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Abstract of the Thesis

Optical Manipulation of Helium Atoms with
Application to Neutral Atom Lithography

by

Michael Christoph Keller

Master of Arts

in

Physics

Stony Brook University

2006

Advances within the last decades in the field of atomic, molecular and

optical physics made it possible to get a high control over atomic samples. In

this thesis the collimation of a beam of metastable helium and its application

in the field of neutral atom lithography are presented.

In order to get a high-flux, well-collimated atomic beam we take advantage

of the specific strengths of different laser cooling techniques. The bichromatic

force with its superiority in magnitude and capture range compared to the

radiative force allows for the capturing of atoms from within a cone of 175 mrad

and reducing their transverse velocity by a factor of 10 in an interaction region

of only 5 cm in length. A second stage of optical molasses further compresses
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the phase-space so that we end up with a very bright beam of metastable

helium atoms.

Due to the high internal energy of metastable helium of almost 20 eV per

atom it is well-suited for the use in the field of atomic nanofabrication. The

metastable atoms locally damage a resist layer that covers a gold coated silicon

wafer. In a subsequent etching process the underlying gold is removed from

where the atoms hit the sample thereby creating structures with a resolution

below 100 nm.

By improving the experimental setup in many different ways compared to

the initial state, we largely improved the control over the exposure process,

made multiple exposures without the need for opening the vacuum chamber

possible and moved towards the implementation of an all-optical mask for

patterning the atomic beam.
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Chapter 1

Introduction

The field of atomic physics developed rapidly over the last decades. Starting

with the first experiments in cooling and trapping neutral atoms with laser

light [1] a previously unimaginable control over atoms was achieved. It lead

to huge improvements in the field of high resolution laser spectroscopy, made

the creation of Bose-Einstein condensates possible and had great influence on

the field of quantum computing and quantum cryptography.

For many of these fields and applications it is necessary to have atomic

sources with a high, well collimated output and to be able to control the ve-

locities of the atoms. In most experiments monochromatic light fields are used

to achieve these goals but the arising forces are limited in both their magni-

tude and the velocity range of the atoms they can be used for. Since the limits

of these forces are given by atomic properties, they can’t be evaded by chang-

ing experimental parameters. To overcome the limitations of monochromatic

light fields forces on atoms by polychromatic light have been investigated. Be-
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sides forces created by periodic adiabatic rapid passage (ARP) sequences that

rely on frequency chirped light pulses [2], also the force arising from light fields

containing two frequencies has been studied in our laboratory [3]. This bichro-

matic force that can be made much larger than the force of a monochromatic

light field has been used to create an intense beam of metastable 23S1 helium

(He*) [4].

Due to the high internal energy of He* of almost 20 eV it is a excellent

candidate for the field of neutral atom lithography (NAL) [5]. First exper-

iments in our laboratory showed the potential of this technique [6], but it

became clear that major changes in the experimental setup were necessary to

get better control over the procedure and thereby be able to test new ways of

creating more complicated structures than the ones that have been produced

by other groups.

For a theoretical understanding of forces on atoms in light fields, chapter 2

discusses the basic concepts with a focus on the bichromatic force. In chap-

ter 3 an overview of the vacuum system is given while chapter 4 describes the

optical setup in detail. Given all the information about how the He* beam is

collimated and can be characterized, chapter 5 starts with a general overview

of the field of atomic nanofabrication and the subfield of NAL. It continues

with details about the molecules we use as a resist in the lithography pro-

cess and describes the experimental procedure afterwards. At the end of the

chapter the idea of a standing wave light mask is presented and discussed in

some detail. Chapter 6 presents the results obtained during last year and the

2



improvements of the experimental setup while chapter 7 wraps up the thesis

briefly by discussing the main achievements and the near future goals.
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Chapter 2

Atom Light Interaction

2.1 Radiative Force

In a monochromatic light field atoms are subject to three fundamental pro-

cesses [7]: absorption, stimulated emission and spontaneous emission of quanta

of light, the so-called photons. If the light field has a wave vector �k, then each

photon carries momentum �p and energy E according to

�p = ��k (2.1)

E = �ω =
hc

λ
= �

∣∣∣�k∣∣∣ c (2.2)

For the case that only one transition within the atom is nearly resonant

with the light field, i.e. its energy �ωa is comparable to the photon energy,

the contributions of the other energy levels are considerably small and can

therefore be neglected. That leads to the picture of a two-level system with

the ground state |g〉 and the excited state |e〉 (see figure 2.1(a)).

Let for now the monochromatic light come only from one direction, i.e. only

4
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Figure 2.1
(a) Energy level diagram of the two-level atom. The laser is detuned from
resonance between ground state |g〉 and excited state |e〉 by δ
(b) Momentum transfer by spontaneous emission. The direction of the emitted
photon is random and therefore this momentum transfer averages out over
many cycles which leads to a net momentum transfer in each absorption -
spontaneous emission cycle.

one value for �k exists. If an atom absorbs a photon the momentum of the atom

is changed by the momentum carried by one photon, so Δ�patom = ��k, and the

atom is left in its excited state. The deexcitation of the atom can happen in

two different ways: if it happens via stimulated emission the emitted photon

carries away the momentum ��k, so the net momentum of an absorption -

stimulated emission cycle is 0. If on the other hand the atom is deexcited by

spontaneous emission the direction of the �k-vector is random and therefore the

contribution of this process for the momentum change averages out over many

cycles. The average net momentum transfer of an absorption - spontaneous

5



emission cycle hence is ��k (see figure 2.1(b)).

The force that can be exerted on an atom in this way is therefore directly

connected to the scattering rate γp that is a measure for the rate at which

spontaneous emission happens [1]

γp =
s0γ/2

1 + s0 + (2δ/γ)2 (2.3)

In this equation δ = ω − ωa is the detuning of the laser light with respect

to the transition frequency, γ = 1/τ is the natural linewidth of the transition

(the values for important He* transitions are tabulated in appendix A) and

s0 = I/IS is the saturation parameter which expresses the intensity of the

light field in multiples of the saturation intensity IS which is only dependent

on properties of the atomic transition

IS =
πhc

3λ3τ
(2.4)

The dependence of the scattering rate on the detuning from resonance δ

is shown for different saturation parameters in figure 2.2. Since with each

spontaneous emission the momentum of the previously absorbed photon is

transferred to the atom, the radiative force of the light field on the atom can

be calculated to be

�Frad = �̇patom = γp�
�k =

s0γ/2

1 + s0 + (2δ/γ)2 ��k (2.5)

The force increases with higher intensities but saturates with a maximum

force of

Frad,max =
γ

2
��k (2.6)

6
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Figure 2.2 Dependence of the scattering rate on the detuning δ of the laser for
different saturation parameters s0.

The explanation for this is simple: in a two-level atom not more than half

of the atoms can be transferred to the excited state via absorption since stim-

ulated emission as a competing process has the same Einstein coefficient [7] as

absorption. So 50% of the atoms at best are in the excited state and can un-

dergo either spontaneous or stimulated emission. But since only spontaneous

emission leads to a net momentum transfer the maximum rate at which that

can happen is ρeeγp = γp/2 where ρee is the population of the excited state.
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2.1.1 Velocity Dependence

The radiative force as given in Eq. (2.5) is only valid for atoms at rest. For

atoms with small finite velocities v, the frequency ω′ as seen seen by the atoms

is shifted from the actual frequency of the light ω by the Doppler effect [8]

according to

ω′ ≈ ω − �k · �v (2.7)

If the frequency of the light as seen by the atom is below its transition

frequency it is often referred to as red if it’s above resonance it’s called blue.

The formula for the radiative force (Eq. (2.5)) is then changed to

�Frad =
s0γ/2

1 + s0 +
(

2
(
δ − �k · �v

)
/γ
)2 ��k (2.8)

Since the frequency seen by the atom is velocity dependent and the ra-

diative force influences atoms only within a very narrow frequency range (or

if the intensity of the light is huge which power-broadens the profile of the

scattering rate as can be seen in figure 2.2) only a small velocity group within

the atoms can be addressed at the same time. Since velocity distributions of

atoms coming from thermal sources are very broad compared to that, and it is

often necessary to slow the atoms down from ∼ 1000 m/s to less than 100 m/s, it

is necessary to either change the detuning of the light or the energy level struc-

ture of the atoms. The former has been done by rapidly chirping the frequency

of the light [9] the latter one can be done by either taking magnetic fields using

the Zeeman effect [10] or electric fields taking advantage of the Stark effect [11]

to influence the transition frequency. Especially Zeeman slowers are nowadays
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very often used for atomic beam deceleration, for example, to load a magneto-

optical trap (MOT). Since the radiative force is comparably weak the length

of those Zeeman slowers is often more than one meter.

2.2 Optical Molasses

To collimate an atomic beam in one dimension a red-detuned laser beam is used

for sending light towards the atoms from opposite directions. That can either

be done by splitting the beam with a 50/50 beamsplitter and sending the two

beams in independently from opposite directions or by retroreflecting the beam

coming from one side. In the latter case it is important to make sure that only

a small fraction of the intensity gets scattered when passing the atomic sample

for the first time so that the intensities of the counterpropagating beams are

matched.

The resulting force for low light intensities can be derived by just adding up

the radiative forces (see Eq. (2.8)) resulting from the two counterpropagating

beams

�FOM = �F+ + �F− (2.9)

with

�F± = ±��kγ

2

s0

1 + s0 +
[
2
(
δ ∓ �k · �v

)
/γ
]2 (2.10)

The velocity dependent force profile for some parameters is shown in fig-

ure 2.3. In the linear region around v = 0 the force can be linearly approxi-
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mated

�FOM
∼= 8�k2δs0�v

γ
[
1 + s0 + (2δ/γ)2]2 ≡ −β�v (2.11)

with the damping coefficient β.
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Figure 2.3 Force Profile for Optical Molasses. The parameters are chosen for a
minimal final velocity (Doppler molasses): δ = −γ

2
, s0 = 1. The dashed lines

show the contributions of F± to the force profile.

Because of the factor of δ in the numerator of β, the laser has to be red

detuned δ < 0 to get ∂FOM

∂v
< 0 around v = 0 and therefore be able to use the

force of optical molasses for cooling an atomic sample. If counterpropagating

red detuned beams are applied in all three dimensions, the movement of an

atom is inhibited in any direction. The analogy of the resulting cool atomic

10



cloud with a viscous syrup leads to the name of optical molasses.

Two parameter dependent properties of optical molasses are of special in-

terest for our experiment: the final velocity of the captured atoms and the

capture range, i.e. the velocity range which can be caught by an optical mo-

lasses configuration. The force profile itself doesn’t give any clue for a non-zero

final velocity. From a classical point of view such a force should cool the atoms

down to a final velocity of 0. However, since the cooling process happens with

finite momentum kicks, the cooling process due to �FOM and the recoil from

the momentum transfers act as two competing processes. The steady state

solution gives an average kinetic energy of the atoms of

Ēkin =
�γ

8

(
2 |δ|
γ

+
γ

2 |δ|
)

(2.12)

The steady state kinetic energy is dependent on the detuning δ and has a

minimum for δ = −γ
2
. Choosing such a detuning and having s0 = 1 is known

as ordinary Doppler molasses and gives a final velocity of

vD =

√
�γ

2M
(2.13)

where M is the atomic mass. The Doppler velocity for the 23S1 − 23P2 tran-

sition in He* is 28.44 cm/s (see appendix A).

In the general case the final velocity can be derived from Eq. (2.12) to be

vf =

√
�γ

4M

(
2 |δ|
γ

+
γ

2 |δ|
)

(2.14)

The capture velocity of an optical molasses configuration is defined as the

velocity where the force has a maximum / minimum. For the configuration of
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Doppler molasses (δ = −γ
2
, s0 = 1), the capture velocity can be calculated to

be approximately

vc,D ≈ γ

k
(2.15)

which is 1.76 m/s for the 23S1 − 23P2 transition.

The capture velocity can be increased by choosing bigger values for δ and /

or s0. Choosing a bigger detuning leads to bigger final velocities according to

Eq. (2.14). Increasing s0 largely on the other hand violates the approximation

that was done to derive the force of optical molasses in Eqs. (2.9) & (2.10). The

effects that can arise in the case of so-called high intensity optical molasses, for

example a reversal of the force around v = 0 for certain intensities, has been

studied by others [12, 13] and needs a different approach that is not discussed

here.

2.3 Dipole Force

In the presence of a light field the energy levels within an atom are shifted due

to the changes in the Hamiltonian. The energy shifts of the ground and the

excited state in a two-level atom in the presence of a weak light field (Ω � |δ|)
are given by [1]

ΔEg =
�Ω2

4δ
(2.16a)

ΔEe = −�Ω2

4δ
(2.16b)
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where Ω = γ
√

I
2IS

is the Rabi frequency, a measure for the field strength (cf.

section 2.4.2).

In a spatially modulated light field, for example a standing wave, this inten-

sity dependent light shift creates a spatially varying potential U and therefore

a force on the atom −∇U , called the dipole force. Unlike the radiative force

that is limited by the rate at which spontaneous emission occurs, the dipole

force can be made arbitrarily large by increasing the intensity of the light field.

A common application of the dipole force is the creation of an optical lattice.

Optical lattices can be used to trap Bose-Einstein condensates (BECs) or as

a mask to pattern atomic beams in ANF (see section 5.4).

It would be, of course, of great value to use the dipole force for laser cooling

purposes because of its magnitude that can be adjusted without limits. But

since the force is conservative and its effects average out over the distance of an

optical wavelength, it cannot be used for phase-space compression (Liouville’s

theorem) and hence not for laser cooling.

2.4 Bichromatic Force

As we saw in sections 2.1 and 2.2 the dissipative force on atoms that is achiev-

able with monochromatic light is limited in both magnitude and capture range.

And although forces arising from monochromatic light were studied and im-

plemented with great success over the last 30 years [14, 10] it wasn’t until the

late 1980s that people started examining forces on atoms in bichromatic light
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fields, i.e. when light of two different frequencies is present [15, 16].

It is necessary to look at the quantum mechanical interaction between

atoms and light in more detail to be able to give a qualitative description or

to do quantitative calculations on the bichromatic force. A short description

is given in the following sections, more details can be found for example in [1].

2.4.1 Schrödinger Equation

The time dependent Schrödinger equation for an atom in a radiation field is

H |Ψ (�r, t)〉 = i�
∂ |Ψ (�r, t)〉

∂t
(2.17)

where H (t) = H0 +H′ (t) is the total Hamiltonian for the atom in a light field

that consists of the time-independent Hamiltonian of the atom without any

field H0 and the interaction part between the atom and the field H′ (t). Since

the eigenfunctions |φn (�r)〉 of H0 form a complete set, the wave function can

be expressed as

|Ψ (�r, t)〉 =
∑

k

ck (t) |φk (�r)〉 e−iωkt (2.18)

where En = �ωn are the eigenvalues of H0 to |φn (�r)〉. The Schrödinger equa-

tion can then be rewritten as

H |Ψ (�r, t)〉 = [H0 + H′ (t)]
∑

k

ck (t) |φk (�r)〉 e−iωkt

= i�
∂

∂t

∑
k

ck (t) |φk (�r)〉 e−iωkt (2.19)

When multiplying that equation with
〈
φ∗

j (�r)
∣∣ which in Dirac’s bra-ket

notation also includes an integration over the spatial coordinate of the electron
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�r we obtain

i�
dcj (t)

dt
=
∑

k

ck (t)H′
jk (t) eiωjkt (2.20)

with H′
jk (t) ≡ 〈φj|H′ (t)|φk〉 and ωjk ≡ (ωj − ωk).

2.4.2 Rabi Oscillations

To derive Eq. (2.20) from the Schrödinger equation no approximation has

been done so far. Unfortunately the equation is not solvable in the general

case. However, since our light field is supposed to be almost resonant with

only one atomic transition we can again make the assumption of a two-level

atom thereby truncating the infinite sum from Eq. (2.20). Furthermore, if we

absorb all diagonal elements of H′ (t) into H0 the only one nonzero element

of the interaction Hamiltonian, H′
ge (t) = H′

eg
∗ (t) is left and Eq. (2.20) turns

into

i�
dcg (t)

dt
= ce (t)H′

ge (t) e−iωat (2.21a)

and

i�
dce (t)

dt
= cg (t)H′

eg (t) eiωat (2.21b)

where ωeg = ωa is the transition frequency of the two-level-atom.

The interaction Hamiltonian can be derived for laser fields that are not too

strong (i.e. non-linear effects can be neglected) in a consistent way by using

the canonical momentum �pc = �p − e
c
�A (�r, t) instead of the regular momentum

�p. This can be found in detail in the literature, for example in [17], and yields
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the result

H′ (t) = −e�E (�r, t) · �r (2.22)

For a plane wave with frequency ω travelling in the positive z-direction we

have the electric field operator

�E (�r, t) = E0ε̂ cos (kz − ωt) (2.23)

with the amplitude E0 and the unit polarization vector ε̂.

If we use the electric dipole approximation (we assume that the electric

field is constant over the size of the atom, and take into account that the

dipole moment −e�r of the atom is parallel to the polarization of the field ε̂)

the coupling part of the Hamiltonian becomes H′
eg (t) = �Ω cos (kz − ωt) with

the Rabi frequency

Ω = −eE0

�
〈e|r|g〉 (2.24)

By using the rotating wave approximation (RWA), i.e. neglecting terms on

the order of 1/ω in comparison with terms on the order of 1/δ (with the laser

detuning from resonance δ = ω − ωa) we can separate Eqs. (2.21) and obtain

d2cg (t)

dt2
− iδ

dcg (t)

dt
+

Ω2

4
cg (t) = 0 (2.25a)

and

d2ce (t)

dt2
+ iδ

dce (t)

dt
+

Ω2

4
ce (t) = 0 (2.25b)

which can be solved for the initial conditions cg (0) = 1 and ce (0) = 0 to get

cg (t) =

(
cos

Ω′t
2

− i
δ

Ω′ sin
Ω′t
2

)
eiδt/2 (2.26a)
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and

ce (t) = −i
Ω

Ω′ sin
Ω′t
2

e−iδt/2 (2.26b)

where

Ω′ =
√

Ω2 + δ2 (2.26c)

The observable quantities are the populations of the ground and the excited

state

|cg (t)|2 = 1 − 1

2

(
Ω

Ω′

)2

[1 − cos (Ω′t)] (2.27a)

|ce (t)|2 =
1

2

(
Ω

Ω′

)2

[1 − cos (Ω′t)] (2.27b)

It can easily be seen from those equations that the population oscillates

between the ground state and the excited state. The more off-resonant the

light is the faster are the oscillations but on the other hand the smaller is their

amplitude. Plots of the population of the excited state over time |ce (t)|2 are

shown in figure 2.4. Complete population transfer to the excited state is only

possible if the light is resonant with the atomic transition. In this case the

population can is completely inverted after a time t = 2π
2Ω′ = 2π

2Ω
. That means

that pulses of that length bring the atoms from the ground state to the excited

state or vice versa. Since that time corresponds to a phase of π in Eqs. (2.27) a

light pulse of the right length and amplitude to invert the population is called

a π-pulse.
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Figure 2.4 Rabi oscillations. Shown is the probability for the atom to be in the
excited state for different laser detunings. The oscillation frequency increases
with the detuning but the amplitude decreases.

2.4.3 Pi-Pulse Model

The bichromatic force arises from two counterpropagating beams that both

contain two frequencies. If both frequency components have the same ampli-

tude E0 and are symmetrically detuned from the center frequency ω by ±δ

the electric field within the beam travelling in the positive z-direction is

E+ = E0 cos ((ω + δ) t − kz) + E0 cos ((ω − δ) t − kz)

= 2E0 cos (ωt − kz) cos (δt) (2.28)

That shows that it can also be seen as a amplitude modulated light beam
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with frequency ω. If now that frequency is brought to atomic resonance, i.e.

ω = ωa, and the intensity of the beams is adjusted such that each beat of

length π
δ

forms a π-pulse, the bichromatic light forms a train of π-pulses that

efficiently excite or deexcite the atoms.

The π-pulse condition for the Rabi frequency Ω+ = 2Ω cos (δt) is

π/2δ∫
−π/2δ

2Ω cos (δt) dt = π (2.29a)

→ Ω =
πδ

4
(2.29b)

To get an effective force it is necessary to have two counterpropagating

beams. In the general case there will be a phase delay of φ between two pulses

of the different beams (note: a relative phase of φ = π means that the pulses

from the two beams are alternating, the relative phase between the two beat

envelopes is always φ
2
) so we can write for the total electric field

E = E+ + E−

= 2E0

[
cos (ωt − kz) cos

(
δt − φ

4

)
+ cos (ωt + kz) cos

(
δt +

φ

4

)]
(2.30)

If the first beam excites the atom it transfers ��k of momentum to the

atom. The next π-pulse from the second beam causes stimulated emission of a

photon and causes another change in momentum by ��k (in the same direction

since beam is travelling in opposite direction, see figure 2.5(b)). Since the

duration for such an excitation - deexcitation process depends on the length

of one π-pulse and therefore is π
δ
, the first rough estimate of the magnitude of
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the bichromatic force is given by

Fbichro =
2�kδ

π
(2.31)

For the direction of the force it is important which pulse excites the atoms

and which one causes stimulated emission. Therefore it has to be possible to

adjust the relative phase between the two π-pulse trains (cf. figure 2.5(a)).

It is not desirable to have the two pulses overlap but on the other hand it is

important to take spontaneous emission into account. If spontaneous emission

happens the next arriving pulse that was supposed to deexcite the atom is

now exciting the atom, therefore changing the sign of the resulting force. In a

symmetric situation with a phase delay of π the resulting force would average

out to 0. It is therefore important to have the deexcitation process not to long

after the excitation. Numerically it was determined that the maximum force

arises with a relative phase of ∼ π
2

(see section 2.4.5).

In that case the time the atom spends in the excited state is 1/4 of the total

time as long as the correct pulse is exciting the atom. As soon as spontaneous

emission happens the force changes sign but at the same time the atom now

spends 3/4 of the time in the excited state which makes another spontaneous

emission much more likely thereby self-correcting the direction of the resulting

force. Since the force is going in the wrong direction for 1/4 of the time,

the magnitude of the resulting force is only half as big as the first guess in

Eq. (2.31)

Fbichro =
�kδ

π
(2.32)
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Figure 2.5
(a) To control the magnitude and the direction of the force it is necessary
to have control over the relative phase between the two counterpropagating
π-pulse trains.
(b) Schematic of the excitation - deexcitation process. Since the exciting pulse
comes from a different beam than the deexciting one the net force doesn’t
vanish.
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Although the π-pulse model is only able to show the functional principle of

the bichromatic force qualitatively and doesn’t give any velocity dependence of

the force, it still gives an estimate of the magnitude of the arising force showing

that it scales with the difference between the two frequency components in the

beams. This can be chosen and therefore made much larger than the force of

optical molasses FOM ≈ �kγ
2

which is limited by the natural linewidth of the

atomic transition in use.

2.4.4 Optical Bloch Equations

To get a more detailed description of the bichromatic force it is important

to include spontaneous emission, an arbitrary intensity and relative phase

between the two counterpropagating beams, and the velocity of the atoms in

the description. This can be done using the density matrix for a pure state

ρ =

⎛
⎜⎝ρee ρeg

ρge ρgg

⎞
⎟⎠ =

⎛
⎜⎝cec

∗
e cec

∗
g

cgc
∗
e cgc

∗
g

⎞
⎟⎠ (2.33)

with ρgg and ρee being the populations of the ground state and the excited

state respectively and ρge and ρeg being the so-called coherences. For the

time-evolution of the density matrix we can derive from Eq. (2.20)

i�
dρ

dt
= [H, ρ] (2.34)

By including spontaneous emission and without doing the RWA yet, we
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get for the components of the density matrix [15]

ρ̇gg =
i

�
(ρeg − ρge) dE + γρee (2.35a)

ρ̇ge =
i

�
(ρee − ρgg) dE +

(
iωa − γ

2

)
ρge (2.35b)

ρge = ρ∗
eg (2.35c)

ρgg + ρee = 1 (2.35d)

where d = −e 〈e|r|g〉 is the dipole matrix element of the atom, E is the electric

field and γ is the inverse of the lifetime τ of the excited state.

Since the overall phase doesn’t matter for the description, we have only

three independent variables (both real and imaginary parts of ρge = ρ∗
eg and

ρgg = 1− ρee) that can be expressed in terms of three real variables called the

Bloch variables [18]

r1 = ρgee
−iωt + ρege

iωt (2.36a)

r2 = i
(
ρgee

−iωt − ρege
iωt
)

(2.36b)

r3 = ρgg − ρee (2.36c)

Expressing the components of the density matrix using these variables we

get

ρgg =
1

2
(1 + r3) (2.37a)

ρee =
1

2
(1 − r3) (2.37b)

ρge =
1

2
(r1 − ir2) eiωt (2.37c)

ρeg =
1

2
(r1 + ir2) e−iωt (2.37d)
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Those definitions can now be used in Eqs. (2.35). Then the electric field

for our bichromatic beam configuration from Eq. (2.30) can be plugged in

and the RWA leads to a replacement of the rapidly varying terms by their

time-average (sin (2ωt) → 0, sin2 (ωt) → 1
2

and cos2 (ωt) → 1
2
). If as a second

approximation the constant velocity approximation is made which expresses

the time-dependent position of an atom in terms of its velocity z = vt we get

ṙ1 = (ωa − ω) r2 − γ

2
r1 − 4Ωr3 sin (kvt) sin

(
φ

4

)
sin (δt) (2.38a)

ṙ2 = (ωa − ω) r1 − γ

2
r2 + 4Ωr3 cos (kvt) cos

(
φ

4

)
cos (δt) (2.38b)

ṙ3 =4Ω

[
r1 sin (kvt) sin

(
φ

4

)
sin (δt) − r2 cos (kvt) cos

(
φ

4

)
cos (δt)

]

+ γ (1 − r3) (2.38c)

The force on an atom in a light field �E (�r, t) in the electric dipole approxi-

mation is given by [1]

F = e
∂

∂z

(〈
�E (�r, t) · �r

〉)
(2.39)

Using the electric field in the bichromatic configuration (Eq. (2.30)) and

the definition for the Rabi frequency (Eq. (2.24)) we obtain

F =
�

E0

∂E

∂z
(Ωρge + Ω∗ρeg) (2.40)

By expressing the components of the density matrix in terms of the real

Bloch variables (Eqs. (2.37)) and applying the RWA, we get a rather short

expression for the force on an atom in a bichromatic field

F = 2�kΩ

(
−r1 cos (δt) cos

(
φ

4

)
sin (kvt) + r2 sin (δt) sin

(
φ

4

)
cos (kvt)

)
(2.41)
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2.4.5 Numerical Calculations

The optical Bloch equations (Eqs. (2.38)) can’t be solved analytically. A nu-

merical approach, however, yields force profiles that show the velocity de-

pendence and the magnitude of the arising force. A Fortran program was

developed by J. Söding et al. [19] that numerically solves the OBEs and after

the Bloch variables reached a steady state the force is calculated in each time

step according to Eq. (2.41) and averaged over time to get an effective value

for the force. To use a more adaptive method for solving the ordinary differ-

ential equations (ODEs) numerically, I modified the program to use the code

BiM [20] that offers a variable order - variable stepsize method for initial value

problems for ODEs. The order of the method used for the calculation pro-

cess varies from 4 to 12 and is adjusted automatically during the computation

process. The code of the modified Fortran program is given in appendix B.

For the given parameters δ, Ω (both in multiples of γ) and φ, the program

calculates the force on atoms with velocities between vmin and vmax. Depend-

ing on the settings within the program, such a calculation for several hundred

different velocities can take hours on a current PC. Figure 2.6 shows a simula-

tion of the dependence of the force on the relative phase between the exciting

and the deexciting pulse. As expected the force reverses sign when going from

a phase of φ to a phase of 2π − φ.

When looking at some force profiles for different phase delays in more

detail (see figure 2.7), it is obvious that a phase delay of φ = π
2

gives the force

profile with the desired properties: high magnitude and big capture range and
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Figure 2.6 Dependence of the bichromatic force on the relative phase between
the exciting and the deexciting pulse. The parameters for the detuning and
the Rabi frequency are δ = 37γ, Ω = 41γ as in the experiment. The magnitude
of the force is shown by different colors in units of �kγ.

a pretty much flat profile with steep edges. The spikes that can be seen in all

the force profiles are partly numerical artifacts (although in the shown results

they are mainly suppressed by using a high accuracy for solving the OBEs)

and partly effects of multiphoton processes (Dopplerons) [12].

Another dependence to look at is the dependence of the force profile on

the light intensity (Rabi frequency Ω). A contour plot of the results of such

an analysis is shown in figure 2.8. In the region where the pi-pulse condition

is fulfilled (Ω = 29γ) the force starts to become big over a wide velocity range.
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Figure 2.7 Force profiles for different relative phases. The force is given in
multiples of �kγ, the velocity in multiples of γ/k. The detuning δ = 37γ and
the Rabi frequency Ω = 41γ have the same values as in the experiment. The
relative phase used in the experiment is φ = π

2
.

The region where the light intensity is such that we get 2π-pulses (Ω = 58γ)

is zero as expected. In the case of 3π-pulses the force is getting bigger again,

but this time the capture range is much smaller than in the case of π-pulses.

For a more detailed look at the region where the capture range becomes

large, some force profiles are shown in figure 2.9. It can be seen that a trade-off

between a large capture range and a large force was made when choosing the

parameters for the experimental setup. It is also clear from all the numerical

force simulations that the magnitude of the force gets much larger than with
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Figure 2.8 Dependence of the bichromatic force on the Rabi frequency. The
parameters for the detuning and the relative phase are δ = 37γ, φ = π

2
as in

the experiment. The magnitude of the force is shown by different colors in
units of �kγ.

monochromatic light fields (Frad,max = γ
2
��k) and also the capture range can

get huge compared to ordinary Doppler molasses (vc,D ≈ γ
k
).

2.4.6 Bichromatic Collimation

To use the bichromatic force for collimation purposes the force profile has to

be modified so that the force vanishes for atoms with velocity v = 0 and has a

large negative gradient around that point. That can be achieved by detuning

the frequencies to compensate for the Doppler shift (for a center velocity vc)
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Figure 2.9 Force profiles for different Rabi frequencies. The force is given in
multiples of �kγ, the velocity in multiples of γ/k. The detuning δ = 37γ and
the relative phase φ = π

2
have the same values as in the experiment. The Rabi

frequency used in the experiment is Ω = 41γ.

and thereby moving the force profile from figure 2.7 with φ = π
2

and adding

a second force profile with reversed sign that is frequency shifted for atoms

moving in the other direction. In our experimental setup the detuning to

compensate for the Doppler shift is chosen to be kvc = δ
2

= 2π · 30 MHz.

The numerical simulation of the resulting force profile is shown in figure 2.10.

It has the necessary properties of a vanishing force for v = 0 and a negative

force gradient ∂F
∂v

< 0 around that point. In that way it is similar to the force

profile of optical molasses (cf. figure 2.3), but both the capture range and the
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magnitude of the force are much larger.
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Figure 2.10 Numerical calculation of the force profile for bichromatic collima-
tion. The parameters are those used in the experiment: δ = 37γ, Ω = 41γ,
vc = δ

2
, φ = π

2
.

Since the exciting and the deexciting pulse are coming from opposite direc-

tions, the frequencies in one beam have to be shifted by +kv, the other one by

−kv to compensate for the Doppler shift. That means that four frequencies in

two beams are necessary for bichromatic collimation. Their relative position

around the atomic transition frequency is shown in figure 2.11, the production

of those frequencies is described in section 4.4.1. In the following description

the two beams are often referred to by their Doppler detuning (+kv and −kv).

Since the atoms absorb light from the −kv beam and emit it into the +kv
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Figure 2.11 Frequencies for bichromatic collimation. The atomic transition
frequency ωa is shown as reference. The two beams carry the name of their
Doppler detuning (+kv and −kv).

beam, the arising force is dissipative even without spontaneous emission. In

each absorption - emission cycle, the atom looses 2� (δ − kvc) = �δ of kinetic

energy.

The experimental setup is a little bit more complicated than in the case of

optical molasses. It is not enough to just retroreflect the beams to get a push

in the other direction because that would violate the phase condition that is

necessary for the absorption - stimulated emission cycles. Instead a separate

collimation region is necessary for each one-dimensional push, so that four

collimation regions in total are needed for a 2D bichromatic collimation (see

figure 4.16).
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Chapter 3

Metastable Helium Apparatus

The vacuum system mainly consists of standard stainless steel components

with copper sealed ConFlat flanges. Some of the components are modified or

specially built. The connections for the roughing pumps and the helium inlet

and outlet of the source are using Kwik-FlangeTMcomponents. The beamline

itself could in principle be used to create ultra high vacuum (UHV). However,

due to frequent access to the system and components in the system that aren’t

especially designed for vacuum applications and therefore outgas, only high

vacuum (HV) is achievable.

3.1 Metastable Helium

3.1.1 Helium Level Diagram

Helium is the noble gas whose metastable state (He*) has the highest in-

ternal energy (19.82 eV). This very high energy corresponds to light with
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a wavelength of 62.6 nm and is therefore not accessible with today’s lasers.

In addition the transition from the helium (4He) ground state 11S0 to the

metastable triplet state 23S1 is not allowed in a nonrelativistic description. It

is therefore necessary to produce the metastables in a DC electric discharge

instead of using light to drive that transition.

The same selection rules that prohibit nonrelativistically any transition

between the helium ground state and the metastable triplet state, namely

that the total spin has to be preserved and that that only transitions with

ΔL = ±1 are allowed, assure on the other hand the extremely long lifetime of

τ = 7900 s [21]. Only relativistic effects [22] cause the lifetime even in absence

of collisions (cf. section 3.1.2) not to be infinite. Therefore the metastable

triplet state can be regarded as our actual ground state in the experiment and

together with the 23P2 state it forms our effective two-level atom (figure 3.1).

This approximation can be made since the spin of the nucleus for 4He is 0

which means that the spectrum shows no hyperfine structure and since the

distance to the closest energy level (23P1) is 2.29 GHz which is much bigger

than any detuning from resonance used in the experiment. By using an op-

tical pumping scheme (see section 4.4.3) only two levels out of the remaining

magnetic sublevels (see figure 4.15) are involved in any transitions.

Some important experimental values for the 23S1 − 23P2 and the 23S1 −
33PJ transitions are summarized in appendix A. The latter one is also given

since light with a wavelength of 389 nm can be created in our lab with a

frequency doubled Ti:Sapphire laser. This might be particularly interesting
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Figure 3.1 Selected energy levels of the helium atom. The 23S1 state forms the
effective ground state for the experiment. The spectroscopic data are taken
from [23].
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for the creation of light masks (see section 5.4) since the size of the structures

that can be created is dependent on the wavelength of the used light. For

the 23S1 − 23P2 transition the low saturation intensity of IS = 0.17 mW/cm2

should be emphasized because it enables the high saturation parameters that

are necessary to exert huge forces on the atoms with the bichromatic force.

3.1.2 Deexcitation Processes

A good vacuum is a rather critical requirement for the experiment. It has to be

guaranteed that the mean free path in the vacuum chamber is long enough that

metastable helium atoms coming from the source can travel all the way down to

the end of the beamline that is almost a meter away. Two major deexcitation

processes can happen when a He* atom collides with another atom. In the

process of Penning ionization (PI) [24] the He* atom gets deexcited while

ionizing the other atom. The other process that can happen when two He*

atoms collide is associative ionization (AI) where a singly ionized He+
2 molecule

is created

He* + He* → He + He+ + e− (PI) (3.1a)

He* + X → He + X+ + e− (PI) (3.1b)

He* + He* → He+
2 + e− (AI) (3.1c)

AI is a process that only happens at very low energies so it probably doesn’t

contribute much to the deexcitation of He*. PI can in principle be largely

suppressed by aligning the spins of the excited electrons but that is only worth
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the effort if the phasespace density is dramatically increased (for example when

creating a BEC out of metastable helium).

As a measure how often those collisions that deexcite the metastable helium

atoms occur, the mean free path λ can be calculated. It is the average range a

particle can move before it collides with another particle and can be calculated

to be

λ =
1√
2nσ

=
1√

2nπd2
(3.2)

where n is the number density of the particles, σ is the collisional cross section

and d the “diameter” of the particle. The factor
√

2 appears to account for

the Maxwellian velocity distribution of the particles [25].

For helium the effective diameter is d = 0.218 nm [26]. Therefore using the

relation

n =
p

kT
(3.3)

the mean free path in our vacuum system (p ≈ 5 · 10−6 Torr) at room temper-

ature (T = 300 K) can be calculated to be

λ =
kT√
2pπd2

≈ 29.4 m (3.4)

which is long enough to assure that most of the He* atoms make it to the end

of the beamline. And even if you calculate the mean free path for air (since

there are also other atoms in the vacuum system) the only thing that changes

is the effective diameter (dAir = 3.74 nm [26]) which reduces the mean free

path by a factor of 3 compared to helium.
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3.2 He* Source

For the production of our beam of metastable helium we use a reverse flow

DC discharge source that was built at Universiteit Utrecht (Netherlands) and

follows the design described by Kawanaka et al. in [27]. The source (see

figure 3.2) consists of a pyrex glass tube 1 cm in diameter with a constricted

end. Within that tube a tungsten needle of 1 mm diameter is held centered

by ceramic spacers. The needle can be extended and retracted by means of a

vacuum motion feedthrough. The needle is connected to a high voltage supply

through a 170 kΩ high power (2 W) resistor. The negative high voltage creates

a DC discharge between the sharpened tip of the needle and the nozzle plate

and is regulated to about 2000 − 2500 V to get a stable discharge current of

approximately 6 mA.

On the outside of the glass tube, helium is flowing towards the narrowed end

and most of it is pumped back through the glass tube by a mechanical pump

(Welch Duo Seal, Model 1402). The flow of the helium is controlled at the He

inlet with a small needle valve and is adjusted to get an inlet pressure reading

of 600 − 650 Torr and an outlet pressure reading of approximately 1.2 Torr.

The pressure is measured at each position with an MKS Instruments, Inc.

Convection Gauge that is controlled with a Terranova Dual Convection Gauge

Controller (model 926) and since the gauges are calibrated for measuring air

instead of helium the actual pressure certainly differs from the given numbers.

In the discharge region around the needle tip electrons are knocked off
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Figure 3.2 Drawing of the He* source. The position of the needle can be
adjusted with a linear motion feedthrough and the color of the discharge be-
tween the nozzle and the skimmer plate can be checked by looking through a
viewport (both not shown).
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the helium atoms and accelerated towards the nozzle plate that serves as an

anode. In the following recombination process, helium atoms in all different

excited states are created, among these also atoms in the metastable 23P2 state.

Most of the atoms created within the plasma are immediately quenched to the

ground state by collisions with other atoms but helium ions that recombine

with electrons at the edge of the plasma or even behind the 0.5 mm hole of the

nozzle plate are much more likely to escape towards the vacuum system since

the particle density in those regions is lower. Besides the desired He* atoms

in the 23P2 state, also a lot of helium atoms in other states (especially ground

state atoms), ions, electrons and UV light enter the beam chamber through

the skimmer plate. In fact only one out of 104 to 105 atoms ends up in the

metastable state. The region between the nozzle and the skimmer can be

watched through a small viewport. That provides an easy mean of checking

if the discharge is working correctly or if the source is contaminated since

impurities in the supplied helium would change the color and the brightness

of the discharge.

The glass tube is surrounded by a stainless steel jacket that is cooled by

liquid nitrogen to 77 K. Since the helium is flowing between that jacket and

the glass tube, it is cooled before it reaches the discharge region. The thermal

contact between the cooled jacket and the helium is further improved by in-

serting a teflon spacer close to the narrow end of the glass tube that reduces

the available space for the helium and makes it flow very close along the stain-

less steel jacket. Cooling the helium in the source helps to reduce the velocity
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of the atoms coming out of the source. While He* sources with a similar de-

sign but without any cooling produce metastables with a center longitudinal

velocity of ∼ 1800 m/s [28], the velocity can be decreased down to ∼ 300 m/s by

using liquid helium to reach temperatures of around 10 K [29]. The velocity

distribution of the metastables coming out of our source was measured by M.

Cashen [30] by doing a time of flight (TOF) measurement. The center veloc-

ity of the atoms was found to be ∼ 1000 m/s with a FWHM of the velocity

distribution of ∼ 400 m/s.

3.3 Beam Chamber

The discharge region is separated from the rest of the vacuum system by

the skimmer plate. The small hole (0.5 mm diameter) in the plate (∼ 0.3 mm

thickness) not only defines the He* beam but also allows for differential pump-

ing. That way the pressure in the main part of the system doesn’t increase too

much while the source is running (∼ 3 · 10−6 Torr compared to ∼ 2 · 10−6 Torr

with the source off) whereas the pressure in the discharge region increases

significantly during operation of the source (∼ 1 · 10−4 Torr compared to

∼ 1 · 10−6 Torr). The pressure in both regions can be checked with Kurt

J. Lesker G100F ion gauges. The vacuum is created by two Pfeiffer turbo

pumps (TPH 330, pumping speed 330 l/s) that are controlled with Pfeiffer

TCP 121 turbo pump controllers and backed with mechanical pumps (Pfeiffer

DUO 10 for the source turbo, Welch Duo-Seal model 1376 for the beamline

40



turbo). The backing pressure is measured with two MKS Instruments, Inc.

Convection Gauges that are connected to a Terranova Dual Convection Gauge

Controller (model 926) and is typically 7 − 8 mTorr for both the source and

the beam chamber when the source is off. During operation of the source the

backing pressure of the source turbo increases to approximately 150 mTorr.

The complete vaccum system is drawn in figure 3.3.

3.3.1 Collimation Region

Directly after the skimmer is a 6” six-way cross welded to the system. For

optical access four 6” viewports are attached to the four flanges of the cross

that are perpendicular to the He* beam. To reduce reflections off the windows

they are AR-coated for both 1083 nm and 389 nm light. The latter one could be

used for driving the 23S1−33P2 transition in metastable helium (cf. figure 3.1)

but is not used for collimation purposes in our setup. The windows are almost

10 cm in diameter and therefore provide enough space for all four interaction

regions for bichromatic collimation (∼ 5 cm altogether) plus the interaction

region for the high intensity optical molasses (∼ 2 cm). Although the space for

optical components that are necessary to align all the beams and send them

through the system is limited it would be probably possible to put in a second

low intensity molasses stage for further enhancing the brightness of the beam

and decreasing its divergence (see section 4.5).

Since external magnetic fields influence the energy level structure of atoms

according to the Zeeman effect we try to cancel at least the magnetic field
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Figure 3.3 Drawing of the Complete Vacuum System. The system is drawn to
scale. The distance from the discharge to the end of the beamline is ∼ 1 m.
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(earth’s magnetic field plus stray fields) in direction of the beamline by apply-

ing an additional field with the same magnitude but opposite direction. To do

so we measured the B-field along the beamline axis and attached coils on both

sides of the collimation region to cancel the measured field (= 3 · 10−5 T).

3.3.2 First Detection Region

Following the collimation region a second 6” six-way cross serves for detec-

tion purposes. Directly after the collimation region two metal plates that are

connected to 1000 V deflect any kind of charged particles coming out of the

source. An MCP/Phosphor Screen for real time imaging of the atomic beam

(see section 3.4.1) is mounted on a 4” motion feedthrough so that it can be

retracted to let the beam pass. When the MCP/Phosphor Screen is used for

spatial imaging of the beam the image can be viewed with a CCD camera

through a window that is mounted to one of the flanges of the six-way cross.

The distance from the skimmer plate to the MCP is 25 cm.

After the MCP/Phosphor Screen a stainless steel detector (SSD, see sec-

tion 3.4.2) is installed that allows for determining the peak flux of the beam

and quantitative imaging of the beam. The two slits that are used for the two

dimensional scanning of the SSD are mounted on 2” linear motion feedthroughs

and can also be retracted to let the beam go through. The motion feedthroughs

as well as electric feedthroughs for the necessary electrical connections in this

region of the vacuum system are connected to several 2 3/4” ConFlat flanges

that are connected by 1 1/2” tubes to the six-way cross. The distance from
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the skimmer to the SSD is 33 cm.

3.3.3 Second Detection Region / Lithography Chamber

The next part down the beamline is a manual shutter (Thermionics VLS-

600/S) that doesn’t seal tightly but can be used for quick blocking of the He*

beam. Attached to the shutter is a Thermionics PFB-TLG-4000-H/R gate

valve (4” inner diameter) that allows to separate the lithography chamber at

the end from the rest of the vacuum system. Connected to the gate valve

by a roughing line are two cryogenic sorption pumps (Vacuum Generators,

Ltd. MS200 series) that are used for pumping down the sample chamber to

approximately 10 mTorr before opening the gate valve to the system. The

roughing line can be flooded with pure nitrogen in a controlled way to bring

the cube up to air without contaminations from the ambient air getting into

the system.

The lithography chamber itself consists of a 6” spherical cube from Kim-

ball Physics (MCF600-SC600800-A) that has six 6” and eight 2 3/4” sealing

surfaces. Two quick access doors (Nor-Cal ADV-600) with windows that are

AR-coated for 1083 nm light are connected to the 6” openings on the sides that

allow easy sample loading without loosening and tightening bolts for ConFlat

connections. The two smaller openings on the upper side of the cube facing

the source are used for blocking everything coming from the source except

for the collimated beam to protect the wafer from complete exposure. To do

so, two beam defining slits (∼ 5 mm width for the vertical, ∼ 7 mm for the
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horizontal one) were built out of sheet metal and connected to two 1” linear

motion feedthroughs to center the slits around the beam peak.

To the top opening another MCP/Phosphor Screen (see section 3.4.1) is

connected that can be moved up and down with a 2” motion feedthrough. The

screen is just used for centering the beam defining slits around the He* peak

and can be viewed by bare eye through one of the quick access door windows.

The distance from the skimmer plate to the MCP is 79 cm.

To the back of the spherical cube two vacuum compatible miniaturized

motorized stages (National Aperture MM-3M-F-1.5-VAC) are attached, one

on top of the other, to allow for up to ±19 mm horizontal and vertical travel.

The stages are controlled by two MicroMini MVP1 Controllers from National

Aperture that are connected to a computer via RS-232 interface. The program

for controlling the stages via PC is written in Visual Basic 6.0 and is explained

in detail in appendix C. With a positioning accuracy of less than 0.5 μm, a

repeatability better than 1 μm and a backlash of 19 μm, the stages allow precise

positioning that is good enough for both placing the wafer and scanning the

He* beam profile.

To allow for fast switching between scanning the beam and doing exposures,

as well as switching between two samples, a home-made aluminum holder is

attached to the stages which tightly holds specially machined aluminum pieces

without the necessity of using any tools. Up to now three of these aluminum

pieces were built, one of which is modified into an SSD with a pinhole (see

section 3.4.2) that allows for measuring the profile of the metastable beam
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88 cm away from the source skimmer. The other two can be interchangeably

used for attaching wafers that then can be easily put in the vacuum system

for doing exposures.

3.4 Detection of Metastables

To characterize the collimated beam of metastable helium we use two different

detectors. Both rely on the high internal energy of He* that is released in

collisions. A combination of a michrochannel plate (MCP) and a phosphor

screen provides a good way for qualitative real-time imaging in two dimensions.

For reliable quantitative measurements stainless steel detectors (SSDs) are

used.

3.4.1 MCP/Phosphor Screen

At distances of 25 cm and 79 cm from the skimmer plate, a combination

of a michrochannel plate (MCP) and a phosphor screen serve as retractable

detectors for the He* beam. The MCP and the phosphor screen, together with

a mirror that allows to see the image from the side (see figure 3.4(a)), are put

together with Kimball Physics eV Parts. All electrical connections are done

by using vacuum compatible wire that is connected to electrical feedthroughs

with MHV connectors on the outside of the vacuum system.

The MCPs (Burle) consist of a large number of channels with 10 μm di-

ameter that are created using glass drawing techniques as in the production of
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Figure 3.4
(a) Arrangement of the microchannel plate and phosphor screen as seen from
the top. The mirror is inserted to be able to detect the phosphor screen image
through a window at the side of the vacuum system.
(b) Principle of electron multiplication within a microchannel plate. The in-
coming He* atom knocks out the first electron that gets accelerated by the
high voltage difference and creates large numbers of secondary electrons in
electron-wall collisions within the microchannels.

fibers. The channels have a bias angle of 12◦ and are arranged on a hexagonal

grid with a center to center spacing of 12 μm. The length/diameter ratio of

the channels is 40 : 1 and a voltage difference up to 1000 V can be applied

between the two sides of the MCPs. The active area of the MCP is 25 mm in

diameter.

He* atoms hitting the MCP eject electrons from the inside of a channel.

Due to the large voltage difference, these electrons are accelerated towards the

back side of the MCP. On their way they frequently hit the walls of the channels

thereby knocking out bunches of secondary electrons (see figure 3.4(b)) which

leads to a signal amplification of up to ∼ 104. In our setup we connect a
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negative high voltage between 500 V and 700 V to the front side of the MCP

and ground the back side which yields amplification factors of approximately

5 · 102.

The electron avalanche created by the MCP hits a phosphor screen behind

it. The phosphor screens were manufactured by James van House (Vancouver,

WA) and consist of a glass substrate that is coated with a thin conducting gold

layer on top of which the phosphor layer is applied. The active area of the

phosphor screen is also 25 mm in diameter. A positive voltage of 1000−2000 V

is connected to the gold layer to accelerate the electrons ejected from the MCP

towards the phosphor screen. The electrons hitting screen cause the phosphor

to fluoresce at around 450 nm so that the image can be recorded with a CCD

camera that is connected to the computer via a TV tuner card.

The main advantage of this detector system is the real-time imaging in two

dimensions which is essential for alignment purposes. On the other hand the

response of the detector to the He* flux is not very linear which would make it

necessary to use a calibration curve to get quantitative information about the

number of atoms from that detector. But since the detector response changes

over time and depending on the exposure history the gain of the system is

spatially inhomogeneous and temporally changing. This makes it difficult to

get reliable quantitative results for the beam flux from this detector.
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3.4.2 Stainless Steel Detectors

The experimental setup contains two stainless steel detectors (SSD) at dis-

tances of 33 cm and 88 cm from the source skimmer respectively. The basic

principle of these detectors is similar to that of a Faraday cup: the metastable

atoms first pass an aperture and then hit a stainless steel plate where they

eject secondary electrons with an efficiency of 70% [31]. These electrons are

pulled towards the metallic aperture that is kept at 250 V. The back plate

from where the electrons are ejected is connected to ground through a Keithley

486 picoammeter.

The SSD closer to the source consists of two parts that can be moved

perpendicularly to each other. The front part is a stainless steel slit that

defines the aperture in one dimension. The back part consists of another

stainless steel slit that is perpendicular to the front one and the back stainless

steel plate where the He* atoms impinge.

The aperture of the second SSD at the end of the beamline consists of

a thin brass foil in which a small hole was machined via EDM (electrical

discharge machining). The whole SSD is mounted in a way that it can easily be

attached to the motorized stages that are controlled with a computer program

(see appendix C). To be able to automate the whole scanning process, the

analog output of the picoammeter is connected to an Ithaco 1201 Low Noise

Preamplifier whose output is read out with a National Instruments NI USB-

6008 data acquisition box (12 bit, 10 kS/s) that is connected to the computer

via USB interface and is controlled with the same program that also controls
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Figure 3.5 Schematics of the setup used to control the stages and readout the
current measured by the back SSD.

the stages (see figure 3.5).

To be able to convert the reading from the picoammeter into a flux of

metastable helium atoms, first of all the total current of He* atoms per pA

has to be calculated. With an electron ejection efficiency of 70% we get

σ =
number of He* atoms

s · pA
=

1 pA

0.7 · e
atoms

pA
= 8.92 · 106 atoms

s · pA
(3.5)

The measured current is of course also dependent on the size of the aperture

of the SSD. The more important number is therefore the flux per pA

φ =
number of He* atoms

s · pA · mm2
=

σ

A
(3.6)

where A is the open area of the SSD aperture.

The width of the two slits that define the aperture for the first SSD and

the diameter of the hole of the aperture of the second SSD were measured
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by observing the diffraction pattern created when illuminating the openings

with a HeNe laser. The results on the dimensions of the apertures and the

corresponding flux per pA that were obtained that way are summarized in

table 3.1.

dimensions φ

SSD1
width front slit

width back slit

0.205 mm

0.5 mm
8.70 · 107 atoms/s·mm2·pA

SSD2 diameter hole 0.456 mm 5.46 · 107 atoms/s·mm2·pA

Table 3.1 Dimensions and flux number for the two stainless steel detectors.
The dimensions of the apertures were determined by analyzing the diffraction
pattern created by shining the light of a HeNe laser through the apertures.
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Chapter 4

Optical Setup

Laser light is used in the experiment for a number of different purposes: for

capturing He* atoms coming out of the discharge source with bichromatic light,

for further enhancing the brightness of the atomic beam with optical molasses

and finally for patterning the atomic beam by using a standing light wave as

a light mask. Although the detuning from atomic resonance and the required

power is different for each of those applications, the light comes from only one

initial light source and is repeatedly detuned with acousto optic modulators

(AOM) and amplified by means of fiber amplifiers.

4.1 Light Production

4.1.1 Diode Laser

A Spectra Diode Labs SDL-6702-H1 Distributed Bragg Reflector (DBR) laser

diode [32] produces light with a wavelength λ = 1083 nm that is both trans-

verse and longitudinal single mode. To achieve this single mode behaviour,

one part of the diode contains a grating that serves as a wavelength selective

52



element by causing destructive interference for wavelengths that don’t fulfil

the Bragg condition.

Since the wavelength of the laser diode light depends on temperature

(0.084 nm/◦C [30]), choosing the right temperature can be used as a mechanism

for coarsely controlling the output of the diode. To get the correct wavelength

for the 23S1−23P2 transition in He* the temperature of the diode is kept stable

at (24.1 ± 0.1) ◦C by an ILX Lightwave LDT-5910 temperature controller. A

finer control of the wavelength is possible by adjusting the current of the laser

diode which is done with a Thorlabs LDC 500 laser diode controller.

As mentioned in [32] the longitudinal modes of the laser diode cavity are

spaced at 1.2 Å intervals and the Bragg grating has an estimated reflectivity

bandwith of ∼ 5 Å. Therefore the cavity mode that is closest to the peak

reflectivity of the grating becomes the lasing mode since its losses are smallest

of all modes. When changing the current of the laser diode, the cavity modes

change at a different rate than the wavelength with the lowest losses in the

diode and therefore when turning up the current, ‘mode-hops’ from one cavity

mode to a neighbouring one occur. This effect results in a hysteresis when

varying the current and can be seen in figure 4.1 where the wavelength is

measured with a Burleigh WA-1500 wavemeter. The correct wavelength for

the 23S1−23P2 transition in He* is 1083.33 nm and can hence only be reached

by first turning up the current to ∼ 150 mA to get into the correct cavity

mode and then turning it back down to ∼ 142 mA.

The laser diode current not only influences the emitted wavelength but also
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Figure 4.1 Wavelength dependence on the current through the laser diode at a
temperature of 24.1 ◦C. The green upwards pointing triangles mark datapoints
taken while turning the current up, the red downwards pointing triangles mark
datapoints taken while turning the current back down.

the power of the light. The dependence of the output power (measured at the

70% output of the extended cavity, cf. figure 4.3) from the diode current at

a temperature of 24.1 ◦C is shown in figure 4.2. After reaching a threshold of

∼ 75 mA the diode starts lasing and when turning the current up more the

output power is increasing pretty much linearly. This graph also shows a slight

hysteresis which is a consequence of the fact that under the given conditions

the losses of one of the modes compared to the other are smaller.
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Figure 4.2 Dependence of the laser diode output power on its current at a
temperature of 24.1 ◦C. The measurement was done with the stronger beam
coming out of the extended cavity (cf. figure 4.3), so the measured power
equals approximately 75% of the total power out of the diode. The green
upwards pointing triangles mark datapoints taken while turning the current
up, the red downwards pointing triangles mark datapoints taken while turning
the current back down.

4.1.2 Extended Cavity

The linewidth of the diode laser is 3 MHz whereas the natural linewidth of

the 23S1 − 23P2 helium transition is 1.6 MHz. To narrow the linewidth of

the diode an extended cavity is used (see figure 4.3) that artificially increases

the lifetime of the photons within the diode by feeding back about 9% of the

light into the diode. By doing so the linewidth is narrowed to approximately

125 kHz which is more than a factor of 10 less than the natural linewidth of
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the He* transition. The narrowed linewidth was measured by using two DBR

diodes of the same type and observing the beat signal that is created when

beams with two different frequencies overlap and therefore interfere with a fast

photodiode [30].

DBR Laser Diode

70 / 30
Beamsplitter

Mirror
on PZT

70% Main Output

21% Secondary
Output

9% Feedback

Figure 4.3 Extended Cavity of the Diode Laser. By using an external cavity
to extend the lifetime of the photons within the cavity the linewidth of the
diode laser is narrowed from 3 MHz to approximately 125 kHz. The length of
the cavity is controlled with a PZT.

The extended cavity also offers another possibility for adjusting the out-

put frequency of the laser. By using a mirror mounted on a Piezo-Electric

Transducer (PZT) the length of the cavity and therefore the frequency of the

diode can be changed by applying a voltage to the PZT. The PZT is driven by

a homebuilt high voltage controller and used both for scanning over a broad

frequency range to find the atomic transition as well as for feeding the error
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signal back to the cavity to keep the laser locked to a specific frequency (see

section 4.2).

A side effect of using a 70/30 beamsplitter in the setup is that two beams

come out of the extended cavity with 70% and 21% of the total output power

of the diode respectively. Both beams show the typical diode laser behaviour

of greater divergence in one direction than in the other. Thus it is necessary

to use not only spherical but also cylindrical lenses to collimate the outcoming

beams. In addition to the collimation optics the beams pass through optical

isolators (OFR IO-3-1083-HP for the stronger beam, OFR IO-D-1080-Z for

the weaker beam) that rely on the Faraday effect to prevent backreflections of

the laser light into the cavity. Both beams are then coupled into single mode

optical fibers that not only make the guiding of the light easier and more

flexible, but also serve as spatial filters by just transmitting the zero order

Gaussian mode.

4.2 Frequency Locking

4.2.1 Saturated Absorption Spectroscopy

To lock our laser to the atomic transition frequency we use a He discharge

cell. The cell is driven by a strong RF field of ∼ 52 MHz. That way also

metastables are created in the cell so that a weak light beam that is resonant

with the atomic 23S1−23P2 transition is partly absorbed and scattered by the

He* atoms. That leads to a dip in the transmission signal when the frequency
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of the laser is scanned across atomic resonance. However, the width of that

dip is Doppler broadenend (FWHM ΔωD, see figure 4.4(a)) as a consequence

of the different speeds of the atoms within the gas cell.

One method of obtaining a signal that is not Doppler broadened is to use

a saturated absorption spectroscopy (SAS) setup (see figure 4.5). In that case

a strong (Ipump � Isat) counterpropagating pump beam is crossing the much

weaker (Iprobe � Isat) probe beam. If the laser is slightly off-resonance the

two beams are talking to different velocity groups in the gas cell; therefore the

recorded transmission signal of the probe beam is the same as it was without

the pump beam (cf. figure 4.4 (a),(b), situations (1) & (3)). In the case

that the laser is resonant with the atomic transition, both beams address the

same velocity group (v‖ ≈ 0, v‖ is the component of �v in direction of �k) in

the gas. Since the pump beam is much stronger, it excites a lot of atoms in

that velocity group which leads to a reduced absorption of the probe beam.

That leads to a detectable peak in the Doppler broadened signal (see figure 4.4

(a),(b), situation (2)). By using an additional beam (the reference beam) that

is the same as the probe beam except that it does not cross the pump beam,

a reference signal is created so that the Doppler broadened background can

be subtracted, leaving just the narrower Doppler-free transmission signal. A

more detailed description of saturated absorption spectroscopy can be found

for example in [33].
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Figure 4.4
(a) In the transmission signal without the pump beam the atomic transition
is Doppler broadened.
(b) When the pump beam is present, a small Doppler free signal can be seen
on top of the broad dip due to saturation effects.
(c) Only if the laser is resonant with the atomic transition the pump beam and
the probe beam talk to the same velocity group of atoms v‖ ≈ 0. That leads
to a higher transmission of the probe beam since the stronger pump beam
saturates the absorption of that velocity group.
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M: Mirror

OC: Output Coupler
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GP: Thick Glass Plate
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Figure 4.5 SAS Setup. Depending on the locking scheme, different signals
can be connected to the output coupler. The pump and probe beam are not
exactly counterpropagating to prevent backreflections in the laser diode which
would make the frequency very unstable.

4.2.2 Locking Electronics

To lock the laser it is important to create an error signal from the Doppler-

free transmission signal that can be used for a feedback loop to keep the laser

stable. The schematics of the locking electronics is shown in figure 4.6. The

signal coming from the SAS setup is first amplified with a Stanford Research

Systems (SRS) SR560 low-noise preamplifier that is also used for filtering noise

below 3 Hz and above 30 kHz. The signal is then fed into an EG&G Princeton

Applied Research lock-in amplifier (model 5104). A lock-in amplifier is able to

recover a signal that is modulated with a reference frequency even if the signal
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is extremely noisy. The 10 kHz reference frequency in our setup is provided

by an SRS DS345 30 MHz synthesized function generator that modulates the

current driving the laser diode and therefore modulates the laser frequency.

The lock-in amplifier is not only able to recover a signal but also to generate

the derivative of that signal if the internal phase for the lock-in is set correctly.

By doing so an error signal is created that is zero at the top of the peak, i.e.

where the laser is exactly resonant with the transition. The lock-in amplifier

is used with a time constant of 0.01 s and a sensitivity of 100 mV. The SAS

signal and the corresponding error signal are shown in figure 4.7.

The error signal is then connected to an SRS SIM960 analog PID controller

whose output signal can be calculated according to

ε = Setpoint − Measure

Output = P ×
{

ε + I

∫
εdt + D

dε

dt

}
+ Offset (4.1)

That means that, depending on the chosen parameters, the PID controller

reacts to fast changes in the error signal (large D) or tries to keep the error

signal more constant (large I). The parameters used in our setup are given in

table 4.1

The stabilized error signal is then applied to the PZT of the extended cavity

of the laser to compensate any fluctuations. By inserting the PID controller in

the setup and adjusting the parameters it is now possible to lock the laser for

several hours without any intervention whereas before, a constant adjusting

by hand was necessary to keep the laser approximately at resonance.
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Extended Cavity PZT

Figure 4.6 Schematics of the locking electronics. Details about the components
can be found in the text.

4.2.3 Off-Resonance Locking

For locking the laser to atomic resonance, i.e. ω = ωa, the secondary output

of the extended cavity of the laser (see figure 4.3) is used for the SAS (see

figure 4.7 for the SAS signal and the error signal). In this case the +kv

beam contains a component of ωa and a push of atoms can be detected on the

MCP/Phosphor Screen. Therefore that locking scheme is used for aligning the

+kv beams to which all other beams are aligned afterwards.

For bichromatic collimation on the other hand it is necessary to lock the
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Figure 4.7 The figure shows the SAS signal (blue) and the arising error signal
(red) for the first locking scheme. The frequency of the ramping (green) is
slowed down to ∼ 1 Hz to display the error signal more accurately on the
oscilloscope. Usually the scanning frequency is ∼ 30 Hz.

laser to ωa − kvc = ωa − 2π · 30 MHz. To do that part of the −kv beam is sent

through an AOM that changes the frequency components by 3
2
δ = 2π ·90 MHz,

so that it then contains the frequencies ω + δ
2

and ω + 5δ
2

. By sending that

modified signal to the SAS it is possible to lock the laser on the lower frequency

component which leads to ωa = ω + δ
2
→ ω = ωa − δ

2
, the necessary result for

bichromatic collimation (see section 2.4.6).

The SAS signal from that second locking scheme and the created error

signal can be seen in figure 4.8. The third peak in between the two frequency
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Parameter Value

P (gain) −2.5

I = 1
Ti

8.0 · 101 1/s

D = Td 4.0 · 10−4 s

Internal Setpoint 0 V

Offset 0 V

Table 4.1 The settings for the PID controller in the laser locking setup. The
value for P has to be adjusted sometimes to account for changes in the strength
of the signal coming from the SAS cell.

components of the modified −kv beam is a cross-over resonance that arises

from the fact that the atoms see the two frequency components as an amplitude

modulated signal of the average frequency of both parts. The locking is done

on the peak that corresponds to a lower voltage on the PZT of the extended

cavity.

4.3 Light Amplification

4.3.1 Fiber Amplifiers

One of the big advantages of working with laser light of a wavelength between

1000 nm and 1600 nm is that a broad range of products that were designed for

the telcommunication industry are readily available. Most of them have been

on the market for a while and therefore are well-tested and are easy to use.

Since many of these products are fiber coupled they are easy to implement

in an existing setup that uses fibers. One type of those products are fiber

amplifiers.
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Figure 4.8 The figure shows the SAS signal (blue) and the arising error signal
(red) for the second locking scheme. The frequency of the ramping (green)
is slowed down to ∼ 1 Hz to display the error signal more accurately on the
oscilloscope. Usually the scanning frequency is ∼ 30 Hz.

For the experiment we have three fiber amplifiers. They all use ytterbium

(Yb) doped single mode fibers as a gain medium. The fibers are coiled inside

the amplifier and are pumped with light at a wavelength of 900 − 1000 nm

to create population inversion. Light (1050− 1090 nm) travelling through the

fiber causes stimulated emission into the same mode and therefore the light

gets amplified.

The two newer and bigger models we use are KPS-BT2-YFA-NLS-1083-

40-COL fiber amplifiers from Keopsys. They contain three independent pump
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lasers that work on different parts of the fiber and are seperated by optical

isolators to prevent light in the opposite direction to get amplified. The first

pumping diode (preamplifier) amplifies the incoming light to about 120 −
150 mW pretty much independent of the power of the light at the input.

Further amplification can be achieved by turning up the two additional diodes

(booster stages). Since their current can be smoothly adjusted, any output

power between the power given by the preamplifier and the maximum output

power of 4 W can be achieved.

The input and output fibers are connectorized with FC/APC connectors

that are angle-polished at an 8◦ angle to reduce backreflections. At the high

powers that are created with these amplifiers, a little bit of dust or some stray

reflection back into the output connector can damage the fiber by blowing off

the tip as happened with one of the amplifiers. When reconnectorizing that

fiber, special care had to be taken in the polishing process to make sure that

no light will be backreflected from the freshly polished tip. In addition it is

very important to have clean output couplers and optics should be AR-coated

to minimize harmful backreflections.

Another thing that can severely damage the fiber amplifier is a too low

input power because that allows for the amplification of light that is sponta-

neously emitted in the backward direction. Therefore the amplifier constantly

monitors and displays the input power. The minimum input power recom-

mended by the manufacturer is −3 dBm ≡ 0.5 mW.

Both amplifiers have been widely tested within the lab after they were
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purchased in late 2003. Especially concerns about nonlinear effects within the

amplifiers when going to very high powers existed but could be eliminated [34].

The third amplifier is an OIYb30 fiber amplifier from Optocom Innovation

(the company that later became Keopsys). It has just one pump diode, no

display of the input power and no optical isolators inside. The maximum

output power of that amplifier is 1 W.

4.3.2 Polarization Control with Fibers

It is often necessary, or at least desirable, to control the polarization of the light

coming out of a fiber. Several possibilities have been studied of how to control

the polarization. They basically all rely on birefringence within the fiber that

can be created by making the fiber core elliptical, applying lateral stress on

the fiber (the two big fiber amplifiers contain such a device for controlling

the output polarization) or twisting the fiber [35]. Another way of creating

birefringence wihtin a fiber that is easy to implement is the bending of fibers.

Birefringence in Bent Single-Mode Fibers

The birefringence in a bent single-mode fiber is essentially a stress effect [36].

Therefore basic elasticity theory can be used to calculate the stress within a

bent fiber that creates an elasto-optic change in the index of refraction. The

presented derivation assumes that the fiber core is made out of an isotropic

material which is true for the fibers used in our experiment since they consist

of Germanium doped fused silica (SiO2).

67



In such an isotropic medium the elastic modulus E, also known as Young’s

modulus, is defined as the ratio of the stress σ = Force
Area

applied to an material

and the resulting strain ε = Change in Length
Length without Stress

E =
σ

ε
=

F/A

Δl/l
(4.2)

In most media an applied unidirectional stress not only causes a strain in

that specific direction but also in the other directions. The magnitude of that

effect is described by Poisson’s ratio ν which is defined as

ν =
Δlx/lx
Δlz/lz

=
Δly/ly
Δlz/lz

(4.3)

if the applied stress is directed in z-direction and analogously for the other

directions.

From Eq. (4.2) and Eq. (4.3) it is easy to derive the difference in the strains

in x- and y-direction

εx =
Δlx
lx

=
σx

E
− ν

(σy

E
+

σz

E

)

εy =
Δly
ly

=
σy

E
− ν

(σx

E
+

σz

E

)

εx − εy =
1

E
(σx − σy) (1 + ν) (4.4)

For a single-mode fiber with outer diameter 2r and curvature κ = 1/R

(figure 4.9) the bending induced stress in the z-direction is

σz (x) = E
Δlz
lz

= κEx (4.5)

We consider the fiber to be only weakly bent, i.e. κr � 1. The bending

radius of the layer dx in figure 4.9(b) is (R + x). The stress σz (x) in this layer
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contributes for a small lateral stress component σx with |σx| � |σz| and

σx (x + dx) − σx (x) = (R + x)−1 σz (x) dx (4.6)

If we now neglect |x| � R, we can transform Eq. (4.6) into

∂σx

∂x
= κ2Ex (4.7)

which can be integrated with the boundary conditions σx (±r) = 0 to obtain

σx (x) =
κ2E

2

(
x2 − r2

)
(4.8)

When doing so we neglect any stress component in y-direction (σy = 0)

which is justified since the fiber is only bent in the x-direction and considered

not to be twisted.

z

x

R

r-r

x

y

2r

dx

(a) (b)

Figure 4.9 Geometry of the bent fiber. The fiber with outer diameter 2r is
bent in x-direction with a radius of curvature R. The unbent fiber is oriented
in z-direction.
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Stress can change the refractive index n of a medium. This is called the

photoelastic effect and the change in the refractive index was found to behave

as [37]

Δ

(
1

n2

)
i

= pijεj (4.9)

where the photoelastic constants pij are material dependent.

Since the relative variations of the index of refraction due to applied stress

are always small, Eq. (4.9) can be evaluated by differentiation

Δ
(

1
n2

)
i

Δni
≈ d

(
1
n2

)
i

dni
= −2

1

n3

⇒ Δni = −n3

2
pijεj (4.10)

By combining Eq. (4.4), Eq. (4.10) and Eq. (4.8), and keeping in mind that

the stress in the y-direction σy is considered to be 0, it is easy to express the

difference in the refractive index for light polarized in x-direction or y-direction

respectively in terms of material constants

Δnx − Δny = −n3

2
(p11εx + p12εy − p21εx − p22εy)

= −n3

2
(εx − εy) (p11 − p12)

= − n3

2E
(σx − σy) (1 + ν) (p11 − p12)

= 0.25κ2n3r2 (p11 − p12) (1 + ν) (4.11)

Lefèvre Fiber Polarization Controller

Since the birefringence of the fiber is changed depending on the way the fiber is

curved, bending and attaching the fiber in a special way provides an easy way
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of roughly controlling the output polarization of a fiber. A more sophisticated

way of utilizing the photoelastic effect in bent fibers is by using fiber loops as

waveplates whose retardation is defined by the number and the radius of the

loops [38].

The core of the fiber used for the polarization controller (Thorlabs P3-

980A-FC-5 with 900 μm protective tubing) is doped with Germanium. Ac-

cording to Thorlabs, the amount of Ge in the silica core is small (< 10%) but

more details aren’t disclosed by the manufacturer. But since the index of re-

fraction of the fiber core (according to Thorlabs n = 1.4563 for λ = 1064 nm)

is close to the value for pure fused silica (n = 1.4494 for λ = 1083 nm [39]),

the rest of the material constants is also considered to be similar.

In table 4.2 the necessary values for the calculation of the retardation

are given. Since no information could be found on the dependence of the

photoelastic constants pij on the wavelength of the light and the only data

available for fused silica is for a wavelength of 633 nm, those values are used

to get at least a rough estimate on the phase delay. No test of the accuracy

of these calculations has been done in our laboratory so far.

By using Eq. (4.11) to calculate the difference in the index of refraction for

light polarized along the ordinary and the extraordinary axis, respectively, we

get Δnx − Δny = −0.133κ2r2.

In our setup we use a Thorlabs FPC560 polarization controller that has

three paddles that can be rotated independently by up to ±117.5◦ and curl the

fiber (cladding diameter 2r = 125 μm) in a variable number of loops with a
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Quantity Value Wavelength

Refractive Index n 1.4494 1083 nm

Photoelastic Constant p11 0.121 633 nm

Photoelastic Constant p12 0.270 633 nm

Poisson’s Ratio ν 0.17 independent of λ

Table 4.2 Some material constants for fused silica. No value for the photoelastic
constants could be found in the literature for λ = 1083 nm. All values are
taken from reference [39].

diameter of 2R = 56 mm. With the parameters for the fiber that is used, that

gives a retardation of 2πR (Δnx − Δny) ≈ 116 nm per loop. The schematics

of the polarization controller are shown in figure 4.10. We use two loops each

in the first and the third paddle and five loops in the second paddle which are

the values that are closest to acting as a set of waveplates with λ
4
, λ

2
and λ

4

retardation. This setup gives us precise control over the polarization coming

out of the fiber.

(a) (b)

Figure 4.10
(a) Schematic of the Fiber Polarization Controller
(b) Configuration of the fiber within the polarization controller (not all loops
are drawn to keep the drawing clearer). Each plane of coils can be individually
rotated.
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4.3.3 Dual Signal Amplification

The experimental setup involves four different beams with different frequen-

cies: +kv and −kv for Bichro, one beam for molasses and one beam for pattern-

ing the He* beam with a light mask. Since we have only three fiber amplifiers

for amplifying the signals, a new setup for the amplification was necessary. If

two signals with orthogonal polarization are launched into an ideal fiber they

should maintain that orthogonality throughout the fiber. That way by over-

lapping two signals with orthogonal polarization we can amplify them with

one fiber amplifier and separate them again after the amplification.

The setup (see figure 4.11) involves two polarizing beamsplitter cubes

(PBC) and one Lefèvre polarization controller. The two signals are overlapped

with the first PBC, then coupled into a fiber and sent through the polarization

controller and the fiber amplifier. The polarization controller is adjusted in

such a way that the two signals coming out of the amplifier are vertically and

horizontally polarized respectively so that the signals can be easily separated

by using another PBC.

The setup was implemented with the small fiber amplifier and the amplified

signals were both checked with a powermeter and with Fabry-Perot cavities to

check the spectrum of the beams. When the paddles of the fiber polarization

controller were adjusted in the right way more than 99% of the amplified sig-

nals came from the corresponding input signals. As long as the current of the

fiber amplifier wasn’t turned up to more than 0.8 A the output polarization

was stable. Turning up the current higher caused fluctuations of the polariza-
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PC:  Fiber Polarization Controller   FA:  Fiber Amplifier

Figure 4.11 Setup for the amplification of two signals with just one fiber am-
plifier. Adjustment of the polarization controller makes it possible that more
than 99% in each of the amplified signals is the same as the corresponding
incoming signals.

tion which made it impossible to separate the signals correctly after the fiber

amplifier.

This novel way of amplification has two major advantages. The first one is,

of course, that only one fiber amplifier is necessary for the amplification of two

signals. The second advantage is that the minimum input power (≥ 0.5 mW)

is now shared between the two signals. That means that this also provides

a way of amplifying signals that otherwise would have been too small for

amplification with the fiber amplifiers. The most extreme way of utilizing this
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is to use one stronger signal only as a carrier signal that is not longer used

after the separation of the two amplified signals and has the sole purpose of

providing the minimum input power for the amplifier to prevent any damage

that could be caused by spontaneous emission in backward direction.

4.4 Bichromatic Light Setup

4.4.1 Four Frequency Production

As described in section 2.4.6, bichromatic collimation needs two beams con-

taining two frequencies each. One of the beams contains the frequencies

ωa ± δ + kv and is called +kv beam, the other beam contains the frequen-

cies ωa ± δ − kv and is referred to as −kv beam where ωa is the frequency of

the 23S1 − 23P2 transition.

Doubly Passed AOM

Both the +kv and the −kv beam can be created with a single, doubly passed

acousto optic modulator (AOM). The idea of this so-called 4-ω-AOM has first

been proposed by the author of [40] and was first used for experiments with

bichromatic light on Rubidium ([41, 42]).

The way this works is illustrated in figure 4.12: a single beam with the

frequency of the laser diode ω is incident on the AOM that is driven with an

RF frequency δ
2π

= 60 MHz. Taking the 0 and +1 order deflection from the

AOM gives beams with frequencies ω or ω + δ, respectively. By retroreflecting

those two beams they pass the AOM a second time thereby creating two beams
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Figure 4.12 Only one AOM is used for producing the two beams containing
two frequencies each that are necessary for bichromatic collimation.

containing two frequencies each, one with ω−δ and ω+δ and the other one with

ω and ω + 2δ. To separate the incoming from the outgoing beams spatially,

a λ
4
-plate is used that is passed by the beams twice, and therefore rotates

their polarization by 90◦. When passing the PBC afterwards the beams are

not deflected and can be separately coupled into the input fibers of the fiber

amplifiers.

Power Balancing

The model of Bichro assumes that both frequencies in the +kv and −kv beams

have equal power. To achieve that, the deflection efficiency of the AOM needs

to be adjusted which can be done by changing the RF power driving the AOM

and by changing the angle of incidence on the AOM. Whereas the RF power

stays constant over time, the position of the AOM has to be readjusted each
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time to ensure a correct power balancing. To do so, the AOM is mounted on

a six-axes motion stage that allows for 3D translation and tilting. Usually a

good power balancing can be achieved by just adjusting the height and the

pitch of the AOM.

To check the balancing of the beams, part of the amplified signal after the

fiber amplifiers is sent to a Fabry-Perot cavity. One of the mirrors of the cavity

is mounted on a PZT and can be scanned by applying a high voltage. As a

consequence of the frequency selective properties of a Fabry-Perot cavity [43]

only light of certain wavelengths is transmitted and by changing the length of

the cavity and detecting the transmitted light with a photodiode a spectrum

of the incoming light can be displayed with an oscilloscope. Figure 4.13 shows

the signals from the two Fabry-Perot cavities that were recorded with an oscil-

loscope after adjusting the position of the AOM to get two equally high peaks

in each of the signals.

4.4.2 Phase Control

The relative phase between the counterpropagating +kv and −kv beams has

a big influence on the magnitude and even the direction of the force since

it decides about the timing of the exciting and the deexciting π-pulse. As

described in section 2.4.5 the optimal relative phase between the two pulses is

1
4

of the length of a pulse and with a difference of 2δ
2π

= 120 MHz between the

two frequencies in each beam the pulse duration is T =
(
2 · 2δ

2·2π

)−1
= 8.3 ns

and the length of a pulse is c ·T = 2.5 m. The difference in optical pathlength
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Figure 4.13 Signals from the Fabry-Perot cavities showing the spectrum of
the +kv (blue) and −kv (red) beam. The frequency separation between the
two peaks is 2δ

2π
= 120 MHz in both signals. As a reference the signal that is

applied to the PZTs of the Fabry-Perots is shown in green. Since both peaks
have approximately the same height the two frequencies in each of the beams
are well balanced.

between the +kv and the −kv line has to be such that the −kv pulse excites

the atoms and the deexciting +kv pulse is delayed by T
4
.

An easy way of changing the optical pathlength without realigning optics is

by inserting an additional patchcord of optical fiber between the fiber coupler

and the input fiber to one of the FAs. Since according to the manufacturer the

length of the fiber is only within ±10% within the specifications and hence a

1 m long fiber has an uncertainty in optical pathlength of ±1 m·0.1·n = 14.5 cm

78



where n = 1.45 is the refractive index of the core of a silica single mode fiber

from Thorlabs (P3-980A-FC-5) for 1083 nm light. Therefore additional fibers

were only used for the coarse adjustment of the phase whereas the fine control

was done with a manual delay stage with ∼ 32 cm travel range which could

change the difference in optical pathlength by up to 64 cm ≡ π
2

phase delay.

Measurement of the Relative Beat Envelope Phase

To actually measure the relative beat envelope phase between +kv and −kv

two fast photodiodes (UDT-InGaAs-100L) were used. To get rid of all the

additional phase differences created by the electronics, differences in the length

of the BNC cables and difference in pathlength from the output fiber to the

photodiodes, we used a setup as drawn in figure 4.14 and took a measurement

with the +kv fiber connected to output coupler 1 and −kv to output coupler

2 and then switched the two output fibers to take another measurement and

average over both measurements. The signals were recorded with a LeCroy

WaveSurfer 434 oscilloscope that was triggered with the RF power driving the

4-ω-AOM.

The data was then analyzed with Mathematica 5 by finding the positions

of all minima of the signals and calculating for each minimum in the −kv

signal the distance to the next minimum in the +kv signal. This procedure

was repeated for five different positions of the phase stage. The results are

given in table 4.3.

The change in the relative phase is each time ∼ 25◦ which is in good agree-

79



CH1 CH2 EXT

RF from 4-Frequency-AOM

OC2

OC1M1

M2

PD2 PD1

-kv Signal

+kv Signal
OC: Output Coupler

M: Mirror

PD: Photodiode

Figure 4.14 Setup for the measurement of the relative phase between the +kv
and the −kv signal. The oscilloscope is externally triggered by the RF fre-
quency driving the 4-frequency-AOM. The fibers are switched between OC1
and OC2 to average out effects from different optical pathlengths after the
output couplers, effects from the BNC cables, the photodiodes, etc.

ment with the expected value when moving the phase stage by 8.3 cm which

gives an additional pathlength of 16.6 cm and therefore a phase difference of

0.166 m
2.5 m

· 360◦ = 23.9◦. For these measurements the centered position of the

stage gave a phase difference between the +kv and the −kv signal of about

270◦ ≡ −π
2

which is the wrong order of the π-pulses and therefore creates a

force in the wrong direction. This was corrected by inserting an additional

fiber and moving the phase stage until the collimation signal on the phosphor

screen was maximized.

In addition to the relative phase, these measurements also yielded a very

precise measurement of the difference between the two frequencies in each

beam. By measuring the distance in time between two subsequent minima in
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Position phase stage 0 mm 83 mm 166 mm 249 mm 332 mm

−kv at 2 279◦ 303◦ 326◦ 352◦ 376◦

−kv at 1 163◦ 188◦ 224◦ 247◦ 270◦

average 221◦ 246◦ 275◦ 300◦ 323◦

Table 4.3 Measurements of the relative beat envelope phase of the +kv beam
with respect to the −kv beam for different positions of the phase stage.

a signal and averaging over all the data taken during the phase measurements,

the modulation frequency of the bichro beams could be determined to be

2δ
2π

= (119.825 ± 0.01) MHz.

4.4.3 Beam Expansion and Polarization Control

Telescoping the Beams

The output fibers of the fiber amplifiers are plugged into Thorlabs output

couplers that roughly collimate the beam. Since the collimation isn’t good

enough to guarantee that the intensity within the beam stays almost constant

over a long distance, and since the beam size after the output couplers is too

small (less than 1 mm beam waist) one spherical and one cylindrical telescope

are used for beam expansion and collimation. By expanding the beam in one

direction more than in the other the region where the atoms interact with the

light can be extended without loosing too much of the intensity.

The intensity profiles were taken with a 100 μm slit that was mounted on

a Newport powermeter and scanned over the beam. The data was fitted using

Origin 7.9 with a Gaussian profile. Using the definition of the spot size given

in [44], i.e. the halfwidth at the 1
e2 intensity level, we got the beam sizes listed
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in table 4.4 and divergence angles smaller than 10−5 rad.

+kv −kv

spot size [mm] spot size [mm]

horizontal 1.9 6.2

vertical 2.1 7.0

Table 4.4 Fitted beamsizes of the bichromatic beams. The numbers give the
halfwidth at the 1

e2 intensity level.

Optical Pumping

The description of the bichromatic force given in section 2.4 relies on the model

of a two-level atom. Since this is just an idealization and never true for any

real atom, it is important to make sure that the influences of other levels are

negligible. Since the detuning of the modulated +kv and −kv beams from

resonance with the 23S1 − 23P2 transition is only 30 MHz and the transition

23S1 − 23P1 that is closest to that is almost 2.3 GHz higher (see He* level

diagram figure 3.1) the contribution of other transitions can be disregarded.

Nevertheless, both involved levels 23S1 and 23P2 have J > 0 and there-

fore split into several magnetic sublevels with different values for mJ (see

figure 4.15). Since σ± light drives only transitions with ΔmJ = ±1 the use

of circularly polarized light gives control over the sublevels that are involved.

Using σ+ light optically pumps the atoms in a way that effectively only the

23S1; mJ = 1 ↔ 23P2; mJ = 2 transition is involved. On the other hand the

effective two-level atom is formed by the 23S1; mJ = −1 ↔ 23P2; mJ = −2

transition when σ− light is used for the optical pumping.
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Figure 4.15 Sublevels of the 23S1 and the 23P2 level of He*. The relative
transition strengths are also given in the drawing.

In the interaction region the polarization must be the same for both Bichro

beams (either σ+ or σ−) to be able to optically pump the atoms. Since the

beams are counterpropagating when they interact with the atoms they need to

have opposite helicity [40]. That is achieved by having λ/4 plates before and

after each interaction region that have their fast axes aligned to each other.

The waveplate after the interaction region is passed twice, thereby switching

the circular polarization of the light. Before passing the first waveplate the

+kv and the −kv beam are linearly polarized and orthogonal to each other.

This setup (see figure 4.16) makes sure that in each interaction region is passed

by two beams with the same circular polarization.

4.4.4 Setup for 2D Bichromatic Collimation

Each one-directional bichromatic push needs +kv light and −kv light coming

from opposite directions and with the −kv pulses ahead by φ = π
2
. That
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means that altogether four interaction regions are necessary to collimate in

two dimensions. The two interaction regions for each dimensions are sharing

the same light by retroreflecting the +kv and −kv beam in such a way that

the beams overlap (see figure 4.16). To get the relative phase right it is im-

portant that the distance the light travels between the two interaction regions

corresponds to a phase of (2n − 1) π, n ∈ N. In our setup the length is chosen

to be 125 cm which corresponds to a phase delay of π. By doing so, the −kv

beam is in each interaction region ahead by a quarter of a beat if the phase is

adjusted properly (see section 4.4.2).

4.5 Optical Molasses

The bichromatic force collimates the beam to a final transverse velocity of

∼ 9 m/s [4, 34]. For further collimation an optical molasses stage is implemented

right after the four collimation regions for bichromatic collimation. Part of

the −kv beam is send through an AOM that is driven with a frequency of

82 MHz. That shifts the two frequencies in the beam to ωa − 2π · 8 MHz and

ωa + 2π · 112 MHz respectively. The latter frequency component is too far

detuned from atomic resonance to have a significant influence on the atoms.

The other frequency component improves the collimation of the atoms in an

optical molasses configuration. The detuning of δ = −2π · 8 MHz is chosen

to capture most of the atoms precooled by the bichromatic force (because

vt

λ
∼= 9 MHz, vt is the transverse velocity of the atomic beam after bichromatic

collimation). The intensity of the molasses beam can be adjusted with one of
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Figure 4.16 Diagram of the interaction regions for bichromatic collimation in
two dimensions. Four separate interaction regions are necessary that all have
to fulfill conditions for the relative phase between the counterpropagating +kv
and −kv beam. The diagram is not drawn to scale.
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the 1 W fiber amplifiers and is adjusted in such a way that the peak flux that

is checked with the SSD is maximized.

The final velocity of that molasses configuration is 3.5 − 4 m/s [4]. With

a transversal velocity of 1000 m/s that still corresponds to a divergence angle

of 7.5 mrad FWHM. Since this divergence does not only reduce the peak flux

at the place where the sample is exposed, but also leads to larger aberrations

with a standing wave light mask (see section 5.4.1), a second molasses stage is

planned. By choosing parameters close to those of ordinary Doppler molasses,

most of the atoms from the first molasses stage could be captured and their

final velocity could reduced close to the Doppler velocity vD ≈ 0.3 m/s.

4.6 Light Mask Setup

Attempts to pattern a wafer using a standing wave light mask have thus far

been unsuccessful. Most of these attempts were made with the old beamline.

Part of the problem certainly was that the atomic beam is not well enough

collimated and that the beamwaists of the laser beam for the light mask was

too big for the divergence of the atomic beam. Another reason could be that

with the old beamline, no accurate positioning of the sample in the atomic

beam was possible to compensate for changes in the collimation alignment.

The latter problem is solved with the new setup for the beamline, the former

one can be significantly improved by inserting another molasses stage (see

section 4.5). Since the implementation of a rudimentary light mask will be the

next step after getting control over the exposure and etching times, the setup
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that basically resembles the one used with the old beamline is described here.

The light for the light mask comes from the secondary output of the ex-

tended cavity of the laser (see figure 4.3). It is frequency shifted by an AOM

to get the desired detuning, then amplified with the small 1 W fiber amplifier

as a secondary signal as described in section 4.3.3. The amplified beam is

then extended with a telescope to get the desired beamwaist. The smaller the

size of the beam waist the smaller are aberrations of the standing wave light

mask (cf. section 5.4.1). Two translation stages are used for positioning the

beam so that the height equals the height of the atomic beam and the wafer

is positioned so that half the beam can pass in front of the wafer. A mirror is

mounted on the sample holder that retroreflects the light mask beam thereby

creating a standing wave.
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Chapter 5

Neutral Atom Lithography

5.1 Atomic Nanofabrication

About 15 years ago people started using the techniques and the knowledge that

arose from research in laser cooling and atomic physics to create structures on

the nanometer scale by using beams of neutral atoms. Starting with the very

first experiment that used a beam of sodium atoms that were patterned with a

standing wave light field and deposited on a surface [45] a research field called

atomic nanofabrication (ANF) [5] developed.

In principle one can distinguish between two main branches in ANF: the

first one creates the structures by directly depositing atoms on a surface.

This direct deposition technique has been successfully demonstrated with a

wide variety of different atoms, for example sodium [45], aluminum [46], or

chromium [47]. The advantage of this direct deposition (DD) technique is

that no further processing is necessary. On the other hand atomic sources

with high atomic flux are necessary because, depending on the desired struc-

ture height, several atomic layers have to be deposited.
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The second branch of ANF resembles the technology used in today’s mi-

crochip fabrication where other steps have to follow the exposure to actually

create the structures. In this so-called neutral atom lithography (NAL) the

atoms constituting the atomic beam are not forming the resulting structures.

They are just used to either damage a resist layer locally or to modify other

substances to form a resist at certain positions. By using an etching solution

that acts differently on the damaged / modified parts than on the rest of the

sample, it is possible to transfer the pattern in an underlying layer.

Several combinations of resists and surfaces have been used together with

different kinds of exposing atoms. The most popular combinations of resists

and surfaces are self-assembled monolayers (SAM) of alkanethiols on a gold sur-

face and alkylsiloxane SAMs on SiO2. For both combinations exposures were

done with beams of alkali atoms [48, 49] as well as with beams of metastable

rare gases [50, 51]. Metastable noble gas atoms carry internal energies between

8 eV for Xe* and 20 eV for He*. Since these are huge amounts of energies

on the atomic level, and since that energy is released when the atoms hit a

surface, metastable rare gas atoms are sometimes referred to as nature’s nano-

grenades and are especially useful for damaging resists using relatively small

flux numbers.

Besides those experiments that use the atomic beams to damage a resist

layer, it is also possible to modify molecules in a way that they form a resist

for an underlying layer. A beam of Ar* in the presence of dilute vapors of

trimethylpentaphenyltrisiloxane can be used for such an approach [52]. Since
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those vapors are the main component of the diffusion pump oil used in that

experiment, that technique is also referred to as contamination lithography.

One advantage of NAL techniques compared to DD are that much lower

flux numbers are necessary and still the structure height can be significant since

it depends on the etching technique and the thickness of the substrate and not

on the amount of atoms hitting the sample as long as it is enough to damage

the resist layer locally. The method is also much more easily transferable to

different substrates since only an appropriate combination of resist and etching

solution has to be found.

For both NAL and DD the atomic beam has to be patterned to create

the desired structures on the nanometer scale. The use of a material mask (a

simple mesh for example) is the easiest way of doing that but of course that

implies that other processes are available to create such a mask. Therefore

more flexible ways of steering the atoms have been developed. The use of the

intrinsic magnetic dipole moment of the atoms is possible but requires very

high control over the magnetic fields that create the mask, especially if the

structures are getting smaller and smaller. The most flexible and accurate

way of creating small structures in ANF without the use of a material mask so

far is the use of light for steering the atoms. The working principle of a simple

standing wave light mask is described in section 5.4, for more complicated light

masks a good overview can be found in [53].

In our lab we use gold-coated silicon wafers for the experiments. They are

protected with a nonanethiol SAM and damaged by metastable helium. So
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far, lithography experiments have been done with a mechanical mask [6] (see

also section 6.2.2). Since then the vacuum system and the optical setup have

been redesigned to allow for more efficient and reproducible exposing of the

wafers. The next step is the implementation of a light mask (see section 5.4)

for the patterning of the He* beam. To do so we have already implemented

the necessary preconditions in our current setup (cf. sections 4.3.3 and 4.6).

5.2 Self-Assembled Monolayers as a Resist

The resist layer in our experiment is formed by a self-assembled monolayer

(SAM) of alkanethiols. Alkanethiols are molecules with an alkane chain and

an -SH head group and have the chemical formula CH3 (CH3)n−1 SH. In our

experiment we usually use nonanethiol (n = 9) and sometimes dodecanethiol

(n = 12). Those molecules have the property that they assemble themselves

in a single layer, and a lot of research on their properties has been done over

the last years. A good review article on those and similar SAMs can be found

in [54].

Of special interest for our research is the building of a monolayer on a gold

surface. The molecules preferably adsorb to the {111} surface of gold. The

part connecting to the gold atoms is the -SH group of the molecules. The

chemical process describing the adsorption is

R-SH + Au0
n → RS−−Au+ +

1

2
H2 + Au0

n−1 (5.1)

Since the energy of this bond is ∼ 200 kJ/mol [55], it is relatively stable.
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When the nonanethiol is dissolved in ethanol and a gold-coated silicon wafer

is put into that solution, the SAM starts to form on the coated surface. After

just a few minutes already 80% - 90% of the surface is covered with nonanethiol

molecules [54], but it takes 15 to 24 hours until a good resist has formed.

Within that time the chains of the molecules all align themselves in an angle

of ∼ 30◦ to the surface normal. The thickness of the formed SAM is ∼ 1 nm.

The evaporation of a very thin gold layer (∼ 20 − 30 nm) on a silicon

surface doesn’t give a smooth gold surface. Instead, small gold grains are built

up similar to small amount of water forming drops on a smooth surface. This

effect can be reduced by using another substrate underneath the gold layer.

Muscovite mica has been used instead of silicon for example and was found

to give a smoother gold surface [56]. However, since defect formation within

the SAM also occurs on single-crystal atomically flat surfaces with defect-free

regions of only ∼ 20 nm, that does not eliminate all the defects in the SAM.

When a metastable helium atom hits the SAM, it damages the molecules

in such a way that the protection against the etching solution becomes less

effective. Due to the high internal energy of 20 eV, the doses for damaging the

SAM don’t have to be very high. In an experiment with dodecanethiol it was

found that the necessary dosage is a few times 1013 atoms/mm2 to sufficiently

damage the SAM for good etching results [57]. And since secondary electrons

with energies on the scale of the internal energy of He* have a mean free path

in the substrate of only a few ångströms the energy deposit and therefore the

damage of the SAM is well localized.
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There are still a lot of things in the behaviour of alkanethiols that aren’t

very well understood, e.g. the self-assembling process and how to influence

it. But since there is still a lot of research going on, it might very well be

that some of the techniques we used for doing the chemistry can be replaced

with other procedures that are better suited for ANF. For example the authors

of [58] claim that when using a mixture of water and Triton X-100 instead of

ethanol for dissolving the alkanethiols, a more uniform and therefore better

protecting SAM is formed on the surface of the gold-coated wafers.

5.3 Experimental Procedure

The wafer preparation and the etching both involve chemical substances.

When dealing with hazardous chemicals the work is done under a fume hood

with heavy rubber gloves. The area where the chemistry and the analysis of

the exposed wafers is done is shielded from the rest of the lab with plastic

shielding to keep it clean. On top of the shielded area a fan is filtering the air

before it gets in.

5.3.1 Wafer Preparation

The wafers used for the lithography experiments are 2” silicon wafers from

Montco Silicon Technologies. They are coated with a 50 Å layer of chromium

as a primer and a 200 Å layer of gold on top of it. More details on the wafers

can be found in table 5.1. If not a whole wafer is used for one exposure the

wafers can be divided into smaller pieces by applying pressure with the sharp
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edge of a piece of stainless steel.

It is very important to have a clean gold surface to get a good SAM on the

wafer. Therefore the wafer is first rinsed with acetone and ethanol and then

further cleaned with a mixture of sulfuric acid (H2SO4) and a 30% hydrogen

peroxide (H2O2) solution (50% in volume each). This so-called piranha solu-

tion dissolves organic material and has to be treated with great care since it

is extremely corrosive. The wafers stay in that solution for several minutes

and are rinsed with pure ethanol afterwards to get rid of any residues from

the piranha solution.

Material Silicon

Growth Method CZ

Diameter 2” (50.8 mm)

Type N/Phos

Orientation 〈100〉
Resistivity 0 − 100 Ω cm

Thickness 256 − 305 μm

Grade Prime

Front Surface Polished

Back Surface Etched

Coating 50 Å Cr / 200 Å Au, evaporated

Table 5.1 Properties of the silicon wafers used for the lithography experiments.

In the experiments we use nonanethiol (1-Nonanethiol, 95% from Aldrich)

for the formation of the SAM. It is dissolved with a concentration of 1.0 ·
10−3 mol/l in pure ethanol (200 Proof from Pharmco-AAPER). When putting

the wafers into that solution for 24 hours the nonanethiol molecules assemble
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themselves in a monolayer on the gold surface (see section 5.2). Since their

hydrophobic tail is sticking up, the SAM is able to protect the wafer from

water based etching solutions. Each wafer is put separately in ∼ 100 ml of

solution. A lab scale with 2 mg accuracy is used to determine the amount of

nonanethiol. Afterwards the correct amount of ethanol is added.

When taking the wafer out of the solution it is rinsed again in pure ethanol

to prevent nonanethiol molecules from piling up in the spots the ethanol evap-

orates last. After the evaporation of remaining ethanol the wafer is prepared

for exposure.

5.3.2 Masking and Exposure

Right after the wafer has been taken out of the nonanethiol solution, it is

mounted on a sample holder than can be attached to the motorized stages

in the vacuum system. The wafer is held in place with a couple of screws

and washers that are tightened just enough to not let the wafer fall off. A

millimeter grid printed on a transparency is used for marking the positiong of

the wafer relative to the sample holder. That helps determining the positions

where the wafer should be exposed and with those positions also marked on

the grid it is easy to put the transparency over the wafer after the etching to

compare the results with the intended layout.

For doing exposures with a mechanical mask, the mask (usually a fine

mesh) is put right on top of the prepared wafer and also held by screws. The

sample holder with the wafer is then attached to the motorized stage at the
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back of the beamline. For the case of using a light mask, a mirror has to be

attached to the sample holder and the light mask beam has to be aligned as

described in section 4.6. After that the quick access doors have to be closed

again and the system has to be pumped down slowly with the sorption pumps

to minimize any damage to the SAM by fast pressure changes. A schematic

diagram of the exposure and etching procedure is shown in figure 5.1.

He* He*

Silicon Gold

SAM(a)

(b)

(c)

Figure 5.1 Schematic Diagram of the Exposure and Etching Process.
(a) A SAM is used as a resist for the gold-coated silicon wafer.
(b) The masking is done with either a material mask that blocks atoms at
certain points or a light mask that redirects the atoms to get a spatially varying
flux.
(c) After the etching the gold is removed at places where the sample was
exposed to sufficient flux of metastables.
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The program that controls the stage (see C) can be used for scheduling

multiple exposures. The stages are then moved to the different positions cor-

responding to the spots on the wafer that are to be exposed and stay there

for the desired exposure time. After the last exposure is over, the lithography

chamber can be brought up to air slowly (nitrogen gas is used to keep the

system as clean as possible) and the sample holder can be taken out of the

system.

5.3.3 Etching

When the metastable helium atoms hit the SAM they locally remove small

parts of the long chainlike molecule, namely H+ and CHx
+ ions [59]. Thus

the hydrophobicity of the damaged molecules is reduced so that an etching

solution that acts selectively on the damaged parts of the SAM can be used

together with alkanethiol SAMs in lithography experiments.

The water based etching solution we use was developed by the authors

of [60]. The solution is S2O3
2−/ferri/ferrocyanide based and contains the con-

stituting chemicals in the concentrations given in table 5.2. The potassium

thiosulfate (pure) used is from Riedel-de Haën, the potassium ferricyanide

(99+%) and the potassium ferrocyanide (99%) are from Sigma-Aldrich and

the potassium hydroxide is from Fisher Scientific.

The weight of the chemicals is determined with a lab scale of accuracy

2 mg. The constituents are mixed with a magnetic stirrer until all chemicals

are dissolved in the solution and the color is bright yellow. The wafer is put
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Name Chemical Formula c [mol/l] Amount

Potassium Hydroxide KOH 1 15.586 g

Potassium Thiosulfate K2S2O3 0.1 4.758 g

Potassium Ferricyanide (III) K3Fe (CN)6 0.01 0.823 g

Potassium Ferrocyanide (II) K4Fe (CN)6 · 3 H2O 0.001 0.106 g

Trihydrate

Distilled Water H2O solvent 250 ml

Table 5.2 Chemicals used for the chemical etching solutions. The amount
given in the last column is for 250 ml of etching solution. Potassium hydroxide
naturally contains 10-15% water. For the weight calculation a water content
of 10% of the weight is assumed.

into the etching solution for 5 − 10 minutes. During that time the magnetic

stirrer is still on at a low speed (100 − 300 rpm) to get a more homogeneous

etching process. To avoid direct contact of the stirrer with the wafer, a large

beaker is used and the stirrer and the wafer are positioned on opposite sides

within the beaker.

The etching of the gold happens in an electrochemical process consisting

of (1) metal oxidation (dissolution)

Au0 + 2S2O3
2− = Au (S2O3)2

3− + e− (5.2a)

or

Au0 + 2OH− = Au (OH)2
− + e−

Au (OH)2
− + 2S2O3

2− = Au (S2O3)2
3− + 2OH− (5.2b)

and (2) reduction of an oxidizer

Fe (CN)6
3− + e− = Fe (CN)6

4− (5.3)
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The etching solution also works without ferrocyanide, but with it the de-

fects formed in the part covered by the SAM are significantly reduced.

After the etching the wafer is taken out of the etching solution and rinsed

with distilled water and acetone to get rid of residues of the etching solution

and the SAM.

5.3.4 Analysis

A rough analysis of the exposure and the etching can be done by just looking

at the sample and distinguish between areas with gold and areas without gold.

To facilitate that, one of the atomic beam defining slits at the entrance of the

spherical cube (see section 3.3.3) is covered with a coarse mesh (∼ 1 mm

distance between two wires), so that the unexposed areas behind wires can

even be seen by bare eye. An example for that is shown on the picture in

figure 5.2.

For analyzing smaller structures some sort of microscope is needed. We

use a Quesant Instrument Corporation atomic force microscope (AFM) model

Q-ScopeTM 350. The scanning of the sample is done by rastering a sharp,

15 − 20 μm long silicon tip that sits at the end of a several hundred μm long

silicon cantilever across the surface. The lateral movement of the tip is done

with PZTs. The AFM can be used both in contact mode and intermittent

contact mode. The latter one gives usually better resolution and is therefore

used for the scans of the exposed samples. In this mode the cantilever is

brought to oscillation close to its resonance frequency (∼ 100−200 kHz). The
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Figure 5.2 Picture of an exposed wafer. Three spots can be seen where the
exposure dose was high enough and therefore the big mesh pattern can be
seen. The inhomogeneities are mainly artifacts of the very rudimentary etching
procedure.

amplitude of the oscillation is monitored with a laser beam that is deflected

off the back of the cantilever. If the tip is brought close to the surface, the

oscillation is damped. By adjusting the height of the tip with a PZT tube, the

damping is held constant at around 50% by a feedback loop. That way the

tip follows the height of the surface structures.

The Quesant AFM has another feature, called Broadband mode. In this

mode the error signal from the feedback loop that controls the height of the tip
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is calibrated and added to the height value of the tip. This allows for better

scanning results even with increased scanning speeds. Yet the resolution of this

method is still limited by uncertainties in the error signal calibration curve.

Despite all uncertainties the resolution of the AFM is on the sub-nanometer

range, given a slow scanning speed and a low level of external vibrations.

The software of the AFM has some features for analyzing the scans. Several

tilt removal algorithms are implemented to subtract effects arising from an

overall curvature or slope of the sample. The scans shown in section 6.2.2 are

all processed with a Parabolic Line by Line tilt removing algorithm that fits

each scanned line with a polynomial of order two and subtracts the result from

the image. The software also allows to show the distribution of height values in

a histogram which especially helps to see the difference between exposed and

unexposed regions. In addition a camera is mounted on top of the AFM that

shows a magnified top view of the cantilever tip and the underlying sample.

That way pictures of the sample as seen by a light microscope can be recorded.

5.4 Standing Wave Light Mask

The simplest form of a light mask is a standing wave. Calculations and numer-

ical simulations for a blue-detuned (detuning δ = ω − ωa > 0) near-resonant

light field have been done for that case [61, 62, 63]. In this section a short

summary shall be given, further details can be found in the given references.

The force acting on the atoms in the standing wave light field is the con-

servative dipole force (see section 2.3). For a low light intensity and/or a
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large detuning from atomic resonance the potential U creating the dipole force

F = −∇U is given by (Eq. (2.16))

U (x, y, z) =
�Ω2

4δ
=

�γ2

8δ

I (x, y, z)

IS
(5.4)

That result can be generalized for saturation effects that occur when the

intensity of the light field is higher and/or the detuning is smaller. Assuming

that the atoms are moving slowly enough so that the process can be considered

adiabatic but fast enough so that spontaneous emission can be neglected for the

time the atoms are travelling through the light mask, the generalized potential

creating the dipole force is given by [64]

U (x, y, z) =
�δ

2
ln

[
1 +

I (x, y, z)

IS

γ2

γ2 + 4δ2

]
(5.5)

In the case of a standing wave with light of wavelength λ = 2π
k

we have

an intensity distribution of (laser beams forming the standing wave are along

x-direction, atoms moving along z-direction)

I (x, y, z) = I0g (z) sin2kx (5.6)

with g (z) being the laser beam profile along the z-axis and I0 being the max-

imum intensity in the standing wave.

We assume that forces in y-direction can be neglected and therefore end

up with two differential equation determining the motion of the atoms

ẍ +
1

m

∂U (x, z)

∂x
= 0 (5.7a)

z̈ +
1

m

∂U (x, z)

∂z
= 0 (5.7b)
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Using the conservation of energy, these two equations can be combined and

by eliminating time we get a single differential equation that expresses x in

terms of z [61]

d

dz

[(
1 − U (x, z)

E0

) 1
2 (

1 + x′2
)− 1

2
x′
]

+
1

2E0

(
1 − U (x, z)

E0

)− 1
2 (

1 + x′2
) 1

2 ∂U (x, z)

∂x
= 0 (5.8)

where x′ = dx
dz

and E0 is the total energy of the atom, i.e. its kinetic energy

before entering the light field.

Eq. (5.8) can be solved numerically. However, to get a little more insight,

we want to look at what happens to the equation in the paraxial approximation

limit, i.e. we consider U (x, z) � E0, x′ � 1 and kx � 1. Using these

approximations and plugging Eqs. (5.5) & (5.6) in Eq. (5.8) we get

x′′ + q2g (z) x = 0 (5.9)

where

q2 ≡ �δ

2E0

I0

IS

γ2

γ2 + 4δ
k2 (5.10)

For a Gaussian laser beam we have g (z) = exp (−2z2/σz
2) and by replacing

z by the dimensionless quantity Z ≡ z/σz we get

x′′ + a exp
(−2Z2

)
x = 0 (5.11)

with

a ≡ σz
2q2 =

�δ

2E0

I0

IS

γ2

γ2 + 4δ
k2σz

2 (5.12)
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This equation has to be solved numerically. One interesting solution is the

situation where the atoms are focussed to the center of the beam since this

configuration is easier to align than others because of its symmetry. For that

case a was determined to be 5.37. By expressing the peak intensity I0 by the

power of the incident traveling laser beam P0

I0 =
8P0

πσz
2

(5.13)

we see that the laser power that is necessary for focussing the atoms to the

center of the standing wave is independent of the beamwaist σz and for a large

detuning (δ � γ) we get

P = 5.37
πE0ISδ

�γ2k2
(5.14)

For the 23S1 − 23P2 transition in helium that gives a power of

P ≈ 1.629 μW/MHz · δ (5.15)

so the necessary power for the light mask is really small.

5.4.1 Aberrations

There are several contributing factors that can limit the resolution of any

light mask technique. The first one is diffraction effects because the wavelike

nature of the atomic beam with the de Broglie wavelength as the characteristic

quantity can’t be neglected. The second factor is chromatic aberration whereas

in this case the term is used to describe the change in the focal length due to

the longitudinal velocity spread of the atomic beam. Numerical calculations

104



show, however, that this effect is rather small compared to others even for

atomic beams with a thermal velocity spread, i.e. the spread is on the order

of the average longitudinal velocity [61]. Another factor is spherical aberration

which results from higher order terms in the equation of motion for the atoms

that have been neglected in the paraxial approach done here. And as a last

effect, any divergence of the atomic beam limits the resolution that can be

achieved. Having a beam with angular spread (FWHM) 2θ, a geometrical

optics approach for thin lenses gives a broadening of the created structures on

the order of Δx ≈ f · θ [5]. Since f is often chosen in a way that it equals the

beam waist of the standing wave light field σz it is important to keep both the

laser beam waist and the divergence of the atomic beam as small as possible.
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Chapter 6

Results

6.1 Imaging the Atomic Beam

To get reproducable results in the lithography experiments it is important to

know the parameters defining the He* beam. The alignment of the collimation

is important so that the beam hits the back of the beamline as centrally as

possible so that the full travel range of the motorized stages can be used. The

flux at the position of the sample defines the dosage of He* atoms that damages

the resist layer. And to eventually switch to a light mask in the setup, the

divergence of the beam has to be known to get an estimate of the minimum

feature size arising from aberrations due to the transverse velocity component

of the atoms.

6.1.1 MCP/Phosphor Screen

When doing the alignment of the laser collimation optics, two goals have to

be achieved. Firstly, the different collimation stages (bichromatic collimation

and optical molasses and in the near future probably another molasses stage)
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have to be aligned with respect to each other so that they all collimate atoms

in the same direction. And secondly, the beam has to be collimated in a

direction that is as collinear with the beamline as possible. Both goals require

a detector that reacts fast to changes in the alignment and covers a big part

of the angular spread of atoms coming from the source. Both requirements

are met by the MCP/Phosphor Screen Combination used in our setup (see

section 3.4.1). The first detector is 25 cm away from the source and has

a diameter of 25 mm thereby covering a detection angle of 100 mrad. The

image of the phosphor screen is recorded with a CCD camera and displayed

in real-time on a computer screen. Screenshots can be taken and saved as

bitmap files that can afterwards be analyzed in more detail. Several of those

screenshots are shown in figure 6.1.

The second MCP/Phosphor Screen is mounted in the spherical cube at

the end of the beamline. It is used for aligning the beam defining slits at

the entrance to the cube to the atomic beam. That way only the part of the

atomic beam with the highest flux exposes the sample while everything else

coming from the source is blocked, thereby protecting the rest of the wafer

until it is moved to a different position for the next exposure.

6.1.2 Flux Measurements

To get actual numbers for the atomic beam flux the SSDs have to be used.

With the conversion factors given in table 3.1 the measured currents can be

converted to the flux of He* atoms. The SSD detects the current produced by
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(a) (b)

(c) (d)

Figure 6.1 Several images recorded with a CCD camera looking at the
MCP/Phosphor Screen.
(a) Uncollimated beam coming from the source.
(b) Beam collimated with the bichromatic force.
(c) Beam collimated with optical molasses.
(d) Combination of both collimation methods.

the electrons that are ejected when metastable helium atoms hit a stainless

steel plate. Of course the detector is also sensitive to UV light and to charged

particles. To get a measure for the part of the signal that is due to other

contributions than He* atoms, we did an experiment with blue molasses. That

means we changed the detuning of our light going to the molasses setup to

a frequency above atomic resonance (blue). That means that the sign in
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Eq. (2.10) is reversed so that all the atoms are pushed out of the central

region. By measuring the change in the current of the SSD when the blue

molasses is blocked, we determined for the front SSD that 38% of the current

produced by the uncollimated output from the source is the real contribution

from metastable helium atoms. For the back SSD no effect of the blue molasses

configuration could be observed. That could mean that only a small fraction

of the signal is due to metastables as an effect of a larger divergence of the

atomic beam compared to emitted UV light from the source. However, it could

also be that the molasses stage is too far away from the back SSD so that the

effect gets less clear. To rule out that possibility it is necessary to use a blue

molasses setup close to the back SSD. For all numbers given here it is assumed

that a similar percentage of the signal stems from He* atoms as with the front

SSD.

The crossed slit SSD that is 33 cm away from the skimmer plate has to be

scanned by hand. Since doing a two dimensional scan by hand takes a lot of

time, the front SSD is mostly just used for determining the peak flux. That

can be done rather quickly by maximizing the signal while moving the slit

corresponding to the first dimension and afterwards maximizing the signal by

moving the second dimension slit. When the peak is found it can be further

maximized by adjusting the power going into the high intensity molasses beam.

That typically leads to values for the peak flux between 3 · 109 atoms/s·mm2 and

6 · 109 atoms/s·mm2, corresponding to a current of approximately 40 − 80 pA.

The result of a complete two dimensional scan with the front SSD is shown in
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figure 6.2.

In figure 6.3 a one dimensional scan across the peak position is shown. The

big slit is positioned at 26.7 mm and the small slit is scanned over the peak.

The figure not only shows the uncollimated source output and the combined

collimation of the bichromatic force and optical molasses but also the two

collimation methods separately. From these profiles it can be seen that the

total peak flux is more than the sum of the peak flux numbers of the single

collimation stages. That is the case because the bichromatic force has a large

capture range and therefore is able to collect a lot of atoms from the source and

slow them down to within the capture range of the molasses stage. Due to the

smaller final velocity of optical molasses compared to the bichromatic force,

the phase-space is compressed further which leads to a significant increase in

the peak flux.

The peak flux measured with the front SSD has only limited significance

for the flux at the position of the sample. In addition, the picoammeter that is

used to measure the current from the SSDs is extremely sensitive to external

noise. It is, for example, clearly visible in the signal if people move around too

close to the vacuum system. Since the back SSD sits on top of the motorized

stages, at the same position the sample is mounted during the exposure, and

the stages can be fully controlled by a computer program (see appendix C), we

can obtain less noisy scans with a higher resolution at the position where the

exposure is taking place. An example for a two dimensional scan with the back

SSD is shown in figure 6.4. Each scan consists of almost 300 datapoints that
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Figure 6.2 Two dimensional profile of the atomic beam (measured with the
front SSD). The top part shows the uncollimated output from the source, the
bottom part shows the beam when collimated with the bichromatic force and
optical molasses. Both parts are using the same scale to make a comparison
easier.
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Figure 6.3 One dimensional scan across the peak of the atomic beam. In
addition to the uncollimated output of the source and the collimation result
with both collimation stages (bichromatic collimation and optical molasses),
also the collimation effects of the single collimation methods are shown.

are equally spaced with a distance of 0.5 mm between neighboring points.

Although the resolution is much higher than in the two dimensional scan

recorded by hand with the front SSD, it takes only ∼ 20 min for one complete

scan.

In both parts of the picture a sharp edge is clearly visible where the signal

drops immediately to ≈ 0. That is the “shadow” of the beam defining slits

and demonstrates that they are doing a good job blocking everything coming

from the source. The peak flux is about one order of magnitude smaller than
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Figure 6.4 Two dimensional profile of the atomic beam (measured with the
back SSD). The top part shows the uncollimated output from the source, the
bottom part shows the beam when collimated with the bichromatic force and
optical molasses. Both parts are using the same scale to make a comparison
easier.
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the one measured with the front SSD. Since lower flux numbers mean longer

exposure times, a second molasses stage is in preparation to get an atomic

beam with less divergence which automatically leads to higher flux numbers

at the end of the beamline.

6.2 Neutral Atom Lithography

6.2.1 Improvements in the Experimental Setup

First results with a small grid as a material mask were already obtained in

our lab about one year ago [6]. The edge resolution in these exposures was

60 − 70 nm. These experiments showed that the techniques as applied in our

lab are working for the use in NAL but they also showed the negative aspects:

• A maximum of three exposures in a fifteen hour day was achievable -

but only if no problem occurred.

• The beamline was extending onto the optical table thereby making it

difficult to get access to the sample chamber (that was also very small)

and very likely to misalign the optics when switching samples.

• It was very hard to give actual numbers on the dosage of He* atoms

during an exposure since

– The laser lock was very weak, making it necessary to keep it on

resonace by hand without real control over how well that could be
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achieved. That led to changes in the collimation efficiency over time

and thus in the atomic flux.

– The sample holder was designed to hold the sample in one specific

position so a misalignment in the collimation of the atomic beam

could easily lead to a situation where the sample was only hit by

the weaker part of the beam or even missed completely.

• Barely any space was left on the optical table for further extensions in

the experimental setup, for example to set up a more complicated light

mask.

Rebuilding the Vacuum System

The long list of problems finally led to the decision to completely rebuild the

experimental setup in a way that it is possible to concentrate more on new

aspects of NAL rather than dealing with collimation problems or tightening

ConFlat flanges. Starting from late fall 2005 in a first step the vacuum system

was almost completely disassembled, put on a new, bigger stand and extended

in several ways: The SSD was moved from the end of the vacuum system closer

to the collimation region where it originally used to be when the experiments

with bichromatic collimation were done [34, 65]. A manual shutter was inserted

in the beamline that made it possible to quickly block the atomic beam. The

old lithography chamber was replaced by a bigger spherical cube with two quick

access doors that now made it possible to access the chamber without the need

for loosening and tightening ConFlat flanges. It also gave enough space for a
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second MCP/Phosphor Screen and two movable beam defining slits that were

needed to have the option of multiple exposures without bringing the vacuum

system up to air.

Changes in the Optical Setup

Since the experiment was not only modified but completely moved to another

laboratory, all the optics had to be newly set up. By moving the diode laser

and the SAS setup to a second optical table and better planning of the setup,

it was possible to organize the optics in a way that the functional units (light

production, 4-frequency production, light amplification, collimation) were set

up separately and about half of the optical table is still free for future ex-

tensions of the setup. The use of a commercial analog PID controller in the

locking electronics (see section 4.2.2) made it possible to lock the laser on

atomic resonance for several hours without the need of manual intervention.

By creating the preconditions for a dual signal amplification with one fiber

amplifier, enough light for a light mask is available. Since optical fibers were

inserted in some new places, for example to get light to the SAS setup, an easy

switching between different configurations (even between two experiments that

both use the same vacuum system and part of the optics) was made possible.

Automating Parts of the Daily Procedures

To do multiple exposures without opening the vacuum system, it is necessary

to be able to control the position of the wafer from the outside of the vacuum
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system. In order to do that, we attached two motorized translation stages

with ∼ 40 mm travel range each at the end of the beamline. They are con-

nected via an electric vacuum feedthrough to external controllers that can be

programmed via the serial port of a PC. A home-built sample holder allows

for easy switching between different samples and one of the interchangeable

holders is modified into an SSD with a pinhole in the front plate. That way,

the stage can also be used for doing profiles of the atomic beam flux.

The stages are controlled with a Visual Basic 6.0 program that is explained

in detail in appendix C. It can also readout a data acquisition box from Na-

tional Instruments that is connected to the USB port of the PC, so that the

scanning process with the SSD can be fully automated. By doing a two dimen-

sional scan of the collimated peak and the uncollimated source output with

the SSD every time before doing exposures, the dosage can be accurately cal-

culated, and within the travel range of the stages the sample can be accurately

positioned thus ensuring that the sample is hit with the highest flux possible.

6.2.2 Lithography Results

While still working with the old vacuum system, we repeated the experiments

described in [6]. As a mechanical mask an electron microscope grid (2000

Mesh, i.e. 2000 lines per inch, periodicity of 12.7 μm) was used. The peak flux

was measured to be 1.8 · 109 atoms/mm2·s. The wafer was exposed for 40 min.

Under the assumption that the sample was indeed exposed to the part of the

atomic beam with the highest flux, that leads to a dosage of 4.3 ·1012 atoms/mm2.
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By assuming that the active area of one SAM molecule is 0.22 nm2 [55], 0.94

He* atoms on average are enough to damage one molecule of the resist layer.

The etching time was 7 minutes.

Figure 6.5 AFM Scan of a sample with good contrast. The boxes were created
by using a micromesh as a mechanical mask during the exposure. The bright
spots are from contaminations on the gold layer.

The AFM scan in figure 6.5 shows clearly the boxes that were etched in the

gold layer where the wafer was exposed to the atomic beam. When looking at

a histogram of the height distribution of the scan (see figure 6.6) two peaks

are clearly visible at ∼ 19 nm and ∼ 40 nm which is a good indication that

the SAM covered parts were barely affected by the etching process while in

the exposed parts almost the whole 20 nm thick gold layer was etched away.
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Figure 6.6 Histogram of the height distribution. The peaks are located at
∼ 19 nm and ∼ 40 nm, a good indication that the etching solution etched the
exposed parts all the way through the 20 nm thick gold layer.

To reduce influences like over- or underexposure and over- or underetching,

it is important to exactly know the right dosage of He* and the correct etching

time. Therefore it is worth investing time in finding the right parameters for

that. So that was the first thing we tried to figure out as soon as we had control

over the modified beamline and optical setup. That work is still in progress

but the advantages of the new experimental setup were already clearly visible.

It is now easily possible to do up to 10 exposures a day and since the main

limiting factor right now is the rather long exposure time of ∼ 30 min due

to an only moderate atomic flux, the efficiency of the exposure process can
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probably be further increased by collimating the atomic beam better with a

second optical molasses stage with smaller final transverse velocities of the

atoms.

Figure 6.7 View with the camera mounted on top of the AFM. The small black
part is the cantilever of the AFM. The underlying sample is out of focus but
the etched structures are still visible.

For some of the exposures that were done so far with the new system, a

coarser mesh (∼ 100 μm periodicity) was used as a mask. The structures

created that way are even big enough to be seen with the camera mounted

on top of the AFM to monitor and position the cantilever tip (see figure 6.7).

When looking at an actual AFM scan (figure 6.8) or the height distribution
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Figure 6.8 AFM Scan of a sample with weak contrast. The roughness of the
surface everywhere and the small difference in height between exposed and
unexposed parts is a clear sign for wrong exposure/etching parameters

histogram (figure 6.9) of those structures, it can be seen that the exposure

and/or the etching parameters weren’t quite correct yet. The surface of the

exposed areas is very uneven, an indication that the etching process didn’t

penetrate all to the silicon surface that would be very flat. That assumption

is further supported by the position of the two peaks in the height histogram

(23 nm and 34 nm) that are closer together than the 20 nm thickness of the

gold layer.

Since the AFM scans take a considerable amount of time to scan a region

of up to 40 μm×40 μm other options of looking at the wafer surface have to be
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Figure 6.9 Histogram of the height distribution. The peaks are located at
∼ 23 nm and ∼ 34 nm. That means that the sample doesn’t have the best
contrast possible (that would be the thickness of the gold layer = 20 nm).

explored. Figure 6.10 shows a picture taken with an optical microscope. The

boxes have a periodicity of ≈ 10 μm and the picture shows that a good optical

microscope provides an easy way of looking for interesting parts on the wafer

in real time. These regions can be scanned afterwards in more detail with

the AFM to get a better picture of the quality of the structures. The optical

microscope is also a good way of looking at the overall structure. Especially for

creating periodic structures that extend over several millimeters it is important

to check if the structures only exist in a very small region or if they spread

over a considerable area on the wafer. Pictures taken with a light microscope
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Figure 6.10 Picture of a patterned wafer taken with an optical microscope.
The periodicity of the structures is ≈ 10 μm

.

with lower resolution show that the boxes created with a fine mesh extend at

least over an area of 1 mm × 1 mm.

The results show the importance of gaining a good understanding of the

dependence of the etching process on the exposure time and the time the

wafer stays in the etching solution. The work done so far is the first step in

analyzing those parameters quantitatively. Once that will be done it might

be possible to get close to the resolution limit of ∼ 20 nm that arises from
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the homogeneous etching procedure used that is etching to the side as well as

in the desired downward direction. For further improvement in the resolution

it would be necessary to switch to another etching technique. Since etching

techniques that etch preferentially downwards have been explored widely for

applications in the microchip industry, a transfer of similar techniques that

can be used together with alkanethiol SAMs seems attainable.

124



Chapter 7

Conclusion

Starting from a setup that produces a bright beam of metastable helium [4]

and first results in neutral atom lithography (NAL) [6] it was necessary to

completely rebuild the system to be able to proceed in a more effective and

reproducable manner with NAL experiments. A better separation between

the vacuum system and the optical setup as well as an easier access to the

sample chamber were the main motivations for the complete restart. In the

process of setting everything up again, not only those goals were achieved but

also a lot of other things. The optical setup was structured more clearly and

now consists of independent parts that are connected via fibers which makes

the experiment more flexible. The laser locking was drastically improved by

inserting a PID controller in the locking electronics. By installing motorized

stages in the vacuum system that can both hold a detector or a wafer for

lithography experiments, it is now possible to do multiple exposures without

opening the vacuum system. Also, we can now determine the atomic flux at

the very position where the exposure happens.

125



All those changes laid the foundations for future advances in NAL exper-

iments. By now being able to precisely determine the dosage of He* atoms

and doing multiple exposures in a single day (whose number is now mostly

limited by the exposure time while before it was mainly limited by the time

needed for preparing an exposure) we’re on the way of improving the exposure

and etching procedure to minimize errors connected to uncertainties in those

fields. First results are presented in this thesis and the determination of the

optimum parameters is expected soon.

The next steps for the experiment are the use of a second optical molasses

stage to reduce the divergence of the atomic beam even further. That would

help decreasing the exposure times and reducing aberrations when using light

masks in the exposure process. The use of standing wave light masks with

1083 nm and 389 nm light should demonstrate the use of non-material masks

for patterning the atomic beam. In order to get enough light from the diode

laser, a setup has been developed and implemented that allows for the ampli-

fication of two independent signals with one fiber amplifier.

After the use of simple geometrical beam configurations as light masks,

the intermediate goal is to move on to creating more complicated patterns

which hasn’t been done by any group so far. Since the inverse problem, i.e.

the calculation of the intensity distribution of a light field that is necessary

to create a specific pattern on the sample, has not been solved analytically so

far, it might be necessary to use a genetic algorithm approach to do so. Since

the shaping of laser beams with computer controlled spatial light modulators
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[66, 67] provides an easy way of creating more complex light masks, there

might still be a big potential in the field of atomic nanofabrication that hasn’t

been explored yet.
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Appendix A

Spectroscopic Data for He* transitions

23S1 − 23P2 23S1 − 33P2

Wavelength (λ) 1083.33 nm 388.98 nm

Excited State Lifetime (τ) 98.04 ns 106.83 ns

Transition Linewidth (γ/2π) 1.62 MHz 1.49 MHz

Saturation Intensity (IS = πhc/3λ3τ) 0.17 mW/cm2 3.31 mW/cm2

Recoil Frequency (ωr/2π) 42.46 kHz 329.35 kHz

Capture Velocity (vc = γ/k) 1.76 m/s 0.58 m/s

Doppler Velocity (vD =
√

�γ/2M) 28.44 cm/s 27.25 cm/s

Recoil Velocity (vr = �k/M) 9.200 cm/s 25.6 cm/s

Table A.1 Mass M = 6.646 · 10−27 kg, Doppler Temperature TD = �γ/2kB,
k = 2π/λ, all data from Ref. [1].
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Appendix B

Code for Bichromatic Force Calculations

1 program f o r c e
2 impl ic it none
3
4 ! c o ns t a n t s
5 ! lambda i s t he wave length , k t he wavevector , gamma the l i n ew i d t h o f t h e atomic

t r a n s i t i o n
6 ! t h e c a l c u l a t e d f o r c e w i l l be g i v e n in mu l t i p l e s o f f o r f a c t , t h e v e l o c i t y in m u l t i p l e s

o f v e l f a c t
7 double precision pi , lambda , k , hbar , gamma, f o r f a c t , v e l f a c t
8 parameter( p i =3.141592654 , lambda=1083.0E−9, hbar=1.054572E−34, gamma=10.2E6)
9 parameter( k=2.0∗ pi /lambda , f o r f a c t=hbar∗k∗gamma, v e l f a c t=gamma/k)

10
11 ! i np u t parameters
12 ! d a t a p o i n t s g i v e s t he number o f v e l o c i t y s t e p s c a l c u l a t e d
13 integer datapo in t s
14 parameter( datapo in t s=1024)
15 ! vmin and vmax are t he minimum and maximum v e l o c i t y
16 double precision vmin / (−30.0∗ v e l f a c t ) /
17 double precision vmax / (0 . 0∗ v e l f a c t ) /
18 ! d e l t a i s h a l f t h e b ea t f r e q u en cy ( angu la r f r e q u en cy )
19 double precision de l ta / (5 . 89∗gamma) /
20 ! wR i s t he Rabi f r e q uenc y ( g i v e s t he l i g h t i n t e n s i t y )
21 double precision wR / (4 . 63∗gamma) /
22 ! d i s omega − omega atom , i . e . t h e de tun ing o f t h e c a r r i e r f r e qu enc y from atomic

resonance ( angu la r f r e q u e n c i e s )
23 double precision d / (0 . 0∗gamma) /
24 ! ph i i s t h e r e l a t i v e phase between the c oun t e r p r op a ga t in g pu l s e s
25 double precision phi / ( p i /2 .0 ) /
26 ! r e l a t i v e and a b s o l u t e t o l e r an c e f o r t he numerica l ODE s o l v e r
27 double precision r t o l / 1 . 0E−4 /
28 double precision a t o l / 1 . 0E−4 /
29
30 integer i
31
32 ! s e v e r a l d e f i n i t i o n s f o r t he numerica l ODE s o l v e r
33 ! number o f d i f f e r e n t i a l e q ua t i on s
34 integer neqn
35 ! i n i t i a l s t e p s i z e f o r t he ODE s o l v e r
36 double precision h0
37 integer lwork , l iwork
38 parameter( neqn=3)
39 parameter( lwork=24+neqn∗(48+2∗neqn ) , l iwork=37+neqn )
40 double precision work ( lwork )
41 integer iwork ( l iwork )
42 ! r e a l parameters t h a t can be used in t he ODE s o l v i n g s u b r ou t i n e
43 double precision rpar (9)
44 ! i n t e g e r parameters t h a t can be used in t he ODE s o l v i n g s u b rou t i n e
45 integer i p ar (1)
46 ! r e t u rn code o f t h e ODE s o l v e r
47 integer i d i d
48 external f eva l , j eva l , so l ou t
49 integer i j a c , mljac , mujac , i ou t
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50
51 ! array f o r t he c a l c u l a t e d f o r c e v a l u e s
52 double precision F( datapo in t s )
53 ! B loch v e c t o r
54 double precision r (3)
55 ! v e l o c i t y range and s t e p s i z e
56 double precision vrange , vstep
57 integer ndata
58 ! v e l o c i t y , i n f i n i t e s i m a l f o r c e c on t r i b u t i o n , s t a r t t ime , s t op t ime f o r one ODE step ,

end time , t ime s t e p
59 double precision v , dF , t s ta r t , tstop , tend , dt
60 integer ntime
61 ! a v e raged f o r c e
62 double precision FF
63 integer i coun t
64 double precision term1 , term2
65 integer pos1 , pos2 , pos3
66
67 ! i n i t i a l i z e f o r ODE s o l v e r ( d e f a u l t parameters f o r work )
68 do i = 1 , 14
69 work ( i ) = 0 . 0
70 end do
71 id i d = 0
72 i j a c = 0
73 mljac = neqn
74 mujac = neqn
75 i ou t = 0
76
77 iwork (1) = 100000 ! max number o f i n t e g r a t i o n s t e p s
78 iwork (2) = 4 ! min order f o r ode s o l v i n g pr oc e s s ( between 4 and 12)
79 iwork (3) = 12 ! max order f o r ode s o l v i n g pr oc e s s ( between min order and 12)
80 iwork (4) = 10 ! max number o f b l ended i t e r a t i o n s per i n t e g r a t i o n step , o rde r 4
81 iwork (5) = 12 ! max number o f b l ended i t e r a t i o n s per i n t e g r a t i o n step , o rde r 6
82 iwork (6) = 14 ! max number o f b l ended i t e r a t i o n s per i n t e g r a t i o n step , o rde r 8
83 iwork (7) = 16 ! max number o f b l ended i t e r a t i o n s per i n t e g r a t i o n step , o rde r 10
84 iwork (8) = 18 ! max number o f b l ended i t e r a t i o n s per i n t e g r a t i o n step , o rde r 12
85
86 ! parameters t h a t can be used du r ing t he ODE s o l v i n g pr oc e s s
87 rpar (1) = gamma
88 rpar (2) = −gamma/2.0
89 rpar (3) = d
90 rpar (4) = de l ta
91 rpar (5) = 0 ! i s s e t t o k∗v in each v−s t e p
92 rpar (6) = 4.0∗wR∗dsin ( phi /4 . 0 )
93 rpar (7) = 4.0∗wR∗dcos ( phi /4 . 0 )
94 rpar (8) = −2.0∗ hbar∗k∗wR∗ dsin ( phi /4 . 0 )
95 rpar (9) = −2.0∗ hbar∗k∗wR∗dcos ( phi /4 . 0 )
96
97
98 vrange = vmax − vmin
99 vstep = vrange / datapo in t s

100 ndata = 0
101
102 ! open f i l e f o r ou tpu t
103 open( unit=88, f i l e =’output . dat ’ )
104
105 ! l oop on v e l o c i t i e s
106 do v = vmin + vstep /2 . 0 , vmax , vstep
107 ndata = ndata + 1
108 dF = 0.0
109 rpar (5) = k∗v
110
111 ! i n i t i a l B loch v e c t o r
112 r (1) = 0. 0
113 r (2) = 0. 0
114 r (3) = −gamma
115
116 t s t a r t = −1.0E−5
117 dt = 1. 0 / (max( dabs ( de l ta ) , dabs (k∗v ) ) ∗ 10 . 0 )
118 tend = 100.0 ∗ 2 . 0 ∗ pi / dabs ( k∗v) ∗ i d i n t (1.0+200 ∗ dabs ( k∗v) / de l ta )
119 ntime = i d i n t ( tend/dt )
120
121 ntime = i d i n t ( ( tend−t s t a r t ) /dt )
122 ! s t a r t w i t h a f o r c e o f 0 and add up i n f i n i t e s i m a l c o n t r i b u t i o n s
123 FF = 0.0
124 i count = 0
125 h0 = dt / 1000.0
126
127 ! l oop on t ime
128 do i = 1 , ntime
129 t s top = t s t a r t + dt
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130 ! c a l l r ou t i n e f o r ODE s o l v i n g
131 ca l l bim(neqn , f eva l , t s ta r t , tstop , r , h0 , r t o l , atol , j eva l , i j a c , mljac , mujac ,

work , lwork , iwork , l iwork , rpar , ipar , iout , i d i d )
132 ! e r ro r hand l i ng
133 i f ( i d i d . ne . 0 ) then
134 write (∗ ,∗ ) ’ERROR: returned id id = ’ , i d i d
135 end i f
136
137 ! t ime u n t i l 0 i s j u s t f o r i n i t i a l i z i n g t he Bloch vec t o r , a f t e r t h a t t h e f o r c e

c o n t r i b u t i o n s are added up
138 i f ( t s top . ge . 0 . 0 ) then
139 i count = i count + 1
140 term1 = rpar (9) ∗ dcos ( de l ta ∗ t s top ) ∗ dsin ( rpar (5) ∗ t s top ) ∗ r (1)
141 term2 = −rpar (8) ∗ dsin ( de l ta ∗ t s top ) ∗ dcos ( rpar (5) ∗ t s top ) ∗ r (2)
142 dF = term1 + term2
143 FF = FF + dF
144 end i f
145 end do
146
147 ! g e t t h e ave rage f o r c e
148 F( ndata ) = FF/ real ( i count )
149 ! w r i t e ou t pu t in mu l t i p l e s o f v e l f a c t and f o r f a c t
150 write (88 ,9999) v/ v e l f a c t , F( ndata ) / f o r f a c t
151 end do
152
153 9999 format (2F25 . 9 )
154 stop
155 end
156
157
158 ! s u b r o u t i n e implements o p t i c a l B loch e q ua t i o n s (OBEs)
159 subroutine f e v a l ( neqn , t , r , dr , i e r r , rpar , i par )
160 integer neqn , i e r r , i par
161 double precision t , r ( neqn ) , dr ( neqn ) , rpar (9) , a , b
162
163 ! rpar (1 ) = gamma
164 ! rpar (2 ) = −gamma/2 .0
165 ! rpar (3 ) = d
166 ! rpar (4 ) = d e l t a
167 ! rpar (5 ) = k∗v
168 ! rpar (6 ) = 4.0∗wR∗ ds in ( ph i /4 . 0 )
169 ! rpar (7 ) = 4.0∗wR∗ dcos ( ph i /4 . 0 )
170 ! rpar (8 ) = −2.0∗ hbar∗k∗wR∗ ds in ( ph i /4 .0 )
171 ! rpar (9 ) = −2.0∗ hbar∗k∗wR∗ dcos ( ph i /4 .0 )
172
173 a = rpar (6) ∗ dsin ( rpar (5) ∗ t ) ∗ dsin ( rpar (4) ∗ t )
174 b = rpar (7) ∗ dcos ( rpar (5) ∗ t ) ∗ dcos ( rpar (4) ∗ t )
175
176 dr (1) = rpar (2) ∗ r (1) + rpar (3) ∗ r (2) − a∗ r (3)
177 dr (2) = rpar (3) ∗ r (1) + rpar (2) ∗ r (2) + b∗ r (3)
178 dr (3) = a∗ r (1) − b∗ r (2) − rpar (1) ∗ r (3) + rpar (1)
179
180 return
181 end
182
183
184 ! s u b r o u t i n e f o r e v a l u a t i n g t he Jacobian o f t he f un c t i o n
185 ! j u s t dummy, s i n c e Jacobian i s c a l c u l a t e d nume r i c a l l y
186 subroutine j e v a l ( neqn , t , y , jac , ldim , i e r r , rpar , i par )
187 integer neqn , ldim , i e r r , i par
188 double precision t , y ( neqn ) , j ac ( ldim , neqn ) , rpar
189
190 return
191 end
192
193
194 ! s u b r o u t i n e f o r ou tpu t a f t e r each s t e p
195 ! j u s t dummy, s i n c e no ou tpu t a f t e r each s t e p
196 subroutine s o l ou t (m, t , y , f , k , ord , i r t r n )
197 integer m, k , ord , i r t r n
198 double precision t (k ) , y (m, k ) , f (m, k)
199
200 return
201 end

Listing B.1 FORTRAN Code: Numerically Solves the Optical Bloch Equations
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Appendix C

Program for Stage Control and Data Readout

The program for the control of the stage movements and the readout of the

picoammeter is done by a program written in Visual Basic 6.0. The stages are

addressed via the serial port of the computer while the data readout is done

by using a National Instruments data acquisition box that is connected to the

USB port. The source code of the program is too long to include it in the

thesis. Nonetheless, the code is commented to make it easy for other people

to understand the program and extend its functionality. In this appendix only

the user interface is described to facilitate the handling of the program.

C.1 Start and Initialization

When starting the program by double-clicking on StageControl.exe, the pro-

gram first tries to detect if any stage controllers are connected. If the program

fails to detect at least one of the two stages, it displays an error message like

that in figure C.1.

Possible reasons for that are problems with the serial connection of the

controllers or the fact that the power supply for the stage controllers isn’t
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Figure C.1 Error message that is displayed when the controller 1 can’t be
found. A similar is displayed for controller 2 if it can’t be detected.

turned on. It can also be that the stage controller are in an faulty internal

state which can often be solved by turning off the power supply for the stage

controllers and turn it back on. A third possible reason are wrong settings

in the program for the serial port configuration. How that can be changed is

described in section C.2.1.

After a successful (or not successful) detection of the stages the main win-

dow of the program (see figure C.2) is displayed. Most of the controls are

usually disabled at that point unless the stages were initialized before and

haven’t been turned off since. Otherwise there are two options how to ini-

tialize the stages. The first is by pressing the button Enable which enables

the stages (and with them most of the buttons in the control window) and

defines the current position as the home position. The home position is the

zero position of the stages. Negative position values for the vertical stage

mean that the stage is below the home position, positive values are describing

the positions above. Negative values for the horizontal stage correspond to a

position further away from the optical table than the home position, positive

133



values correspond to positions closer to the optical table.

Figure C.2 Main window of the program while the stages are not yet enabled.

The second way of enabling the stages is by pressing Enable / Center which

not only enables the stages but also centers them within their travel range and

defines that center position as home. That way the coordinate system of the

stages gets independent from the position of the stages during the startup.

Figure C.3 Message window after the centering process of the stages is com-
pleted.
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The centering process can take a little while since the stages are moved over

the whole travel range to detect the boundaries. After the centering process

is complete the message box shown in figure C.3 is displayed.

C.2 The Main Control Window

C.2.1 Changing the Serial Port Configuration

To configure the serial port of the computer, a click on Serial Port Setup opens

the dialog in figure C.4.

Figure C.4 Dialog for the configuration of the serial port.

If it is known which serial port the controllers are connected to and what

the settings for the baud rate on the stage controllers are then the options

can be selected by hand and saved as the standard configuration by clicking
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on Save and Exit. If the parameters are not known a click on Auto Configure

starts and automatic detection process. For that detection only one stage

controller is allowed to be connected to the computer. To remind the user of

that a message box is shown before the process starts.

The success of the detection procedure is shown in another message box.

The detected settings are now marked in the dialog and a click on Save and

Exit changes the values so that they are loaded when starting the program.

C.2.2 Moving the Stage by Hand

Clicks on the arrow buttons in the main window move the stage in the di-

rections indicated. The step size of those movements is 0.1 mm, 1.0 mm or

5.0 mm depending on the selected button. If one wants to move the stage to

a specific position it is possible to enter the position (in either mm or encoder

counts in the lower right corner and press Go. Pressing the button Define as

Home marks the current stage position as the (0, 0) position and clicking on

Move to Home has the same effect as choosing the position (0, 0) and then

pressing Go.

The speed and the acceleration of the stage can be changed by typing in

new values in the Stage Settings box and then pressing Apply. The values

are given in units that are related to encoder counts and time intervals of

an internal timer. The factor for a conversion to standard units in speed

and acceleration can be extracted from the manual for the stage controllers.

Selecting too high values can impair the accuracy in the positioning process or

136



even severely damage the stages. Therefore the manual should be consulted

prior to increasing the preset values dramatically.

C.2.3 Displaying Data Readout

To measure a current with the picoammeter and display the value within the

program, the check-box Enable in the SSD Data box has to be marked. When

doing so the program reads the measured value from the data acquisition

box with the time-interval given. The readout frequency and the number of

datapoints to average over (to get rid of any low-frequency noise, especially

60 Hz line noise) can also be specified. The scaling factor can be adjusted to

be able to cover different amplification settings of the low noise preamplifier

and different measurement ranges of the picoammeter. For changes in the

settings to take effect it is necessary to click on the Enable check-box twice.

That is done to prevent problems in the readout procedure when changes are

made during one measurement. A screenshot of the main window when the

SSD readout is activated is shown in figure C.5.

C.3 SSD Scans

By clicking on SSD Scan in the main window another window is opened which

appearance is shown in figure C.6. The lower left corner of the SSD scan can be

specified by adjusting the parameters for the Starting Point. The stepsize and

the number of steps that are taken in both vertical and horizontal direction

can be set independently of each other. That way it is also possible to just do
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Figure C.5 Main window while the readout of the SSD is enabled.

one dimensional SSD scans (in that case either the Number of Vertical Steps

or the Number of Horizontal Steps is set to 0. The Settings for Scan box

contains fields to adjust different parameters for the stage behavior as well as

for the readout process that are already explained in section C.2. In addition

to that, Wait before Scanning defines the time before the scan starts after

pressing the Scan button and after moving the stage to the start position. By

waiting 10 − 30 s the picoammeter can settle after the possibly long way to

the start position and people can leave the laboratory since the picoammeter

is easily influenced by people moving close by. Wait after Moving specifies

the time between two scanning steps. A value of 2 − 3 s turned out to be a

good compromise between a high scanning speed and giving the picoammeter
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enough time to settle after the movement of the stages.

When pressing the Scan button the scan is started with the given settings.

During the scan the progress is displayed with a progress bar. The settings

can’t be adjusted while the program is scanning, but by pressing Cancel the

scanning process is aborted. The measured values for the SSD current are

displayed in a graphical way where the color corresponds to the measured

value: blue indicates the lowest measured value during the scan, red marks

the highest value, values in between are given a color whose red and blue

components are calculated from the value with respect to the minimum and

maximum value (see figure C.7). When moving the cursor on top of the colored

field of a measured point a tool tip shows the corresponding stage position and

Figure C.6 Window for doing SSD scans. The results can be exported to a
text file after the scan.
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Figure C.7 Window for doing SSD scans after a scan is completed. The mea-
sured currents are represented with colors where red marks the highest value
and blue the lowest.

the measured value. The data can be exported by choosing a file name and

then pressing Save to File after the scan is done.

C.4 Scheduling Exposures

A click on Exposures in the main window opens another window where multiple

exposures can be scheduled. For each exposure a position of the stage and the

exposure time can be chosen. To remove an entry from the list it has to be

marked by clicking on it and then can be removed by clicking on Remove

from List. The Do Exposures button changes the look of the window (see

figure C.8). The stage moves to the first specified position in the list and stays
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Figure C.8 Window for the scheduling of exposures. While the exposures are
done the remaining time for the current exposure is displayed.

there for the entered time. The time that remains until the current exposure

is done is displayed in the window. After each exposure the stage moves to

the next position until the end of the list is reached. When the last exposure

is done, a status message is shown that indicates that all tasks are completed.
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