the Schrodinger equation, the allowed values of n\ and « 2  are for m=0 n\-r\2 

are n-1, n-3, ..., -n+1. For m - 1, the allowed values of n\-m  are n-2, n-4, ..., -n+2. The 

expression for the energy levels resulting from second order perturbation theory is

1  -  >h) -  ~  »* [l 7»2 -  3(n -  », f  -  w  +19] (2.9)

The energy level structure for m=0 stark states is illustrated in Fig. 2.3. Notice that 

energy levels in adjacent manifolds can cross. Such crossings are a direct consequence of 

the symmetry of the hydrogen atom. Fig. 2.4 shows that the probability density for the 

parabolic states is not symmetric about the nucleus in the direction of the electric field. 

This of course leads to a permanent non-zero moment along the axis of the field.

2.3 Temporal Behavior of Wavepackets

The application of a half cycle electric field pulse (HCP) whose duration Tp is 

much less than the orbital period of the Rydberg electron T„, leads to an impulsive 

momentum transfer A p . The energy transferred by the HCP to the Rydberg electron

Ap2 —■ —isAE = — + p - A p .  Thus the final electron energy distribution is dependent on the 

initial electron momentum distribution, but does not change in time in the absence of any
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WA

Figure 2.3 Energy level structure and field ionization for |m|=l.
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Figure 2.4 The parabolic stationary states for n=8, where k = n\ -  ril = -7 to 7.
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additional HCPs. The result is a coherent superposition of quantum states centered 

around some final value of n. This superposition is known as a wavepacket. The 

wavepacket formed may be expanded in terms of energy eigenstates as

v  (2-10)
n

— 1 I |2where En = —j ,  and the weighting probabilities \cn are strongly centered around the 
n

average final energy distribution. The wavepacket initially evolves at a rate characteristic 

of the states near the peak of the final energy distribution. A large number of final energy 

states, however, is populated which all evolve at different rates. This leads to a coherent 

dephasing of the wavepacket at a rate which is proportional to the width of the final 

energy distribution. The dephasing is coherent and at later times rephasing can occur, 

leading to regeneration of the initial state. This phenomenon is known as a revival. 

Because only those states with energies En near the average energy En enter

significantly into the sum in equation 2.10, the energy can be expanded in the Taylor 

series around the mean value n :

E„=En + E '-(n -n )  + ̂ E ”n( n - n ) 2+... (2.11)

♦ • 12The expansion coefficients of each term are related to distinct time scales :

I n  s  I n  n
d = W l = ’ ev = W ~\  = 3I *| | ft]

The first term is just the period of a classical orbit with energy E - . The second parameter 

trev is the revival time, and defines a revival period. Revivals are a purely quantum 

mechanical phenomenon, arising from the discreteness of the energy spectrum. At times
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that are rational fractions of trev, such as trev / 3 and trev / 2, the wavepacket can undergo a 

partial revival.

2.4 Classical Scaling Invariance

The information in table 1.1 was derived from the fact that the classical equations 

of motion are invariant under the length, momentum, time, and field transformation

r = a 2ra, p  = «  ' p a, t = a 3ta, F  = aFa where a  is a scaling parameter12. In these 

scaled variables, the atomic Hamiltonian Ha(ta) = a 2H(t) is independent of a . A

convenient choice of the scaling parameter is the initial value of n . It is convenient to 

work in scaled units so that comparisons between different Rydberg levels can be made 

easily. A summary of the relevant scaled quantities is as follows:

E0 = n2E, 

ta = n 3t, 

r0 = n 2r,
p 0 =np, (2.13)

APo = n 
L0 = n %

F0 = n * F

2.5 Classical Trajectory Monte Carlo Theory

Theoretical quantum dynamics calculations for very-high-n Rydberg wavepackets 

can be exceedingly difficult if not impossible given current available computing power 

and numerical techniques. This is emphasized by the extreme complexity of states 

involved in the calculation. Moreover, this matter is further complicated by the coupling 

of bound states to continuum states13. Fortunately much of the essential physics, which is 

exactly described by quantum mechanics, can be satisfactorily explained from the
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perspective of classical dynamics. This is particularly true in the regime where n > 350, 

for which the atomic dimensions are much larger than the electron DeBroglie 

wavelength.

The challenge to this method lies in comparing the motion of a quantum 

mechanical wavepacket, which occupies some non-zero volume in phase space, to a 

classical particle, which has exactly defined position and momentum. This problem is 

overcome by using a large microcanonical ensemble of classical particles chosen with 

initial position and momentum so that the phase space density of the overall ensemble 

represents the quantum mechanical probability density of the wavepacket. The trajectory 

of each classical particle in the ensemble is then propagated according to the classical 

Hamiltonian equation of motion independently. This approach forms the basis of the 

classical trajectory Monte Carlo method. It has been demonstrated that this technique can 

accurately model the dynamics of very-high-tt Rydberg wavepackets. Even for relatively 

low n, CTMC theory frequently provides an accurate description of wavepacket 

dynamics14.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

Chapter 3 

Experimental Apparatus

The apparatus used in the present work is shown in Fig. 3.1. Potassium atoms 

contained in a thermal-energy collimated beam are photoexcited to selected high-n 

Rydberg states by a frequency-doubled tunable ring dye laser. Excitation occurs near the 

center of an interaction region composed of three pairs of copper electrodes which are 

independently biased to minimize stray electric fields. Measurements are conducted in 

pulsed mode. The laser output is formed into a train of pulses of ~1 ps duration (the 

probability that a Rydberg atom is formed after a single excitation pulse is small, and data 

is collected over many cycles.) Following each laser pulse, the Rydberg atoms are 

exposed to a sequence of half-cycle pulses (HCPs) that is produced by combining the 

outputs from several pulse generators and applying the resulting waveform to a nearby 

electrode. The number of surviving atoms, and their excited state distribution, is 

determined using selective field ionization (SFI). In SFI, a linearly increasing electric 

field is applied to the atoms. Electrons resulting from field ionization are accelerated to, 

and then detected by, a charged particle multiplier. Because atoms in different n states 

ionize at different applied fields, measurement of the ionization signal as a function of 

time provides a measure of the n-state distribution of the surviving atoms. Measurements 

without HCPs are interspersed at routine intervals during the data acquisition. The
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Figure 3.1 Interaction region where Rydberg atoms are excited and subsequently ionized.
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Rydberg atom survival probability is obtained by comparing the Rydberg atom signals 

observed with and without HCPs.

3.1 Vacuum System

The vacuum system consists of two differentially pumped regions: the oven 

chamber and the main chamber. The oven chamber contains an oven in which ampoules 

of potassium metal are heated to produce the thermal energy ground state beam. This 

chamber is pumped by a 4” diffusion pump, and is separated from the main chamber by a 

0.5mm aperture which allows the potassium beam to enter the main chamber while 

minimizing contamination. The main chamber contains the interaction region where 

Rydberg atoms are created and then field ionized. It is pumped by a single 6” diffusion 

pump. The pressure in both chambers is monitored using a Bayard-Alpert type ionization 

gauge, and is typically ~1 x 10'7 torr. The laser beam enters and exits the main chamber 

through quartz windows set at Brewster’s angle. The laser beam is linearly polarized 

along the z-axis.

3.2 Potassium Beam

The potassium oven is a stainless steel reservoir enclosed in a water-cooled 

copper jacket. A five gram ampoule of potassium metal in the reservoir is heated to 

260°C by resistive cartridges. The oven temperature is monitored by thermocouples and 

controlled by microprocessor temperature controllers. The exit aperture is set at a higher 

temperature to prevent potassium from condensing and blocking it. The potassium beam 

enters the main chamber through a 0.5mm aperture, resulting in a beam divergence of
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0 lless than 1°. The beam density is estimated to be ~10 cm' at the center of the 

interaction region. The beam contains the isotopes of potassium in approximately the 

natural abundance of 93% for 39K and 7% for 41K.

3.3 Laser System

The wavelength required to excite the potassium 4s ground state to the parent 

Rydberg state of «~350 is 2856.4 A. Wavelengths in this range can be generated by a 

frequency-doubled Rhodamine 6G dye laser. The laser system used in the current work 

begins with a 7.5W beam of 532 nm light from a Verdi V8 solid state laser system 

pumping a Coherent 699-21 single frequency dye laser. The typical output power from 

the dye laser is ~ 1W. The output beam of the dye laser is directed into a Spectra-Physics 

Wavetrain tunable CW frequency doubler. The Wavetrain uses a BBO crystal in a ring 

configuration and the Pound-Drever active resonator stabilization method to provide a 

doubling efficiency of 5-10% over a large spectral range. With its active stabilization, 

the doubler can follow any reasonable changes in frequency of the input beam.

The frequency of the dye laser is actively stabilized by locking it to a temperature- 

controlled Fabry-Perot etalon. Changes in laser frequency away from the lock point are 

corrected by slightly changing the length of the cavity. Fast deviations are corrected by a 

piezoelectric-translator(PZT)-mounted mirror resulting in a frequency jitter of less than 

~250 kHz. The laser can be scanned over a 30GHz range by rotating a vertex-mounted 

galvo driven quartz plate about Brewster’s angle. Although the reference cavity is 

temperature stabilized, it still suffers from enough temperature drift to shift the reference 

cavity lock point by ~40MHz/hr in the fundamental (80MHz/hr UV), which is
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unacceptable for the present work. To minimize the long-term drift, the laser is locked to 

a frequency stabilized Helium-Neon laser using a second temperature controlled Fabry- 

Perot etalon15. A fraction of the visible radiation emerging through the end mirror of the 

dye laser is superposed with the output of a polarization-balanced, frequency-stabilized 

He-Ne laser and directed through a sealed temperature-stabilized confocal Fabry-Perot 

etalon (FSR 750MHz, Finesse~125). The mirror spacing in the etalon is repetitively 

scanned at 50Hz using a PZT, producing two series of sharp transmission peaks, one 

associated with each input wavelength. Changes in the separation between the first pair 

of neighboring peaks in the scan are monitored and used to generate an error signal that 

restores the dye laser to the desired frequency. Since this method depends only on the 

separation of the two peaks and not on their absolute position within the scan, the lock 

point is insensitive to small thermal drifts of the etalon, unlike the stabilization provided 

by the reference cavity. The frequency stability is limited by that of the HeNe laser to 

± 1 MHz/ 8  hours in the fundamental (±2M Hz UV). By changing the lock point, the 

frequency can be scanned over a 800MHz range and can be controlled externally using a 

DC input voltage in the range -5V to +5V.

The laser wavelength is monitored using a scanning Michelson interferometer16. 

The system counts the fringes of the unknown wavelength and compares this number to 

the fringe count of a reference laser, in this case a polarization stabilized HeNe laser. The 

accuracy of the wave meter is approximately ± 1GHz at the operating wavelength.

The CW output of the dye laser is chopped into short pulses, typically of ~ lps 

duration, using an acousto-optic modulator (AOM)17. The AOM consists of a PZT 

transducer mounted on a high purity fused quartz block. The transducer generates a high
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frequency RF acoustic traveling wave inside the quartz. The resulting periodic variation 

of the refractive index produces a diffraction grating, which can deflect up to 90% of the 

light out of the zero order. To produce a pulse of light, the sound wave is pulsed to 

deflect the light into the first order, which is directed into the apparatus.

3.4 Interaction Region

Excitation occurs near the center of an interaction region bounded by three pairs 

of independently biasable copper electrodes, each lOcmx 10cm. Using a 0.5m focal 

length UV converging lens, the output of the laser is focused to a spot diameter of 

~ 150pm at the atomic beam. Even with all electrodes grounded, however, fields of 

~2mV/cm remain at the center of the interaction region. These residual fields primarily 

result from potassium deposition on the copper electrodes, which generates patch fields 

due to the difference in work function between copper and potassium (2.3eV for K and 

4.5eV for Cu)18. The use of large electrodes well separated from the experimental 

volume minimizes the effect of the patch fields associated with these non-uniformities. 

To minimize motional electric fields, the magnetic field is reduced to < 20mG 

( (v) x J5 < 12 pV/cm) by use of a p-metal shield that surrounds the interaction region.

The electric fields are locally reduced to <50pV/cm by application of small bias 

potentials to the electrodes that are determined using a technique based on the Stark 

effect. Except for the bottom plate, all side plates are held at small selected offset 

potentials obtained using a voltage division network. This reduces sensitivity to small 

changes in offsets generated by the biasing circuits. The bottom electrode is connected to 

a ramp generator to induce selective field ionization.
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Electrons resulting from field ionization are accelerated by the ramp and exit the 

interaction region through a 1” diameter mesh covered opening in the bottom plate. After 

exiting the interaction region, the electrons are accelerated to ~ 100 eV and detected by a 

Dr. Sjuts channeltron (electron multiplier). To insure a stable and accurate field zero or 

field offset during laser excitation, the extraction ramp baseline voltage must not only be 

very stable over several hours but must also have a near-zero slew rate between laser 

excitation and the application of the field ionization ramp. During the experiment, the 

output of the extraction ramp circuit is continuously monitored with a GaGe Compuscope 

1602 PCI card on a computer running GaGescope professional edition oscilloscope 

software. The Compuscope 1602 samples at 2.5MS/s and performs a 16 bit analog-to- 

digital conversion of the analog input signal with a 75dB signal to noise ratio. Real time 

averaging of the signal is performed using the GaGescope software to eliminate the 

effects of this card-generated noise. The baseline voltage is typically observed to be 

stable to ± 0.15mV over an 8  hour period.

3.5 Half-Cycle Pulse Production

The HCPs are generated by applying voltage pulses to a circular copper electrode 

4cm in diameter that is positioned 2.5cm below the upper square electrode. The HCP 

electrode is mounted on the end of a section of semi-rigid copper clad RG-141 coaxial 

cable that is terminated by a 50Q resistor at the electrode. This arrangement minimizes 

the stray capacitance of the HCP electrode, allowing fast pulse rise times (200ps) to be 

achieved. Also, the symmetry of the interaction region is reduced, limiting the excitation 

of resonant cavity modes, which are estimated to be significant above ~3GHz. The
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output pulses from the pulse generators are ac-coupled to the HCP electrode using a 

Picosecond Pulse Labs 5542 bias-tee to prevent small drifts in the output baseline from 

introducing stray fields in the experimental volume. The bias-tee combines the ac- 

coupled HCP signal with the field zero bias voltage. This bias-tee ac-coupler has a flat 

frequency response from 10kHz to >50GHz and reduces the rise time of the applied 

signals by only 7ps.

Three externally-triggered instruments are used to generate the HCPs: a 

Picosecond Pulse Labs (PSPL) 10050 pulser and two Hewlett-Packard (HP) 8131A 

pulsers. The PSPL 10050 provides a single 10V pulse and is capable of a 100 kHz rep 

rate. The pulse rise time is 45ps and fall time is 1 lOps, with pulse durations from lOOps 

to 10ns, adjustable in 2.5ps steps. The amplitude is adjusted using broadband attenuators 

with a bandwidth of DC to 6 GHz. The HP8131A is a GPIB-controllable 500MHz pulse 

generator with two independent outputs. The rise and fall time of the pulses is fixed at 

~200ps. The pulse widths are adjustable from 400ps to 500ns, adjustable in lOps 

increments. The amplitude of these pulses is adjustable from 0.1V to 5.0V in 0.01 V 

increments. The HP8131A is capable of running in two modes: singe pulse mode or 

pulse train mode. HCPs are combined with a Mini-Circuits broadband (200kHz-2GHz) 

power combiner. Semi-rigid RG-141 cable is used throughout because of its very good 

frequency response and very low attenuation.

Both pulsers are separately triggered using a Stanford Research Systems (SRS) 

DG 535 pulser. The SRS pulser is a GPIB-controllable precision delay generator capable 

of adjusting the separation between its two outputs to accuracy better than 50ps.
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Pulses are measured directly at the electrode using a Tektronics P6156 DC- 

3.5GHz voltage probe and a Tektronics 7603 sampling oscilloscope equipped with an S-2 

type sampling head (<75ps rise time). Uncertainties in the field calibrations and 

measurements of pulse profiles introduce an uncertainty of - 1 0 % of the applied field.

High frequency components of the pulses are removed using a PSPL 200ps rise 

time filter to minimize excitation of resonant modes in the interaction region, expected to 

be significant above ~3GHz.
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4.1 Selective Field Ionization

Selective field ionization (SFI) is a technique which allows measurement of the 

number of surviving Rydberg atoms, but also gives information about the excited state 

energy distribution. In SFI, a linearly increasing electric field is applied to the Rydberg 

atoms. Because atoms in different Rydberg states ionize at different applied fields, the 

ionization signal as a function of the applied field provides a measure of the energy 

distribution of the atoms present at the time of application of the field. If the field rises 

linearly with time, the observed ionization signal as a function of time is proportional to 

the signal as a function of applied field.

The physics of ionization by pulsed electric fields is treated in more detail 

elsewhere. 1,19,20 Field ionization involves in two distinct regimes. In small fields (< 

l/3«5) where states from adjacent Stark manifolds do not yet cross, the parabolic n n ^ m  

states evolve adiabatically in the field. In large fields (>l/3«5) avoided crossings occur 

between states of the same m and different n. Ionization occurs over a range of field 

strengths beginning at ~1/16«4. As the applied SFI ramp increases, atoms with higher 

values of n therefore ionize before atoms with lower values of n. Thus measurement of 

the time arrival distribution of electrons resulting from field ionization can yield 

information about the distribution of Rydberg states present at the time of application of 

the ramp. Free electrons produced by HCP-induced ionization can also be extracted by 

the electric field ramp and can contaminate the SFI spectrum. Therefore, it is imperative
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to leave a time delay between the time of HCP application and the time of SFI extraction 

to allow the free electrons time to drift from the interaction region.

For very-high-/? atoms, field ionization occurs at very small fields. Thus the time 

required for liberated electrons to reach the detector depends on the field in which 

ionization occurs. Therefore for accurate measurement of excited state distributions, a 

series of SFI calibration spectra must obtained by tuning the laser to excite specific high- 

n states and measuring the resulting profile. An example of such spectra is found in Fig. 

4.1.

4.2 High-w Spectroscopy

For the current work, it is necessary to accurately excite Rydberg parent states to 

a known value of n. Because many atomic properties are strongly dependant on n, any 

error in n could lead to pulse sequences with incorrect timing and amplitude. The energy 

levels of very-high-« potassium Rydberg atoms can be represented as

<41)

where R is the Rydberg constant and S(n,l) is the quantum defect. The quantum defect 

can be computed using a modified Rydberg-Ritz formula21

S(n,l) = a0+  2-  + (4.2)
(n - a 0f  ( n - a 0) ( n - a 0)6

where ao, ai, a.2, a3 ... are n and / dependant coefficients that have been determined
•7Q

empirically for K. The /-dependence of the quantum defect is a consequence of core
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Figure 4.1 SFI calibration spectra for several n states

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



28

penetration associated with low-/ states. The excitation wavelengths are given by the 

equation

^  = E (n ,p )-E (4 ,s )  (4.3)
A

For lower values of n, the resolution of the wavemeter (±2GHz) is sufficient to 

distinguish between adjacent n-states. However, in the region near n~350, the resolution 

is not sufficient to allow the accurate identification of individual n-states. Therefore, the 

laser frequency offset is scanned. The resulting frequency spectrum, shown in Fig. 4.2, 

can be used to identify individual n-states, by comparing the experimental level spacings 

with those calculated from the above formulas. The line width of the states is mostly due 

to Doppler broadening from the divergence in the atomic and laser beams (<0.5 degrees). 

Figure 4.2 also includes a calculated frequency spectrum for comparison. Not readily 

apparent in the figure is the presence of two hyperfine series separated by 461.7MHz, 

resulting from the excitation of the 4s (F=l) and 4s (F=2) ground state hyperfine levels of 

39K. The relative intensities of each of these lines are proportional to the degeneracy 

(2F+1) of the two hyperfine levels. The n-levels for the two hyperfine states are 

indicated at the top of figure. In the vicinity of n=350, the best overlap occurs for n=352, 

F=1 and n=350, F=2.

4.3 Minimizing Stray Electric Fields

The presence of stray electric fields in the interaction region can have a dramatic 

effect on very-high-« Rydberg excitation. The field causes Stark mixing of states with 

the neighboring manifolds, which then allows states in the Stark manifold to be excited 

optically. This Stark mixing means that the state excited by the laser is not a pure p state,
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but a mixture of states from the manifold. As we will see later, this effect can be very 

useful in creating a wavepacket with a preferred orientation. However, due to the 

extreme sensitivity to the magnitude the external field it is imperative that the stray 

electric fields be minimized so that a field of a desired magnitude and direction can be 

applied.

A technique has been developed to measure and reduce stray electric fields in the 

interaction region which takes advantage of the quadratic Stark effect on very-high-/? 

Rydberg atoms. The laser is detuned a few MHz to the red of a particular As -» np 

transition, and the Rydberg atom signal is recorded as a function of the bias applied 

between each opposing pair of electrodes in the interaction region. The applied bias 

potential superposes a variable component of the electric field in the experimental region 

perpendicular to the plane of the biased electrodes. An example of one of these field 

scans is shown in Fig. 4.3 for excitation to the states n= 150 and n=250. The most notable 

feature of both scans is the double peak structure. As the absolute magnitude of the total 

field in the interaction region Stark shifts the np state into resonance with the fixed laser 

frequency, a maximum in Rydberg atom production is observed. If there was no stray 

field component parallel to the applied field, the two peaks would be symmetric about 

zero applied field. In the presence of a non-zero stray field, which is always the case, the 

two peak structure would be shifted away from the origin. In this case, the exact 

midpoint between the two peaks is equal to the applied field required to cancel the stray 

field component in the direction being scanned. The separation of the two peaks depends 

on the laser detiming and the size of the Stark shift which strongly depends on n. In 

practice, when performing this procedure it is convenient to begin by first minimizing the
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Figure 4.3 Rydberg atom signal observed as a function of applied electric field 
for excitation of Stark states with «=150 and n=250.
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stray field at a lower n state than the desired parent state. Once this is completed, the 

procedure can be repeated at the very-high-^ (ra~350) parent state which is a more 

sensitive test. Using the current apparatus, the total residual fields can be reduced to < 50 

pV/cm.

4.4 Data Acquisition System

The experiment is conducted in pulsed mode at 20 kHz under computer control, 

synchronized to an external master pulser. Data are accumulated over many identical 

cycles. The timing sequence is shown in Fig. 4.4. The sequence starts by triggering an 

acousto-optic modulator to emit a 1 ps pulse of laser light. Immediately following this 

(200ns), a computer controlled NIM pulse generator unit, referred to as a computer 

controlled gate, triggers another pulser, the SRS DG535 dual channel, high time precision 

pulser. HCPs are generated when the SRS pulser triggers the HP8131A and the PSPL 

10050 pulsers. A voltage ramp is applied ~10ps later to the bottom electrode for 

detection of the surviving Rydberg atoms by selective field ionization (SFI). 

Immediately before the SFI ramp starts, an ORTEC 566 time-to-amplitude (TAC) is 

triggered by a “start pulse.” This starts the time measurement of the TAC. The TAC 

measures the time between the start pulse and a stop signal, which is provided by an 

output pulse from the channeltron detector. The output of the TAC varies from 0 to 10V 

and is proportional to the relative time delay between the start pulse and the stop pulse. 

The output pulses from the channeltron are converted to a TTL signal (the TAC stop 

signal) using an A101 charge sensitive amplifier.
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Figure 4.4 Schematic of data acquisition timing sequence
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The data are collected by a PC using a National Instruments multifunction data 

acquisition card and a National Instruments 488.2 GPIB communication card. The data 

acquisition card provides two analog inputs, two analog outputs, and a multitude of 

digital outputs. The analog inputs and outputs consist, respectively, of a 12 bit analog-to- 

digital converter (ADC) and a 12 bit digital-to-analog converter (DAC). The analog 

input voltage range matches that of the TAC output, 0-10V. The analog outputs are 

bipolar, ranging from -5 to +5V. The outputs are used to control the frequency of the 

laser and for scanning bias voltages of the side plates to determine the field zero offsets. 

A single digital output is used to turn HCPs on or off using a computer controlled gate. 

The GPIB card is used to send commands to vary the relative delays of the SRS DG 535.
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Chapter 5 

Engineering very-high-#i Polarized Rydberg States

5.1 Production of Quasi-ID Parent States

Previous work has shown that it is possible to produce strongly-polarized quasi- 

one-dimensional high-w (w~350) Rydberg atoms by exciting the extreme members of the 

Stark manifolds in the presence of a weak dc field.123,24’25 However, in practice the 

selective excitation of individual Stark states at high n is challenging due to the low 

oscillator strengths associated with these transitions and because the adjacent Starks 

states in a given manifold are very closely spaced. With the availability of narrow- 

linewidth frequency-stabilized lasers the excitation of quasi-ID states at n~350 is 

possible.

The Stark energy level diagram for K (m=0) states near «=50 is shown in Fig. 5.1. 

Since the number of Stark states per manifold increases as ~n and the general 

characteristics of the overall Stark level structure are largely independent of n, the region 

near n=50 was chosen for graphical clarity. As discussed in section 2.2, the extreme 

members of low-|m| high-« Stark manifolds have a large permanent dipole moments and 

approximate quasi-one-dimensional states. From the figure we see that as a d  state 

approaches its neighboring manifold, strong mixing leads to the appearance of a broad 

avoided crossing, the initial state correlating adiabatically with the extreme lowest- 

energy, “downhill” Stark state. At field strengths in the vicinity of the avoided crossing,
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Figure 5.1 Calculated Stark energy level structure for K (m=0) states in the vicinity of 
7?=50 (thin lines).
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the d  state mixes with an ensemble of highly-polarized downhill states. It is this d  state 

that is of particular interest as a quasi-ID state.

Calculated and observed photoexcitation spectra for n~350 are shown in Fig. 5.2. 

To demonstrate the effect of laser linewidth on excitation, the results of calculations with 

an ultra narrow linewidth and also with an effective linewidth of 10 MHz are presented. 

The excitation spectrum predicted using the 10 MHz linewidth is in good agreement with 

the experimental data. The three distinct peaks labeled S, P and D that are observed in 

the excitation spectrum are associated with the 5-like, p-like, and r/-like states, 

respectively.

5.2 Elongation

Direct excitation of quasi-ID states becomes problematic as n becomes very 

large. For example, at n = 400, the dc field required for selective excitation is on the 

order of 200 pV/cm. To reach the desired goal of n~600, the required field for excitation 

would be much smaller than the stray fields in the interaction region (~50 pV/cm). An 

attempt at direct excitation in this region would lead to the production of a broad range of 

Stark states. The superposition of these states would not lead to a net polarization. 

Essentially the polarization would average to zero. Therefore, a method is required that 

would create a narrow range of very-high-« states, but also preserve the polarization.

The present work demonstrates that quasi-ID very-high-n atoms can be produced 

by transporting lower-n quasi-ID parent states to the region near «~600 using a carefully 

tailored sequence of HCPs. Prior to the application of the sequence, photoexcitation 

produces quasi-ID nt-  350 Stark states with a narrow distribution of parabolic quantum
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Figure 5.2 Probability for photoexcitation of ground state of potassium atoms into m- 0 
Stark states in the vicinity of n=350: (a) calculation for an ultra narrow 
linewidth (A © l= 0 )  laser and F^c=300pVcm‘1 (thin line), (b) same as (a) but 
assuming an effective laser linewidth of ~10 MHz, (c) measured excitation 
spectra for several values of applied field. Also displayed in (a) are the z- 
components of the dipole moments (z0) = (f|z| f)/n 2 for each excited state 
expressed in scaled units (heavy black squares). The lines in (c) indicate the 
extreme members of the m=0 hydrogenic Stark manifolds.
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numbers n\ centered at n\ ~ 320 and large electric dipole moments d— 1.25 n f  in the 

presence of a dc field as described above. This quasi-ID state is the starting point o f this 

procedure, and is known as the parent state. The first goal is to transfer the parent state to 

a higher-/? state (n~600). This is accomplished by transferring energy to the parent state 

by applying a HCP at the appropriate time having the desired magnitude. Classically, the

A 2

energy transfer delivered by an HCP is given byAE = - ~ -  + p - A/?, where Apis the

impulsive momentum transfer of the HCP and p  is the electron momentum. It is clear

that if  a HCP with a precisely defined momentum transfer Ap  is used, the width of the 

resulting energy distribution depends entirely on the initial momentum distribution at the 

time of the HCP application. Therefore, if the goal is a narrow final energy distribution, 

one must apply the HCP at a time when the momentum distribution is narrow and well 

defined. Even more convenient would be to apply the HCP at a time when the average 

component of momentum in the direction of the HCP is zero.

To achieve this condition, we make use of a phenomenon known as transient

0f\phase space localization. The time evolution of the phase space distribution of a quasi- 

ID atom subjected to a small HCP directed toward the nucleus is shown in Fig. 5.3. The 

two sets of phase space distributions correspond to quantum and classical phase space 

distributions respectively. The size of the HCP is sufficiently small that the initial energy 

distribution is only slightly changed. However, it induces a non-stationary phase space 

distribution or time dependant wavepacket. Rather striking is the behavior at to=3, where 

the probability distribution becomes temporarily localized at the outer classical turning 

point. At this point, the momentum distribution is narrowly peaked close to zero
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Figure 5.3 Snapshots of the classical and quantum coarse-grained phase space 
distributions of an initial ID parent state in n- 50 (/o=0) and following 
application of a kick with scaled strength A,p0 = -0.05 (t0 = t/Tn =1.45,
21.5). The histograms were obtained using a graining Sp0 = 0.1 and
Sq0 = 0.1.
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providing a perfect opportunity to the deliver the HCP intended to transfer the electron to 

a higher energy state.

The HCP used to induce transient phase space localization is known as the 

localization kick. This HCP has a width of 500 ps, and delivers a scaled momentum 

transfer Apr = -0.085. For a HCP of this size, the optimum time of localization occurs

after 6.5ns, which corresponds to a scaled time delay of tT.=t/Tn= 1, or exactly one 

classical orbital period. At this optimum time of localization, a large kick with scaled 

momentum ApE =0.8 directed away from the nucleus is applied. This kick shifts the

energy distribution of the electron to much higher n. In the classical picture, this kick has 

the effect of transferring the electron to a highly elliptical orbit of large eccentricity. 

Therefore, this HCP is known as the elongation kick. Figure 5.4 shows the resulting 

calculated energy distribution for the parent state and the distribution after the elongation 

kick. The final energy distribution after the elongation kick is centered near n~ 600, but, 

despite the fact that the elongation kick is delivered at the time of transient phase space 

localization, the resulting final energy distribution is quite broad. The experimental SFI 

profile, shown in Fig. 5.5, demonstrates good agreement with the calculated energy 

distribution.

Although the expectation value of the component of momentum in the direction 

of the elongation is zero, there is a finite width to the resulting distribution. Classically 

this can be viewed as most of the electrons are at the turning point, but some percentage 

of the electrons are already beyond the turning point, and have momentum in the 

direction of the nucleus, while another group have yet to reach the turning point and have

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



n(
E

) 
d

E

olO
00

o  o  o
o  o  o
CD I"- 00

o
o

o
om

- 0.6 -0 .4 0.1-0 .5 -0 .3 - 0.2 - 0.1 0

S C A L E D  E N E R G Y
Figure 5.4 Calculated energy distribution following application of 

elongation kick of strength Api; = 0.8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SI
G

N
A

L 
(a

rb
. 

un
it

s)

43

i n=700
n—qnn nn=600n-yuu// \ \ / \  An=500 n=350

2 3 5 64

ARRIVAL TIME (jds)
Figure 5.5 (a) SFI calibration spectra, the peak labeled n=350 corresponds to the quasi- 

ID parent state and (b) experimental SFI spectrum following application of 
elongation kick of strength Apf, = 0.8.
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momentum away from the nucleus. Those that have momentum away from the nucleus 

at the time of the elongation kick will experience an increase in energy larger than those 

that have zero momentum. Conversely those that have non-zero momentum in the 

direction of the nucleus will experience an energy increase less than those that had zero 

momentum. The resulting state after the elongation kick is a highly one-dimensional 

state with a broad energy distribution centered at n~600. This state is not suitable as a 

starting point for further study. Therefore, the energy distribution must be narrowed 

while still preserving the quasi-ID character. Also, regardless of whatever process is 

used to tailor the energy distribution it is highly desirable to preserve a large percentage 

of the initial population of Rydberg atoms. In other words, we must maintain a high 

survival probability to facilitate further experiment after the final state is reached.

5.3 Narrowing the n-distribution

Following a 5 ns delay after the elongation kick, a periodic train of N HCPs, each 

separated by 2.1 ns and delivering a scaled impulse of Apr =-0.18 is applied.

Remarkably, as shown in Fig. 5.6, as the number of kicks in the train is increased, the 

width of the energy distribution decreases. The width of the distribution reaches a 

minimum at N=3 kicks where it is strongly peaked at «~600. The increase of the 

population near 77=600 shows that the reduction in width of the energy distribution does 

not result from merely filtering out the unwanted higher- and lower-/? states. Rather the 

data indicate that the outlying states are being shepherded to the center of the distribution. 

This is further demonstrated by the fact that over 50% of the initially
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Figure 5.7 (a) SFI calibration spectra, the peak labeled «=350 corresponds to the quasi- 
ID parent state and (b) experimental SFI spectra recorded following N=l-4 
kicks of strength Apr = -0.18.
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created Rydberg atoms survive the HCP sequence. However, for N > 3, the energy 

distribution again broadens. It is interesting to note that for «=600, the kicks in the HCP 

train correspond to a scaled kick frequency of 15, in other words for every classical 

orbital period, at total of 15 HCPs are applied. Under conditions similar to these, 

quantum localization has been predicted. Shown in Fig. 5.7 is the experimental SFI 

profile which again demonstrates good agreement with the calculated energy distribution. 

Although the experimental parameters used to obtain this data were empirically 

optimized to yield the narrowest final n-distributions within the limits imposed by the 

available pulse generators, qualitatively similar behavior was observed for a variety of 

time delays between the elongation kick and HCP train (to ~ 5-15 ns) and for a range of 

kick strengths in the HCP train (ApT— 0.09- -0.27) demonstrating that the effect is 

robust.

The agreement observed between the experimental SFI spectra and the energy 

distributions calculated from the classical CTMC technique indicates that this method for 

engineering high-lying n states does not rely on true intrinsic quantum effects. However 

the idea of manipulation and shaping of wavepackets is justified because the entire pulse 

sequence takes place on a time scale shorter than the Heisenberg time (~ n Tn) beyond 

which quantum and classical dynamics diverge. This allows investigation of the 

mechanism responsible for shaping and narrowing energy distributions by way of 

classical phase space portraits. This method is linked closely to the CTMC method 

where wavefunction evolution is studied by allowing a finite number of particles which is 

representative of the initial state to evolve according to Hamilton’s equation of motion. 

Figure 5.8 shows a set of phase space portraits each of which is composed of 1000 scaled

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SC
AL

ED
 

M
O

M
EN

TU
M

48

2.00

1.00 

0.00

- ,0 0  - ■ - •• jj/s "

-2.00 -■ 1 1 ■ ■ 1 ■ 1 ' ‘ '%/-■ ■' ' J   ■ 1 ■■ -
c) 1  [ d) 4

1.00

^ _____ ' ^
-2.00  -  4 '  1  ' 1 " 1 1 ' ' ( ................................

e) •• I r  4
1.00 

0.00 

- 1.00 

- 2.00
-2.0 0.0 2.0 4.0 6.0 -2.0 0.0 2.0 4.0 6.0 8.0

SCALED POSITION
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phase space points zo=zInf,  pz,o= nipz. These portraits show the evolution of the phase 

points during the HCP sequence. Each portrait also includes a series o f solid lines that 

show for a ID atom the tori associated with the stationary states indicated. The phase 

space portrait immediately following the elongation kick is shown in Fig. 5.8(a) and is 

simply the initial transiently localized state displaced to positive momenta by the 

elongation kick. This distribution evolves to that shown in Fig. 5.8(b) immediately 

before the first kick in the HCP train. The phase space portraits immediately following 

application of N = 1-4 HCPs are shown in figures 5.8(c)-(f) respectively.

After the elongation kick, the momentum distribution is nearly entirely contained 

in the positive direction away from the nucleus. As this distribution evolves, we get to 

the portrait in Fig. 5.8(b). This configuration of this distribution is critical to the n- 

narrowing mechanism. The most important feature of this distribution is the fact that 

predominately, the higher-/? states have a positive momentum (directed away from the 

nucleus). However, the lower-/? states have mostly a negative momentum. At this point 

the period train of HCPs begins. With each subsequent kick in the train, the higher-// 

states experience a decrease in energy because the impulsive momentum transfer of the 

kick is in the opposite direction of the momentum of the high-/? states. However, with 

each kick, the lower-/? states experience and increase in energy because the momentum 

transfer of the kick is in the same direction. Thus the states lying away from the center of 

the energy distribution are squeezed toward the center of the distribution. Initially the 

phase space distribution overlaps a broad range of n levels, but by the time of Fig. 5.8(e), 

the distribution is strongly localized near the torus for n ~ 600. Further kicks in the train
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tend to push the distribution towards the continuum and ionization thus destroying the 

narrow distribution.

The highly polarized quasi-ID character of the state formed after N = 3 kicks is 

demonstrated in Fig. 5.9(a) which shows the calculated electron spatial distribution 

projected onto the xz plane, 120 ns after the application of the HCP sequence. This time 

delay allows the spreading of the phase space distribution across the final state tori 

thereby representing the course grained stationary final state. This distribution is strongly 

polarized along the z axis indicating that the present method allows transport between 

strongly polarized states. As seen from Fig. 5.9(b) an even more highly-oriented final 

distribution can be obtained using as an initial state the extreme n/= 349 state in the 

n=35Q Stark manifold.
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Figure 5.9 Calculated electron spatial distributions (projected onto the xz plane) after a 
time delay of 120 ns following application of N -3 period HCPs for (a) an 
incoherent statistical mixture of 36 oriented Stark states in the n = 350 
manifold centered on m = 320 and (b) the extreme Stark state nj = 349
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Chapter 6 

Response of Rydberg Atoms at High Scaled Frequencies

6.1 Ideal ID atom at high vo

Earlier work has shown that the periodically kicked Rydberg atom provides an

• • ♦ • 9 7excellent laboratory to study nonlinear dynamics m Hamiltonian systems. However, up 

until now, experimental measurements have been limited to scaled frequencies

v0 =vT/vn < 3, where vT is the frequency of the HCPs in the train and

vn{ = \ITn =\l2nrv’) is the classical electron orbital frequency. In this regime of

relatively low scaled frequencies, a number of interesting phenomena have been observed 

such as population trapping near the continuum and dynamical stabilization. Theory 

suggests that at higher scaled frequencies v0 >15 a number of new effects should be 

observed.

We begin by studying the behavior of an ideal ID atom at high v0 with the aid of

CTMC simulations. A state with n = 600 was chosen so that experimentally attainable 

pulse spacings could be used. One effect that is suggested by theory is the non

monotonic decay of survival probability as the number of HCPs in the train is increased. 

Figure 6.1 and Fig. 6.2 show the dependence of the survival probability on the number of 

HCPs applied for selected scaled frequencies of the applied HCP train. As the scaled 

frequency is increased, a large deviation from monotonic decay of the survival 

probability is evident.
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Figure 6.1 Survival probability as a function of the number of kicks of strength 
Ap0 = 0.10 directed towards the nucleus of an ideal ID atom at scaled 
frequencies of (a) v0 = 3, (b) v0 = 6 , (c) v0 =10, and (d) v0 = 15
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Figure 6.2 Survival probability as a function of the number of kicks of strength 
Ap0 = 0.15 directed towards the nucleus of an ideal ID atom at scaled
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This effect is robust and can be observed for a wide range of kick strengths, and therefore 

should be possible to observe experimentally.

6.2 Equilibrium state of the very-high-#f polarized Rydberg atom

With current experimental constraints, the widths of HCPs are typically limited 

to values > 500 ps with pulse repetition frequencies vr < 500 M Hz. Thus, using such

HCP trains, scaled frequencies v0 -1 5  can only be obtained by working with Rydberg

atoms with very large values of principal quantum number n, n > 600. Rydberg atoms of 

this type are difficult to create and are strongly perturbed by external fields. The 

technique described in chapter 5 can be used to produce Rydberg atoms suitable for 

observing the non-monotonic decay of survival probability at high scaled frequency. 

However, the pulse sequence described requires the use of all available pulse generators, 

therefore further probing of the final state is not possible. Therefore a more efficient 

route to creating very-high-^ polarized Rydberg atoms is required. The evolution of 

phase space distributions during the ^-narrowing process, shown in Fig. 5.8, hints at a 

possible solution. To reach the final phase space distribution in Fig. 5.8(e), it seems that 

the distribution shown in 5.8(b) simply must be shifted downward towards lower 

momentum. It should be possible to accomplish this with a single HCP with proper size, 

direction, and timing after the elongation kick. Figure 6.3 shows several phase space 

portraits following the application of a single n-narrowing kick of varying amplitude 5 ns 

after the application of the elongation pulse. As the scaled kick strength ApN = ntApN is 

increased the phase space distribution begins to lie very near to the torus associated with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

the n = 600 stationary state, very similar to what is observed in Fig. 5.8. Shown in Fig. 

6.4 is
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Figure 6.3 Classical phase-space portraits on the (z,pz) plane, expressed in scaled
coordinates zo=z/« 2, pz,o= nipz. Portraits are following the application of a 
single ^-narrowing kick 5 ns after the application of the elongation pulse with 
amplitudes of (a) Ap0 = 0.18, (b) Ap0 = 0.25, (c) Ap0 = 0.32, (d),
Ap0 -  0.39, (e) Ap0 = 0.46, and (f) Ap0 = 0.54. The thin black lines show,
for a ID atom, the stationary tori that correspond to states with the values of n 
indicated.
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Figure 6.4 Calculated energy distributions after a single narrowing kick (------ ) with
scaled magnitude ApNo = -0.45, and the final energy distribution following a
N=3 kick sequence (------) with magnitude ApN = -0.18 .
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the final energy distribution after the application of a single narrowing kick of strength of 

ApN =-0.45 compared to the final distribution created using the N=3 pulse train

described in chapter 5. While the distribution created with a single narrowing kick is 

peaked at a slightly lower value, n -  580, the width of the distribution is slightly smaller, 

and the distribution significantly more symmetric about the peak value. The 

experimental SFI profile following a single narrowing pulse is shown in Fig. 6.5. This 

SFI spectrum demonstrates good agreement with the calculated energy distribution. At 

this point, a delay of -  120 ns is introduced to allow the final phase space distribution to 

spread and become quasi-stationary. The calculated spatial distribution following this 

delay is shown in Fig. 6.6.

6.3 Experimental Realization of Non-monotonic Decay of Survival Probability

With the final state after the 120 ns equilibration delay, it is possible to achieve a 

scaled frequency v0 = vT I vn - 1 5 , within the constraints of the present apparatus. The 

most straightforward initial experiment is to study the dependence of the survival 

probability on the number, N, of HCPs in the train. Figures 6.7, 6.8, and 6.9 show the 

measured and calculated survival probability as a function of N for kicks of varying 

strength directed both towards and away from the nucleus. For kicks directed away from 

the nucleus the survival probability simply decreases monotonically with increasing N. 

However, for kicks directed towards the nucleus, the survival probability displays
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Figure 6.5 Experimental SFI spectrum following a single narrowing kick with scaled 
strength ApN = -0 .45 .
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Figure 6.7 Dependence of survival probability on the number N of HCPs in the train for
kicks with scaled magnitude of Ap0 = 0.07 directed towards ( • , ------) and
away from (o ,------) the nucleus, where the lines represent the results of
CTMC simulations and the circles represent experimental data.
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Figure 6.8 Dependence of survival probability on the number N of HCPs in the train for 
kicks with scaled magnitude of A/>0 = 0.11 directed towards ( • , ------ ) and
away from ( o , ------ ) the nucleus, where the lines represent the results of
CTMC simulations and the circles represent experimental data.
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Figure 6.9 Dependence of survival probability on the number N of HCPs in the train for
kicks with scaled magnitude of Ap0 -  0.14 directed towards ( • , ------) and
away from ( o ,------) the nucleus, where the lines represent the results of
CTMC simulations and the circles represent experimental data.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

pronounced structure and for certain ranges of N actually increases with N. The values of 

N at which local maxima in the survival probability occur depends on the strength of the 

kick, Ap0. These maxima shift to lower N as Ap() increases. For all values of N and

ApQ, the survival probability is larger than that for kicks directed away from the nucleus.

This behavior contrasts with that predicted and observed at lower scaled frequencies 

where for both kick orientations the survival probability simply decreases steadily as N 

increases.

Although the calculated survival probabilities consistently lie slightly lower than 

the measured survival probabilities, their behavior qualitatively mirrors that observed 

experimentally. The calculated survival probabilities assume that product states with a 

final value of n greater than the ionization cutoff nmax -1000 are ionized by the field 

inhomogeneities present in the apparatus. The differences between theory and 

experiment can be attributed, at least in part, to uncertainties in «max and in the sizes of the 

kicks delivered by the various HCPs.

6.4 Energy Distributions

The mechanism by which the behavior seen in the survival probability as a 

function of the number of applied HCPs can be discussed by considering the evolution of 

the electron energy distributions in each case. Figure 6.10 shows the electron energy 

distributions as the number N of HCPs in the train is increased. The evolution is shown 

for three separate cases. In Fig. 6.10(a), the kicks are directed away from the nucleus 

with a scaled strength Ap0 = 0.12. As an increasing number of HCPs is applied, the
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Figure 6.10 Evolution of calculated electron energy distributions as the number N of 
kicks in the HCP train is increased for kicks with scaled magnitude 
Ap0 = 0.07 directed (a) away from and (b) towards the nucleus and (c) for
kicks of magnitude A,p0 =0.14 directed towards the nucleus.
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energy distribution is broadened. Electrons that initially have negative momentum, 

towards the nucleus, are slowed by each subsequent HCP and shift towards lower energy. 

Those electrons that initially have positive momentum, away from the nucleus, are 

accelerated and thus are shifted towards higher energy. Because the frequency of the 

applied train of HCPs is high compared to the orbital period of the electrons, a large 

number of kicks can be applied before the electron can reverse momentum at the outer 

classical turning point or the nucleus. Once sufficient energy is gained by the electron to 

leave the atom, it is ionized. Ionization of the electron can be discussed by considering 

the average dc Stark field associated with the HCP train. As shown in Fig. 2.2, the 

presence of this average field leads to a saddle point in the effective potential energy of

the electron. The height of this barrier is given by Elarner = -2 -sJf “vs . Electrons with

energies above this barrier are accelerated away from the parent Rydberg atom with each 

successive HCP. For N > 30 kicks, the small remaining population of atoms are 

contained in a broad distribution peaked near n ~ 450.

For kicks directed towards the nucleus, the behavior becomes more complex, 

which leads to structure in the survival probability curve. The Stark saddle point in this 

case is located on the -z  axis, on the side of the nucleus opposite the outer classical 

turning point. Thus before ionization can occur, the electron has the opportunity to 

scatter from the core. This hindrance to ionization leads to overall higher survival 

probabilities. As the number of kicks is increased, initially just as with the previous case, 

the energy distribution is broadened. However, after N ~ 7 kicks, the distribution is 

composed of two distinct populations, one centered at a scaled energy of Eo ~ -0.23, and 

a second near Eo ~ 0. This feature near zero is the group that was initially accelerated
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towards the core and then scattered. With subsequent HCPs a portion of these electrons 

continue in the -z  direction and are then ionized. However, those electrons that scatter 

strongly from the core, can then acquire a positive z component of momentum. With 

subsequent HCPs, these electrons will lose energy and therefore a small increase in 

survival probability is observed. With the use of larger kicks as in Fig 6.10(c), scattering 

at the core becomes important following fewer kicks due to increased acceleration. This 

effect is apparent in the evolution of the energy distribution and in the survival 

probability shown in Fig. 6.9, where the local maximum occurs at N ~ 7 kicks. The 

electrons that initially move away from the core and lose energy eventually reach the 

outer classical turning point and are accelerated by the HCPs back to the core where they 

also scatter.

The calculated energy distributions indicate that a second local maximum in 

survival probability can occur, but this feature has only been observed for the ideal ID 

atom, and not the experimental quasi-ID state.
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Chapter 7 

Conclusions

The present work demonstrates the level of control over atomic energy and spatial 

distributions that can be achieved using a carefully-tailored HCP sequence. Although it 

is not feasible to directly excite selected Stark states near n ~ 600 to create quasi-ID 

atoms, it is possible to create such states by first starting with lower-n-quasi-lD atoms 

and manipulating these atoms using a carefully-tailored sequence of HCPs. This 

sequence preserves the polarization of the initial state while transporting it to very-high- 

n. A single kick serves to transiently focus the phase space distribution of the initial 

quasi-ID state. At the time of optimum localization, a second HCP transfers the 

wavepacket to a broad distribution of higher n states. Finally, a periodic train of HCPs 

reshapes the phase space distribution which is aligned along the stationary tori of strongly 

polarized states near n = 600. These effects were observed both experimentally and with 

the use of CTMC simulations.

The evolution of the phase space distribution during the periodic train suggested 

that it would be possible to produce the same effect with the use of a single correctly 

timed pulse of optimum size. This single pulse narrowing scheme was verified 

experimentally and with CTMC simulations. Using this more efficient route to create 

very-high-w polarized Rydberg states, it is possible to study the behavior of the 

periodically kicked Rydberg atom at very high scaled frequencies v() = vT I vn >15. A 

number of interesting effects is predicted at such high scaled frequencies, one of which is
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the non-monotonic decay of the survival probability as the number of applied HCPs is 

increased. The origin of this phenomenon depends on the fact that many HCPs in the 

periodic train can be applied during the time of a single classical orbital period of the 

Rydberg electron. Using very-high-n polarized Rydberg states as a parent state, this 

effect was observed first using CTMC simulations and then was verified experimentally 

for a wide range of parameters. A number of other interesting effects have been 

predicted, such as the breakdown of classical-quantum correspondence as a result of 

quantum localization. This new ability to explore effects at high scaled frequencies 

opens up a new regime in which to study the dynamical response of atomic systems.
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