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ABSTRACT
Investigation of cascade transitions in Rubidium for aHoptical
modulators, switches and pdrization controllers

All -optical modulation and switching are important for optical communication and
guantum information processing. Conventional techniques ofinear optics typically
require relatively high power, and are not well suited for treggaications. Using a
tapered nano fiber (TNF) embedded in Rb vapor, we observedinean optical
interactions at few nW of power. Design and experimental issues related to the
fabrication and deployment of TNF are discussed. Hjged operation in arr
requirement of albptical networks. It is welknown that the presence of buffer gas (such
as Helium or Ethane) in atomic vapor causes rapidrghirxation between the J=3/2 and
J=1/2 states and increased absorption eseston. In this work, we eploy cascade
transitions in Rubidium to take advantage of this to develop-$pgled aloptical
modulators. Under similar conditions, a #a0d increase in the bandwidth was observed
with the possibility of increasing it further by using a higher optiealld strength.
Together, with the TNF technology, it has the potential to be used for developing ultra
low power highspeed atoptical modulators and switches.

Polarimetric or Stokesmetric Imaging (SI) technique allows us to distinguish

objects with simar reflectivity but different polarimetric features. A conventional Sl



S
system consists of a quarter wave plate (QWP) and a linear polarizer (LP), and requires

the QWP to be inserted and removed between various readings. Consequently, the speed
of the sysem is greatly limited, which hinders it from being integrated into atnee

system. In this work, we investigated the suitability of a cascade transitions in Rubidium
(Rb) for developing optically controlled waveplates and polarizers, which would be
cgpable of functioning at much higher speeds, for use in an Sl system. These effects are
based on selection rules and quantum interference phenomenon between various Zeeman

sublevels in Rb. Both theoretical and @pnental results are presented.

Finally, we also introduce a novel algorithm for numerical evaluation of the steady
state solution and the tirgependent evolution of an arbitrarily large quantum system,
where symbolic computations may be too slow or memory intensive and consequently
impractical Use of parallel computing techniques enables extremely efficient and high
speed computation. The algorithm was used extensively employed in simulations of the

systems investigated in this work.
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CHAPTER 1 BACKG ROUND

An all-optical switch is one that allows one beam of light, typically called the probe, to be
controlled by another, typically called the switching beam. For some types of switches,
the presence of this switching beam may control whether or nptdbe is present at the
output. Alloptical switches have far reaching applications in both quantum and classical
information processirg3*

All-optical switches may be used in classical communication. For long distance
communication most signals mag barried in the form of light guided by optical fiber.
This method is more efficient than sending signals electronically over long distances
since the signal experiences less attenuation over long distances than electronic signals
over standard transmissi lines. Currently, however, switching within the network must
take place electronically. Typically light brought by fibers needs to be converted to an
electronic signal by optical to electronic transducers, processed electronically, and then
converted bek to an optical signal. An efficient adptical switch, however, could
eliminate the need for fiber to copper connections by being able to process the signal
while in optical form.

In principle, such a switch could work at a single photon level, allpwirect control of

one single photon pulse by another. This could be useful to the field of quantum
information processing. This switch could serve as a way of producing entangled states,
achieving nordemolition measurements, or implementing an optimgicl gate, which in

turn may have direct uses in the field of quantum computation. More immediately, a low
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light level switch could play an important role in the field of classical information

processing by allowing the switching of different individuahihels in a many channel
system, at a fraction of the input optical power required by currenpadal switches.

Most current ahloptical switches depend on intense interactions between light and
nonlinear media which may be extremely inefficient. Tieed for high switching beam
powers has prevented -alptical switching from being very useful in most applications.
Our research has been primarily aimed at increasing the strength of interactions between
light and matter to produce more efficient switshising Tapered Nano Fibers. We have
also investigated a high speed modulator by employing buffer gas induced spin relaxation

in a cascade system in Rubidium.

It is well documented that in many situations of interest, features indiscernible via
conventioml imaging become highly resolved under Stokesmetric Imaging®(SIn a

typical Sl scenario, a target is illuminated by fully or partially polarized light. The light
scattered or reflected by the target is then analyzed using a Stokesmeter, which
detemines the magnitude of each of the four Stokes parameter components.
Stokesmeters, in their simplest form, are comprised of a combination of polarizers and
waveplates with different orientations. A key problem with the existing S| systems is
that the parizers and waveplates cannot be turned on or off or reoriented rapidly. The
free space versions of the optically controlled polarizers and waveplates that are

described in thigsvork have the potential to operate at speeds of few MHz (limited by the
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decayrate of the intermediate level) and thus hold the promise of making very high

speed Sl practical.

This thesis will be divided up in the following way. First | will review the theory of relevant
atom-field interactions, including two level systems and pump probe theory. In chapter 2, |
will talk about the design of the TNF system and work done using the TNF. In Chapter 3, |
will then present some details about the cascade system and the mdulator implemented.
Chapter 4 talks about the high-speed modulator schematic and experimental results will be
presented. Chapter 5 and 6 are dedicated to optically controlled polarizer and waveplate
respectively. They will also talk in some detail about the computational model that was
adopted for modeling the system. In chapter 7, we present details about a novel
computational algorithm that allows us to perform numerical computations of arbitrarily
large quantum systems in a highly efficient manner. Finally, in chapter 8, | will present a

summary of the thesis.

Two Level Systems

We review briefly, here, the quantum mechanical models of absorption and index
of refraction for two and three level atomic systefsst we will discuss two level
interactions. We will assume that, if the atom has any other energy levelgréapt
coupled, and are unavailable to the system. We are assuming, in other words, that the
electric field which drives the transition between the two levels we will be treating here is
far off resonance for the other transitions, and that no othes fagkel present. We first

solve the Schrodinger equation to illustrate the behavior of this kind of system, and then
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show how the index of refractioand absorptiorof the material may be calculated

from the atomic wavefunctions. Finally we will generalibe approach to derive the
index profiles for multilevel systems, in particular three lezalscadesystemsConsider,

then, an electron in the energy well of an atom, initially in its ground state.
Equationl.1: y (x,t=0) =) (X
It interacts with an electromagnetic field of the form

Equationl.2: E(x t) = E kcog kj cogw t +1)

W.

.
W

2 1

Figurel.1l: Energy level diagram for a two level system

In the presence of the field, the electron will have energy
Equation1.3: Hr=HE H, , Where H, gﬂ W), H GE

The dipole moment of the electron is given by its charge times its distance from the

nucleus. This expression of the energguases that the wavelength of the light is long
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enough that the field is, at any time, approximately constant over the region of the

wavefunction for the electron. Now we plug in:
Equation1.4: E: I78XEIectron lies along x ax}s, soO thel'El = -IJEOXC(E ka COé l)l/

(Note that the carets are intendedrdicateoperators, not unit vectors.) Since we have
assumed that only two levels are available, we can write the wavefunction of the electron

at any time as a superposition of those two levels.

Equationl.5: |y (xt)) = (1) 1) (9 % whered(} & v (X (19

The Schrddinger equation for the system is then:

\ SAN- E
Equationl.6: ihigcl(t) 92@1‘#‘M> (= aé)

¢
dtee. (V) Gy, [y, ( YHE y w8

We know that

Equationl.7: <ym‘|-'1v_io

V) =En @
where E, is the energy of the frlevel. We then write
EquationL.8: = pE,keos(k) cofwt A 2 feweer e )y

Where we have made use of our assumption that the field is apptely constant over

the spatial extent of the wavefunction, at any given time. Thus:

Y= () %E ¥

Equationl.9: <ym‘|-'1v_'—1
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Since |y,) and|y,) are eigenfunctions of the uegurbed, spherically symmetric

Hamiltonian, we know from symmetry that
Equationl.10: V.| Ex)=( YXEY ©

We will define

Equationl.11: X, = (V| 1,) £ YAEY

We assume this quantity to be real and-noa r o . We further define
as
Equation1.12: W, @

We now have

@ W W (el(wt+f) +e+’( twi))
Equationl.13: =7 , : , i
G (e ) w,

We now make the #@Ar ot a% ignonpg theacoraplexagonjugatex i ma t

terms since they do not strongly couple the levels.

é W - +
| & w e
Equationl.14: H°né
é%el(m+f) VV2
82

It is this expression for the Hamiltonian that we plug into the Schrédinger equation given

asEquationl.6. In order to solve this equation, we will make some changes of variable.
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The goal heras find an effective Hamiltonian which is time independent. First, we

introduce a AQ0 matrix, where
_ . glatt b 0 @ o
Equationl.15: C= (oo 8 tsuchthat F =Q

é 0 e'(qzt ) 0
We note that

Equationl.16: (5‘-: iI\EQ

We now act on both sides Bfjuationl.6 with this Q matrix.

Equationl.17: (Ed—ly> = —};QIE|y>

d
We take the devative and insert an identity operatEizc?Q:

-

&) & i B
%'@’>:%QﬁQQY>

We now define two more new variables:

Equationl.18:
Equationl.19: bi)zg(fl(t) 3{;1 y) and B oRB
& (1) g
Equationl.18 now becomes:
Equationl.20: d—b7>=il-ll=:i|)7> H\/I%/) ;@ M |!2[§
dt 7 h u

We can now write a new equation that strongly resemthlesoriginal Schrodinger

equation:

Equationl.21:
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dy) L
|hd—|{>:H V)
. .5 (g S
where H= R -» ME hcéw | 2
g7oe-im4féléé7ﬂ H(m g o (Wz' (Z)

However, if we now choose:

Equationl.22: g- g =

We elimnate the time dependence. We can further choose, arbitrarily
Equationl.23: g=w ,h9, ,h=

This simplifies our effective Hamiltonian to

e

o W @
Equationl.24: H :hgw 2 Hwhered =w( . w ;)
6% 7 ¢

We also have

&y e q(t)e” ey (1)

=3)

Equationl.25: /)= s r UE
G TURCERE AN

Our Schrddinger equation now requires that we take the time derivafje. of

o
<
S~

I
=

Equationl.26: in

2|
B

We can set this equal to the result of acting upon this wavefunction with the effective

Hamiltonian:
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p 0+%~2

e

~ e

Equationl.27: Hly)=hé
eW, . ~
é_cl - 4t

2
SettingEquationl.26 andEquationl.27 equal, we find

Equationl.28: ¢ =4

Taking the derivative of thé equation gives us

Equationl.29:

s W WA, W, . .8 . Y. W o A 6& W . .

¢ = +7c2 :|—-2—ae|—- L 1€+ T—el—C, A C,toae —C, 3 C¢
¢ 2 + 2¢ 2 W, " =¢ 4

This has the form of a simple harmonic oscillator equation, with the general solution:

=L

J2

Equaion 1.30: & (t) gAe' ™ +BeY

Below, we plug this into the equation and solve for the undetermined constants.

Equationl.31:
V\F~ < i i sy d A A7 AW
-6 :4_3%3% Yomet g ae) 5 AaT B
2 1 . i
cl(t)=$8- e ™ -LBeY g
--\/E\/z/AWWz&& Z-Wa‘:B-ﬁ -
4 4

The result is
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Equationl.32: W, :( d & g+)/<£/ 5 (N o 2 5)/2-
If we plug these in and assume the atom is initially in the ground state so that
Equationl.33: A0)+B(0) =/2, A B9 6 AQ H=) /=

We get the following time evolution for the system:
Equationl.34: q(t):ige'i( {7 i W i S #*cos(w/d’-’ %;@
u

The excited state amplitude obeys the same equation (as we see by takieyvtis/e

of the & expression irfEquationl.1):

Equationl.35: ¢ = i

Equation1.34 andEqudion 1.36 give the solution for the behavior of a two levgstem
under resonant excitation in the absence of decay. They apply in a frame of reference that

i s said to nr dsoahatethe Wantltbniart it tene indegehddnd. We can

recover the behavior ithe nonrotating frame by solvingEquation 1.25 for |y) .

Inverting the transformation gives us
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e
Equationl.37: y)=&'y =

We have solved the system. The phase of the ground and excited state coefficients

oscillate rapidly, but the magnitude of those coefficients changes sinusoidally with a
frequency«/d2+ W}//2. This is known as the effective Rabi frequencyisithe rate at

which the population of the ground state oscillates in the presence of a driving field.

This solution is, however, physically unrealistic for optical excitation. This model
treats the field classically, and does not include the coupfinigeoatom to the vacuum
fluctuations in the electromagnetic field which cause spontaneous decay in real atoms.
The decay rate is proportional to the cube of the field energy difference between two
states, and is on the scale of tens of nanoseconds fioalhpicoupled transitior’s
Strictly, the best way to include this effect is to quantize the field and analyze the system
in a fully quantum, rather than sewlassical, way. However, it is possible to include the
effect in our semclassical calculatons si ng an empiri cal Nndecay
approach we will take here.

In order to include decay empirically, however, we need-ariee the problem in
the density matrix formalism. This formalism is described in greater detail in reference
8.and9. It allows us to consider the behavior of a statistical sample of atoms, rather than
calculating the behavior of each individually, and to include randomtapeous decay

statistically. The density matrix is defined by
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Equation1.38; E=AW,| ¥){ ¥
The sum is over all atomic states populated by atoms in the sample, and the weight

factor indicatesvhat fraction of the atoms in the collection are in each state.

The diagonal elements of this matrix =éV\4n|C,|2 represent the average
populations of the energy levels. The off diagonal elemeptsg w, ¢ ¢ represent the

average phase of superpositions of the two states labeled by the indices. Those off
diagonal elements will be zero if all atoms in the collection are in an eigenstate, or if they

are all in superpositions but all with different phases.

In this formalismthe equation of motion is written:

, _ S NSV
Equationl.39; E= ;g—lf—, 188y E

The first term is simply the Schrodinger equation restated in the new n&tation
The second term is empirical, and accounts for the statistical nature of decay.

To solve this equation of motion it is useful to work again in the rotated frame, in

which the Hamiltonian is timéndependent. To find the density matrix in the rotated

frame we must simply performing the averaging over [fhg instead ofly ) and we find

Equationl.40: F =§e;“ fz 8=éWm| V) K GEQE where ~ )y @ En)
g 22

- m

So that
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Equationl.41:

It can be showhthat the equation of motion (the Optical Bloch Equation) is now
Equationl.42: F= —;lgfl T8 L,

The decay matrix is determined phenomenologically fo be
e

. hd e
Equationl.43: F oy = €
€.

]

The presence of decay means the system nowealBnsettles into a steady state
motion which does not depend on its initial condition. The system indeed resembles the
damped, driven harmonic oscillator we used for our classical model, with the decay

playing the role of the damping force. All motiowkich are not caused by the driving
force will eventually be damped out. So the oscillation that we foung@%& W//2

represents only a transient behavior. These oscillations are damped by the interaction
with vacuum fluctuations, and oa timescale determined by the inverse &f the
amplitude of the oscillations decays. The steady state is time dependent in that the motion
of the electron follows that of the driving field, but it is thimelependent in the raiag

frame in which the field is constant.

The steady state is that which satisfies the condition:

Equationl.44: F= —Ihg:l T8 iy O
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In general, it is more convenient to solve this numerically Using a symbolic

equati on s ol v e rMateematibytharmsby Naodl The solotidonsin this case

is:
Fo=1 W . U(WGE ay
1~ 21 2 2 > ]
Equation1.45: 2W + & 4 2 2W % &4
. _-i(WG& dWN . 2 \W

"W 6 2 ? 2 W &g+

As we mentioned above, the off diagonal elemertugeabout the average number of
atoms in superposition states, and whether or not those superpositions are generally in
phase. The relevance of this phase for dispersion calculations is well illustrated by the

solutions to, for example, the infinite sqaavell:

A

A AA

B

| ‘L u A‘ ,,,,,

Figurel.1l: A) Probability distributions for particles in ground state and first excited state
of infinite square well. B) Probability distributions for superpositions of ground and first
excitedstates: two different phases.

The position of the electron, and thus the dipole moment of the atom, changes with
the phase of the superpositions. Eigenstates of the unperturbed Hamiltonian are

symmetric and thus atoms in these have zero dipole momettte Ifample includes
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atoms in superposition states, but the phase of the superposition states is random, the

average dipole moment, which gives the polarization of the material, will again be zero.

If, on the other hand, the atoms, following the fiel& all stretched into the same
superposition state, these off diagonal components will not be zero, and their values will
tell us about the phase difference between the motion of the atomic dipole and that of the
field. Recall that the index of refractios determined by the difference in phase between
the field radiated by the atomic dipoles in the medium and the driving field. The phase of
the radiated field is, in general, 90 degrees out of phase with the motion of the dipoles
themselvegror Bookmark not defined. " Tq caglculate the index of refraction and the absorption
coefficient explicitly, we must make use of a theorem provable from the density matrix

formalism:
Equationl.46: (B=Tr(rE=x( 5, +J

This applies to any operator, not the just the position operator. However, it is the
average position of the electron with which we are primarily concerned. We have already
seen, in the previous chapter, how knowing the averagequositthe electrons relative
to their nuclei, and hence the average dipole moment, allows us to calculate the
polarization response of the material, and how this response function can be plugged into
the wave equation to allow us to calculate the indexebfaction and the absorption
coefficient.

We expect this value for the average position to be a real number with a sinusoidal

time dependence, matching the time dependence of the driving field. However, because it
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will be out of phase with the drivingeld, we cannot express this number as a scalar

mul tiple of the driving field unless we

dropping the complex conjugate, so that:

Equation1.47; (8. =%(r)

The phase of this complex number tells us the relative phase between the motion
of the field and that of the electron.

The dipole moment of an individual atom in the rotating frame is #xgm,. If

this is simply a positie scalar multiple ofi (keeping in mind thag, the charge on the

electron, is negative), it means thieasor is of the fornexr,| Exqd i#2], and the dipole

motion isp/2 radians (90 degrees) out of phase with the driving field. The radiated field
Is thus 180 degrees out of phase with the driving field. That this is the casedwli@en

can be seen frofaquation1.45. On resonance, then, the radiated field adds destructively
with the driving field. This shows qualitatively that an imaginexy,, is associated

with absorption. Ifex7,, were proportional tei, the radiated field would then add in
phase with the driving field, and the result would be gain, which is mathematically
equivalent to negative absorption. elf 7, is real, then the dipole motion will itself be

phase with the driving field, meaning the radiated field is 90 degrees out of phase with it.
The net field produced lags behind the original driving field by an amount that depends
on the relative strengths of the original field and the reradiated. fidltlis shows

qualitatively that the real part df,, is associated with index of refraction.
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To demonstrate these effects mathematically, we need only calculate the

polarization:
Equation1.48; R =Np. =Nd %. Nexr,) & & whereE [E%

The subscript ARCoO is intended to indicate
guantities. (In the previous chapter we used a tilde for this purpose, however since we
have used that same notation alreauythis chapter to indicate quantities which are
expressed in the rotating frame, we must change our convention slightly.) The real
guantities are given by the sum of the phasor with its complex conjugate.

We have already determined,, so Equation1.48 allows us to calculate the

average dipole moment of the ensemble, which tells us the polarization andhéhus

susceptibility of the medium as

Equation1.49: ¢ =N \here E =E&
&E

From this point on, the calculation of the index is exactly the samesamithe

classical case. Therefore, we conclude that:

~

_ _ c ck . e Nex (7 ,,)
Equation1.50: =C % Rpetfl1 &Y 9 Ra |1 o)
: g S Ry grg)r Tl

w é

Therefore:
e-i( WG dWg
Nex R <
1 %W + 6 4 B
2 &E

Equationl.51: n°1
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We need only specify our driving field strength and frequency (which determine

W, E.,andd) and the decay rate and reanohfrequency of our atomic energy levels in

order tocompletely determine the index for a two level system.

Similarly, the absorption is given by:

: N e a_ Nex(r,) @
52 = = e 2 &1!77—9—"2_
Equationl.52: a =2k =2 @50 (% )+ﬁ’c 2|mg \/ 0 Vd(g e, @
Therefore:
a éNe>g( H WG +a’))W 2
o ; .
Equation1.53: ac° 2 M n&é 41flmg 2W + G 4 3
2 5 &Ec )
& e Y
¢ © u
Plotting the expression for the index gives us:
f n=civ

Figurel.2: Lineshape of index of refraction vs. frequency
derived using tweevel quantum mechanical model.

For the absorption coefficient, we get:
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Figurel.3: Lineshape of absorption vs. frequency
derived using twdevel quantum mechanical model.

These lineshapedearly agree with the results derived using the classical model. This is
the same approach we will now use (with less derivation) to model the behavior of three

level systems.

PUMP PROBE THEORY

In the following section | will discuss sewdifferent types of systems which consist of

two beams (a pump and a probe), and either two or three atomic levels. Within pump
probe systems, the pump beam is used to affect the interaction of the probe with an
atomic medium. We will investigate how tse a pump to induce probe transparency

within the medium, and discuss the switching applications of these systems.

The systems we will consider are the following. First we will look at a two levedro
counterpropagating pumyprobe system with the pymand probe having the same
polarization. Next we will investigate three level countpropagting pumyprobe
systems, also of the same polarization, and see how these systems légdedW. We
will then see how linearly cross polarized @md countepropagating pump and probe
behave in a two level atom. Lastly we will explore how the cross polarizedntb

counterpropagating pump and probe behave in a three level atom.
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Co-propagating Saturated Absorption

One method for inducing transparency igyatem is by saturation. The simplest example
of this is that of an overlapped -poopagating pump and probe traveling through an
atomic vapor. Consider this for a two level system in the following way. First note that if

a resonant weafi r 0 bp?'obe(< & Gs)sent through a collection of two level atoms, the

output probe intensity would decrease as photons from the field are absorbed and

fluoresced in random directions.

Prolbsg i absorbed

o, - m, w

Figure 1.4 Absorgion of a probe in a two level system
Next, assume a resonant strong pump is overlapped aptbpagating with the weak

probe and sent through the sysp[,nep}mﬁ)l,f tt hhee
system will be come saturated, having equal nunatbeatoms in the ground state and
excited state. At this point, atoms in the system can no longer absorb photons, and the

medium will be transparent to the weak probe.
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Figurel1.5 Saturation induced transpancy of probe in two level system
Counterpropagating Saturated Absorption

Doppler free spectroscopy, otherwise known as coyrtgragating saturated absorption,
allows one to resolve hyperfine levels in a Doppler broadened atomic medium. In an
atomic vgor atoms have a velocity spread corresponding to the Boltzmann energy
distribution. If a scanning beam is sent an atomic vapor to probe atomic resonance, a
broad resonance profile on the order of a GHz would be measured even though the actual
linewidth of Rubidium is on the order of MHz. The profile measured can be thought of as

a convolution or a weighted averaged of the Doppler free absorption profile with the

Boltzman distribution as shown in the diagram below.

A

& -

— e e e
probe )

® 9 o

o oc [B{v) bmip,g(5, v)) dv | [ B(v)dv

A

Absorption profiles at v =0  Boltzman Distribution of velocities Dopplar Broadanad Absorption

Figurel.6 lllustration of Doppler Broadening of Linear Absorption



28

This linear absorption profile is shown below for the F=3, D2 transitions in Rb85.

AN |

015 <1t Bl [ 0 |

Figurel.7 Intensity vs frequency trace of D@pr Broadened
linear absorption for Rb 885, o F = 3transtions

In order to resolve the hyper fine energy levels, we can send a cquot@gating pump

of the same frequency, derived from the same laser, through the atomic vapor. Note that
with a @munterpropagating pump and probe, the zero velocity atoms are the only velocity
group which will see the probe and pump at the same frequency. For example, if, as the
probe frequency is scanned, a velocity group other than the zero velocity group
experierwes a resonant probe, the pump will either be red or blue shifted from resonance
depending on the direction of motion. If the pump is strong enough to saturate the atomic
transition at resonance condition, these zero velocity atoms will be transparéet to t

probe field, even though other atoms within the Doppler profile will still absorb the
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probe, as it is scanned through their Dopglafted resonances.

We note that for a epropagating pump and probe as discussed above, all velocity
groups see the twitelds at the same frequency. Therefore the behavior is identical to that

of the countepropagating saturated absorption at the zero velocity group.

The result for countegpropagating beams in a multilevel system is shown below for the
F=3, D2 transitionin Rb85, having three hyperfine transitions, and three @ess

peaks, which will be discussed below.

1k
gal /\
0El Fui—F'm3

Fai—#F'ml TM
FaisFlmg

l (AT Tremsinions)

W

Figurel.8 Intensity vs frequency trace of saturated absorption in RESH,oF = 3
showing zero Jecity peaks and Mype EIT cross over peaks (dagow for details)

Three Level CountdPropagating PumgProbe System of the same Polarizationtype
EIT)

Note that even though there are only three hyperfine transitions, six peaks are present.

Theseextra peaks are known as crasgr peaks. This induced transparency is caused by
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a different mechanism than saturation discussed above. When the laser is scanned to a

frequency half way between two resonant
experieces a probe Doppler shifted towards resonance for one transition and the pump
oppositely Doppler shifted towards resonance for the other transition. This is shown in
the diagram below for a crosser peak located half way betweers  3F¥' 2 andF =

3 YF=3.

- °:. ® -
— o & -

W
Pump ._" Pr obe
Ap
2

F=3 - F=3
EEF?-E s l-i--i-illll-ri Eip'lﬁ A
F=2 - F=2
® Rb “Rb
@ mﬁufﬂ - mpum
prok ok
F=3 L L 4 .
5i5 . - 525 F=3
Lab Frame Atom's Frame

Figurel.9 This figure describes the idea behind cross over peaks

We see that when the frequency is, in the lab frame, half way between the two atomic
transitions, the velocity group locatedwat N ¥ éx@ekences the pump and probe

beams as resonant on two different transitions. In the frame of the atom, this can be
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viewed asa three level Mtype EIT systent?

The stronger pump field imparts a light shift on the ground state, causing téen sgst
be transparent to the probe. This behavior can be understood in the frame of the atom by
noting that when a strong field is applied to the effective pump leg, the-fetioim
interaction energy shifts the ground state eigeargy to that of the dre=s state. This
results in the beam which was once resonant for the probe leg becoming off resonant by
an amount equal to the light shift. If the value oftheglht shi ft i s | arger
will be transmitted. We find that when a strong pump is applied, a-ok@sspeak is
always present in the saturated absorption profile between two resonance peaks. This

light shift induced transparency may be foum@ny multtlevel atom.
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pump

I Light Shuf
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Probe is absorbed Tf liight shift =T — Probs transmitsd

Figurel.10 lllustration of how light shifts can induce probe transparency

Three Level Linearly Crossed Polarized -Cand Counter Propagating Pumygrrobe
System

If we consider e interaction of the linearly cross polarized light with a multilevel
system, however, we find that another mechanism for inducing transparency is present.
We find that in a multilevel atom the behavior of the density matrix elements is not

affected by tl relative phases of the fields. This may be seen in the following way. For
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the three level Mype system below, them= YO nm= 1 transi ti on inter

light, whereas then=Y O m5 1 transitii_)ll'rght.interacts wi t h

m, =+1 m,=-1

_,HLT_ o

Figurel.11 Three level system coupled I}D)-l/- and light

If we make a transformation to another 3 level basis for which
[#)=2((m, =+1)¢|m, =-1)) and |- =§{|m). —+1)|m, =-1)),

We get the three level system shown below, where now, the states are coupled by linearly
polarized light. Ths is comparable to the-Wpe EIT situation discussed above, however,

in this case the excited states are degenerate in energy.
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Figure1l.12 Three level system coupled |pandy light

Note that this systa is not affected by the relative phase differences between the two
beams. If a weak) - polarized probe is present in this multilevel scheme, it will be

absorbed by the |+> state. If applarized pump is also present, regardless of the relative
phasebetween the two, it will induce a light shift on the ground state, as shown below.
Similar to the Vtype EIT case discussed above, this will cause the medium to be

transparent to the probe.
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Figurel1l.13 Thisillustration shows probe absorption when the pump field is off, and light
shift induced probe transition when the pump field is switched on

Since this process is unaffected by phase differences in the pump and probe it can be
the dominant cause fordaced probe transparency regardless of such factors such as

mirror vibrations, and variations in optical path differences between the two beams.

Note that this is identical to the behavior we would observe for zero velocity group
atoms in a countgeropagating saturated absorption experiment where the beams were

crosspolarized.

Counterpropagating saturated absorption experiments also have ok@sspeaks, as
discussed above for the case of matching polarization. For the velocity group which
experences a crosgolarized pump and probe as resonant for two different non
degenerate levels, we can use a three level model similar to thepotaszed model

above. The energy diagram for this is shown below.
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Figurel1.14 lllustration of three level system corresponding to linearly cross polarized V

type system
Again the ground state can be ligiftifted by the stronger pump beam, creating the

transparency for the weaker probe beam.
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CHAPTER 2 TAPERED NANO FIBER T THOERY AND EXPERIMEN TS

To minimize the energy cost per switching event we would like the switching beam and
probe to be efficient at low optical powers. To improve switching efficiency we must
increase the interaction strength between the atoms andoeams. One way to
accomplish this is to increase the number of atoms that interact with our beams. The other
way to increase interaction strength is to increase the electric field strength per iphoto
the use of tapered nantibers (TNF) for example An advantage of using TNF over

optical resonators is that switching may be implemented directly in optical fiber
TNF Theory

The TNF consists of standard single mode silica optical fiber for which a small section,
approximately 3 cm, is heated and pulledisat the diameter in this region is reduced to
approximately 500 nm. The mode guided by the fiber will adiabatically decrease in mode
area as it travels down the tapered region, increasing in intensity to as much as 60,000
times the original intensityWith this type of enhancement, saturation of a stationary Rb
atom can be achieved at approximately 20 pW.) The fiber will also convert the original
mode from one which is guided by the core/cladding interface to one which is guided by
the cladding/envonment interface This results in an evanescent mode which leaks into
the environment. When inserted into either atomic vapor or cold atoms, this evanescent

field can interact directly with the atoms. This is illustrated below
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Figure2.1 This figure illustrates a tapered naifiber (TNF).

Numerical simulations of the TNF yield the data shown below and are also reported in
other works!*'213 The first plot shows the fraction of energy located in the evanesce
field and mode volume as a function of fiber diameter. We find that the minimum mode
area, 0.Z2n?, i's obtained for a f i bmrAstbledmmetet e r 0"
is reduced further, the mode quickly delocalizes causing a rise in mode area. At this
diameter, we find that that fraction of energy outside the fiber corresponds to

approximaely 10%.
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Figure 2.2 fraction of mode energy outside fiber (black) and Mode are (blue) versus the
fiber diameter

Atoms with velocities typically found in hot vapor can pass through the small mode area
of the TNF in a few nanoseconds. This is much shorter than the natural decay time of the
atom (approximately 25 ns) and leads to an effect known as transit time broadening. We
can understand transit time broadening by picturing the field from the referenedram

the moving atom. As the atom moves through the field, it experiences a temporally
varying field with a shape dependent on the transverse optical mode field. This pulse has
a spread of frequency components determined by its Fourier transform. Toeothserv
broadening of atomic linewidth, one may scan the laser supplying the TNF field. As the
laser scans through frequencies which are nonresonant in the lab frame, the pulse seen by
the atom may still have a component at the resonant frequency and eotigesjul be
partially absorbedFurthermore, due to energy conservation, the total power of the pulse
must be distributed among the frequency components dictated by its Fourier transform.
For this reason, when the laser is tuned to resonance, the powined in the

component of the field at the resonant frequency will be less for an atom moving through
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the field than for a stationary atom. This results in higher saturation powers for atomic

vapor. Note that effects due to transit time broadeningnegégible in cold atoms. The
figure below shows calculated transit time linewidth and saturation powers as a function

of taper diameter.

180 : : : . .10
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Figure2.3 Transit time linewidth (black) and Saturation power (Dluersus fiber diameter

Taper Fabrication

The tapered fibers are fabricated from Thorlabs 780HP single mode (at 780 nm) fiber.
The first step is to strip a small section of acrylic coating off of the center of a fiber. The
fiber is then place into two Newrt magnetic fiber clips, which are firmly attached to

two motor driven pulling stages. The stripped section is centered between the two pulling
stages, directly over a hydrogen oxygen torch which is also fixed to a motion control

stage. Using a program MATLAB, the motion of the torch and pulling stages can be
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controlled directly by the computer. Once the torch is lit and the program is initiated,

the two pulling stages move apart from one another as the torch moves back and forth
under the stripped séon. As the pulling stages move further apart from one another, the
glass of the heated fiber melts and the fiber adiabatically reduces in diameter. This

pulling continues until the diameter at the center of the fiber is approximately 500 nm.

During the apering process, laser light may be coupled into the fiber, and a photo
detector can be used to measure the transmission efficiency as the fiber is pulled. Several
factors can influence the optical transmission such as flame size, pulling speed, and torch
speed. Also, since the evanescent mode is guided in air outside the fiber, any dust that
falls on the tapered section will dramatically reduce transmission. A high magnification
camera is also used to watch the pulling process. When the fiber diametempiarable

to the wavelength of light, bands of color may be seen on the fiber due to interference
effects, similar to those seen on oil droplets. The variation of color over the length of the

tapered section corresponds to variation in fiber diameter.

Figure2.4 TNF fabrication apparatus

Below is a picture from a Scanning Electron Microscope of the tapered section of a

TNF. Since there was no vibration isolation, the picture shows oscillations in the
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susgended fiber due to the mechanical pump used to evacuate the SEM. Nevertheless,

we see that the diameter is approximately 400 nm.

S3400 15.0kV 8.8mm x13.0k SE 2/27/2008 ‘Ié 3%3

Figure2.5 Image of tapered fiber taken from an SEM

Installation in Vapor Ck

Switching in TNF has been proposed in atomic vapor as well as cold atoms. A separate
apparatus was necessary for each method. The system for switching in vapor is illustrated

below.
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Figure2.6 Rubidium wapor cell for TNF experiment
The vapor cell consists of two sections, one that houses the fiber and one that contains a

Rb source. These sections are separated by a valve, and are continuously pumped by a
mechanical pump to a pressure of 10 mT. Therfibdirst attached to a custom made
copper chuck using UV curable epoxy. The chuck is then inserted into the vapor cell
from the bp. Custom made Teflon ferrulésmounted into Swagelok connectors are
drilled through the center with a number 80 drill $mtthat the fiber slips through. When

the Swagelok connector is tightened, the ferrules are forced down and compressed to
form a tight seal around the input and output of the fiber in order to keep air out of the

system.

To vaporize the Rb, the reservbmlding the Rb is heated to a temperature of 1501h
order to minimize the amount of Rb condensing on the cell and the fiber both are heated

to about 100 C. If Rb condenses on the fiber, transmission through the fiber will

decreasé€l.ight may be coumd into the fiber, and monitored at the output with an APD.
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One experiment, discussed later, employs epodarized counterpropagating beams

in the fiber achieved by coupling a probe into one end of the fiber, and a pump into the
other end. A polarizingpeam splitter is used to separate the beams, and send the probe
beam to the APD.

Saturated Absorption in a Tapered Nanofiber

A diagram of the experiment is shown below.
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Figure2.7 Apparatus for observing-Yype EIT in a TNF embedded in an Rb vapor cell

In our experimental setup [illustrated above], a TNF was inserted into a chamber
containing hot rubidium vapor, which contained a natural mixture of Rb85 and Rb87
isotopes. A Newport singlmode fiber at7/80 nm was drawn adiabatically into a TNF
with a wai st di ameter of ap pbrroxs hmba& et g c MM
Bwith a hydrogerair torch. The resulting taper profile is nearly exponential withea 1
length of ~3 mm. During the adiabatic tapegrprocess, monitoring of fiber transmission
showed negligible loss (ranging from 1%%) for final taper waist diameters of

approximately 400 nm.
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The TNF is mounted to a copper chuck using-tiVable epoxy and inserted into the

vacuum chamber using aet of Teflon fiber feedthroughs, which maintain fiber
continuity into and out of the vacuum chamber. A gate valve isolates the optical fiber
during loading or unloading from a rubidium metal source. During experiments, the
vacuum chamber was heated to 200(to minimize Rb condensation), and Rb vapor was
created by heating the source region to 200 °C, with the chamber pressure maintained at 5
mTorr by a roughing pump. For these measurements, we made no attempt to prevent
dephasing for atoms which strudket TNF. Assuming the vapor inside the chamber is at

an average temperature of 100 °C, the atomic density is estimated to Bé d@ehts

/cm3.

For the first set of experiments, a weak probe beam (approximately 10 nW) obtained
from a Ti: sapphire laserag transmitted through the TNF, and the optical transmission
was monitored with an avalanche photodiode. The frequency of the probe was scanned
over the Doppler broadened spectrum of B manifold. The graph below shows the
transmission spectrum througjire TNF (lower spectrum), and a reference Rb vapor cell

kept at 100 °C (upper spectrum).
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Figure2.8 Linear absorption measured in a vapor embedded TNF (blue) and reference
cell (black)

The dip on the l# corresponds to th& =2 transitions in thd2 manifold of Rb87,
while the dip on the right corresponds to the=3 transitions in the same manifold of
Rb85. Far away from resonance, the probe was found to be attenuated by about 20% due
to a combinatiorof losses at the input couplers and by TNF absorption. The data clearly
show transmission dips representative of rubidium vapor absorption, with peak locations
similar to that of the reference cell. However, the shape of the transmission dips for the
Rb-TNF system is slightly different than that for the reference cell, which is due to both
differences in Doppler broadening and transit time dephasing present in this experimental

measurement.

A pump-probe measurement was performed, with the strong ceprdpagating pump
beam crospolarized with respect to the probe. This measurement was performed on the
D1 manifold in order to delineate more clearly the spectral features in the presence of

large transiHtime broadening. The figure below illustrates tpeobe transmission
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spectrum (power ~1 nW) for countgrropagating pump powers of 10 nW (middle,

green) and 30 nW (lower, red), for a TNF with a waist diameter of approximately 400
nm. For comparison, a reference trace is also shown for a conventionatedfapper,
blue).
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Figure2.9 Saturated absorption observed in TNF with a probe power of 1 nW and a
pump power of 10 nW (green) and 30 nW (red). Also plotted is saturated absorption in a
reference celll{lue).

The peaks on the left and the right correspond teiselfced transparency (SIT) for
Rb85 atoms with zero axial velocities, corresponding td-th& toF 6 2 and the~= 3
to F 6 3 hyperfine transitions, respectively. This measurement is sir@lahat of
conventional saturated absorption spectroscopy, Wttyge three level EIT peak (with

orthogonally polarized pump and probe) located at the crossover resonance location.

This peak is composed dftype EIT measurements of two groups aims: one with
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an axial velocity such that the probe exciteskRhe3toF6 =3 transi ti on and

excites theF= 3 toF6 =2 transition, and the other w
velocity so that the probe excites the 2toF6 =3 t r a hespunipiexcites thleEn d t
=3toF6= 2 transition. The EI'T signal for the
power measurement, where the peak is clearly separated from the SIT peaks. The
amplitude of this peak is measurably greater than the backgsgmal for both the low

and high power spectra, even though the high power spectrum is less resolvable due to

power broadening.

For the conventional vapor cell, the transparency seen at the EIT resonance is larger
than that at the SIT peaks due to tamér number of atoms in the combined 180 MHz
Dopplershifted groups (there is approximately 1.5 times the number of atoms in an
isotropic vapor cell, which arises from the width of the Doppler distribution) than the
individual zero axial velocity groupg-urthermore, the peak widths are the power
broadened individual hyperfine transitions (~6 MHz power broadened to ~18 MHz).
However, for the TNF signal, there is a noticeable difference between the linewidths and
relative amplitudes of the SIT and EIT peakkere, the line broadening for the lower
(middle) power curve is due primarily to the trarisite effect. The transtime
broadening is about 110 MHz, close to the theoretical prediction. The dramatically
smaller amplitude of th¥-system EIT peak in }h TNF measurement is likely due to a
nonisotropic atomic velocity distribution in the RINF cell, which leads to a smaller
population of atoms with the correct longitudinal Doppler shifted velocity component for
the EIT interaction. The relative magnitudé the three absorption peaks is consistent
with a 210 MHz wide effective Doppler distribution. The effective reduction of the
Doppler width may be attributable to the geometry of the cell and the relative position of
the TNF and the vacuum pump. Furtherestigation will be carried out in the future to

study this effect.
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V-system modulatorin TNF

The experimental setup is summarized in Figui€ The output of &i:Sapphire
laser was split by &0/50 norpolarizing beam splitter. The beam reflectgdhe splitter
was shifted up by 80 MHz with an acoustptic modulator (AOM), to produce the S
polarized probe beam. The beam passing through the splitter wssfiaol by a second
AOM, also at 80 MHz, to produce the pump beam, which wasl&ized by pssing
through a halwvave plate. Attenuators (not shown) were then used to reduce the powe
in both beams independentlyhe pump and probe were combined on a polarizing beam
splitter (PBS), and coupled into the TNF. The output was passed through dPBher
separating out the pump and the probe. The probe was then detected awtlamche
photodiode (APD).Using anothenon-polarizing beam splitter, 10% of the probe beam
(before attenuation) was diverted to a vapor cell for saturated absorptiorospegy.

Signal from this cell was used to lock the laser to a hyperfine transition.
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Figure2.10 Experimental setufor demonstrating optical modulatioBoth AOMs are
operated at the samfrequency (8MHz). The pump and the probe are each linearly
polarized, orthogonal to each other.

Figure2.11shows one set of data taken using this setup. The probe (pump) power
was 100 pW (40 nW). First, the red trace shows the probe transmission when the pump
beamis turned off. As the probe frequency was scanned across the D1 manifold, three
dips were observed. The biggest dip corresponds to the transition fromitheF5S
groundstate in®Rb to the 5B, hyperfine levels, which are not resolved because of
Doppler broadening. The small dip on its left corresponds to a transitiSRin from
5SS, F=2 grounestate to the 5 hyperfine levels. The dip on its right corresponds to

the transition from the 5%, F=2 grounestate in®Rb to the 5B hyperfire levels. The
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scan range was not long enough to see the other transitfdRbn from 53, F=1

groundstate to the &2 hyperfine levels.

Next, the blue trace shows the probe absorption when the pump is turned on.
There is a strong increase in thelpe transmission at the center of B8 transition (the
middle one in Fig2.11). The physical mechanism behind the strong modulation of the
probe transmission caused by the pump can be explained as follows. Consider first the
Zeeman sublevel of ther= 0 in theF=3 groundstate, and how it is coupled to the-2
excited state. The probe, which is a superposition of left and right circularly polarized
light, with a relative phasg, would couple this state o= -1 andme = 1 sublevels in
the Fi=2 state. The pump is also a superposition of left and right circularly polarized

light, with a relative phask, and would excite the same pair of transitions.
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Figure2.11 Absorption spectrum of the probe in the absence (red) and presence (blue) of
the pump.

However, the phaseg andf differ by p. As such, the net interaction can be
represented as a-8ystem, with one leg excited by theobe and the other by the pump.
This is illustrated in Figur@.12 Here, the irphase superposition state (|p>) is coupled
to the ground state |a> by thepBlarized pump beam only, and the -of#phase
superposition state (|[n>) is coupled to the gdostate |a> by the-Bolarized probe beam
only. Thus, the net interaction is equivalent to theygtem Specifically, in the absence
of the pump, the probe excites state |a> to state |n>, corresponding to strong absorption.
However, when the pump isgment, the effective continuous measurement process keeps

the atoms locked in state |a>, thus reducing strongly the absorption of the probe beam.

It should be noted that when the pump is turned on, the residual probe absorption

develops some asymmetry,dathe centroid of each dip appears to be slightly shifted.
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Further investigation is required to elucidate the origin of these effects, and will be

carried out in the future. However, for the purpose of modulation, these effects may not

be very important.

| p>=(|b>+|c>)/\2 |n>=(]b>-|c>)/\2

mg=0(|a>)

Figure2.12 Schematic illustration of the process that produces the QZE thkestoms
are excited by crodmearly polarized pump and probe beams.

A more guantitative description of the processkesause of the concept of level
splitting, as also described in the introduction. Specifically, when the pump is turned on,
the ground state gets split into two dressed states, each out of resonance for the probe if
the pump intensity is greater than geuration intensity of the isolated atom (i\\&5G,
whereWis the pump Rabi frequency, afs the natural linewidth)When the Doppler
broadening is taken into account, the condition for probe transparency\e@+ Go),
where& is the halfwidth of the Doppler broadening. This condition is satisfied by the
pump power (~40 nW) used. The same model applies to transitions to the F'=3 and F'=4
excited states as well. Of course, for some values¥pfonly left (right) circular

transition is allowepin that case, the system behaves as a pure two level transition,
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excited by identically polarized parts of the pump and the probe. The reduction in

probe transmission for these sublevels is due to the conventionaincseied

transparency.

Figure 2.13shows results of pulsed modulation, with the laser locked at the center of the
F=3 transition. The probe is kept constant at 100 pW, while the pump intensity is
modulated by using the pump AOM. The top left panel shows the probe transmission
when thismodulation is at 10 Hz. The other three panels show the same for increasing
modulation frequenciesAt 10 KHz, the probe transmission deviates from the square

profile, due to the limited bandwidth (~50 kHz) of the APD.
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Figure2.13 Low-frequency modulation results for a duty cycle of 70%<tate), for
four different frequencies. At 10 kHz, the signal is limited by the APD bandwidth.

A careful consideration of the physical mechanism behindnbigulation reveals
that the modulation speed is fundamentally limited by the time needed for the atoms to
repopulate the ground state, |a>, after the pump is turned off, so that they can absorb the
probe again. This means that the modulation bandwidthot@xceed the homogeneous
linewidth (HL). For the TNF system, the HL is dominated by the transit time broadening,
which is about 100 MHz, as shown in ref. 5. The HL can be increased very significantly
by adding a buffer gas, such“te. In a seriesfestudies carried out in the context of the
development of diode pumped alkali lasers (DPALS), it has been shown that the atoms
excited to the 5& state relaxes very rapidly to the 1pPstate. The rate of relaxation

from the 5k, state to the groundate can be augmented by adding an auxiliary, strong
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beam that would be turned on and at the same time as the pump is turned off, and

turned off before turning on the pump again. For buffer gas pressure of 1 atm, the HL is
about 10 GHz. A HL linewidth akrge as 500 GHz is possible in the presence of a
buffer gas pressure of 25 atm. Of course, the intensity needed to saturate a 500 GHz
broadening would be too hard to realize in a TNF. However, based on a typical DPAL
laser in Rb, which requires a thnedéd pump intensity of about IHW/m? , a pump

power of about 3nV should be enough the achieve the 10 GHz modulation bandwidth in
the TNF, which has a mode area of only 02. The same level of power would be
needed for the auxiliary pump beam foricadepopulation of 5/ state to the ground

State.

CHAPTER 3 LADDER SYSTEM & MODU LATOR

As shown in kgure 3.1 the system consists of three states: a ground state (|1>), a
stronglydamped intermediate state (|2>), and a third state (]3>) which may or may not be
strongly damped. The control beam couples |1> to |2>, and the probe beam couples |2>
to |3>. For resonant excitation, the corresponding dressed states (defined as products of
photon number states and atomic states) are degenerate, as showrBib(l5jigWwhen

the coupling between |1> and |2> is strong, the resulting states, upon diagonalization (|+>
and }>) are split by an amount equaling the Rabi frequency of the |1> to |2> transition,

which is much larger than the natural linewidth of |3>, as ikbstf in Fig.3.1(c).
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Figure3.1 AC-Stark effect in a Ladder Transition: (a) The control beam couples |1> to
|2>, and the probe beam couples |2> to |3>; (b) For resonant excitation, the corresponding
dressed states are degenerate; (c) When the strong control beam coupling is diagonalized,
the resulting states are split by an amount much larger than the natural linewidth of |2>.

There are several combinations of parameters that can be consideredtiralfirmgrthe

probe absorption. Consider first Case I, where the probe is resonant for the |2> to |3>
transition, but the pump is relatively weak, so that the two diagonalized states (|+> and |
>) are not resolved. In this case, the probe is transpatet the pump is not present
(since the atoms remain in state |1>), and is absorbed when the pump is turned on.
Consider next Case Il where the pump is strong so that the two diagonalized states are
clearly resolved, but the probe is detuned from thetd2}3> transition (positively or
negatively) by half the separation between the two diagonalized states. In this case, the
probe is absorbed in the presence of the pump, but is transparent when the pump is not
present. This is the same as what happen€&se |, but for different reasons. Finally,
consider Case lll, where again the pump is strong so that the two diagonalized states are
clearly resolved, but the probe is resonant for the |2> to |[3> transition (as shown in Fig.
3.1). In this case, the poe is transparent both in the presence and in the absence of the

pump. Cases | and Il can be considered to be-Qg&ed control of probe absorption,
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since the mechanism in each case can be interpreted in terms StaACeffects. We

describe experimentaksults based on Case I, while the scheme we describe for high
speed modulation in the presence of buffer gas is based on Case II.

a. Experimental saip

In this section, we describe our experiment for realizing a Case | type QZE modulator in
a conventnal vapor cell of length ~7.5cm, under free space propagation of light. The
experimental configuration is illustrated schematically in Big. Briefly, beams from

two tunable lasers (Tdapphire laser at 795 nm, and a fiber laser at 1323 nm) are
combned with a dichroic mirror (DCM). Both the control and the signal beams are co
propagating, and linearly polarized in the same direction. A part of the 795 light is sent
to a reference vapor cell for saturated absorption spectroscopy and locking. The
combined beams are sent through a vapor cell, shielded from magnetic fields with []-

metal. The cell is heated to temperatures of about 150 C using bifilarly wounded wires
that do not add any magnetic fieldscperimentally, we estimated the optical depth for
the strongest transition (9% F=2, mF=2 to 5&,, F=3, mF=3) on the D2 line to be ~220,
corresponding to an atomic density of ¥1€m3. After passing through the cell, another
DCM is used to split the light into two parts, and the signal at eaciudney is

monitored with a separate detector.
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transition based QZE modulator. DCM: Dichroic mirror, AOM: AcouSiatic
modulator, EOM: Electr®ptic modulator, BS: Beam Splitter

The acoustaptic modulator (AOM) and the electaptic modulator (EOM) shown in

Fig. 3.2 are used only while performing the actual modulation, and are removed while
characterizing the absorptioprofile at 1323nm. While performing spectroscopic
measurements and switching at low frequencies (up to ~5MHz), we used Thorlabs
PDAS5 and Thorlabs PDA400 for detecting light at 795nm and 1323nm respectively. For
high frequency switching, (where the usee@®M necessitated low control beam power),

an APD was used for detection of 1323nm light while the 795nm light was not monitored

on a detectethe switching input applied to the EOM was used as reference.

b. Spectroscopic details
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We chose to use the 55 15P12[16S12 ladder transition in Rb for our experiment,

dictated in part by lasers readily available to us. Using the reference saturated absorption
cell, we locked the pump laser (795 nm) to one of the resonances of iihel 85/,
manifold and the pitoe laser (at 1323nm) was then scanned across thentshifold

over a few GHzThe modulator should work just as well if the ladder transition is of the
type 5S2Y XY Y, where X is 5P or 5Pz, and Y can be one of many states that are
coupled to the >states via optical dipole transitions and has a higher energy than that of

X. For example Y can be 7& 4Dz, 4Ds,2, 5Ds/2, 5Ds/2, and so on.

Figure 33(a) shows the spectroscopic details of the ladder transitiof°Rix. The
probe beam was scaed over the 6% manifold while the control beam was locked to
the F=2YF=2 transition on the | ower | eg. T
the 5Romani fold (~360 MHz) is |l ess than the |
atoms are excitevel o5Phfoathh éhgylperédver iIf the
| ocked t o YoFn=l2y ttrhaessAat2rems.ul t It I s expect

observed for the 1323nm absorption (upper

(Fi g. 3(b)i)s tHowekeeeemot ed t hat, due to Dopp
F=3 state of the intermediate | evel corre
direction of propagation of the 795 nm | a

Thus,r atntsg tti ons freSmamahi sobtdaaeret sht heed t

by an amount wequal to the sepafPamaonf dledw
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(~360 MHz). ®Rm the tasqueficy difference be

i n aShmani fold (~710 MHz) i s Fs=u2cYhF =t2h attr atnhsii ¢
al most to overlap the F=3YF=3 transition,

lines are expected to be observed distintly ee .Bc gy ) . 31t i st tFI gbe

33Bb) a@cd 3only illustrate the®Rhapsotredi oae
l ines (at 1323nm), and not the actual obse
F=3 .
(a) 710 MHZI A 651‘;2 (b)
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1323 laser scan (2 GHz) e 0l
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Figure3.3 Spectroscopic deita of ladder transition if°Rb (a) Schematic of various
hyperfine levels used, along with the transition frequencies. (b) Expected spectrum if
both hyperfine states of intermediate level are occupied by zero velocity atoms. (c) Shift
of spectrum in (b) de to F=3 state at the intermediate level being occupied by negative

velocity atoms
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compl ete absorption of the probe while t|
course, the amount of 1323nm absorption ir
t he idnitaetremel e g, which in turn is determine

at sufficiently hi gh power of the contro
saturated. |t should be noted that even in
coessrpond to Case | 1|, since the power ©broad

I ntermedic6®dMMelzyt dtue {oe Doppler broadening.



62

(a) = (b)
0.5
Red trace: Laser Scan 10
Blue trace: 1323nm Abgorption .
\\\ i e
—— i . \‘//_'/X' 0
05 a 7 B § v B o
1 1 1 1 1 1 1 1 1 1 1 1
6 -4 -2 0 2 4 6 -4 -2 0 2

Relative frequency (GHz) 4 Relative frequency (GHz)

Figure 3.4 Typical absorption profiles for the ladder traimhs (at 1323nm) that are
observed inf°Rb. (a) Corresponds to 795 nm laser power ~ 2mW, data taken in AC
mode. The hyperfine transitions corresponding to the absorption dips are3 %:2 ,

3Y3y 2%2,2Y3. The repeat s c anymhetrysoftheeen s
signal (b) Corresponds to 795 nm laser power ~ 200mW, we see near 100% absorption
and the lines are highly power broadened. Note that the null value of the probe detuning

is defined arbitrarily to be at the tuamound point of the scan each case.

Figure 3.5 shows the spectroscopic details féRb and a few typical absorption

profiles that were oObserved at 1323nm. Th
transition on the lower leg as shown in FRB5(a) For mo d e reartse | y
(~50mwW) of the contr ol beam, at omsdPuyg et e X

mani fold, due to pawebPrbraeadeniog. ofAtt héae!
can clearly resolve 4 @8b§s§bj)pti otniineg mehsa th aen
of the |l i-pewkenmnsadceomad obecause of the fact
vel ocity groups are excited to both hyper
relatively high power of pbwecendofol hbeamn

(~0. 5mw) , two of the four |l ines are al mos
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|l i ne can be seen as a nar3db5ow )sharlpt liisnewel

that t-heguppPenot Dopplsepre cbtrroaa dreenpeodr,t eadn dh etrl
with this feature of a | adder transition.
As before, the data in Fi@.5(b) and Fig.3.5(c) have been taken in AC mode on a
standard digital oscilloscope, and hence show negative values. The slow background
modulatian observed in both figures is again most likely due to the etalon effect of the Rb
cell window, as mentioned previouslyt should be noted that ladder transitions of this
type have been studied previously, theoretically as well as experimef§tallyein
different contexts. The Dopphleree nature of the upper leg of the ladder transition in
the copropagating configuration is consistent with the theoretical model presented in ref.
16, and the experimental results presentedefs. 17 and 18. The hyperfine splitting
frequencies we have observed for the/8@ 6S »transition for bot#°Rb and®’Rb are in
agreement with those reported in rE6. However, the experiment reported in .did
not show any absorption lines for this transition; therefore, a quantitative comparison of
the spectral response is not possible. Finally, the accidentatiegsareracy we have
observed between the F=3=2 and F=2 F=2 transitions on the upper leg in the case
of ®Rb due to contributions from different velocity groups (as illustrated in figie 3

and figure3.4a) has not been reported in any of these references
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Figure3.5 Spectroscopic details of ladder transitiof’Rb (a) Schematic of various
hyperfine levels used along with the transition frequencies. (b) Absorption corresponding
to 795 nm laser power 50mW, all four transitions can be clearly seen. The hyperfine

transi

ti

ons corresponding to

t he

absorptic

(c) Corresponds to 795 nm laser power ~ 0.5mW; two of the four lines are suppressed

c. Modulation

and only transitionsrdbm F=1 are observed.

In order to demonstrate modulation, we chose to use the strongest absorption line at the

upper leg of transitions, which in our case was the ¥3-2 resonance fé¥Rb (due in

part to the fact that in a natural rixe of Rb, 72.15 % i&Rb, and 27.85% i§'Rb).

Keeping the probe laser (1323 nm) parked on this resonance, we then modulated the
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amplitude of the pump beam (795 nm). At low frequencies, switching of the control

beam was accomplished using an AOM wifdehigher frequencies, an EOM configured

for intensity modulation was used. The result is shown inFg.

For low frequencies, we used a pump power of ~200mW and we see a strong
modulation, in phase with the pump modulation, with a modulation dépghsentially
100% up to a speed of 1MHz. The modulation depths obtained while using the EOM
were smaller because of the low control beam power (~2mW) used. This was
necessitated by the damage threshold (~20mW) of the EOM used to switch the pump
beam and e relatively low efficiency of the EOM (~20%). We have tested the
modulation up to a speed of 75 MHz, and determined a 3dB bandwidth of approximately
3 MHz, as shown in Fig3.7. In Fig. 3.7, we have plotted the modulation amplitude at
various frequenciegobtained using the EOM), normalized to the amplitude at 1MHz,

where the modulation depth was essentially 100%, when obtained with the AOM.
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Figure3.6 Voltage as measured by the probe and pump detdtdprand bottom
respectively) at a frequency of ~1 MHz. The intensities are directly proportional to the
voltage recorded.

A careful consideration of the physical mechanism behind this modulation reveals that
the modulation speed is fundamentally limiteg the time needed for the atoms to
repopulate the ground state, after the pump is turned off, so that they can absorb the probe
again. This means that the modulation bandwidth cannot exceed the homogeneous
linewidth (HL). This constraint is rather obviedor Case I, which has been employed
here. As we will discuss later, this constraint on the maximum speed also holds if Case I

iIs employed for modulation.
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Figure3.7 Modulation amplitude (normalized the amplitude at 1 MHz) vs. frequency
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CHAPTER 4 HIGH SPEED MODULATIO N

Experiment

The HL can be increased very significantly by adding a buffer gas, suttheasin a
series of studies carried out in the context of the development d@é giomped alkali
lasers (DPALSs) 'St has been shown that the atoms excited to the SRte relaxes very

rapidly to the 5B- state.

Figure4.1. Schematic of modulator in the presence of buffer gas and auxiliary beam. The
recipracal relaxation rateg{own andgyp ) for the 5R.and 5By states can be controlled by

the pressure of the buffer gas. Typicaliy, © Giown /4. For a pressure of about 1 atm,
Gow® 10 GHz. Thegnn (M and n integers) relaxation rates along the optiealsitions

are due to radiative decays, and are not affected by the buffer gas. Specgicaliy,°



