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Abstract of the Dissertation

Optical Force on Atoms with Periodic
Adiabatic Rapid Passage Sequences

by

Xiyue Miao

Doctor of Philosophy
in

Physics
Stony Brook University

2006

Adiabatic Rapid Passage (ARP) is a long-existing method to invert the
population of a two-level nuclear spin system. Its extension to the optical do-
main necessitates a frequency chirped light pulse to interact with a two-level
atom through dipole interaction. In this dissertation ARP processes for various
pulse schemes and pulse parameters have been studied theoretically and exper-
imentally. The non-adiabatic transition probability of ARP was quantified to
characterize the efficiency of ARP for population transfer. Unanticipated reg-
ularities were found in the pulse parameter space. ARP sequences in periodic
phase coherent counter-propagating light pulses can be used to produce large

optical forces on atoms. The magnitude of the force is proportional to the
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pulse repetition rate. So the force can be much larger than the usual radiative
force if the pulse repetition rate is much higher than the spontaneous emission
rate. The behavior of the atoms in such periodic ARP fields without sponta-
neous emission is well described by a periodic Hamiltonian. By investigating
the evolution of the Bloch vector on the Bloch sphere, we related the average
optical force on atoms to the non-adiabatic transition probability of a single
pulse. Syncopation time has to be introduced in the pulsing scheme to produce
a directional force in the presence of spontaneous emission. Experimentally,
we observed the force on He* atoms by the deflection of the atomic beam with
periodic chirped pulses from counter-propagating pulse trains. The chirped
pulse train was realized by synchronized phase and amplitude modulation of
the light from a cw diode laser. The Fourier spectrum of the modulated light
was monitored to guarantee the quality of the chirped pulses. The measured
ARP forces are about half of the theoretical predictions. Not only have we
shown that such forces are huge and robust, but we have also been able to map
the forces in the two dimensional pulse parameter space. The force distribution

agrees qualitatively with the theoretical prediction.
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Chapter 1

Introduction

The field of laser cooling and trapping of neutral atoms, first proposed in
middle 1970’s [1, 2, 3|, has progressed greatly the past 30 years. Laser cooling
and trapping is of interest not only in fundamental research, but also for its
practical applications [4]. It enables the study of the coherent and collective
properties of atomic deBroglie waves, and research in optical lattices, Bose-
Einstein condenstes and cold Fermions. Its applications include atomic clocks,
atomic lithography, atomic lasers and quantum computing. Underlying the
processes of laser cooling and trapping is the directional transfer of momentum
from light fields to atoms. In this chapter I will present a brief introduction
to laser cooling and trapping. Comprehensive reviews of these topics can be

found in many places in the literature [4, 5, 6].

1.1 Two-level Atoms

The view of two-level atoms moving in a monochromatic laser field pro-

vides the fundamental picture of laser cooling and trapping of neutral atoms.



The evolution of the wave function of the atom in the monochromatic light

field is governed by the time-dependent Schrodinger equation,

e

ma—‘f e (1.1)
In reality no atom is a two-level atom, but we can ignore the other atomic
levels when the monochromatic field strongly couples only two of the internal
electronic states of the atom. Typically these are the ground state and a
low lying excited state, which can be labelled |g) and |e) respectively. The
energy separation of the two states is Aw,, where w, is the atomic resonance
frequency. The monochromatic laser frequency is w; and the detuning of the

laser frequency is defined as § = w; — w,. The energy level diagram of such a

two-level atom is shown in Figure 1.1.

1.1.1 Dressed Atom Picture

The monochromatic field can not only induce transitions between the two
levels, but also shift the energy levels through the AC Stark effect. Due to the
strong coupling of the two-level atom and the light field, one should consider
the problem in the combined system of the atom and the laser field, where the
total Hamiltonian of the system H = H 40, + Hroa+ Hint has three components.
H,iom is the unperturbed atomic Hamiltonian, H,.q is the field Hamiltonian,
and H;,; = —d - E is the atomic dipole interaction with d being the atomic
dipole moment and E being the electric field. For a monochromatic travelling

wave light field, E = E¢é cos(kz — wit) where € denotes the polarization of

2
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Figure 1.1: Energy levels of the two-level atom subject to a monochromatic
laser field. The ground |g) and excited |e) states are separated by hw,. The
photon energy of laser light is Aw;. The light frequency of the laser field can
be detuned from the resonance by § = wy — w,.

the light field. The energy levels of the two-level atom consist of |g) and |e)
called the bare atomic states. The field has an infinite number of energy levels
given by E, = (n+ %)hwl Neglecting the dipole interaction term, the energy
levels of the combined system |g,n) and |e,n) form an infinite set of two-
dimensional manifold spaced by a photon energy hw;, where each manifold
consists of |g,n + 1) and |e,n) with separation hd in between. The dipole
interaction couples each pair within a manifold and pushes them apart. Since
we only care about the atomic evolution, the field energy can be discarded,
and a semiclassical description confined to the two dimensional Hilbert basis
is adequate.

Assume the atom is localized, i.e. Agg < A where A\ p represents the

de Broglie wave wavelength of the atom and X is the light wavelength. The

3



coupling term can be written as Hé;t = —hQcos(kz — wit), where 2 is the
Rabi frequency that characterizes the on-resonance, electric dipole interac-
tion between the light field and atom and is defined by Q = %(gkf - €le) By
transforming to a frame rotating with w; and neglecting the counter-rotating
component [7], the Hamiltonian of the system can be simplified as shown be-

low:

(1.2)

Note that the ground and excited states in the rotating frame differ from the
bare atomic ground and excited states in the laboratory frame by an opposite

+iwit/2 e a rotating frame transformation. We

time dependent phase factor e
will still refer then as |g) and |e) for convenience. If the transition between
|g) and |e) involves circularly polarized light as in the case of our experiment,

no rotating wave approximation is needed and the Hamiltonian in dressedH is

thus exact [7].

The eigenstates of this Hamiltonian in the basis of |g) and |e) in the

rotating frame are given by

cos(f
b = (o) lep | P
sin(6/2)
—sin(0
oo = (g} |e) LN (13
cos(0/2)



where 6 is the mixing angle, tan§ = Q/§. The corresponding eigenenergies are

Ey = +h$Y /2 (1.4)

with € = /62 4+ Q2 called the generalized Rabi frequency. These eigenstates
are the so-called dressed atom states [8]. |g) and |e) here correspond to the
dressed atom states in the diabatic limit, e.g. 2 — 0. The basis spanned
by |g) and |e) is thus called the diabatic basis. When the light field has
non-vanishing intensity, the dressed atom eigenenergies are shifted from the
energies of the diabatic states, and these shifts are called the light shifts. The
light shifts in a standing wave can be considered as spatially varying periodic

potentials which can be used to trap atoms.

1.1.2 Bloch Sphere

A three dimensional projection of the two dimensional Schrodinger equa-
tion in the rotating frame gives a very instructive view of the atomic response
to laser fields [7, 9]. The state of the two-level atom can be represented by a

vector B whose three components are defined below:

TL = CyCp t CyCe
Ty = i(cge; — cyce)
rs = leel® = legl?, (1.5)
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Figure 1.2: The precession of the Bloch vector around the torque vector on
the Bloch sphere. The solid line represents the Bloch vector R and the dashed
line represents the torque vector (2.



where ¢4, c. are the coefficients of the ground state and excited state compo-
nents of the atomic wave function in the rotating frame, i.e. ¢ = c.|e) +¢,|g).
R is called the Bloch vector. It can be shown that |B| = |c.|? + leg|? = 1.
The Bloch vector is thus confined on the surface of a unit sphere, namely the
Bloch sphere, by conservation of the atomic probability. The south pole of the
Bloch sphere corresponds to the ground state of the atom, the north pole cor-
responds to the excited state and other points on the sphere represent various
superposition states. From the Schrodinger equation, the equation of motion

of the Bloch vector can be derived as:

]l

G
t

(1.6)

o,

where O = (R(€), (), 6) is called the torque vector and it is determined
by the Rabi frequency and the detuning of the applied laser field. In general
Q) is complex. However, a frame transformation can be introduced to make
Q real so that (0 = (©,0,6). The Bloch vector precesses around the torque
vector on the unit sphere like a pseudospin as shown in Figure 1.2. The Bloch
sphere view provides a versatile tool for the analysis of quantum logic and

entanglement.

1.2 Radiative Force

The radiation pressure, or the radiative force is the simplest force on a
two-level atom interacting with a monochromatic laser field. When a two-level

atom is illuminated by a monochromatic laser field whose frequency is tuned
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Atom
hk Kk

Figure 1.3: The cycle that produces the radiative force. The absorption of the
incident photon in the laser field excites the two-level atom and also transfers
momentum ik to the atom. The atom can decay by spontaneous emission,
where the associated momentum transfer is spatially symmetric and therefore
averages away after many cycles. So a net momentum transfer in the laser
propagation direction is delivered to the atom.



near atomic resonance, it will be excited by absorption of a photon, which is
accompanied by a momentum transfer of hl;, where k is the wavevector of the
laser field with |k = k = “. The momentum transfer via absorption of laser
photons is always along the direction of the laser beam propagation. Now,
if the atom decays back to the ground state via spontaneous emission, the
emitted photon will carry away momentum of hk. However, the spontaneous
emission is in a random direction, the momentum loss via spontaneous emis-
sions is spatially symmetric and averages to zero over many cycles. Therefore,
stimulated absorption followed by spontaneous emission will, on average, re-
sult in a pushing of the atoms in the direction of the laser beam propagation.
In other words, the atoms will experience a pressure in the laser field, which
is called the radiation pressure. The process can be visualized in Figure 1.3.
Notice that a weak field is assumed here, so that spontaneous emission is pre-
dominant over stimulated emission. The net force on the atom is proportional

to the rate of this process, 7.e. the scattering rate -,
Frqqg = k. (1.7)

For an atom at rest, v, is given below:

sv/2

" T st QO (18)




Here s is the on-resonance saturation parameter, which is the ratio of the

intensity of the laser field to the saturation intensity,

Pt (1.9)
§=2— = — .
’72 ]sat

with I, = ?:\’;CT, 7 is the lifetime of the two-level atom and v = % is the

spontaneous emission rate of the two-level atom. The radiation force saturates

hky

5+ since a two-level atom driven by the on-resonance light field can stay at

at
most half of the time in the excited state and thus can decay by spontaneous

emission, this is also manifested in Eq. (1.8), when § =0 and s > 1

1.3 Doppler Cooling

For an atom with velocity ¢ in the laboratory frame, the Doppler shift, the
frequency shift of the light field seen by the moving atom is wp = —k-7. An
effective detuning d.;; = 0 + wp should be substituted in Eq. (1.8). Therefore

the radiative force on the moving atom is given by:

sv/2

Frad:hk =
L5+ 20—k 8)/7)™

(1.10)

The force on a atom ensemble has a Voigt profile peaked at .5y = 0 [10].
For on-resonance light, the force is centered for zero-velocity atoms. For an
off-resonance light, the force center is shifted to the group of atoms moving
with velocity 7 = 0k /k2.

The radiative force is used in the Zeeman slowing of atomic beams, in

10



which a red detuned laser beam is directed oppositely to an atomic beam.
However, the Doppler effect limits the velocity range of the atoms with which
the laser is in resonance. To keep the light field always in resonance with the
atoms along their path, a spatially varying magnetic field is applied along the
beam path, which shifts the energy levels of the atoms to compensate for the

changing Doppler shift while the atoms are slowed down [11].

The velocity dependence of the radiative force can also be used to cool
the atoms in a standing wave configuration. Consider a standing wave of a
red detuned (§ < 0) laser field. Due to the Doppler shift, the radiative push
by the right moving laser beam has its peak shifted to the atoms moving to
the left, while the radiative push by the left moving laser beam has its peak
shifted to the atoms moving to the right. In the low intensity limit, the forces
from the two counter-propagating beams can simply be added together. The

explicit expression of the force is [4]

F = hk 5/2_ _ Rk 75/2_
1+s4 (206 — k- 7))/7)? 1+s+ (206 +k-7))/7)?
8hkésv - k
V(1 + s+ (20/7)%)?
k(k - 0)
k2

Q

(1.11)

The approximation is taken in the limit of small velocities (kv < 7, ), so that
terms of order (kv/v)* and higher can be neglected. It is clear that the force
is a damping (cooling) force only if § < 0, since a positive /3 results. The force

was given the name optical molasses due to its viscous nature, and the cooling

11



1.0 \

velocity [y/k]
Figure 1.4: Optical molasses with s = 2 and 6 = —v. The two dotted lines

show the force due to each individual beam, and the solid line is the combined
force. The linear dashed line has slope —(.
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scheme is called Doppler cooling. The velocity capture range of the force is

i
ko

Ve = which corresponds to a Doppler shift pushing the atom out of its
natural absorption linewidth. The force with s = 2 and § = —v is illustrated
in Figure 1.4.

Although the mean final velocity of the Doppler cooling is zero, it has
a nonzero temperature limit due to a competitive heating process resulting
from the discrete momentum transfer steps. The randomness in the sponta-
neous emissions produces a momentum fluctuation with step size hk and step
frequency 27, (2 because of two beams) about the mean momentum, . The
resulting coefficient for momentum diffusion is Dy = 2v,(hk)?. The steady
state temperature is given by Brownian motion theory as kgT = Dy/3. The
minimum reachable temperature via Doppler cooling, i.e. the Doppler tem-
perature, is then Tp = hvy/2kp. For the typical atoms used in laser cooling

experiments, namely the alkalis and metastable noble gases, these tempera-

tures range from hundreds of uK to tens of uK.

1.4 Sisyphus Cooling

Experimental observation of temperatures below the Doppler limit in
sodium atoms in 1988 came as a big surprise [12]. The simplified two-level
atom picture was found inapplicable in this case. New theories with the mul-
tiplicity of the atomic sublevels incorporated were soon developed [13, 14] and
had great success in clarifying the puzzle.

The optical pumping among the multiple levels in spatially varying light

shift potentials provides the mechanism to cool the atom below the Doppler

13



temperature. Since the kinetic energies of the atoms are transferred to the
potential energy in climbing the light field potential and then radiated away
via spontaneous emissions in optical pumping; the whole process can thus be
repeated over and over. The new cooling mechanism was named Sisyphus
cooling due to the similarity of the atomic behavior to that of King Sisyphus
in Greek mythology. It actually categorizes a class of cooling schemes which
include polarization gradient cooling [14], magnetic induced laser cooling [15],
high intensity blue molasses cooling [16] etc. Sisyphus cooling in general has
a much larger damping coefficient than that of Doppler cooling, while the
diffusion coefficient is about the same. Therefore, it has a lower temperature
limit. However, its velocity capture range is usually smaller.

The extension of the two-level atom in a monochromatic field to the mul-
tilevel picture provides an unexpected richness to the atomic motion in optical
fields and leads to a broad subbranch in laser cooling. An excellent review
article of this subject can be found in [17]. More details are also given in [4]

and the references therein.

1.5 Dipole Force

The dipole force plays an important role in the Sisyphus cooling schemes
described in Section 1.4. The dipole force can be derived from the spatial
light shift gradient of the standing wave light field made up by two counter-
propagating monochromatic light beams. The origin of the force is the coher-
ent momentum exchange between the atom and the light fields by absorption

of a photon from one light beam followed by stimulated emission of a pho-
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Figure 1.5: The cycle that produces the dipole force. The atom is subject to a
standing wave light field made up by two counter-propagating monochromatic
light beams. A stimulated absorption of a photon from one light beam followed
by a stimulated emission of a photon from another beam transfers a net 2hk
momentum to the atom at each cycle.
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ton to the opposite laser beam, with a net 22k momentum transfer resulting
from each cycle. The process is illustrated in Figure 1.5. Since the stimulated
emission and absorption rate can increase with the light field intensity with
no limit, the force is thus not limited by the spontaneous emission rate. How-
ever, this process can take place in both directions due to the symmetry of the
light field. The dipole force is not only conservative but also vanishes when
averaged over a wavelength. This force can be used to trap atoms but not cool
or slow atoms. In the standing wave configuration, the symmetry needs to be

broken down to define a preferred direction for momentum transfer.

In the well-studied case of high intensity blue molasses, such symmetry
breaking is introduced by spontaneous emission. The spontaneous emission
rate is spatially dependent since the exited state components in the dressed
atom eigenstates are changing spatially with the light field intensity. This
spatial dependent spontaneous emission rate not only results in a directional
force but also provides the irreversibility that gives rise to a velocity-dependent

force [4]. The force can thus be used for cooling the atoms.

The cooling forces used in polarization gradient cooling and magnetic
induced laser cooling are similar, except that more that one of the sublevels
are involved. The symmetry breaking is optical pumping between different
light shifted potentials induced by the polarization gradient or the magnetic

field. The optical pumping is in turn enabled by spontaneous emission [17].

Some rectified dipole force schemes had been proposed to make better
use of the dipole force for manipulating atoms [18, 19]. Here the interaction of

two-level atoms with more non-monochromatic light fields are involved. For
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example, by using a second, far detuned standing wave to provide a modulation
of the atomic transition frequency on the wavelength scale, the dipole force
produced by the near resonant standing wave light field is then rectified to have
a nonzero spatial average. The rectified dipole force has been investigated by
several groups [20, 21, 22|. The resulting force has a magnitude several times
bigger than that of the radiative force. However, this dipole force rectification
mechanism has very stringent frequency requirements to produce the effec-
tive atomic transition frequency modification and thus can only tolerate small
Doppler shifts. Therefore the velocity range of the force is very limited. Note
that this rectified force is still conservative as a result of the absence of spatial

dependent spontaneous emission and is not suitable for cooling.

1.6 Bichromatic Force

The bichromatic force can be considered as a special case of the recti-
fied dipole force. However, the description given in the previous section of
the rectified dipole force does not apply due to the very large detunings and
intensities of the two light frequencies. The bichromatic light field has two fre-
quency components with equal intensities oppositely detuned from the atomic
resonance by £4(6 > 0) . Each component plays an equally important role
in the production of the force. The bichromatic force has a magnitude and
a velocity capture range both scaling with 6. This makes it very efficient in
slowing and cooling of atoms. The force has been demonstrate in Na [19], Cs
23], Rb [24, 25], and He [26, 27, 28]. Two models used to give a physical

interpretation to the bichromatic force are discussed below.
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1.6.1 m-pulse model

The most intuitive description of the bichromatic force is given in a
m-pulse model [29, 21, 23]. The model starts by beating the two frequency

components of the light field together. The electric field can be written as:

E = Eycos[(k+ Ak)z — (w, + 0)t] + Eycos|[(k — Ak)z — (w, — 0)1]

= 2Eqcos(dt — Akz) cos(kz — w,t) (1.12)

where k = w,/c = 21/X, and Ak = §/c. The resulting field is an amplitude
modulated travelling wave with carrier frequency at w, and the modulation
frequency §. Each beat envelope can be seen by the atom as a pulse. Using
a m-pulse condition [7] in the Bloch sphere picture, if the time integral of the
Rabi frequency of the on-resonance pulse is 7, an atom starting in the ground
state rotates along the meridian (perpendicular to the on-resonance torque
vector) on the Bloch sphere by 7 radians and ends up in the excited state. An
atomic population inversion is thus induced and we say a photon of energy
hw, is absorbed and a momentum kick of Ak is associated with the absorption.

The m-pulse condition for each bichromatic beat envelope is:

/28
/ 20 cos(ot)dt = (1.13)
—7/26

which demands €y = %4, where )y = dEj is the amplitude of the Rabi
frequency of each frequency component. With this condition satisfied, the

bichromatic beat signal becomes a series of w-pulses . A retro-reflection of the
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Figure 1.6: Coherent momentum transfer using bichromatic pulse trains. The
position of the mirror serves to set a delay time between the arrival of the two
counter-propagating pulse trains.

beat pulses creates a counter-propagating m-pulse train. The bichromatic force
comes from the coherent control of momentum exchange between the atoms

and m-pulse trains.

As in the dipole force, the bichromatic force comes from absorption fol-
lowed by stimulated emission of the light field. In figure 1.6, if the atom is
excited by the m-pulse from the left and deexcited by the m-pulse from the
right, a total momentum 2hk to the right is transferred to the atom. Without

spontaneous emission, the repetition rate of the process is §/m, the force is

_ Ap _ 2mk _ ks
F_At_Tr/(S

it 6 > 1.

, 80 it can be much larger than the radiative force hkvy/2

When spontaneous emission occurs, the atom is returned to the ground
state so that absorption rather than stimulated emission occurs with the next
m-pulse, and thus the direction of the force is switched. When the field is
symmetric, the process can happen in either direction, there is no preferred

direction of the momentum transfer. A directional momentum transfer can be
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Figure 1.7: The timing of Bichromatic m-pulses via the delay path to produce a
unidirectional force. The centers of the right propagating m-pulses are marked

with solid lines and the centers of the left propagating m-pulses are marked with

the dashed lines. The pulse from right and left are paired with separation %

within each pair and separation of % between neighboring pairs. The direction
of the force comes from the longer time for spontaneous emission to occur and
prepare the atom in the ground state before the arrival of the pulse pairs.

created via spontaneous emission in an asymmetric field. We can choose an
uneven arrival time spacing among pulses in the two directions by choosing
the time delay in Figure 1.6 to be %, where T' = 7/§ is the pulse period.
Now each m-pulse from the left and from the right are paired with a % time
spacing within a pair and % between neighboring pairs. The probability of

spontaneous emission occurring in the time interval between the pulse pairs is

3

1 and the probability of it occurring within the pulse pairs is %. The atom is

more likely to be prepared in the ground state by spontaneous emission before
the arrival of a pulse pair and a unidirectional force is then produced. The
% delay time corresponds to a ¢ = 7/2 phase delay of the retroreflected beat

pulses.
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The magnitude of the force can be calculated as below:

3 1 0  hkd

The force can be arbitrarily large by increasing d. Note that, in the above
picture, if the delay time is chosen to be % the direction of the force reverses.

Though the simple m-pulse model provides insight into the bichromatic
force which leads to a good estimation of the magnitude of the force, the
temporal overlap between pulses is left out. The velocity dependence of the
force is also excluded in the picture. A more careful analysis in a doubly-
dressed atom picture (DDA) presents a better model of the bichromatic force

[30, 31, 32] and will be discussed next.

1.7 Doubly Dressed Atom Picture

In the DDA picture, the atom is dressed simultaneously by the blue-
detuned standing wave light field (w, + ¢) and the red-detuned one (w, — ¢).
The total electric field is written by grouping the counter-propagating light

components with the same frequency together.
E =2Ecos(kz+ x/2) cos|(w, +0)t] + 2Eq cos(kz — x/2) cos|[(w, — 0)t] (1.15)

where the two standing waves are spatially out of phase by y = 2Akz = 20z/c.
As in the dressed atom picture for two-level atom at rest in a monochro-

matic field, the DDA approach starts with enumerating the diabatic states
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which are the product states of the bare atom and the light field. These
states can be label as |g,b,7) and |e, b,7), where |g) and |e) are the ground
and excited states of the atom, b represents the quantum number in the blue-
detuned light field, and r represents the quantum number in the red-detuned
light field. Each pair of diabatic states in the (singly) dressed atom picture

are now extended to an infinite set of states equally spaced by hd.

The Hamiltonian of the atom-photon system can be written in a set of
the diabatic eigenstates bases as an infinite tridiagonal matrix [30, 32]. The

truncated 7 x 7 Hamiltonian matrix over h is listed below:

(35 0, 0 0 0 0 0
Q 26000, 0 0 0 0
QG 5 Q% 0 0 0
0 Q 0 © 0 0 (1.16)

0 0 0 Q =20

0
0
0 0 0 & =6 Q O
0
0

o 0 0 0 € =36

where the off diagonal elements are the spatially dependent Rabi frequency of

the standing wave of each frequency component divided by 2.
Qo = Qocos(kz £ x/2) (1.17)

The doubly dressed Hamiltonian in the diabatic basis is derived by a Floquet

approach in [32]. The approximate value for the position dependent eigenener-
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gies of the DDA eigenstates are calculated by diagonalizing the above Hamil-
tonian. The approximated dressed state energy levels for § = 10y and xy = 7/4

calculated with a 11 x 11 Hamiltonian are plotted in Figure 1.8.

At the nodes of one of the standing waves the Rabi frequency of the
frequency component is vanishing, e.g. s = 0, the matrix Hamiltonian (Eq.
(1.16)) becomes a series of 2 X 2 matrices which can be solved analytically.
The uncoupled states can then cross at some critical value of 2y, the Rabi
frequency of the second standing wave. Such crossing makes the climbing on
the Landau-Zener ladder possible for the atoms and thus produces the large

bichromatic force. The level crossing conditionss are given in [32] as

Qg cos(cos(kz —x/2) = 0

Qocos(cos(kz+ x/2) = H/n>—= (n=12,..). (1.18)

The dependence of x versus 2y can be obtained by solving Eq. (1.18). For the
case of y = 7/4, Eq. (1.13) demands Q = \/gd This corresponds to ¢ = 7/2
in the 7-pulse model. However, the m-pulse condition requires g = 74. The
optimal force condition obtained from Eq. (1.18) agrees well with the force
calculated by numerically solving the optical Bloch equation, Eq. (1.6) with

spontaneous emission included, and then applying the Ehrenfest theorem [30].

The force magnitude can be derived by the slope of the DDA eigenenergy
levels in the crossing condition. Spontaneous emission is included by weighting
the excited state component in the DDA eigenstates. The same result as the

m-pulse model is achieved which agrees with both the experiment and the
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Figure 1.8: Spatial dependence of the approximate dressed state energy levels
for 0 = 10y and x = 7/4.In part (A) Qy/d = 7w/4, the m-pulse condition.
In part (B), /6 = v/6/2. In part (C) the standing wave intensities are
plotted. Note that the levels are equally spaced where the intensities of the
two standing waves are equal. The energy level crossing occurs at the node
of one standing wave when the Rabi frequency of the other standing wave
satisfies certain conditions. In this case it is Qy/6 = v/6/2. The heavy line in
(B) showing a possible path of an atom moving diabatically through the real
crossings which give rise to the large bichromatic force.

24



optical Bloch equation calculation. The velocity capture range of the force
stems from the requirement of adiabatic following of the DDA eigenstates at
the avoided crossings as marked by the ellipse in Figure 1.8B. A velocity range
of +0/4k is obtained in [32] from this point of view. However, this is only half
of that given by the numerical force calculation. The difference is believed to
arise from the fact that the Floquet Hamiltonian approach does not include
the Doppler shift of the optical frequencies due to atomic motion. A second
Floquet approach, in a reference frame moving at velocity v,y = 0/2k, is in

development by the authors of [32] and is expected to complete the picture.
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Chapter 2

Theory of Adiabatic Rapid Passage

As suggested by the title of this dissertation, the focus of this work is the
study of the optical force on two-level atoms associated with periodic adiabatic
rapid passage (ARP) sequences. ARP is a long-studied method of inverting
the population of a two-level system that is well known since the early days
of magnetic resonance [33]. In the optical regime, ARP requires a light pulse
whose frequency is swept through the resonance of the two level system [34, 35].
Its exploitation for producing large optical forces requires repeated sweeps with
oppositely directed light beams that coherently exchange momentum between
the beams, imparting the difference 2hk to the atoms in each cycle [36]. When
the repetition rate of these cycles is 1/T" > ~ the ARP force is Fagrp = 2hk/T

which can be much large than the radiative force, F,.q = hk7y/2 [37].

2.1 Adiabatic Rapid Passage

An ARP process of a two-level atom can be induced by a chirped pulse.

The carrier frequency of the light field is chirped as the amplitude is pulsed.
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The ARP process can be envisioned in a dressed-atom view of the energies of
the two-level system [38, 37]. In the concomitant rotating frame [7] of the light
field, i.e. the adiabatic frame - the frame spanned by instantaneous dressed
atom states (see Section 1.1.1), the Hamiltonian of the system can be written

as:

, (2.1)

where §(t) is the instantaneous detuning of the light frequency, and Q(t) is the
instantaneous Rabi frequency as defined in Chapter 1. The eigenenergies of
the coupled levels are given by Eq. (1.4) as E(t)+ = +(h/2)1/6(t)% + Q(t)2.
An important aspect of the dressed atom picture for the present concern
is the energy ordering of the eigenstates. In the low-intensity domain (char-
acterized by € < §) the upper eigenstate approaches the ground state |g) in
the diabatic frame and the lower one approaches the excited state |e) in the
diabatic frame for the case of 6 > 0 but the reverse is true for 6 < 0. A plot of
the energy of the dressed atom eigenstates is shown in Fig. 2.1 showing these
limits near the {2 = 0 plane, and also that these ground and excited states
|g) and |e) are otherwise mixed on two eigenenergy sheets away from the low

intensity limit (see Ref. [38]).

The process of adiabatic rapid passage (ARP) in this view involves a
synchronized sweep of both the amplitude and frequency of the light so that
the dressed atom eigenstate of the system follows a trajectory similar to that
of the heavy line in Figure 2.1 (dy is the amplitude of the frequency sweep).

The trajectory on the lower energy sheet is not shown but behaves similarly.
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Eigenfrequencies / 9,

Figure 2.1: Energy of the dressed states comprise two separated sheets except
at the conical intersection at the origin. The upper (lower) state is ground at
Q=0for 6 >0 (6§ <0). The indicated path is a possible trajectory for ARP.
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As long as the sweep is slow enough, the state of the two-level system follows
one of the dressed atom eigenstates adiabatically, and the population will be
inverted. For optical transitions there is always decay out of |e) by spontaneous
emission at a rate «, and the “R” in ARP requires that the sweep rate w,,

satisfies w,, > 7.

An alternative view is the rotation of the Bloch vector on the Bloch sphere
under the influence of the modulated light field. The vertical axis (z) of the
sphere is the population difference term and the horizontal axes are related to
the relative phase of the atomic superposition [7]. The equation of motion for

the Bloch vector, which is given in Eq. (1.6), is repeated here,

—

dR = =

— =Q) xR 2.2

NG« h 2:2)
where Q(t) is the “torque” vector having components [Q(t),0,5(t)]. Eq. (2.2)

is called the Bloch equation.

The process of adiabatic rapid passage (ARP) in this view involves a
synchronized sweep of both the amplitude and frequency of the light so that
the torque vector sweeps across the Bloch sphere along a meridian from one
pole to the other. If the initial state lies in an eigenstate, R will start from
a pole and precess around the torque vector to the other pole as illustrated
in Figure 2.2(a). As long as the sweep is slow enough, the Bloch vector is
always close to the torque vector, and the population will be inverted at the
end. Figure 2.2(b) shows the trace of the Bloch vector in the adiabatic frame,

in which the projection of the torque vector on the Bloch sphere is fixed at the
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Figure 2.2: Adiabatic following of the Bloch vector along the torque vec-
tor of a modulated light field. In (a), the wavy curve connecting two poles
is a typical trace of the Bloch vector on the Bloch sphere. The merid-
ian close to it is the trace of the torque vector across the Bloch sphere .
The light field is a cosinusoidally-chirped sinusoidal pulse with parameters
(00/wWm, Qo/wm) = (25.0,18.724). In (b), the relative position of the Bloch
vector and the torque vector is shown more clearly in the adiabatic frame.
Notice that the scale of the plot is very small, so the deviation of the Bloch
vector from the torque vector is actually small all the time, i.e. the adiabatic
following.
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origin, e.g. point O. The adiabatic frame itself rotates together with the torque
vector (the precise definition of the adiabatic frame will be given in Section
A.1). For adiabatic following, the deviation of the Bloch vector from point
O is always small. Figure 2.1 is shown for a cosinusoidally-chirped sinusoidal
pulse with parameters (do/wm, Qo/wm) = (25.0,18.724). (The meaning of this
expression will be clarified in Section 2.2.) The Bloch vector starting from and
ending at the same point O over the duration of the pulse indicates a complete

inversion.

The quantitative description of “slow enough” is the following:

Q)] > —. 2.3
G > S (2.3
where 0(t) = arctan(d(t)/€2(¢)) is called the mixing angle. In terms of the
Bloch sphere picture, 6(t) is the angle between the torque vector O and the
vector pointing to the north pole. Eq. (2.3) indicates that the angular fre-
quency of the Bloch vector is much larger that the angular frequency of the

torque vector at any time, so that the Bloch vector follows adiabatically.

If the sweep is not slow enough, the Bloch vector does not follow the
torque vector adiabatically, and there is a small fraction of the population
not inverted at the end of each sweep. Or in the dressed atom picture, there
is some probability of the unwanted transition for the atomic population go-
ing to the “wrong” energy sheet at the end of each sweep. This transition
is called the non-adiabatic transition. The probability for the non-adiabatic

transition (P,,q) must be kept small for high efficiency of momentum transfer
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via adiabatic rapid passage. In the next section we are going to study P,.q in

detail.

2.2 Probability for Nonadiabatic Transition

In order to design sweep schemes with very small nonadiabatic transition
probability P,.q, we need to study P,.q for various schemes and parameters.
The ARP problem is in general a level crossing problem. The infinite time level
crossing problem has been extensively studied [39, 40, 41]. However, to apply
multiple repetitive ARP sweeps for optical force production, the pulse length
must be finite and the nonadiabatic transition probability then has different
properties.

Finite time sweeps make the numerical calculation of P,,q practical. Our
first step was numerical integration of Eq. (2.2) for various finite time chirped
pulses. For example, for a cosinusoidally-chirped sinusoidal pulse, the time-

dependence of the intensity and frequency is described by

Q(t) = Qocoswpt

d(t) = dpsinwpt, (2.4)

where t € [-L, T], w, = 7/T. The special case of )y = &, is analytically
solvable and has been studied in some detail [42]. The consequence of this

special case is that ]§| is constant so that € satisfies

—

s =
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where &,, is an artificial constant vector. The nonadiabatic transition proba-

bility for this special case was found to be:

2, 1422
sin® —

Poa =
nad 1+ 22 2 2

(2.6)

where the non-dimensional parameter & = w,, /€. This analytic expression
provides a series of values of |A|/|Q| where the probability of such non-

adiabatic transitions is vanishingly small [42].

For the general case of €1y # dy, the analytical solution is not available.
However, numerical calculations are not restricted to the case of Eq. (2.5).
Assuming the atom starts at the ground state, i.e., the initial Bloch vector R
is at the South pole. We integrate for a single sweep (half cycle of Eq. (2.4))
and calculate the excited state component of the population. Ideally, R ends
near the North pole and the population is nearly inverted, and hk is absorbed
from the light field. The remaining ground state population at the end of the
sweep, pgq, gives the non-adiabatic transition rate of the process. In terms of

the parameter r3 in Eq. (1.5),

Pnad = ng = (1 — T3)/2. (27)

In Figure 2.3 we plot py, for various values of §y and 2y, both in units of
wm. For the case of || constant (Eq. (2.5)), we reproduce the results of
Ref. [42]. It corresponds to the diagonal of Figure 2.3 and the semi-circular
paths in Figure 2.1. Other points on Figure 2.3 correspond to various elliptical

trajectories [38]. The numerical calculation can be widely used for other finite
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Figure 2.3: A contour plot of the numerical values of pgy vs. dg and () after
one sweep. The diagonal of this plot reproduces the results of Ref. [42],
but our coordinate is the reciprocal of their “rapidity” parameter. The large
open areas toward the upper right represent regions where pg, < .01 so the
probability of non-adiabatic transitions is negligibly small. Each contour line
is a step of 0.01 so the point (c) is at py, = 0.02. Interest lies in those special
areas that are close to the origin where p,, is still tiny. The pathway along the
vertical axis, dp = 0, that is punctuated by narrow white regions represents
pulses of area nm that also produce inversion (n = odd integer). The indicated
points represent (dg/wm, Qo/wm) = (a) - (2.4, 1.8), (b) - (3, 4.4), (c) - (7, 7),
and (d) - (14, 18) and will be referred to later.
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time chirped pulses than the case given above.

To increase our understanding of the problem, further efforts were ex-
pended to find some analytical solution. This work has been done in collabora-
tion with Dr. Tianshi Lu from the Computational Science Center, Brookhaven
National Laboratory. Multiple unitary transformations have been applied to
the two-level system driven by the finite time ARP pulses [43, 44]. A formal
solution of the problem has been derived in the so-called rotating adiabatic
frame and an approximate formula has been obtained for the nonadiabatic
transition probability with generic symmetric finite time pulses. The results
calculated with the approximate formula have been compared to numerical or
analytical results for various pulses. We also discuss the similarity and dif-
ference between our finite-time ARP processes with two widely used infinite
time level-crossing models - the Landau-Zener model [45, 46] and the Demkov-
Kunike model [47, 48]. The asymptotic forms of the transition probability have
been derived for the Landau-Zener regime, the “m-pulse” regime and adiabatic

limit regime. The details of this work can be found in the Appendix A.

2.3 Periodic Adiabatic Rapid Passage

Large optical forces can be enabled by the multiple ARP sweeps with
counter-propagating beams of high repetition rate. The force come from the
coherent momentum exchange from atoms and the two light fields. In this
section, we are going to discuss the behavior of the two-level system under
periodic ARP pulses. This part of this work was published in [37].

The evolution of the Bloch vector B under an ARP pulse is determined
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by equation (2.2). Ideally, an ARP pulse, e.g. a sinusoidal pulse described
by Q(t) = Qo sinwpt, §(t) = dp coswpt for t = 0 — 7/w,,, nearly inverts the
atomic population, and thus the Bloch vector R starting from the south pole
ends near the north pole. Note that it is the same as described in Eq. (2.4)
except a time shift. Here ¢ = 0 is assigned to the start of the first sweep. Now
we consider a second sinusoidal pulse, which is described by the second half
cycle of the above formula for ¢ = 7/w,, — 21 /wy,. Then R will be returned
back to near the south pole. Note that R lying near the south pole after two
sweeps doesn’t guarantee the population inversion after one sweep, although

the converse is true.

A strong force requires not only the population inversion but also that
the two pulses have different k-vectors. However, the evolution of R on the
Bloch sphere does not depend on the propagating direction of the pulse. Thus
two such sweeps of the laser parameters form a complete cycle which governs
the evolution of the Bloch vector R from ¢t = 0 to T’ = 27 /wy,. We consider a

cycle as an operator that transforms R according to

R(T) = U(T)R(0) (2.8)

where U(T) is determined by the whole history of Q from ¢t = 0 to T. We
choose to view U(T) as a rotation of the sphere instead. In fact, not only
U(T) but also U(t) for arbitrary ¢ is a rotation, and R remains on the surface
of the Bloch sphere [37]. This view allows us to treat all cycles equally as

multiple cycles are concerned since the rotation of the sphere doesn’t depend
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on R. Although U (t) may turn the sphere in a very complicated way, as
illustrated in Figure 2.4, we are presently concerned only with the result at

—

the end of each cycle and so consider only R(n7') where n is an integer.

In [37], we assume E(O) = (0,0,—1). The first cycle transforms it to
R(T) = U(T)R(0), displaced from the South pole. Since U(T) is a rotation,
two angles 6, (the polar angle) and ¢, (the azimuthal angle) are required to
specify the rotation axis in the spherical coordinates, and a third angle « is
required to specify the rotation itself. All these three angles are determined
by the details of the laser parameter sweep Q(t), t from 0 to T. They are
conceptually easy but not as easy to calculate. What’s important is that the
axis and rotation angle are the same for every repeated cycle. So the set of n
points marking the values of é(nT) on the Bloch sphere lie on a circle that
passes through the South pole for our chosen initial condition. The center of
this circle of points RB(nT') lies on the axis of rotation (6,, ¢,). The circular
locus of values of ﬁ(nT ) has points separated by argy, where ry is the radius of
the circle. If a is a rational multiple of 27, the points cyclically overlap, and
if not, they form a discontinuous circle. For the case where the parameters of
the laser pulses are nearly ideal so that all ﬁ(nT)’s are near the south pole,
the radius of this circle ry < 1 since |§| = 1. Thus it’s most easily visualized
when viewing the Bloch sphere from below, along its polar axis. Figure 2.5
shows a plot of our numerical results for a few particular cases. However, be
cautious that E(T) being close to the south pole, e.g. arg is small, does not

necessarily mean ro < 1. In fact, the circle formed by R(nT)’s can be as

large as a meridian circle even when fi(T) is very close to the south pole. The

37



Figure 2.4: A set of trajectories of R on the Bloch sphere using the same laser
parameters as in Figure 2.3 and Figure 2.5. The trajectories are confined to
bands whose nearly constant width is essentially the same as the diameter of
the circles of Figure 2.5.
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Figure 2.5: Plots showing calculated values of ﬁ(nT ) on the Bloch sphere as
viewed from the South pole. Each set of points lies on a circle whose radius
and center depend on the sweep parameters. These parameters are the same
as those for parts (a) through (d) of Figure 2.3. The points appear to be not
evenly spaced (e.g., part (a)) because the rotation angle is large and more than
one full rotation is shown.
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quantitative analysis of ry will appear in Section 2.4.

In general the rotation U(T) can be written as U = e/ #/" where i is
a unit vector along the rotation axis determined by 6, and ¢,, and J is the
spin-1 vector operator. The Floquet theorem can be applied here because of
the periodicity of the linear equations being considered. There exist solutions
that only change by a phase factor after each period T, which are the so
called Floquet states. Floquet states on the Bloch sphere are located along

the rotation axis. For these states, U(nT') can be written as a phase factor

(U(T))™. This is mathematically analogous to the Bloch theorem.

As shown in Fig. 2.5, at the end of every cycle (pair of pulses), R is found
somewhere on a circle. Since the trajectory R(t) of all the B(nT)’s during
the pulse can also be represented by the rotation of the Bloch sphere, that
circle is preserved throughout the cycle. It is worth pointing out that all the
é((n + £)T) are lying on a circle passing through the north pole. The paths
swept out by the tip of all the Bloch vectors are thus confined within a band
swept by the circle on the Bloch sphere. A few such trajectories are plotted

in Fig. 2.4.

2.4 Force from Periodic ARP Sequences

With some insight into the evolution of Bloch vector under periodic ARP
pulses, we can now explore quantitatively the force associated with periodic

ARP pulses. The force on the atom by the light field can be calculated using
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the Ehrenfest theorem [49],
- h
F=<-VH >= §(T1V91 + T’QVQQ),

where (); represent the ith components of the torque vector () in the Bloch
equation Eq. (2.2), and r; are the ith components of the Bloch vector R. For
one dimensional counterpropagating light fields of wave number k, as in our

experiment, the force on an atom is

kg

F = — Q) x R)s, (2.9)

where Q+ and (_ are the torque vectors of the right and left propagating light
respectively. When the counterpropagating light fields coexist at the same
time, inter-beam multi-photon process can take place. The force on the atoms
is then a complicated function of the overlapping light fields. On the other
hand, if the two fields don’t overlap in time, Q is either Q+ or O_ at a given

time. By using Eq. (2.2), the force calculation can be simplified as following,

hk  ~ ~ hk .
7(9:& X R)g = :|:77“3.

F=%

The average force of a unidirectional light pulse is

F=x4—-203 (2.10)
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Figure 2.6: Schematics of alternating-directional chirped pulse trains. (a)
Continuous chirped pulse pairs from counterpropagating light beams. Spon-
taneous emission is neglected here. (b) Chirped pulse pairs with half-period
syncopation time to accommodate spontaneous emission. The directional force
originates from the unsymmetric timing of the counterpropagating pulses.

If the atom is in the ground state initially, from Eq. (2.7), the average force
of the pulse is
_ hk

F=2—(1- P, (2.11)
Tp

where P,,4 is the nonadiabatic transition probability of the pulse. In partic-
ular, F = +hk/T, if P, = 0, which represents the transfer of the entire
momentum of a photon to the atom. For an atom starting from the excited
state, the force by stimulated emission has the opposite sign to Eq. (2.11) .
Consider an atom in the periodic light field consisting of alternating-
directional chirped pulses as shown in Figure 2.6(a). The counter-propagating

pulses don’t overlap in time. Suppose the atom is initially in the ground state.
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If P,.q is zero for each pulse, then in each period the atom is lifted to the
excited state by the first pulse and then brought back to the ground state
by the second one, during which momentum of 2Nk is imparted to the atom.

Therefore the average force on an atom is 2hk/T (T = 27, for ideal ARP

pulse train.

If Poua # 0, the force is less than 2hk /T, and the reduction depends not
only on P,,q but also on the relative phase of the counterpropagating light
pulses. From the Hamiltonian of the atom,

Ho(t,z) = . Qefttomse) , (2.12)

2 Qf emi(Ekr—0x) 0

where 24+ and ¢4 are the instantaneous Rabi frequency and initial phase of
the right/left propagating pulses, and kx is the spatial phase variation with «
being the position of the atom. We see that the relative phase of the counter-
propagating pulses, 2kz, varies by 47 in a wavelength of the light (1.083 um
in our experiment). The optical force observed in experiments is the average
over all atoms in the atomic beam. For an atomic beam much wider than the
wavelength of the light, e.g. the ~ 0.3 mm wide helium beam in our exper-
iment, the average can be taken over the atom position in a wavelength, or
equivalently, over all possible relative phases between the counterpropagating
pulses. Although the force is a complicated function of P,.q and the relative

phase, it is shown in Appendix B that under the assumption of symmetric
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pulses, the average force is

F::%?X1—\/Bw@. (2.13)

Eq. (2.13) is the average force on an atom at rest. For an atom moving
at velocity v, the pulses seen by the atom are Doppler shifted by +kv. In
general the Doppler-shifted fields are no longer periodic, except when kv is an
integral multiple of w,,, = 27/T. For such kv’s, kvT = 2n7 so the phases are
shifted by +2n7 after each period, equivalent to no shift. In Appendix B it is
shown that under assumption of symmetric pulses, Eq. (2.13) still holds for

kv = nw,,, but that P,,4 is for the Doppler-shifted pulse.

2.5 Effect of Spontaneous Emission

All the theories discussed so far neglected spontaneous emission. The
Optical Bloch Equation (OBE) including the contribution from spontaneous

emission [49] is

R=OxR—vy| 1 |, (2.14)
7’3—{-1

where v is the spontaneous emission rate, and r; is ith component of the Bloch

vector.

The force on atoms can be calculated numerically by solving the OBE
(2.14) and then applying Eq. (2.9). The kz-dependence of the light field

should also be averaged out for the force calculation. A Fortran code originally
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provided by the authors of [30] was modified for the ARP force calculation.
Alternatively, based on the periodicity of the light fields, the OBE can be
rewritten as a set of linear algebraic equations by expanding R and  as
truncated Fourier series [32]. The force can therefore be calculated by solving
these equations. For adiabatic rapid passages, we can include the effect of
spontaneous emission in a simple form, and calculate the force based on the
results in Section 2.4.

First of all, the scheme shown in Figure 2.6(a) must be adjusted to ac-
commodate spontaneous emission. Syncopation time between cycles can be
introduced to produce a directional force, as sketched in Figure 2.6(b). The
consequence is the same as we did in the bichromatic force by asymmetric tim-
ing of the counterpropagating m-pulses (see Section 1.6.1 and Figure 1.7). The
optimal syncopation time is 7;, = 27}, so that the pulsing period T' = T}, + 2T,
is twice the phase modulation period 27},. In other words, the phase modula-
tion frequency wy, = wy,, the amplitude modulation frequency wum, = wm/2,
and the frequency corresponding to their common period is w, = w,,/2. We
used optimal syncopation time in all the experiments and numerical calcula-
tions of optical forces.

For w,, > v as in adiabatic rapid passages, the force with spontaneous
emission is

F,, = kF. (2.15)

F is the average force without spontaneous emission as calculated in Section
2.4. The same argument as in Section 1.6.1 gives the reduction factor k ~ 1/2.

More careful calculation indicates that s is a more complicated function of

45



P,.q- Generally speaking, « is slightly larger than 0.5 for small P,,; and less

than 0.5 for large P,.q. From Eq. (2.13) the actual force on atoms is

2
F,, = nga — /Praa)- (2.16)

Be aware that the period 7" in Eq. (2.16) is 47, rather than 27), for the ideal

scheme in Figure 2.6(a).

For sinusoidal light pulses sweeping at w,, = 100, the optical forces on
atoms at rest are calculated and plotted in Figure 2.7. Figure 2.7(a) is from
Eq. (2.16) with x = 0.6; Figure 2.7(b) is from the numerical integration of
Eq. (2.14) and the average of the force Eq. (2.9) over time. They agree
qualitatively. The reason for x > 0.5 for small P,,4 is that for an atom in the
ground state at the beginning of the second pulse in a pair, the subsequent
ARP process is more susceptible to spontaneous emission as the atom is in the

excited state during the syncopation time.

Detailed comparison with the numerical integration of the OBE (2.14)
revealed that Eq. (2.16) is only qualitatively correct for moving atoms. The
actual force is smaller than the prediction of Eq. (2.16) when P,,q is large.
The reason is that for a larger P,,4, an atom initially in the ground state is
more likely to be in the excited state during the syncopation time and thus

more susceptible to the spontaneous emission.

Nevertheless, Eq. (2.16) can be used to estimate the velocity capture
range of the optical force. With P,,q = 0 for rest atoms, the velocity capture

range can be estimated as the velocity which shifts P,,q = Lll, so that the force
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(b) Force from Numerical Integration of OBE

Figure 2.7: Force on rest atoms by sinusoidal light pulses. Spontaneous emis-
sion is included. w,, = 100y. (a) is obtained from Eq. (2.16) with x = 0.6.
(b) is from the solution to Eq. (2.14). The force is plotted in unit of F,.q.
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drops to half of the maximum value. In ARP, ' = VQ2+ 62 > w,,. For
moving atoms, the Doppler shifted torque vectors still have €' > w,, so long
as 0g — kv > w,,. Therefore the velocity capture range for ARP is roughly
do/k, much larger than v /k for radiative force. This is confirmed below by the
numerical integration of the OBE (2.14). For other types of pulses, we can
estimate the capture range via the approximate formulas for P,,; in Section
A.1. For example, the velocity capture range of m-pulses is about w,,/k, which

is narrower than that for ARP. The derivation is omitted.

Comparison of optical force for various schemes

Next we compare the force and its velocity capture range for various force
schemes with the same period. All calculations were done by the Fortran code
that numerically integrates the OBE [30]. The force profile for m-pulse, ARP,
and bichromatic schemes are plotted in Figure 2.8. The common sweeping
frequency w,, = 100y. The sinusoidal m-pulse beams have Rabi-frequency
Qo = (7/2) X wy,. The parameters of the sinusoidal ARP pulses locate at
the right end of the first loop in Figure A.4(c), namely, dp = 4.1 X w,, and
Qo = 3.39 X wy,. The syncopation time included for both 7-pulse and ARP
schemes is illustrated in Figure 2.6(b) so that the T' = 4T, = 47 /w,,. The
bichromatic laser beams have detuning +w,,/2 and optimal Rabi-frequency
Q = V6w, /2 (amplitude of beat wave) for 7/4 phase delay. The period of
the field is also T' = 27 /(w,,/2) = 47/w,,. For atoms at rest, the force of
m-pulse and ARP sequences are about half of the force of bichromatic beams.

However, the velocity capture range of w-pulse sequence is about double of
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that for bichromatic beams, and the capture range of ARP sequence is even
wider. The width of the velocity capture range agrees with the estimation by
Eq. (2.16), namely, the capture range of m-pulse ~ w,,, while that of ARP
pulses ~ dp. The wide capture range of ARP pulses enables large deflection of
the atomic beam.

The following example shows that the actual force profiles in our exper-
iments are not symmetric with respect to the velocity. The left and right
propagating pulses in the calculations so far have opposite frequency sweeping
(type (a) or (b) in Figure B.2) so that the frequency sweeping is continuous
between pulses, except for Figure 2.7(b) where actual pulse trains was used.
In our experiments, actual counterpropagating pulses have the same frequency
sweeping (type (c¢) and (d) in Figure B.2), since the light in one direction is
obtained by retroreflection of the light in the opposite direction. The force
profile for pulse trains of type (a) and (b) are the same except for several
dopplerons. But the profile for (c¢) and (d) types are noticeably different, as
plotted in Figure 2.9 for ARP pulse trains that have the same parameters as
the ARP pulses in Figure 2.8. Apparently, (c)-type pulse pairs, in which each
pulse is chirped from below resonance to above resonance, might be more fa-
vorable for the deflection experiment as the force is larger in the direction of
the acceleration, so that the atom can attain a higher deflection velocity. An
explanation is that the positive moving atoms spend less time in the excited
state for a (c)-type pulse train due to the Doppler shift, so that the influence
of spontaneous emission is weaker; while the reverse is true for a (d)-type pulse

train.
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Figure 2.8: Comparison of velocities dependence for various force schemes.
Dashed curve: sinusoidal m-pulse beams with €y = 157+; dotted curve: si-
nusoidal ARP pulses with §y = 410y and €y = 339v. Chirping frequency
wm = 1007. Syncopation time 7T, = 27}, has been introduced in both schemes
to produce the directional force so that T' = 47, = 47 /w,,. Solid curve: bichro-
matic laser beams of 7/4 phase delay with detuning +w,,/2 and Q = 122~ for
two frequencies.
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Figure 2.9: velocity dependence of the of sinusoidal pulse sequences with dif-
ferent chirping directions. w,, = 1007, o = 4107, 2y = 339v. Solid curve:
pulse trains of type (c) in Figure B.2; dashed curve: pulse trains of type (d)
in Figure B.2; dotted curve: pulse trains of type (a) and (b) in Figure B.2.
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Chapter 3

Metastable Helium Apparatus

The “two-level atoms” used in this experiment are He atoms in their 235,
to 23 P, transition. The effective “ground state” 235 is actually the Metastable
state of “He atoms. The reason it can serve as an effective “ground state” is
that the 235, state of He has a very long lifetime (~8000 s), much longer than
the experiment time scale (a few us), due to the prohibition of the electric
dipole transition to the ground state. “He has no nuclear spin. The ground
state is 115y, which has total electronic spin 0, while the metastable state
235 has total electronic spin 1. The electric dipole transition selection rules
AS = 0, AL = %1 are not satisfied for the transition from 23S5; to 1S,
which makes the 23S; state nearly isolated from the ground state. It is thus
the metastable state and called He*. A energy level diagram of He with the
relevant energy levels is shown in Figure 3.1. The lifetime of the excited state
23P, is 98 ns. The transition wavelength from 23S; to 2P, is 1083.33 nm.
The characteristic data of this atomic transition is listed in table 3.1. The

production and detection of the He* is the subject of this chapter.
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23P,

29.617 GHz
T=98ns
23p,
2.2912 GHz
23P,
1083.33 nm
1.144 eV
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2°5 N T=8000s
62.6 nm
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_I-ISO A 4

Figure 3.1: Energy level diagram for He and the transitions of interest. The
238, state is called the metastable state because of its 8000 s life time. The
metastable state is an effectively “ground state” on the timescale of our ex-
periments. (Note that the levels are not drawn to scale.)

Quantity A hw, T v/2m - w21 Uy
(unit) (nm) | (eV) | (ns) | (MHz) | (mW/ecm?) | (kHz) | (cm/s)
1083.33 | 1.144 | 98.04 | 1.62 0.17 42.46 9.2

Table 3.1: Characteristic values for the 23S; — 23 P, Helium transition used in
the experiment, taken from [4].
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3.1 Metastable Helium Source

As shown in Figure 3.1. The long-lived He* state is 19.82 eV above the
ground state. This makes it a powerful tool to do neutral atom lithography
[50, 51]. The He* source that is currently in use in the lab was originally
built at Utrecht University in the Netherlands. It was assembled and tested
at Stony Brook by Matthew Cashen and Michiel van Rijnbach in late 1998,
and has been in good working condition since the spring of 1999[52, 53]. The
source has mainly been used to study the polychromatic force on atoms.

The source is based on the “reverse flow” design of Kawanaka et. al.
[54]. Modification has been made by the group at Utrecht [55, 56] to produce
cooler He* beams. He atoms are excited to the metastable state by a DC
glow discharge. The interior of the source has a long metal rod with a 1 mm
diameter tungsten needle attached to the end. The rod is lying along the axis
of 1 cm diameter pyrex glass tube. The needle tip is pointed to the tapered
end of the glass tube. The outside is a stainless steel coaxial jacket which can
be filled with liquid nitrogen (LNj). The glass tube fits snugly in the LNy
cooled jacket through a teflon spacer. The diagram of the source is shown
in 3.2. He gas flows into the vacuum chamber through the gap between the
glass tube and the LN,y filled jacket, and is thus cooled before going into the
tapered end of the glass tube. Most of the atoms are pumped out through
the inside of the glass tube by a mechanical pump. The spacer that keeps
the needle centered in the glass tube has several channels cut into it to allow
appropriate gas flow. At the front end of the LNy filled jacket is a grounded

aluminum plate with a 0.5 mm aperture, which is called the nozzle plate and
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serves as an anode for the discharge source. The distance between needle and
the anode can be adjusted by a motion feedthrough connected to the end of
the needle rod. The remaining gas flow sustains a glow discharge between
the tungsten needle and the nozzle plate as a negative high voltage (1 to 3
kV) is applied to the needle. The discharge produces He* via electron impact
and /or ion-electron recombination. However, most of He* produced inside the
dense plasma is almost immediately quenched by collisions. Only the atoms
produced outside the plasma, in the dilute afterglow of the discharge directly
behind and past the nozzle plate, can survive and fly to the interaction region
[57, 54]. Therefore, the anticipated He* production rate is low (~ 1075 —107*)
[4]. The discharge source also produces other short-lived excited states, e.g.
21 P, which decay quickly to the ground state and emit 20eV UV light which
carries energy similar to that of the He*. Other than these components, the
source beam is made up of electrons, ions, visible light and mainly ground
state He atoms. Also shown in figure 3.2, directly following the nozzle plate
is a second plate with a 0.5 mm aperture, called the skimmer. The skimmer
plate serves a dual purpose. First, it geometrically defines the He* beam.
Second, it allows for differential pumping between the source chamber (the
region in front of the skimmer) and the He* beam chamber (the region behind

the skimmer).

The reliable production of a discharge and subsequent metastable beam is
contingent upon many conditions, which include the shape and the cleanliness
of the glass tube, the sharpness of the tungsten needle and the quality of the

anode surface. A problem with any of them can cause the discharge source to
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Figure 3.2: Cross sectional schematic of the DC discharge source for metastable
helium. Ceramic spacer on the tungsten needle is not shown.

fail. Trial and error were needed to get them right initially [52].

The pressure in the discharge region and voltage on the discharge needle
are also very important parameters. The discharge begins to run stably for
discharge currents above 2 mA. It could be run up to 12 mA or higher with
higher pressure or higher voltage. However, an increasing current results in a
“hotter” discharge, and thus a faster He* beam. We typically chose 6 mA as a
trade-off between metastable production and beam velocity. The pressure in
discharge region can not be measured accurately, but it relies on the pressure
of gas entering the source and the speed at which it is pumped out. The
inlet pressure can be adjusted with a fine needle valve, and was measured by
a Granville-Phillips Convectron Gauge placed in the helium gas inlet. The
gauge was read by a Terranova Model 926 Scientific Gauge Controller. Such

devices are typically calibrated for nitrogen (air) so a conversion chart for
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other gases had to be acquired from Duniway Stockroom, the manufacturer
of the controller. The inlet He pressures read from the chart are typically
5 to 10 Torr. Another Granville-Phillips Convectron Gauge at the outlet
indicates a pressure of 1.2 Torr. Running at lower pressures results in higher
metastable production rate, but also causes the discharge to become unstable.
After finding the optimal operation condition, the source can operate reliably
for long periods of time without significant change in the properties of the
He* beams. However, the sharpening of the needle and cleaning of the parts
may need be redone every two years. The source output flux is ~ 10'* He*
atoms/s-sr [52, 53]. During this experiment, the typical discharge voltage is
2500 V and the discharge current is 6 mA. Proper production of metastable
atoms can be assured by monitoring the current and by viewing the color,

intensity, and shape of the discharge glow.

The characterization of the He* beam after the skimmer plate was done
by Matt Cashen [52]. The longitudinal velocity of the beam was characterized
by a time of flight (TOF) measurement. A mechanical chopper was used in
the TOF measurement to pulse the beam. The signal intensity versus the
arrival time (different for atoms moving with different velocities) was detected
by an amplified Multichannel plate (MCP) downstream. This method allows
the separating the atomic signal from the UV signal, which provides a zero
point for time. TOF measurements for this source were carried out for a wide
variety of operating parameters by Matt Cashen. The results were shown to be
highly repeatable. The longitudinal velocity distribution of the He* beam for

6 mA discharge current is shown in Figure 3.3, where the He* atom velocity
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Figure 3.3: Metastable atom longitudinal velocity distribution with a discharge
current of 6 mA [52].
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is peaked at ~ 1000 m/s with a FWHM of =~ 400 m/s.

3.2 DMetastable Helium Beamline

The current Metastable Helium beamline was modified from the one for
doing bichromatic collimation experiment [28]. The design of the current sys-
tem is optimized for doing neutral atom lithography [58]. The bichromatic
force collimated He* beam is used for this purpose. The whole beamline can
be divided into four sections, the source chamber, the interaction chamber, the
detection chamber and the lithography chamber. These sections are named
as per the lithography experiment. The last three all together are called the
beam chamber. The main beamline is made from 4” diameter stainless steel
tubes. All connections are copper sealed Conflat flanges, which support ultra-
high vacuum. The total length of the beamline is about 1.2 m. The side view
of the vacuum system is shown in Figure 3.4.

The source chamber and the beam chamber are each pumped by a Pfeiffer
model TPH 330 turbomolecular pump, which is backed by a mechanical pump.
Separated by the skimmer plate with a 0.5mm aperture, the source chamber
and He* beam chamber are maintained at different pressure while the discharge
source is running. The pressure between the nozzle plate and the skimmer
plate is &~ 10~* Torr, while behind the skimmer the pressure remains at a
few x107% Torr. The pressures are measured by two Kurt J. Lesker model
G100F ion gauges. Low pressure is needed in the He* beam chamber to reduce
collisions between the metastable beam atoms and background gas in order to

minimize collision induced decay of the He* atoms (Penning ionization [59]).
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Figure 3.4: Diagram of the vacuum system viewed from the side. The turbo
pumps are attached to the system through vibration isolators. All seals are
conflat except those connecting the gas flow and the vibration isolators. The
name of the chamber are as per the lithography experiment. The interaction
region and the detection region for ARP experiment and the relevant distances
are indicated above the vacuum system.

The distance between the nozzle plate and skimmer, as well as their mutual
alignment, can be adjusted via a bellows which connects the source to the
source chamber. The typical separation of the two apertures are about 0.5 to

1 cm.

The interaction chamber is a six-way-across directly welded onto the Tee

of the source chamber so that the source and skimmer protruded into an area
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with considerable optical access. Both the Tee and the six-way-across are of
4”7 outer diameter. The source chamber turbomolecular pump was connected
to the downward facing port of the Tee. The source was mounted through one
arm of the tee. The other arm of the Tee and one arm of the 6-way cross had
to be cut to have them welded together. A wall was placed in between the
two sections with a section cut from a conical reducer welded for mounting
the skimmer plate. The conical section and skimmer protruded 1 cm into the
region directly under the viewports of the 6-way cross. The other two axes of
the 6-way cross were at 45° to the horizontal plane. Flanged glass viewports
were mounted on the four ports for the optical access of the bichromatic laser
beam. This allows the bichromatic collimation beam to be applied very close
to the skimmer plate and thus enables efficient collimation of the atomic beam
before it expands too far. The glass windows have 4”7 diameter and are anti-
reflected coated for 1083 nm and 389 nm. On top of the vacuum chamber, up
against the 6-way cross on the source side, a tube with a small window was
welded in place to allow viewing the afterglow of the discharge between the

nozzle and skimmer.

The next section is another six-way-across used as the detection cham-
ber for bichromatic collimation [53]. Its arms are rotated 45° relative to the
interaction chamber so that the other two axes of the 6-way cross were at
the horizontal and the vertical plane. A Multichannel Plate/Phospher Screen
(MCP/PS) detector assembly was mounted on the top port with a linear mo-
tion feedthrough for the detection of the collimated beam. The bottom port

was connected to the beam chamber turbomolecular pump. Each side port
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also has a flanged glass viewport for optical access. These viewports are anti-
reflected coated for 1083 nm light. An additional four ports (1 1/2” tube
OD), each of these mounted at 45°, was used to mount Stainless Steel detec-
tors (SSD), ion gauge etc. The SSD was used to do two dimensional scans of

the collimated He* beam.

Following the detection chamber, is a Thermionics VLS-600/N shutter
and then a Thermionics PFG-TLG-4000H/R gate valve. A Kimball physics
43" Multi-CF spherical cube (MCF450-SC60008-A) is attached at the end of
the He* beamline. This section was designed for doing atomic lithography.
The shutter and the gate valve are used to close the vacuum system in loading
a sample. A roughing line was connected from the bottom of the gate valve
to an absorption pump. This allowed the pumping down of the lithography
chamber before opening the gate valve. A back SSD and a sample holder were
fitted in the lithography chamber. Since this is not going to be used for the

ARP experiment, a detailed description will not be presented here.

The bichromatic collimation experiment was working well for atomic litho-
graphy. However, the collimation itself is a bit tricky and tedious and can be
very time consuming. One motivation to study the force related to ARP se-
quences is to make use of it for He* beam collimation. The force is believed to
be more robust than the bichromatic force. Of course the physics of ARP force
is very intriguing itself. To fit the ARP experiment in the current beamline
without interfering with the lithography experiment was a real challenge. The
final idea is to hang a 0.3 mm vertical slit (mounted on a 1.4” x 1.4” plate)

onto the MCP/PS detector in the detection chamber. A 4”7 push-pull lin-
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ear motion feedthrough (Huntington 1.-2121-4) was purchased to have enough
motion range to move the MCP/PS/Slit assemble out of the way for doing
lithography. By bringing the motion feedthrough down, the MCP/PS detec-
tor can be used to monitor the bichromatic collimation. In doing the ARP
experiment, the linear motion feedthrough was set to position the slit in front
of the He* beam for better geometrically defining the atomic beam. The dis-
tance between the skimmer plate and the slit is 24 cm. The interaction region
for the ARP experiment is about 1 ¢cm behind the slit. The big 4”7 windows in
the horizontal axis of the detection chamber give optical access for the ARP
beam. The detection of the ARP force is done by inserting another MCP /PS
detector assembly through the flange of the 4%” spherical cube with a 2” linear
motion feedthrough (Huntington 1.-2211-2). The MCP/PC detector is 50 cm
downstream of the interaction region of the ARP beam. It can be move in

and out of the way of the He* beam by using the motion feedthrough.

3.3 Multichannel Plate and Phosphor Screen Detector

As described in Section 3.1, the helium atom in the metastable state
carries ~20 eV internal energy. This internal energy can be released when the
He* atom experiences a collision, such as striking a metallic surface, where
the ejection of an electron results. This can be used for the detection of the
He* beams. In our experiment, to measure the transverse deflection of He*
beams, a MCP/PS detector was used to map the distribution of the He* 50
cm behind the interaction region. The MCP/PC detector is a very useful way

to analyze the atomic beam since it can produce a real-time, cross sectional
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imaging of an atomic distribution.

The MCP is a thin disc of lead glass comprising of many channels oriented
parallel to one another and perpendicular to the surface of the disc. These
channels have ~10 pym diameter and form a hexagonal lattice with lattice
spacings of 12 um. When a He* atom strikes on the surface of a channel, an
electron is produced. A negative bias voltage across the two surface of the
MCP accelerates the electron into the channel, causing a cascade of secondary
electrons. This results in electron multiplication. The MCPs we used in the
lab were purchased from BURLE (part #’s 30286). The active area of the
MCP has a 25 mm diameter. The multiplication factor is up to ~ 10 for
-1000 V bias voltage. We typically use the MCP at -500 to -800V.

A phosphor screen was placed directly behind the MCP (see Figure 3.5).
The phosphor screen substrate is a 1.5 inch diameter glass plate. A thin
layer of gold coating was first evaporated on the glass for conductivity. A
layer of P20 phosphor particles was then deposited on top of the gold coating.
The phosphor layer has a diameter of 1.25 inches. A positive high voltage
(typically +1000 to 42000 V) applied on the gold layer accelerate electrons
from the MCP to the phosphor screen. Electrons impacting cause the phosphor
to fluoresce with visible light. The brightness on a given spot depends on the
electron density, and thus on the number of He* atoms hitting the MCP at
that spot. The phosphor screens we used were manufactured by James van

House in Vancouver, WA.

The phosphor screen image was viewed from a side window of the litho-

graphy chamber by a CCD camera. A 35 mm x 50 mm front surface mir-
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Figure 3.5: Schematic of the MCP /PS detector system for He* beam detection.
The 45° mounted mirror was used to reflect the image through the side window
of the vacuum chamber. Viewing of the image with a CCD camera is then
possible without interference with atomic lithography at the end of the beam.
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ror mounted at 45° to the MCP/PS detector was used to view the image
through the side window. The mirror was glued on a piece of sheet metal
and then mounted together with the MCP /PS detector with Kimball Physics
standard eV parts. The whole assembly was then mounted on a linear motion
feedthrough which fit through the top flange of the spherical cube. This allows
the detector to move out of the way for atomic lithography. A TV tuner card
(AVerMedia TV98) was used to grab and save the camera images onto a com-
puter as bitmap files. The greyscale pixel value across the image is directly
correlated to the brightness across the phosphor screen. Images analysis is
primarily done with ImageJ, a public domain Java application developed at
the National Institutes of Health, and Matlab.

Although it is very useful for real time observation of the atomic beam de-
flection, the MCP /phosphor screen has some severe limitations. A calibration
of the correlation between atom flux and image pixel value is missing. Not
only is the electron ejection efficiency of a He* atom from the surface of the
MCP not exactly known, but also the sensitivity of the combination of MCP
and phosphor screen to atomic flux is highly non-linear and non-uniform. The
non-uniformities are mainly due to the aging of the phosphor screen under
high flux impact. This makes quantitative measurement with the MCP /PS

detector very difficult.
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Chapter 4

ARP Light Production

The production of the ARP pulse sequence is the key of this experiment.
In this chapter I will describe the optical system. The 1083 nm light originated
from a Spectra Diode Labs diode laser. The chirped pulses needed for the
ARP processes were generated by successively modulating the frequency and
amplitude of the light with two LiNbO3-based integrated-optic modulators. A
fast InGaAs photo detector was used for the pulse profile measurement and
two Fabry-Perot interferometers were built for the spectrum analysis. The high
optical power required for the experiment was gained through two commercial
Ytterbium-doped fiber optical amplifiers. Finally the optics that transport the

light beam to interaction region are described.

4.1 The Diode Laser

The diode laser used for our experiment was a Spectra Diode Labs SDL-
6702-H1 DBR laser, where DBR stands for Distributed Bragg Reflector. High

performance, low cost, tunable diode lasers have gained wide popularity in
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atomic and molecular physics experiments since their development. DBR
lasers have a Bragg grating fabricated into the active region of the laser diodes.
The grating serves as an internal wavelength selective element of the laser and
also improves the frequency tunability and the long-term frequency stability.
The availability of DBR laser sources at 1.08 pum have facilitated experiments
involving He* since 1994 [60]. We have two SDL-6702-H1 laser systems in our
lab. Their frequency control and stabilization were investigated by C. Avila
[61] and they were put to use by M. Cashen [52] in polychromatic force ex-
periments. One laser is used for bichromatic collimation of the He* beam for
the lithography experiment and the other one is used in the ARP experiment
described in this thesis. This product was discontinued by Spectra Diode Labs
a few years ago but fortunately, replacements recently became available from
Sacher Lasertechnik.

The SDL-6702-H1 laser comes in a standard 8-pin TO-3 window package
with a thermistor and a thermoelectric cooler (TEC) included. Two commer-
cial laser diode controllers were used for laser operation - a Newport model
325 temperature controller for temperature stabilization and a Newport 505
current controller for injection current supply. The current can be modulated
up to 500 kHz by applying a low-level signal to the controller. This is very

useful for laser frequency locking.

4.1.1 The Mechanism of Laser Frequency Tuning

Laser frequency control and stabilization is a very demanding task for

experiments in atomic and molecular physics. The frequency of a diode laser
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is tunable via adjusting its temperature and injection current, and via optical
feedback [62]. Temperature tuning provides the coarse control and current
tuning provides the fine control. Finer control and frequency narrowing can

be achieved via optical feed back.

The frequency tuning coefficients of the DBR laser via temperature and in-
jection current was previously measured to be -22 GHz/°C and -300 MHz/mA
[61]. For our experiment, the thermistor was set at 9.73 K(, corresponding to
a temperature slightly lower than the room temperature (~25 °C). The injec-
tion current was set at 150 mA. The operating points were chosen to put the
laser frequency reliably on the He* atomic transition at A = 1083 nm with a
moderate power output level (~25 mW). An “extended cavity” (EC) scheme
is used for our laser system as the controlled optical feedback [63]. As shown
in Figure 4.1, the EC is formed between the back Bragg reflector of the DBR
diode and an external high reflectivity mirror (> 99% reflectivity) in an an-
gled configuration. A 30/70 beam splitter was used to complete the EC and
also served as the output coupler. A piezo electric transducer (PZT) driven
by a home-built, high voltage controller is attached to the external mirror for

adjusting the EC length and thus ramping the laser frequency.

In order to insulate the EC laser from environmental disturbances such
as mechanical vibrations, air flows and temperature drifts, the laser and EC
components were rigidly mounted on a solid 305 mm x 710 mm x 76mm slab
of aluminum. Then the entire assembly was put into a box made from 51 mm
thick Owens-Corning polystyrene foam. These precautions help to stabilize

the laser frequency to the order of a few MHz.
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Figure 4.1: The configuration of the extended cavity of the diode laser system.
The laser light is collimated and then sent to a 70/30 beamsplitter. The 30%
reflected light from the beamsplitter is retroreflected by a high reflectivity
mirror (> 99%) to provide 9% optical feedback to the laser. The mirror is
mounted on a PZT on a kinematic mirror mount so that the external cavity
length is tunable by voltage applied on the PZT. The 70% transmitted light
by the beamsplitter is used for the experiment, and the 21% leakage beam is
used for saturated absorption spectroscopy.
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Aside from providing fine tuning to the laser frequency, the EC configu-
ration also helps to narrow the linewidth of the laser [62, 63]. The linewidth
reduction by EC feedback of our DBR laser was measured to be 125 kHz by
beating the laser with a second DBR laser (in the same EC configuration).
The observed linewidth is 20 times smaller than the 3 MHz free running laser
linewidth and also smaller by an order of magnitude than the natural linewidth

(1.6 MHz) of the He* transition used in the experiments (235, — 23P) [52]

4.1.2 Laser Frequency Locking

To further reduce frequency fluctuations and long term drift, a Doppler-
free Saturated Absorption Spectroscopy (SAS) signal was used to lock the
laser frequency to the desired atomic transition [64]. The leakage beam (21%)
light from the EC was used for this purpose while the main beam (70%) was
directed to the experiment. In Figure 4.2, the area to the right the dashed line
shows schematically how the SAS signal was derived.

The light incident on a thick un-coated glass plate is reflected (~ 4%) from
each surface of the plate, producing two weak parallel beams, termed “probe”
and “reference”. The two beams pass through a He discharge cell and a 50/50
beamsplitter onto two photodiodes. The absorption signal is then detected
as the light frequency is swept across the resonance. The strong transmitted
beam, called the “pump”, is reflected from the 50/50 beamsplitter to counter-
propagate against the probe through the cell. The absorption signal of the
reference beam is the usual Doppler broadened peak. However, the probe

absorption peak is diminished at resonance since the strong pump beam (with
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Figure 4.2: The frequency is locked to the 23S, — 23P, transition of He* by
Saturated Absorption Spectroscopy. The right side of the dashed line shows
how the SAS signal is derived from the 21% leakage beam of the laser. The
left side shows how the SAS signal is used to produce electronic feedback for
laser frequency stabilization.
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opposite Doppler detunings) interacts with atoms of the same velocity group
and saturates the transition. The resulting signal is the Doppler-free Lamb
dip. The subtraction of the absorption signal of the probe from that of the
reference will single out the Doppler-free absorption signal for laser frequency

locking.

In order to lock the laser, the SAS signal is sent to a lock-in amplifier
(Princeton Advanced Research model 126) that generates an error signal to
feed back to the laser. A 10 kHz sinusoidal signal produced by an internal
oscillator of the lock-in amplifier is applied to the modulation input of laser
current controller and also used as a reference signal for the lock-in itself.
The modulated SAS signal is mixed with the reference signal in the lock-in
amplifier resulting in a derivative of the SAS peak which serves as the error
signal. Finally when the PZT scanning is turned off and the laser frequency
is set at the resonance peak, the error signal is fed back to the EC PZT to
compensate for any drift away from resonance. A schematic of this servo loop

is shown in Figure 4.2.

4.2 Electro-optic Modulators

Two LiNbOgs-based integrated-optic modulators are used in our experi-
ment. These modulators make use of the linear electro-optic effect in a LiNbO3
crystal which creates a change in the indices of refraction of the crystal pro-

portional to the magnitude of an external applied field [65]. Both modulators
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are made by Photline Technologies'. The NIR-MPX-LNO03 is used for phase
modulation and the NIR-MX-LNO3 for amplitude modulation. The series of

NIR-LN LiNbOj3 modulators are designed for near infrared wavelength.

The electro-optic effect in a crystal can be fully described by a third-rank
tensor [66]. However, if the electric field is applied on one of the principle
axes of the crystal, and the polarization axis of the light is properly chosen
according to the crystal symmetry, the complexity can be greatly reduced.
LiNbOg3 is an anisotropic, uniaxial crystal with good optical and electrical
properties. To take advantage of its strongest electro-optic coefficient (rs3 in
the Z direction), the applied electric field as well as the polarization of the
light should be aligned with the Z axis. Light travelling perpendicular to the
electric field experiences an optical path length change due to the change of
the index of refraction that is proportional to the applied electric field and

thus accumulates an additional phase shift along its path.

Since the electro-optic coefficients are in general very small (r33 = 32 pm/V
for LiINbO3), a large electric field is required to produce a moderate phase shift.
This creates practical difficulties in bulk modulators due to the significant drive
voltage required. However, in a waveguide-type integrated-optic modulator, a
big electric field is achievable with a much lower drive voltage since the optical

field and electric field are localized in a much smaller region of the modulator.

The Photline NIR-LN series modulators use X-cut Y-propagation LiNbO3

crystals. Figure 4.3 shows the geometric configuration of a X-cut LiNbOj

! Photline Technologies 16, route de Gray - Batiment DF - BP 71025, F-25001 Besancon
Cedex 3 - FRANCE. Phone: (33)-0381666622. http://www.photline.com

74



electrodes waveguide

o~

S

S =2

X-Cut LiINbO, Crystal

E-field

Figure 4.3: The schematic shows a X-cut LiNbOj crystal being used to con-
struct a electro-optical modulator chip. The principle axes of the crystal are
shown in the right corner of the crystal. The electrodes and waveguide are
along the Y axis and the electric field in the waveguide is along the 7 axis.
k and @ represent the light propagation direction and the polarization axis in
the crystal, respectively.
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crystal being used in a phase modulator. The electrodes are manufactured
along the Y axis on the Y-Z plane and the optical waveguide is fabricated
between the two electrodes which apply the electric field along the Z axis.
The light is also polarized along the 7Z axis. It enters the waveguide from
the X-Z plane and travels along the Y axis. The waveguides in these Photline
modulators are fabricated using proton exchange technology in which Li+ ions
in the LiNbOj3 crystal are exchanged with protons by placing the patterned
crystal in a proton-rich acid bath. This results in a permanent increase in the
index of refraction of the extraordinary light in the patterned region that guides
the light in both width (Z) and depth (X). Cr-Au travelling wave electrodes are
deposited over a thick dielectric buffer layer to minimize undesirable optical
absorption and satisfy the microwave to optical phase matching condition. The
modulator chips are hermetically sealed in 100 mm x 15 mm X 9mm metal
cases. To ensure that the polarization of the input light is properly aligned
with the electric field, a polarization-maintaining (PM) fiber is attached to
the input face of the Modulator chip. The output fiber can be either PM or
SM (single mode). The fiber pigtails are connected with standard FC/APC

connectors with 8° angled ferrules for reducing reflection back into the fibers.

4.2.1 Phase Modulator

The phase modulator works as follows. Apply a sinusoidal radio-frequency
(RF) signal with amplitude V' and frequency w, to the two parallel electrodes
of the modulator (see Figure 4.4 (a)), where it can be shown that the to-

tal phase delay introduced to the light travelling along the waveguide with
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Figure 4.4: Schematic layouts of phase modulator and amplitude modulator
on X-cut LiNbOj crystals. The principle axes of the crystal are shown in the
corner of the graph. (a) The phase modulator; (b) The amplitude modula-
tor. Note that the actual electrode layout may be slightly different, but the
principle is the same
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wavelength A and polarization along the Z-axis (extraordinary light) is given
by
o(t) = KM (wm)V (t) = KM (wp,)V sin(wpnt), (4.1)

with

_ T 3
TG

K r33nL,

where G and L represent the gap and the length of the electrodes. 733 denotes
the electro-optic coefficient and n, is the index of refraction for the extraor-
dinary light. The frequency dependence of the phase delay, resulting from
RF losses and RF to optical phase mismatch, is defined by the dimensionless
parameter M (w,,). The overlap coefficient between the electric field and the

optical field is indicated by the dimensionless 7 (see the Photline webpage).

A characteristic quantity of a phase modulator is the half-wave voltage V,
the voltage required to produce a 7 phase shift. V is also frequency dependent.

The effective half-wave voltage at a given frequency can be obtained from

AG

VT( m) — )
() n2rssnL M (wp,)

At DC M =1, so the expression becomes

G
T n3rasnL’

With a fixed sinusoidal RF modulation signal, the phase modulated op-
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tical field can be expressed as
E(t) = Egcos|wit — B sin(wy,t)], (4.2)

where FEj is the amplitude of the light field and w; is the angular frequency
of the unmodulated light field. [ is termed as the modulation index and is

defined as below:

_ T o a4
= )\Gner33nLM(wm)V RRACE (4.3)

B = kM (wn,)V

Determining V,(w,,) for a phase modulator is not a simple task. One way
to measure V,(w,,) is to calculate the modulation index from the measured
Fourier spectrum of the phase modulated optical field with a sinusoidal mod-

ulation voltage applied. We will describe this in detail in the next chapter.

Phase modulation is equivalent to frequency modulation in the sense that
the instantaneous angular frequency of a light signal is the time derivative
of the overall phase. Therefore, the instantaneous angular frequency for a

phase-modulated light signal is

w(t) = %gt) = w; — Bwpm cos(wpt). (4.4)

Sinusoidal phase modulation thus results in sinusoidal frequency modulation

at the same frequency w,,, but with a 90° phase lag.
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4.2.2 Amplitude Modulator

Compared to the phase modulator, the amplitude modulator works in
a more complicated way. It is constructed by patterning a Mach-Zehnder
interferometer ([64]) onto a LiNbO3 substrate (see Figure 4.4 (b)). Instead of
a single light path as in the phase modulator, the input optical waveguide is
split into two paths and then recombined at the output end. Three parallel
electrodes are deposited on the substrate to sandwich the two waveguides.
The central electrode is divided into two sections in order to apply a DC bias
and RF signal separately. The two side electrodes are grounded. A voltage
applied to the center electrode results in opposite electric fields across the two
paths of the interferometer and thus a change in the index of refraction in
opposite directions. The induced optical phase shift increases in one path and
decreases in the other path. The light going through the two paths combines
coherently at the output. A 2n7m net phase difference between the two paths
leads to constructive interference while a (2n + 1) net phase difference leads

to destructive interference.

The output electric field can be generally described as
Ey
E(t) = 7[cos(wlt + @(t)) + cos(wit — ¢(t))] = Egcos ¢(t) coswit,  (4.5)

where ¢(t) represents the phase shift induced on one arm of the Mach-
Zehnder interferometer that is proportional to the applied voltage as in the
phase modulator. Note that the phase shift on the other arm has an opposite

sign, the total phase difference is then given by 2¢(t). If a DC voltage is applied
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to the electrodes, the output field has a constant amplitude Ej cos ¢ since ¢ is
a constant. On the other hand, if an RF signal is applied to the electrodes, the
output optical field has an amplitude envelope of Ejcos ¢(t) and it is obvious
that it is amplitude modulated with the modulation frequency equal to the
RF frequency.

Theoretically, the optical power output of the amplitude modulator is
given by

Pt = 21+ cos 20(1)] (4.6)

where Fj is the maximum output power. The theoretical output power verses
the phase shift on one arm is plotted in Figure 4.5.

Since a Mach-Zehnder amplitude modulator is an interferometric device
exhibiting a sine transfer function, it is very sensitive to variations in the oper-
ating conditions. Having the DC electrodes separated from the RF electrodes
allows us to adjust the operating point of the Mach-Zehnder modulator inde-
pendently from the high frequency modulation signal applied. Depending on
the specific application, the desired operating point can be set by a fixed volt-
age applied to the DC bias electrodes. The modulators are often biased at a
half-power point (QUAD+ or QUAD-) of its transfer function for linear opera-
tion, e.g. for applications such as analog or digital transmissions. However, for
pulse generation, as in our case, the modulator should be biased at an extreme
points (MIN or MAX) of its transfer function. The minimum power point is
more favorable in operation due to its stability. Since a quarter-wave voltage is
enough to bring the output optical power from minimum to maximum, the RF

amplitude should be limited to half V,(w,,) at the given frequency w,,. Here

81



1.0

QUAD— QUAD+

0 /2 T 31/2 21

Figure 4.5: Plot of output optical power versus the phase shift on one arm of
the Mach-Zehnder amplitude modulators. The phase shift on the other arm
has the same magnitude but an opposite sign due to the symmetric electrodes
layout, so the total phase shift is double. The operating points can be set
to the extreme points (MIN or MAX) or the quadrature points (QUAD+ or
QUAD-) of the plot depending on the specific application
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V. is the voltage which produce 7 phase shift on one arm of the Mach-Zehnder
amplitude modulator. It is different from the manufacture’s value by a factor

of 2 since they refer the total phase difference of the two arms.

4.2.3 Chirped Pulse Production

In the ARP experiment, each adiabatic rapid passage is induced by a
chirped pulse. Multiple repetition of ARP sweeps with chirped pulses from
counter-propagating light beams enables the huge force used for pushing the
atoms. The first step of the experiment is to produce the periodic chirped
pulses.

Periodic chirps are easily produced with the NIR-MPX-LNO03 phase mod-
ulator. The optical field, phase modulated with a sinusoidal RF signal is
described in Eq. (4.2) and the instantaneous frequency is given by Eq. (4.4).
If the frequency of the laser is set at the resonance frequency, i.e. w; = w,,
the instantaneous frequency of the modulated light chirps from w, — Bw,, to
Wy + Pw,, at each first-half period and chirps back at each second-half period.
This automatically generates the desired periodic frequency chirp.

In practice, the 160 MHz RF drive signal of the phase modulator origi-
nated from a HP8657D signal generator that was amplified by a Mini-Circuits
ZHL-5W-1 high power amplifier. The amplifier has a fixed gain of 45 dB when
powered with a 24 Volts DC from a Power Design Inc. model 6105 universal
power supply. The output power level is determined by the RF input power
from the HP8657D. The maximum power output of the amplifier (37 dBm)

is higher than the maximum allowable input power (34 dBm) of the phase
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modulator. Therefore, extra caution must be taken in varying the power level
in the HP8657D, so no more than -11 dBm (which is 63 mV RMS for a sine
wave) should be delivered by the HP8657D to avoid overloading the phase

modulator RF termination.

Periodic pulses are accomplished with the NIR-MX-LN03 amplitude mod-
ulator. A pulse generator is required for this purpose. The amplitude modula-
tor bias voltage is provided by a Power Design Inc. model 2005 precision power
supply. A HP8082A pulse generator triggered by a HP8657A signal generator
is used to drive the amplitude modulator at a trigger frequency of 80 MHz.
The 8082A operates at approximately 25% duty cycle at this frequency with
its shortest pulse output ~ 3 ns. The purpose of the 75% dark time is going
be more evident in Section 4.5. The electrical pulse has a triangular-like shape
when operating at the minimum pulse width. The output voltage is ~ 4 V
which is about half V.. The RF pulses are then applied to the modulator. The
pulse generator has a complementary output which is used as a monitor sig-
nal. The output light signal from the amplitude modulator was measured by
a Thorlabs D400FC Fiber optic detector. The D400FC has a 100 ps rise time
which is short enough to accurately measure the nanosecond optical pulse.
The measured amplitude envelope as well as the electronic monitor signal are
displayed on and saved by a Lecroy WS434 digital oscilloscope. The captured
electric and optical pulse profiles are shown in Figure 4.6. However, the pulse
profiles, especially the optical pulse profile, exhibit some electronic noise which

makes the pulse length measurement inaccurate.
To produce chirped pulses, we need to synchronize the frequency chirp-
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Figure 4.6: Oscilloscope image of the periodic optical pulse delivered by the
NIR-MX-LNO3 amplitude modulator (lower trace) as well as the complement
of the RF drive signal (upper trace). Both signals have a frequency of 80
MHz and a pulse of width about 3.5 ns (measured from the baseline). The
optical signal shows some ringing at the base which might be induced by the
after-pulse tail of the electric signal together with some RF reflection.

85



PD 6105
Power Supply
HP8657D ZHL-5W-1 } NIR-MPX-LNO3
Signal Generator Amplifier Phase Modulator
} HP8657A } HP8082A NIR-MX-LNO3
Signal Generator Pulse Generator Amplitude Modulator

[

PD 2005
Power Supply

Figure 4.7: The RF signal used to drive the NIR-MPX-LN03 phase modulator
originated from a HP8657D signal generator and was then amplified by a
Mini-circuit ZHL-5W-1 amplifier which was powered by PD 6105 power supply.
A HP8082A pulse signal generator triggered by a HP8657A signal generator
was used to drive NIR-MX-LN03 amplitude modulator. The DC bias voltage
of NIR-MX-LN03 was supplied by a PD 2005 power supply. Synchronized
driving was achieved by synchronizing the HP8657D and HP8657A
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ing and amplitude pulsing. The problem can be solved by synchronizing the
HP8657D and HP8657A. More specifically, a high precision timebase output
from the HP8657D was used to drive both the HP8657D and HP8657A. The
relative phase between the phase modulator drive signal and the amplitude
modulator drive signal can be coarsely adjusted by the delay knob in the pulse
generator and be fine adjusted by the phase control button of the HP8657D
signal generator. A block diagram of the electronics used for chirped pulse

production is shown in Figure 4.7.

4.3 Fabry-Perot spectrometer

In the ARP experiment, the monochromatic laser output was first si-
nusoidally phase modulated and then amplitude modulated with a periodic
pulse signal, so that the resulting light field was not simple. To characterize
the modulated light field, an optical spectrometer is needed. We designed and
built two Fabry-Perot (FP) spectrometers for the purpose of spectrum analy-
sis. Though commercial ones with better performance are also available, they
may cost several thousand dollars.

A FP spectrometer is basically a scanning FP interferometer whose prin-
ciples are described in detail in [64, 10]. Another useful reference on FP
spectrometer is [67]. A couple of things need to be taken into consideration
in designing a FP spectrometer for our experiment. First, the FP needs to be
able to to measure a strongly frequency modulated signal. The modulation
frequency is around 100—200 MHz, and the modulation index can be larger

than a few 7, so the free spectral range (FSR) of the FP needs to be a few

87



GHz. However, a large FSR means a short cavity which causes some practical
difficulties in the construction. Moreover, we need to be able to distinguish
the neighboring peaks separated by the modulation frequency, therefore the
width of the FP transmission needs to be lower than the modulation frequency,
which demands a high finesse for a FP with a large FSR. With all these restric-
tions taken into consideration, a FSR = 3 GHz was chosen for our experiment.
The FP spectrometer was in the usual confocal configuration [64]. The cavity
length can be calculated from FSR = ¢/4l to be | = 25 mm. The cavity mirrors
are partial reflectors from CVI laser. They have a flat surface antireflection
coated for 1083 nm and a curved surface with 98.7% reflectivity. The mirrors
are 0.5 inch in diameter, 0.375 inch in thickness and with 25 mm focal length.
The cavity length is also 25 mm. The PZT cube from is 0.5 inch O.D. x .44
inch I.D. x 0.5 inch length. Considering the short length of the cavity, the
body of the FP was built into two parts. The exact design is shown in Figure

4.8.

The body is made from invar for its low thermal expansion coefficient. It
consists of two parts, a tube and a cap. A mirror was epoxied on one side
of the tube. A PZT and a mirror were epoxied on the cap and the whole
piece was then inserted in the other side of the tube. The two parts were
mounted together by three screws with a rubber O-ring inserted in between.
The length and the alignment of the FP cavity are adjustable by turning
the three screws to squeeze the O-ring. Another smaller O-ring was put on
the inserted mirror for support. Electric wires were attached to the inner

and the outer surface of the PZT. Grooves in the FP body were designed for
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Figure 4.8: The construction of the Fabry-Perot spectrometer. The cross
section of the assembled FP spectrometer is shown on the top of the plot. The
detailed dimension of the FP body is shown on the lower part. The body is
made from invar for its low thermal stability. It is made up of two parts with
a mirror attached on one part and a mirror and a PZT on the other. The
two parts are then mounted together with three screws. The length of the FP
cavity is adjustable with a rubber O-ring inserted between the two parts.

89



the wires to go through. By applying a voltage to the PZT with a home-
made PZT controller, the cavity length and thus the resonance frequency of
the FP interferometer is tunable. A photo detector (Thorlabs 110) was put
behind the FP to measure the transmitted optical power. In this way, the
scanning Fabry-Perot interferometer acts as an optical spectrum analyzer. A
frequency spectrum of the input signal is produced when the voltage on the
PZT is ramped. We built two Fabry-Perot spectrometers of the same design.
A Finesse of 60 can be obtained for both of them with careful alignment and

a f =500 mm lens for mode matching.

4.4 Fiber Optic Amplifiers

The EC diode laser has a linearly polarized output of around 20 mW
in the main beam in normal operating conditions. Each modulator has ~4
dB insertion loss, which amounts to about 60% loss for each. At 25% duty
cycle pulse operation for the amplitude modulator, at least another 75% op-
tical power loss is expected. With the additional fiber coupling loss of the
free space laser output to the modulator, and fiber to fiber coupling loss, the
optical power is easily dropped to less than 0.1 mW which is too low to do
the experiment. For the atomic state to adiabatically follow the optical field
in an ARP process, a high peak Rabi Frequency (2 > w,,) is required. Fur-
thermore, to map the ARP force in parameter space, we need to scan along
the axis of Rabi Frequency, so a lot more optical power is demanded in the
experiment. To resolve the power issue, two optical fiber amplifiers are utilized

for the experiment.
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Fiber optic amplifiers are widely used in the telecommunications indus-
try for signal amplification in long-haul lightwave systems [68]. However,
the wavelength used in telecommunication systems is 1.55 ym where erbium-
doped fibers provide the gain media. For the 1083 nm wavelength in He*,
Ytterbium(Yb)-doped fibers are used as the gain media. The Yb-Doped fiber
amplifiers (YDFA) we used are manufactured by Keopsys®. Yb ions doped in
the fiber core result in a broad absorption spectrum peaked at 977 nm, where
high-power, broadstrip diode lasers are commercially available. When pumped
at this wavelength, a population inversion is achieved in the fiber and provides
amplification of the input signal at wavelength 1083 nm by stimulated emis-
sion. The Yb-doped fiber has a double cladding. The pump light is injected
from a V-groove mechanically formed in the outer cladding and propagates in
the inner cladding to provide amplification along the input light path in the
fiber core [69]. Both the input and output fibers of the YDFA are Single Mode
(SM) for 1083 nm and are connected with FC/APC connectors. FC/APC to
FC/APC mating sleeves are used to couple the fiber modulators to the fiber

amplifiers directly with a coupling efficiency of ~ 80%.

YDFA is suitable for ultrashort pulse amplification thanks to its broad-
band, long tail emission spectrum from 1060 nm to 1200 nm [70, 69]. A model
KPS-BT2-YFA YDFA was used to boost the power of the chirped pulses to
the required level for the experiment. The KPS-BT2-YFA has two gain stages

with an optical isolator in front of each amplification stage to prevent any

2 Keopsys SA. 21, rue Louis de Broglie 22300 Lannion FRANCE. (33)-296050800.
http://www.keopsys.com/
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high power optical feedback. The first stage is a saturated amplification stage
which provides a constant output of ~190 mW. The second stage is pumped
by two diode lasers whose current can be turned on successively. The gain of
the amplifier is proportional to the injection current of the laser diodes with a
slope of ~ 590 mW/A. Setting the first diode current to its maximum of 5 A
yields 3 W output. Further amplification can be obtain by adding current to
the second laser diode. The maximum output power of the amplifier is 4.3 W
[53]. The power output level was measured to be the same for CW operation

and the pulse operation in our experiment.

The YDFA demands a certain minimum input signal power to operate
preoperly. When the input signal is too low to deplete the population inversion
of the doped Yb ions, Amplified Spontaneous emission (ASE) and self lasing
can occur in the YDFA which can lead to a breakdown of the internal isolator

and possible damage of other optical element in the optical train [68].

A minimum input power of 0.5 mW is required for the KPS-BT2-YFA.
However, the optical power level after two modulation steps is too low to meet
this requirement. For this reason, a 1 W YDFA (model OIYb30) was inserted
between the phase modulator and the amplitude modulator as a preamplifier.
But with this older fiber amplifier, ASE and self lasing were often problems
since there is no internal isolator in the system. To protect the diode laser
from possible damage due to ASE light, a OFR model 10-3-1083-HP Faraday
isolator was placed after the DBR laser. This isolator allows ~90% trans-
mission in the forward direction and provides an isolation of ~40 dB in the

reverse direction. The free space light which passed through the isolator was
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Figure 4.9: The optical system for the chirped pulses production and ampli-
fication. The DBR laser output goes thought an isolator and then into the
phase modulator. The output of the phase modulator is preamplified by a 1
W YDFA and then sent to the amplitude modulator. The resulting chirped
pulses pass through a fiber splitter to the 4 W YDFA to boost the power to
the level required for the experiment. The light was split after the 1 W YDFA,
the fiber splitter, and the 4 W for spectrum analysis.

then coupled into the input fiber of the NIR-MPX-LNO3 phase modulator
by an OFR PAF-X-7-1083 fiber coupler. Since the input fiber of the phase
modulator is a polarization maintaining fiber, a A/2 plate is needed to get the

correct linear polarization input at the input.

The output of the phase modulator was coupled to the input fiber of the
1 W YDFA by a standard FC/APC to FC/APC mating sleeve. The 1 W
YDFA had been used in experiments for 5 years before being used in our

experiment, both the input and output fiber connectors had been damaged
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and reconnectorizd. Although the lab owns the tools for fiber connection
and polishing, it is still very difficult to produce the high quality of fiber
termination needed for high power operation. The reconnected fiber is easily
damaged under high power operation. We experienced ASE and self lasing
which not only damaged the input fiber connector of the fiber amplifier but also
damaged the output fiber connector of the phase modulator. Later, additional
precautions were taken by inserting a short SM patchcord in between the phase
modulator and 1 W YDFA, which we expected would serve as an optical fuse.
Extreme care was also taken in slowly turning up the gain of the 1 W YDFA.
Fortunately, a low current setting of < 0.8 A (with 76 mW output power) is
satisfactory in the experiment if we have good fiber coupling in the later stages

of the optical system.

The output of the 1 W YDFA was collimated by a ThorLabs F220FC-C
fiber coupler and was sent through a polarization splitting cube (PBC) to split
off a small portion for analysis. Since physical stresses can induce birefringence
in an optical fiber [71], the polarization of the input signal is changed when it
is going through a SM fiber. To set the polarization of the output light, both
input and output fibers were coiled, bent, and secured to maximize the desired
polarization component going to the next step of the experiment. Another A/2
plate and a OFR PAF-X-7-1083 fiber coupler were used to coupled the light
into the NIR-MX-LNO3 amplitude modulator. A 90/10 fiber splitter for 1083
nm was connected afterwards with the 90% output coupled to the input of the
4 W YDFA and the 10% output used for analysis. Finally, the amplified output

of the 4 W YDFA was again collimated and split by a PBC to direct the main
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laser beam toward the atomic beam and the split beam for analysis. Similarly,
fibers were coiled, bent, and secured to maximize the desired polarization
component for the experiment. Fine-tuning of the polarization of the 4 W
YDFA was also feasible by a build-in polarization control element in the fiber
amplifier that precisely squeezed and twisted a small section of the output
fiber to get the polarization right. The schematic optical setup for producing

the amplified chirped pulses for the experiment is shown in Figure 4.9

4.5 Interaction Regions

Before being sent to the interaction region, the amplified chirped pulses
were further collimated and expanded with a spherical telescope and a cylindri-
cal telescope to make an elongated spatial profile. The purpose of expanding
the beam is to produce a flat spatial intensity profile in the interaction re-
gion. Another \/2 plate and a PBC are inserted between the two telescopes
to vary the intensity of the light that goes into the interaction region. The
spatial profile of the ARP beam was measured by a ~ 100 pym scanning slit.
The resulting beam has a Gaussian profile with waists of Wi,y = 7.0 mm and
Wshort = 2.1 mm, where w is the 1/e? radius of the Gaussian Intensity fit. The
major axis of the light was oriented to be along the propagation direction of
the atomic beam. A variable vertical slit was inserted in the laser beam just
before the interaction region to cut off the wings of the beam. The light has
a linear polarization perpendicular to its major axis. The beam was then sent
through a A/4 plate to produce the circular polarized light demanded by the

235, — 23P,, Amy = +1 He* transition.
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Figure 4.10: The Schematic of the optical setup in the interaction region. The
optical beam of the chirped pulses was collimated and expanded with a spher-
ical telescope and a cylindrical telescope. The resulting beam has a Gaussian
profile with wj,,g = 7.0 mm and wgpere = 2.1 mm. The major axis that was
aligned with the atomic beam was further defined with a vertical slit to pro-
duce a flat intensity in the interaction region. The light was circularly polarized
with a A\/4 plate. The light is retroreflected with a high reflection mirror to
intersect with the atomic beam twice. The delay path was set to provide the
necessary /2 phase delay to the retroreflected light for the production of the
unidirectional force. The deflection of the atomic beam is measured with a
MCP /phospher screen detector.
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Figure 4.11: The Schematic of the periodic ARP pulse train used for atomic
beam deflection. The production of the periodic chirped pulses with 25%
duty cycle (right top of the diagram) is as described in Section 4.2.3. The
pulses are retroreflected with a high reflection mirror to cross the atomic beam
twice. The delay path was set to provide the necessary 7/2 phase delay to the
retroreflected light for the production of the unidirectional force. The resulting
ARP pulse train is exactly the same as depicted in Figure 2.6(b)
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The light is sent across the atomic beam and then retroreflected with a
high reflection mirror to cross with the atomic beam again on its way back.
The distance between the crossing point and the mirror is chosen to be A, /8 =
15/32 m where A, is the wavelength of the amplitude modulated pulse train.
The purpose of this is to produce a 7/2 phase delay to the retroreflected light.
As illustrated in Figure 4.11, the resulting chirped pulse train at the position
of the atomic beam is exactly the same as sketched in Figure 2.6(b). The
atomic beam is pushed by the periodic chirped pulse pairs. The T'/2 dark
time in between the pulse pairs on average serves to prepares the He* atom in
the ground state by spontaneous emission as we discussed in Section 2.5. Our
experimental scheme is very similar to what was proposed in [36] except for
the realization of chirped pulse train. The advantage of producing a periodic
pulse train in our scheme over using the multiple reflection of a single pulse
in a cavity as proposed in [36] is that the pulse amplitude does not decay in
time, so that the force is stronger and more stable.

Finally, the deflection of the atomic beam was imaged by a MCP /phospher
screen in combination with a CCD camera 50 cm downstream. The force
produced by the periodic chirped pulses on the He atoms can be calculated
from the deflection distance measured from the image. A schematic drawing

of the optical setup in the interaction region is shown in Figure 4.10.
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Chapter 5

Spectrum Analysis

In principle a Fabry-Perot spectrometer performs a Fourier transform of
the input light field. However, only the amplitude information of each fre-
quency component is captured by the photo detector, the phase information is
lost. More accurately, the Fabry-Perot spectrometer gives us It (w) = AF(w)?,
where I*'(w) and AT (w) stand for the intensity and the amplitude of the
Fourier component at frequency w. In spite of the loss of phase information of
each Fourier component, the phase information of the light field is still partially
captured by the Fabry-Perot spectrometer. As we will explain in detail, the
Fabry-Perot spectrometer is a powerful and very useful tool in the calibration

and control of this experiment.

5.1 Spectrum of Periodically Modulated Light

Mathematically, we know there are three equivalent representations of
Fourier expansions of a periodic real function of time. A monochromatic light

modulated with periodic signals has the following generic form at a fixed po-
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sition,

E(t) = A(t) cos(wit + ¢p(1)), (5.1)

where w; is the light carrier frequency, A(t) and ¢,(t) are the modulated am-
plitude and phase respectively. The frequencies of the amplitude modulation
and the phase modulation may not necessarily be the same. With the common
frequency of the two denoted by w,, e.g. the common period is i—t, the field in
the form of Eq. (5.1) has Fourier component at frequencies w; £+ nw,. where n
is a integer. Generally its Fourier spectrum can be written in three equivalent

forms,

E(t) = Z {an cos(w; + nw,)t + by, sin(w; + nw,)t}, (5.2)
= Z AY cos|(w; + nwe)t — @), (5.3)
_ Z {Cnei(wl—i-nwc)t + C;€_i(wl+nwc)t}. (54)

The Fourier expansion coefficients in Eq. (5.2) are given by

2 T
a, = —/ dtE(t) cos(w; + nw)t,
T Jo

2 T
b, = —/ dtE(t) sin(w; + nw.)t,
T Jo

where T' = 27 /w.. The Fourier expansion coefficients in Eq. (5.4) are given
by
I :
Cn = — / dtE(t)e (rtnwe)t, (5.5)
T Jo
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Comparing Egs. (5.2) and (5.3), we have

Ay = a2

n
¢Yn = arctan —.
an

Comparing Egs. (5.2) and (5.4), we have
1
Cp = §(an — iby).

It is obvious that AL = |2¢,|. The output of a Fabry-Perot spectrometer gives

the following spectrum,

Iy = (A,)" = |2 (5.6)

Since the expansion Eq. (5.4) has the simplest coefficients given by Eq. (5.5),
especially for modulated light that has a complicated form, it is convenient to

calculate the spectrum with Eq. (5.5).

2 (T A
Iy =2, = |5 / At E () e~ iwrtnwet|2,
T 0
2 (T .
= |z / dtA(t) cos(wit + ¢ (t))e  @rtmeelt|2,
0
1 /7 } A |
= |T/ th(t)[ez(wlt+¢P(t)) + e—l(wzt+¢p(t))]e—l(wl-l-nwc)t|27
0
1 [T .
= |T/ dtA(t)e!er(H—nwet) 2 (5.7)
0

The second term in the integral is high frequency oscillatory term and averages

out to zero.
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5.2 Phase Modulated Spectrum

The phase modulated light field in the experiment is described in Eq.

(4.2) and we repeat it here for convenience,
E = Ej cos|wit — [sin wy,t] (5.8)

Wpm 1s the phase modulation frequency and (3 is the modulation index. Com-

paring with Eq. (5.1), we have

A(t) = Ey,

Op(t) = —Psinwynt.

By using the Jacobi-Anger Expansion (see [72]), one can derive the Fourier
spectrum of the phase modulated light field. It has the well known spectrum

of the Bessel functions as below,

E = Ejcosjwit — fsinwynt] = Ey i In () cos((w; — nwpm)t), (5.9)

n=—oo

where J,,(8) is the n’th order Bessel function of the first kind. A plot of Bessel
functions J,, (n=0, 1, 2, 3) is shown in Figure 5.1. There are many properties

of the Bessel Function J,,, we list two of them that will be used later.

1. The symmetry relation

Jon(B) = (=1)"Ju(B). (5.10)



Figure 5.1: The Bessel functions Jy, Ji, Jo, J3 as functions of .

Comparing Eq. (5.9) with Eq. (5.3) and making use of Eq. (5.6), we have

I, = EgJ3(68). (5.11)

From the symmetry relation we can see that the phase modulated field has a

symmetric Fabry-Perot spectrum.

2. The recurrence relation

2 9). (5.12)

Jn—l(ﬁ) + Jn—&-l(ﬁ) = 3

Using the recurrence relation, we can obtain the value of 3 from three neigh-

boring components in the spectrum.
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5.2.1 Determining V, for the phase modulator

Experimentally, the modulated light spectrum signal measured by a Thor-
labs 110 photo detector behind the homemade scanning FP interferometer was
displayed and captured by a Lecroy WS434 digital oscilloscope, where the asso-
ciated data for each spectrum could be stored as well. Figure 5.2 shows a series
of screen captures of the phase modulated spectrum for 160 MHz modulation
frequency. The RF signal used to drive the phase modulator originates from
a signal generator. The signal is amplified and applied to the phase modula-
tor (See Section 4.2.3). The corresponding signal generator output level was

indicated under each spectrum image.

As indicated by Eq. (5.11), the intensity of each frequency component
in the spectrum of the sinusoidally modulated light is proportional to J2(().
The relative value of J, () can thus be obtained by taking the square root of
the peak intensity of each spectrum data. Since J,,(() is not always positive
(see Figure 5.1), extra caution must be taken in determining the sign of the
square root. Eq. (5.10) can be used to determine the sign of J_, (). Having
obtained J,(/3)’s, we can use Eq. (5.12) with various n to calculate 3. For
each spectrum, 3 was averaged over the values obtained with different n’s.
The modulation index [ is plotted against the signal generator output Vsg in

Figure 5.3 (a). The linear fit of the data gives a slope of 0.116 mV ™!, so

3 =0.116Vsg (5.13)

with Vgg in unit of mV. In Figure 5.3 (b), [ is plotted against the RF input
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Figure 5.2: The phase modulation spectra for wy,, = 160 MHz measured by the
homemade Fabry-Perot interferometer behind the big FA. The corresponding
signal generator driving voltage is shown under each scope image. Note that
the amplitude of the carrier frequency is zero for Vsg = 20 mV.
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Figure 5.3: (a) The calibration curve of the phase modulation index [ vs. the
signal generator voltage Vsi. (b) The calibration curve of 5 vs. the input
power of the phase modulator V;,. V, was measured to be 4.38 V for the
modulation frequency w,,, = 160 MHz.
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of the phase modulator V;,, which is the amplified RF signal from the Mini-
circuits amplifier. The linearly fitted slope is 0.718 V™!, from which we can

get V; =4.38 V for wy,, = 160 MHz.

The above phase modulated spectrum was measured behind the big fiber
amplifier, so it is the final phase modulated signal delivered to the experiment.
Two FP spectrometers were used simultaneously to compare between the phase
modulated spectrum directly after the phase modulator and the one after the
1 W amplifier, and also between the spectrum after 1 W amplifier and the one
after the 4 W amplifier. No visible differences were found. However, detailed
analysis showed that the phase modulated spectrum right after the modulator

fit better to the Bessel functions.

5.3 Amplitude Modulated Spectrum

The amplitude modulator output has the form described in Eq. (4.5),

and we repeat it here,

E(t) = Eycos ¢4 (t) coswit, (5.14)

where ¢,(t) is proportional to the applied voltage

Pa(t) = : (5.15)



(a) modulating voltage and light amplitude

--- -5% DC bias
—— 0 DC bias
“““““ 5% DC bias
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0.5

(b) Fabry-Perot spectrum of the light field

Figure 5.4: The idealized amplitude modulation scheme. The voltage V (¢)
applied on the amplitude modulator is a triangular pulse, and the resulting
light is a sinusoidal pulse of amplitude A(t).
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The Fabry-Perot spectrum of the light is
FP 1 ’ —iNwamt |2
I (w + nwam) = |? dt Ey cos ¢ (t)e™ " amt| 2, (5.16)
0

where wy,, is the amplitude modulation frequency. The spectrum does not
have an analytical formula except for special classes of V(¢). For example,
an ideal case for our ARP experiment involves a syncopated (25% duty cycle)

triangle-shaped electric pulse on the amplitude modulator as formulated below.

Ve (Wam) i Ve (Wam)

Vi) = -3 2

S NHle @

where T' = 3—” is the period of the amplitude modulation. For such electric

pulse the light amplitude is
Eosin 2wemt 0 <t <
At) = . (5.17)
0 T<t<T
The compliment of the electric pulse and the corresponding optical pulse are
sketched in Figure 5.4(a). The resulting optical pulse is exactly the sinusoidal

pulse as in our theoretical analysis.

For this case, the amplitude modulated spectrum is

4 2
IFP (w4 nwam) = (4—n2) cos? n—ﬂ, (5.18)
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Figure 5.5: A Fabry-Perot spectrum of the amplitude modulated light in ex-
periments. The straight line shows the ramping voltage applied on the PZT
of the Fabry-Perot.

and it is plotted in Figure 5.4(b).

In the real experiments, the shape of the driving pulse is not exactly
triangular, its amplitude is not exactly V; /2, its width is not exactly T'/4, and
it also has some afterpulse ringing as indicated by Figure 4.6. So the optical
pulse can never be ideally sinusoidal. But the Fabry-Perot spectrum of the
amplitude modulated light is not too far from the ideal spectrum (see Figure
5.4(b)). A small level of CW light induced by DC offset of the electric pulse

would cause the overlapping of the counterpropagating light pulses and could
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ruin the ARP processes. It may not be manifested in the pulse profile taken
by the fast photo detector (Thorlabs D400FC), but it is clearly shown in the
Fabry-Perot spectrum. It can be minimized through the adjustment of the DC
bias of the driving pulse. The Fabry-Perot interferometer is very handy for
monitoring that since the peak at w; in the light spectrum is sensitive to the

CW light level while other peaks are insensitive, as shown in Figure 5.4(b).

5.4 Phase and Amplitude Modulated Spectrum

In our experimental scheme, the phase modulation frequency, wy, =
W, = 160 MHz; due to the syncopation, the amplitude modulation frequency
Wam = wWp/2 = 80 MHz. Therefore, the common modulation frequency is

we = 80 MHz. The modulated light field is

E = Ejcos ¢4(t) cosjwit — Bsin(wy,t + d9)], (5.19)

and the Fabry-Perot spectrum is

2 (5.20)

1 [T o
IFP (w4 nw,) = |T / dt By cos g (t)e~ Fsin(mttog)tnwet)
0

where d¢ in Egs. (5.19) and (5.20) stands for the relative phase between the
phase modulation and the amplitude modulation. For symmetric pulses with
pulse width being T /4, ARP requires d¢p = +7/2 so that the frequency sweeps
through resonance at the maximum pulse amplitude. In that case, the light

field Eq. (5.19) is symmetric within the pulse, and the average frequency is
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(c¢) FP spectrum of PM light (d) FP spectrum of PM and AM light

Figure 5.6: Modulated light pulses and their Fabry-Perot spectra. Vgg = 20
mV for the phase modulator. AM voltage has about —V,4/8 DC bias, Vj is
the amplitude of the RF voltage on the amplitude modulator.
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Figure 5.7: Fabry-Perot spectrum of the light pulses in Figure 5.6(d) numeri-
cally calculated from Eq. (5.20). Vsg = 20 mV for the phase modulator. AM
voltage has —V,/8 DC bias, V4 is the amplitude of the RF voltage on the
amplitude modulator.
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wi. On the other hand, If d¢ # +7/2, the pulse sweeps through resonance
before or after the maximum amplitude, and the average frequency is blue or
red shifted. By monitoring the Fabry-Perot spectrum of the modulated light,
the spectrum is symmetric with respect to w; when §¢ = +7/2, while it is

either blue or red shifted when d¢ # +7/2.

Figure 5.6 shows a set of FP spectra of modulated light captured by the
digital scope. The voltage on the amplitude modulator shown in Figure 5.6(a)
has about —V,/8 DC bias, V4 is the amplitude of the RF voltage on the
amplitude modulator, so that the FP spectrum of the amplitude modulated
light shown in Figure 5.6(b) is small at the center. The control voltage on the
phase modulator is Vg = 20 mV, which corresponds to § = 0.116 Vg = 2.32.
The FP spectrum of the phase modulated light is shown in Figure 5.6(c). When
both modulators are turned on, the FP spectrum is shown in Figure 5.6(d), and
the numerical calculated spectrum using Eq. (5.20) is plotted in Figure 5.7.
The calculated spectra for d¢ = 7/2 is in good agreement with the measured
spectrum in Figure 5.6(d). This confirms that the phase modulation followed
by the amplitude modulation does produce chirped pulses as expected. Figure
5.7 also plots the FP spectrums for ¢ = 0 and §¢ = 7, which are red and blue
shifted respectively. However, in the deflection experiment, we would like to
have the amplitude modulated spectrum as shown in Figure 5.5, so that the
optical pulse is more clean in the sense that the light level is minimized at the

dark time.

The FP spectra in Figure 5.5 and Figure 5.6 were measured right after the

amplitude modulator. That specific modulator failed in the experiment due to
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Figure 5.8: FP spectrum of the final amplitude modulated light pulse measured
after the 4 W amplifier. The spectrum has more deviation from the spectrum
of the ideal sinusoidal pulse than the previous one. The asymmetry of the
spectrum is induced by the 4 W fiber amplifier.
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(a) Measured spectrum, Vgg = 20mV (b) Calculated spectrum, Vsg = 20mV

o (m—ml_)/mm

(¢) Measured spectrum, Veg = 36mV (d) Calculated spectrum, Vsg = 36mV
o (m—wl_)/mm

(e) Measured spectrum, Veg = 48mV (f) Calculated spectrum, Vsg = 48mV

Figure 5.9: FP spectrum of modulated light after the fiber amplifier. Figures
on the left are measured, the ones on the right are calculated by Eq. (5.20).
The DC bias of the voltage on the amplitude modulator is nearly zero.
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some intrinsic problem of the product. A modulator of the same model loaned
by Photline was used to continue the experiment. The amplitude modulated
spectrum taken with this modulator has more deviation from the spectrum of
the ideal sinusoidal pules. Moreover, in the experiment, the modulated light
has to pass through a fiber amplifier to gain more power before it interacts with
the atomic beam. We found out that the amplified light induced some asym-
metry in the amplitude modulated spectrum. The final amplitude modulated
spectrum is shown in Figure 5.8. The combined spectrum for the chirped pulse
are not exactly symmetric even for ¢ = 7/2. We can try to adjust the phase
delay to get the spectrum as symmetric as possible. The combined spectrum
of the phase and amplitude modulated light are shown in Figure 5.9, they still

more or less agree with the calculated spectra for the ideal pulse.
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Chapter 6

Measurement of Optical Forces

6.1 Experimental Overview

As discussed in the previous chapters, the goal of this experiment is to
investigate the optical force on atoms associated with periodic adiabatic rapid
passages. We do this by measuring the deflection of He* atomic beam by
periodic ARP sequences. A complete diagram of the experiment is presented
in Figure 6.1. The atomic beam apparatus is covered in Chapter 3. The

components of the optical system are described in detail in Chapter 4.

Under the constant acceleration assumption, which requires that the final
transverse velocity is much smaller than the velocity capture range of the
optical force, the final transverse velocity v; of the He* atoms is
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where F' is the optical force on He* atoms, m is the atomic mass of He*, t;,,; is

the interaction time, L;,; = 3 ~ 6 mm is the interaction length, and v; is the
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Figure 6.1: The complete diagram of the experiment. Each part of the optical
system is explained in detail in Chapter 4. The He* atomic beam apparatus
is described in Chapter 3. The flight distance of the deflected He* beam
downstream of the interaction region is 50 cm.
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longitudinal velocity of the atoms. The distribution of v; determined by the
TOF measurement is shown in Figure 3.3 [52]. F' can then be calculated by
measuring the deflection, X, of the atomic beam on the MCP/PS detector,

' Lint Liight
m v v

X = Ut - tflight == (61)

where the flight time ¢ ;45 is determined by the 50 cm flight distance, L f1igns,
and v;. F' is uniform under the constant acceleration assumption, so by Eq.
(6.1) X is proportional to the inverse square of v;. Since v; has a wide distri-
bution, X also has a wide spreading. For a characteristic X measured from
the images of deflected atoms, a characteristic v; must be obtained so that Eq.

(6.1) can be used to calculate the optical force.

In the data processing below, we have used two types of characteristic
value of X, namely, the peak value X, and the average value X,. Since
X is proportional to v,” 2. the peak/average value of X corresponds to the
peak/average value of v;” 2 rather than of v;. The distribution of v 2 can be
obtained by converting from the distribution of v; in Figure 3.3. The profile of
vl_2 is plotted in Figure 6.2. From the figure, the peak of the vl_2 distribution
is at v; = 1080 m/s, which is labelled as v,; the average of v;” 2 corresponds to
v = 956 m/s, which is labelled as v,. Note that v, and v, are not the peak and
average values of v; with respect to its own distribution, as shown in Figure

6.2 instead they represent the v; corresponding to X, and X, respectively.
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Figure 6.2: The distribution of the inverse square of the longitudinal velocity of
He* beam. The source discharge current is 6 mA. The distribution is converted
from the longitudinal velocity plotted in Figure 3.3. The vertical axis n(v~—2)
is proportional to v®>n(v). The peak of inverse square velocity distribution is
shifted from the peak in Figure 3.3 at 980 m/s to v, = 1080 m/s. The inverse
root of the mean of the inverse square velocity v, = 956 m/s is also slightly
different from the mean velocity 993 m/s in Figure 3.3.
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6.2 ARP Force

We first measured the optical forces associated with the ARP sequences
with L;,; = 6.0 mm. The size of the laser beam was set by a cylindrical
telescope to be w, = 2.1 mm in the vertical direction and w, = 7.0 mm
in the longitudinal direction. The light intensity has the following Gaussian
distribution,

2 2
I =1 exp(—iji5 - %) (6.2)
A vertical slit of width 6.0 mm is used to cut off the wings of Gaussian beam
along the long axis and set the interaction length. The light intensity drops by
31% from the center to the edge along the interaction length and the amplitude

(Rabi frequency) drops by 17%.

The force of the ARP processes was measured with laser parameters
Vsa = 48 mV, P = 1.75 W, where Vg¢ is the output voltage of the phase
modulator driver and P is the average optical power. The chirping frequency
was 160 MHz, the pulsing frequency was 80 MHz and the laser was pulsed
at ~ 25% duty cycle. To compare with the theoretical prediction related
to the nonadiabatic transition probability plotted in Figure 2.3, or more di-
rectly to the calculated force in Figure 2.7, we need to know the corresponding
phase modulation index § = dp/w,, and the maximum Rabi frequency €.
The phase modulation index 3 is related to Vsg by Eq. (5.13), which gives
£ =0.116 x 48 = 5.57, and so dy = 5.57w,, = 27 x 891 Mhz. The maximum
Rabi frequency €2y of the light pulse can be derived from the average light

power P.
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The light intensity I is related to the Rabi frequency €2 by the saturation
intensity /I,

=2(=)?, (6.3)

where the natural linewidth v = 27 x 1.62 MHz and I, = 0.167 mW /cm? for
the He* transition we used in the experiment [4]. For periodically pulsed light

in one direction, the average power is
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Assuming Q(t) = Qo f(t), where f(t) is the pulse shape function, the average

power 1is
P=muut (27 L (" ar (6.4
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Presuming a sinusoidal pulse shape as in Figure 5.4(a) and Eq. (5.17), we
have f(t) = sinwy,t, and T, = 7/wy,, T = 4T,. Therefore, OT” dtf?(t) = &,
and

— ™ QO

P=§%%u;¥. (6.5)

So P = 1.75 W gives us €y = 4267 = 4.31w,,. Combined with &y = 5.57w,y,,
the predicted nonadiabatic transition probability is 0.025 from Figure 2.3, and

the corresponding theoretical optical force is about 16F},; from Figure 2.7.

The atomic beams were imaged on the MCP /PS detector, and the images
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) Undeflected signal with UV (b) Deflected signal with UV
) Undeflected atoms without UV (d) Deflected atoms without UV

Figure 6.3: Atomic deflection with Periodic ARP pulses. Vsg = 48 mV,
Popt’ical = 1.75 W, laser beam size = 2.1 mm X 7.0 mm, L;,; = 6.0 mm.
(a) and (b) are the original images on the phosphor screen; (c) and (d) are
processed images with UV background subtracted. The rectangular boxes in
(c) and (d) are the region over which the atom intensity was averaged to get
a profile of the atomic distribution for the undeflected and deflected atoms.
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were captured by the CCD camera. The image of the beam with laser beam
blocked is shown in Figure 6.3(a); the image of the beam with laser beam on
is shown in Figure 6.3(b). In the lower part of Figure 6.3(b), most atoms were
deflected to the right side of the screen to leave a dark region between the
slit region and deflected atoms. Assuming that all atoms in the interaction
region were deflected, we attribute the remaining signal in the slit region of
Figure 6.3(b) to the UV background from the discharge. In practice, it could
be obtained as the minimum of the intensity distribution in Figure 6.3(a) and
Figure 6.3(b).

The UV background was then subtracted from Figure 6.3(a) and Figure
6.3(b), which gave us the distribution of the atomic signal in the undeflected
beam and the deflected beam. The UV subtracted images are shown in Figure
6.3(c) and 6.3(d). The intensity variation of the deflected atoms in the vertical
direction in Figure 6.3(d) corresponds to the Gaussian profile of the laser beam
along the y-axis. The optical force was measured for the atoms deflected at the
vertical center of the laser beam, where the light intensity was the strongest.
For that purpose, the intensity of the atomic signals was averaged along a
long box as shown in Figure 6.3(c) and Figure 6.3(d). The resulting profiles
are plotted in Figure 6.4. The peak of the deflected atoms is shifted from the
peak of the undeflected atoms by X, ~ 7.5 mm. Using Eq. (6.1) and the
corresponding longitudinal velocity v, = 1080 m/s, we estimated the optical
force to be ;

mus X,
— Lmtgflz‘jht = 6.2Fq4. (6.6)

The measured force is about 40% of the theoretical prediction of 16F,.q.
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Figure 6.4: The signal profiles of deflected /undeflected atoms in the interaction
region. The profiles are averaged over the box indicated in Figure 6.3(c) and
Figure 6.3(d). The peak of the deflected atoms shifted from the peak of the
undeflected atoms by ~ 7.5 mm. The inset of Figure 6.4 shows the profile
for the deflected atoms together with v;” 2 distribution of Figure 6.2 converted
from the TOF measurement. Except some artifacts, the main difference is
that the measured profile of the deflected atomic has a broader peak. This
can be attributed to the width of the initial atomic distribution. Except these,
the two distribution have similar shapes.
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In the inset of Figure 6.4, we plotted the profile for the deflected atoms
measured in the experiment together with v;” 2 distribution of Figure 6.2. There
are some artifacts in the measured profile due to the phosphor screen non-
uniformity. The little bump at the tail on the right-hand edge of the measured
curve is produced by the edge of the screen and the measured profile is cut
off after that point. Besides these artifacts, we see that the measured profile
has a broader peak. The measured curve on the inset of Figure 6.4 is about
1.7 mm wider on each side than the v, 2 curve. Most of the broadening can be
attributed to the finite width of the initial atomic distribution as shown by the
undeflected beam profile in Figure 6.4. The slit used to define atomic beam is
about 0.3 mm, the initial atomic distribution measure on the screen has a 1.2
mm (FWHM) width. The resulting distribution of deflected atoms is thus a
convolution of this initial atomic distribution and the converted distribution
from Figure 6.2. The rest of the broadening could have to do with the peak
height which is affected by the non-linearity of the detector. Including these
broadening effects, the two peaks have similar shapes. This supports our

method of the force calculation.

6.3 Force Map

Our next step is to systematically study the dependence of the optical
force associated with chirped pulses on the chirping amplitude dy and the puls-
ing amplitude €2y, so that we can compare forces with theoretical predictions
in the two dimensional pulse parameter space. The modulation scheme and

the light beam size are the same as above. However, the interaction length
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was reduced to L;,; = 3.0 mm so that the variation of the Rabi frequency
along the interaction length was reduced to 4.5%. An essentially uniform field
along the interaction length guarantees the accuracy of the force mapping in
the pulse parameter space. Also a shorter interaction length assures that all
of the deflected atoms fall into the detection area of the MCP/PS detector.
Images of the undeflected He* beam were recorded. While doing the force
mapping, the phase modulator driving voltage Vgo varied from 0 to 56 mV
in increments of 4 mV. The corresponding modulation index were calculated
with Eq. (5.13). For each Vsg, the current of the fiber amplifier pumping
diode was fixed at 4000 mA with a total power of slightly more than 2 W. Due
to the loss along the optical path, the maximum power delivered to the atomic
beam is about 1.75 W. The intensity of the laser pulses was then conveniently
adjusted by rotating a A/2 (with a PBC) in front of the interaction region.
The rotation angle ranged from 12° to 52° with a step size of 4°. At each
angle, the atomic deflection image was taken, the corresponding power of the
transmitted light (by the PBC) was also measured and Eq. (6.5) was used
to calculate the peak Rabi frequency. The measured intensity variation fits
well with the sin® 6, /2 curve as expected for the linearly polarized light passing

through the A\/2 plate.

A total of 15 x 11 deflection images were taken for an experimental run.
In Figure 6.5, we show a 3 x 3 subset of the deflection images. The images
on the same column have the same chirping amplitude J, and the images on
the same row have the same Rabi frequency €y. The experimental parameters

and the calculated pulse parameters are indicated under each image. The first
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(0mV, 48°) = (0,4.27) (24mV, 48° ) = (2.78,4.27) (48mV, 48° ) = ( 5.57,4.27)
(0mV, 32°) = (0,3.30) (24mV, 32°) = (2.78,3.30) (48mV, 32°) = (5.57,3.30)

(0mV, 20°) = (0, 1.89) (24mV, 20° ) = (2.78, 1.89) (48mV, 20°) = ( 5.57,1.89)

Figure 6.5: A subset of deflection images. The experimental parameters are
indicated below each image. Parameters in the first parentheses are (Vsg, 0 /2).
Parameters in the second parentheses are (dg/wm,20/wm). The boxes show
the region over which the atom intensity was averaged for the force calculation.
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column has = 0 so the laser pulses are non-chirped. The top and the middle
image on the third columns (§ = 5.57) demonstrate the large deflection of the
atoms by periodic chirped pulses. The images on the second column show the

force variation for medium range (3 = 2.78) chirped pulses.

A Matlab code was written for systematic analysis of these image. The
image analysis procedures are basically the same as described in Section 6.2.
The force calculations are slight different. First, since the deflected atomic
distributions have broad peaks, it is more systematically consistent and more
easily automated to compute the average atomic deflection than to pick peaks
from the distribution profiles of the deflected atoms. Therefore, X, rather than
X, was obtained for each deflection image. Correspondingly, v, = 956 m/s
should be used for the longitudinal velocity in Eq. (6.1) to evaluate the force.
Second, a narrower box was used in obtaining the average atomic profile dis-
tribution for all the images since the force in the non-ARP region is more
intensity sensitive and has a narrower deflection peak than in the ARP region.
The regions over which the atomic intensity was averaged are drawn on the
images in Figure 6.5. Finally, at each point of the (dy/wy, 20/wm) space, the
optical force on atoms produced by periodic chirped pulses was obtained. In
Figure 6.6 the obtained force value in units of F.q is plotted in the parameter
space of (0p/wm,, Qo/wm). The magnitude of the force is indicated by the color.
The maximum force measured in the ARP region is 7.6 F}..4, which again yields

40% of the predicted value.

As we see from the averaging box drawn on images in Figure 6.5, the

force map Figure 6.6 was calculated from the center of the deflection area
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Figure 6.6: Force map. Interaction region = 3 mm. The force at each point
was calculated with Eq. (6.1) by measuring the average deflection of the atoms
from the captured MCP/PS image. The unit of the force is F}qq.
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in each image. Since the laser beam has a Gaussian profile in the y (ver-
tical) direction with w, = 2.1 mm, the light intensity (and thus the Rabi
frequency) is strongest in the center of the interaction region and fades out
towards the edges. This explains the vertically symmetric deflection image
on the MCP/PS. Looking at the first column of Figure 6.5 where the pulses
are non-chirped, the bottom image shows a maximum deflection at the cen-
ter of the interaction region where light intensity is maximum. This means
the Qg satisfies the m-pulse condition and thus induces a big force. When 2
increases, it does not satisfy the m-pulse condition anymore. However, the
wings of the Gaussian beam have lower intensity and the m-pulse condition is
satisfied somewhere on the wings. This contributes to the two side peaks in
the deflection image in the middle. In the top image where we have higher
g, we see the two side peaks moving further apart (down to the Gaussian
wings). Further increasing of €2y presumably would show the rise of the third
peak in the center again if {2y satisfies the 3m-pulse condition. Unfortunately,

the experimental conditions didn’t allow us to reach such high intensity.

In the second column of Figure 6.5 where g = 2.78, the lower and the
middle images show characteristics similar to the characteristics of the images
for # = 0. However, in the top image, we did see the rise of the third peak
in the middle. The reason can be found in Figure 2.3 and Figure 2.7, where
the contour curve extended from the m-pulse point and the curve from the
3m-pulse point join in the ARP region, and so the top branch has a negative
slope. The total inversion condition for the top branch is satisfied with lower

intensity for chirped pulses. This agrees with what we saw in the experiment.
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Lastly, the deflection images in the third column show the robustness of ARP
forces. Once the intensity is above the threshold, the force is in general large

and does not vary much with intensity.

Additional information beyond that available from the center deflection
can be extracted from the images by projecting the Gaussian profile of the
light in the vertical direction to the detection region. Since the aperture in the
He* source skimmer plate is very small, we assume it is a point source. The
distance from the source to the interaction region is 1/3 of the distance from
the source to the detection region. This means that a vertical deviation Y
from the deflection center on the MCP/PS images corresponds to a deviation
y = Y/3 in the interaction region, where the peak Rabi frequency drops to
Qo exp(—y*/w;). With this in mind, we can use off-center deflection signals
to calculate the force and map it onto the parameter space. In Figure 6.7 we
plotted the calculated force versus the Rabi frequency for g = 0, 2.78, and
5.57 with the vertical deviation from the deflection center on the images being
Y =0 mm, 1 mm, 2 mm, 3 mm, and 4 mm respectively. The corresponding
position and averaging area for every Y are shown as the rectangular boxes
in Figure 6.5. We can see that the force curves calculated with different Y's

overlap with each other for all three (3 values.

Although the force measured in the experiment is only about 40% of
the theoretical value in the ARP region and 20% in the m-pulse region, the
variation of the relative force in parameter space agrees with the theoretical
prediction. In Figure 6.8 we plot in the space of (do/wm, Q0/wpm) the contours

of the force measured in the experiment and the contours of 1 — \/P,.q side
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Figure 6.7: The force were calculated from the measured deflections with
Y =0 mm, 1 mm, 2 mm, 3 mm, and 4 mm on the deflection images. Y is
the vertical deviation from the center of the interaction region on the screen.

The position and averaging area of each Y is shown in (a).

(b), (c) and (d)

show the force calculated with different Y vs. Qq/w,, for d¢/w,, = 5 =0, 2.78,
and 5.57 respectively. Forces curve with different Y agree with each other. In
(b) we can clearly see the that force increases again for higher Rabi frequency.

This confirms the oscillation of the force with Qqg/wy,.
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(a) Undeflected signal with UV (b) Deflected signal with UV

Figure 6.8: The contours of the force measured in the experiment and the
contours of 1 —+/P,44 are plotted in (a) and (b) in the space of (do/wm, Qo/wm)-
The two plots are scaled differently, but they do look very similar.

by side, where P,.q is the non-adiabatic transition probability for a single
cosinusoidally chirped sinusoidal pule. The theoretical analysis gives that 1 —
V/Prqaq is proportional to the force. The similarity between the contour plots
indicates that the relative change of the optical force in the parameter space

is correctly predicted by the theory of nonadiabatic transitions in Chapter 2.

As for the small absolute value of the force compared with the theoretical
expectation, besides the experimental error in power measurement, and the
systematic errors from the nonlinear and the nonuniform phosphor screen re-
sponse, the discrepancy can be mainly attributed to the non-ideal pulse shape.
As shown in Figure 5.6(a), the pulse shape in the experiment was not an ideal

sinusoid shape as in the theoretical derivation, and the tails of the laser pulses
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extended longer than 3.125 ns required for 25% duty cycle pulsing so that the
counterpropagating light pulses slightly overlapped. Furthermore, the 4 W
fiber amplifier induced degradation of the chirped pulse as revealed in Figure
5.9. The even smaller force in the m-pulse region can be explained by the
poor measurement resolution. The increasing step of the peak Rabi frequency
is too big in that region, so we could just miss the peak. Despite all these
non-ideal effects, the experiment realized large optical forces and confirmed

the theoretical distribution of the force in the parameter space.

6.4 Velocity Capture Range

Finally, we measured the velocity capture range of the optical force asso-
ciated with the ARP sequences by tilting the light beam relative to the normal
of the atomic beam propagation direction. In general, the larger the trans-
verse velocity of the atoms, the smaller the optical force should be. Figure
6.9 shows the deflected atoms for various angles of light beam tilt. The tilt
angle is defined to be the deviation of the direction of the light beam from the
normal to the side window of the interaction chamber. At every tilt angle, the
last A/2 plate in front of the interaction region has to be readjusted to guaran-
tee circular polarization. The retro-reflection mirror also has to be realigned.
Due to mechanical restrictions, the tilt angle in the measurement was confined
between —1.4° and 2.8°, where the negative angle means tilting away from the
MCP/PS detector and the positive angle means tilting toward the detector.
However, the measurement result was more qualitative than quantitative for

various reasons.
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(a) Oy = 2.8° (b) Opye = 2.2° (¢) Opiyr = 1.6°

(d) 6y = 1.0° (€) Oyr = 0.4° (f) Oy = —0.2°

(g) Htilt = —0.8° (h) Gmt =-14°

Figure 6.9: The deflection of He* atoms by tilted light beams. The interaction
length is 6 mm. Vsg = 48 mV, P = 1.75 W. The figures shown here are
contrast-enhanced for visualization.
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Figure 6.10: The phosphor screen under uniform illumination. The dark
(burnt) region is the location of the undeflected atomic beam.

The horizontal tilting of the light beam was often accompanied by a verti-
cal displacement, which made the deflection center position shift vertically on
the phosphor screen, while the non-uniform phosphor screen sensitivity intro-
duced errors in the force comparison. In Figure 6.10, an image of the phosphor
screen under uniform illumination of the He* beam is shown. The image shows
that the phosphor screen is extremely nonuniform. The dark regions on the
screen are the burn marks of the high intensity beam flux from the slit. We
have rotated the screen by 90° during the experiment. This accounts for the
dark cross on the image. The MCP was actually rotated more than 90°, as
indicated by the tilted lighter stripe on the upper part of the image. There
were some bad points and scratches on the MCP which are also visible on the

images. While doing the force mapping, we used the lower-right corner of the
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MCP/PS detector.

A more severe problem was caused by the artifacts produced by the reflec-
tions of the two windows when the light beam was close to normal incidence.
These windows were AR coated for 1083 nm, but the reflectivity was not low
enough and we did see reflections from the windows. As shown in Figure
6.9(e) to 6.9(g), there was a dark stripe moving on the screen image from
left to right as the light beam sweeps through the normal direction of the
windows. We think this was due to optical interference between the reflec-
tions from the two windows. This dark stripe on the screen made accurate
force measurement impossible for light beams nearly perpendicular to the win-
dows. For the force mapping, we had tilted the light beam at —1° so that this
dark stripe moved out of the way. However, this could compromise the force
measurement. Furthermore, the optimization of circular polarization and the
alignment of retro-reflection mirror varied from angle to angle; and the flight
time was shorter for positive tilt angle due to the movement of the interaction
region toward the phosphor screen. All in all, the optical force measured from

Figure 6.9 can only be interpreted qualitatively.

The largest deflection in Figure 6.9 occurred in Figure 6.9(f), where 6, =
—0.2° and the peak deflection is about 7.8 mm, corresponding to the optical
force F' = 6.4F,,q. The force is smaller for tilted beams. At 6;; = 2.8°,
the peak deflection is 4.2 mm, corresponding to F' = 3.5F,,4. A very rough
estimate gives a force about half of the maximum value when the light beam
is tilted by ~ 3°. Taking the longitudinal velocity to be 1000 m/s, a tilt angle

of 3° corresponds to transverse velocity of 50 m/s. Therefore the FWHM
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velocity capture range of the ARP force is at least 100 m/s or 60y/k. It is
much larger than the velocity capture range of the radiative force, which is
about v/k. However, it is smaller than the theoretically predicted value. The
force calculation with optical Bloch equation in Figure 2.9 shows that the
expected velocity capture range is about 200y/k for ARP, which is more than
300 m/s. Except all the measurement errors discussed above, the factor of
3 reduction could be partially due to the extending tails of the optical pulse
used in the experiment (see Figure 4.6). These tails induce overlaps between
counter-propagating pulses, which consequently mess up the adiabaticity and

reduce the velocity capture range of the force.

6.5 Conclusion

We experimentally observed the force associated with the periodic adi-
abatic rapid passage sequences induced by counter-propagating chirped light
pulses. The maximum ARP force measured in the experiment is about 7.6 F..q4,
where F).q is the usual radiative force. The force is very robust against the
variations of the peak Rabi frequency and the amplitude of the frequency
chirp. The velocity capture range of the force is estimated to be more than
100 m/s, which is 60 times bigger than the velocity capture range of F,.q.
However, the measured force is about 40% of the theoretic prediction, the
velocity capture range is also smaller than the predicted value by a factor of
3. Except measurement errors, the reductions of the force and the velocity
capture range are partly accounted for by the non-ideal pulses used in the

experiment. Especially, the pulse length is about 3.6 ns with its tails included,
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which is longer than the ~ 3.1 ns ideal pulse. This causes overlap between the
counter-propagating pulses and affects the adiabatic processes. Another im-
portant factor which we have not included is the optical pumping effect among
different magnetic sublevels of the 23S, and 23P, states of He*. It could be
the main reason of the force reduction.

Moreover, we mapped out experimentally the distribution of the force with
periodic counter-propagating chirped pulses in the parameter space of (g, €2),
e.g. the amplitude of the chirping frequency and the peak Rabi frequency of
the pulse. Even though the force amplitude is in general small, and the force
in m-pulse region is even smaller (~ 20%), the measured force still shows a
distribution qualitatively agreeing with the theoretical distribution of the force
we have obtained in Chapter 2. This substantiates our theoretical analysis of
the atomic evolution under periodic adiabatic rapid passage processes and the

force modelling.
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Appendix A

Nonadiabatic Transition in ARP

The ARP problem is basically a level crossing problem. As far as one-
time population inversions is concerned, the sweep time can be regarded as
infinite. Extensive research has been done in this area, which include the well
known Landau-Zener formula [45, 46] and the Demkov-Kunike model [47, 48].
More discussions on these infinite time level crossing problem can be found in
literature [39, 40, 41]. However, for repetitive sweeps the pulse length is finite,
and the nonadiabatic transition probability has different properties, which are

the subject of this appendix. This work is credited to Dr. Tianshi Lu.

A.1 Approximate Formula for P,

The Schodinger equation with Hamiltonian in Eq. (2.1) does not have
an analytical solution for a generic light pulse. However, we have been able
to obtain an approximate formula for the nonadiabatic transition probability
using the technique of unitary integration in the rotating adiabatic frame (the

precise meaning of the rotating adiabatic frame will be given below). Solutions
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for finite time requires forms such as the Dyson expansion involving nested

time integrations and time-ordered products [73, 74].

Consider light pulses of width 7. Since we are mostly interested in
symmetric pulses, it is convenient to assume that the pulses extend from

t =—=T/2tot="T/2. In the concomitant rotating frame, both fiﬁ;

Q(t)dt or
| _T;% d(t)dt could be much larger than 1 so that the Dyson expansion converges
too slowly to evaluate. To improve the convergence, we can switch the refer-
ence frame to the adiabatic frame [43, 44], i.e. the instantaneous eigenspace
of the Hamiltonian - the frame spanned by the instantaneous dressed atom
eigenstates. However, as we will see shortly, the Dyson expansion in the adia-
batic frame still converges slowly. A second frame transformation was utilized
to look at the problem in the adiabatic frame rotating with the instantaneous
generalized Rabi frequency €¥'(¢). The Hamiltonian then has magnitude of
order h/T with rapidly changing phase and the Dyson expansion converges
quickly. Berry has extended this idea by considering successive transforma-
tion through a series of superadiabatic basis to further reduce the magnitude
of the Hamiltonian [75]. In our problems, we will show for typical pulses, the

first integral term in the Dyson expansion in the rotating adiabatic frame is

already a good approximation.

For a Hamiltonian system, if the states undergoes a unitary frame trans-
formation, the transformation of the Hamiltonian can be derived from the
Schodinger equation. Denote the Hamiltonian and states in the original frame

by Hy and ). If the state in the new reference frame is connected with the
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state in the old reference frame by U, where U is a unitary transformation,

Y1 = Uty, (A.1)

the correspondent Hamiltonian in the new reference frame is:
t_ oy Do
H1 = UH()U — ZFLU%U . (AQ)

Here we consider a sequence of two such transformations. The first transfor-
mation is composed of the instantaneous eigenvectors of the H(t) in Eq. (2.1).

Take 6(t) = arctan(§2(¢)/0(¢)), Ul can be written as

cos(0/2) sin(6/2)
—sin(0/2) cos(0/2)

Up(t) =

From Eq. (A.2), the new Hamiltonian is

i QO b

—if — |
where 0 = /62 4+ Q2. This frame is the eigenspace of H(t) and is called the
adiabatic frame. Although the off-diagonal elements of H; are small, its diago-
nal elements are still large and cause slow convergence of the Dyson expansion
in the solution. A "rotating wave” transformation of angular frequency Q'(¢)
removes the diagonal elements from H; and accelerate the convergence of the

Dyson expansion. For the second frame transformation, the transformation
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matrix is

0 67i3/2

where s(t) = fot ' (7)dr. The new Hamiltonian is

I 0 i0(t)ets®
Had(t) = 5 . ) : (AB)
_if(e=0 0
The new frame is the so called rotating adiabatic frame. The evolution operator
matrix elements in this frame can be expressed in simpler Dyson expansions.

The general evolution operator of a two level system can be written in SU(2)

as below:

o 0
VYaa(ty) = Yaa(ti),
B a

then the Schédinger equation with Hamiltonian in Eq. (A.3) gives

g = geisa (A.da)
.6
&= —5e . (A.4b)

The formal solution of the Schédinger equation can be obtained by integrating
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Eq. (A.4a) and (A.4b) by part and substituting into each other repeatedly,

b BA(ty) o B(t)
a=1 —/ dt1/ dt, ( z)ezs(tz) ( 1>6—zs(t1)
t; t; 2 2

oot 0(t) 0 0(t3) i 02) s 0(t1)
+/ dtJ dtg/ dtg/ dt, (24> ezs(t4) ( 3)6715(t3) ( 2>ezs(t2) ( 1>6715(t1)
ti t; t; t;

2 2 2
+ (A.5a)

b0t .
52/ dtl—(zl)e“(tl)
t;

t t t )
_/fdtl/1dt2/2dt39(t3>eis(t?’)0<t2)6_i5(t2)—9(t1>eis(tl)
t; t; ti 2
+

2 2
(A.5b)

Both series converge absolutely since it can be shown from Eq. (A.5) that

()
ol + 191 < exol [ 1" ),
t;
Keeping only the first integral term in the Dyson expansion,

t ) i
1 3 f—T/2 fetdr T

va=| Vul—g)  (AD)
—3 [ gy O dr 1

A problem with the evolution operator in Eq. (A.6) is that it is not a uni-
tary transformation. According to the theory of unitary integration (see [73]
and the references therein), the non-unitarity of the transformation not only

violates the principles of quantum mechanics, but also leads to numerical in-
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stability. We know a generic transformation in SU(2) has the form

e cosay € sin ay T
) = e

—e "™ sinag e '™ cos apg

). (A7)

By comparing Eq. (A.6) and (A.7), we obtained the first order approximation

for aq, s and as as follows,

a1 = 0
a = |
az = arg(f),

where

B(t) = 1/t e dr.

2 ) 1)

Thus after unitarization, Eq. (A.6) becomes

cos | A ﬁSi‘nﬁ'f' T

¢ad(t) = in 4] ad(__)~ (Ag)
g s

2

Eq. (A.8) clearly converges to Eq. (A.6) in the adiabatic limit where 3 — 0.

It is also exact in the limit that 2 — 0 or § — 0.

For a generic pulse of duration 7', an approximation of the nonadiabatic
transition probability P, can be derived from Eq. (A.8). In the case that
the pulse intensity vanishes at the beginning and the end of the sweep, P,,q is

equal to the probability of the atom state starting from one of the eigenstate
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while ending in the eigenstate on the different branch at the end of the pulse.

From Eq. (A.8), it can be shown that

T [Tz
Pog = sin? [ 3(5)| = sin® |5 / e di]. (A.9)
2 2 J 1
For symmetric pulses, i.e.
o(—t) = —o(t)
Q(=t) = Qt), (A.10)

Eq. (A.9) can be improved by making use of the symmetry and applying
successively the unitary integration of Eq. (A.8) for each half pulse (with

conjugate (3 due to the symmetry). P, is found to be

sin | z|

Prad = (R(2) )% (A.11)

||

where

z=206(0) = / dté(t) exp(z'/o dr)(7)).

~T/2
Though both are of first order accuracy, Eq. (A.11) is more accurate than Eq.
(A.9) since Eq. (A.11) is obtained by two successive unitary transformations
for each half pulse, while Eq. (A.9) is by a single unitary transformation for

the entire pulse.

To derive higher order corrections, more terms in the Dyson expansion

need to be retained, which involve more nested time integrations and are
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expensive to evaluate. One of the key findings in this work is that the main
characters of the distribution of P, .4 over the pulse parameter space are already
captured by the first order perturbation in the rotating adiabatic frame. More
details will be given in Section A.2.

From Eq. (A.11) we also derived the approximate formula for the zeros
of P,.q, where the nonadiabatic transition probability vanishes and thus the

perfect inversion. The condition is R(z) = 0, or equivalently,

T/2
/ beisdt — 0. (A.12)
-T/2

Eq. (A.11) and (A.12) are for a generic symmetric pulse with vanishing
amplitude at the beginning and the end. They will be validated by comparison
with analytical and numerical integration of Eq. (2.1) for two classes of pulses
in the next section. If the pulse amplitude does not vanish, e.g. a square
pulse, the calculation of P,,q over a finite period requires more work due to
the unmatched dressed atom eigenstates to the diabatic states at two ends of
the pulse. To find P,.4 in the adiabatic frame we need to map the diabatic
state into the adiabatic frame at the beginning and map back to the diabatic
states at the end. An approximate formula of more complicated form for P, .4

can be derived but is omitted here.

A.2 P, for Various Pulses

In this section we calculate the P,,,4 for three classes of finite time pulses as

sketched in Figure A.1(a)-(c). The first two classes can be solved analytically

149



while the last one can only be integrated numerically. The calculated P,,,q will

be compared to the result obtained by the approximation formulas.

Figure A.1(a) shows the time dependence of the Rabi frequency and the
detuning of a linearly-chirped square pulse. Except from being a finite time
light field, it is identical to the Landau-Zener case. Figure A.1(b) stands for
a linear-chirped triangular pulse, while Figure A.1(c) shows a cosinusoidally-
chirped sinusoidal pulse. These two types are preferable for ARP since the light
vanishes at the beginning and the end of the pulse so that the diabatic states
match the initial dressed atom eigenstates states and can then allow adiabatical
following as shown in Figure 2.2. Experimentally, sinusoidal chirping is most
feasible, while the pulse shape can vary from triangular to sinusoidal. In
Figure A.1(d), an infinite-time Demkov-Kunike pulse is sketched. The Landau-
Zener model and the Demkov-Kunike will be discussed in Section A.3, whose

transition probability will also be compared to that of the finite-time cases.

Consider the Schodinger equation for a two-level atom in a time-dependent

field
ot) Q(t
m% o :szg () Q) o (A.13)
v Q(t) —o(t) P
For linearly-chirped square pulse
Q) = Q
i(t) = 200t/T, (A.14)
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(a) square pulse (b) triangular pulse

(c) sinusoidal pulse (d) Demkov-Kunike

Figure A.1: Four classes of chirped pulses. Solid curves stand for Q(t), dashed
curves stand for 6(¢). The first three are finite-time pulses, the last one is for
infinite time. (a) Linearly chirped square pulse (b) Linearly chirped triangular
pulse, (c)Cosinusoidally chirped sinusoidal pulse. (d) The Demkov-Kunike
model whose definition is given in Eq. (A.19).
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where ¢ € [—%, %] Eq. (A.13) has the solution in terms of confluent hyper-

geometric functions, namely,

Yo(t) =

QT 3 00,9

1
E"f—g 5 Tt)@/) (0). (A.15)

)
—Zﬁt F

2 T 1 6
F(lmé T )¢+()
2
(0

e—z’g—%t
Q

i—te
2

The nonadiabatic transition probability over the pulse for t = —=7/2 — T'/2 is

given by

2

2 2

QoT

Pnad = - (T)z

2T 1 6T
ja
' (1650 e )

The formula shows that P,.q is a function of two dimensionless quantities do7T

M7 13 67T
<21660+2’2’Z 1 >

and Q7. If we let T' — oo with Qy and &y/T fixed, the asymptotic form of
hypergeometric functions gives
72T

jlgn Praqg = eXP(_Z 60 )

which is exactly the Landau-Zener formula [45]. A contour plot of P, cal-
culated by the analytical formula is plotted in the dy — €2y parameter space in
Figure A.2(a). The coordinates are scaled by 7'/2. Since the light has con-
stant intensity, it is an example of non-vanishing light fields as discussed in
the last paragraph of Section A.1. The approximate P4 obtained in the way
described in that paragraph is plotted in Figure A.2(b), which matches well

with Figure A.2(a).

For a linearly-chirped triangular pulse, the time-dependence of the inten-
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Q 0Tp/ 2
Q 0Tp/ 2

5 10 15 20 25
3T /2
0'p

(a) square pulse, analytic (b) square pulse, approx.

Figure A.2: Nonadiabatic transition probability P,.q vs dg and €y for square
pulse. The coordinates are normalized using area theorem. The contour curves
are for P, = 0.1,0.2,...,0.9. The white regions stand for P,,q < 0.1.
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sity and the frequency sweep is

Qt) = Qo(1—12t/T]) =2Asinp(1 — |2t/T))

d(t) = 00(2t/T) =2Acosp(2t/T),

where A = /2 + &, tanp = Q/d, t € [-L, T]. Eq. (A.13) can be
solved for each half pulse. In the Bloch sphere view of the problem, the torque
vector moves along a straight line with uniform speed for each half pulse. In
a properly rotated frame, the torque vector reduces to the case of linearly-
chirped square pulse. We omit the straightforward yet tedious derivation and

list here the result for the nonadiabatic transition probability,

Prad = [(Ra)? — (RB)? + cos 2p0((Fa)? — (36)?) + 2sin 203aI3]%,  (A.16)

where
—iAg;Qcos2go[F(. 1 ,CLT2 )F’( 1 CLT2 . )
- 5 —— sin —
« e m,2,z 1 cos? © 2 0 sin ¢
ATQ 1 3 T2 B 1 3 T2
) sin Q@F(Zlf—l—Q 2 CL4 CcOS SO)F(Z/{+§’§,?:GTSH14¢)]’
L
1 aT? 1 3 .aT?
[cos® F (ik 5 a4 sin gp)F(m+2 5 %0084@
1 aT? 13 .aT?
+sin® pF (i 5 a4 cos* o) F(ir + ~ . a4 it )],
in which
AT? 5
R = 61 sm ®.

154



The contour of P,,q in the dy — 2y parameter space is plotted in Figure A.3(a).
The scaling factor of the coordinates is chosen to be T'/4. The approximation
value for linearly-chirped triangular pulses is calculated by Eq. (A.11) and

plotted in Figure A.3(b) for comparison.

The time-dependence of the intensity and the frequency sweep for sinu-
soidal pulses is described by Eq. (2.4). The resulting equation is similar to
the Mathieu equation. No analytical solution of known type has been derived
for Eq. (A.13) except for the special case of g = dy, which has been studied
in [42]. Numerical calculation of P,,4 has been done by integrating the optical
Bloch equation and to T'/2 and calculating the remaining ground state popu-
lation as described in Section 2.2. P,,q obtained by the numerical integration
and the value calculated by the approximation formula Eq. (A.11) are con-
toured in Figure A.3(c) and Figure A.3(d) for comparison. The contour plots

match very well.

Different scaling factors are chosen for three schemes according to the
area integration of the pulse so that we can easily compare among the plots.
As mentioned in the beginning of this section, the white region in the figures,
which stands for diminishingly small P, .4, is larger in Figure A.3(a) and Figure

A.3(c) than in Figure A.2(a).

Finally, to demonstrate the accuracy of Eq. (A.12) in locating zeros of
Praaq, the P,.q for triangular (analytical) and sinusoidal (numerical) pulses
have been plotted in logarithm scale in Figure A.4(a) and Figure A.4(c) along
with their approximation in Figure A.4(b) and Figure A.4(d). For both types

of pulses, zeros of P, indicated by the darkest regions in the corresponding
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20

15

Q 0Tp/4
Q 0Tp/4

10

(a) triangular pulse, analytic (b) triangular pulse, approx.

(c) sinusoidal pulse, numerical (d) sinusoidal pulse, approx.

Figure A.3: Nonadiabatic transition probability P,.q vs g and )y for triangu-
lar and sinusoidal pulses. The coordinates are normalized using area theorem.
The contour curves are for P,,q = 0.1,0.2,...,0.9. The white regions stand for
P, vad < 0.1.
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Q 0Tp/4
Q 0Tp/4

(b) triangular pulse, approx.

(¢) sinusoidal pulse, numerical (d) sinusoidal pulse, approx.

Figure A.4: Contour maps of P,.q in logarithm scale for triangular and si-
nusoidal pulses. The contour curves are for P,,q = 0.1,0.01,.... The darkest
regions represent zeros of P,,4. The point A with coordinates [25.0,18.724] in
(c) corresponds to the trace of Bloch vector shown in Figure 2.2.
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pair of figures agree very well. The detailed information carried by Figure A.2

and Figure A.4 will be discussed further in the next two sections.

A.3 Landau-Zener and Demkov-Kunike Models

In this section we compare P, ,q for finite time pulses with the Landau-
Zener (LZ) formula and the nonadiabatic transition probability in the Demkov-
Kunike (DK) model [47, 48]. Both the LZ model and the DK model are for

infinite-time transitions.

The Landau-Zener case has the same time dependent field as Eq. (A.14)
and as shown in Figure A.1(a) except that the pulse duration goes to infinite.

The nonadiabatic transition probability is given by the Landau-Zener formula

). (A.17)

To apply the LZ formula to a generic finite-time pulse with an avoided crossing
at resonance, the index should be evaluated at the resonance. It is a valid
approximation for P,,q if and only if the nonadiabatic transition is dominated
at the avoided crossing. In other words, Eq. (A.17) is valid if §y > Qg (o and
Qp are the maximum detuning and Rabi frequency) so that the nonadiabatic
transition away from the resonance is negligible, and the index in Eq. (A.17) is
bounded so that Prz is not too small to be dominant over by the off-resonance

contribution. Thus the criterion for P,,q &~ Pz for a finite-time pulse can be
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(a) linear scale (b) logarithm scale

Figure A.5: P, 4 for Demkov-Kunike model. The formula is Eq. (A.20). The
contour curves in (a) are for P,,q = 0.1,0.2, ...,0.9, the white regions stand for
P44 < 0.1. The contour curves in (b) are for P,,q = 0.1,0.01,.... The darkest
regions represent zeros of P,.q.

written in the following dimensionless form,

5o/ > 1

WT/6y  finite . (A.18)

The Demkov-Kunike model has a pulse-shaped intensity profile. The time

dependence of the field is

d(t) = dptanh(=—). (A.19)
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The profile of €2(¢) and §(¢) is sketched in Figure A.1(d), which looks similar to
the chirped pulse in Figure A.1(c). A special case of the DK model (72(2 —
62) = m%/4) was studied in Ref. [7]. The nonadiabatic transition probability
of the DK model was given analytically in [48],

h? 74/62 — Q2
Pogg = 2L TV 720 (A.20)

cosh? 76,

The contour of P,,4 is plotted in Figure A.5(a) (linear scale) and Figure A.5(b)
(logarithm scale). similar as the contour plot for the finite time pulse, it also
shows oscillations along the y-axis. It was pointed out by Suominen et. al.
[48] that each oscillation is connected to an integer number of precessions of
the Bloch vector during the time evolution. The oscillations of P,,4 for finite-
time pulses can be explained in the similar fashion. For example, Figure 2.2
shows the trace of Bloch vector under the influence of a sinusoidal light pulse
at point A in Figure A.4(c) with parameters (dy, Qo) = (25.0,18.724). Point
A in Figure A.4(c) lies on the 11th curve counted from the origin along the
diagonal. Correspondingly, Figure 2.2(b) shows that in the adiabatic frame,
the Bloch vector precesses exactly 11 cycles while the torque vector is fixed
at point O. In the case of the finite time sinusoidal pulses, these curves pairs.
Along each "loop” of zero locus in ARP maps such as in Figure A.4, there
is a special point connecting the upper arc and lower arc, whose precession

number differs by one.

The regime where the Landau-Zener formula is valid for the DK model

is larger. As shown in [48], the LZ formula is valid for the DK model when
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Qy < 0y and 97 > 1. This criterion is weaker than that for finite-time pulses
in Eq. (A.18). As a result, we can see that the LZ formula is valid under
a parabola-like curve in Figure A.4, while in Figure A.5(b) it is qualitatively

correct in the entire region under the diagonal.

A.4 Asymptotic Forms of P,

For pulses of finite duration, P, .q has different asymptotic forms in dif-
ferent regimes of the oy — €2y space. First, it has been shown that the regime

where Landau-Zener formula holds for a generic pulse is
o > O, Q2T/6 finite. (A.21)

In the 69— €2y parameter space such as in Figure A.4, the Landau-Zener regime
is the bottom-right corner. The asymptotic form of P, .4 in this regime is
03

(§)s=0

),

T T
Pood ~ exp(—§A0) = exp(—g

where Ay measures the adiabaticity at resonance.

On the contrary, if
Qo > 6o, 6:T/Q finite, (A.22)

the coupling is dominant. It can be shown that for generic symmetric pulses,

T/2
P,wd ~ PA(A1) COSz[% / Q(t)dt + % ln(QoT) + Cb(Al)], (A23)

~T/2
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where
2
9%

(S)a=0

measures the adiabaticity at two ends of the pulse. Unlike the simple univer-

A1£

sal form in the Landau-Zener formula, P4(A;) and ¢(A;) are functions that
depend on the pulse shape and detuning. Their asymptotic values as A; — 0

are

(A1) — 0

PA(AI) ~ ]. - %Al
In the limit case that A; = 0, i.e. no detuning,

L
Praa = cos’( / Q(t)dt). (A.24)
—1/2

It agrees with the area theorem [7]. Therefore Eq. (A.23) is an extension
of the area theorem. In the §y — )y parameter space, the regime where Eq.

(A.23) applies is the top-left corner.

Lastly, we discuss the regime unique to the finite-time transition. In the
adiabatic limit,

Q()T > ]_, (50/90 fzmte,

the Rabi frequency and the detuning are of the same order. The rotating

adiabatic frame is most convenient. From Eq. (A.9) we derived the following
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asymptotic form of P,,4 for generic symmetric pulses,

1 (12 . 1 (T2 0si
P sy [ gessl Iy [ e~ g
2J s 2J 1p 2€)

T/2
= [0 g /0 (1)dt)

1 (7172
= A% -sin?(= / Q' (t)dt). (A.25)
2 ) 1)

Asymptotically P,,q oscillates with amplitude A;? in this region. Comparison
between Eq. (A.25) with Eq. (A.24) shows that there is an /2 phase difference
between two regimes. In the dy — €0y parameter space, the regime of adiabatic
limit is in the top-right corner.

To summarize this appendix, by transformation to the rotating adiabatic
frame and application of the unitary integration technique, an approximate
formula has been obtained for the finite-time ARP process in the entire pa-
rameter space for generic symmetric pulses. The approximation agrees with
the analytical solutions for linearly-chirped pulses and numerical solutions for
sinusoidal pulses obtained from simulation of Schodinger equation. The prob-
ability has also been compared to Landau-Zener formula and the analytically
solvable Demkov-Kunike model. The asymptotic forms of the nonadiabatic
transition probability have been derived for the Landau-Zener regime, the “r-
pulse” regime (where the area theorem applies) and the adiabatic limit regime

respectively.
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Appendix B

Force of Periodic ARP Sequence

A geometric method on the Bloch Sphere picture was developed for mod-
elling the average force on the atomic beam by periodic ARP pulses train.

This work presented here is credited to Dr. Tianshi Lu.

B.1 Force of Symmetric Light Pulses

The hamiltonian of an atom in a train of light pulses as shown in Fig-
ure 2.6(a) is give by Eq. (2.12). Making use of Eq. (A.2), with a frame
transformation

eFakr

the Hamiltonian in the new frame becomes

A 0 Qe 0+
H(t) = U (t,2)U" = 3 - , (B.2)
O eid= 0

which is independent of kx.
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Denote the rotation of the Bloch sphere associated with each pulse by
R(0.+), where the notation R(0) stands for the rotation of angle |@| around
6. For an atom in the ground state at ¢ = 0, which corresponds to the south
pole on Bloch sphere, the Bloch vector rotates by R(6,) with the first pulse
followed by R(€_) with the second pulse, then the evolution repeats again
and again. For each kz, the force F'(kx) need to be averaged over many pulses
(about the lifetime of the excited state), while the force of each pulse is given

by Eq. (2.10). In the case of w,, > 7,

Fo— tim 25 (RR = Ry) — (B — RF) 4+ (RF— BL_) — (BL — /),

n=oo 2nT v
hk hk: =
= JLI{)IO%—T( Z Rf 3—22 (RE)s (Rk)3_(R£)3>7 (B.3)

where Rf“ (R% ) is the Bloch vector after the k’th right (left) propagating pulse.
The periodicity of the pulses implies that R}g ’s form a circle passing through
the south pole, and ﬁff’s form another circle passing through the north pole,
as visualized in Figure B.1. RTE and RT,Q are the centers of the two circles

indicated by the black dots in Figure B.1.

Denote the rotation for kx = 0 by 03:. For kz # 0, Eq. (B.1) corresponds
to a rotation of angle Fkz around the z-axis on the Bloch sphere. Since
Hy(t) = UTH,(t,7)U, the rotation angle 6. (kx) associated with H, differs
from 0% in the azimuthal angle by Fkz. The relative azimuthal angle between
6. and 6_ is changed by 2kx from that between 6’3 and 0°, therefore the
average over kx is equivalent to the average over the relative azimuthal angle

between 0 and 6_, which implies that the net force depends only on |6.| and
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Figure B.1: Rotation of the Bloch vector on the Bloch sphere with periodic
chirped pulse train.
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(a) (b) (© (d)

Figure B.2: Variation of torque vectors for various chirping direction of the
symmetric left- and right- propagating light pulses. The sign or phase of
24 is immaterial. (a) Chirping upwards and then downwards. (b) Chirping
downwards and then upwards. (a) Both chirping upwards. (a) Both chirping
downwards.

their inclination angles.

Next we will calculate the average force of a sequence of symmetric pulses
in the sense of Eq. (A.10). The chirping direction of the counter-propagating
light pulses may have four different combinations, as shown in Figure B.2.
Due to the average over the relative azimuthal angle between 0., the sign or
phase of the Rabi frequency . doesn’t affect the average force. All cases in
Figure B.2 have the same average force on rest atoms since their 8. have the
same amplitude and inclination angle. Furthermore, the symmetry of pulses
indicates that 6. are in the equatorial plane on Bloch sphere and |0 = |0_].

What remains is a mathematical exercise.

167



Define

R(8z) = R(64) - R(6_)

R(6,) = R(6_) - R(6,.).

Then RF = R(Oz)RE | and RF = R(6,)RE ,. As discussed before, RE's are
distributed on a circle around the axis of 8, passing through the south pole
and ]%kR’s are distributed on a circle around the axis of @ passing through the
north pole. (RT,f) 3= —(RT,f)g can be obtained from symmetry. The size of the
circles not only depends on § = |6, | = |#_|, but also on the relative azimuthal
angle between 6., denoted by 2« in Figure B.1. In fact, the inclination angle

of O (0 in Figure B.1) satisfies
0 .
tan # = tan 5 sine. (B.4)

Recalling the definition of the nonadiabatic transition probability in Eq. (2.7),
we have

1+ cost 5 0

——— =cos” =

Froa = =5 2
for a single pulse. An interesting observation of Eq. (B.4) is that no matter
how small P,.q is, so long as it is not zero, the circle formed by the Bloch
vectors after each period can be as large as a meridian circle! The reason is
that P,.q # 0 implies a nonzero cosf/2 and thus a finite tan /2, and then

from Eq. (B.4) =0 for @ = 0, which corresponds to a meridian circle. This

echoes what we claimed near the end of Section 2.3. Although for the extreme
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case of a meridian circle, (ﬁkR)g = (E£)3 = 0, the net force is zero, we will
show that the force averaged over v (and so kx) is large as long as Pyuq is

small. Indeed, from Eq. (B.3) we have
F(a) = —2(RE)3; = — sin’ 3, (B.5)

by averaging over «,

= 2 [ 22hk [*
F = —/ Fla)da = —— dorsin® 3.
T Jo ™ T J

Using Eq. (B.4),

—  2hk 0 2hk
F=220Ccos 2y = 20— /P
T( COSz) T( na)

It has some similarity as the force formula of single pulse in Eq. (2.11).

B.2 Force on Moving Atoms

For an atom moving at velocity v to the right, the torque vectors of the
left- and right- propagating light are blue- and red- shifted by kv respectively,
as illustrated in Figure B.3. For arbitrary kv, the periodicity of the pulse
train is broken down. However, for kv = nw,,, the doppler-shifted fields are
still periodic. @4 in these cases are no longer in the equatorial plane, but for
symmetric pulses 8. have the same magnitude and opposite inclination angle.

Therefore 8 and 0, still have opposite inclination angle, and Eq. (B.5) still
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Figure B.3: Doppler shifted torque vectors for moving atoms.

holds. Assuming 6. have magnitude ¢ and inclination angle +¢, we have

2
sin” «
tan® 3 = 5 XTI

tan® ¢ + cot” 5 sec* ¢

Averaged over a,

—  2hk 0 7
F:T (1—\/0082§+sin2§sin290).

On the other hand, the nonadiabatic transition probability of a pulse is

1 6 cos? in? 0 0
1 CosUCos ¥ Sin ¢ = cos® = + sin® = sin” ¢.

Pna —
d 2 2 9

Surprisingly we achieve the same conclusion F = (2hk/T)(1 — v/Praa)-
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