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ABSTRACT 

Recent advances in experimental laser cooling have shown the 

possibility of stopping an atomic beam using the light pressure force 

of a counter-propagating laser wave. As an application to laser cooling, 

it is proposed to build a single frequency cesium laser that has a narrow 

linewidth. Laser cooling techniques are used to cool an atomic beam of 

cesium to an average velocity of 5 m/s, corresponding to a temperature 

of 0.2 °K. 

Expressions of the basic forces that a laser wave exerts on atoms 

are derived according to a semi-classical approach. The experimental 

problems and methods of avoiding these problems are treated in detail. 

A computer Monte-Carlo simulation is used to discuss the feasibility of 

building the proposed laser. This simulation was done for an ensemble 

of 10,000 atoms of cesium, and it included the effects of the 

gravitational force and the related experimental variables. 

The possibility of building single frequency lasers that use a 

cooled medium of noble gases, and many other applications of laser cooling 

are briefly discussed at the end of this work. 
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CHAPTER I 

INTRODUCTION 

Many atomic experiments are ultimately limited by the random motion 

of atoms or velocity-related effects. This motion causes, for example, 

transit time effects, or second order Doppler shifts and broadening of 

spectral lines. A gas laser is but one example that suffers from these 

effects. Other examples include high resolution spectroscopic experiments 

and atomic collision experiments. 

A thorough solution of these general problems would be a direct 

velocity manipulation of free atoms aiming at a reduced (or zero) average 

velocity and consequently a strong reduction of the temperature and the 

width of the velocity distribution. 

This velocity modification can be achieved by the light pressure 

force from a resonant laser beam. The use of radiation pressure to 

affect the velocity of atoms has a long history. Frisch first reported 

the deflection of an atomic beam by resonant light in 1933t^l] . This 

mechanical effect of light, though, remained nearly exclusively 

theoretical until tunable dye lasers were introduced. When an atom 

absorbs a photon, its velocity changes. The change in atomic velocity, 

Av, is equal to hv/Mc (=3 cm/s for the D2 line of Na), where M is the 

atomic mass, v is the atomic transition frequency, h is Planck's constant, 

and c is the velocity of light. The spontaneously radiated photon also 

changes the atomic velocity by the same amount Av, but the direction of 

the spontaneous radiation is symmetrically distributed so that there is 

no net contribution to the atomic velocity from the spontaneous emision. 
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no net contribution to the atomic velocity from the spontaneous emision. 

The average momentum transfer, therefore, is in the direction of the 

incident light, with some spread in the transverse direction due to the 

statistical nature of the emission. 

The use of radiation pressure to cool or to reduce the relative 

velocity of atoms was proposed in 1975 by Hansch and Shawlow^l, 1975)  (  

and realized for ions stored in an ion trap in 1978^®]. In this Doppler 

cooling technique, the incident radiation is from a laser that is tuned 

slightly below resonance with respect to the atomic transition. Atoms 

moving towards the laser are preferentially excited since they are Doppler 

shifted into resonance, where as the atoms moving away are Doppler shifted 

further out of resonance. The velocity change from absorption is 

therefore more likely to slow the atom than to speed it up and the atomic 

sample is then said to be cooled. 

There are other techniques of laser-assisted cooling. These 

techniques also use radiative processes to decelerate or cool atoms but 

do not depend on momentum transfer between the laser photons and the 

atoms. Among such methods are cooling by anti-Stokes Raman scatter

ing [2®], laser excitation of a quasi-molecule in a binary atomic collision 

and subsequent energy loss as the atoms separated, laser dissociation 

of a moving molecule against the direction of motion, and many other 

techniques. These techniques are outside the scope of this work and 

will not be discussed here. Instead, emphasis will be on cooling by 

the radiation pressure that involves the momentum transfer between the 
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interacting atoms and photons. This technique will be discussed in 

detail in Chapter 2. 

Motivation 

Single frequency lasers, which are necessary; or at least desirable, 

in many laser applications, can be obtained from inhomogeneous (Doppler-

broadened) transitions only by reducing the cavity length, L, of the 

laser, thereby increasing the axial mode spacing (Afax̂ â =c/2nL) until 

there is only one axial mode within the atomic line width, or by,using 

some other complicated type of axial mode suppression. Unfortunately, 

reducing the cavity length severely limits the laser power output, and 

the various other techniques are complicated and often difficult to 

make and adjust. 

There is an alternative method to achieve single frequency laser 

oscillation. Instead of increasing the axial mode spacing by reducing 

the cavity length, it is proposed to reduce the atomic linewidth. This 

can only be achieved by obtaining a medium which is cooled to about one 

degree Kelvin (or less) temperature. The velocity spread for such a 

medium would be very small with an effective Ai/j) of about 1 MHz or less. 

If one can produce and maintain such a medium, and at the same time 

create a population inversion, a laser that is essentially Doppler-free 

can be obtained. This is the aim of this work; obtaining a Doppler-

free single-frequency laser by using a laser-cooled medium. 

In order for such atomic samples to be useful for this purpose, 

they not only have to be cooled, but also have to be trapped. Atomic 

trapping has been experimentally achieved in many laboratories using 
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different kinds of traps. Traps of atomic samples, however, have proved 

to be ineffective at least for the time being, for two reasons: First, 

the highest density of atoms in a trap is lO-^ atoms/cm^, while the 

total number of atoms in the trap is 10^. This is the best trapping 

that has been reported so far Second, the longest lifetime reported 

for an atomic trap is 2.5 minutes. These numbers are not adequate enough 

to produce a sustained lasing action. 

As an alternative, the following scheme is proposed: the required 

laser can be realized by using an atomic sample whose atoms are not 

completely at rest, but their motion is very slow and predictable. 

This slowly moving sample can be population-inverted and made to lase 

while still maintaining a very narrow linewidth. The medium is 

continuously fed by such atoms and the laser action sustained in a 

continuous or pulsed mode. 

The General Setup 

The general setup of the proposed experiment is shown in the block 

diagram of Figure 1.1. The blocks represent the different parts of the 

experiment as will be explained next. 

Block 1 represents an oven that acts as an atom or ion source. 

The atoms come out of the source as an atomic beam with a typical 

divergence angle of about 6 mrads, thus reducing the transverse motion 

of the atoms. The temperature of the atomic sample is typically 500 to 

1000 degrees Kelvin. The atomic beam enters block 2 where the transverse 

velocity of the atoms is further reduced by transverse cooling or 

compression. The purpose of this stage is to collimate the beam and 
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Figure 1.1 Block Diagram of the Laser Setup. 



prevent the atoms from escaping out of the beam during the following 

stage. This transverse cooling is realized by using a standing 

wavelaser beam that is perpendicular to the atomic beam. The laser 

frequency is red-shifted with respect to the atomic transition frequency 

and the interaction between the laser beam and the atoms occurs 

perpendicular to the direction of motion of the atomic beam, thereby 

reducing the radial velocity of the atoms. 

The main cooling process occurs when the atomic beam enters block 

3. This block represents the stage where the atomic beam is subjected 

to a counter propagating traveling laser beam that is tuned with an 

atomic transition. It is in this stage of the experiment where the 

longitudinal velocity of the atoms can be reduced to zero or even turned 

back. In this experiment, however, the final velocity will be optimized 

to a value that is most suitable for the next stages. As a result of 

this longitudinal cooling, heating occurs in the transverse motion, and 

the transverse velocity spread will increase. This requires another 

cycle of transverse compression as in stage 2. This stage is represented 

by block 4 of the diagram. 

By the time the beam reaches block 5, it will be longitudinally 

and transversely cooled. The atoms will move a short distance (typically 

10 to 20 cm) before they get lost out of the beam. It is in this distance 

where the beam constitutes the actual medium that will be made to lase, 

after it is subjected to a population inversion mechanism that is 

compatible with the kind of atoms used. Block 6 introduces a mechanism 

that collects the atoms as they fall out of the beam due to gravity and 
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send them back to the source for recycling. Block 7 shows the ultimate 

laser output. All the stages of the experiment are done under a low 

pressure vacuum. 

This experiment will not be realized in the laboratory, and 

therefore the theoretical aspects will be discussed in more detail in 

the following chapters. Moreover, a computer Monte Carlo simulation 

will be done for each of the stages mentioned above. The obtained 

computer results will be compared with the theoretical predictions. 

The atomic sample that will be considered in this work consists 

of Cesium atoms, although some examples will be given for other kinds 

of atoms. Noble gases can also be considered as suitable samples for 

cooling. This will be further discussed later. The reason for choosing 

Cesium as the working medium is because it can be made to lase by optical 

pumping. This can be accomplished by making use of the coincidence of 

an absorption line of Cesium with the strong 3888 & emission line of 

Helium. Using Cesium does not exclude the possibility of using other 

elements such as any one of the noble gases. 
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CHAPTER II 

LASER COOLING OF ATOMIC BEAMS 

. The classical Maxwell theory showed quite early that the radiation 

field carries with it momentum, and after Einstein introduced the concept 

of the photon, it was shown that momentum conservation is an important 

aspect of the equilibrium between matter and radiation. 

The force exerted by radiation on matter (atoms) can be quite 

substantial, especially in the neighborhood of an atomic resonance. This 

force has three distinguishable components resulting from absorption, 

spontaneous emission, and induced emission of photons respectively. The 

first two of these have together been called the "scattering force"[2], 

and are the only forces present in plane wave radiation. Spontaneous 

emission, by the symmetry of its angular distribution, contributes only 

to the fluctuations of this force component. The third force component 

is dispersive in nature, and below resonance, results in an attraction 

of the atom towards the region of higher field intensity. It has been 

traditionally called the "dipole force". The term "resonance radiation 

force" has been used, heuristically, to denote these forces. 

In this chapter, a short history of the various aspects of this 

light force is given first together with a qualitative description of 

laser cooling. A theoretical discussion of laser cooling, using a 

semiclassical approach is given next. Experimental problems of laser 

cooling and proposed solutions to these problems are treated afterwards. 
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History and Qualitative Description 

The recoil momentum of light was observed by Frisch in 1933[^1] as 

mentioned before. The use of lasers for cooling atoms was first suggested 

by Hansch and Shawlowt^J in 1975. It was then discussed theoretically 

by Baklanov and Dubitskiand Javanainen and Stenholm^] . go farj no 

cooling of thermal atoms has been experi-mentally achieved, but the 

longitudinal velocity component of atomic beams has been changed by 

many investigators. In some cajses, atomic beams has been completely 

stopped. 

In the basic scheme of of laser cooling of atomic beams^^] (see 

Fig. 2.1), an atoms absorbs a photon (and its momentum hk) from a counter-

propagating laser beam, (k=wave vector of the photon). After a short 

time, typically 10"^ seconds, the atom re-emits spontaneously a 

fluorescence photon. This process of absorption-emission is repeated 

again and again. Because of the random nature of the direction of 

emission, the momentum recoil from the emitted photons averages to zero, 

while the atomic momentum change due to absorption adds up constructively. 

Therefore, the velocity of the atom changes by Av=nhk/M on the average. 

M being the atomic mass, and n the total number of absorptions. If the 

laser intensity saturates the atomic transition, then the resulting 

averaged scattering force fSp (-momentum change per unit time) is: 

^sp " fik/2r, 2 . 1  
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Figure 2.1 Atomic Beam Cooling 

where r is the natural lifetime of the upper level. The corresponding 

deceleration is: 

a - *ik/2Mr 2 .2 

This crudely explains the first component of the radiation pressure 

force, which is the main force used in laser cooling. It only involves 

the absorption and subsequent emission of fluorescence photons. The 

contribution of the dipole force, on the other hand, is due to the 

redistribution of photons among the various plane waves forming the 

light wave, using absorption-stimulated emission cycles. This force is 

given as t ̂  J: 

fdip - - (27r/c)aVI, 2.3 

where a is the polarizability of the coresponding atomic transition and 

I is the laser beam intensity. As (2.3) suggests, this force helps in 
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focusing the beam, since it results in an attraction towards the region 

of higher field intensity, that is the center of the beam. 

The Principle of Laser Cooling 
A Semi-classical Approach 

The specific peculiarity of the problem of atomic motion in a 

light field is the quantum mechanical character of the momentum change 

between the atom and the light field; in each elementary process of a 

photon absorption-emission, the internal energy of the atom is always 

changed by the value hwD and the atomic momentum is changed by the photon 

momentum htd0/c. Due to this fact, a rigorous solution of the problem of 

atomic motion in a light field, should take into account both the internal 

and translational degrees of freedom of the atom, and should be based 

on the proper quantum mechanical approach. 

Alongside this rigorous approach is the approach where the 

translational atomic motion is described classically and the light field 

is considered quantum mechanically. This approach, to be used in this 

work, is based on the following assumptionst^J: 

1. The atom has a de Broglie wavelength Apg that is considerably 

less than the light field wavelength A, 

Adb - h/p « X - 2»r/k, 2.4 

where p is the momentum of the atom and k is the light wavevector. This 

condition for the classical translational atomic motion can also be 

stated in the momentum form: 

p » fik, 2.4' 

or as the condition on the kinetic energy of the atom: 
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Ekin - P2/2M » R - fi2k2/2H, 2.4" 

where M is the atomic mass and R is the recoil energy. 

2. The atomic velocity is assumed to be known with a good accuracy, 

such that the Doppler effect dispersion KAv is small compared to the 

natural linewidth 7 of the excited level, 

kAv « 7 2.5 

3. Note that, because of the Heisenberg's uncertainty principle: 

ArAp > t\./2, 2.6 

inequalities (2.5) and (2.6) are compatible only if 

-fi2k2/2M <<7 -fi/2 2 • 7 

It will be assumed that inequality (2.7) is valid through this 

discussion. With these assumptions, the expressions for the forces 

derived semi-classically, as done here, are identical to those derived 

in a pure quantum mechanical treatment. 

General Force Expressions 

In order for such a semi-classical description to make sense, it 

is necessary also that the classical atomic motion could be described 

as a particle motion under the action of a force, that is, one must find 

the expression for the light force and determine the conditions of its 

validity. 

The general expression of the light pressure force is outlined in 

Goldstein 2̂2!. It is found from the Lagrange function for the atom in 

the field. Let r be the position of the center of mass, 0', of the atom 

relative to a chosen coordinate system 0, rQ be the position of the 

atomic nucleus relative to the atomic center of mass, and (i-l,2,..Z) 
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be the position of the atomic electrons relative to the atomic center 

of mass, where z is the number of electrons in the atom. The positions 

of the electrons from the origin of the chosen coordinate system 0 are 

(see figure 2.2): 

Ri - r + ri 2.8 

and that of the nucleus is: 

R0 - r + rG 2.8' 

The light field is characterized by its vector potential A(R,t) 

and it is assumed that its scalar potential is zero. With such a field, 

the Lagrange function of the atom-field system has the following form 

(relative to the chosen coordinate frame 0): 

L - —-— 1 rajR? - U(ri,t) + S ii A(Ri,t)Ri 2.9 
2 i=o c 

where m0 and eQ(=Ze) are respectively the mass and the charge of the 

nucleus, and m£(=m) and ei(=-e) are the mass and charge of the electrons 

respectively. U(r£) is the potential interaction energy of the atomic 

* t*Vi charges. is the velocity of the icn atomic charge. 

In the atomic center of mass coordinate frame, the Lagrange function 

can be written as: 

L " L0 + Lint 2.10 
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Figure 2.2 Reference Coordinate System of the Atomic System 
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where 

L0 - - mv2 + sl miVi2 - U(ri) 2.11 
2 2 

and 

Lint ~ A(r + ri,t)-v + S iiA (r+ri,t)-vi 2.12 

v is the velocity of the center of mass 0' relative to 0, and v^ is the 

velocity of the i**1 charge relative to 0' 

Taking into account the condition that the atomic size (-r^) is 

small compared to the wavelength of the light field, the vector potential 

can be expanded as: 

A(r+ri,t) = A(r,t) + (r£•V)A(r.t) +... 2.13 

With only the first term retained, Lint may be reduced as: 

L^nt = ̂ eiri ' E(r,t) 

- E(r,t)-D(r,t) 2.14 

where D(r,t) - Se^r^ is the atomic dipole moment and E(r,t) is the 

amplitude of the electric field at the center of mass 0'. 

From this Lagrange function, the light pressure force can be derived 

as the time derivative of the generalized momentum P of the center of 

mass, which coincides with the atomic momentum, 

f(r,t) = L P - L(^) - 8± 
dt dt 3v 3r 

_ 3Lint 

ar 

V[D(r,t)-E(r,t)] 2.15 
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This expression for f should be averaged over the field oscillation 

period. We get: 

F(r,t) - V[D(r,t)-E(r,t)] 

- D(r,t)V-E(r,t) 2.16 

The atomic dipole moment D(r,t) in (2.14)-(2.16) is the average 

dipole moment induced by the light field; to determine this moment.it 

is necessary to perform the quantum mechanical averaging of the operator 

A 

of the atomic dipole moment d: 

D - Tr[pd] 2.17 

A 

where p is the atomic density matrix operator. 

The main interest in the problem of resonant light pressure is a 

two level atom with spontaneous decay only from the upper excited state 

to the ground state. In such a model (when the levels are non-degenerate) 

the equations for the density matrix elements have the formal: 

i[ — + v — ] pee - Vege^o^ge - Vgee_ ̂ o^ge - 2i7pee 
at 3r 

i[— + v —]Peg " ̂egelwot[Pgg"Pee 1 " i7Peg 2-18 
at 3r 

p + p =1 
gg ee 

where the off-diagonal elements are related by p*g — Pge> anc* veg = 

Vge* = - d-E/h, and 2-y = (4/3) [d2* wQ̂ /hc^] is the spontaneous decay 

A 

probability from the excited state |e> to the ground state |g>. Also, d 
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is the matrix element of the dipole moment of the atomic transition 

|g>-|e> and is the atomic transition frequency. 

Equations (2.16) and (2.17) for the force, and (2.18) for the 

density matrix elements form the basis of the semiclassical approach. 

These equations are related by the Newton's equation of motion 

M{dv(r,t)/dt} - F(r,t) 2.19 

A total system of equations (2.15)-(2.19) allows both the internal 

state, and coordinate and velocity of the atom to be determined at any 

instant of time. This direct solution is apparently possible only in a 

numerical form. However, it is of interest not to solve the entire system 

(2.15)-(2.19), but only to find the time dependence r=r(t) and v=v(t), 

that is to determine the classical translational equations of motion of 

the atom. 

In this connection, it is important to ascertain the conditions 

under which the motion of the atomic center of mass can be separated 

from the variation of the internal state of the atom. For this purpose, 

one must find the time intervals which characterize the changes in the 

internal and the translational atomic states. 

1. For a two-level atom, the only interval of time which 

characterizes the variation in the internal state of the atom (or 

characterizes the change in the density matrix elements for a constant 

velocity) is 

Tinter " V1> 2.20 

where 7 is the spontaneous decay probability. 
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2. The other characteristic time interval, which is the time of 

change in the translational atomic state, can be found by considering 

the assumption of equation (2.7) which states that fi7 » R - [ti2k^]/2M 

= [Mv^]/2 (where v - fik/M is the recoil velocity). According to (2.19) 

the variation in the velocity corresponds to a time 

'trans- [M/F]dv - */R 2.21 

In this case equations (2.18) can be solved during a time interval 

Tinter = ̂ /T «t« ti/k = '"trans 2.22 

where the velocity is considered to be constant. Explicit expressions 

of the light pressure force can then be obtained from equations (2.16) 

and (2.17). This ascertains the conditions set forth at the beginning 

of the chapter. 

In order to simplify the derivation of the light pressure forces 

in the following sections, it is convenient to remove the terms containing 

the atomic frequency w0 from equations (2.18). This can be achieved 

when the non-diagonal elements of the density matrix are replaced by 

-ifit 0 p = p e 2.23 
eg eg 

"™" +iOt A 
p = p e l.li 
ge ge 

where 0 = o>l - w0. 

With this substitution equations (2.18) become 

i[a/at + v d/dr]p - V eiWLt ~p - V e"1WLt p - 2i7p 1 ' ' "ee eg ge ge ge ee 

i[a/5t + v 3/3r]p - V ela>Lt[p - p ] - i-y ~p - O p  
' ' eg eg LKgg ee reg reg 

p + p = 1 2.24 
gg ee 
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In order to find expressions for the spontaneous and dipole forces 

in the longitudinal cooling of an atomic beam, consider the motion of 

the atomic beam in the negative z-direction with a counter-propagating 

laser beam in the opposite direction as shown in figure 2.1. The laser 

beam is represented by a plane traveling wave 

E(z,t) - eE0cos(wt-kz) 2.25 

The Spontaneous Light Pressure Force 

The light pressure force acting on an atom in a traveling plane 

light wave that is represented by equation (2.25) can be easily determined 

from the general expressions derived in the previous section. The density 

matrix that describes the interaction of a two-level atom with this 

light field should satisfy equations (2.24). After making the substitution 

of (2.25) in (2.24) the resulting density matrix equations are: 

i[— + vz—]Pee ~ "voe+ikẑ ge + voe"lkZPeg " 2i-1Pee 
dt dz 

3  3 " "  *  i  .  
it— vz—]Peg = "Voe"*"1 z[Pgg~Pee] " *-"YPeg ' ̂Peg 
at dz 

Pgg + Pee = ̂  2.26 

where vz is the atomic velocity projection on the z-axis. 

To make the derivation even easier, introduce the following 

Peg " PegeikZ 2-27 

Pge ~ Pgee"ikz 2.27' 



29 

in which case equations (2.26) become 

— + Vz —]Pee "* "^oPge + ̂ oPeg ' 2i7Pee 
3t dz 

e+ik2 — + —3 Peg ™ "^olPgg " Pee] " *-7Peg " ^Peg 
3t flrr 

Pgg + Pee = 1 2 . 2 6 '  

In order to keep track of all substitutions, note that the original 

(correct) density matrix elements are now given as 

Peg ~ Pege"l0t Pge - Pgee+int 

- Pege+ikze- i0t  = 7ge*~ ikze+int 

- Pege" i (nt"kz) - Pgee+i(nt"kz> 

and the relations 

Peg = Pge* and pge = Peg* 

are still valid. 

Now equations (2.26)' contains no direct space dependence, and 

when considering t»l/7 , in compliance with our assumptions, 

the time derivatives in these equations can be neglected. They become: 

i-vz — Pee "* "^oPge ^oPeg " 2i7pee 
flz 

"vz^Peg — Peg ̂  "^o^Pgg " Pee) " *-7Peg " ^Peg 
dz 

Pgg + Pee = ̂  2.26" 

The equations now contain only the derivative with respect to the 

coordinate z. But since one must also consider only z—vzt»vz/7 , this 

derivative is also neglected. Equations (2.26)" become: 
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V0 Pge "" V0 Peg ' 2i7/Jee 2.27a 

Peg[*-7 + 0 - kvz] = -V0[pgg-pee] 2.27b 

Pgg + Pee ™ ^ 2.27c 

These three equations together with 

Peg D Pge 2.27d 

constitute a set of four algebraic equations that can be solved for peg 

and pgg. The non-diagonal elements of the density matrix, in which we 

are interested, are derived as: 

Peg = V°(" ' kvz - ^ e-i^-kz) 2-28a 

(O - kvz)2 + 72 " 2V02 

pBe - Vq(" ' ̂  + j7) e-i(ot-kz) 2.28b 

(0 - kvz)2 + 72 - 2V02 

Now after substituting (2.28a-b) into equation (2.17) to get the 

average atomic dipole moment, then substituting that into the force 

equation (2.16) the final expression for the light pressure force becomes: 

F - hk7 ez 2.29 

1 + G + (0 * ̂  

72 

where G= [ dE0/fi7 ] 2/2 is called the saturation parameter. 

This force is often referred to as the spontaneous light pressure 

force. It is always directed along the wave vector of the traveling 
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laser wave, and it is proportional to the product of the photon momentum 

hk and the spontaneous decay rate. 

This force acts only on atoms that are in resonance with the light 

field, that is, on those atoms whose velocities vz are: 

1±JL < vz < 9JLJ. 
k k 

The force is maximized at exact resonance, i.e. 

ft 0 + 7 vz = - -

k k 

The expression of the force at resonance becomes: 

2.30 

2.31 

F - Wc7 ez 2.32 
1 + G 

With the saturation parameter approximately equal to unity, the force 

becomes: 

2 33  

2 IT 

The Dipole Force 

To be more realistic, the field is actually never homogeneous but 

has a transverse field distribution. Suppose that the laser is in a 

TEM00q mode, i.e. 

E(r) - eE0(p)cos(wt-kz) 2.34 

where 

E0(p) - J-(-^°)V2 exp(p2//>o2> 2 35 

Po c 
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The field above is written in the usual cylindrical coordinates (z 

where 2pQ is the light beam diameter in the focal plane, and PQ is the 

light wave power (see figure 2.3). 

r/w 

Figure 2.3 A Cylindrical Gaussian Beam 

To determine the force due to this Gaussian wave, we repeat the 

same steps as in the previous section. By substituting (2.34) in (2.24) 

and considering 

d d d 0 ,, — — ez— + &p— 2.36 
3r dz dp 

we again get a set of equations that are similar to those of (2.26) of 

the last section, except now V0=V0(^)= dE0(^)/2ft. 

The solution for this set of equations results in a force with 

two components: 
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F - Fz + F p 2.37 

Fz is the same spontaneous force derived in the previous section 

except that now the saturation parameter G is a function of p, (G = 

The second component of the force is called the "dipole force" 

and sometimes referred to in the literature as the "gradient force". It 

is derived to be: 

It is always perpendicular to the field wave vector k. For (fi-kvz)<0, 

that is negative detuning, this force pulls the atom to the center of 

the light beam. For positive detuning, (0 -kvz)>0, the force pushes the 

atom out of the light beam. The force is zero at resonance (fl-kvz=0). 

The basic scheme of atomic beam cooling, as mentioned at the 

begining of this chapter, consists of an atomic beam and a counter-

propagating laser beam. Atoms absorb momentum and get decelerated. For 

example, a sodium atom loses on the average 3 cm/s speed per absorption 

when the laser is tuned to the sodium D2 line. This means that a typical 

sodium atom with an initial velocity of 600 m/s needs about 20,000 

absorptions to be stopped. As the absorption-emission cycle time has 

the order of magnitude of the lifetime (r-16 ns), the time scale for 

complete deceleration is about 1 ms and the stopping distance is about 

1 meter. 

G(p) - (dE0(p)/h7)2/2. 

Fp - -ft JL(0 - kvz) 
G(p) 

2.38 

Experimental Problems in Laser Cooling 
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Figure 2.4 Partial Energy Diagram of Sodium 

The experimental problems of laser cooling centers on forcing the 

atoms of the beam to scatter a large number of photons in a short time. 

There are two phenomena that can interrupt the scattering process. These 

are the changing Doppler shift and optical pumping. The sodium D2 line 

will again be used to illustrate these problems. A partial energy diagram 

of sodium is shown in figure 2.4. 

The Changing Doppler Shift 

As the velocity of the atom decreases, the frequency of the counter-

propagating laser, as seen by the atom, changes according to the Doppler 

formula 

u' = i/[l-v/c] 2.39 
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Considering the natural lifetime of the sodium D2 line, its natural 

linewidth is 

hv — 1/r - 60 Mhz. 

After an atom absorbs only 100 photons, its velocity changes by only 3 

m/s. The corresponding Doppler shift change is 

Ai/ — i/.(Av/c) — 30 Mhz. 

The absorption rate will decrease by a factor of 2 if the laser was 

initially resonant. Further absorption will Doppler-shift the atom further 

out of resonance. This means, only a few hundred photons can be scattered 

before the changing Doppler shift puts the atom far out of resonance. 

This is only a small fraction of the total number of scattering events 

required to bring the atom to rest. In order to cool effectively, the 

laser beam frequency must match the transition frequency of the moving 

atoms all the time. 

Optical Pumping 

The optical pumping problem can be understood by referring to the 

energy diagram of sodium in figure 2.4. Consider that the laser is tuned 

to be resonant with the 3Sjy2(F=2) —» 3P3/2(F"=2) transition. Between 

excitations, the atom decays with equal probability to the 3S]y2(F=2) 

and 3S]y2(F"3.) levels. If the atom decays to the F=2 level, it can be 

reexcited. If it decays to the F=1 level, no further excitation is 

possible, because the resonance condition is no longer satisfied. After 

a short time the atoms will be "pumped" from the 3S2y2(F~2) level to 

the 3S]y2(F-l) level where they canot be excited. This optical pumping 

makes it impossible for the atoms to scatter a sufficient number of 
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photons to be significantly decelerated before they traverse an apparatus 

of reasonable dimensions. 

If the laser is tuned to be resonant with the 3S]y2(F=2)-> 

3P3/2(F=3) transition, then the selection rule for the change in AF 

(AF=0,+1) requires that the decay be back to the F=2 level and the atom 

is easily excited. Unfortunately, the 3P3/2(F=2) level is only 60 Mhz. 

from the 3P3/2(F=3) level. Consequently, off-resonant excitation can 

occur though at a reduced rate. For every few hundred excitations to 

the F=3 level, one excitation to the F=2 level is expected and the atom 

may decay to the 3S]y2(F=l) level, effectively ending the cooling process. 

In the absence of some corrective measures, atoms are pumped into the 

F=1 level after only a few hundred absorptions. Thus optical pumping 

limits the deceleration process to about the same small fraction of the 

atomic velocity as does the changing Doppler shift. 

It is concluded that the optical pumping problem originates from 

the non-existence of the pure two-level atom that has always been assumed 

to make the derivation easier. 

Laser Cooling Techniques 

There are various methods proposed to overcome the limitations 

imposed on laser cooling experiments by the changing Doppler shift and 

the optical pumping problems. 

Overcoming The Doppler Shift Problem 

In order to effectively cool an atomic beam, the laser frequency 

must match the transition frequency all the time. There are many 
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techniques proposed to circumvent this problem; emphasis will only be 

on two of them, because they proved to be more successful in the 

laboratory than the others. These are the laser chirping and the tuned 

Zeeman techniques. 

1. The frequency chirping Technique: 

This is the earliest technique suggested to deal with the Doppler 

shift problem. It was proposed by Letokhov et al'[^®]. By sweeping (or 

chirping) the laser frequency from v to v+kv to keep it resonant with 

the Doppler-shifted decelerating atoms, all atoms with velocities lower 

than the initial resonant velocity v^ are swept into a narrow velocity 

group around vf, where vf-v^=AAi/. Since there is a maximum deceleration 

amax> there is also a maximum frequency scan rate « m̂ax=amax/^ (=1.55 

Ghz/ms for the Na D2 line). If v is larger than this maximum, the atoms' 

Doppler shift cannot change rapidly enough and the atoms will go out 

resonance. If the scan rate is lower than fmax and there is sufficient 

laser power, the atomic velocity will adjust itself to be just far enough 

out of resonance that the scattering rate produces the required rate of 

Doppler shift. Laser frequency chirping can be achieved by electro-optic 

modulation techniquest^0]. 

This technique will be discussed in more detail in a later chapter, 

since it is the technique to be used in the proposed laser. 

2. The tuned Zeeman Technique: 

This is a closely related approach to the laser chirping method. 

The idea here is to change the frequency of the atomic transition rather 

than the laser frequency to maintain the resonance condition and provide 
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constant deceleration. It utilizes the principle of Zeeman frequency 

shifting produced by an inhomogeneous magnetic field. This method was 

used in the first successful experiment1^9] that produced really slow 

atoms of sodium with a temperature below 100 mK and a density of 10^ 

cm"^. 

An atom that starts with an initial velocity v0 and decelerating 

at a constant rate a, has a velocity v(z) 

v(z) = (vQ2-2az)l/2 

-  v 0 ( 1 - 2 a z / v 0
2 ) 2 . 4 0  

For a linear Zeeman shift to compensate for the changing Doppler shift 

the magnetic field must vary as: 

B(z) - B0(1-X)V2 2.41 

where 

x - 2az/vQ2 

and B0 is magnetic field that produces a Zeeman shift equal to the Doppler 

shift for atoms with an initial velocity v0 at the entrance of the field 

(z=0). The scheme is shown in figure 2.5. Other field profiles are 

allowed, but because of the existance of a maximum possible deceleration, 

there is also an upper limit on the field gradient given by: 

(di//dz).v - (dv/dB) (dB/dz) .v < amax/A 2.42 

where dv/dB depends on the Zeeman effect. This restriction is similar 

to the one imposed on the laser scan rate in the chirped laser cooling 

technique. 
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Figure 2.5 Cascaded Magnetic Field Setup 

As a conclusion, it can be said that, when the laser frequency is 

tuned into resonance with the fast Doppler-shifted and Zeeman-shifted 

atoms at the entrance of the magnetic field, they will stay in resonance 

during the slowing process in the magnet, if the magnetic field strength 

decreases in such a way that the changing Zeeman shift compensates for 

the changing Doppler shift. 

3. Other Techniques: 

An extensive theoretical treatment was done by Minogin^^] on a 

technique which does not use any compensation for the changing Doppler 
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shift. This is referred to as nonresonant cooling. The range of velocities 

affected, the total velocity change and the width of the final velocity 

distribution all depend on the laser intensity. Larger velocity changes 

require larger intensity or longer interaction times. 

Another method that can be used for cooling is to use a white 

light source rather than a single frequency laser IThe optical 

spectrum of such a source should cover the entire Doppler width of the 

atomic beam. This way, regardless of the atom's velocity, there would 

always be some light in resonance with it to cause deceleration. The 

problem with this method is that the total power required would be much 

higher than for chirped laser or tuned Zeeman cooling. Another drawback 

of this method is that there is no compression of the velocity 

distribution, in contrast to the first two methods. All velocity groups 

decelerate at the same rate at all points in space. For a fixed 

interaction distance, in fact, the velocity distribution will spread 

out since the slow atoms, interacting for the largest time, will 

decelerate the most. Those slowest atoms will be stopped and accelerated 

backward. 

Another promising method that also uses white light was proposed 

recently by Hoffnaglet̂ ]. This method employs, in addition to the 

counter-propagating beam of white light, a monochromatic co-propagating 

light beam. Theoretical studies of this method predict that about 70% 

of a thermal atomic beam can be cooled to a temperature of the order of 

50 mK. 
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Another method was proposed by a group at the University of 

Aarhust^l to compensate for the changing Doppler shift. Their idea is 

to compensate the laser deceleration with electrostatic acceleration of 

ions. 

Yet another approach for overcoming the Doppler shift is a variation 

on Zeeman tuning. The magnetic field could be uniform in space but 

modulated in time. This should produce results similar to chirped laser 

cooling but it requires a rapid change in the magnetic field. 

Overcoming The Optical Pumping Problem 

As with the changing Doppler shift, optical pumping can be dealt 

with in a variety of methods. The following two methods are practically 

the only successful techniques used so far. 

1. Using Two Laser Frequencies: 

This is perhaps the most obvious way of avoiding optical pumping, 

at least for the sodium. If one frequency is resonant with the 3S]y2(F=2) 

3P3/2(F=3) transition, and the other with the 3S]y2(F=l) -> 

3P3/2(F=2) transition, then any atom that is pumped into the F=1 level 

can still be excited and even pumped back to the F=2 level by the other 

laser. This technique is also used in ion coolingt^]. 

2. Using The Optical Selection Rules: 

This method involves making use of the optical selection rules on 

the magnetic quantum number m (see figure 2.6). If we choose the axis 

for the quantization of the projection of the total angular momentum 

mp, along the incident laser beam, then a a+ circularly polarized laser 

beam will only excite the Amp-+1 transitions. Atoms originally in the 
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3S]y2(F~2,mp-2) will be excited only to the 3P3/2(F-3,mp-3). The radiative 

decay also, can only go back to the original state because of the 

selection rule Amp=+1,0, thus, optical pumping to the F=1 does not occur. 

A magnetic field must be aligned with the laser beam so that the 

eigenstates of energy correspond to the eigenstates of mp. This ensures 

that the mp=2 ground state and the mp-3 excited state will not evolve 

into other states during the deceleration process. 

m 

Figure 2.6 Sodium Energy Levels in a Magnetic Field 
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Successful deceleration requires compatible methods for dealing 

with the optical pumping and the Doppler shift problems. For example, 

if Zeeman tuning is used for the Doppler shift compensation, then the 

two-laser frequency method is not appropriate for the optical pumping 

avoidance because the magnetic field splits and shifts the hyperfine 

levels. If chirping is used with two laser frequencies then both must 

be chirped together. 
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CHAPTER III 

LASER COLLIMATION OF ATOMIC BEAMS 

All experiments referred to in the previous chapters were concerned 

with the action of laser light pressure on the longitudinal atomic 

velocities in a beam. However, at a certain stage of longitudinal cooling 

of an atomic beam the transverse atomic velocities become comparable 

with the longitudinal velocities. For this reason, and to achieve deep 

cooling of atoms, one must solve the problem of transverse (two 

dimensional) cooling of the beam. 

Transverse cooling of an atomic beam is closely related to beam 

collimation, because it results in a decrease, not only of the transverse 

atomic velocities, but also of the beam diameter. Consequently, the 

transverse cooling of atomic beams by the light pressure force helps 

solve the problem of the collimation of neutral atoms. 

The analysis of collimation methods of charged particles 

(electrons.protons,ions, etc.) shows that common to them is the use of 

dissipative forces, where part of the energy of the particles being 

collimated is transferred to an external system. It would be logical 

then to assume that the application of dissipative forces may turn out 

to be helpful in collimating neutral particle beams as well. 

The possibility of using light pressure action as a dissipative 

force was first mentioned by Hansch and Shawlowf23], Theoretically, the 

action of light pressure force on the spatial parameters of an atomic 

beam have been studied^ • . Experimentally, this idea was first analyzed 

by Balykint^l. This group of investigators have shown that the irradiation 
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of an atomic beam by an axis-symmetric transverse light field could 

provide collimation. A collimation scheme was experimentally demonstrated 

by Balykinf6] in 1985. Tentative estimates by this group showed that a 

beam of sodium atoms can be transversely cooled to a temperature of a 

few millikelvins. 

In the following, the basic experimental scheme of transverse 

cooling is presented. Also its implications and limitations are discussed. 

Basic idea 

One of the potential schemes of radiation collimation is shown in 

figure 3.1. In this scheme, a beam of atoms (2) coming out of the source 

(1) is irradiated by the axial symmetric standing wave laser beam (3), 

whose frequency wl is red-shifted about the atomic transition frequency 

u)Q. The axial symmetric field is formed by the mirror of a conical surface 

(4) (a reflecting axicone) . 

In the axis-symmetric field, an atom has a transverse velocity Vp 

(Vp = vx + Vy). It is acted on by a light pressure force perpendicular 

to the z-axis. The direction of this force is opposite to the velocity 

vector Vp if wl<wq and in the same direction of Vp if wl>w0 . An atom 

moving at same angle with the z-axis, interacts in the x-y plane with 

two counter-propagating light waves whose intensities are the same at 

any point in the plane. 

In the atomic rest frame, one of the waves has the frequency (wl* 

kvp), and the other wave has a frequency (uj_+kvp), as shown in figure 

3.2. Since the frequency wl is smaller than w0 (red shifted), the atom 

absorbs photons more effectively from the wave propagating opposite to 
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x 

.11.1 

Figure 3.1 Axicorie Collimation Scheme 

Figure 3.2 Atomic Motion Directin Relative to the Laser beams in 
Tra.nsverse Cooling 



the radial velocity vector vp than from the other wave. This means that 

the light pressure force reduces the radial velocity Vp, and, 

consequently, the transverse velocity distribution of the atomic beam 

is then narrowed by the light pressure force. Because of this, the angular 

beam divergence is drastically reduced, and the atomic density is 

increased. The atomic beam is then said to be collimated. 

A note must be added here about the opposite effects, that is, if 

is greater than wQ. Using the same reasoning as above, de-collimation 

of the beam can be achieved (if desired) by using a laser whose frequency 

a>L is greater than the atomic frequency . In this work, however, 

the main interest is in collimation rather than de-collimation. 

Field distribution 

The external radiation coming into the conical surface p=z is 

assumed to be a plane traveling wave, 

E*- •= eE0cos(wt+kz) 3.1 

where e is the polarization unit vector, k=-ke is the wave vector, ez 

is the unit vector along the z-axis. Let Aj_ and A|| be the components of 

the vector E1 parallel and perpendicular to the reflecting surface. 

R|l and Rj_ determine the reflected field components. When the reflection 

coefficient is 1, the following relations apply[12]. 

R|i - Aq and R^ — A^ . 3.2 

To be specific, let the incident radiation be linearly polarized along 

the x-axis (e-=ex). Then, using the boundary condition (3.2), one can 

find the components of the reflected_ field E near the conic surface 
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Ex — Ex̂ cos(2$) 

Ey - Eyisin(2^) 3.3 

where <f> is the angle between the plane of incidence and the x-axis. 

The solution of the wave equation: 

V2E - — £^E_ =0 3.4 
c2 at2 

satisfying (3.3) can be written in the form: 

Ex — Ecos(2^)cos (wt), 

3.5 
Ey - Esin(2^)cos (wt), 

where the amplitude E is an unknown function of the cylindrical 

coordinates z and p. When (3.5) is substituted in the wave equation 

(3.4) we get: 

i £_ [p—] + (k2 - —) E + — - 0 3.6 
p dp dp /j2 3z2 

The contribution of the last term (32E/3z2) can be neglected as z»A. 

In this approximation the solution to equation (3.6) is given byt^l: 

E — CJ2(pk), 3.7 

where J2(pk) is a second order Bessel function and C is a constant 

dependent on the boundary conditions. The field inside the axicone can 



be determined to be : 

E = e[4jrkz]-'-/^EC)J2(/5k)cos(ct)t) 

For p»X, the collimating field is: 

3.8 

E — e 2E07(2z) cos (e^-pk - —) cos wt 
~p' F 4 

- e 2E07(2z~ rcos(wt+pe„-k - —) + cos(wt - pe„*k+ —)] 3.9 

where e^ is the radial unit vector. Thus, the axially symmetric light 

field inside the reflecting axicone is a standing cylindrical wave or 

the sum of counter-propagating cylindrical waves that are shifted by 

(tt/2)• The intensity of the field is proportional to z/p 

The degree of collimation can be estimated from the equation of 

motion of the atom in the field of the two counter-propagating waves 

(3.9). To make the derivation of this equation a little easier, consider 

the field as a standing wave represented by: 

where the treatment is limited to one dimension. 

In order to derive the force equation, the same steps that were 

used to derive the force of a traveling wave of the previous chapter 

are followed again here. The density matrix of this standing wave 

satisfies the equations obtained by substituting (3.11) in (2.24) i.e. 

I - (z/p)E02 3.10 

Atomic Beam Collimation 

E(z,t) - eE0cos(wt-kx) + eE0cos(wt+kx) 3.11 
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i[3/3t + vx d / d x ]  pee "• 2V0(peg - Pge) cos (kz) - 2i*yPee 

i[3/3t + vx 3/3x]peg = "2^o(pgg - Pee) cos (kz) - iTPeg " ^ ''eg 

Pee ''gg = ^ 3.12 

Where, again, t » l / y  is invoked. The density matrix elements then become 

independent of time, as discussed in chapter II. Equations (3.12) become: 

(ivx d / d x ) pee - 2V0(peg - pge) cos (kz) - 2 i y p e e  

(ivx d / d x ) Peg = "^^o^gg " P e e )  cos (kz) - (0 + i*y)Peg 

Pee Pgg = ̂  3.13 

In order to determine the solutions of equation (3.13), the density 

matrix elements are expanded into a Fourier series: 

„.. _ v „..a_iakx P i i  =2 pn e 
a  — even 

and 

„  y  0 . . a  iakx 
P ij " ^ P ij e 

a - odd 3.14 

where i,j - g,e. When these matrix elements pjj , are expanded only up 

to terms e^^ (i.e. a=l), they become: 
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Peg 
V0/72 

1 + G[L(0 - kvx) + L(fl + kvx)] 

x[ (0-kvx-i7)L(0-kvx)ê x̂ + (n + kvx-i7)L(fi + kvx)e"^x] 3.15 

where the notation L(x) is given by: 

72 
L(x) = 7 3.16 

X^ + 7 

L+. = L(0 + kvx) 3.16' 

L. = L(0 - kvx) 3.16" 

By substituting equations (3.16) into (2.16) and (2.17) of the last 

chapter the spontaneous force becomes: 

Fsp = -tteyG ^ ' L- e
x 3.17 

1 + G[L+ + L_] 

This force has the same form as the one derived in chapter II for 

longitudinal cooling except that now there are contributions from both 

counter propagating waves. The velocity dependence of this force on vx 

for a saturation parameter G=1 is shown in figure 3.3. 

Typically, in collimation experiments, one is interested in a 

transverse velocity, vx, that is small compared to fi/k. Therefore, the 

force (3.17) must be approximated to a form that shows explicitely its 

dissipative action on the transverse motion. This form is derived as 

follows (for vx«n/k): 

F - "hk7G —^ " L~ 
1 + G(L+ + L.) 
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hk7G 

(0jLkVx)2 + x (0 - kvX)2 + 1 

7 7 

1 + G[ - + G[ - ] 
(n+kvx_)2 +1 (JJ-kv̂ _)2 +1 

1  1  

= hk7G 

/"-kvX)2 . ,n+kvX)2 

1  1  

[("+kvx )2+1][(g±Sc)2+1] + G[(̂ c)2+(£t̂ c)2G 

1 1  1 1  

hk7G [ - 4f3kvx/72 ] -

(9)4 + 2(9)2 + i + 2G + 2(?)2G 
1 1  1  

-4hk2 (-) G 
v. x 

7 [1 + (")2][1 + (")2 + 2G] 

3.18 

Figure 3.3 Velocity Dependence of the Transverse Force on the Axial 
Velocity 
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If the dissipative form of the force is given as: 

F - -/3mvx 3.19 

where /9 is the dynamic friction coefficient, then from (3.18), the 

expression for /3 is: 

0 _ 4hk2G (0) I 3.20 

m 7 [1 + <")2][1 + (")2 + 2G] 

The force being given by 

F " M HE* " " M̂vx 

implies that 

P *  - -/Wt 

or 

Avx - e - f i t  

The inverse value of the damping coefficient determines the 

characteristic time, rc, during which the steady state velocity 

distribution W(v^) is reduced. See figure 3.4 
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X 

Figure 3.4 Typical Transverse Velocity Distribution Before and After 
Collimation 
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CHAPTER IV 

LASER COOLING OF ALKALI ATOMS 

Many experiments have succeeded in stopping atomic beams of sodium, 

potassium and cesium using different experimental setups. A review of 

the many different experiments that were done at the National Bureau of 

Standards can be found in Phillips et al.t^®}. Sodium is used in most 

experiments, although all the alkali metals share the same good qualities 

that are desired for laser cooling. Among such qualities is the short 

radiative lifetime of the chosen transition (see table 4.1). This short 

lifetime of the cooling transition allows rapid and repeated excitation 

of atoms leading to relatively short interaction times and lengths. 

Another good property of alkali metals is that the lower level of the 

cooling transition is the ground state of the atom. Although optical 

pumping is one of the major problems of laser cooling of alkali atoms, 

having the ground state as the lower level saves many steps that have 

to be done before the start of the cooling process. 

The normal atomic configuration of alkali metals is shown in table 

4.2, and their energy level diagrams are shown in figure 4.1. In the 

following, cesium and sodium are chosen to give typical calculations 

for the cooling parameters. Expanded partial energy level diagrams of 

cesium and sodium that show their atomic fine structure are shown in 

figures 4.2 and 4.3 respectively. 

A thermal atomic beam at a given oven temperature T, has a 

longitudinal velocity distribution given by the Maxwell-Boltzman 

distribution function!^] F(v), as shown in figure 4.4, 



Table 4.1 Wavelength and Lifetime of the D2 line of Na, Ca, and Rb 

Sodium Cesirm Rubidium 

A(nm) 598 852 780 

r (ns) 16 32 27 

Table 4.2 Normal Configuration of the Alkali Metals 

Shell K L M N 0 

Li ls2 2s1 

Na ls2 2s2 2p6 3s1 

K ls2 2S2 2p6 3s2 3p6 4s1 

Rb 1 2S2 2p6 3s2 3p6 Sd^ 4s2 4p^ 5s1 

Cs ls2 2s2 2p6 3S2 3p6 3d10 4S2 4P*> 4d1® 5S2 
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Figure 4.1 Energy Levels of the Alkali Metals 
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Figure 4.2 Sodium Energy Level Diagram 
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Figure 4.3 Cesium Energy Level Diagram 
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F(v) 
n 

Figure 4.4 The Maxwell-Boltzman Speed Distribution 

F(v)dv = 4wn(—-—)^/^v^exp(- ——)dv 
2?rkBT 2kBT 

4.1 

The distribution peaks at the most probable speed vmp, that 

is given by: 

vmp [2kBT]l/2 m/s 
m 

4.2 

The intensity (or the effusivity) of the beam is given by 

(see fig 4.5) 

atoms/m^.s 
(27rmkBT)1/2 

where P and T are the average pressure and temperature of the oven. 

4.3 
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Figure 4.5 Formation of Atomic Beams 

A typical thermal sodium beam at an oven temperature (T=1000 K) 

has a velocity distribution that peaks at vmp=1000 m/s. The intensity 

of the beam and the degree of the transverse velocity distribution is 

controlled by the size of the hole in the oven (see figure 4.5). 

When this atomic beam is subjected to a counter-propagating 

travelling laser beam, the change in the longitudinal velocity due to 

one absorption-emission process was derived in chapter II to be: 

Av = ̂  m/s 4.4 
Mc 

If the (3Si/2 3P3/2). that is the D2 line, transition is chosen for 

cooling, and the laser is tuned to be resonant with this transition 
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(whose wavelength is A-589 nm) then the elementary change in the 

longitudinal velocity, Av, is calculated to be 3 cm/s. 

An atom that starts its motion with an initial speed vQ, can be 

stopped after it undergoes through a certain number n of absorption-

emission cycles. This number n is given by 

vo 
n = • 4.5 

Av 

A typical sodium atom with vo=1000 m/s requires about 30,000 events to 

be stopped. 

If the laser saturates the atomic transition such that the 

atom spends gne half of its time in the excited state and the other 

half in the ground state, then the scattering rate saturates at 1/2r, 

and the maximum acceleration amax is: 

Av hi/ , , 
3mav — 1 4.6 

2r 2Mcr 

where r is the radiative lifetime (r = 16 ns for the sodium D2 line) . 

amax calculated to be 10^ m/s^. 

The estimated time scale for complete deceleration ts is given by 

ts — 2rn 4.7 

and the stopping distance ds is 

^s ™ vo^/2amax ^ ® 

These are calculated to be: ts - 1 ms and ds - 0.53 m. 

There is a limit however on how deep a laser can cool a thermal 

atom. This limit depend on the value of (Av) because this is the lowest 
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velocity that an atom can exchange. The corresponding temperature, T^imit. 

for an atom with a velocity equal to (Av) is 

Tlimit - — (^) 
2kB 

- JEUL A.9 
2kBM 

For sodium this limit is approximately equal to 0.07 fiK. 

The other main limitations of cooling alkali atoms arises from 

the optical pumping and the changing Doppler shift problems. These 

problems were discussed for sodium in chapter II. The same principle 

applies to cesium and the rest of the alkali atoms. The easiest and 

most convenient methods used to counter these problems appear to be the 

chirping laser technique for the changing Doppler shift problem and the 

two-laser technique for the optical pumping problem. For sodium, the 

two lasers are tuned such that one of them is resonant with the transition 

[3Si/2(F=2) -> 3P3/2(Fi=3)] and the other one is resonant with [3S]y2(F=l) 

-> 3P3/2(F=2) ] as shown in figure 4.2. 

The same principle applies again for the rest of the alkali atoms. 

As a result of the large number of spontaneous emissions, the transverse 

velocity of the atom will execute a random walk of n steps, each with a 

size Av. Thus the final spread of the transverse velocity is 

approximately t^1 

5vt - Av(n)1/2 4.9 

For the sodium atom Av is about 5 m/s. This transverse heating could be 

automatically compensated by the dipole force if the laser frequency is 
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slightly red-shifted relative to the atomic transition frequency as 

discussed in chapter II. 

Table 4.3 lists all the parameters that were calculated for sodium 

as well as those for cesium and rubidium. 

Summarizing this chapter, one can say that, slow and cold atomic 

beams can be produced with temperatures in the fiK range. The average 

final velocity can be chosen over a wide range from negative up to high 

positive velocities. These atoms are ready to be manipulated and worked 

upon them for specified purposes. 
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Table 4.3 Cooling parameters of the Elements Na, Cs, and Rb 

Element M X  T  AV . Tn . . T. V 
amu ns ns cm/s limit^ k mPm/s 

Na 23 589 16 3 .8 1000 1000 

Cs 133 852 32 .35 .1 400 224 

Rb 85 780 27 .60 .2 500 313 

Element A „ n 
max . 2 

m/s 

Na .9 x 106 

Cs .5 x 10^ 

Rb .1 x 106 

t d 5V 
Sms S m m/s 

1.07 0.53 5.5 

4.10 0.50 1 

2.81 0.49 1.4 

3.3 x 104 

6.4 x 104 

5.2 x 104 
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CHAPTER V 

LASER COOLING OF NOBLE GASES 

Laser cooling of neutral atoms have been experimentally demonstrated 

only on alkali atoms 1^7] an(j few other elements such as calcium and 

magnesium. There are two reasons for this restriction on the kind of 

elements used in laser cooling. First, the cooling process requires an 

atomic transition whose wavelength falls in a region where a continuous 

wave laser is available. Second, cooling must be done within an 

experimentally feasible distance. The above elements satisfy both of 

these requirements as can be seen from table 4.3. 

For atoms on the right side of the periodic table (noble gases), 

the lowest resonant excited state is generally too energetic to be pumped 

by the presently available continuous lasers. An alternative scheme to 

cool such elements was proposed by Cloppenberg at al.in 1987. The 

idea behind this scheme is to start with an atom in a metastable state 

instead of the ground state. The atom can be cooled if the metastable 

state (considered here as the lower level of the transition used for 

cooling) has a sufficiently long lifetime, and there exists a higher 

excited state (the upper level) that is optically connected to the 

metastable state. Noble gases are ideal candidates for such a scheme as 

will be shown in this chapter. 

On the other hand, it is possible to obtain cooled atoms in the 

ground state or other metastable states in spite of the fact that the 

ground state can not be cooled directly. A cooled ensemble of atoms in 

a certain metastable state can be optically pumped into another matastable 
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state or to the ground state. As a result of this pumping, coherent 

VUV-radiation can be generated, as explained by Cloppenberg et al. This 

is the main objective of their proposal. 

Figures 5.1 through 5.4 show the energy level diagrams of Ne, Ar, 

Kr and Xe respectively. Neon will be considered in this chapter as a 

typical example representing the noble gases. Figure 5.5 shows a partial 

energy diagram of neon that is relevant to the laser cooling scheme. 

Neon has two metastable states, 1S5(J=2) and 1S3(J=0), located 

at 134044 cm"^- and 134820 cm'^ respectively. A beam of neon atoms that 

comes out of an oven is generally a mixture of atoms that are in either 

the ground state or in one of the metastable states mentionied above. 

Before starting the cooling process, atoms have to be separated. This 

can easily be done by passing the original beam in a non-homogeneous 

magnetic field. Since the three kinds of atoms have different total 

angular momenta, the original beam gets divided into three distinct 

beams, each with only one kind of atoms. 

Consider the beam with atoms in the first metastable state 

[1S5(J=2)] where the transition 1S5(J=2) -*• 2P9(J=3) is selected for 

cooling. This transition satisfies the required conditions mentioned 

before, for laser cooling. First, the lifetime of the lower (metastable) 

state is predicted to be of the order of 20 to 100 seconds, allowing 

repeated excitation from this state. Second, the transition has a 

wavelength of 640 nm where a dye laser operating at this wavelength can 

be used for cooling. Additionally, the lifetime of the upper level is 

of the order of 20 ns, and this ensures that cooling can be achieved 
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Figure 5.1 Ne-I Energy Level Diagram 
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Figure 5.2 Ar-I Energy Level Diagram 
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Figure 5.3 Kr-I Energy Level Diagram 
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Figure 5.4 Xe-I Energy Level Diagram 
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within a reasonable distance. Another advantage of this transition is 

that once the atom is excited to the upper level, it can only decay to 

the original lower state because of the selection rule AJ-0,+1. In 

this respect, the problem of optical pumping does not exist as compared 

to the case of alkali atoms cooling. Consequently, one laser can be 

effectively used for cooling instead of two. 

The discussion on the relevent parameters of cooling that was 

done in the previous chapter for alkali atoms is applicable again for 

noble gases. These parameters include the most probable velocity, vmp, 

at a given oven temperature T, the elementary change in the atomic 

velocity, Av, the maximum acceleration that the atom can have, amax, 

the limit on the final temperature of the cooled atoms, Tiimit, the 

number of scattering events n, the stopping time ts, the stopping distance 

ds and the final spread of the transverse velocity distribution, 6vt. 

The calculation of these parameters follows the same arguments that were 

discussed in chapter IV. 

Summarizing this chapter, it is shown that beams of noble gases 

can be cooled by using a metastable state as the lower level of the 

resonant transition. No experimental results have been published so far 

with regard to this particular scheme. 
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CHAPTER VI 

THE LASER-COOLED CESIUM LASER 

The proposed cesium laser was previously shown in the block diagram 

of figure 1.1 in the introduction. Figure 6.1 shows one of many possible 

setups that can be built in the laboratory. It is hoped to obtain a 

laser medium that essentially consists of a relatively high density 

"rod" of cesium atoms that are moving very slowly in the longitudinal 

direction, with minimal transverse motion. This rod of atoms is freely 

falling under the action of gravity, while it is being loaded with new 

cooled atoms from the source. 

The cesium atoms originate from an oven as a beam whose divergence 

depends on the size of the hole in the wall of the oven. The beam 

divergence is generally very small resulting in a very small spread in 

the transverse velocity. Hence, the beam has almost one degree of freedom, 

which is the longitudinal velocity distribution. Limiting the transverse 

velocity distribution to a small value, will ultimately limit the atomic 

beam intensity, i.e. the number of atoms that come out of the oven per 

second. But because the main interest is in a high intensity beam, a 

transverse velocity spread is allowed in the atomic beam as it comes 

out of the oven. This spread is compensated for by introducing the two 

stages of transverse cooling. Hence, transverse cooling is primarily 

used for the purpose of increasing the atomic density. There is however, 

another method that can be used to increase the density of the beam. 

This is done by taking advantage of the "dipole force" if it is present. 



Figure 6.1 A Possible Setup of the Proposed Laser 
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Using this force as a focusing agent, requires a cooling laser whose 

frequency is slightly red-shifted with respect to the atomic transition 

frequency, as it was shown in chapter II. In the following, each stage 

of the laser will be treated in detail. 

The Atomic Source 

When a solid or liquid is heated to a temperature T (°K) in vacuum, 

then from thermodynamic considerations, the number of molecules (or 

atoms) that leaves a unit area per second is given by the relation: 

N = N0exp(- ) 6.1 
kBT 

where <f>e is the energy required to remove one molecule of the material 

from the bound state in the surface, to the vapor state above the surface; 

<f>e is called the activation energy of evaporation. The vapor pressure 

may be converted to evaporation rates (or effusivity) from kinetic theory 

considerations^], by the relation: 

$  =  ?  6 . 2  

727rMkBT 

3.513 x 1022 P , ? = atoms/nr. s 

J~inf 

where M is the atomic mass, m is the atomic mass in atomic mass units 

(amu), T is the temperature in degrees Kelvin and P is the average 
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pressure of the oven in torr. Methods of heating a material include 

resistive eddy-current, electron bombardment and laser heating. 

For a cesium oven at a temperature of 400 K and a pressure of 

10"2 torr, the effusivity is: 

$ = 1.523*101® atoms/m^.s. 

If cesium atoms effuse from a 0.5 mm diameter hole of the above oven, 

then the intensity of the beam is: 

1^ = 3*loH atoms/s. 

The divergence of the beam as it emerges from the hole is assumed to be 

six milliradians, depending on the methods of collimation. At this 

temperature (400 °K), the Maxwellian atomic beam has a longitudinal 

velocity distribution that peaks at the most probable velocity vmp = 

228 m/s, as shown in figure 4.4. The maximum transverse velocity can be 

calculated to be approximately 1.35 m/s, considering only the atoms 

with velocities less than 450 m/s. 

Transverse Cooling (First Stage') 

The purpose of this stage, as stated before, is to increase the 

density of the atomic beam by focusing it and reducing its transverse 

velocity distribution. The importance of this stage will become clear 

during the next stage, (longitudinal cooling), as atoms with large 

transverse velocities tend to escape from the beam as a result of 

transverse heating. 

The principle of this stage was discussed in chapter III on laser 

focusing. The laser beam frequency must be red shifted with respect to 
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the atomic transition for focusing to be achieved, otherwise defocusing 

of the atomic beam will occur. See figure 6.2. 

There is a limit, however, on how much the transverse velocity of 

an atom can be reduced. This limit is v - 0.35 cm/s, which is obviously 

the recoil velocity. The maximum number,N, of absorption-emission cycles 

that are required to reach this limit is equal to the maximum transverse 

velocity divided by the recoil velocity, or N •= 386 events. Again, 

assuming that the laser saturates the atomic transition, then the 

longitudinal distance needed to reach this limit is about 1.1 cm. This, 

of course applies to atoms with the maximum longitudinal velocity (v=450 

m/s). So, the minimum waist of the transverse laser beam is 1.1 cm. If 

the laser does not saturate the atomic transition, then the laser beam 

waist must be greater than this value. 

Longitudinal Cooling 

Longitudinal atomic beam cooling is achieved by subjecting the 

atomic beam to a counter-propagating laser beam as described in earlier 

chapters. Figure 6.3 shows the two possible schemes of cooling. Because 

cesium has two hyperfine ground states separated by 9192 Mhz, two lasers 

should be used to avoid the optical pumping problem, regardless of the 

method used to avoid the Doppler shift problem. The primary cooling is 

done by one laser tuned to the "•> 6^P3//2(F~5) transition. 

This transition is considered to be a good leakage-free two-level system, 

because an excited atom in the 6^P3/2(f~5) state can only decay to the 

6^S^/2(F=̂ ) state according to the selection rule AF-0,+1. The second 

laser, tuned to the 6^Si/2(F°3) _> 62P3/2(F™5) transition, insures that 
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the F=3 ground state is totally depleted, and the atom is continueouly 

excited by either laser. 

As mentioned before, the other problem encountered in cooling an 

atomic beam by a counter-propagating laser beam, is the changing Doppler 

shift. Once the laser is in resonance with atoms at a certain velocity, 

these atoms begin to slow down and clearly walk out of resonance, due 

to their altered velocity. To maintain the resonance condition, either 

the frequency of the atomic absorption has to be adjustedt-^] , or the 

laser frequency has to be re-tuned to the new absorption maximum^O]. in 

the first approach (see figure 6.3a), a single frequency cw dye laser 

combined with a large tapered solenoid, is used to achieve the necessary 

condition of resonance. This is what was previously called "Zeeman-tuned 

technique". The second approach uses a dye laser whose frequency is 

swept over the total Doppler profile of the slowing atomic beam, using 

electro-optic modulators (see fig 6.3b). 

While both of these methods have been shown to work well, each 

one has its own peculiarities and limitations. The second approach is 

anticipated to be easier to operate and cheaper to build in the 

laboratory, especially if inexpensive diode lasers are used. The frequency 

of a diode laser can be smoothly and rapidly varied over many Ghz by 

simply varying the injection current, using simple electronics1. Thus, 

by using an appropriate current ramp, cooling can be achieved̂ ?] Due 

to the nature of this approach, however, cooling is fundamentally a 

pulsed process. The source of atoms must be provided with a shutter 

that opens and closes at a certain rate that is set by the laser scan 
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rate. The purpose of the shutter is to prevent any atom from coming out 

of the source during a cooling cycle when the laser frequency is being 

swept. An atom with a high speed that comes out of the source in the 

middle of the scan period, is not (and will never be) resonant with the 

laser at any time, and consequently will not be cooled. The same thing 

applies to an atom with a low speed. This, naturally puts a limit on 

the atomic beam intensity, because the shutter has to be opened for a 

very short period of time. 

On the other hand, the tuned Zeeman technique provides a continuous 

cooling process. Atoms are always resonant with the laser because it is 

the atomic transition frequency that is changed rather than the laser 

frequency. This variation in the atomic transition frequency is, of 

course done with the help of the tapered magnet. As a result, the atomic 

beam intensity is not reduced, because atoms are continuously flowing 

out of the source. One major drawback of this approach is the huge, power 

consumption, due to the very large magnetic field strength. The other 

crucial disadvantage is that the source of slow atoms reside in a magnetic 

field with a gradient, which may not be desirable for many applications. 

If atoms are to be transported out of the field, one may lose much of 

the high density inherent in this technique. These disadvantages, in 

addition to the advantages of chirped laser cooling, makes the Zeeman-

tuned cooling technique inappropriate for the purpose of building the 

proposed laser. Instead, the chirped laser method will be used. 

The resonance frequency of an atom moving at a velocity v, is 

given by the Doppler formula: 
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"L - "oU " —> 6.3 

where c denotes the speed of light, uQ is the unshifted transition 

frequency and v is the velocity of the atom. Now that the velocity is 

time-dependent, I>L must also be time-dependent. The doppler formula 

must read: 

"L<t> - fo<l " —> 64 

c 

If the time-dependent laser frequency *-s given, then v(t) is given 

by: 

v(t) = c.(l - ^L(t)) 6.5 

"o 

and 

^ = v = -c "L(t) - - L. 6.6 

dt vQ uQ dt 

On the other hand, the atomic velocity change due to the momentum transfer 

by absorbing (and subsequently emitting) photons, as previously derived, 

is given by: 

a ( t ) = £ l _ = - ^ )  6 . 7  

dt MC2r 

provided that the laser intensity is high enough to ensure that the 

atomic transition is well saturated, and assuming a two-level system. 

To determine the frequency dependence v(t) and the velocity dependence 

v(t), one must solve the differential equation that results from 

substituting (6.6) in (6.7): 

= - £_ = . _A_ „L(t) 6.8 
dt u0 dt MC2r 
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or 

- a i/L(t) =0 6.9 
dt 

where a = hi/0/MC^2r. The solution of this first order differential 

equation is: 

i/L(t) - fseat 6.10 

where v s  corresponds to the resonance frequency of the initial velocity 

of the fastest atom in the beam. For the velocity, substituting (6.10) 

in (6.5) yields: 

v(t) = c.(1 - ^ eQt) 6.11 

"o 

In the case of the cesium atomic beam, the numerical value of a 

is approximately 3*10"^ s"^- and the time to stop an atom whose initial 

velocity is 228 m/s is ts — 4*10"^ s. This clearly indicates that the 

exponential behaviour of the frequency sweep is almost entirely determined 

by the linear approximation of the exponential expression. Thus, the laser 

frequency sweep is given by: 

"L = us(l + at) 6.12 

This is shown in figure 6.4. 

Due to the cooling and the corresponding frequency scan, all 

velocities less than the starting velocity will ultimately come into 

resonance with the laser, and join the group of already slowed atoms. 

Assuming a starting velocity of 228 m/s, and a final velocity near zero, 

the sweep constant is di/L/dt = "0-1 Ghz/ms. 
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Figure 6.4 Laser Frequency Sweep 

During this process of longitudinal cooling, the transverse velocity 

of atoms should be considered. As explained before, a broadening of the 

transverse velocity distribution is expected. This is due to the fact 

that randomly emitted photons due to spontaneous emission lead to a 

momentum transfer from longitudinal to transverse momenta (transverse 

heating). The final transverse velocity width is given by the square 

root of the number of absorptions (and subsequent spontaneous emissions) 

times the average momentum transfer per event (the length of a step in 

a random walk experiment): 

5vt - Av(N)1/2 6.13 
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This was previously calculated for cesium to be 0.7 m/s for N = 4*10^ 

and Av — 0.35 cm/s. 

Some atoms will be lost from the atomic beam in the course of 

longitudinal cooling as a result of transverse heating. This is because 

atoms with relatively large transverse velocities will ultimately walk 

out of the beam where they can not be cooled. This effect depends on 

such factors as the initial transverse velocity distribution before 

cooling (or the atomic beam divergence), and the laser beam waist. This 

loss amounts to about 10 % of the beam, as will be shown in the next 

chapter. 

The last factor that must be included in the longitudinal cooling 

process is the gravitational force, mg. This force appears to have no 

significant effect during the early stage of cooling since the atomic 

velocity is very large, but its action appears during the later stages 

of cooling, especially if the cooling time is very large. The number of 

lost atoms due to this force is however too insignificant to affect 

the results. In fact, an atom needs at least 32 ms to walk out of the 

beam under the action of the gravitational force (assuming a 1 cm diameter 

beam), while the cooling process is at most 8 ms. 

Now that most of the factors that could affect the cooling process 

have been included, it is necessary to obtain at least a rough idea 

about the specifications of the process. The first straight forward 

specifications are the cooling time and distance. Considering atoms 

with a maximum speed of 450 m/s, the time for a complete stop is just 

the velocity divided by the recoil velocity (0.35cm/s) times twice the 



excited state lifetime, or tg - 8.23 ms. The stopping distance is equal 

to square the initial velocity divided by twice the maximum deceleration, 

or dg — 2.025 m. However, the final atomic speed required is dictated 

by the last stage of the experiment, where the atoms are going to be 

population-inverted and subsequently start lasing. Obviously, the final 

atomic speed is not required to be zero, because, then, atoms would 

fall vertically, under the effect of gravity, before they could reach 

the laser cavity and pumping them would be virtually impossible. Hence 

the final velocity of atoms should be greater than zero, but small enough 

to say that the emission is approximately Doppler-free.Later in this 

chapter, it will be shown tha the optimal final speed must be 5 m/s or 

less. At this speed, the cooling distance is less than dg by 0.045 m, 

and the cooling time is less than tg by 91.43 /is. This time difference 

is actually the required pulse duration, or the allowed time during 

which the sorce shutter is opened. Therefore, the pulse duration is 

considered to be 91.43 /js, and the scan time is 8.14 ms. The total cycle 

is 8.23 ms. With the atomic intensity being 3*10^- atoms/s, the process 

allows cooling 2.74*10'' atoms every 8.23 ms. This is actually the filling 

rate of the laser cavity. The laser scan rate can be derived to be 0.52 

Ghz/8.14 ms. The power of the cooling laser can also be derived to be 

about five milliwatts, if it is assumed that one photon out of every 

thousand is absorbed by the atomic beam from the laser beam. 
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Transverse Cooling (Second Stage) 

The second stage of transverse cooling is essentially the same as 

the first stage regarding the principle of cooling. The purpose of this 

stage is, again, to compress the transverse velocity distribution, 

especially after the transverse heating that occurred during the previous 

stage of longitudinal cooling. This transverse heating results in a 

spread in the velocity distribution that is calculated to be 1.25 m/s, 

using equation (6.13). This is slightly less than the original spread 

of 1.35 m/s. 

The required laser waist, or the cooling distance, is however 

different from that in the first stage, because the longitudinal velocity 

of atoms is now fixed at 5 m/s. The number of absorption-emissions that 

are required for maximum cooling is about 360. These 360 events require 

a time of 2.3*10"-' seconds, assuming that the laser saturates the atomic 

transition again. The distance that an atom will cover during this time 

is 0.11 mm. This is of course, the minimum laser waist. 

By the end of this stage, there would have been produced a stream 

of atoms moving slowly at a 5 m/s longitudinal velocity, with essentialy 

zero (+0.0035 m/s) transverse velocity. These atoms are found in a 

cylindrical volume whose diameter is 6 mm, and which begin to move into 

the laser cavity, where they will fall freely under the action of gravity. 

The Laser-Cooled Cesium Laser 

When the cooled cesium atoms reach the laser cavity, the intent 

is to optically pump them from the ground state, 6S]y2> to ̂ he t*ie excited 

state 8P]y2 as shown in figure 6.5. Atoms in this excited state, which 
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Figure 6.5 Cesium Partial Energy Level Diagram and its Equivalent 4-
Level Laser 

has a lifetime of 100 ns, will decay to the state which has a 

lifetime of 10 ns, by emitting a photon of 7.14 pm wavelength. This is 

the transition that is going to be used for laser oscillation. 

In ordinary gas lasers, natural broadening is always present for 

any line, but it is usually much less important than other mechanisms 

such as Doppler broadening. In the present case, where atoms are cooled 

to an average velocity of 5 m/s, this natural broadening could become 

more important than the Doppler broadening. For the above transition, 

8P1/2 8S]y2» t*le natural broadening is given byt^] : 
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AFNAT - AA> - — -  -  1.6 Mhz 6.14 
2n 2tttSp 

The Doppler broadening is given by: 

AI/d = 2i/o(2kBTln2/Mc2)1/2 6.15 

Substituting for T in the above expression, from the following relation 

for the most probable velocity, 

vmp = ^kjjT/M)1/2 6.16 

it is found that 

AI/d - 2(v/c)(ln2)1/2 6.17 

For a doppler broadening that is comparable to the natural broadening, 

the most probable velocity of the cesium atoms in the medium must be 

8.3 m/s. If a lower velocity is chosen such as v - 5 m/s, the dominant 

line broadening is basically the natural line broadening. Choosing this 

value of the velocity, allows the atoms to move a distance of 10 to 20 

cm into the laser cavity. 

Atoms entering the laser cavity at a longitudinal velocity of 5 

m/s, and a transverse velocity of 0.0035 m/s, will fall down freely, in 

a projectile trajectory, as shown in figure 6.6. 

Assuming that the maximum diameter of the atomic beam is 6 mm and 

that of the cylindrical laser cavity is 10 mm, then the time that an 

atom spends in the cavity if given by the usual equation of motion: 

gtz + vozt + ZD 6.18 
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Figure 6.6 The Laser Cavity 

An atom at the lower edge of the beam with a transverse velocity of 

-0.0035 m/s spends a time t - 20 ms inside the cavity. This is the minimum 

time an atom can spend in the cavity. The corresponding longitudinal 

distance covered is x — (5m/s)*(20ms) — 10 cm. On the other hand, the 

maximum time that can be spent in the cavity, belongs to an atom at the 

upper edge of the beam with a transverse velocity of +0.0035 m/s. This 

time, given by equation (6.18), is equal to 41 ms. Its corresponding 

distance is 20.5 cm. Therefor, the space where atoms can be found in 

the laser cavity is only the shaded space of figure 6.6. 

The total number of atoms in the shaded volume will stabilize 

after several cooling cycles to about 2.22*10®. The total volume where 

the atoms can be found is approximately equal to 10 cm^. Hence, the 

number density of the atomic medium is 2.22*10^ atoms/cm^. 

Now let us look to the mechanics of lasing in this medium of cooled 

cesium atoms. In fact, the first cesium laser was built in 1962 by 

Rabinowitz^^l. in this early laser, the cesium vapor was maintained at 
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a temperature of 175 °C, and was population-inverted by optically pumping 

it with an intense helium lamp, where the He 3888 A line coincides with 

the third cesium transition line (6S]y2 ®^l/2) • Such helium lamps 

have been constructed in the laboratory^®] with a peak power density 

yield of one watt at A = 3888 A. Continuous laser oscillation was observed 

at A •= 7.18 /im, which corresponds to the 8P]y2 ~^ ̂ 1/2 transition. 

In this work, it is intended to use the same principle as the above 

early laser, except that now the temperature of the medium is 0.2 K, 

and the dominant broadening mechanism is the natural broadening whose 

value is 1.6 Mhz. The threshold condition for lasing is given byt^]: 

2 
Nt = (N2-N1)t = J?!-?—6.19 

c3 tc g(i/) 

where tc is the exponential time decay constant,given by: 

tc = - , 6.20 

c(l - R) 

t is the effective length of the cavity, u is the lasing frequency, c 

is the speed of light and tSp is the spontaneous decay time of the upper 

level. At A - 7.18 /xm, tSp •= 10"^ s, R = 0.98, i = 10 cm and l/g(y) = 

Ai^nat = I*® • t'ie value °f can be calculated to be 1. 6*10^ 

atoms/cm3. This means that only 0.07% of the total population needs to 

be in the upper state continuously. 

Because the laser is a four level laser, with the lower level » 

kT, the minimum expenditure of power that maintains this threshold 

condition is given by: 

pS,4-level ~ Nth«/V/t2 6.21 



92 

where V is the cavity volume, t2 is the lifetime of the upper level and 

v is the lasing frequency. With V being approximately equal to 10 cm^, 

t2 = 10"7s, v - 4.18*1014 Hz and Nt - 1.6*104, the minimum power is = 

10"7 watt; a very small value. 

The axial mode separation is given by: 

Ai/ = c/2L 6.22 

As the mirrors of the optical resonator need not be seperated by more 

than 21 cm, the axial mode seperation is equal to 600 Mhz for L =•= 25 

cm. therefore, one mode oscillation can be achieved easily. 
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CHAPTER VII 

COMPUTER SIMULATION 
OF THE CESIUM LASER 

In this chapter, the basic processes involved in building the 

cesitun laser that was proposed in the previous chapter will be computer-

simulated. Emphasis will be on the simulation of the atomic source, the 

atomic beam and the cooling schemes. The simulation procedure uses a 

modified Monte Carlo method while taking into consideration the 

experimental variables of the system. 

Theoretically, in order to calculate the forces acting on atoms 

in a cooling scheme that utilizes a chirped laser, two main approaches 

were pursued. In the first approach, quantum transport equations (QTE) 

for the center-of-mass distribution function of atoms irradiated by 

resonant laser light, were developed in the last several years. These 

quantum transport equations are Bloch-type equations for the internal 

atomic dynamics, coupled to the atomic center-of-mass motion. Adiabatic 

elimination of the fast internal motion of the atom leads to a Fokker-

Planck equation (FPE) for the center-of-mass distribution function with 

the drift term (the average motion of the atom) containing the radiation 

pressure force and the dipole force, and the diffusion term (momentum 

diffusion) describing the transverse heating effects due to the random 

nature of the of spontaneous emission. With the FPE as derived by 

Cookt^l, Minogint^] and Stenholmf^J, all theoretical tools are 

available, in principle, for a realistic discussion of cooling in a 

Gaussian laser beam. However, no general solutions of this equation 
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have been reported so far in the literature. For a Gaussian laser beam 

this FPE is, at least, a five-variable partial differential equation, 

with two spatial and two velocity coordinates (longitudinal and 

transverse). Further, it contains an explicit time dependence in the 

presence of a sweeping frequency. Direct numerical integration of this 

FPE is a very difficult, if not impossible, process. The only tractable 

solution then, is a computer simulation that essentially starts with 

the FPE and results in calculating the velocity distribution functions 

of the atoms. This simulation was done by Blatt et al.^U. The results 

of their simulation were in very good agreement with experimental data. 

The second method to calculate the forces acting on atoms uses 

the approach that was outlined in chapters II and III. In this approach, 

the atomic equations of motion, derived from semi-classical 

considerations, lead to explicit expressions of the dipole and scattering 

forces. This approach however, could not predict the effect of transverse 

heating, simply because this effect is purely quantum-mechanical. A 

computer simulation of this approach, however, predicts this effect as 

will be shown later in this chapter. 

This Monte-Carlo simulation process is based on a step-by-step 

calculation of the forces including all experimental requirements. Each 

step is regarded as a one photon absorption-emission cycle. As all 

experimental requirements are included, transverse heating effects appear 

as an end product of the simulation, in spite of the fact that it is 

not explicitly included and can not be predicted from the force equations. 

In the following, a brief discussion of the Monte Carlo simulation method 
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as it applies to the cooling experiment will be given, followed by 

computational analyses and results for the laser cooling simulation. 

The Monte Carlo Method 

The application of simulation techniques in theoretical physics 

and engineering serves two main purposes. The first, is circumventing 

the difficulty of providing useful solutions to important non-linear 

equations such as the Fokker-Planck equation and the Boltzman transport 

equation. The second purpose, is to provide deeper insight into the 

physical mechanisms that such equations describe. 

One simulation technique that has proved to be powerful in many 

areas of engineering and physics is the Monte Carlo method. Many 

parameters of physical systems, such as the radiation angle in spontaneous 

emission for example, are governed by probability distributions. 

Therefore, if a mathematically random distribution is used to interrogate 

these probability distributions one can, in principle, generate the 

physical values of these parameters. This is, broadly speaking, the 

Monte Carlo method. 

In general, if P(x) and P(r) are the respective probability 

densities, associated with x in the physical distribution and r in the 

random distribution, then 

x r 
J P(x')dx' - J P(r')dr' 7.1 
0 0 

In a uniform distribution P(r) is equal to one, so that equation (7.1) 

becomes: 



X 
r - / P(x')dx' 
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7.2 

Hence, provided that this integral can be evaluated in a closed form, 

inversion will yield a random value of the physical parameter x in terms 

of the uniformly distributed random number r. 

A simple example of this technique, is the generation of the random 

flight time of a classical particle in a gas for the case when the 

scattering rate, 7, is constant. The probability of this particle 

traveling un-impeded for a time t and then being scattered at the end of 

this flight is given as: 

P(t) = 7e"7t 7.3 

Substituting this for P(x) in (7.2) results in: 

rt„ 
r =0fT(t')dt' 

= /Se"1̂  dt' 

1 - e"7t 7.4 

so that the random flight times are given by: 

t - - (ln(l-r))/7 

= - {ln(r)}/7 7.5 

Note that since r is uniformly distributed, ln(l-r) is equivalent to 

ln(r). This simple example applies to the scattering of atoms in the 

atomic beam with the photons of the cooling laser. 

Another simple example of this technique is the numerical evaluation 

of the value of pi (it), by generating a large number of "pairs of random 
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numbers (x,y)". Considering figure 7.1, if a total number, N^, of random 

pairs is generated, all of them will fall inside the square ABCO. A 

certain number of the pairs, Nc, will fall inside the quarter circle 

ACO. Since the process is random, it is expected 

Figure 7.1 Calculation of Pi Using Monte-Carlo Simulation 

that the ratio of the areas of the quarter circle, Ac, and the square, 

At', to be equal to the ratio of Nc and Nt that is: 

Nc = Ac 

Nt At 

TT(AB)2/4 

(AB)2 
7.5 

So, by generating pairs (x,y), where x and y lie in the interval (0,1), 

then interrogating each pair for the condition (x2+y2) < 1, we can find 

the value of Nc and consequently the value of n 

- 4-Nc/Nt 
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The more random pairs generated, the more accurate the value of it will 

be. A similar approach to this simple example will be used to simulate 

the atomic beam. 

Computational Analysis of Chirped-Laser Cooling 

In spite of the simplicity of the Monte Carlo simulation procedure, 

the computation process is very lengthy and time consuming, because it 

involves a large number of atoms. Besides, any serious simulation must 

take all the experimental variables into consideration. Such variables 

include the following: 

1. The laser field: 

It has been assumed in the previous chapters that the atomic 

transition is very well saturated. This, however, is not necessarily 

true because of the Gaussian spatial profile of the laser beam and the 

intensity variation due to the spatial position of the atoms. The 

simulation procedure must allow for these variations in the laser beam 

configuration and intensity. 

2. The gravitational force: 

Although the gravitational force does not play an important role 

as shown before, any serious calculation must include its effects. 

3. The laser scan scheme: 

Comparing the laser frequency with the atomic transition frequency 

during the scan time must be included, because both of the scattering 

and dipole forces depend on the detuning frequency. 
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4. The statistical nature of emission and absorption: 

Due to the random nature of the absorption and emission processes, 

the position and velocity of an atom are not deterministic in nature, 

giving some variation in their final velocity and position. 

All of the above factors should be taken into account in the 

simulation process in order to obtain reliable results and understand 

the basic physics of the cooling process. 

The force equations derived in chapter II are repeated here for 

convenience. The Scattering force was given by: 

G 

1 + G + 

Fscat = 7 .6 
(0 - kvz)2 

T 

and the dipole force was given as: 

Fp = -ft -£-(0 - kvz) ep 

Po2 ! + G(p) + (° ' 

7 

where G(p) is given by: 

G(p) - i(dE0/h7)2 7.9 
2 

The field of the travelling wave E(p) is given in cylindrical coordinates 

by: 

E(p) - — 7^2 exp(p2/p02) 
Po c 

where pQ is the laser beam waist radius in the focal plane and PD is 

the laser power. 
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These equations can be rewritten in simpler and more familiar 

forms, as given by Ashkinf-^ . The scattering force is now written as: 

^"scat "* "^^Tn ez 7 .10 
1 + s 

and the dipole force as: 

Fdip - -h(n-kvz)_^ 5 er 7.11 
W(j 1 + s 

where now yn is given by: 

7n = — 7.12 
2 T  

The variable s is the saturation parameter, and it is defined to be: 

I(r,z) 1 

Jsat 1 + (2AM)2/7n2 

I(r,z) is the Gaussian laser beam intensity 

I(r,z) = — E2(r) 
47T 

,2 

7.13 

2P° exp(- .—l ) 7.14 
2 2 7TW W' 

where w is given by: 

w2 = wD2 + A2Z2/7T2W02 

Isat t^e atomic transition saturation line 

4ff27nhi/^ 
Lsat 

3c2 
7.15 

is the detuning frequency, and it is defined as the difference between 

the laser and the atomic transition frequencies v Q. 

In the equations above the relation between G and s is given by: 
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Gc 

37 7.16 
1 + [2hw^G(Ai/) ]2 

[3crl]2 

The Monte Carlo Simulation 

The simulation program can be divided into four distinct parts. 

In the beginning, the program randomly generates a set of atoms whose 

spatial density and velocity distribution conforms with the usual 

Maxwellian atomic beam. After this, each atom is treated separately 

during the cooling processes (the two stages of transverse cooling and 

the stage of longitudinal cooling). In each of those stages, the atom 

is treated in the following manner: First the initial conditions just 

before the first absorption of a photon are determined. These initial 

conditions include the atom's velocity and position, the atomic transition 

frequency and the laser frequency. The atom then absorbs a photon and 

changes its velocity according to the k vector at that position. The 

lifetime of the excited state is then randomly calculated, taking into 

account the influence of the saturation parameters. After this time, 

the new position and velocity of the atom are calculated taking into 

account the dipole and gravitational forces. The photon then spontaneously 

emits a photon and goes back to the ground state. The emission angle is 

also generated randomly. The program then calculates the time of flight 

before the next absorption takes place. This time is also generated 

randomly taking into consideration the constant scattering rate. After 

this time, the new position and velocity are calculated again including 
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the effect of the dipole and gravitational forces. Before the next 

absorption takes place, it is verified that the atom has not walked out 

of the beam and that the end of the sweep time is not reached. Then the 

atom absorbs a photon and the whole process is repeated. Having reached 

the end of the sweep time or the atomic beam limits, the cooling process 

is finished and the next atom is cooled. The result of each complete 

cooling process is the end-position and the end-velocity of all atoms. 

The flow chart of the program is given in figure 7.2. The input 

parameters are the laser beam properties (such as the minimum waist, 

minimum waist location and laser power), the sweep scheme (scan rate 

and scan time) and the atomic beam properties ( such as the source 

temperature and the beam divergence). 

Computer Results 

At the begining of the simulation process, the program randomly 

generates a set of atoms with a velocity distribution that resembles a 

Maxwellian atomic beam with a most probable velocity of 228 m/s 

corresponding to a beam temperature of 400 degrees Kelvin. According to 

this distribution, the velocities are randomly distributed up to a maximum 

velocity of 450 m/s. This is a somewhat arbitrary choice, but atoms 

with higher velocities can be included. In this work, however, velocities 

higher than 450 m/s are not considered. 

The program section that does the actual simulation of the atomic 

beam is is listed in Appendix A. This program has the ability of 

generating Maxwellian atomic beams of any element and at any desired 
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temperature and beam divergence. These parameters are actually the input 

data of the program. The program output is a set of atoms, each with 

definite longitudinal and transverse velocities. The resulting initial 

velocity distribution for cesium atoms at 400 °K is given in figures 

7.3a,b. In this figure,a sample of 10000 atoms is generated, with a 

cutoff velocity of 450 m/s. A relatively small number of atoms is left 

out by this choice. 

These atoms ,are passed through the three stages of cooling. 

Simulation of the cooling process is done for each atom seperately. In 

the two stages of transverse laser cooling, only the transverse velocity 

is affected. The longitudinal velocity remain nearly the same because 

the interaction time is very small. The end transverse velocity 

distribution is centered at zero with a width of 0.003 m/s. The program 

that simulates this process is listed in Appendix B. 

The main process of cooling occurs in the longitudinal direction. 

The simulation program is listed in Appendix C. Again, each atom is 

cooled separately. The program allows for changing the experimental 

parameters of the system such as the laser power, the waist configuration, 

the location of the minimum waist, and the frequency scan rate and scan 

time. From the results of many comuter runs, it was found that locating 

the minimum waist at the beginning of the cooling distance results in a 

great improvement in the cooling process as less atoms walk out of the 

beam. This is due to the fact that the absorption angle is not zero as 

shown in figure 7.4. This results in a small restoring force that is 

always directed towards the beam axis. This force, although very small, 
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k vector 

Figure 7.4 Laser Beam Waist 

seems to effectively balance the gravitational force when the atom is 

below the beam axis, and generally reduce the effects of transverse 

heating. Changing the frequency scan rate can also aid in making the 

dipole force more effective. This can be done at the beginning of the 

simulation. A scan rate of 6.34*10^ Hz/sec results in an instantaneous 

laser frequency that is slightly lower than the atomic transition 

frequency. This also results in a dipole force that is always directed 

toward the beam axis. The frequency scan time can also be changed in 

order to achieve the desired final velocity. A scan time of 8.08 ms was 

used to achieve a final velocity of about 5 m/s. Figure 7.5 shows the 

final longitudinal velocity distribution when the above values of scan 

rate and time are used and when the laser power is one mWatt. The laser 
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beam is assumed to have a minimum beam waist of 3 mm that is located at 

the begining of the cooling distance. Figure 7.6 shows the same 

distribution with the dipole force excluded. Here the laser beam intensity 

is considered to be fixed across the beam waist and the Gaussian beam 

profile is not accounted for. The transverse heating effect still shows 

in both cases. This is shown in figure 7.7. A slight shift to the negative 

velocity side is noticed in this distribution. This is essentially due 

to gravity. 
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CHAPTER VIII 

CONCLUSION 

The manipulation of atomic beams by using the radiation pressure 

force of a resonant laser seems to have many useful applications. The 

special application discussed in this work seems to be, at least 

theoretically, feasible. Cooling of atomic beams to any desired final 

velocity has been experimentally demonstrated in the laboratory by many 

investigators as pointed earlier. The remaining part of our experiment, 

which is the creation of population inversion and sustaining laser 

oscillation in the cooled atomic medium, is at least theoretically 

possible as shown in the last two chapters. In the following, the 

limitations of the Monte Carlo simulation method will be considered and 

other applications of laser cooling will be discussed. 

Open Questions On The Simulation Process 

Although the results of the Monte Carlo simulation prove the 

computational power of the method and allow the design and optimization 

of an atomic beam device, there are still open questions. 

Further investigation of the transverse heating process and 

possibilities to further reduce the transverse velocity width are 

necessary. In all the calculations of the last chapter, the spontaneous 

emission was assumed to be isotropic. This is not necessarily true in 

real experiments, because of the possibility of induced emission. This 

implies that the Monte Carlo calculations of the last chapter give an 

upper limit for the transverse broadening. 
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The influence of the continuously flowing atomic beam on the 

longitudinal spatial distribution was not considered in the Monte Carlo 

computations and hence, atom-atom collisions are excluded. Another factor, 

that was also excluded, is the possibilty of inelastic collisions between 

an atom and a photon. 

Although the effect of gravity is included in all the calculations, 

it would be interesting to change the direction of motion of the atomic 

beam from the assumed horizontal direction (a vertical upward motion 

for example), and see the change in the gravity effects. Another 

limitation of the simulation is that the atomic motion was considered 

to be two dimensional. A better approach should consider the actual 

three-dimensional nature of the problem. 

All calculations were based on the assumption that cesium is a 

pure two-state atom and consequently, one laser frequency was used. 

This, of course, is not true, but if optical pumping has to be included, 

the computations become too extensive. 

Although the simulation program allows for changing many of the 

laser beam parameters, optimization of such parameters was not attempted. 

Optimum values for the laser power and laser beam configuration can be 

obtained. 

Other Applications 

There are many possible applications for laser cooling other than 

the one discussed in this work. All such applications are focused on 

the manipulation of atomic and ionic beams rather than ensembles of 
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thermal atoms. Laser cooling may find important applications in the 

following areas: 

1. Spectroscopy: 

Optical spectroscopy is limited in its resolution by the Doppler 

effects. A modest reduction in the atomic velocity spread by laser cooling 

would probably eliminate this effect. 

2. Collision experiments: 

Many collision experiments require velocity selection of the 

collision partners. Laser deceleration or acceleration of atoms can 

provide such selection without the loss of atomic intensity. 

3. Electromagnetic traps: 

One of the most exciting possible applications of slow or stopped 

atoms is to confine them in an electromagnetic trap. Some specific 

proposals for such traps of neutral atoms are more than 20 years old, 

but no successful trap has been demonstrated until laser cooling was 

achieved in the laboratory. Among the types of traps proposed are 

magnetostatic, radiative, electrostatic, and hybrid magnetostatic-

radiative traps. 

4. Beam deflection and isotope separation: 

Atomic beam deflection and the seperation of cold atoms from the 

hot (fast) atoms has already been demonstrated. This application uses a 

transverse laser beam of a special geometry. Beam deflection can also 

be used in isotope separation. 
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5. Frequency and time standards: 

This was the first pursued application of laser cooling as evidenced 

by the extensive work done at the NBS. The great interest in cold atoms 

for optical and microwave frequency standards, again, comes from the 

elimination of the Doppler effects. 

6. Atomic beam focusing: 

This application has already been discussed in the course of this 

work. There is, however, another possible method to focus an atomic 

beam. This method utilizes the dipole force of a laser beam that has a 

doughnut profile (TEMQI*) and whose frequency is tuned above the atomic 

transition frequency. 
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APPENDIX A 

ATOMIC BEAM SIMULATION PROGRAM 

This appendix contains a listing of the program that simulates an 

atomic beam. The program is written in Fortran 77 and run on the RVAX 

of University of Arizona computer center. It allows the user to enter 

any temperature and any kind of atoms. 

C - SIMULATION OF THE ATOMIC BEAM 

REAL RAND,FX,B,FY,SLOPE,R1,R2,R3,R4,KPU 
REAL KB,TEMP,MAS,XH,XM,AL,VMP,VMPSQ,A 
INTEGER N,I,J,MAX 
PARAMETER (KB-1.381E-23, MAS-133, XH-2.5) 
PARAMETER (MAX-100 ,KPU=1.6E-27) 
REAL VL(MAX), VT(MAX) 

C - INPUT THE OVEN'S PARAMETERS 

WRITE(6,*) 'ENTER THE TEMPERATURE : ' 
READ(5,*) TEMP 
VMP— SQRT(2.0*KB*TEMP/(MAS*KPU)) 
VMP S Q=VMP*VMP 
A=4.0/(VMP*SQRT(3.14)) 

WRITE(6,*) 'THE MOST PROBABLE VELOCITY -',VMP 
WRITE(6,*) 'ENTER THE MAX. VELOCITY IN THE BEAM -' 
READ(5,*) VMAX 
XM-VMAX/VMP 

WRITE(6,*) 'ENTER THE DIVERGENCE ANGLE =' 
READ(5,*) AL 
SLOPE-TAN(AL*1.OE-3/2.0) 
WRITE(6,*) 'ENTER THE RANDOM NUMBER SEED' 
READ(5,*) I 
B-RAN(I) 
N=0 

C - OPEN FILES FOR OUTPUT 

OPEN (UNIT-15 , FILE-'INDATA.DAT' ,FORM-'FORMATTED', 
*ACCESS='SEQUENTIAL',STATUS-'NEW') 
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C - START THE SIMULATION 

DO 100 WHILE(N .LT. 100) 

C - GENERATE A LONGITUDINAL SPEED BETWEEN 0 AND 4*THE 
C MOST PROBABLE VELOCITY 
C - REJECT IT IF IT IS > THE REQUIRED MAX. SPEED 

R1=XH*RAN(I) 
IF (R1 .GT. XM) THEN 
GO TO 100 

ENDIF 
FX= A*R1**2*EXP(-Rl**2) 

C - REJECT IT IF IT DOES NOT CONFORM WITH THE MAXWELL 
C BOLTZMAN DISTRIBUTION. 

R2=RAN(I) 
IF (R2 .GT. FX) THEN 
GOTO 100 

ENDIF 

C - ELSE, IT IS ACCEPTED 

N-N+l 

C - NOW GENERATE THE TRANSVERSE SPEED ACCORDING TO 
C THE VALUE OF THE BEAM DIVERGENCE. 

VL(N)=R1*VMP 
FY= SLOPE*VL(N) 
R3= FY*RAN(I) 
R4-RAN(I) 
IF (R4 .LT. 0.5) THEN 

VT(N)=-R3 
ELSE 

VT(N)=R3 
ENDIF 

C OUTPUT THE VELOCITY 

50 
WRITE (UNIT-=15,FMT—50) VL(N),VT(N) 
FORMAT(E15.7,E15.7) 
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C - SIMULATE THE NEXT ATOM 

100 END DO 

C - END SIMULATION 

ENDFILE(UNIT=15) 
CLOSE(UNIT-15) 

STOP 
END 
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APPENDIX B 

TRANSVERSE COOLING SIMULATION 

This appndix contains a listing of the program that simulates 

transverse cooling of an atomic beam. The program is written in Fortran 

77 and run on the RVAX of the University of Arizona Computer Center. 

C - Transverse Cooling Simulation 

real t.tt.x.xl.y.yt.dv.dvl.dvt 
real vt,vl,ar 
integer n,k,i,j 
parameter(t=3.Oe-8) 
k=0 

write(6,*)'enter the seed' 
read(5,*) i 
ar=ran(i) 

C - Open files for input and output 

open(UNIT=10 , FILE='INDATA.DAT',FORM='FORMATTED', 
*ACCESS='SEQUENTIAL',status-'old') 

open(unit=15 ,file='compresl.dat',FORM='FORMATTED', 
*ACCESS='SEQUENTIAL',status='new') 

C - Start the simulation procedure 
C - Read the input data 

do 500 while( .true. ) 
read(unit=10,FMT=25, end=600) vl,vt 

25 FORMAT(E15.7,E15.7) 

n=0 
x=0. 

y-o. 
tt=0. 

do 400 while(x .It. 8.5e-3 .and. abs(y) .lt.3.0e-3) 
dv=3.5e-3 



c 

c 

- Atoms can only absorb photons from the counter 
propagating laser beam 

if (vt .It. 0.0) then 
dv=-dv 
go to 300 

else 
go to 300 

endif 

C - Evaluate the atomic parameters after absorption 

300 xl=vl*t 
yt=vt*t 
x=x+xl 
y=y+yt 
tt=tt+t 

vt=vt-dv 

xl=vl*t 
yt=vt*t 
x=x+xl 
y=y+yt 
tt=tt+t 

n=n+l 
ar=360.0*ran(i) 
dvl=dv*cosd(ar) 
dvt=dv*s in(ar) 
vl=vl+dvl 
vt=vt+dvt 

400 end do 
k=k+l 

C - ouput the atomic data 

write(UNIT=15, FMT=450) x,y,vl,vt 
450 FORMAT(E15.7,E15.7,E15.7,E15.7) 

500 end do 

C - End simulation 

600 endfile(unit=15) 
close(unit-10) 
close(unit-15) 

stop 
END 
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APPENDIX C 

LONGITUDINAL COOLING PROGRAM 

This appendix contains a listing of the program that simulates 

the longitudinal cooling process. It is written in Fortran 77 and run 

on the RVAX of The University of Arizona Computer Center. 

C SIMULATION OF THE COOLING PROCESS 

REAL KB,MAS,H,C,G,LT,LO,ALPHA,GAMA,PO,WO,XWO,ST 
REAL T,TT,W,X,Y,VX,VY,VXLOS,VYLOS,ZR,DV,ABAN,EMAN 
REAL P,DNU,IN,ISAT,ACC,FDIP,ADIP,NUL,NUA,NUO,NUM 
INTEGER I,K,N 
PARAMETER ( MAS=2.20855E-25, H=6.626E-34) 
PARAMETER ( C-3.0E8, G-9.81, LT=3.2E-8) 
PARAMETER ( NU0=3.521126761E14, ALPHA=1.8133E-4) 
PARAMETER (GAMA=1.5625E7,DV=3.5E-3) 
NUM-NU0*(1.0-450.0/C) 

C - THE INPUT PARAMETERS ARE THE LASER POWER, 
C WAIST,WAIST LOCATION,SCAN TIME AND SCAN RATE. 

WRITE(6,*) 'ENTER THE LASER POWER (mW)' 
READ(5,*) PO 

PO-PO*l,OE-3 
WRITE(6,*) 'ENTER THE LASER WAIST (mm)' 
READ(5,*) WO 

WO-WO*l.OE-3 
WRITE(6,*) 'INPUT THE LOCATION OF THE WAIST FROM THE 
*START (cm)' READ(5,*) XWO 

XW0=XW0*1.OE-2 
WRITE(6,*) 'INPUT THE SCAN TIME (ms)' 
READ(5,*) ST 

ST=ST*1.0E-3 
WRITE(6,*) 'ENTER THE SEED FOR THE RANDOM NUMBER' 
READ(5,*) I 
K - 0 
N - 0 

C 
C 

- OPEN FILES FOR INPUT AND OUTPUT. 
- READ THE VELOCITY AND LOCATION OF EACH ATOM AT 
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C THE BEGINNING OF THE SCAN PERIOD. 

OPEN(UNIT—10, FILE-'STEP1.DAT', FORM-'FORMATTED', 
*ACCESS='SEQUENTIAL', STATUS-*'OLD') 

OPEN(UNIT=20, FILE='ST2IN.DAT', FORM-'FORMATTED', 
*ACCESS-'SEQUENTIAL', STATUS-'NEW') 

OPEN(UNIT-15, FILE-'ST20UT.DAT', FORM-'FORMATTED', 
*ACCESS='SEQUENTIAL', STATUS-'NEW') 

C - START THE SIMULATION OF THE FIRST ATOM 

DO 1000 WHILE(.TRUE.) 
READ(UNIT-10, FMT-25, END=1100) VX,VY 

25 FORMAT(2E15.7) 
NUA-NUO*(1.0-VX/C) 
T=(NUA/NUM-1.0)/ALPHA 

C - CALCULATE THE INITIAL CONDITIONS BEFORE THE FIRST 
C ABSORPTION 

X = VX*T 
Y = VY*T - (G/2.0)*T**2 
VY = VY - G*T 
TT - T 
W - WO 
NUL = NUM*(1.0+ALPHA*T) 
ZR = 3.14*WO**2*NUL/C 

C - START THE ABSORPTION EMISSION CYCLE 

DO 900 WHILE( TT.LT.ST .AND. ABS(Y).LT.W ) 

C - CALCULATE THE ABSORPTION ANGLE 
C - FIRST CALCULATE THE RADIUS OF CURVATURE OF THE 
C WAVE FRONT 

R - ABS((X-XWO)+ZR*ZR/(X-XWO)) 
ABAN - ASIN(Y/R) 

C - CALCULATE THE NEW VELOCITY 

VX - VX - DV*COS(ABAN) 
VY - VY - DV*SIN(ABAN) 

C - NOW THE ATOM WILL WALK UNDER THE ACTION OF THE 
C GRAVITATIONAL AND DIPOLE FORCES FOR A PERIOD OF 
C TIKE EQUAL TO THE LIFETIME 
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C - CALCULATE THE DIPOLE FORCE FIRST 

TT - TT + LT 
NUL - NUM*(1.0+ALPHA*TT) 
NUA - NU0*(1.0-VX/C) 
DNU - NUL-NUA 
ZR - 3.14*WO**2*NUL/C 
W2 ~WO**2+((X-XWO)/ZR)**2 
IN ~ 2.0*PO*EXP(-2.0*Y**2/W2)/(3.14*W2) 
ISAT - ((NUA/C)**2)*(1.362417E-25*NUA) 
P - IN/(ISAT*(1.0+(2.0*DNU/GAMA)**2)) 
FDIP = -(Y/W2)*H*DNU*P/(1.0+P) 
ADIP - FDIP/MAS 

C - CALCULATE THE CONDITIONS JUST BEFORE EMISSION 

ACC •= G+ADIP 
X = X + VX*LT 
Y - Y - (ACC)*LT**2/2.0 + VY*LT 
VY - VY - (ACC)*LT 

C - CALCULATE THE EMISSION ANGLE 
C - CALCULATE THE VELOCITY AFTER EMISSION 

EMAN - 360.0*RAN(I) 
VX - VX + DV*COSD(EMAN) 
VY - VY + DV*SIND(EMAN) 

C - NOW THE ATOM WILL WALK UNDER THE ACTION OF THE 
C GRAVITATIONAL AND DIPOLE FORCES FOR A PERIOD OF 
C TIME EQUAL TO THE LIFETIME 
C - CALCULATE THE DIPOLE FORCE AGAIN 

TT = TT+LT 
NUL = NUM*(1.0+ALPHA*TT) 
NUA - NU0*(1.0-VX/C) 
DNU - NUL-NUA 
ZR - 3.14*WO**2*NUL/C 
W2 - WO**2+((X-XWO)/ZR)**2 
IN - (2.0*PO*EXP(-2.0*Y**2/W2))/(3.14*W2) 
ISAT - ((NUA/C)**2)*(1.362417E-25*NUA) 
P - IN/(ISAT*(1.0+(2.0*DNU/GAMA)**2)) 
FDIP - -(Y/W2)*H*DNU*P/(1.0+P) 
ADIP - FDIP/MAS 

C - CALCULATE THE CONDITIONS JUST BEFORE THE NEXT 
C ABSORPTION 

ACC - G+ADIP 
X - X + VX*LT 



Y - Y - ACC*LT**2/2.0 
VY — VY - ACC*LT 

C CALCULATE THE LIMITS AFTER THE ABS-EMIS CYCLE 

W - SQRT(W2) 

C 
C 

END OF THE CYCLE; REPEAT IF BOTH CONDITIONS 
ARE MET 

900 END DO 

C PRINT OUTPUT 

IF ( ABS(Y) .LT. W) THEN 
N = N + 1 
WRITE( UNIT=20, FMT=950 ) X, Y, VX, VY 

ELSE 
K - K + 1 
WRITE( UNIT=15, FMT=950 ) X, Y, VX, VY 

END IF 
950 FORMAT( 4E15.7) 

WRITE(6,*) N,K 

C - REPEAT FOR THE NEXT ATOM 

1000 END DO 

C - END SIMULATION; CLOSE FILES 

1100 CLOSE(UNIT=10) 
ENDFILE(UNIT*=15) 
ENDFILE(UNIT=20) 
CLOSE(UNIT=15) 
CLOSE(UNIT=20) 

STOP 
END 
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