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Summary 

Lithography of iron nanostructures basedon laser focussing of a well collimated supersonic 
iron beam is a promising technique to produce ultra-small magnetic structures. In order 
to laser cool and focus the Fe atoms, light with a wavelength of 372 nm and a power of 
approximately 500 m W is needed. There are no commercial lasers that can fulfill these 
conditions. The solution is frequency doubling or second harmonie generation of a com
mercial laser. A lithium Triborate (LBO) nonlinear crystal is used to frequency double a 
commercial available Ti:S laser, which produces light at 744 nm with a maximum output 
power of 2 W. Because of the low power conversions in such nonlinear crystals, the LBO 
crystal is placed inside a ring cavity. 

The UV output power is a quadratic function of the power coupled into the cavity. The 
measured relation is P2w = (2.20 ± 0.05) x w-4 P;, which gives a maximum UV power of 
approximately 920 m W with 2 W coupled into the cavity. 

The cavity is locked to the frequency of the Ti:S laser using the Pound-Drever-Hall 
technique. 

In order to loek the UV light to the 5 D4 ~ 5 F5 atomie transition of Fe, polarization 
spectroscopy with a hollow Fe cathode discharge cell is used. From the doppler broadened 
absorption of the UV light by the atoms in the discharge cell, we can estimate the temper
ature and density of the Fe atoms in the discharge cell. The temperature of the Fe atoms 
is 673 ± 6 K and the density is 4.5 ± 0.2 x 1013 atoms per m3 . 

Polarization spectroscopy is successfully performed. The dispersion signal has a width 
of approximately 40 MHz peak to peak. With this dispersion signal the laser can be locked 
to the 5 D4 ~ 

5 F5 atomie transition of Fe with a stability of approximately 2 MHz. 
Doppler cooling simulations of the collimation of the Fe beam are performed. A diver

gence of approximately 0.1 mrad is necessary to perform the laser focussing experiment 
in order to obtain small nano-structures. The number of photons scattered should not be 
above approximately 250 because the 5 D4 ~ 

5 F5 transition is not closed, but has a total 
"leakage" probability of 1/243. The condusion of the simulations is that these conditions 
can only be fulfilled for red-detunings of the UV light equal to or lower than the natural 
linewidth r and fora saturation parameter around 1 or smaller. 
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Chapter 1 

Introduetion 

1.1 The atom lithography experiment 

The increasing miniaturization of magnetic structures has introduced several fascinating 
and technologically relevant physical effects. Information starage industries are exploiting 
these new phenomena to sustain the ongoing increase in starage capacity of magnetic 

Atomie 
beam 

Figure 1.1: Individual atoms are travelling through a standing light wave. They are focussed 
to the regions with lowest intensity. 

1 
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Figure 1.2: Schematic overview of the experimental setup for atom lithography. A su
personic beam of iron is focused with a standing light wave after collimation and beam 
masking. 

media, which has doubled every eighteen months during the last decade. The starage 
density of commercial devices has now reached 10 Gbit per square inch, which corresponds 
to a magnetic bit spacing of about 250 nm. Soon, magnetic bits of a few nanometers will 
be available. 

A thorough understanding of magnetic nanostructures is crucial in reaching the ultimate 
fundamental limits in magnetic memory technology. Magnetic bits of the future will be 
fabricated with nanoscale control of spacing and size. Lithography of iron nanostructures 
based on laser focussing of a supersonic beam of iron atoms provides a promising avenue 
into the development of such well controlled ultra-small ferromagnetic nanostructures. 

The fundamental principles of laser focussing are illustrated in Fig. 1.1. A well col
limated beam of atoms is forced to travel through an intense standing light wave. The 
standing wave contains regions were the intensity of the light changes rapidly over small 
distances. These large intensity gradients lead to farces on the individual atoms. The 
properties of the light can be chosen such that the atoms are attracted towards regions of 
low light intensity. This is analogous to the optical effect whereby light in a gradient index 
lens is deflected towards regions of the lens with a high refraction index. 

The nocles of the standing light wave act as microlenses. Atoms entering the nocles are 
focussed on a focal plane a certain distance beyond the standing light wave. A substrate 
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Figure 1.3: Calculations of the structure profile. The advantage of the supersonic iron 
souree and the beam mask is clear. 

may be placed in the focal plane and the increased atomie deposition rate at the focal 
spots results in the growth of a structure with the periodicity of the standing light wave. 
One dimensional (line grid) or zero dimensional (dot grid) structures can be made, using 
a lD or 2D standing light wave. 

However, reaching 10 nm structures or smaller requires some problems to be tackled: 
• The growth of a background layer between the structures. This background is formed 

because only atoms in regions close to the nocles of the standing light wave are focussed 
accurately. This effect can be compared with the spherical abberation of opticallenses. A 
rather simple solution, illustrated in Fig. 1.2, is the use of a mask that blocks the atoms 
that are not passing the light wave close to the nodes. 

• The collimation of the atoms in the atomie beam. For laser focussing of atoms, the 
incident atomie beam should have highly parallel trajectories. An atomie beam coming 
from a thermal souree is intrinsically uncollimated. In order to provide collimation of the 
iron beam toa divergence of about 10-4 rad without too much lossin beam intensity, laser 
cool techniques (see Fig. 1.2) should be used. 

• To achieve the best deposition results, the atomie beam should also be monochro
matic, i.e. all the atoms should have the some longitudinal velocity. The simplest way to 
achieve this is by using a supersonic souree [3]. 

The advantages of using a supersonic souree and beam masking are illustrated in Fig. 
1.3. Both techniques have not been used so far in experiments on laser focussing of an 
atomie beam [9, 10]. 

1.2 This thesis 

The scope of the present work is the development of a frequency stabilized laser system 
which can be applied to collimate the supersonic Fe beam through laser cooling. The laser 
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system is shown in Fig. 1.4. 

Hollew cathode 
744 nm 372 nm discharge gas cell 

~------~ ~------~ 

SHG f , Detector Ti:S 

Figure 1.4: Schematic illustration of the total laser setup. A Ti:S laser is generating light 
with a wavelength of 744 nm. This light is frequency doubled by a LBO crystal. Only 
a small part of the light is coupled into a hollow cathode. The error signal generated by 
polarization spectroscopy is applied to the Ti:S laser control box, which adjusts the frequency 
of the laser. 

Laser cooling of Fe atoms has never before been investigated. The only transition of 
Fe that can be used for laser cooling is the 5 D4 ---+ 5 F5 transition, with which we have to 
use light with a wavelength of 372 nm. Unfortunately this transition is not completely 
closed, i.e. the upper level does not decay exclusively to the 5 D4 ---+ 5 F5 lower level. The 
total "leakage" probability is 1/243, which means that the number of spontaneous emission 
cycles should be kept low. For example, after 200 cycles of absorption and spontaneous 
emission, the fraction of atoms that is still in the proper ground state is (242/243)200 . 

Which is approximately 44 percent. Only Fe atoms in the proper ground state can be used 
for the deposition of nanostructures. 

Lasers with a wavelength around 372 nm and with sufficient laser power (up to 500 
mW) are commercially not available. To obtain the good wavelength, a Ti:S laser which 
operates at 7 44 nm is frequency doubled by a nonlinear crystal. This technique is called 
second harmonie generation and is described in chapter 2. 

The laser should be tuned to a precise frequency close to the 5 D4 ---+ 5 F5 transition of 
Fe. Locking a laser to an atomie transition is usually achieved by saturation spectroscopy 
in a gas cell filled with the appropriate atomie vapor. However, iron has a very low vapor 
pressure up to extremely high temperature, making a simple heated cell impractical. The 
solution can be found intheuse of a hollow cathode discharge cell [11]. A noble gas is used 
to start a discharge, in which enough iron atoms are sputtered from the iron hollow cathode 
to perform the spectroscopy. Results are given in chapter 3. Polarization spectroscopy will 
be used, which has never been performed with a hollow cathode of iron. An errorsignalis 
produced that drives the Ti:S laser to the Fe atom resonance frequency. Chapter 4 gives a 
description of polarization spectroscopy. 

Once the laser is locked, the Fe atoms can be collimated. A detailed description of 
beam collimation is given in chapter 5. 



Chapter 2 

Second Harmonie Generation 

This chapter will give an overview of the laser system that will be used to collimate and 
focus iron atoms. The wavelength of the light used to collimate and focus iron atoms is 
about 372 nm. There is no commercial laser available that can produce light at 372 nm 
with enough power. However, the frequency of an available laser can be doubled to match 
the frequency of the iron transition. This is called second harmonie generation [8]. A 
nonlinear crystal, in our case Lithium Triborate (LBO), is used. We will use this technique 
to double the frequency of a Ti:S solid state laser lasing at 744 nm to produce UV light at 
372 nm. To obtain high enough output power the LBO crystal is placed in a ring cavity. 

First the principle of second harmonie generation is explained, foliowed by an overview 
of the laser setup. The chapter ends with a discussion of the stability conditions of the 
ring cavity. 

2.1 Principle 

2 .1.1 N onlinear polarization 

The principle of second harmonie generation by a medium can be explained classically, 
starting with the equation of the Lorentz oscillator of a bound electron in an external 
electric field E ( t) 

d2x e 
dt2 + w6x = m E(t), (2.1) 

with x the distance of the electron from the nucleus, w0 the natural oscillation frequency 
of the bound electron, -e the charge of an electron and m the mass of an electron. 

Of course, in reality, the electron will not follow this equation of motion exactly. To 
descri he this problem, non linear, higher order terms should he introduced in the Lorentz 
oscillator. Neglecting third order and higher terms, which is valid for small electric fields, 
we obtain 

d
2
x 2 2 e ( ) ( ) dt2 + w0 x + ax = mE t . 2.2 

5 
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For an initial AC electric field written as 

Ew(t) = ~(éw(z)e-i(wt-kwz) +e.c.), (2.3) 

where kw=n(w)wjc, with n the refractive index, z the propagation direction of the light 
and c the speed of light in vacuum, the solution of this equation is 

x(t) = Xo + ~[xwe-iwt + x:eiwt] + ~[x2we-2iwt + x;.,e2iwt] + ... , (2.4) 
2 2 

where 
a e/m 2 2 Xo=--

2 
2( 2 2) léw(z)l, 

w0 w0 - w 
(2.5) 

e/m ( ) ikwz Xw = 2 2
éw Ze , 

w0 -w 
(2.6) 

a 1 e / m 2 2 2ik z 
x2w = --2 2 4 2 ( 2 2) éw(z)e w . w0 - w w0 - w 

(2.7) 

Thus the solution contains a DC component Xo and AC component with frequencies wand 
2w. Higher order frequencies are neglected. This is true for small electric fields because the 
amplitudes will he proportional with higherpowersof the amplitude of the electric field. 

Assuming, for simplicity, that all atoms or molecules of the medium have only one 
active electron, the polarization density of the medium P, defined as the dipole moment 
per unit volume, is given by 

P = Nex, (2.8) 

where N is the number of molecules per unit volume. Using Eq. (2.4), the polarization 
densi ty becomes 

where 

and 

P(z, t) = pJNL) + ~[Pw(L)e-i(wt-kwz) +e.c.]+ ~[PtL)e-2i(wt-kwz) +e.c.], (2.9) 

PJNL) = Nexo = toX2(0)é~, 

Pw(L) = Nexw = toXI(w)éw, 

(2.10) 

(2.11) 

PtL) = Nex2w = toX2(2w)é~, (2.12) 

Here, (L) and (NL) stand for linear and nonlinear, respectively. x1 and x2 are the linear 
and nonlinear susceptibility respectively. They are given by 

Ne2 

XI(w)= ( 2 2)' (2.13) 
t 0m w0 - w 

and, 

(2.14) 
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The terms with the superscript (NL) obviously vanish if a=O. 
The electric field generated by the induced dipale can be obtained by solving the fol

lowing wave equation 

(2.15) 

The second harmonie term in the polarization P will induce an electric field with a frequency 
2w, or twice the initial frequency. The second harmonie electric field is written as 

E2w = ~[ê2w(z)e-i(2wt-k2wZ) +e.c.]. 
2 

(2.16) 

To obtain an expression of the second harmonie field amplitude, we substitute this equation 
into Eq. (2.15), and neglecting second order spatial derivatives of ê2w(z), with 

(2.17) 

and writing Eq. (2.12) as 
n(NL) -d 2 ( ) r2w = êw z' (2.18) 

with 
- Nae3 

d = - -~-::------::-:--:--:::------=c-::-
2m2(w5- 4w2 )(w5- w2)2' 

(2.19) 

we obtain the following equation [6] 

dê2w _ . fffo -d 2 ( ) it:.kz 
d 

- ~w êw ze , 
Z t2w 

(2.20) 

with 
!).k = 2kw- k2w = 2w~[n(w)- n(2w)], (2.21) 

the difference in wavenumber of the incident light with frequency wand the generated light 
with frequency 2w, where n(w) = J1 + x1(w) and éw = c0 [1 + x1 (w)]. 

The salution of Eq.(2.20) gives the second harmonie field amplitude. In order to solve 
it, we need to know the amplitude of the fundamental wave êw(z). However, when z is 
small, the attenuation of the fundamental wave can be ignored, so 

(2.22) 

In this case we can integrate Eq. (2.20) easily: 

(2.23) 

With some further calculations we get 

i~k (eit:.kz- 1) = zeit:.kz/2sinc(~!).kz). (2.24) 
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And the final result for the second harmonie wave amplitude is then 

(2.25) 

This is a very important result. It gives us the second harmonie wave amplitude as a 
function of the fundamental wave amplitude. Some interesting features of this result are 
discussed in the next paragraph. 

2.1.2 Second harmonie generation 

The effect of second harmonie generation occurs when a nonlinear crystal is placed in an 
e.m.-field. Suppose the crystal is of length L. Then the amplitude of the second harmonie 
wave at the exit face of the crystal is given by Eq. (2.25). With z = L we obtain, taking 
the square of the electric field 

(2.26) 

It is more useful to write this equation in termsof intensity, which is defined in vacuum as 

(2.27) 

Including the effect of the refractive index into this definition, we get 

(2.28) 

(2.29) 

From Eq. (2.26), it follows that 

(2.30) 

or, 

(2.31) 

From this equation we have the power conversion efficiency esHG for second harmonie 
generation 

2-2 
_ l2w(L) _ (/lo)3; 2 w d ( ) 2( . (! ) 2 

esHG- 1 ( ) - 2 2 ( ) ( ) lw 0 L smc 2b.kL ) . 
w 0 to n w n 2w 

(2.32) 
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If the conditions are such that n(w) = n(2w), then !::l.k = 0 from Eq. (2.21) and therefore 

1 
lim (sinc(-!::l.kL))2 = lim (sinc(x))2 = 1. 

Cl.k-tO 2 X-tÜ 

(2.33) 

With n = n(w) = n(2w), the power conversion efficiency hecomes 

2-2 
= 2(Mo)3/2w d I (O)L2 esna 3 w , 

Eo n 
(2.34) 

with n = n(w) = n(2w). For LBO, dis approximately 1.2 x10-12 m/V, or 1.06 x10-23 in 
MKS units, which are used in the previous equations. The power conversion is then, fora 
crystal of 1 cm and wi th n ~ 1. 6 

esna = 1.88 X 10-12 lw(O) (2.35) 

The transverse dimension of the laser heam at the entrance face of the crystal is ahout 
40 f-tm. Fora pump power of ahout 100 W, we have a power conversion factor esna of 
0.0375, when !::l.k = 0. Power depletion of the pump wave as aresult of second harmonie 
generation is neglected. 

To derive a relation for powers instead of intensities, the focussing of the Gaussian 
laser heam should he taken into account. A large heam waist in the crystal means a lower 
power conversion, hecause of the lower intensity. For certain angle ()Pof the incoming heam 
with the optical axis of the crystal, the condition !::l.k = 0 is fulfilled and thus is the input 
power optimal converted. This is called phase matching and will he explained in the next 
paragraph. However, focussing the Gaussian heam too tight will curve its wavefront too 
much, which means that we cannot define a single ()P for the total width of the Gaussian 
heam, making the effective focal region, for which the Gaussian heam is phase matched, 
very short. Optimum focussing is achieved when the Rayleigh length of the focal region 
hecomes the limiting interaction length rather than the crystal length. The relation for 
optimal UV power outputfora Gaussian heam is (in SI units) [8] 

(2.36) 

with .\2 the wavelength of the second harmonie heam. 

2.1.3 Phase matching 

The fundamental and second harmonie wave are phase-matched if n(w)=n(2w). When this 
condition is fulfilled, the second harmonie generation has the highest efficiency. This can 
he seen in the following way. The efficiency is dependent of the factor 

(sine( ~!::l.kL) )2
, 

2 
(2.37) 
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which has a maximal value of 1 when !::l.k = 0, thus when n(w)=n(2w). 
Th ere are various ways to phase-match the fundamental and second harmonie wave. 

A common methad uses the birefringence of uniaxial nonlinear crystals. This methad 
is called angle phase matching. In a birefringent material the refractive index depends 
on the direction of the polarization of the light wave in the materiaL However, there 
is a propagation direction of the light for which the refractive index is independent of 
the direction of polarization, called the optical axis. Only waves with two directions of 
polarization: the ordinary waves, which have a plane-polarization perpendicular to the 
plane formed by the optical axis and the direction of propagation and the extraordinary 
waves, which are plane-polarized parallel to this plane can propagate in such a material. 
The birefringent crystal has different refractive indices for ordinary and extraordinary 
waves, denoted respectively as no and ne. The latter depends upon the propagation angle 
0 of the extraordinary wave, relative to the optical axis. The following relation between 
both refracti ve indices exists 

1 cos2 0 sin2 0 
( 0) 2 = ~( ) + ~( ) ' ne w, no w ne w 

(2.38) 

with ne(w)=ne(w,0=7r/2). Consicier a uniaxial crystal for which ne(w)> no(w). Such a 
crystal is called positive uniaxial (A negative uniaxial crystal is one for which ne(w)< 
no(w)). We can phase-match the fundamental and second harmonie waves by letting the 
pump (fundamental) wave of frequency w be a extraordinary wave propagating at an angle 
Op with respect to the optical axis, while the second harmonie wave of frequency 2w is an 
ordinary wave propagating in the same direction. Both waves are phase-matched when Op 
is chosen such that 

(2.39) 

or, 
1 1 cos2 Op sin2 Op 

n~(2w) ne(w, Op) 2 n~(w) + n;(w) · 
(2.40) 

When we solve this equation for sin20P, we get 

. 2 O no(w)-2
- no(2w)-2 

Sin = _..;.__; ___ ~_:.._-
P no(w)-2 - ne(w)-2 • 

(2.41) 

Assuming the crystal is normally dispersive, in other words that no(2w)>no(w), and there
fore no(w)-2-no(2w)-2 >0. We see that ne(w)>no(w) is necessary in order to satisfy 
sin2 0P >0, and furthermore 

(2.42) 

or 
(2.43) 

is necessary for sin20P <1. This methad of phase matching can he used in a positive 
uniaxial crystal when Eq. (2.43) is satisfied. In order to phase-match the pump and 
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second harmonie wave for a negative uniaxial crystal, the angle between the two waves has 
to satisfy 

(2.44) 

with the extra condition that 
(2.45) 

There exists other methods of phase matching, but the angle method is the most 
common. Under phase-matched conditions very high fundamental to second harmonie 
conversion efficiencies can be obtained. In such case power depletion of the pump wave, as 
a result of second harmonie generation should be taken into account. 

2.1.4 Intracavity second harmonie generation 

From Eq. (2.34), we know that the power conversion factor depends on the pump intensity. 
So, we have to find a way to make a intens continuous pump beam. A cw laser cannot 
produce the power necessary to have highly efficient second harmonie generation. This is 
the reason that nonlinear crystals are often placed inside the cavity of a cw laser. In our 
case, the nonlinear crystal is placed in an external ring cavity, which is built by the Atomie 
Physics and Laser group at the VU in Amsterdam. 

2.2 Setup of the laser system 

Fig. 2.1 gives a schematic presentation of the setup that will be used in the atom lithog
raphy experiment. An Ar-ion laser with a maximal power output of about 25 W pumps 
a Titanium:Sapphire (Ti:S) laser with a maximal output of about 2 W. The Ti:S laser is 
tuned at 744 nm. The light from the Ti:S laser is coupled into a ring cavity (the SHG 
cavity), which consistsof 4 mirrors, placed as shown in Fig. 2.1. In this figure the reileetion 
coefficients of the 4 mirrors for the fundamental wavelength are given. The mirrors are 
transparent for UV light, thus the UV light will leave the cavity through mirror M4. The 
lengthof the folded cavity is 61.5 cm. 

The free speetral range is gi ven by 

c 
FSR= nd' (2.46) 

where cis the speed of light and nd the optical path length, with n the refractive index of 
the medium in the cavity and d the length of the cavity. We obtain 

FSR ~ 488MHz. 

The finesse of the cavity can be calculated from 

F= 27r 
TFWHM' 

(2.47) 

(2.48) 
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Figure 2.1: Schematic overview of the setup. An Ar ion laser pumps a Ti:S laser, which 
generates light at a wavelength of 744 nm. An LBO crystal, placed between the two upper 
mirrors of a ring cavity doubles the frequency of the Ti:S laser to a wavelength of 372 nm. 

where TFwHM is the FWHM ofthe transmission peak in rad (See App. A). With TFwHM = 
0.0134 we obtain 

F ~ 469. (2.49) 

The Lithium Triborate crystal (LBO), used for second harmonie generation is placed 
in the middle between mirror M3 and mirror M4. To avoid that water condenses on the 
crystal, it is heated to about 30 oe. A small 0 2 flow avoids the diffusion of oxygen atoms 
out of the crystal, which leaves defects in the structure of the crystal. 

2.3 Stability of the cavity 

When working with Gaussian laser beams, there are some demands on the beam waist and 
mirror distances a cavity has to fulfil in order to be stable. Fora stabie salution of a cavity, 
the complex radius of curvature of a Gaussian beam has to remain unchanged after one 
full round trip of the beam. 

The complex radius of curvature of a Gaussian beam is defined as [5] 

1 1 0 À 
- = -+~--, 
q R 1fW2 

(2.50) 

where Ris the radius of curvature of the wavefront and w is the transverse dimension of 
the Gaussian laser beam. 



GRAPTER 2. SECOND HARMONIC GENERATION 13 

It is convenient to describe the propagation of the light through the cavity using stan
dard 2 x 2 propagation matrices. The transmission through the crystal can be described 
as 

(2.51) 

with n the refractive index of the selected medium and L the length of the crystal. Here, the 
fi.rst an last matrix represent the refraction of the light at the entrance and exit faces, while 
the middle matrix represents the propagation through the crystal. Matrix multiplication 
yields 

MLBO = (~ n:~;oL) 
This amounts to an effective simple propagation over a length 

Sirree 

d nair L 
LBO=-- · 

nLBO 

(2.52) 

(2.53) 

nair ~ 0.66, (2.54) 
nLBO 

the path length is smaller than the reallength of the crystal. So with the crystal in place, 
mirrors 3 and 4 should be placed further apart, a result which is counter intuitive when 
thinking in terms of the optical path length through the crystal! 

Including the propagation from mirror to mirror and the focusing action of the curved 
mirrors, the full matrix representing a round trip through the cavity, starting halfway 
between mirrors 1 and 2, becomes 

M = (1 d1) ( \ 0) (1 d2) ( \ 0) (1 d1) ' 0 1 -- 1 0 1 -- 1 0 1 R R 
(2.55) 

with dl the path lengthof the light from halfway mirror Ml and M2 to mirror 3 and 
d2 = D2- 0.33LLBO the effective path length between mirrors M3 an M4 when the crystal 
is in place. D2 is the distance between mirrors M3 and M4. Calculating M yields 

M = (A B) = J_ (R2 - 4d1 R - 2d2R + 4d1 d2 2d1 R2 - 24d~ R - 4d1 d2R + 4d2d~ + d2R2) 
C D R2 -4R- 4d2 R - 4dlR- 2d2R + 4d1d2 . 

(2.56) 
For a stabie salution the complex radius of curvature has to remain unchanged after 

one cycle. Using the transformation of the complex radius of curvature expressed in the 
matrix elements of the optical propagation matrix, this condition can be written 

Aq(zn-d + B 
q(zn) = C ( ) D = q(zn-1)· 

Q Zn-1 + 
(2.57) 

The salution is, if C #- 0 

( ) 
(A-D)± y'(A- D) 2 + 4BC 

q Zn = 20 . (2.58) 
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Using det (M) =AD- BC = 1 and provided B =J 0 this can he written as 

1 D- A . /4- (A+ D)2 _ 1 . À 

q(zn) = ( 2B ) ± ~y 4B2 = R(zn) + ~ 1rw(zn)2 · (2.59) 

The extra condition that w(zn) is finite implies that 

4- (A+ D)2 > 0, (2.60) 

or, 

(2.61) 

With R=7.5 cm and d1 = 26.5 cm we can determine the interval of d2 in which the cavity 
is stable. The expression in Eq. (2.61) is plotted in Fig. 2.2. From Fig. 2.2 we see that the 
cavity is stabie when the effective path length between mirror M3 and M4 is set between 
75 mm and 87.5 mm, which we have verified experimentally. 

0.074 0.076 0.078 0.080 0.082 0.084 0.086 0.088 

Pathlength (m) 

Figure 2.2: The stability function of the cavity as function of the effective path length 
between mirror M3 and M4. The cavity is stable, when this function is positive. 

The transverse dimension w(zn) of the laser beam at the starting position between 
mirror M1 and M2 is given by Eq. (2.59) 

- /)\ 1 1/4 
w(zn) - y ;( 4-(A+D)2) ' 

4B2 

(2.62) 
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(2.63) 

Figure 2.3: Transverse dimension of the laser beam at the starting position as function of 
the effective path length between mirror 3 and 4. 

Efficient operation of the doubler requires a waist of the cavity mode at the crystal 
position, in the middle between mirrors M3 and M4. For symmetry reasons, this implies 
a second waist at the starting position in the middle between mirrors M1 and M2. From 
Fig. 2.3 we see that fora path length of 85 mm between mirror M3 and M4, the waist 
between mirror M1 and M2 should he about 0.16 mm to have a stable solution of the 
cavity. The 30 cm lens was set at the position corresponding from calculations to match 
the incoming laser beam to this beam waist. To check this, the beam profile has also been 
measured by scanning a 20 Jlm pinhole through the beam. The signal is detected with a 
photodiode. The measured beam profile at the waist position is given in Fig. 2.4. The 
waist is 0.153 ± 0.002 mm, which is close to the calculated value. 
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Figure 2.4: Measured beamprofile at the beamwaist and the Gaussian fit of the profile. The 
waist is 0.153 ± 0.002 mm. 

2.4 Experiment al results 

In Fig. 2.5 ,the second harmonie power is plottedas function of the power that is coupled 
into the cavity. From Eq. 2.30 we know that this relation should be quadratic. The 
measured values fit rather well toa quadratic function. The fit gives the following equation 
(in mW) 

P2w = (2.20 ± 0.05) x w-4P;. (2.64) 

Calculating the sameparameter from Eq. 2.36, with nLso ~ 1.6, we obtain (in W) 

p2w = 3.75 x w-4P6w, (2.65) 

Pcw is the circulating power inside the cavity, which is equal to C x Pw with C = 90, which 
is about half the measured finesse. (see App. A). The second harmonie power as function 
of the power coupled into the cavity is thus (in m W) 

(2.66) 

The difference can be explained by the fact that the calculated value is an value for a 
Gaussian beam with an optimal focallength. However, the measured efficiency is sufficient 
for the collimation and focusing of the supersonic Fe beam. The Ti:S laser has a maximal 
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Figure 2. 5: Plot of the second harmonie power as function of the power coupled into the 
cavity. This relation is quadratic. 

output power of about 2W at 744 nm, which gives a UV power of approximately 920 
mW. With this high input power, power depletion of the pump beam becomes really an 
important factor. 

By scanning the length of the cavity, the finesse of the cavity can also be measured. 
The position of the second mirror is changed slightly by a piëzo. The cavity spectrum can 
be monitored by using a photodiode and an oscilloscope. An example of such a spectrum 
is given in Fig. 2.6. 

The timet between two consecutive transmission peaks is 5.30 ± 0.01 ms. The FWHM 
of a transmission peak TFwHM is 30 ±1J.ts, which is limited by the bandwidth of the 
photodiode. The finesse of the cavity is given by 

t 
F= = 177± 6. 

TFWHM 
(2.67) 

The measured finesse is much lower than the calculated finesse for two reasons. The 
measured finesse is limited by the bandwidth of the photodiode. The calculated finesse is 
an upper limit, because absorption by the crystal and mirrors is neglected. 
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Figure 2. 6: Oscilloscope image of the cavity spectrum. The cavity length is scanned by 
altering the position of the second mirror by a piëzo. 

2.5 Pound-Drever-Hall locking 

The Pound-Drever-Hall technique [1] is used to loek the SHG cavity to the frequency of 
the Ti:S laser. The loek electranies are, tagether with the cavity, developed at the VU in 
Amsterdam. The goal is rather simple: a signal is required that adjusts the lengthof the 
cavity so that the cavity stays resonant with the frequency of the Ti:S laser. A comrnon 
technique to obtain this signal is the Pound-Drever-Hall scheme, which will be described 
in the following subsections. 

2.5.1 Modulation of the light 

The fi.rst thing to do is modulate the phase of the light entering the cavity. This is done 
by an electro-optical modulator. An EOM consists of a crystal with a refractive index n. 
When an electric potential is applied over the crystal, the refractive index of the crystal 
will change by an amount on proportional to the applied voltage. The total phase delay 
6.~ in the crystal is 

ó.r.p = kL, (2.68) 
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with k the waverrumher and L the lengthof the EOM. With n = cfv, with v = wfk the 
velocity of the light in the EOM, we get 

/:).r.p = kL = wL = (n + ón)wL. 
V C 

When we apply a sinusoidal potential on the crystal, we get 

/:).r.p = (n + Ç sin(wmt) )wL, 
c 

with Ç < < 1, and Wm the frequency of the oscillations on the crystal. 

(2.69) 

(2. 70) 

We denote the electric field entering the EOM by E1 (t). The electric field emerging 
from the EOM is then described by E2(t)=1/2(Ë2 (t)+c.c.), with 

E2(t) = Eoexp[i(wt + jJsinwmt)], (2.71) 

with Wm the modulation frequency (in our case 21rx 20 MHz) and /3 = Çwfc. We can 
rewrite Eq. (2.71) as 

n=+oo 

E2(t) = Eo L Jn(/3) exp[i(w + nwm)t], (2. 72) 
n=-oo 

with Jn Besselfunctions of the first kind. In the limit that /3 < < 1, Eq. (2. 71) simplifies to 

using J _1 (/3) = - J1 (/3). The electric field now consists of two small sidebands (see Fig. 
2. 7) with the original laser field in the center. 

2.5.2 The error signal 

The reflection of the laser beam at the first cavity mirror is measured with a fast photodi
ode. The reflection coefficient depends on properties of both the beam and the cavity. For 
a symmetrie cavity with no losses, it is 

r(é"- 1) 
R= 2 .<P' 1- re~ 

(2.74) 

with r the amplitude reflection coefficient of each mirror. In our case we have mirrors 
with different amplitude reflection coefficients, but this doesn't change the principle. cp 
represents the phase the light picks up in one round trip inside the cavity, which is 

"" _ wLc _ w _ 21r Lc 
'~-'- -;;- - F SR - -.\-, (2.75) 
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Figure 2.1: Measured sidebands at ±20 MHz of the originallaser frequency. The amplitude 
of the sidebands is approximately 0. 025 times the amplitude of the transmission of the 
originallaser frequency. 

with Lc the optical path length of the cavity. We see that the reflection coefficient vanishes 
when the round trip optical path is an integer number of wavelengths. The reflected electric 
field is then 

Èref = Eo{ -F(w- Wm)JI(f3) exp[i(w- Wm)t] 
+F(w) exp(iwt) + F(w + wm)JI ({3) exp[i(w + Wm)t]}. 

(2.76) 

What we actually measure with the photodiode is the power of the reflected beam, Pref "' 
IEreJI 2. If P0 is the total power in the laser beam, the power in the carrier beam is 

Pc= J5(f3)Po, 

and the power in each of the sidebands is 

Ps = Jf({3)Po. 

(2. 77) 

(2.78) 

The full expression for the reflected power,however, contains a number of cross terms 

Pref = PciF(w)l 2 + Ps[IF(w + Wm)l 2 + IF(w- Wm)l 2
] 

+2~[Re[F(w)F*(w + Wm)- F*(w)F(w- Wm)] coswmt 
+lm[F(w)F*(w + wm)- F*(w)F(w- wm)] sinwmt] 
+ ( 2wm terms) 

(2.79) 
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Figure 2.8: The Pound-Drever-Hall error signal, with wmf27r=20 MHz and FSR=488 MHz. 

In this expression, terms oscillating at optical frequencies, which are integrated to zero by 
the detector, have been omitted. 

When we mix the detector output with the output of the oscillator driving the EOM, 
we can pull out the term proportional to sin wmt, so we obtain an error signal 

ê = 2-/P:PsF(w)F*(w + Wm)- F*(w)F(w- wm)· (2.80) 

In Fig. 2.8 this error signal is shown for our cavity, with 20 Mhz sidebands and a FSR of 
488 MHz. The amplitude reileetion coefficient is .y'"R, with R=0.99 the reileetion coefficient 
of the fi.rst cavity mirror. 

2.5.3 Measurements 

The measured error signal is shown in Fig. 2.9. The length of the cavity is scanned by 
changing the position of M2 using a piëzo. 

To obtain an UV output without large iluctuations, the cavity loek has to remain 
stable. Fig. 2.10 shows the AC transmission of the cavity, as well as the correction signal, 
which represents the iluctuations about the cavity resonance frequency. It iluctuates with 
a frequency of approximately 10 kHz, which seems to he a consequence of the interference 
of the Ti:S electranies and cavity locking electronics. The iniluence of those iluctuations 
are also present in the transmission signal of the cavity, which shows an average power drop 
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Figure 2.9: The measured error signal. 

of approximately 10 percent (see Fig. 2.11). Because of the quadratic relation between the 
power of the pump beam and the UV beam, this means that the UV power fl.uctuations 
are approximately 20 percent. 

2.6 Conclusions 

A Lithium Triborate crystal (LBO) is used to frequency double the Ti:S laser. It is placed 
in a ring cavity to optimize the UV output power. 

The ring cavity is stable for an effective path length of 75 and 87.5 mm between the 
cavity mirrors M3 and M4. The mirrors are set at 85 mm, which corresponds toa bearn 
waist of 0.16 mrn for a stable solution located in the middle between mirrors M1 and 
M2. The measured beam waist at this location is 0.153 ± 0.002 mm, which is close to the 
calculated value. 

The calculated finesse of the cavity is 469, in which absorption of the cavity mirrors has 
been neglected. The measured finesse of the cavity is 177 ± 6. However, the real finesse is 
likely to be higher since it is limited by the bandwidth of the measuring photodiode. 

The SHG power is a quadratic function of the power coupled into the cavity:P2w = 

(2.20 ± 0.05) x 10-4 P;. 
The cavity loek is functioning properly, however, 10 kHz fl.uctuations are present in 
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the SHG power. This is probably due to electronic interference between the loek box of 
the Ti:S laser and the loek electranies of the cavity. The average of the fluctuations is 
approximately 20 percent. 
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Figure 2.10: The locked cavity AC transmission signal and the correction signal. 
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Chapter 3 

Hollow Catbode Discharge 

3.1 Introduetion 

A hollow cathode discharge is used to loek the laser system on the 5 D4 ~ 5 F5 transition 
of the Fe atom. It consists (see Fig. 3.1) of a Fe cathode which is 30 mm long and has 
a diameter of 5 mm. At both ends of the hollow cathode two rings are applied as anode 
to maintain a uniform discharge in the cathode. A potential difference of 300 V is applied 
between the anodes and the cathode. The cathode current depends on the noble gas used 
to form the plasma. A continuous flow of a noble gas is applied through the gas cell at 
a constant pressure of about 2 x 10-1 mbar to keep the cell clean. The cathode is water 
cooled to avoid heating of components and vacuum leaks. Initially Ar was used to form 
the discharge. When a plasma is formed, the Ar ions will sputter Fe atoms and ions from 
the cathode. The Fe ions will be accelerated back towards the cathode where they in turn 
will sputter more Fe atoms. 

Noble 
gas 

+ 300 V (DC) 

Pump 
~ 

+ 300 V (DC) 

Figure 3.1: Schematic overview of the hollow cathode discharge cell. At bath sides of the 
cathode a potential of approximately 300 V is applied to the anodes. There is a continuous 
flow of noble gas through the cell. The cathode is caoled with water. 

26 
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3.2 Measurements of the discharge spectrum 

The laser system will he locked on the spectrum of the hollow cathode discharge (more 
precisely on the 5 D 4 ~ 5 F5 atomie transition of the Fe atom around 372 nm) by polarization 
spectroscopy, which will he explained in the next chapter. Thus, there should he enough 
Fe atoms in the discharge. In Fig. 3.2 a schematic overview of the setup used for the 
measurements of the excitation spectrum of Fe is given. The light from the hollow catbode 
is focused by a lens on the entrance slit of a monochromator. With a stepper motor the 
grating of the monochromator is rotated and thus the wavelength of the light that passes 
through the monochromator can he adjusted. A single step of the motor corresponds to 
0.05 nm. The intensity of the light that passes the monochromator is measured by a 
photomulti plier. 

~ollow Cat~oae m~~~ar~e 
D Lens 

0 
Photo-

,.....----....., 
multiplier 

Monochromator D 

PC 

Figure 3.2: Schematic overoiew of the setup used to perfarm the measurements of the 
discharge spectrum. Light from the discharge is focused on the entrance slit of a monochro
mator. The spectrum is measured with a photomultiplier. 

Initially Ar is introduced into the hollow cathode. The obtained spectrum is given in 
Fig. 3.3, when a cathode current of 80 mA and a Ar cathode pressure of 2 x w-1 mbar 
are applied. Special care has to he taken to prevent small leaks in the vacuum system. 
Small contaminations of molecules with lower ionization voltages, such as N2, will cause 
the discharge to effectively run on the contaminations only. This is illustrated in Fig. 3.4, 
where the cathode current is reduced to 10 mA. This reduces the Ar and Fe peaks, leaving 
mostly N2 in the spectrum. 

A second problem is that Ar itself has rather strong lines around 372 nm, so it is difficult 
to separate the Ar lines from the Fe lines in the measured spectrum (see Fig. 3.3). Using 
He is in that case a more suitable option. For comparison, the lines of Ar, He and Fe are 
tabulated in table 3.1. 
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Element Wavelength in air (nm) Relative intensity 
Ar 371.82 35 
Ar 372.93 70 
He 370.50 3 
He 373.29 1 
Fe 370.56 1200 
Fe 371.99 8000 
Fe 372.26 1500 

Table 3.1: The strongest atomie lines of Ar, He and Fe around 372 nm. Relative intensities 
of different atoms cannot be compared. 

Fig. 3.5 shows a spectrum of the discharge with He as a buffer gas. The cathode current 
is set at 80 mA and the He pressure is 2 x 10-1 mbar. This figure shows a comparison 
between the measured Fe lines and Fe lines found in data sources. Most of the lines cannot 
be resolved in the measurement because of the limited resolution of the monochromator, 
which is approximately 0.3 nm. Still, the predominanee of Fe lines is clear from this 
figure. Actually, the efficiency of using He as a discharge carrier gas is surprising, as He 
should sputter Fe less efficiently because of its low mass. Perhaps the "avalanche effect" 
of sputtering Fe atoms with sputtered Fe ions offers an explanation. The 5 D4 ---+ 5 F5 line 
of Fe, used for laser cooling and focusing the Fe atoms, has a wavelength of 371.993 nm in 
air. 



GRAPTER 3. HOLLOW CATRODE DISCHARGE 

12000 

10000 

en 8000 -c:: 
::I 
0 
() 

6000 

4000 

2000 

0 

? 

364 366 368 370 372 374 376 378 380 382 

Wavelength (nm) 

29 

Figure 3.3: Hollow cathode discharge spectrum. The carrier gas is Ar. Due to a vacuum 
leak, N2 is introduced into the gas cell. {Icath= 80 mA, PAr= 2x 10-1 mbar} 
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Figure 3.4: Hollow cathode discharge spectrum. The discharge is running completely on 
N2 , noother peaks are visible. (Icath= 10 mA, PAr= 2xl0-1 mbar) 
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Figure 3. 5: H ollow cathode discharge spectrum. The carner gas is He. Th ere are no 
vacuum leaks. (Icath= 80 mA, PHe= 2xl0-1 mbar) 



Chapter 4 

Laser-Catbode Locking 

In this chapter, the technique for locking the laser to the Fe transition is discussed. The 
technique that will he used is called polarization spectroscopy. The advantage of polar
ization spectroscopy over other spectroscopie techniques, such as absorptive saturation 
spectroscopy, is that in general it has a higher sensitivity. 

4.1 Polarization spectroscopy 

4.1.1 Principle 

A linear polarized weak probe beam with frequency w passes through a sample cell tilled 
with atoms. The laser is tuned on an atomie transition, with frequency w0 in the sample 
(see Fig. 4.1). In the opposite direction, a strong circular pump beam with the same 
frequency passes also through the sample. After passing through the sample the probe 
beam is analyzed with a polarizer and a detector. The polarizer is nearly crossed with the 
polarization of the pro he. At a crossing angle ( 1r /2-0 with () << 1), only the component 
Er=E0sin0 ~ E0 () can pass through the polarizer and reaches the detector. 

Due to the circular pump beam the magnetic sub-levels of the atoms in the sample 
are non-uniformly distributed, which is equivalent to an anisotropic distribution of the 
orientation of the angular momenturn vector J. The sample becomes birefringent for the 
linear pro he beam and its plane of polarization becomes slightly rotated. Only atoms which 
are resonant with the pump beam show this anisotropic orientation. Taking the Doppier 
effect into account, these atoms have a velocity component 

(wo-w) 
Vz = k ' (4.1) 

with a toleranee in the velocity given by the natural linewidth r of the atomie transition: 
l:l.vz = t As the probe beams runs opposite, it interacts with a different velocity group 
than the pump beam, given by 

(wo-w) 
Vz =- k ' (4.2) 

32 



CHAPTER 4. LASER-CATRODE LOCKING 
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Figure 4.1: Basic setup of polarization spectroscopy. A linear probe beam and a circular 
pump beam pases through the sample in opposite directions. The probe beam is analyzed 
with a crossed polarizer and a detector. 

with the same tolerance. Only if the laser frequency w is tuned to the atomie transition w0 

a group of atoms will interact with both beams and the plane of polarization of the probe 
beam will be rotated. 

4.1.2 Quantitative discussion 

Assume a probe wave which is linearly polarized in the x-z plane 

__. __. i(wt-kz) --+ 
E = Eoe , Eo = (Eox, 0, 0). (4.3) 

This wave can alternatively be described as the sum of lefthanded and righthanded circular 
components, E0 and Et respectively. Due to the birefringent sample, both components 
feel different absorption coefficients, a- and a+, and different refractive indices, n- and 
n+. With the complex refractive index n given by 

k - k .a n = n- ~-
2' (4.4) 

we get, aftera pathlength L through the pumped region of the sample 

(4.5) 

and 
E- _ E- i[wt-k- L+i("'- )L] 

- oe 2 ' (4.6) 

with Et and Et given by 

Et= ~(Eox + iEoy), (4.7) 
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and 
1 

E(J = 2,Eox- iEoy· 

Due to the difference ó.n = n+- n- a phase difference 

and due to ó.a =a+ -a- an amplitude difference 

ó.E = ( Eo )[e-<a: )L- e-<a; )LJ 
2 

34 

(4.8) 

(4.9) 

(4.10) 

has developed. When both components are again superimposed at z = L, an elliptically po
larized wave results, with the major axis slightly rotated from the x-axis. The y-component 
of this wave is 

E = -i(Eo)ei[k+-k-+i(a+2a-)]L+ibei(wt+cp) 
y 2 ' (4.11) 

where the term ib ( with b << 1) takes into account the possible birefringence of the windows 
of the sample cell. In all practical cases the differences ó.n and ó.a are very small, so 
(a+- a-)L « 1 and (k+- k-)L « 1. The fi.rst exponential factorcanthen be expanded. 
lf the transmission axis of the polarizer is close to the y-axis (() <<1), we obtain for the 
transmitted amplitude 

b wL (a+- a-) .( ) 
Er= Eo[B +- + (-)(n+- n-) +i L]e~ wt+cp . 

2 2c 4 

We can rewrite ó.a as a Lorentz profile 

ó.a = Ó.ao 
1 +x2 

(4.12) 

(4.13) 

with x = 2(w0-w)/f and ó.a0 the difference at resonance. Using the Kramers-Kronig 
relationships [4], we can write the difference in refractive index ó.n as 

c x 
ó.n = ó.ao-

1 2 Wo +x 
(4.14) 

The intensity transmitted by the polarizer is 

Ir= ErE;,. (4.15) 

With a residual transmission J0Ç of the polarizer for perpendicular polarization, with Ç «1, 
due to imperfections we obtain 

2 b2 1 x b x 1 2 1 
Ir= Io[Ç + () + 4- 2()ó.aoL1 + x2 + 4ó.aoL1 + x2 + 4(ó.aoL) 1 + x2]. (4.16) 

By neglecting the birefringence b of the sample windows we keep three important terms: 
a constant background Ç+B2

, a dispersive term !Bó.aoL 1_;x2 and a Lorentz term i (~~ox~)2 • 
Because ó.a0 L « 1 we can choose, by adjusting (), either the dispersive term or the Lorentz 
term to be dominant. 
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4.1.3 Sensitivity 

In order to derive an error signal from the detector useful for locking the laser, only the 
dispersive term in Eq. ( 4.16) is relevant. The maximum swing of this term, 8 Ir=Ir(x=+ 1 )
Ir(x=-1) is equal to 

Ia 
oir= 2()/:::.aoL. ( 4.17) 

Using some quanturn mechanics we can write, when !pump<< lsaturation, D.ao as 

A + -~ OC*( /pump ) uao = a - a wo = a 
1 

, 
saturation 

(4.18) 

with a0 the unsaturated absorption coefficient, lsaturation the saturation intensity at w0 

and C* is an average over Clebsch-Gordan coefficients, which takes the degeneracy of the 
magnetic sub-states into account. 

The noise is dominated by the fluctuations in the intensity of the background signal 
rather than shot noise. This means for Ir, that the noise in the transmitted signal is 
proportional to (Ç+02

). So the signal to noise ratio becomes, with a a constant factor, 

S Oao L( Ipmnr ) 
_ == Isaturation C* 
N a(Ç + 82 ) ' 

(4.19) 

which has a maximal value for d(1{) =0, thus 

S ao L( Iru=r ) 
(-) = lsaturation C* 
N max a~ , (4.20) 

for (J2=Ç. We can campare this to the corresponding expression for absorptive saturation 
spectroscopy 

( 
S ) _ OL fpump C* 

sat- a . 
N J saturation 

(4.21) 

Thus with polarization spectroscopy we gain a factor ~' which is typically 100. 

4.1.4 Our setup 

The setup we use is somewhat different from the simple setup described in the previous 
paragraph. A scheme of the setup is drawn in Fig. 4.2. A circular polarized pump beam 
and a linear polarized probe beam pass through the hollow cathode in opposite directions. 
The probe beam is analyzed by a polarizing beam splitter cube rotated under 45 degrees 
with the polarization of the probe beam. The two beams coming from the beam splitter are 
measured with two photodiodes. The photodiode signals are subtracted and the resulting 
signal is analyzed by a lock-in amplifier. The reference signal comes from an optical 
chopper, which chops the pump beam with a frequency of 1 kHz. 
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Probe 

\ Cathode 

Chopper 

Pump 

Figure 4.2: Scheme of the polarization spectroscopy setup. A linear probe and a circular 
pump are passing through the hollow cathode in opposite directions. The probe beam is 
analyzed with a polarizing beam splitter under an angle of 4SO. The two signals of the 
beams emerging from this beam splitter are subtracted and analyzed by a lock-in amplifier. 

The lock-in input signal is given by 

l:::iir = IrPDl - IrPv2 = Ir( 45°) - Ir( -45°), (4.22) 

with 

(
0 [ 1 J2 x 1 21 Ir 45) = Io Ç + -

2
- -

4 
l:::iaoL

1 2 + -
4

(/:::iaoL) 2 ], 
+x 1+x 

(4.23) 

and 
0 1 V2 x 1 2 1 

Ir(-45) = I0 [Ç + -
2 

+ -
4 

l:::iaoL
1 2 + -

4
(/:::iaoL) 2]. 

+x 1+x 
(4.24) 

For the input signal we thus have 

J2 x 
l:::iir = I0 -l:::iaoL 

2 2 1+x 
(4.25) 

Thus only the dispersive signal remains, which is used to loek the laser frequency to the 
5 D 4 ~ 5 F5 atomie transition of Fe. The maximum swing of the signalis given by 

(4.26) 

As no DC component is present, the signal to noise ratio is not limited by the fluctuations 
in the intensity of background signals, but is limited by shot noise and various external 
noise sources. A loek -in amplifier is used to reduce the effect of external noise in the error 
signal. 
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4.2 Spectroscopie experiments 

Befare the polarization spectroscopy experiment can be performed, the laser should be 
tuned near the 5 D4 --+ 5 F5 transition. This can be clone by looking at the absorption of the 
laser light by the Fe atoms in the hollow cathode. We use the probe beam and one of the 
photodiodes to detect the absorption of the laser light. The absorption profile is shown in 
Fig. 4.3. The cathode current is about 180 mA and the pressure is 2 x 10-1 mbar. 
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Figure 4.3: Absorption of laser light by Fe atoms in the hollow cathode. 

4.2.1 Fe temperature determination 

At thermal equilibrium, the atoms in the gas cell follow a Maxwell velocity distribution. 
At a temperature T, the density of Fe atoms in the ground state, with a velocity between 
v and v + dv in the direction of the laser beam, is given by 

(4.27) 

with N the total density of Fe atoms in the ground state, Vp = .j2ksT /m the most probable 
velocity, m the mass of one Fe atom and ks the Boltzmann constant. Atoms with a velocity 
v in the direction of the laser beam will absorb at a frequency w = w0 ( 1 + v / c), denoted as 
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the Doppier shift, with w0 the transition frequency. The nurnber of atorns per unit volurne 
that absorb light in a frequency interval between w and w + dw is thus given by 

Ne (w-wo) 2 n(w)dw = vfiTexp -[(cfvP) ] dw. (4.28) 
WoVp 1f Wo 

Since the absorbed power P(w)dw is proportional with the density n(w)dw, the intensity 
profile of a Doppier broadened speetral line becornes 

I( ) T [ c(w- wo) ]2 w = 1 0 exp- . 
WoVp 

(4.29) 

This is a Gaussian profile. Because of the finite lifetirne of an atomie transition, the actual 
profile is a convolution between a Gauss and Lorentz profile, which is denoted as a Voigt 
profile. In this paragraph we will use the Gauss profile to deterrnine the ternperature, 
which is a reasanabie approxirnation. The FWHM of the Gaussian profile is given by 

liwv = 2v1fl2wovpfc. (4.30) 

The FWHM of the rneasured profile is approxirnately liwv = 2.00±0.01 GHz. This is rnuch 
larger than the naturallinewidth of the 5 D4 -+ 5 F5 transition of Fe, which is 2.58 MHz. 
This broadening is thus due to the effect of the Doppier shift. The most probable velocity 
vP of the Fe atorns in the gascellis 447 ± 2 rn/s. This corresponds to a ternperature Tof 
673 ± 6 K. 

4.2.2 Fe density determination 

The intensity of the light after passage through the cathode is given by 

I = Ioe-NFeal, (4.31) 

with I0 the intensity of the light befare absorption by atorns in the cathode, NFe the nurnber 
of Fe atorns per volurne unit, 1 the length of the cathode and u the total absorption cross 
section. The cross section is 

u= 61r X2 C*, ( 4.32) 

with X= >..j21r and 0*=0.407 an average over the Clebsch-Gordan coefficients. However, 
due to the Doppier broadened speetral Fe line, the absorption profile is a Voigt profile 
insteadof a Lorentz profile. The total intensity loss is approxirnately 25 tirnes larger in the 
Doppier broadened profile than in the Lorentz profile, thus the total cross-section becornes 
25 tirnes larger. To deterrnine the density of Fe atorns in the hollow cathode discharge, we 
obtain frorn Eq. (4.31) 

(4.33) 

Frorn Fig. 4.3 we see that I/Ia is approxirnately 0.4. The length of the cathode is 0.030 ± 
0.001 rn. So, we have approxirnately 4.5 ± 0.2 x 1013 Fe atorns per rn3 in the hollow 
cathode discharge. Adapting the cathode current can rnodify the arnount of Fe atorns in 
the discharge. 
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4.2.3 Polarization spectroscopy 

Polarization spectroscopy can now he performed as shown in Fig. 4.2. The resulting 
lock-in signal has the expected dispersive form, see Fig. 4.4. The 54Fe and 57Fe isotape 
dispersive signals can also he detected. From Fig. 4.4 we estimate the isotape shift ~w54 
of 54 Fe with respect to 56Fe at approximately -300 MHz and the isotape shift ~w57 of 
57 Fe at approximately 120 MHz. The mass shift contrihution to the isotape shifts can 
he calculated. The frequency of the transition is proportional to the reduced mass of the 
electron which is given hy 

A memn 
umr= ' 

me+mn 
(4.34) 

with me and mn the mass of the electron and the nucleus respectively. So we ohtain 

Wiso mniso me + mn 

' w mn me + mniso 
(4.35) 

with mniso the mass of the nucleus of the isotope. The calculated values are ~w54=-292.6 
MHz and for ~w57=138.6 MHz, thus accounting largely for the ohserved isotape shifts. 
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Figure 4.4: The dispersive lock-in signal. 

The 56 Fe dispersive signal is approximately 40 MHz wide from peak to peak. The asym
metrie signal is due to misalignment of the two laser heams through the hollow cathode. 
The dispersive signal is much wider than the natural linewidth of the transition, due to 
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velocity redistribution by collisions. To have reduced this velocity redistribution we lower 
the pressure in the cathode to approximately 5 x 10-2 mbar. 

The integrated error signal is used to loek the Ti:S laser. When the dispersive signal 
is positi ve ( negative), the integral is a continuous increasing ( decreasing) function of time. 
When the dispersive signal is zero, the integral stays constant. The control box of the 
Ti:S laser operates such that a positive (negative) signal sets the laser at a higher (lower) 
frequency from a given offset frequency, thus forcing the signal to zero. At that point the 
laser is resonant with atoms at rest. 

The laser can be held in loek continuously, depending on the stability of the UV output 
power. The estimated stability of the loek is 2 MHz. 



Chapter 5 

Collimation of the Supersonic Fe 
Beam 

5.1 Introduetion 

For effective focusing of Fe atoms with a standing light wave, a maximum divergence 
of the Fe beam of about Vtransverse/Vaxial ~ 10-4 is allowed. The standing wave will he 
located about 1 meter from the Fe source, so an aperture could he used to collimate the 
beam. However, this would drastically decrease the Fe beam flux. A better approach is 
to collimate the Fe beam just behind the souree using 2D Doppier cooling, capturing a 
considerably larger part of the Fe beam. (see Fig. 5.1) 

Figure 5.1: Schematic view of laser collimation. 
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5.2 Principle 

Radiation pressure is based on the momenturn transfer between the photons in a laser 
beam and atoms. An atom with velocity vö is moving in a detuned (8=wL-wo) running light 
wave, with w the laser frequency and w0 the resonance frequency of the atomie transition, 
as shown in Fig. 5.2. 

I II 

Figure 5.2: Principle of radiation presure. 

Due to the Dopplereffect, the laser frequency WL=w0+8 is shifted with respect to the 
atom with w=wL+~wv, where ~wv= k · vö. The effective detuning ÓeJJ(v) is defined as 
8+~wv. When Óeff = 0 the moving atom is resonant with the laser frequency and absorbs 
one photon. Since momenturn is conserved, momenturn transfer will occur in the direction 
of the propagating light wave. After absorbing the photon, the atom will spontaneous 
emit a photon in an arbitrary direction. Several absorption-spontaneous emission cycles 
from the same light wave will give a net momenturn transfer in the direction of the light 
wave, as the momenturn transfers from the spontaneous emitted photons will average out 
to zero. The average force on the atom is equal to the photon momenturn times the photon 
scattering rate. Fora two-level atom in a running wave this force is given by [2] 

F = 1ik~ so 
2 1 + So + (28eff /r) 2 ' 

(5.1) 

with s0 the saturation parameter at resonance. The maximum force on the atom is then 

(5.2) 

The velocity change after absorbing or emitting one photon is called a recoil velocity. We 
get 

nk 
(5.3) Vrecail = -, 

m 
with m the atomie mass. For Fe the recoil velocity, with ..\ ~ 372 x 10-9 mand mpe= 56 
x 1.66 x 10-27 kg, is approximately 2 cm/s. The maximum force on the atom, with r= 
2.58 MHz the naturallinewidth of the 5 D4 ~ 5 F5 atomie transition of Fe, F max ~ 2.32 x 
10-21 N, which implies an acceleration of ~ax ~ 2.5 x 105 m/s2 . 

Taking two counter-propagating laser beams, the total force on an atom is 

(5.4) 
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Figure 5.3: The total force an an atom resulting from two counter-propagating red-detuned 
laser beams as function of the transverse velocity of the atom. 

where F+ and F_ are the forces from bothof the laser beams. They are given by 

r Sa 
F ± = ±fik------:---:------=-~ 

2 1 + sa + (2óefl±fr)2 
(5.5) 

The effective detuning is different for both beams because f:,.wv changes sign. This results 
in a dispersive curve (see Fig. 5.3) . For a red-detuned laser beam (óeff < 0) this force 
will cool the atom beam near the beam axis. 

5.3 Simulations 

To get an idea of the detuning and intensity that are necessary to collimate the Fe beam, 
we have performed some Doppler cooling simulations. 

Table 5.1 gives the parameters used for the simulations. The virtual souree radius is 
approximately 0.25 mm. The average longitudinal velocity is 1400 m/s and the maximal 
transverse velocity is 6 m/s. Transverse position and velocity are uniformly distributed. 
Fig. 5.4 gives the simulated intervals, which are a representation of the real setup. The 
collimation section comes 10 cm behind the Fe souree and is about 10 cm long. The Fe 
atoms are detected 2 m bebind the source. 
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Figure 5.4: The total simulated Fe beam machine. 

The atomie transition which will be used to cool the Fe atoms is the 5 D 4 ---+ 5 F5 

transition, with a wavelength of about 372 nm. This transition, however, is not closed; 
it has three leaks. In Fig. 5.5 all relevant transitions are shown. The decay probabilities 
to the three leaks are rather small. The most important one for example has a branching 
ratio of 1/295 with respect to the 5 F4 state, which means that an Fe atom that is pumped 
to the 5 F5 state has a probability of 1/295 of emitting a 501 nm photon and going into the 
5 F4 state. This atom will not absorb photons from the laser at 372 nm anymore and will 
not be collimated. Therefore, it is important not to scatter too many photons during the 
collimation process. The total "leakage" probability is 1/243. We have to chose the laser 
intensity such that the number of photons scattered by the individual atoms stays as low 
as possible. 

We have simulated with two different laser intensities, the first simulation is run with 
a saturation parameter at resonance of s0=0.5,with 

I 
so = Io' (5.6) 

Number of atoms 5000 
Maximal transversal position 0.00025 m 
Maximal transversal velocity 6 m/s 
Average longitudinal velocity 1400 m/s 

Spread 140 m/s 

Table 5.1: Parameters used for the Doppler cooling simulations. 
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with /0 the saturation intensity, which is for Fe: / 0=62J1W /mm2 . A saturation parameter 
sof 0.5 is equivalent to an intensity I of 31 11W /mm2 . The dimensions of the laser beam 
used to collimate the atoms will be about 100 mm x 5 mm. The total laser power P is 
thus 15.5 mW. The second simulation is run with s0 =1, or with a totallaser power P of 
31 mW. 

As stated before, to collimate the atoms, the light should be red-detuned with respect 
to the resonance frequency of the atomie transition. During the simulation the transversal 
position and velocity and the number of photons scattered by the individual atoms were 
saved for four different detunings, from -0.5r to -2r. (see Fig. B.1 to B.6) Interesting 
features of the simulated collimated atomie beam are tabulated in table 5.2, the Doppier 
limit is given by: 

(5.7) 

Sat.par. detuning (r) FWHM (mm) Divergence (mrad) Doppier limit ( mrad) 
0.5 -0.5 0.9 0.19 0.11 

-1 1.2 0.20 0.13 
-1.5 4.0 0.60 0.15 
-2 5.4 1.1 0.16 

1 -0.5 0.8 0.16 0.11 
-1 1.0 0.18 0.13 

-1.5 2.0 0.30 0.15 
-2 4.5 0.78 0.16 

Table 5.2: FWHM, divergence and Doppler limit of the collimated atomie beam. The 
saturation parameter and detuning of the laser light are the variabie parameters. 

We have stated earlier in this chapter that a beam divergence of about 0.1 is necessary. 
The simulations show that only with a low detuning, lower than r, the divergence is 
acceptable. This can be compensated by higher laser power (higher saturation parameter. 
However, the number of photons should not be too high because of the leaking two level 
system we use to laser cool the Fe atoms. Histograms of the number of photons scattered 
by the individual atoms are shown in Fig. B.3 and Fig. B.6. We see that fora saturation 
parameter of 1 and a detuning of -0.5r, there are already a significant number of atoms 
that scatter more than 200 photons. 

We can conclude that in order to obtain a well collimated Fe beam with a small diver
gence, the detuning should be smaller than r. The saturation parameter should not be 
higher than 1, with such low detunings, because the number of photons scattered will then 
be of the order of 200 or more, which gives a high probability that atoms decay toanother 
ground state. 
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Figure 5.5: The 5 D4 --+ 5 F5 atomie transition of Fe, with the three leaks. 
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Chapter 6 

Conclusions 

In order to laser cool and focus Fe atoms, light with a wavelengthof 372 nm is necessary. No 
commerciallasers are available which produce light at that wavelength with enough power 
to perfarm the experiment. The salution is using a nonlinear crystal Lithium Triborate 
(LBO) to frequency double a commercial available laser, which is called second harmonie 
generation. 

The laser weuseis a Ti:S laser which generates light with a wavelengthof 744 nm at a 
maximum power of 2 W. To obtain a high UV output power the nonlinear crystal is placed 
inside a ring cavity which has a measured finesse of 177 ± 6. The position of the waist 
of the 7 44 nm light is in the middle between the first two mirrors of the cavity and has 
a value of 0.153 ± 0.002 mm in order to obtain a stabie cavity. The effective pathlength 
between the two curved mirrors of the cavity is 85 mm in this case. 

The UV output power is a quadratic function of the power coupled into the cavity. The 
measured relation is P2w = (2.20 ± 0.05) x w-4P;, which gives a maximum UV power of 
approximately 920 mW with 2 W coupled into the cavity. 

The cavity is locked to the frequency of the Ti:S laser using the Pound-Drever-Hall 
technique. When locked, the UV output power seems to have 10 kHz fluctuations, with 
an average power drop of approximately 20 percent. This is probably a consequence of 
interference between the locking electranies of the Ti:S laser and the ring cavity. 

In order to loek the UV light to the 5 D 4 ~ 
5 F5 transition of Fe, polarization spec

troscopy with a hollow Fe cathode discharge cell is used. At first Ar was introduced into 
the discharge cell. However, due to a vacuum leak, N2 had also leaked into the discharge 
cell, which causes the discharge to run on N2 because of the lower ionization potentials of 
N2 . After closing the leak, we introduced He in the gas cell, because Ar has some strong 
lines around 372 nm, which could give a problem locating the Fe lines. 

From the doppier broadened absorption of the UV light by the atoms in the discharge 
cell, we can estimate the temperature and density of the Fe atoms in the discharge cell. 
The temperature of the Fe atoms is 673 ± 6 K and the density is 4.5 ± 0.2 x 1013 atoms 
per m3 . 

Polarization spectroscopy is successfully performed. The dispersion signal has a width 
of approximately 40 MHz peak to peak. The dispersion signals of the 54 Fe and 57Fe isotapes 
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can also he observed, which have isotape shifts of -300 MHz and 120 MHZ respectively. 
With this dispersion signal the laser can he locked to the 5 D4 ---+ 

5 F5 atomie transition 
of Fe with a stability of approximately 2 MHz. 

Doppler cooling simulations of the collimation of the Fe beam are performed. A diver
gence of 0.1 mrad is necessary for the laser focussing experiment in order to obtain small 
nano-structures of 10 nm. The number of photons scattered should not he too high because 
the 5 D4 ---+ 

5 F5 atomie transition is not closed, but has a total "leakage" of 1/243. The 
condusion of the simulations is that these conditions can only he fulfilled for red-detunings 
of the UV light equal or lower than the naturallinewidth r and for a saturation parameter 
around 1 or smaller. 
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Appendix A 

Reflection and transmission 
coefficients of the ring cavity 

The ring cavity consistsof 4 rnirrors. Mirrors 2, 3 and 4 have the same reflection coefficients 
for back- and front side incidence respectively r 2 and r 2 '. The input coupler, rnirror 1, has 
reflections r1 and r1'· (see Fig. A.l) 

Ar pump 
laser 

Ti; S laser 
@ 744nm 

f = 30 cm 

20 MHz 

Figure A.J: Schematic overview of the setup. 

The electric field is described as 

E = E0 exp(iwt). 

The first reflection at the input coupler can be described as 

50 

Piezo 
J!.. 
0 

(A.l) 

(A.2) 



the second reflection is 
(A.3) 

with <P=kL, with L the lengthof the cavity, the phase difference after one passage through 
the cavity. The third reflections is 

and so on. So, the electric field of the Nth reflection has the following form 

EN= (t 1 t~r;3(N-l)r~(N- 2) E0 ) exp[i(wt- (N- 1)</J)], 

which gives for the full reflected electric field 

00 00 

(A.4) 

(A.5) 

ER= L EN= (r1Eo) exp(iwt) + L(ht~r;3(N-l)r~(N- 2) Eo) exp[i(wt- (N- 1)</J)], (A.6) 
N=l N=2 

or, 

00 

ER= Eoexp(iwt)(r1 + t1t~r~exp(-i<jJ) L(r;3(N-2)r~(N-2)) exp[-i(N- 2)</J]. (A.7) 
N=2 

This sum can be written in the following series 

00 

L x<N-2) = 1 +x+ x2 + ... 
N=2 

when lxl < 1 this sum will converge to 

~ x<N-2) = _1 __ 
~ 1-x 
N=2 

In our case 

(A.8) 

(A.9) 

(A.10) 

Using Stokes' relationships [7], which states that r=-r' and tt'=1 - r 2, we obtain for the 
reflected electric field 

E _ E (' t)[ _ (1- rDr~exp(-i<P)] 
R- oexp~w r1 3 ( '"') . 1- r 1r2 exp -~'+' 

(A.ll) 

The reflection coefficient is given by 

R =I _ (1- r1) 2r~exp(-i<jJ) l2 
r 1 1-r1 r~exp(-i<P) ' 

(A.12) 

or simplified 

(A.13) 
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Figure A.2: The transmission profile of the ring cavity. The FWHM is 0.0135 rad. 

The transmission coefficient of the cavity is given by T=1-R, or 

T = (1- rr)(1- r~) 
1 + rrr~ - 2rl r~ cos cp 

(A.14) 

The transmission profile is shown in Fig. A.2. The FWHM is 0.0135 rad. 
The total circulating intensity Ie inside the cavity can he calculated in a similar way. 

It is given by Ie = C I0 with 

(A.15) 

or 
t2 

C= 26 
1 

6 cp 1 + r 1r 2 - 2r1r 2 cos 
(A.16) 

On resonance, C is approximately 236, which is approximately half the finesse of the cavity. 
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Appendix B 

Collimation histograms 
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Figure B.l: Histograms of the positions of individual atoms at the position of the detector 
for Jour detunings of the laser light. The saturation parameters is 0.5. 
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Figure B.2: Histograms of the veloeities of individual atoms for Jour detunings of the laser 
light. The saturation parameters is 0.5. 
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Figure B.3: Histograms of the number of photons scattered by the individual atoms for Jour 
detunings of the laser light. The saturation parameters is 0.5. 
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Figure B.4: Bistagmms of the positions of individual atoms at the position of the detector 
for Jour detunings of the laser light. The satumtion parameter s is 1. 
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Figure B.5: Histograms of the veloeities of individual atoms for Jour detunings of the laser 
light. The saturation parameter s is 1. 
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Figure B. 6: Histograms of the number of photons scattered by the individual atoms for Jour 
detunings of the laser light. The saturation parameter s is 1. 
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Appendix C 

Technology assessment 

Laser focussing of atoms should lead to the fabrication of high-quality nanostructures and 
is expected to provide excellent control of size, shape and mutual separation. The colli
mated supersonic Fe beam and beam masking should result in the deposition of structures 
below 10 nm without background. Perfect periodicity is guaranteed, matching the peri
odicity of the standing light wave, which is 186 nm. Moving the substrate in steps that 
are a fraction of the wavelength can produce structures with a spacing of for example 31 
nm, which translates into a hypothetical storage density of 0. 7 Tbit per square inch. This 
is almost 100 times greater than the storage of today's best disk drives. Although com
mercial applications will occur perhaps farther in the future, the laser focussing of iron 
has the immediate potential of providing new and fundamental insights into the magnetic 
properties of materials. 
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