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Abstract

A method for the isotopes separation based on the dynamical de-localization

phenomenon, that is purely Quantum phenomenon, is proposed. In this

method we use the atomic Fermi accelerator. A particular value of modu-

lation strength forces isotope of heavier masses, show diffusion and spread

above the modulated atomic mirror while the other isotope of lighter masses

show localization. Using an intense laser beam, we extract localized isotope

and store in a chamber.
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Chapter 1

Introduction

1.1 Introduction

Isotopes are atoms that contain the same number of protons but a different

number of neutrons.Literally it means ”equal place” and was formed from

two Greek words, the prefix iso- ”equal” and the noun topos ”place”. The

reason for is that although isotopes of the same element have different atomic

weights, they occupy the ”same place” in the periodic table of elements.

Isotopes have the same Chemical properties due to the same number of elec-

trons in their valence shell. Kinetic and thermodynamic properties of the

element are also alter by mass difference. The physical properties of Isotopes

are always different,but the nuclear properties of the Isotopes specifically

have radioactive nature are widely different.

1.2 Types and representation of the isotopes

There are two types of Isotopes.

(i) Stable Isotopes (ii) Unstable (Radioactive) Isotopes

1



Chapter1 - Introduction 2

Stable isotopes are those which may or may not be radioactive, but if ra-

dioactive, have half lives too long to be measured. Isotopes that are classed

as stable are predicted to have extremely long half-lives. If the predicted half-

life falls into an experimentally accessible range, such isotopes have a chance

to move from the list of stable nuclides to the radioactive region, once their

activity is observed. Best examples are bismuth-209 and tungsten-180 which

were formerly classed as stable, but have been recently (2003) found to be

alpha-active. However, such nuclides do not change their status as primor-

dial when they are found to be radioactive.

Unstable (Radioactive) Isotopes are those Radionuclide’s that have been ex-

perimentally observed to decay, with half lives longer than 60 minutes are

called Unstable Isotopes. Naturally occurring unstable isotopes (radionu-

clide’s) fall into three categories (i) Primordial radionuclide’s (ii) secondary

radionuclide’s and (iii) cosmogenic radionuclide’s. Primordial radionuclide’s

originate mainly from the interiors of stars and, like uranium and thorium,

are still present because their half-lives are so long that they have not yet

completely decayed. Secondary radionuclides are radiogenic isotopes derived

from the decay of primordial radionuclides. They have shorter half-lives

than primordial radionuclides. Cosmogenic isotopes, such as carbon-14, are

present because they are continually being formed in the atmosphere due to

cosmic rays.

All elements having Isotopes are represented by their symbol putting the

mass number as a left superscript e.g. .235U.238U.239U..In case of Hydrogen

each of the Isotopes is represented by separate symbol and names.

2
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1.3 Isotope separation techniques

Isotope separation is the process of concentrating specific isotope of a chemi-

cal element by removing other isotope of the same element, for example sepa-

rating natural uranium into enriched uranium and depleted uranium.Isotopes

are important due to their physical and nuclear properties. Some of the most

important applications of the isotopes are given as following.

Radioisotope thermoelectric generator: A radioisotope thermoelectric

generator (RTG, RITEG) is a nuclear electrical generator obtain its power

from radioactive isotopes. In such a device, the heat released by the decay

of a suitable radioactive material is converted into electricity by the Seebeck

effect using an array of thermocouples.

Nuclear weapons: Uranium and plutonium are composed of several iso-

topes, some of which are used in fission process. These isotopes are used to

produce an explosive devices for defence purposes.

Nuclear Medicine: This is a branch of medicine that uses radiation to

provide information about the functioning of a person’s specific organs or

to treat disease. In most cases, the information is used by physicians to

make a quick, accurate diagnosis of the patient’s illness. The thyroid, bones,

heart, liver and many other organs can be easily imaged, and disorders in

their function revealed. In some cases radiation can be used to treat diseased

organs, or tumours.

Agricultural Applications - radioactive tracers: Radioisotopes help

to understand chemical and biological processes in plants. This can be done

easily because (1) radioisotopes are chemically identical with other isotopes

of the same element and will be substituted in chemical reactions and (2) ra-

dioactive forms of the element can be easily detected with a Geiger counter or

3
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other such device.

Example:A solution of phosphate, containing radioactive phosphorus-32, is

injected into the xleym of a plant. Experiment show that phosphorus-32 be-

haves identically to that of phosphorus-31, it is used by the plant in the same

way. A Geiger counter is then used to detect the movement of the radioac-

tive phosphorus-32 throughout the plant. This information helps scientists

to understand the detailed mechanism of how plants utilized phosphorus to

grow and reproduce.

Archaeological Dating: Significant progress have been made in the field

of archaeology, due to the discovery of radioactivity and its properties. One

application is carbon-14 dating. We know that all biologic organisms con-

tain a given concentration of carbon-14, we can use these information to help

4
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solve questions about when the organism died. When an organism dies it

has a specific ratio by mass of carbon-14 to carbon-12 within the cells of

its body. (The same ratio as in the atmosphere.) At the moment of death,

no new carbon-14 containing molecules are generated; therefore the ratio

is at a maximum. After death, the carbon-14 to carbon-12 ratio begins to

decrease because carbon-14 is decaying away at a constant and predictable

rate. Remembering that the half-life of carbon-14 is 5700 years,from this we

find when the organism dies. Separation techniques There are three types

of isotope separation techniques,

(i)Which are based on the atomic weight of the isotope,

(ii)The small differences in chemical reaction rates produced by different

atomic weights,

(iii) Properties not directly connected to atomic weight,such as nuclear res-

onances.

Practical separation techniques all depend in some way on the atomic mass.

It is therefore generally easier to separate isotopes with a larger relative mass

difference. For example deuterium has twice the mass of ordinary (light) hy-

drogen and it is generally easier to purify it than to separate uranium-235

from the more common uranium-238.

Practical methods of separation:

(1) Diffusion: This method is based on the principle that in thermal equilib-

rium, two isotopes with the same energy will have different average velocities.

The velocity of lighter atoms or molecules will be greater and be more likely

to diffuse through a membrane. The difference in speeds is proportional to

the square root of the mass ratio, so the amount of separation is small and

many cascaded stages are needed to obtain high purity. This method is ex-

pensive due to the work needed to push gas through a membrane and the

5
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many stages necessary.This technique is developed for gases, but also appli-

cable for liquids.

(2) Centrifugal effect: In this scheme the material is rapidly rotated in a

cylinder so the heavier isotopes go closer to an outer radial wall. This technic

is often done in gaseous form using a Zippe-type centrifuge.

(3) Electromagnetic: This method is based on the deflection of charged

particle in a magnetic field and the amount of deflection depends upon the

particle’s mass.This method is also known as mass spectrometry.It is very

expensive method to produce large quantity, as it has an extremely low

throughput, but it can allow very high purities to be achieved. This method

is often used for processing small amounts of pure isotopes for research or

specific use, but is impractical for industrial use.

(4) Laser Isotope separation: The interaction of the electromagnetic ra-

diations with the atoms or molecules depends upon the mass difference. This

results different hyperfine interactions. This can be used for the separation

of the isotopes using laser. There are various methods for the separation of

isotopes by the use of laser. Two of these are; i: Atomic vapour laser iso-

tope separation (AVLIS) and ii: Molecular laser isotope separation (MLIS)

AVLIS uses finely tuned laser for the ionization of a specific isotope. The

tuned laser is absorbed only by particular isotope. The energy of the laser

is enough for ionization. The ions produced by this interaction are easily

separated by the use of an electric or magnetic field. In case of MLIS the

composition of the gaseous molecules is changed on the basis of the mass of

molecule. For example in uranium enrichment process, uranium is converted

into uranium hexa-fluoride. When a beam of IR laser is shine on uranium

hexa-fluoride it excites only U-235 containing UF6. Another beam of laser

converts the excited molecule into UF5, which precipitates down from the

6
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gaseous mixture.

(5) Chemical methods: Lighter isotopes tend to react or evaporate more

quickly than heavy isotopes is the principle used in Chemical method .Lighter

isotopes also disassociate more rapidly under an electric field. This method

is most effective for lighter atoms such as hydrogen.This method is used to

produced heavy water commercially.

(6) Wave packet isotope separation: The method of Wave packet laser

isotope separation is based on long-time free evolution of wave packet. In this

method we excite molecular or atomic wave packets through laser. The wave

packet evolve in potential and due different masses evolution time is different

for different isotopes. After some time revivals of wave packet occur and due

to inharmonicity of the potential de-phasing of the wave packet occurs. so

in this way we separate different masses from each others.

(7) Gravity: The gravity separation method is based on the mass difference

of the isotopes.It is applicable to lighter elements such as oxygen and nitro-

gen.The gaseous compounds or the gaseous elements are cooled near their

boiling point in very tall columns.The heavier isotopes go to the bottom and

the lighter isotopes rise to surface, where they are easily collected. This pro-

cess is also known as ”cryogenic distillation”, and was developed in the late

1960s by scientists at Los Alamos National Laboratory.

(8) Separation via dynamical localization: A new method to sepa-

rate different isotopes of a material based on dynamical effects in modulated

gravitational cavity.This method is based on purely Quantum phenomenon

i.e. dynamical localization.In this method we use the atomic Fermi acceler-

ator.For a particular value of modulation strength atoms of heavier masses

show diffusion and spread above the modulated atomic mirror while atoms of

lighter masses show dynamical localization. From our numerical calculation

7
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we know position of localized atoms so by the use of intense laser beam we

collect the localized atoms in a chamber.

Our method of separation is different from Diffusion,Centrifugal effect,Chemical

method,Electromagnetic (Mass spectrometry) and Gravity because all these

methods depend directly on mass difference and based on Classical principle

while our method of separation based on Quantum phenomenon.It is also

different from wave packet isotope separation because it is based on differ-

ent evolution time of wave packet while in our method atoms are separated

due to localization and delocalization regions.Similarly in laser isotope sep-

aration we use finely tune laser to ionize particular atoms but all of the

atoms does not ionized so we can not get all of the particular atoms from

the sample while in our method of separation we use radiation pressure of

laser(electromagnetic wave) to collect localize atoms.

1.4 Layout

We thoroughly explain all these in the next chapters.

Atomic mirror

Atomic traps

Dynamics of an atom in a laser field

Optical atomic traps

Atomic cavities

Dynamical localization

Dynamical localization of atoms in localization window

Principle of separation via dynamical delocalization

8
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Experimental model

System Hamiltonian

Numerical calculation

Numerical results
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Chapter 2

Atomic mirrors, Atomic traps

and Dynamical localization

2.1 Atomic mirror

Atomic mirror is a surface which exert exponentially increasing repulsive or

attractive force on an approaching atom,as blue and red detunne [6] . An

atomic mirror is obtained by an exponentially decaying optical field or an

evanescent wave field [7].

To generate an evanescent wave field we consider an electro-magnetic field

~E(r, t) = ~E(r)e−ιωf t (2.1)

which travels in a dielectric medium with a dielectric constant, n and under-

goes total internal reflection. The electro-magnetic field inside the dielectric

medium reads

~E(r, t) = E0e
ιk̂r−ιωf têr (2.2)

where, êr is the polarization vector and k̂ = kk̂ is the propagation vec-

tor. The electro-magnetic field, ~E(r, t), is incident on an interface between

10
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the dielectric medium with the dielectric constant, n, and another dielectric

medium with a smaller dielectric constant, n1. The angle of incidence of the

field is θi with the normal to the interface. Since the index of refraction n1 is

smaller than n, the angle θr at which the field refracts in the second medium,

is larger than θi. As we increase the angle of incidence θi, we may reach a

critical angle,θi = θc, for which θr = Π
2
. According to Snell’s law, we define

this critical angle of incidence as

Figure 2.1: Snell’s law

KT = KT sin θrx̂+KT cos θrẑ (2.3)

n2 sin θr = n1 sin θi (2.4)

θc ≡ arcsin(
n1

n2

) (2.5)

so cos θr become complex. Hence, for an electro-magnetic wave with an

angle of incidence larger than the critical angle, that is, θi > θc, we find the

11
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inequality, sin θr > 1 [8]. As a result, we deduce that θr is imaginary, and

define

cos θr = ι

√
(
sin θi
sin θc

)2 − 1 (2.6)

Therefore, the field in the medium of smaller refractive index, n1, reads

~E(r, t) = êrE0e
ιk1 sin θr+ιk1z cos θre−ιωf t = êrE0ê

−kzeι(βx−ωf t) (2.7)

where, κ = k1

√
( sin θi

sin θc
)2 − 1 and β = k1

sin θi
sin θc

[9].

Here, k1 defines the wave number in the medium with the refractive

index n1. This demonstrates that in case of total internal reflection the field

along the normal of the interface decays in the positive z-direction, in the

medium with the smaller refractive index. In1987, Balykin and his coworkers

achieved the first experimental realization of an atomic mirror [10]. They

used an atomic beam of sodium atoms incident on a parallel face plate of

fused quartz and observed the specular reflection. They showed that at small

glancing angles, the atomic mirror has a reflection coefficient equal to unity.

As the incident angle increases a larger number of atoms reaches the surface

and undergoes diffusion. As a result the reflection coefficient decreases. The

reflection of atoms bouncing perpendicular to the mirror is investigated in

reference [11] and from a rough atomic mirror studied in reference [12].

2.2 Atomic traps

Methods of atomic trapping depend on the forces acting on atom arising from

its interaction with laser field, magnetic field, combination of laser field and

magnetic field or gravitational field. On the basis of these fields, atomic traps

can be divided into four major classes: (1) Optical traps; (2) Magnetic traps;

(3) Megneto-Optical traps; (4) Gravito-optical traps. The understanding of

optical traps is based on the dynamics of atom in laser field .

12
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2.3 Dynamics of an atom in a laser field

Now we discuss the forces acting on two level atom in optical field.

2.3.1 Dipole radiation force

As an atom interacts with electrio-magnetic field E(r, t), atomic dynamics is

controlled by the potential,

V = −~d. ~E. (2.8)

Where, d is induced dipole moment. The force acting on atom due to inter-

action between induced dipole moment and electric field, is given as

~F = ∇(〈~d.〉 ~E) (2.9)

Induced dipole moment 〈d〉 for two level atom interacting with monochro-

matic linearly polarized laser field
−→
E = êE0(r) cos(kr − ωt) is given as

〈d〉 = ρ12d21 exp(iω0t) + ρ21d12 exp(−iω0t),

where, ω0 is transition frequency associated to two level atom, ρ12, ρ21 are

the density matrix elements and d12 and d21 are dipole matrix elements.

Using Rotating wave approximation dipole matrix elements are chosen real,

d12 = d21 = d. Using this condition in the equation of motion of density

matrix elements, we can write induced dipole moment as

〈d〉 = dσ12 exp(ikz + iωt) + dσ21 exp(ikz − iωt), (2.10)

where, σ12 and σ21 are the off diagonal elements of the density matrix. Solu-

tion of the equation of motion of density matrix elements gives

σ12 = σ21
∗ = − Ω(r)(δ − kv + iγ)

γ2 + 2Ω2(r) + (δ − kv)2
, (2.11)

13
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where, Ω(r) = dE0(r)/2~ is the Rabi frequency, δ = ω − ω0 is the differ-

ence between field frequency and atomic transition frequency and determines

detuning,v is projection of atomic velocity along wave vector and 2γ is the

natural atomic transition width. Using Eq.(2.9), force on two level atom can

be written as the sum of two forces, F = Frp+Fgr, where, Frp and Fgr stands

for radiation pressure force and gradient force respectively, given as

Frp = ~kγ
G(r)

1 +G(r) + (δ − kv)2/γ2
, (2.12)

Fgr = −1

2
~(δ − kv)

∇G(r)

1 +G(r) + (δ − kv)2/γ2
. (2.13)

Here G(r) is saturation parameter given by

G(r) =
2Ω2(r)

γ
=

1

2
(
dE0(r)

~γ
)2 =

I(r)

Is
, (2.14)

where, I(r) is laser intensity at point r and Is is saturation intensity. From

Eq.(2.12) and (2.13) it is clear that direction of radiation pressure force Frp,

is same as the direction of field and it is independent of the detuning. While

the the direction of gradient force Fgr is dependents on the sign of detuning.

If δ is positive than the force on atom is repulsive and if it is negative the

force is attractive. If velocity of an atom is very low i.e; |v| � |δ|/k then the

gradient force depends only on the position of atom . Lowest approximation

can be done by putting v = 0 in the above equation, under this condition

and large detuning, potential of the gradient force can be approximated as

Ugr(r) =
~Ω2(r)

δ
. (2.15)

It is clear that total potential for slow moving atoms is slightly greater than

gradient potential because of the potential due to radiation force.

14
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2.3.2 Radiation force in an evanescent laser wave field

Electric field of evanescent wave is given as

−→
E = êE0e

−αy cos(ky − ωt), (2.16)

where, ê is unit polarization vector and α−1 is penetration depth of evanes-

cent field in the vacuum, which depends on incident angle of laser light

and on the refractive index of the dielectric by the following relation α =

k
√
n2 sin2 θ − 1. Evanescent wave is produced when laser light is totally in-

ternally reflected from the vacuum dielectric interface. Saturation parameter

for evanescent wave field for two level can be written as

G(r) = G0e
−2αz, (2.17)

where, G0 = 1
2
(dE0/~γ)2 is saturation parameter at the interface. Putting

the value of G(r) in Eq.(2.12) and (2.13) we can find forces on atom given as

Frp =
~kγG0e

−2αz

1 +G0e−2αz + (δ − kvy)2/γ2
, (2.18)

Fgr = ~α(δ − kvy)
G0e

−2αz

1 +G0e−2αz + (δ − kvy)2/γ2
. (2.19)

As it is clear from Eq.(2.19) for low atomic velocity along the interface

|vy| � |δ|/k and δ > 0, atom is pushed towards the vacuum. Hence the

blue detunned evanescent wave is used in the atomic mirrors. We use in our

work evanescent wave trap based on gradient force. In case of blue detuning

potential of the gradient force under condition |δ| � γ,Ω0 is calculated as

Ugr =
~Ω2

0

8
e−2αz (2.20)
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2.3.3 Radiation force in a standing laser wave

Now we discuss the dynamics of atom in the standing field, defined as

−→
E = 2êE0 cos(kz) cos(ωt) (2.21)

Naturally mathematical expression for the force on atom in standing wave,

is given in terms of Fourier series. At not very high intensity of standing

laser field Fourier series can be truncated to the first oscillating terms, such

truncation gives the result [13] as

F = F0 + F2s sin(2kz) + F2c cos(2kz) , (2.22)

where

F0 = ~kγ
G(L− − L+)

1 +G(L− + L+)
(2.23)

F2s = ~kγ
(δ − kv)L− + (δ + kv)L+)

1 +G(L− + L+)
, (2.24)

F2c = −F0 , (2.25)

and

L+ =
γ2

γ2 + (δ + kv)2
,

L− =
γ2

γ2 + (δ − kv)2
,

are Lorentzian factors. Note that the magnitude of the radiation force

Eq.(2.22) averaged over the spatial period in the first-order approximation in

the saturation parameter is close to the difference of two radiation pressure

forces of form Eq.(2.12) and Eq.(2.13)

F0 ≈ ~kγG(L− − L+) (2.26)

16



Chapter2 - Atomic mirrors, Atomic traps and Dynamical
localization 17

At the weak resonance the averaged radiation force has the meaning of ra-

diation pressure force. For slow atomic motion, v = 0, radiation force from

Eq.(2.22) reduces to periodic gradient force, give as

F = Fgr = 2~kδ
G

1 + 2G+ δ2/γ2
sin(2kz) (2.27)

where, G = 2Ω2/γ2, Ω = dE0/2~. Periodic potential is given as

U = U0 cos(2kz), (2.28)

where,

U0 =
~δG

1 + 2G+ δ2/γ
. (2.29)

At saturation parameterG � 1
2
(1 + δ2/γ2) or equivalently Rabi frequency

Ω � 1
2

√
γ2 + δ2 potential depth close to its asymptotic value U0 = ~|δ|.

From Eq.(2.24) It is clear that, for red detuning (δ < 0) minima of potential

in in the loops of standing wave. When expanded to a first-order in velocity,

radiation force Eq.(2.22) includes in addition to the gradient force Eq.(2.27)

also the radiation pressure force proportional to the atomic velocity

F = 2~kδ
G

1 + 2G+ δ2/γ2
sin(2kz) + 8~k2 δ

γ

G sin2 kz

(1 + 2G+ δ2/γ2)(1 + δ2/γ2)
.

(2.30)

At red detuning second part of Eq.(2.30) becomes the friction force, with

periodic reflection coefficient β given below

β = 16ωr
δ

γ

G sin2 kz

(1 + 2G+ δ2/γ2)(1 + δ2/γ2)
(2.31)

2.4 Optical atomic traps

Atomic traps in which laser beam is used to trap the atom are known as

optical traps. We have seen in the previous section that dynamics of atom
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in laser field is controlled by three forces: (1) Radiation pressure force; (2)

Dipole gradient force; and (3) Momentum diffusion. So these forces can

be used to accelerate, decelerate and trap the atoms. For slowly moving

atom in a far-detuned laser field the optical excitation is low, as a result,

the radiation pressure force originating from the absorption of the laser light

and the heating caused by the momentum diffusion are small. The minima

of the potential produced by the dipole gradient force in a far-detuned laser

field can thus be used for optical trapping of atoms. The life time of atoms

in the trap is limited by the heating due to the momentum diffusion. The

properties of the optical dipole traps largely depend on the magnitude of

the detuning. The heating rate due to the momentum diffusion may be very

small at a very large detuning. The diffusive heating always introduces an

upper limit on the lifetime of atoms in the dipole traps. On the bases of laser

field frequency with respect to the transition frequency of two level atoms

there are two types of optical traps: (1) Far-off-resonance dipole traps; (2)

Quasi-electrostatic dipole traps.

2.4.1 Far-off-resonance dipole traps (FORT)

In this type of trap detuning is assumed to satisfy the condition δ � γ,Ω,

under this condition the effect of radiation pressure force can be neglected

compared to that of gradient force. Using Eq.(2.20), the potential well of the

trap at red detuning is given as

Ugr(r) = −~2 Ω2(r)

|δ|
. (2.32)

The lifetime of atoms in a single-beam FORT is typically defined by the

heating due to the momentum diffusion and the background gas collisions.

The characteristic time of an atom escape from the FORT caused by the
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diffusive heating, can be estimated from the potential well depth U0 and

momentum diffusion coefficients as

τ =
2MU0

D(0)
=
|δ|
ωrγ

, (2.33)

where, D(0) is the momentum diffusion coefficient, M is the atomic mass and

ωr is the recoil frequency for the atoms. It is clear from the above equation

that the life time of the trap time is directly proportional to the amplitude

of the detuning. The first FORT was used to trap the sodium atoms [14].

In which they used laser of 220 mW at the detuning 130 GHz . Due to

small amount of detuning trap was in few milliseconds and potential depth

was also very small. The improved trap of this type is given [15], in which

rubidium atoms in the beam of a titanium-sapphire laser was traped for 0.2

s. In the FORT formed by the intersection of two beams of Nd:YAG lasers

(λ = 1.06µm) the life time of sodium atoms in the trap was improved to few

seconds given in [16]. The effect of polarization on the life time of atoms in

the FORT was studied by [17]. The trapping of rubidium atoms in hollow

blue-detuned laser beams was reported by [18]. A scheme to trap atoms in a

blue-detuned FORT formed by a single laser beam and a holographic phase

plate was demonstrated by [19]. At a detuning in a region 0.1-30 nm 105

Rb atoms were trapped for 0.3 s at temperature of 24 K and a density of

7.1011cm−3.

2.4.2 Quasi-electrostatic dipole traps (QUEST)

In the QUEST, the detuning of the laser beam is comparable with the op-

tical frequencies of an atom. The most important advantage of the QUEST

is an extremely low diffusion-associated heating of atoms and accordingly

long lifetime of atoms. In a most careful experimental investigation of the
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QUEST an ensemble of Cs atoms was trapped in a 20 W CO2 laser beam

focused into a spot with the waist radius 100 m. The depth of the poten-

tial well, was estimated to be 115 mK and the the lifetime of the atoms

in the trap, 10 s, was found to be governed by the factors other than the

diffusion-associated heating, such as collisions with residual gas molecules

and three-particle recombination [20, 21] demonstrated an ultrastable CO2

laser trap that provided tight confinement of atoms with negligible optical

scattering and minimal laser-noice-induced heating. By this technique 6Li

atoms were stored in 0.4 mK deep well with a lifetime of 300 s consistent

with a background pressure of 10-11 Torr. .

Note finally that basic distinction between the FORT and QUEST con-

sists in the value of the diffusion heating. Since the population of the excited

atomic state in the QUEST is extremely small, the diffusion-associated heat-

ing of atoms in the QUEST is much smaller than in the FORT.

2.4.3 Trapping in standing laser waves

Periodic potential acts on two level atom placed near-resonant standing laser

wave. Atoms at very low temperature are trapped for a long time in the

minima of the periodic potential. This type of trap is not stable because of

heating due to momentum fluctuations. Friction produced by the radiation

pressure force can stabilize the energy (temperature) of the atoms at a level

substantially lower than the potential well depth. This mechanism does not

work for the two level atoms as in that case friction coefficient goes to to

zero in the locality of potential minima. In case of red detuning, in addition

to the periodic potential there also develops a periodic friction force that

decelerates the atoms and facilitates their localization. In other words, the

periodic potentials produced by counter-propagating laser waves in their turn
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produce periodic gratings of cold atoms. Such atomic gratings are called

optical lattices. A direct experimental proof of the localization of cold atoms

in the periodic minima of a standing laser wave potential was obtained by

observing the channeling of cold sodium atoms in curved potential wells

produced by a spherical standing laser wave [22, 23]. The deflection of slow

atoms was observed to occur as a result of their channeling both at the nodes

of the standing laser wave in the case of blue detuning and at the loops in

the case of red detuning [24].

Another experimental proof of the localization of cold atoms at the min-

ima of a periodic optical potential was obtained by recording the resonance

fluorescence spectra of cesium atoms trapped in the optical potential, ei-

ther three-dimensional [25] or one-dimensional [26], produced by counter-

propagating laser waves of linear and orthogonal polarization. Various types

of three-dimensional optical lattices, both periodic and quasi periodic, have

been realized by [27, 28, 29, 30]. These lattices were used to study the prop-

erties of localized cold atoms at temperatures of the order of 10-100 µK

2.4.4 Trapping in optical waveguide modes

A cold atoms trap, whose one or two linear dimensions are very large, can

be treated and used as a waveguide for the de Broglie atom waves. One of

the first optical trap-atom waveguide schemes was the scheme of a flat atom

waveguide containing two evanescent laser waves with red and blue detuning

[31]. The basic idea of this type of atomic trap is that, a blue-detuned

evanescent wave produces a repulsive potential, while the red-detuned wave,

an attractive potential. As a result of these two forces potential minima

is created at some distance from the surface, due to which the motion of

atoms is controlled in the direction vertical to the interface. The penetration
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depth of red-detuned evanescent wave into the vacuum is kept greater than

the blue-detuned wave. Evanescent waves are created by the total internal

reflection of field at the vacuum dielectric interface. The incident angle of

the red detuned laser field is kept slighter greater than the critical angle

θr > sin−1(1/n), where, n is the refractive index of the dielectric medium in

which field is totally internally reflected. The incident angle of blue detuned

laser filed should be much more than the critical angle θb � sin−1(1/n) these

condition on the incident angles are necessary for the required penetration

depth. The above mentioned atom waveguide can be used for the propagation

of cold atoms in a plane parallel to the dielectric-vacuum interface. Using

the laser beams of Gaussian intensity profile, this atom waveguide can be

transformed into a three-dimensional trap, in which atoms are bound in

specific region [32].

Later on there were suggested other flat atom waveguide schemes based

on the use of both an optical potential [33, 34] and a magnetic potential

[35]. It should be emphasized that it would naturally be sensible to speak

of atom waveguide only in the case of sufficiently cold atoms possessing the

wave properties. For not very cold atoms moving like classical particles. The

above schemes play the role of the devices for transporting atoms in the

desired direction or serve as one or two-dimensional traps. The first atom

waveguide scheme to be practically verified was that where the atoms moved

inside the intensity maximum of the optical mode EH11 propagating inside a

hollow optical waveguide [36]. Generally speaking, many axially symmetric

electromagnetic modes can be excited in a hollow cylindrical dielectric waveg-

uide [37]. When the internal radius a of the waveguide is small enough, the

principal mode is EH11 and the radial distribution of the electric field of the
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mode EH11 in the cylindrical coordinates, z, ρ and φ has the form,

−→
E =

1

2
êE0J0(χρ)ei(βz−ωt) + c.c, (2.34)

where, ê unit polarization vector and ρ and β are the complex propagation

constant. For large large blue detuning, attractive potential for the atoms is

written as

U = −~Ω2
0

|δ|
J2

0 (χρ) (2.35)

where, Ω0 is the Rabi frequency for the field. The above scheme was exper-

imentally implemented for rubidium atoms [38], in which glass hollow-core

fiber 3 cm long and 40 m in internal diameter was used. The laser light

was launched into the hollow region of the glass fiber. A beam of rubidium

atoms propagated in the dipole potential whose depth corresponded to an

effective atomic temperature of 70 mK. This magnitude of the potential al-

lowed atoms with transverse velocities of up to 40 cm/s to be transported

through the waveguide. A considerable disadvantage of the waveguide based

on the intensity maximum of an optical waveguide mode is the diffusion-

associated heating of the atoms. For this reason, much more attractive are

atom waveguides wherein atoms propagate in optical waveguide modes hav-

ing the minima near the axis [39, 40, 41, 42]. At present, there exist various

methods to generate such modes. A discussion of these methods can be

found in the review on atom waveguides [43]. Subwavelength-diameter opti-

cal fiber having both red and blue detuned laser field was used to trap the

atoms outside the fiber [44]. Input light fields of circular polarization were

used. local minima was created at certain distance from the fiber so atom

trap was created in the form of circular ring around the fiber. If both input

lights are linearly polarized than potential minima is created at at two points

around the fiber. So in this case atoms can be trapped along two straight

lines parallel to the fiber axis.
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2.5 Atomic cavities

Based on the combination of atomic mirror various kinds of atomic cavities

have been suggested.Some of which are:

(1) Two atomic mirror cavity: A system of two atomic mirrors placed at a

distance with their exponentially decaying fields in front of each other form

a cavity or resonator for the de Broglie waves. The atomic cavity is regarded

as an analog of the Fabry Perot cavity for radiation fields [45].

(2) Ring cavity: By using more than two mirrors, other possible cavities can

be developed as well. For example, a ring cavity for the matter waves can be

obtained by combining three atomic mirrors

(3) An atomic gravitational cavity:It is a special arrangement. Here, atoms

move under gravity towards an atomic mirror, made up of an evanescent wave

[46]. The mirror is placed perpendicular to the gravitational field. Therefore,

the atoms observe a normal incidence with the mirror and bounce back. They

exhaust their kinetic energy, later, moving against the gravitational field [47]

and return. As a consequence, the atoms undergo a bounded motion in this

atomic trampoline or atomic gravitational cavity. Hence, the evanescent wave

mirror together with the gravitational field constitutes a cavity for atoms.

2.6 Dynamical localization

Dynamical Localization mean Quantum wave packet maintain it width in

the momentum and position space.We take a particle in Fermi accelerator.

In absence of external modulation the motion of particle is regular with no

chaos.However as we introduce external modulation and increase modula-

tion strength from a specific value i.e λ ≡ Kcr
4
' 0.24 the bouncing particle is

no more restricted in classical domain and start diffusion whereas the corre-
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sponding quantum dynamics display localization due to quantum interference

phenomenon. A quantum particle,due to it non-locality, always experiences

the modulation of the atomic mirror during its evolution in the Fermi accel-

erator. However, the classical counterpart feels the modulation of the mirror

only when it bounces off.

Figure 2.2: We see that forλ = 0.8 the Gaussian wave packet is exponentially

Localized while for λ= 1.2 the width of Gaussian wave packet increases and

it become Delocalized.

Here we also connect Anderson localization with dynamical localization.Anderson

localization occurs in Configuration space while Dynamical localization hap-

pen in momentum and position space.

In1958, P.W. Anderson showed the absence of diffusion in certain random

lattices[48] and gave birth to the phenomenon of Localization in solid-state

physics-appropriately named as Anderson localization[49]. An electron, on

a one-dimensional crystal lattice displays localization if the equally spaced

lattice sites are taken as random. The randomness may arise due to the pres-
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ence of impurities in the crystal. Thus, at each ith site of the lattice, there

acts a random poterntial, Ti . The probability amplitude of the hopping

electron, ui , is therefore expressed by the Schrdinger equation

Tiui +
∑
r=0

Wrui+r = Eui (2.36)

where Wr is the hopping amplitude from ith site to its rth neighbor. If

the potential, Ti , is periodic along the lattice, the solution of the above eqn.

is Bloch function, and the energy eigen values form a sequence of continuum

bands. However, in case Ti are uncorrelated from site to site, and distributed

following a distribution function, eigen values of the above eqn. are exponen-

tially localized. Thus, in this situation the hopping electron finds itself local-

ized. Twenty years later, Giulio Casati and coworkers suggested the presence

of a similar phenomenon occurring in the kicked rotor model[50]. In their

seminal work they predicted that a quantum particle, subject to periodic

kicks of varying strengths, exhibits the suppression of classical diffusion.The

phenomenon was named as dynamical localization. Later, on mathematical

grounds,[51] developed equivalence between dynamical localization and the

Anderson localization.

Dynamical Localization:-

ι
∂

∂t
|ψ(t)〉 = (H0 + V δT (t))|ψ(t)〉 (2.37)

1: Just before the Nth kick to (N+1)th kick.

|ψ(N + 1)〉− = e−ιH0e−ιV |ψ(N)〉− (2.38)

Where |ψ(N)〉− describe the state of the system just before the Nth kick.

Let us now assume that one possible solution comes from the Floquet

state that is

|ψ(N)〉− = eιωαN |Uα(N)〉− (2.39)
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and

|Uα(N + 1)〉− = |Uα(N)〉− (2.40)

Substituting in equ.(1) yields

|Uα(N)〉− = e−ι(H0∓ωα)e−ιV |Uα(N)〉− (2.41)

Now introducing

e−ι(H0−ωα) =
1− ιTα
1 + ιTα

(2.42)

e−ιV =
1− ιWα

1 + ιWα

(2.43)

where

Tα = tan[1
2
(H∧0 − ωα)] = tan[(1

2
V )]

leads us to

Uα(N)〉− = e−ι(H0∓ωα)e−ιV |Uα(N)〉−| = (
1− ιTα
1 + ιTα

)(
1− ιωα
1 + ιωα

)|Uα(N)〉−
(2.44)

[(1− ιTα)(1− ιωα)− (1 + ιTα)(1 + ιωα)]|Uα(N)〉− = 0 (2.45)

⇒ [(−ιTα − ιω)− (ιTα + ιω)]|Uα(N)〉− = 0 (2.46)

⇒ (Tα + ω)|Uα(N)〉− = 0 (2.47)

〈n|(Tα + ω)|Uα(N)〉− = 0 (2.48)

Introducing the unit operator

Σm|n〉〈n| = 1 (2.49)
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∑
m

〈n|(Tα|m〉〈m|+W |m〉〈m|)|Uα〉− = 0 (2.50)

∑
m

〈n|Tα|m〉〈m|Uα(N)〉+
∑
m

〈n|W |m〉〈m|Uα(N)〉 = 0 (2.51)

〈n|Tα|m〉 = 〈n| tan[
1

2(H∧0 − ωα)
]|m〉 = tan(

1

4I
n2 − ωα)δnm (2.52)

Tα(n)Uα(n) + Σm〈n|W |m〉Uα(n) = 0 (2.53)

Tα(n)Uα(n) + ΣmWn,mUα(n) = 0 (2.54)

Uα(n) = 〈n|Uα(N)〉 (2.55)

|n〉 = Angular momentum states.

Hence we have written the equation for the Floquet states of the delta-

kicked rotor in terms of a one dimensional tight binding model.The tight

binding model describes the motion of an electron on a one dimensional

lattice.

Therefore this approach connects a dynamical system with solid state

physics problem.Here the angular momentum of the rotor corresponds to the

lattice site in the solid state problem. Since

e−2ιV =
cosV − ι sinV

cosV + ι sinV
=

1− ι tanV

1 + ι tanV
(2.56)

Tn correspond to random potential in Anderson model , uncorrelated from

site to site and distributed with density δ(Tm) [Ifδ(Tm) obeys Lagrangian

distribution we have Lioyd’s model ]
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If the potential Tn were periodic such that Tn+m = Tn the solution of the

Anderson equation is Bloch function and the energy eigen values would form a

sequence of continuous bands.The occurrence of dynamical localization is at-

tributed to the change in statistical properties of the spectrum[52]. The basic

idea involved is that, integrability corresponds to Poisson statistics[53] how-

ever, non-integrability corresponds to Gaussian orthogonal ensemble (GOE)

statistics as a consequence of the Wigner’s level repulsion. In the Fermi-Ulam

accelerator model, for example, the quasi-energy spectrum of the Floquet op-

erator displays such a transition. It changes from Poisson statistics to GOE

statistics as the effective Planck’s constant changes in value[54] The study

of the spectrum leads to another interesting understanding of localization

phenomenon. Under the influence of external periodic force, as the system

exhibits dynamical localization the spectrum changes to a pure point spec-

trum [55]. There occurs a phase transition to a quasi-continuum spectrum

leading to quantum delocalization[56] for example, in the Fermi accelerator.
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Chapter 3

Isotope Separation Via

Dynamical Delocalization

3.1 Introduction

We investigate the quantum characteristics of an atom in Fermi accelerator

which passes through amplitude modulated standing light wave. We consider

two domain for our system, Classical domain and Quantum domain. For

particular modulation strength the classical evolution in the system exhibits

chaos and the atom display diffusion. However, in the quantum domain, the

momentum distribution of the atom at the exit is exponentially or dynam-

ically localized. As we increase modulation strength form an other critical

value a phase transition occurs and the quasi-energy spectrum of the Floquet

operator changes from a point spectrum to a continuum spectrum.

Hence, the two conditions together make a window on the modulation strength.

λl < λ < λc (3.1)
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Within the window classical diffusion sets in whereas the corresponding quan-

tum dynamics displays localization. For the reason, we name it as localization

window.

3.2 Dynamical localization of atoms in local-

ization window

From the Analytical study of the atomic dynamics, we know that the dy-

namical localization occurs within a window of modulation strength, i.e.

λl < λ < λc (3.2)

where λl = Kcr
4

= 0.24 comes from Chirikov mapping[57] and describe

the onset of classical diffusion.We express the classical dynamics of a particle

in the Fermi accelerator by means of a mapping. The mapping connects the

momentum of the bouncing particle and its phase just before a bounce to

the momentum and phase just before the previous bounce. This way the

continuous dynamics of a particle in the Fermi accelerator is expressed as

discrete time dynamics. In order to write the mapping, we consider that

the modulating surface undergoes periodic oscillations following sinusoidal

law. Hence, the position of the surface at any time is z = λ sin t, where λ

defines the modulation amplitude. In the scaled units the time of impact, t

is equivalent to the phase ϕ.

Furthermore, we consider that the energy and the momentum remain con-

served before and after a bounce and the impact is elastic. As a result, the

bouncing particle gains twice the momentum of the modulated surface, that

is, 2λ cosϕ, at the impact. Here, we consider the momentum of the bouncing

particle much smaller than that of the oscillating surface.Moreover, it under-
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goes an instantaneous bounce.

Keeping these considerations in view,we express the momentum, pi+1, and

the phase, ϕi+1, just before the (i+ 1)th bounce in terms of momentum, pi,

and the phase, ϕi, just before the ith bounce, as

pi+1 = −pi −∆ϕi + 2λ cosϕi (3.3)

ϕi+1 = ϕi + ∆ϕi (3.4)

Here, the phase change ∆ϕi equivalent to the time interval, ∆ti = ti+1 − ti,

which defines the time of flight between two consecutive bounces. Hence, the

knowledge of the momentum and the phase at the ith bounce leads to the

phase change ∆ϕi as the roots of the equation,

pi∆ϕi −
1

2
∆ϕ2

i = λ(sin(ϕi + ∆ϕi)− sinϕi) (3.5)

We consider that the amplitude of the bouncing particle is large enough

compared to the amplitude of the external modulation, therefore, we find no

kick-to-kick correlation. Thus, we may assume that the momentum of the

particle just before a bounce is equal to its momentum just after the previous

bounce. The assumptions permit us to take,∆ϕi ∼ −2pi+1 . As a result the

mapping reads

pi+1 = pi − 2λ cosϕi (3.6)

ϕi+1 = ϕi − 2pi+1 (3.7)

We redefine the momentum as Pi = 2pi, and K = 4λ. The substitutions

translate the mapping to the standard ChirikovTaylor mapping, that is,

Pi+1 = Pi +K cosϕi (3.8)
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ϕi+1 = ϕi + Pi+1 (3.9)

Hence, we can consider the Fermi accelerator as a discrete dynamical sys-

tem.The advantage of the mapping is that it depends only on the kick

strength or chaos parameter, K = 4λ. Therefore, simply by changing the

value of the parameter, K, the dynamical system changes from, stable with

bounded motion to chaotic with unbounded or diffusive dynamics.

Upper limit λc =
√

κ
2

of the localization window describes the phase tran-

sition of the quasi-energy from point spectrum to a continuum spectrum.

Above this limit quantum diffusion sets and destroy quantum localization

and we find find quantum delocalization[58].

3.3 Principle of separation

This method is based on the principle of mass difference.From the concept of

Localization window we know that the dynamical localization occurs within

a window of modulation strength, i.e.

λl < λ < λc (3.10)

where λl = Kcr
4

= 0.24 comes from Chirikov mapping and describe the

onset of classical diffusion and upper limitλc =
√

κ
2

of the localization win-

dow describes the phase transition of the quasi-energy from point spectrum

to a continuum spectrum. Above this limit quantum diffusion sets and de-

stroy quantum localization and we find find quantum delocalization. For

two different isotopes of mass m1 and m2 = m1 + ∆m, two different critical

modulation strengths occur, i.e.λ = λ1
c for atoms of mass m1 and λ = λ2

c for

atoms of mass m2.So we can easily find the localization region for particular

Isotopes and separate it from other Isotopes through intense laser beam.
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Figure 3.1: Experimental model

3.4 Experimental model

The model of our experiment is quite straight forward .We have a cloud of

cooled atoms and trapped above the surface of a prism .

On the surface of Prism we have an evanescent wave field obtained by

the total internal reflection of a laser light field .This evanescent wave field

provides an exponentially rising force to the incoming atoms and therefore

acts like a mirror for the atoms.

On joining an acusto-optic-modulator with the laser light field it is pos-

sible to provide a modulation to the evanescent wave field , which makes the

system explicitly time dependent. I ˜(z) to I(z̃,t̃), i.e.

Iz̃,t̃ = I0 exp(−2kz̃ + ε sinωt) (3.11)

Fig. . (left) As we switch off the magneto-optic trap (MOT) at time,

t = 0, the atomic wave packet starts its motion from an initial height. It
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Figure 3.2: Triangular potential well

moves under the influence of the linear gravitational potential Vgr (dashed

line) towards the evanescent wave atomic mirror. Close to the surface of

the mirror the effect of the evanescent light field is dominant and the atom

experiences an exponential repulsive optical potential Vopt (dashed line).

Between the linear gradational potential and exponential potential the cloud

of atoms observe a bounded motion.

Between the linear gravitational potential and exponential potential the

cloud of atoms observe a bounded motion.

we may express the evanescent wave potential in z direction as

V = V0e
ικz = V0e

−kz (3.12)

k = ικ

Therefore the force exerted by exponential field on the atoms is

Fopt = −∇V = kV0e
−kz (3.13)

For z large the atoms do not see the optical field and move under the
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effect of gravitational field .On coming closer to the surface of the prism the

atoms being highly detunned from the optical frequency experience a force

Fopt the gravitational force is

Fg = −∇(mgz) = −mg (3.14)

The quantity

V0 =
~Ωe

4
H =

~Ω2

4δ
=

(µε0)2

4δ~
(3.15)

And therefore depends inversely on the detunning δ. The atom moving

with a velocity υ bounces back when it kinetic energy exhausted against the

height of the potential
~Ω2

max

4δ
=

1

2
mυ2 (3.16)

From here we can calculate the Ωmax required to reflect the atoms ,

Ω = (
2mυ2

~
δ)

1
2 (3.17)

Probability of spontaneous emission is

Psp = γ
Ω2

4δ2
τ (3.18)

where τ is the time spent in the optical field τ = 1
υk

Hence if δ is large the probability of spontaneous emission is less but a

larger detunnig reduces the height of the potential (~Ω2

4δ
). Therefore with in-

creasing detunning δ we need to choose also larger intensity to keep the height

of the potential constant. However this way we also inverse the probability

of spontaneous emission.

Difference of V0(α 1
δ
) and Psp(α

1
δ2

) provides a possibility to choose δ in

such a way that Psp is small enough and V0 is also not small for a fixed Ω.
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3.5 System Hamiltonian

The dynamics of the center-of-mass motion of the atoms in ground state

follows from the Hamiltonian

H̃ =
p̃2

2m
+mgz̃ +

~Ωeff

4
e−2kz̃+ε sinωt̃ (3.19)

To simplify our numerical calculation, we make the variables dimension-

less by introducing the scaling,z ≡ z̃ω2

g
,

p ≡ p̃ω
mg
, t ≡ ωt̃

put p̃ = pmg
ω
, z̃ = zg

ω2 , t̃ = t
ω

in equation3.19 we get

H̃ = p2mg2

2ω2 + zmg2

ω2 +
~Ωeff

4
e−2 kzg

ω2
+ε sin t

dividing both sides by mg2

ω2 we get the dimensionless Hamiltonian as

H ≡ p2

2
+ z + Voexp(−η(z − ε sin t)) (3.20)

Where dimensionless intensity Vo ≡ ~ω2Ωeff
4mg2

,

Steepness (decaylength) η ≡ 2kg
ω2 ,

Modulation amplitude of the evanescent wave ε ≡ ω2ε
2kg
,

The commutation relation [z, p] = [z̃,p̃]ω3

mg2
= ι~ω3

mg2

Dimensionless plank’s constant κ ≡ ~ω3

mg2
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3.6 Numerical calculation

Numerically we have the relation

λc =

√
κ

2
(3.21)

where κ = ~ω3

mg2
,

κ1 =
~ω3

m1g2
(3.22)

κ2 =
~ω3

m2g2
=

~ω3

m1g2 + ∆mg
(3.23)

λ(1)
c =

√
κ1

2
(3.24)

λ(2)
c =

√
κ2

2
=

1

2

√
~ω3

(m1+∆m)g
(3.25)

λ(2)
c =

1

2

√
~ω3

m1g
(1 +

∆m

m1

)−
1
2 (3.26)

λ(2)
c =

√
κ1

2
(1− ∆m

2m1

) (3.27)

We may express λ
(2)
c as

λ(2)
c ≈ λ(1)

c −∆λ (3.28)

where ∆λ ≡ ∆m
2m
λ

(1)
c .

Hence, if we chose set of experimental parameters such that modulation

strength λ is smaller thanλ
(1)
c but greater than λ

(2)
c , atoms of the isotope of

massm1 will stay localized, whereas the atoms of the other isotope of massm2
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will show classical diffusion and spread above the modulated atomic mirror,

as shown in Fig.We know the location of the localized isotope, therefore, by

using an intense laser we can extract them and store in a chamber.

3.6.1 An analysis

An atomic wave packet,displays an exponential localization behavior both

in the momentum space and position space,when propagated in the Fermi

accelerator. Furthermore,it occurs for a time beyond quantum break time,

and for a modulation strength within the localization window

λl < λ < λc (3.29)

.The final quantum distributions are a manifestation of interference phenom-

ena, thereby independent of the choice of initial distributions of the wave

packet.In the momentum space the atomic wave packet redistributes itself

around the initial mean momentum after an evolution over many bounces[59].

For two different isotopes of mass m1 and m2, two different critical modula-

tion strengths occur, i.e.λ = λc1 for atoms of mass m1 and λ = λc2 for atoms

of mass m2.Numerical investigation of the system estimates the quantum

mechanical momentum space distribution for the lighter isotope as exponen-

tially localized

Ψ(p) ∼ e−
p
l (3.30)

where l describes localization length.

For the heavier isotope the quantum delocalization takes place and momen-

tum distribution obeys the Maxwellian distribution.

Pcl(p) = (
1√

2πET
)exp[

−p2

2ET
] (3.31)

39



Chapter3 - Isotope Separation Via Dynamical Delocalization 40

as in Brownian motion. Here ET ≡ ω2kBT
mg2

is the scaled effective ther-

mal energy,kB and T are Boltzmann’s constant and the effective temper-

ature,respectively.

3.7 Numerical results

Figure 3.3: Autocorrelation function is plotted against scaled evolution time

κ = 4.

The autocorrelation function is plotted against scaled evolution time. We

calculate classical revival time of cold atoms with κ = 4 .we see in Figure(3.3)

reconstruction of Gaussian wave packet at time periodically of the graphs and

completely destroyed at other time. In figure3.4 the autocorrelation func-

tion is plotted against scaled evolution time. We calculate classical revivals

time for κ = 1 with same lamda value. we see that there is no reconstruc-

tion of Gaussian wavepacket at all.Which mean that atoms of small mass for

which we take κ = 4 in figure(3.3) are localized while atoms for which we
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Figure 3.4: Autocorrelation function plotted against scaled evolution time

κ = 1.

take κ = 1 in figure(3.4) are De-localized.

Infigure3.5 the square of dispersion in momentum (∆P 2) is plotted against

modulation strength(λ) for κ = 3 to find λc for this particular atoms.From

this plot we find that λc = 0.8. for these atoms.

In figure(3.6) the square of dispersion in momentum∆P 2 is plotted against

modulation strengthλ for κ = 4 to find λc for this particular atoms.From this

plot we find that λc = 1. for these atoms.

In figure(3.7) we combine Figure(3.5) and Figure(3.6) to find ∆λ.From this

plot we see that in (λ−ω) there are three regions:Region I where both of the

Isotopes are Localized.Region II where Isotope for which κ = 3 correspond

to large mass is delocalized and Isotope for which κ = 4 which correspond

to small mass are localized.In region III both Isotopes are delocalized.

In figure 3.8 the square of dispersion in momentum (∆P 2) is plotted against
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Figure 3.5: The square of dispersion in momentum (∆P 2) is plotted against

modulation strength(λ)

time for inside region.we find the smaller atoms localized and heaver mass

delocalized.

In figure(3.9) the square of dispersion in momentum (∆P 2) is plotted

against modulation strength(λ) for Cesium atoms(Cs139) to find λc for Cesium(Cs139)

atoms.From this plot we find that λc = 0.97. for Cesium(Cs139) atoms.

In figure(3.10) the square of dispersion in momentum (∆P 2) is plotted

against modulation strength(λ) for Cesium atoms(Cs132) to find λc for Cesium(Cs132)

atoms.From this plot we find that λc = 1. for Cesium(Cs132) atoms.

In figure3.11 we combine Figure(3.9) and Figure(3.10) to find ∆λ.From this

plot we see that in (λ − ω) there are three regions.Region I where both of

the Cesium(Cs) Isotopes are Localized.In region II Cs139 Isotopes are delo-

calized and Cs132 are localized.In region III both Isotopes are delocalized.As

we know location of localization region so by using intense laser beam we can

collect Cs132 atoms in a chamber.
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Figure 3.6: The square of dispersion in momentum∆P 2 is plotted against

modulation strengthλ for κ = 4

In figure(3.12) the square of dispersion in momentum (∆P 2) is plotted

against modulation strength(λ) for Hydrogen atoms(H3)(Tritium) to find

λc for Hydrogen(H3) atoms.From this plot we find that λc = 13.2. for

Hydrogen(H3) atoms.

In figure(3.13) the square of dispersion in momentum (∆P 2) is plotted

against modulation strength(λ) for Hydrogen atoms(H2)(Deuterium) to find

λc for Hydrogen(H2) atoms.From this plot we find that λc = 16.2. for

Hydrogen(H2) atoms.

In figure3.14 we combine Figure(3.12) and Figure(3.13) to find ∆λ.From

this plot we see that in (λ− ω) there are three regions.Region I where both

of the Cesium(Cs) Isotopes are Localized.In region II H3 Isotopes are delo-

calized and H2 are localized.In region III both Isotopes are delocalized.As we

know location of localization region so by using intense laser beam we can

collect H2 atoms in a chamber.
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Figure 3.7: This plot shows that in (λ − ω) space there are three re-

gions:Region I where both of the Isotopes are Localized.Region II where

Isotope for which κ = 3 correspond to large mass is delocalized and Isotope

for which κ = 4 which correspond to small mass are localized.In region III

both Isotopes are delocalized.
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Figure 3.8: The square of dispersion in momentum (∆P 2) is plotted against

time for inside region.we find the smaller atoms localized and heaver mass

delocalized.

Figure 3.9: The square of dispersion in momentum (∆P 2) is plotted against

modulation strength(λ) for Cesium atoms(Cs139)
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Figure 3.10: The square of dispersion in momentum (∆P 2) is plotted against

modulation strength(λ) for Cesium atoms(Cs132)
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Figure 3.11: This plot shows that in (λ − ω) there are three regions.Region

I where both of the Cesium(Cs) Isotopes are Localized.In region II Cs139

Isotope is delocalized and Cs132 are localized.In region III both Isotopes are

delocalized.As we know location of localization region so by using intense

laser beam we can collect Cs132 atoms in a chamber.
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Figure 3.12: The square of dispersion in momentum (∆P 2) is plotted against

modulation strength(λ) for Hydrogen atoms(H3)(Tritium)

Figure 3.13: The square of dispersion in momentum (∆P 2) is plotted against

modulation strength(λ) for Hydrogen atoms(H2)(Deuterium)
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Figure 3.14: This plot shows that in (λ − ω) there are three regions.Region

I where both of the Hydrogen(H) Isotopes are Localized.In region II H3

Isotope is delocalized and H2 are localized.In region III both Isotopes are

delocalized.As we know location of localization region so by using intense

laser beam we can collect H2 atoms in a chamber.

49



Chapter 4

Conclusions

A new method for the separation of isotopes was proposed by Dr. F. Saif.

This method is based on dynamical de-localization of the atomic wave pack-

ets. It is proposed for the separation of ultra cold atoms. The present work

is based on numerically exploring the possibility of its use as real separation

method. In the first part of the work the method was numerically evaluated.

An important part of the assembly for the proposed separator machine is

mirror. There are two major mirrors used to bounce ultra cold atoms which

are blue detuned evanescent mirrors and magnetic mirrors. Magnetic mirrors

are used for trapping and storing while evanescent mirrors are mainly used

for bouncing back. As our system need potential well, we used a blue detuned

evanescent acusto optic wave mirror placed normal to the gravitational field.

Other components of the proposed separator include laser source, acusto op-

tic modulator, the laser field, the separation system and the collector. All

these are thoroughly discussed and numerically treated. It was concluded

that by the use of an appropriate assembly this method is feasible for the

effective separation of isotopes. We discuss Localization window and explain

its lower and upper limits. We also discuss localization of atoms inside local-
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ization window. We calculate dependence of modulation strength on mass of

isotopes and external frequency and also find equation for region which tell us

about the position of localized atoms. We find different critical modulation

strength for different Isotopes of Hydrogen and Cesium atoms and also find

localization window for these Isotopes. The technique proposed here can be

applied to different materials. As an important advantage of the technique is

that we know the delta-lambda region numerically, hence by using an intense

laser we can extract one isotope. This approach is different from Laser iso-

tope separation because in laser isotope separation finely tuned laser beam

is used for ionization of particular atoms while in our case we use radiation

pressure.
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