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Abstract
In this report, some aspects of a new for meta-stable helium beam machine for quanturn
opties and atom opties experiments are considered. With this set-up experiments will be
performed that require an exceptionally well prepared atomie beam. For beam definition,
two successive apertmes of 50 j.Lm in diameter are used separated by 2 m. In order to
increase the very small flux of atoms (~ 3.5 Hz) through the apertures, extra laser cooling
techniques are applied on the beam before the apertures.
We performed simulations and analytic calculations for the whole laser cooling section.
First, a Collimator captures atoms within a small perpendicular velocity interval. A Zeeman slower cools the axial velocity of the atoms to an interval of 5 m/s around an average
velocity of 220 m/s. A Magneto-Optic Compressor increases the brightness behind the
Zeeman slower withafactor of maximally 3.6xl06 . The total signal through the apertmes
is 4. 7x 105 atoms/s.
For beam diagnostics, at several positions in the set-up, knife-edge scanners are built
in. Their behaviour is compared to wire scanners, which are used in the Gemini set-up
(a similar set-up for metastable neon atoms). Knife-edge scanners can be used for beam
definition and determination of the 2D-beam profile, but they are more sensitive to several
kinds of noise.
For the QND experiment, a high finesse optical cavity will be used. For the experiment,
the cavity intensity decay time must be larger than the time of interaction between the
light field and the atoms that fly through the cavity. This requires a finesse of more than
4 x 105 . Ring down measurements show that the finesse is 4.85 x 105 , which is clearly enough
for the experiment. Furthermore, the cavity has to stay resonant with the light field. A
cavity locking scheme using phase modulation is discussed.
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Chapter 1
Introduetion
1.1

Quanturn opties experiments

A few years ago the design of a new set-up for quanturn and atom opties experiments was
started. In these experiments we consider the interaction between atoms and light in a
situation reverse to classica! opties: the light field acts as a medium through which the
atomie wave propagates. In regular atom opties only the internal state and the centre-ofmass motion of the atom are treated quanturn mechanically. Essential for quanturn opties
is the quantisation of the light field.
The basic set-up consistsof a small diameter (50 J.Lm) parallel (divergence < 0.01 mrad)
beam of metastable helium atoms, an interaction region, and a position sensitive detector
far behind the interaction region, which essentially measures the velocity distribution of
the atoms just behind the interaction region.
The first experiments that will be performed include an experimental attempt to
prove that the light field inside a cavity is quantised (QND) (see [HOL91J, (HER93J and
[LEE94)), and the tomographic reconstruction of the full density operator associated with
the centre-of-mass motion of an ensemble of atomie wavepackets (Quantum Tomography)
(see (MAY94) and [LEE95]). For the QND experiment, the interaction region consists of
the fundamental (TEM 00 ) mode in an opti cal cavity, that is probed by the atomie beam.
The purpose of the experiment is to measure the number of photons in this mode without
changing it. In order to be able to distinguish between different photon numbers, there
must be a very small number of photons in the fundamental mode. To obtain a strong
field and hence a strong interaction even for these low photon numbers, the photons must
be confined to a very small mode volume. As the photons should not leak out of the cavity
during the interaction, this cavity must have a very high quality factor (finesse) to store
the photons for a sufficiently long time.
A resonant light field is used because this gives the strongest interaction between atoms
and light. We examine the light field by looking at the far-field deflection pattem of the
atoms on the detector, which gives a projection of the near-field velocity distribution. In a
very simplified picture, we can explain what happens quantitatively. The photons have a
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Figure 1.1: a) Schematic view of the set-up for the QND experiment. Atoms pass through
the apertures and enter the quantised field. Atoms that travel through the nodes of the field
will be defiected through absorptionjstimulated emission cycles. Atoms that pass through the
antinodes have a large chance to undergo spontaneous emission. This causes 2D-structures
in the far-field detector pattern. In b) a schematic view of the Quantum Tomography
experiment is shown. The atoms pass through a micro-fabricated transmission grating. At
the Talbot length behind the grating, they enter the nodes of an off-resonant standing light
field, which will rotate the Wigner function associated with a 1-D-centre-of-mass motion.
The detector pattem is therefore one-dimensional.
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Figure 1.2: a) Typical example of the detector pattem of the QND experiment. The small
dots are the even-lik points; the disks are the results of spontaneous emission. b) Schematic
picture of the Quanturn Tomography experiment. The initial Wigner functwn is rotated
over an angle </> by the light field. The far field propagation provides a further rotation. The
detector measures the position of the atom, which is a measure for the velocity distribution
behind the interaction region.
momenturn ±lik. If an atom absorbs a photon, it will obtain a transverse momenturn kick
of ±nk. When the atom emits the photon back into the cavity mode, the net momenturn
change becomes 0 or ±2lik, depending on whether the photon was emitted in its former
direction or with opposite k-vector. This can happen more than once, during the passage
of the atom through the interaction region. The detector pattem will therefore show a line
of dots, from atoms with a velocity spacing of 2lik / m. This is true for any photon number
in the cavity. However, from the intensity distri bution over the dots, the exact photon
distribution can be extracted.
A disadvantage of the use of resonant light is the aceurenee of spontaneous emission,
especially when an atom moves through the antinocles of the standing light field. In this
case the emitted photon will no langer be coherent with the fundamental mode of the
cavity, so this mode loses a photon. Furthermore, because the photon is emitted in a
random direction, the momenturn of the atom is no langer a multiple of 2hk, but it will
have a momenturn of (2n + 1)lik, plus an additional random momentum with a transverse
component between 0 and ±lik, see Fig. 1.2a.
The second experiment, the Quanturn Tomography experiment, is a pure atom optical
experiment. We use a classical light field to study the density operator associated with
the centre-of-mass motion of atomie wavepackets. In contrast to the QND experiment, the
interaction is off-resonant. It is important to realise, that in the Quanturn Tomography,
no distarting spontaneous emission will occur. 1-D wavepackets are created by letting the
collimated atomie beam pass through a micro-fabricated transmission grating with 100 nm
wide slits. The wave packets will diffract at the transmission grating, but as a result of
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the atomie Talbot effect, they will regain their original shape (Ref.[HAB96]). Usually, full
quanturn mechanica! information of the wavepacket is expressed in the density operator.
An equivalent of the density matrix in phase space is given by the so-called Wigner function

[?]:

J df"e"

+oe

W(x,p)

=

1

1rh
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~

ç

ç

<x- 2ipix + 2 >,
A

(1.1)

-oe

where x is the position and p the moment urn. However, the Heisenberg uncertainty principle states that, in quanturn mechanics, a phase space distribution has to be ambiguous.
This is refiected in the fact that the Wigner function, which is always real-valued, can
attain negative values. Still, it is closely connected to the phase space probability density
in classica! mechanics. If the wavepacket is exposed to a harmonie potential. its Wigner
function will rotate in phase space. Such a harmonie potential is found at the nocles of an
off-resonant standing light field. In the quanturn tomography experiment, we let atomie
wavepackets pass through the nocles of the light field and detect their velocity distribution in the far field. The detector pattern depiets the atomie momenturn distribution just
behind the interaction region, which is equal to a marginal of the Wigner-function (integration of the Wigner function over the position x yields the momenturn distribution). This
is schematically shown in Fig. 1.2b. By measuring this projection of the Wigner-function
for many angles we can extract the initial Wigner function. This reconstruction is clone by
using the inverse Radon-transform, see for instanee [JHS89J,[SCH95).

Vc6

1.2

Metastable helium characteristics

The atoms to be eonsidered in the experiment have to have a suitable two-level transition.
Furthermore, the transition should be in the optical regime, so that the unit of momentum,
21ik is sufficiently large. Most important however, the mass of the atom must be small in
order to be able to abserve the small momenturn transfer of 21ik. The 2-level transition
from the metastable 2s3 S 1 state of He (which, in the following, will be indicated as He*) to
the 2p3 P 2 state turns out to be the most suitable. In table 1.1, some characteristic values
are g1ven.

1. 3

Laser cooling

As previously mentioned, laser cooling will be used for beam preparation and for inereasing
the flux. In this section we will give a short introduetion into Doppier cooling, the most
common kind of laser cooling.
When a two-level atom passes aresonant light beam, it can absorb and emit photons
coherently with the light field. There is, however, a possibility to emit them in a noncoherent way with random direction. This spontaueaus emission ean be used for cooling
purposes. lf we apply a light field from the direction opposite to the atomie velocity,

9

Table 1.1: Characteristic quantities for He*.
metastable
energy level:
[eV]
20.1
E3sl
pumping
transition:

[nm]

.À3Sl-t3P2

1083.034

gyromagnetic ratio
38 .
1·

9g

2

9e

.:!

gyromagnetic ratio
3p2:

2

linewidth:

r

[Mrads- 1 ]

10.25

saturation
intensity:

Io

[J.LWmm- 2 ]

1.67

mass:

mHe

[kg]

6.64 x 10- 27

maximum
deceleration:

a

[ms- 2 ]

4.7 x 10 5

recoil velocity:

Tik
Vree= m

[mmç 1 ]

92

Doppler limits:
velocity:

VD

[ms- 1 ]

0.28

temperature:

T

[J.LK]

38.9

max

=

nkr
2mue

nr

D = 2kB
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the atom will be decelerated each time it absorbs a photon. lf the photon is emitted
coherently, the atom will reeover its initial momentum. However, if absorption is foliowed
by spontaneous emission, the contribution of the randomly directed recoils will average
out after many of these cycles. This results in a net decrease of the atomie velocity. This
way an atomie beam can be slowed, by applying a light field opposite to it. This process
is used in the Zeeman slower (see section 2.4).
Cooling refers to campressing the velocity distribution of the atom. In order to obtain
cooling we have to use a light field, with beams coming from two directions. Because of
the Doppier shift, the atoms that have a non-zero velocity parallel to the light field, will
see an frequency difference between the light propagating in the direction of the atomie
velocity and the light opposite to it. The light from the opposite direction will obtain a
positive Doppier shift:
(1.2)
Wat= WL +kv,
where Wat is the frequency with which the atom sees the light. If the light from the opposite
direction is red-detuned, it will be resonant with atoms that have a certain velocity:
ÓL

v=--

k'

(1.3)

where ó equals the detuning. When the atoms are resonant, they will be slowed down, until
they are no longer resonant with the light. Atoms that travel in the opposite direction will
undergo the same process with the other beam.
Because of the finite lifetime of the atomie levels, the transition energy will not be welldefined. The transition probability has a Lorenz profile in frequency space, with linewidth
r. If the light field is considered to be perfectly monochromatic, the force applied on the
atoms is proportional to the transition probability:
1

F(v)

oe

f2 /4 +(kv- ó)2.

(1.4)

The light fields from both directions combine to a force that is depicted in Fig. 1.3. This
shape is characteristic for laser cooling.
Because of the crucial role of the Doppier effect, this kind of cooling is called Doppier
cooling. Doppier cooling is a diffusive process: while it slows the atoms down, it will
cause an increase in the width of the velocity distribution in the various directions, due to
Brownian motion in momenturn space. This ditfusion causes a lower limit to the velocity,
or temperature, that can be reached, the so-called Doppier temperature:
T
For He*, this temperature is reached at

nr

=

2kB.

D
VD =

0.28 mjs.
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(1.5)

Ö/k

V

Figure 1.3: The force applied on the atoms by two red detuned light beams com·ing from
opposite directions.

1.4

Beam preparation set-up

From the metastable atomie souree comes a beam with a very broad velocity distribution
and a large divergence. The mean velocity of the atoms is about 1330 m/s. First, the
divergence will be reduced by the use of aso-called collimator. In this device, laser beams
perpendicular to the beam axis cool the radial velocity. This will be extensively discussed
in section 2.3.
To cool the axial velocity distribution and decrease the axial velocity a Zeeman-slower
is used, see section 2.4. This is a device in which à light field that travels in the direction
opposite to the laser light, slows the atoms down. The light field is kept resonant with the
atoms by using a non-homogeneons magnetic field that compensates for the Doppier shift
at any position during the passage through the slower.
Because of the fact that the Zeeman slower must be quite long, the diffusion in the
perpendicular directions will be considerable. Therefore, during the passage through the
Zeeman slower, the beam will spread out. Because of the fact that a very narrow beam
is needed, we use one last element for bright beam preparation. This is the Magneto
Optie Compressor (MOC), see section 2.5. In this element, perpendicular laser fields,
together with a quadrupale magnetic field cause an inward force, that bends the particles
to the beam centre. Finally, out of the compressor comes a bright, slow and well-collimated
atomie beam. This beam will be further defined by two succesive small apertures separated
by a large distance, to obtain a beam with a divergence that is small enough for our
experiments.
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Chapter 2
Bright beam preparation
2.1

Introduetion

To obtain a bright atomie beam, various laser cooling sections are used in the experimental
set-up (chapter 1). These were optimised for He* atoms. In this chapter we will treat
simulations and analytica} calculations that were performed on the laser cooling sections.
We will describe the results in termsof radial phase space brightness. This quantity is
a measure for the flux of atoms within a certain radial disk around the axis of the atomie
beam and within a certain solid angle that the atoms make with the beam a.xis. This solid
angle is a measure for the radial velocity :

(2.1)
where x is a transverse direction (we assume cylindrical symmetry) and z is the direction
of the beam axis. Fora certain 2-D radial position distribution with standard deviation O"x,
and a radial velocity distribution with standard deviation a-vx, we can define the centre-line
phase space brightness as :

B =a

L:

(a-x a-</>)2

=a

L: v2
z

(a-x O"vJ

2

[mm'"2mraJ2 s- 1]

(2.2)
'

where L: equals the total flux of atoms. The factor a arises from the fact that not all atoms
lie within the standard deviations. Assuming a Gaussian distribution, we find :
1
47r

Q=-2.

2.2

(2.3)

Souree eharaeteristies

The metastable atoms are created in a discharge souree using supersonic expansion (see
App. A). The souree that will heusedis an old souree for metastable Ar*, that produces a
yield of the order of 1014 atoms sr- 1 s- 1 . The r.m.s. axial velocity of the metastable atoms
13

is 1330 and the width of the distribution is about 380 mis. The atomie beam has a wide
radial velocity distribution with standard deviation avx = 0.555 x Vz (see App. B.l.2). This
means that the width of the radial velocity distribution equals 740 mis.
The spatial width of the souree can be characterised by a virtual souree radius Ru (see
App. B.l.1), for which we take the nozzle radius :
ax = RN = 0.05 mm.

(2.4)

The yield, Y, which is given in atomss- 1 sr- 1 can be expressed in phase space terms by :
(2.5)
Substituting the yield into Eq. 2.2, we find a phase space brightness of6.4x 109 mm- 2 mrad- 2 s- 1 .

2.3

Transverse cooling: Collimator

The first laser cooling section behind the souree is the collimator. In the collimator. the
radial velocity of the atoms is cooled, to reduce the divergence of the beam. In the two
dimensions perpendicular to the direction of propagation, standing light fields are applied
over a length of 165 mm. A scheme for the experimental realisation is depicted in Fig. 2.1a.
Atoms see photons, coming from four directions. The laser beams are negatively detuned
from the atomie transition. An optimal cooling is normally reached at a negative detuning
8 of the order of the linewidth r. Therefore, as shown in section 1.3, a fraction of the beam
with V x of the order of 8 Ik, will be caoled (x is the direction perpendie u lar to the beam
axis). We define the capture angle as the angle with the beam axis for which an atom is
maximally resonant with the light field :

8
Be= -k '

(2.6)

Vz

where Vz is the axial velocity of the atoms coming from the source. For a typical value
= 1000 mis, we find Be = 0.947 mrad. Due to the finite linewidth of the transition, the
maximum angle under which atoms are caoled will be a few times higher than the capture
angle. For atoms that travel under an angle larger than Be, however, the the cooling is less
efficient and takes a langer time.
In the simulations atoms within radial veloeities up to ±50 mis are considered. We
assume that the velocity distribution remains uniform within these limits.
The saturation parameter s is defined as I I [0 , with ! 0 = 1.67 J-LW lmm 2 • The total
laser power that can be used is about 30 mW. The collimator has a lengthof 165 mm. For
a light field over an area of (15 x 165) mm 2 , this results in a saturation parameter of 7.5.
The calculations have been done for saturation parameters of 1, 5 and 10, of which 1 and
10 are resp. pessimistic and optimistic estimates.
In Fig. 2.2a and b, the beam width and velocity width are shown, during the passage
through the collimator, for a uniform distri bution within a radial velocity interval of V x =

Vz
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Figure 2.1: Schematic views of the collimator. In a), the roundtrip of the light beam is
drawn. In b), the situation is drawn in which a focussed light beam enters the collimator,
to obtain a larger capture angle.
±7 m/s. The detuning t5 = -r. The atoms are caoled and the beam width increases ever
more slowly. It is clear, that for higher saturation parameters, the cooling becomes much
more efficient.
The capture angle can greatly be increased by using a position dependent detuning. If
the atoms pass a light field that is not perpendicular with the z-direction, the atoms see
the light with an extra Doppier shift:

(2.7)
where cjJ equals the angle between the light field and the x-direction.
If we apply a light field that is a little focussed, the atoms at the entrance of the
collimator will see light at an angle that differs from that at the end of the collimator. We
use a lens that is positioned under a certain angle {3 /2 with respect to the beam axis, so
that the light at the end of the light field will be normal to the beam axis. The angle of
the light at the entrance of the collimator will then make an angle {3 with the normaL This
is schematically drawn in Fig. 2.lb. The angle between the light-field and the beam-axis
results in an enlarged effective red-detuning. Therefore, the atoms at the entrance of the
collimator will experience a greater detuning than those at the end. The angle of the
light-field varies linearly in the z-direction, so the total detuning will be:
~

= t5L + kvx + c/J(z)kvz = t5L + kvx +

{3(L- z)
L
kvz·

(2.8)

If the light field is focussed only a little, and the detuning gradient is not too large, the
atoms that are resonant at the entrance of the collimator will be caoled during the whole
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Figure 2.2: In the above figures, the cooling of atoms in the collimator are shown for various
saturation parameters. In a), the decreasing velocity distribution is shown and in b), the
beam width is shown. The detuning equals - r. The lines are calculated from a uniform
velocity interval with maximum velocity of ±7 mjs.
trajectory. If the light field is focussed too much however, the gradient will become too
large for the atoms to follow and they will no longer be captured by the collimator.
At the entrance of the collimator, the light field enters the collimator with an angle.
The refiected beam will be spatially shifted from the incoming beam. Therefore there
will be a region a, where the atoms see light from one direction only. This region will be
equal to two times the distance to the refiecting mirror, multiplied by the angle. If we use
the contiguration from Fig. 2.1a, a will be largest for the horizontallight field. Using the
distauces between the mirrors as given in Fig. 2.1a, we find in the centre of the collimator
for the horizontallight field a= 0.31 x f3 mm/mrad, and for the verticallight a= 0.07 x fJ
mm/mrad. If this region is large, it will certainly disturb the velocity distribution. This
means that the angle f3 must not become too large. In the simulations this asyrnrnetry has
notbeen taken into account.
In the simulations in which the position dependent detuning was examined, we considered a radial velocity interval of lvxl < 50 mjs. For the detuning of the light field, b,
we chose r /3. In Fig. 2.3a, the fraction of atoms from this interval, which are effectively
cooled to a velocity interval of lvxl < 1 m/s is drawn as a function of the angle of the
entrance light field /3. For small angles of /3, we see that the captured fraction increases
nearly linearly with /3. The captured fraction increases linearly with the capture angle, Oe.
Atorns that travel with the capture angle, travel are nearly perpendicular to the light field,
apart frorn an angle b/ k, due to the detuning of the light frequency. Therefore Oe becornes
equal to f3 + bL + kvz (see Eq. 2.8). For largervalues of /3, however, the angle will change
rapidly as the atoms propagate, and they will not be able to follow the rapid change in
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Figure 2.3: The results of the collimator simulations, with a beam with Vz = 1000 m/s
and a uniform radial velocity distribution with Vx,max = 50 mjs for various stauration
parameters. In a), the fraction that is caoled to a velocity interval of lvx I < 1 m/s is shown
as a function of the maximum angle of the light field. In b), the standard dev'iation of Vx
of these captured fractions is shown. The detuning ó = - r /3.
the capture angle. This effect becomes worse if the saturation parameter is low, as can be
seen in Fig. 2.3a.
In Fig. 2.3b, the standard deviation CTvx of the atoms within the captured fraction is
displayed. For each saturation parameter we see an increase in the standard deviation a.'l
{3 increases. For small {3, the atoms are caoled very effectively to a small velocity interval.
As the angle becomes larger than 20 mrad, however, the atoms that had the largest initial
velocity are not caoled as effectively anymore and CTvx starts to increase. For larger angles,
the atoms with the highest Vx will break free. Therefore the standard deviation decrea.'Ses.
For lower saturation parameters we see the same behaviour, but because of the smaller
light pressure, the atoms will escape at smaller angles. The largest angle {3 that can be
used is therefore strongly dependent upon the saturation parameter.

2.4

Longitudinal slowing: Zeeman-slower

The second laser cooling section takes care of the slowing and the cooling of the axial
velocity. This can be done in several ways, but a common way is by using a Zeemanslower. A light beam propagates in the direction opposite to the propagating atomie beam.
When the light is resonant with the atoms, it will slow them down. Due to Doppier-shifts
only a small velocity interval will be resonant with the light. This means that, after an
atom has emitted a few photons, its momenturn will have changed, and it will no langer
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be resonant. Therefore, a nonhomogeneous magnetic field is applied, that varies in the
z-direction. The magnetic field is such, that the Zeeman-shift it causes will compensate on
each position for the Doppier-shift of the atoms. Therefore the atoms remain resonant and
will be slowed down during the whole trajectory through the Zeeman-slower. The theory
of Zeeman-slowing is treated in [BEY92].
The light pressure has a ditfusive component (i.e. ditfusion in momenturn space). This
ditfusion takes place in the direction of propagation, but also in the perpendicular directions. The slowing of the beam will decrease the ditfusion in the propagation direction,
because it compresses the velocity distribution. In the perpendicular directions however,
no slowing power exists, and the only influence will be a ditfusive one. Therefore, the
atomie beam diameter will increase.
The deceleration of the atoms will not be equal to amax, shown in table 1.1, because
this value is only reached for an infinite saturation parameter s. The actual deceleration
will be lower. Therefore, the Zeeman slower is two times as long as its theoretica! length.
The actual deceleration will be about amax/2.
Before we discuss the results of the simulations, we will first consider a simple, analytic
model to estimate the ditfusion. The ditfusion constant for light pressure is given by (see
Ref. [BEY92]):
D = (nk)z ~
(2.9)
2 s + 1'
where s is the saturation parameter. We suppose that the velocity and radius of the
incoming beam is negligible compared to that of the outgoing beam. This gives the initia!
condition for the distribution:

P(x, Vx, t = 0) = ó(x)

X

ó(vx)·

(2.10)

The ditfusion that takes place is ditfusion in the velocity space. The evolution equation
in velocity space is given by:

P(vx, t)dvx

a

=

0

m2v2

e-~dvx,

(2.11)

We can identify the exponent as that of a Gaussian distribution with width:
(2.12)
The Zeeman slower has a length L of 3.40 m. The laser light applies a constant force on to
the atomie beam. To decelerate the atomie beam over a distance L, we find a deceleration

vz1
a _ vzo
z-

2L

(2.13)

where v0 is the velocity of atoms which are resonant at the entrance of the Zeeman slower
and v1 the velocity at the exit. Actual values are given in table 2.1. Atoms that enter the
Zeeman slower with velocity v0 will be slowed during the whole trajectory and will stay in
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Figure 2.4: The axial magnetic field on the axis within the Zeeman slower- coil. The field
is calculated for- a current of 1. 0 A. For other currents, the field changes linear-ly.
Table 2.1: Chamcteristics and pammeters for the Zeeman slower.
L

= 3.40 m

D = 1.96 x 10- 48 s~ 1 kg 2 m 2 s- 3
az

= 2.43

X

105 ms- 2

v0

= 1300 ms- 1

v1

= 220 ms-l

=

T

4.53 ms

the Zeeman slower a time T = ( v 0 - v1 ) / az. With T, we can calculate the velocity spread
due to the diffusion.
A rough estimate forthespreading in the radial direction can be obtained by assuming:
(2.14)
Using the parameters of table 2.1, we find the following beam width and divergence :
ax

= 60.6

J

s mm, avx
s+1

= 20.0

J

s m/s.
s+1

(2.15)

The DBR-diode laserscan produce maximally 50 mW output power. The saturation
intensity ! 0 = 1.67p,W/m2 • This means that, to obtain about s=10 the laser beam can be
spread out over a surface of 6x6 cm. With s=10 we obtain the following values:
ax

= 55

mm,av x
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m

= 18-.
s

(2.16)
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Figure 2.5: The results of simulations performed on the Zeeman slower. In a), a uniform
input velocity distribution is used, between 1000 and 200 mjs. In b), the velocity distTibution lies between 1200 and 800 mjs. The velocity inteTVal from 200 to 400 mjs is enlarged
in the ins et. In a), only the slowed atoms are shown, which are about 85% of the total
fraction. In b), the fraction of atoms that are slowed is 26.5%.
These values are, of course, very high. lf these values are realistic, a large part of the beam
will be scattered to the walls of the vacuum system.
In the simulations, a realistic shape of the magnetic field was used. This wa.<..; calculated,
using the contiguration of the non- uniformly wound coil, that is used for the Zeeman slower.
The z-component of the magnetic field is shown in Fig. 2.4. There, the used current was
1.0 A. If a higher current is used, the magnetic field will increase linearly, but its shape
will remain the same.
The resonance condition for the Zeeman slower equals:
kv z

+ 6L -

/-tB B = 0

n

,

(2.17)

where ÓL equals the detuning of the laser frequency, B is the magnetic field, and /-tB is the
Bohr magneton. lf 6L remains constant, we find for the magnetic field gradient :

8B

az

(2.18)
/-tB

8z

For the maximal gradient that can be used in a Zeeman slower, we find :

aB Imax8z

nkamax -- 31 [T/ m.
l
J-LBVz

(2.19)

Vz

If the gradient in the Zeeman slower exceeds this maximum value, the atoms will escape
and be no longer resonant with the light.
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In Fig. 2.5a and b, the results of simulations are shown. The value for the saturation
parameter of the laser light was 5. Near to optimal values were found using relation 2.17,
which then were 'fine-tuned' in the simulations. In Fig. 2.5a, the velocity distribution
that enters the Zeeman slower was a uniform distribution with Vmax = 1000 m/s and
Vmin = 200 mjs. The laser detuning was -3.9 GHz and the current through the Zeeman
coil was 2.05 A. 85% of the atoms are slowed to a velocity interval of 186 m/s, with a
width of 4.07 mjs. The 15% of the atoms that are not slowed, do not escape halfway, but
they are notslowed at all. The beam diameter has increased from 0 to ax = 22.6 mm and
the radial velocity spread has become avx = 6.71 m/s. From Fig. 2.5a, it is clear that the
distribution of the slowed atoms is much narrower at the high velocity side of the peak.
This comes from the fact that the light field in the Zeeman slower is not only a slowing
force, but also cools the beam. The cooling however only comes from the high velocity
s!de. This 'presses' the velocity down in phase space, and cancels a part of the diffusion.
On the low velocity side, however, the atoms can diffuse, and the peak broadens.
In Fig. 2.5b, the input velocity distribution was uniform with Vmax = 1200 m/s and
Vmin = 800 m/s. The laser detuning was 5.66 GHz and the current through the coil was
2.50 A. The output velocity is now centered around 210 m/s. Only 26.5% of the atoms are
slowed to the narrow peak around 210 m/s. The velocity spread equals 2.24 m/s. 12.5%
of the atoms has notbeen slowed at all. A rather large fraction of 61%, however, is slowed
toa broad velocity interval around 350 mjs. Here they escape, due toa to steep magnetic
field gradient. The atoms that are actually slowed, have a beam width ax = 15.8 mm and
a radial velocity spread avx = 6.28 mjs.
If we consider Zeeman slower configurations for higher velocities, we see that the fraction
of the atoms that is slowed to a velocity around 200 m/s decreases rapidly. Clearly. the
maxima of the magnetic field gradient are close to their maximum allowed values for a
velocity of 1200 mjs.
The ditfusion turns out to be much less serious than our simple calculations showed.
This can partly be explained by the fact that the largest part of the atoms is not slowed
during the whole traject in the Zeeman slower. In the simulations, a saturation parameter
of 5 was used. This, however, should cause a difference of no more than 8% with the simple
model.
We now calculate the brightness of the atomie beam. Assuming that the capture
velocity of the collimator equals 50 m/s, we find (100/1200) 2 = 6.9 x 10- 3 sr for the
solid angle that is captured. In an optimal situation, a fraction 1Jz = 0.5 will be slowed.
Assuming a souree yield of 10 14 sc 1s- 1, this yields an atomie flux of~ = 3.5 x 10 11 s- 1
out of the Zeeman slower. Using the values for the radial velocity spread and the beam
width, we find a brightness of :
1
~
B z = - 2 x - 2 -z2- = 4 .4 x 104 mm -2 mrad-2 s -1 .
471'
aXaVx

(2.20)

In the Zeeman slower, the brightness that came from the souree decreased by a factor
1.5 x 105 , but the standard deviation of the axial velocity is narrowed from avz ;:::::; 380 mjs
to 2.24 m/s. The axial velocity intervalis therefore about 5 m/s.
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2.5

Beam Compression

The atomie beam that comes out of the Zeeman-slower will have a well defined axial
velocity, but due to the diffusive character of the radiation pressure the beam diameter
has considerably expanded, both in radial position and velocity. If no further laser cooling
sections were used, the signal through both apertures, that were mentioned in section 1.4,
would be very small. Assuming the optimistic estimates of a maximum captured velocity
from the collimator of 50 m/s, and a slowed fraction of the atoms in the Zeeman slower
TJz = 0.5, the flux of atoms that passes through two succesive apertures at a distance L = 2
m and a diameter d = 50 Jlill will be :

d
B z x d 2 x ( L) 2 s - 1 .

( 2. 21)

Assuming a souree signal of 10 14 s- 1 sc 1 , we end up with a signal of 5.5 x 10- 2 Hz.
In order to compress the beam we can use a so-called Magneto-Optical Compressor
(MOC). To compress the atomie beam, we need to apply a position dependent force:
atoms that are situated further from the centre of the beam, have to be displaced over a
larger distance than atoms that are already close to the centre. Atoms on the left side of
the centre need a displacement opposite to atoms on the right.
A way to create such a position dependent force is by using a non-homogeneons magnetic field in combination with circularly polarised laser light. A magnetic field that increases linearly in the two radial directions will give rise to a position dependent Zeeman
shift of the atomie levels and transitions. The t1M = + 1-transitions will obtain a shift
opposite to the /:1M = -1-transitions. If we combine this with a light field consisting of
a a+-beam (which can only cause /:1M = +1-transitions) coming from one side. and a
a--beam (which can only cause !:1M = -1-transitions) coming from the otl1er. we have
created a position dependent force. This is schematically shown in Fig. 2.6.
We apply a strongly red-detuned light field, in which a a+ -beam comes from the right,
and a a- -beam from the opposite direction. Next, we apply a quadrupale magnetic field
with
(2.22)
B=ax,
with a constant value. This magnetic field shifts transition energies of the atoms on a
certain position x by:
(2.23)
where g is the gyromagnetic ratio and JlB is the Bohr magneton. A position dependent
velocity interval is trapped between the a+ and the a- beam. This interval is centered
around:
(2.24)
The width of this interval is determined by the laser detuning and the difference between
the shifts of the !:1M = + 1- and the /:1M = -1-transitions. The total width of the velocity
interval equals :
(2.25)
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a)

b)

Figure 2.6: a) shows a schematic view of the detunings for the transitions from the M = 0
substate, as a function of the x-position in the MOC. The laser detuning, indicated by the
dotted line, is everywhere the same. The Zeeman shift is linearly dependent on the position.
The shifts of the a+ and a- transitions are given by the fat lines. In b), a sketch of the
configuration of the quadrupale magnets with respect to the light field is shown.
where + stands for the upper level of the ó.M = +1-transition and _ for that of the
ó.M = -1-transition. Atoms that are not resonant with the beam will move either ontward
or inward until they become resonant. The atoms within the interval will be cooled by
both beams on each position x.
In order to compress the beam, the force applied to the atoms must be increased. This
can be done by an increase in the gradient of the magnetic field as a function of z. Th is
creates an ever narrower trap. The atoms that are caught between both beams are bend
to the beam centre. Now the atoms are cooled and compressed at the same time.
When the atoms come close to the beam centre, the magnetic field will not be very high
anymore, and their M = 0 transition will become resonant with the light. The compression
stops and the atoms are cooled down further. In Magneto-Optic Compressors, usually a
high detuning is used, to obtain a large capture velocity. Therefore, the cooling is much
less efficient however, than it is in a collimator.
The MOC compresses in two dimensions. The quadrupole field is created by four
remanent magnets that are rotated 45° compared to the incoming laser beams for practical
ease. This is schematically shown in Fig. 2.6b. To obtain an increasing gradient, the
position where the atoms enter the light field lies in front of the magnets, see Fig. 2.8b,
where the gradient is not maximal yet and the gradient will increase as the atoms propagate.
We will now consider a simple theory for the behaviour of an atom inside a MOC. We
assume that every atom is resonant with the trap at the entrance and stays resonant i.e.
the atom follows the field in an ideal way. The rise of the gradient in the axial direction
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Figure 2.7: The phase space trajectoriesof atoms in a MOC. In the first part a compression
takes place. When the atoms are compressed, they experience Doppler-cooling so the radial
velocity spread becomes smaller.
can, to a good approximation be considered linear. Therefore:

B

=

-a(z)x = qzx,

(2.26)

where q is a constant. The resonance condition will now be:
l:!..wz = l:!..wv

+ c5L,

(2.27)

where l:!..wv is the Doppler shift and ÓL the laser detuning. This can be written as
/--lB

- nk (geMe- g9M 9)axz = kvx- c5L.

(2.28)

Because all atoms are pumped to either the M 9 = +1 or the M 9 = -1-substate, for the
term 9eMe - g9 M 9 we can substitute 1. If we neglect the last term in this equation, and
substitute z = Vz x t, we obtain the following differential equation:
·

-{3x(t)t =X, Wlth {3 =

J--lBO:'Vz

nk 2

.

(2.29)

The salution is given by:
(2.30)

This expression gives the radial movement of atoms within the MOC. If we use a very short
magneto optie device of length l, its effect will be like that of a lens. We can calculate the
focal length f, by using the lens formula:
x

0:'

= --

f'
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(2.31)

where the angle a= vx/vz. Hence we find :
j

= v; = nk
f3l

2.5.1

2
Vz.

(2.32)

J-LBal

Phase space description of a Magneto-optic compressor

We consider He* atoms in the triplet state. The atom will see laser light with a frequency
Wa

+ ÓL ± kv.l + (Mege-

/-LBB

M9 g9 )-n-,

(2.33)

where Wa is the frequency of the dipale transition, óL the detuning of the laser light and B
the magnetic field. The atom will he resonant if
(2.34)
In the compressor B = axz. 17--light can only cause I::!.M = -1-transitions and 17+-light
only I::!.M = + 1. For the three substates of He this yields the resonance conditions as are
shown in table 2.2.
Table 2.2: The resonance conditions for 17+ and
M 9 = -1
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Phase space trajectories are drawn in Fig. 2.8a. The resonance lines of the !vf9 = ±1atoms are drawn in the same graph. All the atoms on the left side of the MOC will he
pumped to a M 9 = -1 substate, on the right side, however, all the atoms will he M 9 = + 1
atoms. Most of the atoms become trapped between the resonance lines and therefore follow
the campressing force, that changes in time. When an atom comes close to the x-axis, its
M 9 = 0 substate will become resonant with the light and only the cooling interaction
remains. This happens inthelast part of the compressor.

2.5.2

The MOL-MOC-configuration

As mentioned before, the beam coming out of the Zeeman-slower is very diffuse because
of the fact that He is a very light atom and its recoil velocity is relatively high. Therefore
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Figure 2.8: In a), the phase-space trajector'ies of atoms in a MOC ar-e dmwn. On the
right side the atoms are pumped to the M=-1 substate. The dar-k lines are the r-es(mance
lines, between which the atoms ar-e captured. The M=-1 atoms star-t in the upper- quadmnt
of the phase space and as their velocity is decr-eased, they move very Jast to the lower
quadmnt. Then a focussing takes place. When the atoms are nearly focussed, they entera region where the magnetic field becomes low, their M=O substates become resonant wzth
the laserlight. The M =0 substate is symmetrie in position, so the atoms will feel bath laser
beams. This results in a Doppler cooling, which finally presses the atoms to the centre of
the phase space. In b), the magnetic gmdient at the axis is dmwn for- both the MOL and
the MOC. The light field of the MOL starts 65 mm befare the centre of its magnets and
has a length of 50 mm. The light field of the MOC starts 130 mm befare the centre and
has a length of 100 mm
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Table 2.3: Values for the various parameters that were used in the simulations to the
MOL-MOC configuration.
Length MOL

5cm

Length MOC

lOcm

a2B
axaz MOL

0.7 T/m2

@ui
ax MOC

0.1 T/m

Detuning MOL-MOC

30 Mrad/s

aBt
ax MOC

I

0.6 T/m

TOF length

65 cm

Length after-cooler

2cm

I

the usual principle of the MOC cannot be used very effectively: only a small part in the
middle of the beam would be compressed. A solution to this problem is the use of a doubleMOC-system, in which the first part behaves merely as a lens, a MOL. The second part.
that is placed at the focal point behind the MOL, will then be the actua.l compressor. A
schematic view for this set-up is shown in Fig. 2.5.2.
The most important point for the MOL in this so-called MOL-MOC configuration
is the fact that it must have a large capture angle (v l,max / Vz). Because the same laser
frequency will be used for both components, the experimental parameter that can be varied
is the magnetic field gradient. The MOL will have a small gradient and the MOC neecis a
considerably larger gradient.
At the end of the MOC, the atoms are cooled. Because of the large detuning of the
MOC, the final temperature of the atoms will be higher than that of the beam coming out
of the collimator. This situation can easily be improved by applying a very short collimator
section, called an after-cooler with a length of about 2 cm, directly after the MOC. The
detuning of the light field in this after-cooler is - r /2. It cools the atoms to the Doppier
limit.

2.5.3

Simulations to the MOL-MOC contiguration

Various simulations have been performed to optimise the MOL-MOC configuration. In
this section we will discuss these simulations and their results.
The first simulations, that were done with an atomie beam with no initial radial velocity spread, provided a close-to-optimal situation. The parameters following from these
simulations are shown in table 2.3. In the discussed simulations some of these parameters
have been varied.
The magnetic field that has been used in the simulations, was calculated for a given
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A schematic view of the MOL-MOC configuration. The dimensions of the magnets and
their positions are given in the picture. The arrows indicate the directions from which the
light beams enter the MOL-MOC. The MOL magnets are made of Ferrite, with
magnetisation of 0.4 T, the MOC magnets are made of a Nd-Fe-B alloy, with the much
higher magnetisatj_gn of 1.1-1. 25 T.

contiguration of permanent magnets. As mentioned before, the magnets are rotated 45°
compared to the light field. The exact dimensions are drawn in Fig. 2.5.2. The magnets of
the MOL are made of barium ferrite, which has a magnetisation of 0.4 T. The magnets of
the MOC are made of Nd-Fe-B, which is a material with a very strong remanent magnetic
field. Their magnetisation is 1.1 T to 1.25 T.
All simulations have been performed for the entire MOL+MOC+after-cooler set-up.
In nearly all of the simulations the phase space plots show that the fraction of the beam
that is compressed is situated within a small phase space region of with L\x ;:::::; 200 f-Lm
and L\v..L ;:::::; 2 mjs. Only these atoms are of interest for the experiment, as will beseen in
chapter 3. They forma small dot in the centre of the beam with a gaussian-like distri bution
in phase space. The phase space distribution of this captured fraction at the end of the
MOC has the following standard deviations:

± lOf-Lm,
m
0.21 ± 0.01-.
70

s

(2.35)

The most interesting output parameter of the simulations is therefore not the <Tx and
avl.' but the captured fraction of atoms within the phase space region jL\x x L\v..LI· This
parameter, the captured fraction was used to characterise the simulation results, while
the values of ax and av1. were used for interpretation only. Because of the fact that the
discrepancies between the simulations and experimental data are known to be quite large,
the absolute values of the maximum captured fraction are not partienlady interesting.
Interesting conclusions, however, can be drawn from the behaviour of the captured fraction
when one of the parameters is varied.
In the first simulations that will be discussed, the MOL parameters have been varied:
its length and the magnetic field gradient. In Fig. 2.9a and 2.9b, the relmlts of these
simulations are shown. From Fig. 2.9a, we see that the captured fraction depends strongly
on the lengthof the interaction with the light field. From equation Eq. 2.32 we see that a
variation of this length results in a variation in the focallength of the MOL.
An interesting feature is the fact that for a too short interaction length the captured
fraction falls of faster than for a too large interaction length. Apparently the effect is more
serious when the beam enters the MOC before the focal point than when it enters after
the focal point. If the focal point lies before the MOC, the value for the dependenee of the
captured fraction on the length of the interaction is about +50% cm- 1 . For a focal point
within the MOC, the slope is about -33% cm- 1 . The same feature can be recognised
in Fig. 2.9b, where a too strong magnetic field gradient proves less serious than a too
weak gradient. If we translate the magnetic field gradient and the MOL-length into focal
distauces using Eq. 2.32 we get very different dependences of the captured fraction on the
focal length. This shows that the change of the focal distance is by no means the only
effect that occurs.
As mentioned in section 2.5, the MOC consists of two parts. In the last part the
M = 0-state becomes resonant with light and only cooling occurs. This suggests that the
MOC needs a well defined minimum length to function properly. On the other hand, long
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Figure 2.9: The results of the simulations that were performed on the MOL. In a). the
length of the interaction is varied. In b), the magnetic field gradient varies.
compressors are hard to realise from an experimental point of view. The results of the
simulations are shown in Fig. 2.10a and Fig. 2.10b. In Fig. 2.7 the phase space trajectories
of a few atoms through the MOC are plotted. It is clear that the compression takes place
especially within the first 8 cm of the MOC. After that the M = 0 transition becomes
resonant and mainly cooling takes place. The lengthof the MOC is varied in Fig. 2.10a.
Fora short compressor length, the capture fraction decreases indeed. The effect. however.
seems not to be very serious.
Because of the fact that the magnets of the MOC remain fixed, the only easy way
to vary the magnetic field gradient is obtained by varying the position of the light field
towards the centre of the magnets. This has been varied in Fig. 2.10b. On this scale,
however, there seems to be no great influence on the captured fraction.
The effects of varying the detuning in the set-up are twofold. First, the maximum
capture angle is linearly dependent on the detuning. Therefore, for small detunings, the
fraction of captured atoms will increase as the detuning increased. If the detuning is very
large, the resonance peaks lie very far apart and the atoms will not be trapped at a precise
position. Therefore they do not follow the trap ideally.
In Fig. 2.11 we see that for the MOL, the captured fraction is very much dependent on
the detuning. A clear maximum is found. For the MOC, however, such a maximum is not
found. The captured fraction change very much for a varying detuning. An increase in the
detuning causes a slight increase in the captured fraction, only because some atoms, that
were not ideally focussed by the MOL, can still be compressed due to the larger capture
angle. As discussed inthelast paragraph, it is clear that a maximum occurs in the MOL.
In the MOC, however, the entering beam has been prepared by the MOL already, and
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therefore, only few atoms that were focussed will have a velocity that falls outside the
capture angle.

2.6

Signal calculation

Finally we can estimate the signal that comes out of the laser cooling sections. If we assume
that the yield of the atomie souree equals 10 14 atoms sr- 1 s- 1 , the flux of atoms that comes
from the collimator is 6.9 x 10n. A fraction TJz is slowed in the Zeeman slower. Of the
atoms that are slowed, according to the simulations, a fraction of 16% will he compressed.
For an optimistic value of TJz = 0.5, the totalflux of atoms that come out of the compressor
will then he maximally:

:Ec

=

0.16 x 0.5 x 6.9 x lün ~ 5.5 x 10 10 s- 1 .

(2.36)

The standard deviation of the position distrihution equals 70 JLm and that of the radial
velocity distrihution 0.21 m/s. The hrightness after the MOC will therefore he :
(2.37)

This hrightness is a factor 4 higher than that of the source.
The velocity axial distrihution of the old souree has a standard deviation of ahout 380
mjs. The standard deviation after the Zeeman slower is only 2.24 m/s. This means that
the axial velocity is compressed to a factor 170.
The estimated hrightness is a very optimistic value. In practice the flux of atorns that
co mes out of the compressor will prohahly he lower. The collimator may have a capture
velocity that is twice as smal!. Therefore, 4 times less atoms would he slowed in the Zeeman
slower. The fraction of atoms that is slowed to the appropriate velocity, depencls strongly
on the r.m.s. axial velocity and the velocity distrihution coming from the source. For a
souree with a r.m.s. velocity of 1330 m/s, the slowed fraction TJz, will prohahly not exceed
10%. The fraction of atoms coming out of the compressor will probahly a.lso he lower
than according to the simulations. If the captured fraction of the compressor is one order
of magnitude less, than according to the simulations, the total flux of atoms out of the
compressor will he 2.8 x 108 s- 1 . Still, the hrightness equals 1.6 x 109 mm- 2 mrad- 2 s- 1 ,
which is a factor 4.0 lower than that of the source. In tahle 2.4, the values for hrightnesses
of the source, Zeeman slower and the compressor are shown.
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Table 2.4: Brightness and signals after the source, Zeeman slower and the MOL-MOC.

B [ mm- 2 mrad- 2 ç

1]

~

[s-1]

Souree

6.4 x 109

2.7 x 10 14

Zeeman slower

4.4 x 104

3.5 x 10 11

MOL-MOC

8.2 x 108 .. 1.6 x 10ll

2.8 x 108 .5.5 x 1010
0
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Chapter 3
Final beam definition configurations
3.1

Introd u ct ion

In the previous chapter, we have seen that the application of laser-cooling greatly improves
the beam quality and the intensity. According to the simulations, the r.m.s. divergence
at the exit of the compressor will be 1.27 mrad and the atomie flux will be between
2.8 x 108 s- 1 , and 5.5x 1010 s- 1 . The brightness willlie between 1.6 x 109 mm- 2 mrad- 2 s- 1 .
and 3.1 x lOll mm- 2 mrad- 2 s- 1 .
However, in both the QND and the Quanturn Tomography experiment, a smaller divergence is needed. To improve beam quality, two rectangular apertures can be used,
separated by a large distance. A disadvantage to this solution is the signal loss. In this
chapter we will evaluate these losses. Because of the signal loss, we will consider performing the experiments with slits and knife-edges instead of apertures. Considerations will be
made about various solutions for the experiments.
In the following considerations, the z-axis will again be the axis along which the atoms
propagate. The light field, which is used in the experiment stretches out along the horizontal x-direction. The direction perpendicular to both the beam axis and the light field
is the y-direction.

3.2

Final beam definition for the QND experiment

For the QND experiment, the required resolution in transverse velocity should be better
than about 0.1 nkjm, or 9.21 mmjs. With an axial velocity of 220 m/s this amounts to
a maximum divergence of 0.042 mrad. The initial idea for the QND experiment was to
use two rectangular apertures, separated by a large distance, to prepare the atomie beam.
With a separation of 2 m, this amounts to an aperture diameter smaller than 84 J-tm. In
both the QND and the Quanturn Tomography experiment, apertures will be used with a
diameter of d = 50 J-tffi. It is clear that only a very small fraction of the beam will pass
through both apertures.
Therefore, other solutions have been sought, that give less resolution, but still provide
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Figure 3.1: Schematic view for an alternative configuration to prepare the beam for the
QND experiment is shown. The beam passes a first aperture. Aftera distance of 2 m, the
atoms pass a knife-edge scanner, after which a narrow slit in the x-direction is placed.
useful preparation and a lot more signal. Insteadof the aperture pair, we can use knife-edge
scanners and slits. However, only a few combinations provide sensible configurations.
We have to make a clear distinction between the QND and the Quanturn Tomography
experiment. In the QND experiment it is important that the beam is defined in both the
x and y dimensions to obtain a 2-D detector signal. It is therefore useless to apply vertical
slits. If the first aperture, (see Fig. 1.1a) would be replaced by a vertical slit, the detector
signal would become one-dimensional. Furthermore, it is of no use to replace the second
aperture with a vertieal slit, because the waist of the quantised light field has an extension
in the y direction of merely 80 f.LID.
One possible solution to obtain more signal, is to use a knife-edge, combined with a slit
in the x-direction (see Fig. 3.1). If the sharp edge of the knife is placed at the centre of the
beam profile, the detector pattem will be divided into an illuminated area and a shadow
zone. Atoms that are deflected by the light field can enter into the shadow zone. This will
be discussed in section 3.2.2.
There is, however, a very important difference between the double aperture contiguration and the knife-edge/slit with aperture combination. In the double aperture configuration, we can completely spacially separate the atoms that have spontaneously emitted
from those that have not. In the knife-edge configuration, the atomie beam is only well defined in the y-direction. Therefore, we can spatially separate the atoms that spontaneously
emitted photons, only in that direction. It is therefore impossible to determine whether
one atom has spontaneously emitted a photon. Only the statistics of many photons will
show the spontaneous emission. Although the alternative contiguration does not present
the required amount of information, the fact that it will give more signal may make it a
useful initia! experiment.

3.2.1

Beam definition with two apertures

For the signal calculation of the double aperture configuration, we use a Gaussian distribution in the phase space to model the initial atomie beam. The phase space dynamics of the
atomie beam in the experiment is treated in a schematic way in Fig. 3.2a. We use the beam
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parameters from the compressor simulations performed in chapter 2. The distributions in
both the x and the y direction are identical. The 1-dimensional phase space profile has the
following shape :
(3.1)
Propagation in phase space is given by :
f(x,

Vx;

t) = f(x-

Vx
- T , Vx;

t-

)
T .

(3.2)

Vz

Through the first aperture a small part of the beam will pass. In the next 2 m the beam will
spread out until it reaches the second aperture. This aperture works as a radial velocity
selective element. In the QND experiment, the effect of the quanturn field on the atomie
beam can be expressed by shifts in momenturn space proportional to lik :

hk

+oo

fout(X,

Vx;

t) =

L

anfin(x, V+ 2n-; t),

(3.3)

m

n=-00

where an are dependent on the photon numbers in the light field and spontaneous emission
has been neglected. In Fig. 3.2a the dynarnics of the distribution in phase space is sketched
for the situation with two apertures.
The second aperture willlimit the velocity distribution of atoms from the atomie beam.
To calculate exactly the fraction of atorns that come through, we have to realise that the
way the second aperture defines the velocity distribution of an atom depends on the position
of the atom x 0 , at which the atom travels through the first aperture. If dis the aperture
diameter, we find :
V min

Vmax

(3.4)

=

where L equals the distance between both apertures.
To calculate the fraction that comes through, we integrate over the velocity distribution
with above limits. After that, an integration over the first aperture must be performed. To
obtain the fraction that comes through the 2-D rectangular apertures, the "1-D fraction"
must be squared. This 1-D fraction is given by :

(3.5)

The 2-D fraction equals flhr· For varying d, the fraction flhr has been plotted in Fig. 3.3a.
The resolution that can be achieved equals hJ;1L 1 d, where L 1 is the distance between
the two apertmes and L 2 the distance between the second aperture and the detector. With
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~-----------------------------------------------------------------.

L 1 = 2 m and L 2 = 2 m, we find a resolution of 100 J-Lm. The detector signal will show
structures with characterisic dimensions larger than

nk L2

---- =

m

(3.6)

0.41 mm.

Vz

This means that the resolution will be 11.8% of the smallest structures.
For the QND experiment, the demanded maximum divergence was 0.042 mrad. Using
apertures with a diameter d = 50 J-Lm, the divergence will be 0.025 mrad, which is clearly
sufficient. The fraction through the apertures will be 8.5 x w- 6 .
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Figure 3.2: The phase space dynamics of the 2-aperture configumtion for the QND experiment and the alternative aperture and knife-edge-slit configumtion. First, a Ga11ssian
beam comes onto a small aperture ( 1). The small, divergent beam spreads out until either
a second aperture cuts off the divergent edges or the k:nife-edge cuts of half of the beam (2).
The beam now enters the experiment, that accounts for shifts in momenturn {3}. These
shif{ed slices or dots diverge until they fall onto the detector screen {4).

3.2.2

Beam definition with an aperture and a knife-edge/slit
combination

We will now look at the configuration in which the second aperture is replaced by a knifeedge scanner. We will treat the phase space dynamics step by step, see Fig. 3.2b. Onto
the knife-edge there is no difference with the double aperture configuration. At the knifeedgejslit combination, the preparation of the atomie beam in the y-direction will be equal
to that in the double aperture configuration (see Fig. 3.1). In the x-direction, however,
the velocity selective element, only defines the radial velocity in one direction. In the
experiment, the beam will pass through a large part of the light field. The phase space
distribution, which consists of a slice, that stretches out in velocity space, Fig. 3.2b2, gets
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Figure 3.3: a) The fractions of atoms that come from the mmpressor and pass through
bath final preparation configurations, as a function of the aperture diameter. b) Simplified
reproduetion of the detector pattem of the QND experiment for bath the double apeTtur·e
configuration and the knife-edgejslit with aperture combination. The signal was spatially
filtered over the direction perpendicular to the signal axis. 80% of the atoms performed
spontaneous emission.
shifted by the light field, Fig. 3.2b3. These slices spread out during the propagation over
the distance to the detector. On the detector, a step-like pattem will appear as a function
of the position x.
To calculate the fraction that comes through the knife-edge/slit configuration, we have
to adjust Eq. 3.5. If the light field is luminated by the atomie beam over a distance :r: = L
we obtain the following equation :

(3.7)

In the y-direction, the width of the preparation devices have not changed. To obtain
the 2-D fraction that co mes through the apertures, fthr must be multiplied by that from
expression Eq. 3.5. For l = 0.5 mm, the fraction through the knife-edge/slit configuration
is plotted in Fig. 3.3a.
When this configuration is used, the atoms can pass through the cavity under larger
angles than in the double aperture configuration. If the atoms travel under an angle with
the beam axis, they move over a certain distance in the perpendicular x-direction during
the interaction. If this distance becomes larger than about a tenth of the wavelength,
this could influence the interaction. In that case, there are atoms that start at a certain
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position in the light field, but from there on move in the x-direction and thus feel a varying
interaction.
If the knife-edge is situated before the middle of the cavity, which has a mirror-spacing
d = 1 mm, the maximal angle that a detected atom can make equals dj L = 0.5 x 10- 3 /2 =
0.25 mrad, where L equals the distance between the first aperture and the knife-edge/slit.
The light field has a waist w 0 = 40 J-tm, so the effective interaction region is about 100 J-tffi.
Therefore, the atoms will travel over a distance of maximally 25 nm in the x-direction,
during the interaction, which equals 2.5% of a wavelength. This will probably not cause
measurable influences on the detector pattem.
Because we use a braader atomie beam that does not only pass through the centre of
the light field, we have to watch out for changes in the light field. Because of the Gaussian
shape of the field, the width in the z-direction, wz(x) of the light field will broaden farther
c;tway from the centre. wz(x) is given by:
1 + ( Àx2 )2'

Wz ( X ) =Wo

(3.8)

1rWo

where x = 0 lies at the centre of the light field. For a waist of 40 p,m, we find that near
the mirrors (x= ±0.5 mm), the waist has only increased 0.57%. These broadening effects
can therefore be neglected.
There are, however, also disadvantages to this configuration. The amount of atoms
that have a net momenturn change 0, can not be determined. They can not be separated
from the atoms that got a negative momenturn change.
As mentioned in section 3.2, the most important difference between both configurations
is the fact, that for the double aperture configurations, we can not distinguish, whether
one atom has spontaneously emitted photons. However, because of the fact, that the
detector pattem is still 2-D, a large fraction of the atoms that spontaneously emitted, can
be spatially filtered out.
To show this, we simplify the expected detector pattem. First, we assume that a
fraction a of the atoms, does not spontaneously emit photons. We approximate both the
stimulated emission dots and the spontaneons emission disks from Fig. 1.2a, with Gaussian
functions. For the stimulated emission part, we assume a width of :
1 nkL

20 p,m

--- =

20mvz

'

(3.9)

where L equals the distance between the interaction region and the detector. The whole
distribution lies within the detector resolution, which is about 100 p,m. For the spontaneons
emission part, we estimate a width of:
1 nkL

In-=

2v2 mvz

0.148 mm,

(3.10)

so the whole distribution lies within a disk with radius nkLjmvz. We further simplify the
detector pattem by assuming that each 21ik peak is equally high. The spatial filtering in
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the y direction is limited by the detector resolution. In Fig. 3.3b, the filtered signal that
appears on the x-axis of the detector is shown for both configurations. For the fraction of
atoms that did not spontaneously emit photons, a, a realistic value of 20% was chosen for
both configurations. For the knife-edge/slit configuration, 78% of the atoms that perforn1ed
spontaneous emission were filtered out. This means, that the ratio between atoms that did
not and those that did spontaneously emit photons increases from 0.20 to 1.14.

3.3

Final beam definition for the Quanturn Tomography experiment

For the Quanturn Tomography experiment, the atoms must pass through the nocles of
a standing light field. A transmission grating at a certain distance befare the interaction
region has slits of 100 nm wide exactly in line with the nocles of the standing light field (see
Fig. 1.1 b). Behind the transmission grating, the wavefronts will diffract and interfere. but
due to the Talbot effect, the initial shape of the atomie wave just after the transmission
grating will be reconstructed at a certain distance. This distance is called the Talbot
distance, which equals 5.2 mm fora velocity of 220 m/s [HAB96].
For the Quanturn Tomography experiment, the double aperture configuration, will yield
even lower detector signals than the QND experiment. The slits with a width of 100 nm are
separated one wavelength, so a fraction of 9.1% of the incoming beam can pass through.
Therefore, for the Quanturn Tomography experiment it is even more important to search
for alternative beam preparation configurations.
The fact that the Talbot images (the reproduetion of the wavepacket at the Talbot
length) must overlap when passing through the nocles of the light field, means that the
knife-edge scanners will be of no use. It is of essential importance that the divergence
of the atomie beam is not increased. The y-direction, however, contains no useful information, because the detector pattem will he only one-dimensional. In contrast to the
QND-experiment, the atomie beam does not have to be defined in the y-direction. The
only limitation to the beam dimensions in the y-direction is the extension of the transmission grating in the y-direction, which ranges from 100 to 200 J.Lm. However, the first
aperture can he replaced by a vertical slit. This leaves the y-velocity distribution undefined, but the y-position in the experiment will still he well defined. A schematic picture
of this contiguration is shown in Fig. 3.4.

3.3.1

Beam definition with two apertures

It is very important that the atomie beam, that passes through the transmission grating has
a very small divergence. If the divergence is too large, atoms pass through the transmission
grating under an angle and will not pass through the nocles of the light field. Over the
distance of the Talbot lengh, 5.2 mm, the atomie wavefronts should not be displaced by
more than 0.1 of one wavelength, or 108 nm. This condition amounts to a maximum
divergence of 0.023 mrad.
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Figure 3.4: Schematic view of the alternative configuration for the Quanturn Tomography
experiment. The braad beam passes through a 1-D slit and a transmission grating (in fact,
the period of the transmission grating equals one wavelength, as can be seen in Pig. 1.1 b.
The 1-D detector pattem is broadened in the y-direction.
· The initia! idea for the Quanturn Tomography experiment was to use the same contiguration as in the QND experiment. The condition to the divergence is nearly reached
with two 50 J-Lill apertures, separated by a distance of 2 m. We use Eq. 3.5 and the beam
parameters that come out of the compressor simulations to calculate the fraction coming
through the second aperture. Because of the transmission grating, the detector signal will
yield signals that are 9.2% of this fraction. This means that the fraction of atoms out of
the compressor that impinges on the detector equals :
7.9 x

3.3.2

w- 7 .

(3.11)

Beam definition with a slit and an aperture

If the first aperture is replaced by a slit that is wide in the y-direction and narrow in the
x-direction, we obtain a 1-dimensional detector pattem with the same resolutions as the
2-aperture configuration. The criteria for particles in the x-direction remains the same.
The fraction of particles that passes through the slit and the aperture in the y-direction is
given by :
t

--T<x-~)

j dy j
-t

dvyf(y, vy)

(3.12)

--T<x+~)

where the length of the slit equals 2l and f is a normalised beam profile.
In Fig. 3.5a, the fraction of the beam that passes through both preparation elements is
given as a function of the diameter of the first aperture. The signal increases a factor 3 if
the incoming beam has a width CJx = 70J-Lm. In the case that the beam that comes out of the
compressor will be much broader, for both configurations the signal will decrease. However,
the signal through the vertical slit contiguration decreases more slowly. For a beam width
of 1 mm behind the compressor, the fraction that comes through the second aperture in
the double aperture set-up, will be 4.34x w- 8 . With the slit-aperture configuration, this
will be 1.43x10- 6 . The ratio is now a factor 33. It is shown as a function of the beam
width in Fig. 3.5b.
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3.4

Beam definition with a slit and a knife-edge

The last possible contiguration that we will consider is the situation in which the vertical
slit and the knife-edge scanner are both used. Actually, the beam definition is now good
enough for neither the QND experiment nor the Quanturn Tomography experiment, but
the signal will be much higher. Therefore, it might be a useful contiguration for initial
tryouts.
Finally, we could combine the slit in the y-direction with the knife-edge scanner. Th is
gives a one dimensional aperture pattern, with no good preparation of V x. The Quanturn
Tomography experiment can not be performed with this contiguration because of the fact
that, if Vx is not well-defined, the Talbot images will not overlap.
The QND experiment however, loses its 2-dimensional detector pattern, but this confi.guration might provide some useful information to start with. There is no spatial filtering
possible anymore. This means that spontaneous emission will influence the detector pattem in a much more extreme way than in the contiguration discussed insection 3.2.2. The
fraction that passes the preparation section is plotted also in Fig. 3.5.

3.5

Comparison of beam definition configurations

When we compare the fraction that comes through the double aperture contiguration and
the fraction through the knife-edge/slit combination, we see that, for larger apertures, the
ratio between those fractions gets closer to unity. For very small aperture diameters, the
beam will be uniform over both the first and the second aperture. The flux that comes
through the first aperture will increase linearly with the aperture area. The flux that comes
through the second aperture will aL<>o increase linearly with this aperture area. This means,
that for equal aperture diameters d, the fraction that passes through the second aperture
will be proportional to d4 . This can be seen in Fig. 3.6a.
At the position of the first aperture, the width of the atomie beam will be 70 J.-Lm. The
atomie beam from the compressor has a radial velocity spread of 0.21 m/s. This rneans,
that, with an axial velocity of 220 m/s, after 2 m, the beam width has increased to 1.9
mm. When the aperture diameter is increased, the fraction that comes through the second
aperture will increase proportional with the aperture area for larger values of d than for
the first aperture.
For the contiguration with the knife-edgejslit combination, the limitations on horizontal
radial velocity spread avx do not change, when the aperture diameter is increased. Therefore, the fraction through the beam definition contiguration will increase proportional to
d 3 , as can be seen in Fig. 3.6b.
For the contiguration where the first aperture is replaced with a vertical slit, we find
the same dependenee on d3 . There is however a difference if we look at larger aperture
diameters. Because of the fact, that at the position of the second beam definition element,
the beam will be much broader than at the first, for large aperture diameters, increasing
the diameter of the first aperture will not increase the signal anymore. Therefore, for large
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Figure 3.6: The fractions through the various preparation configurations compared with
powers of the aperture diameter d. In a), the fraction through the double aperture configu.ration is compared tod\ and the configuration with the vertical slit and the kn'ife-edgejslit
combination is compared to d 2 . In b), both the knife-edgejslit combination with aperture
and the vertical slit with aperture configuration are compared to d3 .

d, the fraction through the knife-edge/slit combination, will increase proportional to d.
while the fraction through the vertical slit contiguration will still increase as d2 .
On the other hand, the fact that the atomie beam at the position of the tirst beam
detinition element is much narrower than at the second, results in a much lower signal
increase when then tirst aperture is replaced by a vertical slit, than when the second
aperture is replaced by a knife-edge/slit combination. This can clearly be seen from the
fact that, for d = 50 Jlm, the signal increase when using a vertical slit with a length
l = 1 mm, is a factor 3 (see Fig. 3.5), while the signal increase while using the knife-edge
slit combination, with l = 0.5 mm results in a signal increase of a factor 10.
Finally, the beam detinition contiguration with bath the vertical slit and the knifeedge/slit combination will be dependent on d 2 . In Fig. 3.6a, these are compared. From
this figure, it is clear that, allthough the signal through the last contiguration will be much
higher for small aperture diameters, this signal increases a lot slower than the double
aperture signal. Also, for the double aperture signal, the deviations from the d4 line starts
at much higher values of d.

3.6

Diffraction

When the atoms pass along a sharp edge, they will suffer from diffraction. This can in
principle limit the resolution that could be obtained. If preparation devices like apertmes
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Figure 3.7: Calculated the intensity pattem of a He beam, with Vz = 220 m/s at 1 m
behind an aperture of 50 p,m. The beam has no initia[ radial velocity spread. The beam
has broadened by a factor 2. This is negligible compared to the broadening that the beam
obtains from a realistic non-zero initial radial velocity spread.
are used, the diffraction will be near-field Fresnel diffraction because :
d2

z<-

Àas'

(3.13)

where z equals the distance between the aperture and the detector and d the aperture
diameter. For apertures with diameter d = 50J-Lm, and a de Broglie wavelength of 0.453
nm (vz = 220 m/s), d 2 /Àas = 5.51 m. In Fig. 3.7, we see the diffraction of anatomie
wave at a rectangular aperture with diameter d = 50J-Lm. We can see that the diffraction
broadens the pattem by a factor 1.5. Therefore, we can conclude that diffraction does not
play a role in the limitation of the resolution. The resolution is therefore only determined
by the widths and the distance between the apertures.

3. 7

Conclusions: signal calculations

In the last section we found, for a souree with a yield of 1 x 1014 s- 1 sr- 1 , that a very
optimistic calculation yields a flux of 5.5 x 1010 s-I, with a spacial width of 70 p,m and
velocity width of 0.21 m/s. Fora pessimistic, but perhaps more realistic estimate, we find
a flux of 2.8 x 108 s- 1 . In table 3.1 the calculated signals are shown forthese atomie fluxes.
A basic condusion that we can draw, is that, the configuration with a knife-edge yields
an atom flux that is 10 times higher than that for the double aperture configuration with
diameter of 50 p,m. This, however, does not give optimal information. The application of
a vertic al slit yields a signal that is only 3 times higher, but for the Quanturn Tomography
experiment, no information will be lost.
45

Table 3.1: Estimated countrates on the detector for the various preparation configurations.
Imax results from very optimistic calculations, Imin results from pessimistic estimates.
Imin

double aperture
contiguration
apert ure+
knife-edge/slit
combination
vertical
slit + aperture
vertical slit+
knife-edge/slit
combination

[kHz]

Imax

2.38

0.47

23.5

4.6

8.4

1.7

84.3

16.5

[MHz]

The pessimistic estimate for the double aperture contiguration is quite low. We have
seen that it is possible to increase the signal over more than an order of magnitude by
performing thé experiment with a non-ideal beam preparation. However, at least for the
QND experiment very large amounts of atoms are not needed, because the experiment
considers single atom events.
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Chapter 4
Beam diagnostics techniques
4.1

Introduction: knife-edge scanners, slits and apertures

As explained in the previous chapter extensive atomie bearn manipulation will he performed
in the experimental set-up. Therefore, devices for bearn diagnostics will he built into the
set-up. A way toperfarm diagnostics on beams of metastable atorns is by using so-called
wire-scanners. These consist of a straight conducting wire, that is seanned through the
atomie beam. If a metastable atorn hits the surface of the wire, the atorn has enough
potential energy to free an electron frorn the surface. The potential energy Ep.H e* of He*
equals 20.1 eV, which is much higher than the energy needed to free an electron. The
latter is called the workfunction W1 , which normally lies between 1 and 5 eV. The electron
obtains a kinetic energy :
(4.1)

If enough metastable atoms impinge upon the wire, a current can he measured. When
the wire scans through the atomie beam, we obtain a plot of the beam intensity that is
integrated over the dirneusion parallel to the wire.
In our set-up another type of scanners will he used, a so-called knife-edge scanner.
In the new set-up a conducting plate, with a sharp, straight edge cuts perpendicularly
through a part of the bearn. These so-called knife-edge scanners have the advantage that
the detection signals are larger. They can also he used to cover a part of the bearn. In the
next section we will consider the ditierences between the knife-edge scanners and the wire
scanners.
Under the assurnption that the pattem of the beam is cylindrically symmetrie, we can
calculate the full bearn profile from the 1-D-signal using the so-called Abel transforrn. This,
however, is a complicated numerical process. Therefore we will present a simple analytic
model, that can he used in most cases.
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4.2

Measurement theory and beam diagnostics using
knife-edge scanners

4.2.1

Transformations for cylindrically symmetrie beam profiles

First we consider the beam in the the experimental set-up. Wedefine the z direction along
the propagation direction of the beam. x and y are axes normal to z. We can define a
beam-function j, that gives the intensity as a function of x, y and z. f has the property :
+L+L

/ / dxdyf(x, y; z)

=

N,

(4.2)

-L-L

where N is the total partiele flux of the beam and L is determined by the dimensions of
the scanner. L should be large compared to the beam dimensions. The signal that a wire
scanner will measure is given by :
+L

l(x; z)

=

óx x / dyf(x, y; z),

(4.3)

-L

with
by:

~x

the width of the wire. The signal that the knife-edge scanner will measure is given
+L

x

S(x; z)

= /

dx / dyf(x, y; z),

-L

(4.4)

-L

from which we can write the relation between l and S

l(x; z)

=

as
ox

(4.5)

x óx.

Both l (x) and S (x) contain the same information.
In the case that f(x, y) is cylindrically symmetrie in the x- y plane, it is possible to
calculate f(x, y) if either l(x) or S(x) are known. This is done with the Abel transform.
Allthough Gaussian-functions do not form a complete orthogonal basis, for cylindrically
symmetrie beams we approach f (x, y) as a sum over Gaussian functions :
( 4.6)
This yields for the wire-scanner signal :
i

l(x)

=

L

x2

vf2;5xan~ne~.

(4.7)

n=l

Thcrefore, if the wire-scanner signal is known, we can easily obtain the total beam-function
f by expanding l into Gaussian functions.
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Figure 4.1: The set-up to determine the 2- D beam function for a non-cylindrical symmetrie
beam.

4.2.2

Tracing non-cylindrical beam profiles

It is possible that the beam function f will not be cylindrically symmetrie. Especially
when the laser beams from opposite directions in the laser cooling sections are unbalanced.
this will be the case. If one scanner is used, it is not always possible to determine whether
the atomie beam is cylindrically symmetrie. With a scanner in the x-direction, it is only
possible to see if the beam is symmetrie in that direction. If, in addition, a scanner is used,
that scans in the y-direction, it is still not possible to determine every kind of deviation
from cylindrical symmetry. However, the most likely asymmetry, i.e. the asymmetry that
is caused by unbalanced laser beams (resulting in an asymmetry between the x- and the
y-direction) can easily be determined.

4.2.3

Measuring total beam profiles

If knife-edge-scanners are used instead of wire-scanners, there is a way to determine the
total, 2-dimensional beam profile f(x, y). If we use two knife-edge-scanners bebind each
other, of which one scans in the x-direct ion and the other in the y direction, the first scanner
covers part of the second. This is schematically shown in Fig. 4.1. We assume that the first
scanner scans in the y-direction and we me as ure the signal on a second scanner, scanning
in the x-direction.
For a certain position of the y-scanner, we scan the beam with the x-scanner and
measure the signal. After the scan has been made, the y-scanner is displaced over a small
distance ~y and the processis repeated. The beam profile f(x, y) can be determined from
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the double differential of the signal :

!( x, y )

=

__!_ 8(S(x, y + óy)- S(x, y))
óy
ax
.

( 4.8)

Of course, this method is much more time-consuming than just scanning through the beam
with one scanner. In the following sections, only scanning with a scanner in the x-direction
will he treated.

4.2.4

Signal-to noise ratio: knife-edge-scanners vs. wire-scanners

An important factor in considerations about the advantages and disadvantages of knifeedge- and wire-scanners are the noise levels. To compare both scanners, a non-ideal beamfunction will he introduced, in which several kinds of noise can he taken into account. This
function induces non-ideal scanner signals.
To compare both types of scanners, we must realise, that, for the knife-edge scanner,
the physical information is given by the changes in the signal. The influences of noise
on the physical information is therefore equal to the influence of noise on the position
derivative of the knife-edge scanner signal. This derivative is proportional to the wire
scanner signal. Therefore, a realistic way to compare the infiuences of several kinds of
noise can he obtained, by translating the knife-edge scanner signal into that of the wirescanner.
We consider wire scanner and a knife-edge scanner, which both move in the x-direction.
For the beam profile, let us take into account three sourees of non-idealities. First, we will
look at fast random fluctuations, q(t) on the intensity. A second souree of noise will he
the effect of vibrations intheset-up ó(t), that displace the beam-funct.ion &'>a whole over
a small distance. A third souree that could he of some importance are the non-position
dependent dark counts, which will he expressed by a(t). We assume that they are all small,
so that we can neglect all terms higher than first order. We take z fixed and define a time
dependent beam-function in which these random functions have been taken into account :

fp(x, y; t)

=

(1

+ q(t))J(x + ó(t), y) + a(t).

(4.9)

Vibrations or noise, that displace the beam in the y-direction do not have to he taken
into account, because they will neither infiuence the wire-scanner signal, nor that of the
knife-edge scanner.
We can now derive expressions for the non-ideal, time-dependent lp( x; t) and SP( x; t).
For lp( x; t) we find :
+L

lp( x; t) = óx x

Jdyfp(x, y; t) = (1 + q(t))l(x +

ó(t))

+ óx2La(t);:::::

-L

(1

dl(x)

+ q(t))[l(x) + ~ó(t)] + 2Lóxa(t);:::::

l(x)

dl(x)

+ (~ó(t) + q(t)l(x) + 2Lóxa(t)).
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(4.10)

If we assume that q(t), 8(t) and a(t) all have a Gaussian distribution, with standard
deviations of resp. aq, aèi and aa, we can write lp( x; t) as :

lp(x; t)

~

l(x) ±

dl(x)

~aèi

± l(x)aq ± 2L8xaa·

(4.11)

For Sp(x; t) we find :
+L

x

Sp(x; t) =

j

-L

dx

j

dyfp(x, y; t) = (1

+ q(t))S(x + 8(t)) + 2L(L + x)a(t) ~

-L

(1 + q(t))[S(x) + l(x)8(t)] + 2L(L + x)a(t) ~
S(x) + (l(x)8(t) + q(t)S(x) + 2L(L + x)a(t)).

(4.12)

To campare the knife-edge-scanner with the wire-scanner signal, we translate this expression into the wire-scanner signal by using Eq. 4.5. It is important to notice that, to
calculate the wire-scanner signal at one position, we need to know the knife-edge-scanner
signal at two positions. These measurements are taken at various times and we assume that
their random functions are uncorrelated (the time intervals between two measurements are
larger than the correlation time). We define the calculated wire-scanner signal lp,S __" 1 as
follows :

lp S-t! = 8x x asp(x; t) = 8x x Sp(x + 8x; t) - Sp(x; t') =
'
ûx
8x
Sp(x + 8x; t)- Sp(x; t').

(4.13)

Inserting Eq. 4.12 yields :

lp,S---+l(x; t) =
(1 + q(t))S(x + c5x + 8(t))- (1
(1

+ q(t'))S(x + 8(t')) + 2L((L +x+ t5x)a(t)- (L + ;r)a(t'))

~

+ q(t))[S(x) + l~:) (c5x + c5(t))]- (1 + q(t'))[S(x) + l~:) c5(t')J + 2L(x + L)(a(t)- a(t')) ~

q(t)S(x)
l(x)

+ l(x) + l(x)q(t) + l(x)

c5(t)
c5(t')
c5x - q(t')S(x)- l(x)~

+ (S(x)(q(t)- q(t')) + l(x)q(t) + l(x)

8(t) - c5(t')
c5x

+ 2L(:r + L)(a(t)- a(t') =
.

+ 2L(x + L)(a(t)- n(t')).

(4.14)

In App. B.2 the standard deviations of the q,c5 and a-terms in this expression are
calculated. Hence we obtain the final expression :

lp,S---+l

=

l(x) ± aqJ2S 2 (x)

+ 2S(x)l(x) ± v0;~ l(x) ± 2v'2L(x + L )aa.

(4.15)

We now find that, in the equation that comes of the knife-edge scanner signal, the
variabie c5x plays a role. This may seem counterintuitive, because the knife-edge scanner
does nothave a 'width'. As mentioned before, however, for the knife-edge scanner, the
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Figure 4.2: The ratio between the noise level of the wire-scanner and that of the signal
calculated from the knife-edge scanner. In a), the mtios for intensity noise and that for
shot noise are plotted. In b), the ratio is plotted for vibrational noisc. The width of the
Gaussian atomie beam profile is 1 mm and the wire diameter equals 0.1 mm.
physical properties lie in the increa..<>e of the signal. The noise ratio, however, is dependent
on the signa} itsself. Even in an infinitely small posit.ion interval, there will be noise.
It is therefore disastrous to try to measure the signal increase within too small posit.ion
intervals. For the knife-edge scanner, the value fJx must be seen as a resolution, or the
posit.ion interval between two measure points. The noise signa! ratio will increase for
decreasing posit.ion intervals fJx.

Example: Influence of random intensity variations on Gaussian beams
If we want to campare the noise ratios of both types of scanners, we can look at the
proportion a-s-.l/a-1. We start out with a Gaussian shaped beam profile, that suffers from
an intensity variation q :

f(x,y;t)

(1 +q(t)) x Ae-

=

where ~ equals the beam width and A=
the noise ratios due to q :

N j(1r ~ 2 ).

J2S 2 (x)

x2+12
2,e,.
,

(4.16)

Using Eqs. 4.11 and 4.15, we find for

+ 2l(x) S(x)
l(x)

(4.17)

From Eq. 4.16, we find for the wire scanner :

l(x)

=

~

x2

v L.1rfJx ~A e-2,e,.
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(4.18)
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Figure 4.3: The noise-signal ratio for a knife-edge scanner subdue to Jast random intensity
variations with standard deviation of 1%, on a Gaussian beam profile with wzdth 1. 0 mm.
where bx is the wire diameter. For the knife-edge scanner, we find :

S(x)

= 1r l:i

2

x
(1 +erf( m )).
v2!:i

(4.19)

We assume a beam width of 1 mm. A realistic value for the wire diameter is 0.1 mm.
The resulting noise ratio between the signa} from the wire scanner and the signal calculated
from the knife-edge scanner is plotted in Fig. 4.2a. We see that at first the ratio is close to
one. The signa} on both scanners is still very small, and its ratio will be also close to one.
As the signal increases, the noise level on the knife-edge increases much faster than that on
the wire scanner. When the scanners have passed the beam centre, the wire scanner signal
will decrease fast and so will its noise level. The knife-edge scanner signal however stays
nearly constant and therefore its noise level will not decrease. The ratio inceases very fast.
From this proportion, the knife-edge scanner seems to behave a lot worse than the wire
scanner. If we calculate the actual signal-to-noise ratio for q = 1%, we get the plot of
Fig. 4.3.

Example: influence of vibrations on Gaussian beams
Here we will treat another example of noise, this time caused by vibrations in the set-up.
This is taken into account by the parameter b. We use the same Gaussian beam profile as
in the previous section (Eq. 4.16). From Eq. 4.11 we obtain the standard deviation for the
wire scanner :
(4.20)
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Using Eq. 4.15 we obtain the standard deviation of the wire-scanner signal, calculated from
the knife-edge-scanner :
x2

us-tl =

2vf7ru5 ~e-2.i2.

(4.21)

This yields a knife-edge to wire scanner noise ratio :
2

US-tl

Uz

=I V2~ ,_

(4.22)

xbx

The ratio bas become independent of the vibration amplitude. Again, we choose bx =
10- 4 m. In Fig. 4.2, this proportion bas been plotted as a function of x for two different
beam widths. For x = 0, the ratio goes to infinity because, on the top of the gaussian
beam, the wire scanner will be very insensitive for vibrations, while the knife-edge will
still see changes in the signal due to vibrations. However, for the knife-edge scanner the
noise-signal ratio us-tzll is constant :
(4.23)
For the knife-edge scanner, bx is the position interval between separate measurement points.
To perform sensible measurements, the ratio bxju8 should stay much smaller than unity.
In other words, for the knife-edge scanner, the intervals between two separate measurement
points must be much larger than the mean vibration amplitude.

4.2.5

Shot-noise

In the previous section, we have looked at distortions of the signal, that were proporti(mal
to the beam function f (x, y). This is not the case for so-called shot-noise. Shot-noise
is a result of the discrete character of the signal on the detectors. It bas a Poissonian
distribution, i.e. the standard deviation depends on the countrate N, and on a maximum
to the frequency fmax :
( 4.24)

Wedefine q(t) as :

iv(t)

=

(1 + q(t))iv -r

Uq =

J1rzx.

(4.25)

For both scanners, the uq is not only different, but also depends on the position. For the
wire scanner, we substitute f.r = l(x) and for the knife-edge scanner N = S(:z:).
We can still use Eq. 4.11 and 4.15, to obtain u 1 and Us-tl· If we insert for uq the
expressions for shot-noise and look at the ratio, we obtain :

S(x)

US-tl

2+2l(x)·

(4.26)

If we assume a Gaussian beam profile as in Eq. 4.16, take 0.1 mm for bx, and 1 mm for
we end up with a noise ratio as plotted in Fig. 4.2a.
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Figure 4.4: The maximum scanning velocity, to obtain a noise-signal ratio below 5%, fora
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mm.
For the noise-signal ratio of knife-edge scanners we find :
as--;l

NSR

=

-l-

=

)2fmax(S(x)
l(x)

+ l(x))

(4.27)

.

This yields an expression for the maximum frequency :

fmax

=

(NSR) 2
l 2 (x)
2
l(x) + S(x) ·

(4.28)

For a certain N SR, the maximum frequency gives a characteristic time T, which defines
the minimum time scale on which physical phenomena can be seen. If the knife-edge is
scanned with such a velocity v, that within T, the signa! changes considerably, the noise
level will reach the value of the N SR. Therefore, we eau estimate a maximum scan velocity
Vmax = 1:1/T, where 1:1 equals the beam width. For the Gaussian beam in Eq. 4.16, we find :
-x2

Vmax

2

=A (NSR) !:1óx

e~

2

1

+ erf(-x-)
+
v'2.ó.

x2

{fdx e-~

•

(4.29)

V :;;: .ó.

We choose N = A x 1:12 = 108 ç 1 . For a NSR of 5%, 1:1 = 1 mm and óx = 0.1 mm the
maximum scan velocity Vmax is plotted in Fig. 4.4. fJx must be interpreted as the interval
between two measurement positions.
We eau conclude that, for low intensity beams, it is important tha.t the scan velocity
should not be too high. The scan velocity reaches a maximum value on the left side of the
beam, where the knife-edge starts to scan. As in the case of the random intensity noise,
the effects of the noise are worse on the right side of the beam.
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4.2.6

Influences of souree drifts

Each souree for metastable atoms will more or less suffer from drifts. These are slow,
random fluctuations in the intensity. We will examine the influences of these fluctuations
on the measurement of the beam profile.
Random fluctuations can he characterised by a correlation time: if series of two succesive measurements are performed within a time interval smaller than the correlation time,
the average difference will he less than expected from the random distribution. In the
previous sections, the correlation time was considered that small, that the time intervals
between measurements taken at different positions were always much larger than the correlation time. In the case of souree drift, the correlation time is very long. Wf' assume
that the whole scan can he performed within the correlation time. We have to treat souree
drift in a different way.
Once again we introduce a time dependent beam profile :

f(x, y; t)

=

(1

+ q(t)) f(x, y).

q is a slow varying function, varying between maxima

dq

Idt I =

±b, with

(4.30)
an average slope :

a [Hz].

(4.31)

The average time in which q increases from 0 to b is T = b/ a. Hence, we can derive an
average sweep frequency :
a
W=-.
(4.32)
4b
For small units of time /lt, we can consider the drift to he linear in time :

f(x,y;t)

=

(1+at)f(x,y).

(4.33)

The knife-edge will scan with a uniform velocity v. Therefore, if on t = 0 the scanner
starts to scan at x = - L, the signa! can he written as a function of time :
vt-L

S(t)=

j

0

+L

dx'

j dy'(1+at)f(x',y')=(1+at)S(vt-L).

(4.34)

-L

Therefore, the measured beam profile will seem :

Sm(x)

=

a

(1 +-(x+ L)) S(x).

( 4.35)

V

The situation in which souree drifts are negligible is found by the restrietion for the scanning
velocity v > > 2aL.
If the souree drift increases linearly in time over an interval that is much larger than
the typical scan time, the distartion of souree drift on the beam pattem can entirely he
filtered out. This is done by scanning the knife-edge to and fro through the beam. Because
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the signal increases linearly with time, the signal of the one way added to the signal on
the way back, will compensate for the time dependence. We assume a scan velocity v, and
examine the signal on an arbitrary position x. We scan from - L to L and find for first
scan:

S1 (x)

=

L+x
(1 + a--)S(x).

( 4.36)

V

The time for the first scan will be 2Ljv. On the way back, the signal on position x will
be:
2L
L-x

S2 (x)

=

(1 +a(-+ --))S(x).
V

( 4.37)

V

If we add both signals, the time dependenee drops out. In this way we can compensate
fully for the souree drifts. Only when the scanning time becomes that large, that the souree
drift goes no longer linearly with time, we cannot compensate for souree drifts anymore.

4.2. 7

Electron scattering and gyrotron motion

The fact that the knife-edge scanner is extended in two dimensions, contrary to the essentially one-dimensional wire-scanner may give different signals. If a He* atom impinges on
the wire scanner, an electron will be emitted. This electron will propagate until it hits the
surrounding vacuum system. There is, however, a probability that the electron is scattered
by the background gas. When this happens, the probability that an electron eventually
returns to the wire is very small. If, however, an electron does return, this will lead to
a signal loss. Another souree for returning electrous is the presence of a magnetic field,
that makes a non-zero angle with the electron trajectory. The magnetic field causes the
electrans to move in circular orbits. If the magnetic field is strong erwugh, the electrous
can be bent back to the scanner. It is important to notice, that because of the symmetrie
shape of the wire scanner, the probability that an electron returns to the wire will hardly
be dependent on the position of the wire.
For the knife-edge scanner this is not true. First, if the scattering probability is considerable, or if a strong magnetic field is present, there will be a large probability that the
electron actually returns to the metal plate, because of its much larger dimensions. This
means that the signal loss per unit area will be larger.
The second difference is more serious: if an electron is emitted at the edge of the metal
plate, the probability that it returns will be smaller, than if it is emitted in the centre of the
metal plate. Therefore, the signalloss would become position dependent and inf:luence the
measured beam profile. The beam profile would be modulated by some function g(x, x') :
x

Sp(x)

=

j dx' f(x')g(x, x').

( 4.38)

-L

To estimate the influence of scattering, we assume that, if an electron scatters, there
is a large probability to return to the knife. If the electron has to travel over a.n average
distance L, before it reaches one of the walls, it will have 'occupied' a volume L x a, m
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which a equals the crosseetion of the collision. The probability that the electron scatters
will be the partiele density times this volume. We estimate the partiele density from the
ideal gas law and find a probability :
( 4.39)
If we estimate a= 10- 16 m 2 , L = 5 cm and a pressure of 10- 6 mbar, we find a scattering
probability of 40%. Fora pressure of 10- 8 mbar we find a probability of 0.4%.
To estimate the influence of magnetic fields we calculate the Larmor radius. This is the
radius of the precession of the electrons. If the Larmor radius is large, it is very unlikely
that the electron will return to the knife. For small radii, however, the probability that
the electron reaches the walls is very small. The Larmor radius is given by :
ffieV
TL=--.

eB

( 4.40)

For an electron with kinetic energy of 10 eV and a magnetic field of 1 mT. the Larmor
radius is as small as 1.5 mm. This is very small compared to the distauces between the
knife-edge and the vacuum system.
For wire scanners, these effects can easily be reduced by applying high positive voltage
near the wire. For the knife scanner, however, this may be a lot less easy because of
dimensional problems.

4.3

Conclusions

In the new set-up, knife-edge scanners will be used. It is clear that there are disadvantages
in the use of knife-edge scanners if we consider the signal-to-noise ratios. Especially fast
random intensity variations have a much more serious influence on knife-edge scanners.
From the various kinds of noise we can extract minimal resolutions. We have seen that,
to reduce the influence of shot noise it is important that the velocity should not be too
large. On the other hand, the velocity should not be too slow, because of the souree drifts.
An optimal scanning velocity can be found in between, depending on the average drift
frequency and the beam flux.
Sarnething that must be realised however, is the fact that, for small beams, when the
wire diameter is no longer much smaller than the beam diameter, the wire scanner will
behave more and more as a knife scanner. Directly behind the compressor, the atomie heam
will, have a beam diameter of the order of that of the wire, according to the simulations
that were discussed in chapter 2. In this case, there will be little difference in the noise
level of knife-edge scanners and wire-scanners.
The use of knife-edge scanners in a vacuum that is worse than 10- 6 mbar. may turn
out to be more probiernatie than this is for wire scanners. Also, the presence of a magnetic
field can play a much more distarting role.
On the other hand, however, two knife-edge scannerscan be used to measure the whole
2-D beam profile (see section 4.2.3). One knife-edge scanner is used to cover a part of the
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beam. This is a great advantage of knife-edge scanners, because it can in no way be clone
by wire scanners.
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Chapter 5
An ultra-high finesse optica! cavity
5.1

Introduetion

For the QND-experiment an optical cavity is needed to store the few-photon field, with
which the experiment will be perfarmed. As mentioned in chapter 1, the finessf' of the
cavity must be very high, to store the photons during the passage of the atom through the
cavity. The atom has a velocity of 220 m/s and the light field has a diameter of about 80
Jlm, so the atom stays within the light field for 0.36f.1S. This requires a cavity decay time
T at least of the same order. Calculations showed that the cavity must have a finesse of at
least 4x 105 . Ring down measurements have been performed on a high finesse cavity, with
a mirror spacing of 1 mm. The results will be discussed insection 5.3.
The experiment will be performed with circularly polarised light. If the cavity mirrors
suffer from birefringence, circularly polarised light will not be a polarisation eigen-mode of
the cavity. We will calelilate the effects of birefringence and discuss its influences on the
light field in the cavity.
In the experiment, the cavity must stay resonant with the light field. Therefore. it must
be locked to the light beam with a feed-back system. At the end of this chapter, we will
discuss possible locking systems

5.2

Finesse in optical cavities

In the area of Fabry-Perot interferometers, which con..c;;ist of two opposite mirrors, an aften
used measure for the reflectance of the mirrors is the finesse :

1rVR
F

=

(1- R)'

(5.1)

where R equals the reflectance for the intensity of the light field. For mirrors with high
reflectances, this approaches :
F= _1r_ _
(5.2)
1-R
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We consider an optical cavity, consisting of two curved mirrors with a long radius. An
incoming light beam from one side, with electric field :

Eo(t) = Eo ei(wt+kx)'

(5.3)

enters the cavity. A standing light field builds up inside the cavity. On both sides, light
willleak out. This causes a reflected light field Er and a transmitted light field Et, given
by:
1- é 5

Er

VR 1- R e~"~i Eo,

Et

1- Rei8Eo,

I-R

(5.4)
(5.5)

where 8 equals the phase change between the incident light and that which ha.'3 traveled
one roundtrip through the cavity. If the light is perfectly resonant with the cavity, 6 will
be a multiple of 27r. With a mirror spacing d, the phase change t5 is given by :

t5 = 27r nd = ndwL
c

À

'

(5.6)

where w L is the the light frequency and n equals the integer number of half wavelengths
that fit within the cavity spacing d.
From the expression for the transmitted light field, the transmitted intensity ft can be
calculated. This is given by the so-called Airy function :
1

(5.7)

where Ii is the incident intensity. If the light is resonant with the cavity, the cavity will
be transparent for incident light and a strong light field will build up between the mirrors.
In the case that dis not equal to a whole number of half wavelengths, the build-up of the
light field within the cavity, will decrease faster for higher :F.
For high finesses, the Airy function in Eq. 5.7 approaches a Lorentzian shape :

(5.8)
The FWHM of the phase distribution of light in the cavity equals ~ . The free speetral
range (FSR) of a quantity is defined as its change, when the light field is shifted so that the
number of wavelengths within the cavity increases or decreases with one half. The phase
difference of one FSR in the cavity is, of course, 27r. Therefore:

FSR
F=FWHM
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(5.9)

This equation does not only apply to the phase, but can be used in generaL We find for
the frequency linewidth of the cavity :

Do=

DoWFSR

=

F

Wo

nF'

(5.10)

where D.wFsR equals the FSR of the frequency.
If the incoming light beam is suddenly switched off, the light within the cavity will
decay with a cavity decay time T, that is related to the finesse by :
FTrt

T=-1f

(5.11)

'

with the roundtrip time Trt = 2djc.
· In practice, the mirrors will always have small deviations from the ideal shape. These
non-idealities cause a distribution in phase (see Ref. [ROS90]), which broadens the ideal
phase width, given by Eq. 5.8. Due to the phase distribution the finesse will decrease.
However, the cavity decay time will not decrease. Therefore, the ring-down time measurement described in section 5.3 will not be an actual measurement of the finesse. This
however is not a serious problem, because for the experiment, only the ring down, or cavity
decay time is important.
We assume that the mirror non-idealities cause a Lorentzian phase distribution with
FWHM phase linewidth rTrt :
(5.12)

This expression is convoluted with Eq. 5.8, to obtain a final phase distribution for the
non-ideal cavity :
F + rTrt
1
( 5.1:3)
F
(-~ + rTrt) 2 + 62 .
The new finesse becomes :

F'=F 1 +

1
.rTrrt ·

(5.14)

7r

From this equation, we see that, for high finesses, the effect of non-idealtities becomes ever
worse.

5.3

Ring-down measurements

The ring-down time has been measured with the set-up that is depicted in Fig. 5.1. The
fundamental Gaussian mode of the cavity has a waist of 40 J-Lm. To get light into the cavity,
the waist of the incoming light field must be the same. Furthermore, both waists must
overlap, i.e., the position of the waist must be adjustable. Also, the distance between the
cavity mirrors must be an integer number of half wavelengths. It is also very important
that the wavefront of incoming wave is not distorted, but has a nice, Gaussian shape.
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Figure 5.1: The set-up for the cavity ring down measurement. A telescape adjusts the laser
beam and a final lens focusses it into the cavity. Behind the cavity, a jast photodiode is
placed. This is connected to an AOM, which can cut off the light going 'into the cavity. One
of the cavity mirrors is scanned and the photodiode signal is observed on an oscilloscope
with a sample rate of 2 GHz.
Intheset-up we use a telescope, consisting of a pair of lenses, to adjust the beam for the
final lens, which focusses the beam into the cavity. One of the cavity mirrors is mounted
on a piezo electric transducer (PZT), which scans the mirror distance. In this way, the
distance can be adjusted to the wavelength.
Behind the cavity, a fast photo-diode serves as detector. When light enters the cavity.
it will also leak out and, as the cavity mirror is scanned through resonance, a peak on the
detector can be measured. To measure the ring-down time, the beam must be switched off
faster than the ring-down time, when the cavity mirror is on maximum resonance. This is
dorre by an AOM (Acoustic Optie Modulator), which is placed before the cavity. In this
device, RF waves cause a spacial split off of a part of the original beam under an angle
(see Fig. 5.1. This split off part can be swiched off very fast, by switching off the AOM.
The cavity mirror is scanned with the PZT. At a certain moment, the light becomes
resonant with the cavity, and a signa! will be measured on the detector. The detector is
connected toa fast trigger circuit, which triggers the AOM to switch off. No new light will
enter the cavity. The light inside the cavity will now leak out and the decay time To can
be measured on the detector.
In reality however, the situation is more complicated, because the AOM, that is triggered with a TTL signal, will not switch off the light beam instantaneously. Due to electric
componentsof the AOM, and internal reflections of the RF wave in the AOM, the signal
of the split off light has the following decay behaviour as a function of time
(5.15)
where the AOM is switched off at t = 0. This switch-off signa! can be measured. simply
by putting the detector before the cavity. By fitting this decay measurement, plotted in

L_
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Figure 5.2: Measurements results of the cavity ring down time.

The light is c-ut off by
an AOM with a finite switch off time. The AOM switching time is shown, tagether with
the ring down measurement. To determine the exact ring down time, the decay time from
the measurement with a cavity must be deconvoluted with the measurernent without cavdy.
This yields a ring down time of 478 ns, which, for ideally shaped mirrors gives a finesse of
485x 103 .
Fig. 5.2, to Eq. 5.15 we find :
Tl

0.0403 J-LS,

72

0.4896 J-LS,

A

1.33.

B

For a step-wise switch-off signal, the cavity decay signal has the shape :

Yo(t) =u( -t)

t

+ u(t) e- To,

( 5.16)

where u(t) is the Heaviside step function, given by :

u(t < 0)
u(t > 0)

0,
1.

(5.17)

With the AOM switch-off signal x(t), decay of the light coming out of the cavity is given
by the convolution :
+oo

y(t)

=

j

dr x( r)h(t- r),

(5.18)

-()()

where h(r) equals the impulse response of the cavity, which can be derived from Eq. 5.16:
( )
h(t ) = -1 e _ _!_
Ta u t .

To
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(5.19)

substituting this and Eq. 5.15 into Eq. 5.18, we find the cavity decay signal :

y(t < 0) =A+ B,
y(t > 0)

=

A

71 -70

(71e-:fï- 7oe-;o)

+

B

72 - 7o

(72e-~- 7oe-;o)

(5.20)

This function was used to fit the data of the decay measurement, which is shown in
Fig. 5.2. with fixed values for 7 1 , 7 2 and the ratio A/ B, this yields a cavity decay time :
70 =

478 ns,

(5.21)

which, according to Eq. 5.11 corresponds to a finesse of 4.85 x 105 . As mentioned before,
for the QND experiment, a finesse of 4x 105 is required to he able to keep a stabie photon
number in the cavity during the interaction time. The measured value for the finesse, shows
that this cavity could he used in the experiment. The measurement was not performed
under vacuum conditions. The index of refraction is therefore different, so the measurement
should he repeated in vacuum.
As shown insection 5.2, the actual finesse may he lower. Since we only use the finesse
as a measure for the ring down time, this has no infiuence on the applicability of the cavity
in the QND experiment.

5.4

Birefringence

In anisotropic media, transmitted and refiected light can have birefringence. This means
that the index of refraction differs for different polarisation. Within the medium. there
exists two axes, perpendicular to eachother. The part of the light tha.t is pola.rised along
the 'fast' axis, will obtain a smaller phase shift, than that which is polarised along the slow
axis. Such birefringence can also he found in minors. The light with a polarisation along
the 'slow' axis, will obtain an extra phase shift E, relative to the light that is polarised
along the 'fast' axis.
In cavities, birefringence will cause frequency shifts or splittings. In paragraph 5.4.1
we will see that these splittings are of the the order of :

bw=~

21rn'

(5.22)

where v is the frequency and n the number of half wavelengtbs within the cavity. These
splittings will only he visible if they exceed the linewidth of the cavity. The distance d
between the mirrors is about 1 mm. This means that n ~ 2000. J:<or a cavity with a
linewidth of 300 kHz, we find a maximum phase shift of 12 JLrad. If the phase shifts of the
cavity mirrors exceed this value, the birefringence effects will alter the light field within
the cavity.
For high finesse cavities it is known that birefringence can occur, if the mirrors are
under mechanical stress. The birefringence will infiuence the circularly polarised light,
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that enters the cavity to perfarm the experiment. It is therefore important, to see in what
way the polarisation of the light field is altered. To get a clearer view of the possible effects
of birefringence of the cavity-rnirrors on the polarisation of the light field within the cavity
we will exarnine the bearn propagation during one roundtrip through the cavity.
lf the rnirrors both show birefringence, this means that for each rnirror two axes will
be defined. The reflected light that has a polarisation parallel to the slow axis will obtain
a phase shift upon each reflection Let us assurne that the angle between the fast axes of
both rnirrors is cf>. We now define the axes x' and y', which are parallel to respectively the
fast and the slow axes of the second rnirror, 82. For the first mirror, 81, wedefine the axes
x and y. This gives the following transformation rnatrices between both systerns:

(x,y) --+ (x',y'):

cos cl> sin cp
( - sin cl> cos cl>

(x', y') --+ (x, y) : ( cos cl>
sin cl>

)

- sin cl> )
cos cl>

( 5.23)

We consider a wavefront within the cavity. It has passed the first mirror. The wavefront
has a certain polarisation and amplitude Ê. For the reflectance at the second rnirror. we
project Ê onto the axes of 82:

Êb,2

= (

( ).

~~::1> ~~::) ~:

(5.24)

After the reflection, the component parallel to the fast axis will obtain a phase shift 1r.
The component parallel to the slow axis obtains an extra phase shift Ez. This re~mlts in
the following field:
(5.25)

For reflection at the first mirror 81, we project this light field onto the axes of the first
rn1rror:
~
( cos cl> - sin cp ) ~
(5.26)
Evoar,l =
sin cl> cos cl>
Ena,z.
Then, the reflection at the first rnirror is given by:
(5.27)

where E1 is the phase shift due to the birefringence of the first mirror. The total matrix
for one roundrip through the cavity looks as follows:

2

:0S! Sin rE (1 - e:) )'E ) •
(sm2 'f' + e· 2 cos 2 'f' e· 1
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(5.28)

We now want todetermine the eigen-modes of the cavity. Because the determinant of
each matrix is unity, the eigen-values of M will have modulus 1. The eigen-vectors,

(5.29)
are not normalised, so we define x 0 = 1. We now find expressions for x 1 and x 2 and the
conesponding arguments of the eigen-values, À and p,:

xl
x2

_!(a- b)

+ J(b- a)2 + 4{3{

2

{3

-~(a- b)2

J(b- a) 2 + 4{3{
{3

(5.30)
(5.31)

À

~(a+ b)- V(b- a)2 + 4{3{

(5.32)

/L

~(a+ b) + J(b- a)2 + 4{3{

(5.33)

These equations give very large expressions, that do not give much insight in the problem.
In the next section we will therefore treat the simplified picture, in which the angle between
the two systems of axes cjJ equals 0. In App. C, the above equations are treated fully.

5.4.1

The cjJ = 0 situation

From the fact that the cavity mirrors are placed in a symmetrical system, we may assume,
that the angle c/J, between the pairs of axes in both mirrors can be negleeted. This simplifies
the matrix M to:

(5.34)
This situation is of course equivalent to that in which one of the mirrors does not show
birefringence. In that case, cjJ is arbitrary. The situation is also equivalent to the situation
in which both fast axes make an angle of 7f /2.
The wavelength À= d/n, in which n equals the number of wavelengtbs that fit into the
cavity, for the light with the polarisation along the fast axis. The light along the slow axis
will have an optical path length of
d + _!LÀ
(5.35)
27f '
with q = E1 + E2 . We find a wave number

k'

= k- ~

d'

where k = 27f /À, the wave number for the light polarised along the fast axis.
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(5.36)

In a cavity without birefringence, the circularly standing light field from the incident
and the reflected wave takes the following shape :

Ë= E

J2

(ei(kx+.P)

+

e-i(kx+.P+7r)) (

~
~

= E sin(kx + 4>) ( ~ ) .

)

J2

z

(5.37)

In a cavity with birefringence, the light field will have the following shape :
-

Ebr =

E

J2

(

ei(kx+.P)

+

e-i(kx+.P+7r)

ei(kx+<P+~) +e-i(kx+<P+~)

)

E

= J2

(

sin(kx + 4>) )
isin(k'x+c/>) .

(5.38)

To see how well this light resembles LHC light, we will project it on an orthorrormal
basis of circularly polarised light, which forms a complete basis :

a(x) )
( (J(x)
with solutions:

=

-y(x) (

J2

~ ) + ó(x) (
~

J2

1_ )

-~

(5.39)

'

- i(J(x) -"( ) = a(x) + i(J(x)
( ) = a(x) J2
,uX
J2

(5.40)

)'X

The part of the wave that is LHC is given by -y(x) :

-y(x) =

E

r.; (sin(kx + 4>) + sin(k'x + 4>)) =
2v2
E
k + k1
k- k'
r.; sin(--x + 4>) cos(--x).
v2
2
2

(5.41)

This wave differs from the wave in the cavity without birefringence in two ways. It is
modulated by a eosine function with spatial frequency
q

(5.42)

2d

The second effect is a frequency shift. The wave number of the light field is k"
The frequency shift is therefore
cq
t!:..w= 2d.

= k+

qj2d.

(5.43)

The frequency shift is not probiernatie for the experiment. If the light is tuned to the
atomie resonance transition, the cavity mirrors have to have a slightly different spacing
than in the case without birefringence. For small birefringence effects, the modulation
term will sweep between 1 and 1 + q2 /4. For small q, this means, that the modulation is
totally neglectable. We can conlude, that, for small birefringences, the light field in the
cavity will not seriously be altered.
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5.5

Cavity locking

During the experiment, it is very important that the number of photons within the cavity
does not change. Therefore, the cavity must remain resonant with the light field. The
linewidth of the cavity is dependent on the finesse. For high finesses, the linewidth decreases. Therefore, the distance between the cavity mirrors becomes more critical as the
finesse increases:
d
(5.44)
!:ld = F'
where !:ld equals the width in the displacement. Fora finesse of 485x10 3 , !:ld = 2.06 nm.
It is obvious that the cavity will not remain resonant with the light field, due tothermal
drifts and vibrations.
Therefore, the cavity must be locked to the light field using a stabilisation scheme. The
light field that is used in the experiment exists of a few photons only. Therefore, it is
not possible to optimise the resonance with the light field that is used in the experiment.
Another, much stronger probe light field must be used. The probe beam and the few
photon beam must have the same frequency. Furthermore, they must have a complete
spatial overlap.
The simplest solution would seem, to use a pulsed probe beam that is switched ofl
very fast. When it is switched ofl, the light field in the cavity decays. After a certain
time, the number of photons in the cavity will be equal to the number that is needed for
the experiment. The measurement could be performed by looking only at the atoms that
passed the cavity within a time window in which the number of photons was right. This
window should besmaller than the cavity decay time (0.478 f.l-S).
However, this solution turns out to be impossible: from the Zeeman slower simulations.
we know that the axial velocity spread of the atomie beam is about !:lvz = 5 mjs. The
detector is placed at L = 2 m bebind the cavity. Atoms that arrive at the detector at the
same moment, left the cavity during a time interval :
(5.45)
For Vz = 220 m/s, this gives a time !:lt = 0.2 rns, which is more than 500 times the cavity
decay time. It is therefore not possible to say whether the atom passed the cavity during
the right time interval. The experiment can therefore only be performed if both a few
photon beam for the experiment, and a strong probe beam, that is switched on and ofl
after certain time intervals, are aligned into the cavity. These time intervals should be
larger than 0.2 ms

5.5.1

Phase Modulation locking

There are several parameters that can be used to scan through the cavity resonance. First
of all, the laser frequency can be scanned. This, however, has the great disadvantage that
the light will not remain resonant with the atomie line. The frequency should not be
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changed, because it must stay resonant for the experiment. The laser itsself is locked to
an absolute frequency.
One of the cavity mirrors is used to adjust the mirror spacing, when the cavity is offresonant. Therefore, it would seem a good idea, to use this mirror for a scanning device.
However, this method does also have serious disadvantages. First of all, scanning the mirror
means, that the mirror will get further away from resonance, during the scan. Therefore,
the situation will not be very stable.
Secondly, if the fundamental cavity mode is off-resonant with the light field, we are
unable to distinguish between the direction in which the cavity mirror must be displaced.
We have to move the mirror, to see, in which direction the cavity mirror must be displaced.
Using a cavity mirror for scanning provides us with asecondorder system.
Therefore, we propose a more precise, first order system that can be used to loek the
fundamental cavity to the light field. In this stabilisation scheme, we make use of so-called
phase modulation. The method is based upon an original scheme for microwave cavity
stabilisation by Pound [POU46], and has been worked out by Schenzle et al. [SCH82]. An
experimental realisation for laser spectroscopy was clone by Drever et al. [DRE83]. Below,
we will treat a possible application of locking with phase modulation for the cavity in the
QND experiment.
We consider the schematic view for the set-up, shown in Fig. 5.3. Directly before
the laser there is an optic al Faraday isolator, to prevent light from going back into the
laser, which can affect the laser signal. The light beam passes through an RF frequency
modulator to create side bands in the frequency domain. The original frequency is the one
that should be resonant with the fundamental cavity mode. It will turn out to be very
important that both sidebands are in phase. Because of the frequency shift, the~phase
will change over some wavelengths. However, the modulator gives frequency shifts in the
RF regime, so wavelengths will be of the order of 100 m.
To prevent light from going back into the resonator, we use a polarising beam splitter
in combination with a ~-plate. A linearly polarised light beam passes through the beam
splitter, which is changed into a circularly polarised light beam by the ~-plate. The light
that is refiected back from the cavity passes again through the ~-pla.te and reaches the
polarising beam splitter with a polarisation that is turned over 1r /2 with respect to the
incoming beam. This beam will not pass the beam splitter, but it will be refiected, in the
direction of the detector.
When the light comes to the cavity, the light from the side bands, which are not resonant
with the cavity mode, will be nearly totally refiected on the first cavity mirror. If the cavity
is resonant with the original frequency, the original light beam will nearly not refiect (see
Eq. 5.4. This can be seen as follows: the light refiected on the first mirror is in anti-phase
with the light leaking out. The light fields will therefore cancel out. If the cavity is slightly
off-resonance with the light field, the phase of the refiected light will be strongly dependent
on how much the mirrors are removed from resonance. This phase dependent light field
is mixed with the totally refiected sidebands and, after passing the ~-plate, and refiecting
on the polarising beam splitter, they fall on a detector. The original frequency is beated
with the side bands. After some narrow band filters, a signal remains, with a phase that
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Figure 5.3: Schematic view of the set-up for the cavity resonance.
depends strongly on the resonance and the frequency of the modulator.
We will now calculate the filtered signal, by assuming that the RF modulator modulates
the light field with a harmonie modulation

4>(t)

M cos

=

ru,

(5.46)

with frequency 0. The modulated light field has the following shape :
EM =

e, ei(wt+<f>(t)+kx).

(5.47)

Since 4> is harmonie, we can expand it into Fourier components :
+oo

ei<f>(t)=

I

where in this case a"= "-• and a"=

L

(5.48)

O!neinflt,

(-~:~;We can now write the light field

as

follows'

+oo

L

EM = &,

O!n ei(w+nfl)t).

(5.49)

n=-oo

In the following, we will only consider the Fourier coefficients n = -1, 0, 1. Experimentally,
the contributions of other components can easily be filtered out by narrow band filters.
The light field that remains looks as follows :

Et. =

,..,

c ei(wo+ó.-n)t

u.-1 "O

+

a

e ei(wo+ó.)t

0 0

+

a

e ei(w+ó.H1)t ,

1 0

(5.50)

where .6.. equals the difference to the cavity resonance frequency w 0 and the frequency of
the light w.
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The sideband terms will not be resonant with the fundamental mode of the cavity.
They will be reflected on the first mirror of the cavity. The reflected light of the sidebands
will therefore be :
(5.51)
If the unmodulated frequency w is not far from resonance, this light will enter the cavity.
The light that comes out is given by Eq. 5.4:

E

=

.Jii

r,O

-i8

1 - R - i8 R

a 0 E0 ei(wo+ó.)t

(5.52)

'

where the term ei 8 has been replaced by 1 +ib. We calculate the intensity of the total
reflected light field Er = Er,l + Er,o:

-i8
a 12 =
IE r 12 = RIEo121a -1 e-mt +a1 emt + 1 - R
- i8 R o
2

2

2

RIEol (la-1! + ( 1 -

R~ + {J2R 2 Iaol 2 + \ai\

c 12
ao+ [J2 R2 (-'2((
RI "O
(1- R)2
u
a_* I+ al ) eint +

(

2
)

+

al* + a_ I )e -mt) +

i8(1- R)((a 1 - a":_ 1 )eiflt + (a_ 1 - a;:)e-mt)),

( 5.53)

where the terms that oscillate with frequency 2n are left out. These terms are already
small, and can easily be filtered out by a bandpass filter behind the detector. Realising
that a 1 and a_ 1 are purely imaginary and a 1 = a_ 11 we can simplify the oscillating term
in the above equation :
2
28(1- R)
2
IEr! =Ic+2RIEol aola1!( -R)2+b2R 2 cos(nt),
1

(5.54)

where Ie is the time-independent term. This term will be blocked by the bandpass filter.
The term proportional to 82 in Eq. 5.53 has canceled out. For close to n~onance situations,
8 is small. In this case, the expression will be linear in 8. This means, that. using phase
modulation, we obtain a first order stabilisation mechanism. This term can be used to loek
the cavity. For small 8, we find :
4R8
4F8
2
2
Iz = IEol aoa1 - R cos(nt) = IEol aolad- cos(nt).

1-

(5.55)

1f

It is clear, that for high finesses, this signal will be strongly dependent on the phase.
Therefore, this way of phase modulation provides a good mechanism for stabilisation.
Expressing 8 as a frequency, using Eq. 5.6, we find :

8Iz

-I"c.o l2 ao Ial 1s.rnd
c .

a~-

(5.56)

Assuming that a 1 and a 0 are of the same order of magnitude, we find, that this term
becomes of the order of the large time-independent term in Eq. 5.53 for a frequency shift
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of about 250Hz. This means that indeed the phase modulation depends on the resonance
very strongly.
The oscillating detector signal can be transformed into an error signal by multiplying
it with the modulation signal. The resulting expressiontakes the following form :

A cos Ot x Iz

2

= AIEol a 0 a 1

4Fnd/j.
(1
c

We find a time-independent term that is stilllinear to Ij._
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+ cos(Ot)).

(5.57)

Chapter 6
Frequency shifts due to moving
•
m1rrors
6.1

Introduetion

An interesting feature of the light field within a cavity with perfect rnirrors (R= 1) is the
frequency shift that arises when one of the cavity rnirrors moves. We assurne that there
is a resonant light field present within the cavity. Because of the perfect reflection, the
light can not leak out. If one of the mirrors is fixed, and the other mirror is rnaving
with velocity v, relative to mirror 1, the light field will adjust its frequency, in a way that
it remains resonant with the cavity mode. This cavity induced frequency shift is a very
counterintuitive effect. We will explain this with a simple modeland discuss the possibility
for an experimental realisation.

6.2

Theory

We assume that the initial distance between the mirrors is d. If there are n wavelengtbs
within the cavity, the frequency will be:
27rc

(6.1)

w 0 = nd- .

Each time the light refiects at the rnaving mirror, it will obtain a Doppier frequency shift
~w = -2kv. The time for one roundtrip through the cavity will be Trt = 2d/c. After
an arbitrary time interval ~t, the displacement of the mirrors will be ~x ( < < d). The
number of roundtrips through the cavity will be :
l

~t

=-

c~t

= -.
2d

Trt

(6.2)

Therefore, the frequency shift will be
~w

= -l

x 2kv
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ckv~t

= ---d-.

(6.3)

circuit

Figure 6.1: A schematic picture of the set-up for measuring frequency shifts in a Fabry-

ferot cavity due to a moving mirror.
After this time b..t, the distance between both mirrors equals d + vb..t. The wavelength
for aresonant light field that fits into the cavity n times equals (d + vb..t)fn. Therefore
the frequency equals :
21rcn

(6.4)

w =--1
d+ vb..t.
If we calculate the frequency shift, we find :

b..w

=

w0

2 1r c

-

2 1r c

21r c n

c kv b..t

w 1 = n d - ( n d - -----;p-vb..t) = --d-,

(6.5)

which is exactly equal to Eq. 6.3. The light stays resonant with the cavity.

6.3

Experimental realisation

The frequency shift could be made visible as follows: An incoming light beam goes through
a beam splitter after which one part enters the cavity. At the other side of the cavity both
beams are mixed and fall onto a detector. Because of the moving mirror, the light will first
not be resonant with the cavity. When it becomes resonant, the light will enter the cavity
and that beam is switched off. The standing light field will now undergo its adiabatic
frequency shift. As long as it is coherent with the other part of the light beam, a decaying
interference pattem can be seen on the detector. A schematic view is shown in Fig. 6.1.
If the mirror is scanned with a constant velocity v, the frequency shift as a function of
time will be :

b..w

= _

cv~k.

(6.6)

Therefore, the light signal out of the cavity will be:

(6.7)
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with r the cavity decay time. This yields the following detector signal:
1

1

2

2

_l.

.

cvkt 2

I(t) =-!tol 2 - -jt1Eole .,. sm(-d-).

(6.8)

We can conclude that the frequency of the light field decreases, when the mirrors are
drawn away from eachother. For reftection coefficients of 1, the number of photons remains
the same. Therefore, the energy of the light field decreases.

6.4

Conditions

In a cavity with perfect mirrors, the light field would never leak out, so the effect could
~ot be measured. In an ordinary cavity, however, the decay time is so smalL that it is not
possible to measure real frequency shifts, before the light field has decayed. In a cavity
with a sufficiently high finesse, however, it is possible to see this effect.
More conditions must be satisfied, however, to make the experiment possible. First.
it is important that the coherence time of the laser light is as least a.'> long as the cavity
decay time. This means that the laser linewidth should besmaller tha.n 2.06 MHz. With
lasers that have narrowed linewidths using strong optica} feedback, linewidths that are of
the order of a few 100 kHz are easily obtained. Second, the amplitude of the vibrating
mirror must he larger than n x ..Ó..À, where ..Ó..À is the cavity linewidth for the wavelength.
This condition, however, is always satisfied, because fora frequency linewidth of 300kHz.
we find ..Ó..À = 0.12 Á.
The cavity mirror must he scanned with a velocity that is high enough. The frequency
shift of the light, ..ó.w should exceed the decay frequency of the cavity, 21r jr :

..ó.w

Vmin

=

k >

27r
À
kr = -:;. = 2.2mjs.

(6.9)

This velocity may not seem to he very fast. However, this velocity must be reached in a
very small time. The maximum amplitude of the piezo electric tranducer, h ~ 1 J-Lm. If
the PZT starts scanning the mirror from x = 0, the maximum velocity should he reached
at x = h/2. The energy of increase the velocity from 0 to v equals mv 2 /2, where m equals
the mass of the mirror. This energy must be applied in a time h/2v, so the power P will
he:
mv3
P =h- = 105kW
(6.10)
.
'
where the mirror mass is estimated m = 1 g. This is a very high value fora PZT. This will
be biggest problems for the realisation ofthe experiment. From Eq. 6.9, and the expression
for the cavity decay time, Eq. 5.11, we can see, that in order to reduce the needed power,
the distance between the mirrors should be enlarged:
1r3m..X3c3
p = 8h:F3 d 3
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.

(6.11)

Fora distance of 1.0 cm, the needed power is only 5.0 W. We can therefore conclude, that
although the experiment is not possible in the used cavity set-up, it can he done in a set-up
in which the mirror separation is larger.

77

Chapter 7
General conclusions
We will now sum the conclusions of the previous chapters. The laser cooling simulations
showed that the phase space brightness of the beam before the aperture section will lie
between 8.2 x 10 8 mm- 2 mrad- 2s- 1 and 1.6 x 101 1 mm- 2 mrad- 2 s- 1 for a souree centre line
intensity of 1014 s- 1 sc 1 . These atoms are slowedtoa small axial velocity interval around
220 m/s with a width of about 5 m/s. According to the simulations, the atoms are lie
within a radial phase space interval with a spread of 0.21 m/s (which is the Doppler limit
for laser cooling), and a posit.ion interval with a spread of 70 JJ.m.
The signal calculation shows that, for the required aperture diameter of 50 J-Lm, the on
the detector will then lie between 4.7x 105 s- 1 and 2.4 x 103 s- 1 . Alternative, non-ideal
beam definition configurations give a signal increase up to 30 times.
Beam diagnostics using knife-edge scanners have been discussed and exstensively compared to wire scanners. A general condusion that can be drawn is that knife scanners are
much more sensitive to noise. However, for small beam diameters, wire scanners will behave as knife-edge scanners. Furthermore, a combination of two perpendicular knife-edge
scanners can be used to determine the total beam profile.
The high finesse cavity has a ringdown time of 478 ns, which corresponds to a finesse
of 485xl0 3 . The finesse may be lower, due to non-ideal mirror shapes, but in the QND
experiment only the ring down time is important. If the cavity mirrors show birefringence,
the two systems of axes of both mirrors will probably have a zero angle. In this case,
birefringence will not lead to severe affection of the circularly polariHed field within the
cavity. Only for large phase differences, the light field will be spatially modulated. The
fundamental cavity mode must be locked to the light field, in order to be able to perfarm
the QND experiment. A good locking scheme can be obtained by using phase modulation.
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Appendix A
N ew souree for metastable atoms
A.l

Introduetion

We have examined the behaviour of a new type of souree for metastable atoms, the so-called
Shimizu souree [SHI93). The advantage over the usually applied supersonic sourees lies in
the fact that the temperature of the atoms is much lower than in a conventional metastable
atom source, whereas the yield of the souree is still high, of the order of 10 14 s- 1 sr- 1 . This
implies that a larger part of the beam can be laser cooled. A schematic view of the Shimizu
souree is shown in Fig. A.l.
In most conventional sourees for metastable atoms, metastables are producEXi in a gas
discharge. Ground state atoms emerge from a small aperture, the nozzle, into the vacuum
system. Through the nozzle runs the gas discharge current. The excitation of the atom
occurs immediately after the nozzle. It is important that the atoms do not collide with
other atoms, because due to the high energy of the metastable levels, the atom will loose
its energy.
In the Shimizu source, the ga_<; discharge does not take place after, but before the
nozzle. As shown in Fig. A.l, the atoms flow through a space between a glass tube and
a surrounding metal tube, which is cooled by a liquid N 2 reservoir. They enter the gas
discharge region, where the pre..ssure is a few mbars and escape through a nozzle, into the
vacuum system. The cathode consists of a tungsten needle, within the glass tube. The
discharge current runs between the cathode and the edges of the nozzle. In the discharge
region, atoms will be excited, but they will instantaneously deexcite, clue to collisions.
The main theory about the excitation states that the atoms are excitecl after the nozzle,
by electrons that incidentally pass the nozzle. They are no longer accelerated and will
therefore not heat the atomie beam. The heat production centre, the gas discharge region
has been shielded effectively from the production centre of metastables, see Fig. A.l. The
atoms maintain cold, because they stay in the actual gas discharge region for a short time
only. Finally, to cool the metal needle, a part of the gas can be pumped away through the
glass tube.
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Figure A.l: A schematic view of the Shimizu source. The gas flow is indicated by dotted
arrows. The gas discharge runs between a needle within a glass tube (0 = 20mm), to
the nozzle, that has a radius of 0. 5 mm. The gas ftows around the glass tube, through the
nozzle, and gets excited by electrans that pass the nozzle. A part of the gas ftows through
the glass tube and cools the cathode.

A.2

TOF measurements

To examine the velocity distribution of the atomie bearn, Time Of Flight (TOF) analysis
has been performed. The atomie beam passes through a chopper, which consists of a
rotating disk. The disk contains a small slit at the edge. Each rotation, during a small
time interval a part of the beam passes through the slit.
The beam passes through a small apert ure, to define the solid angle. A detector is placed
at a distance L behind the chopper. This detector consists of a metal plate cathode, an
electron multiplier and an anode. When a metastable atom impinges on the cathode. its
internal energy will cause the emittance of an electron frorn the metal plate. The electron
passes through an electron multiplier. For each atom a number of electrous fall onto the
anode. We assume that the quanturn efficiency of the metal plate lies close to unity.
The signal is analysed by a Multi Channel Analyser, that measures the distribution
of atoms that arrive per unit of time. This distribution can be mapped onto the velocity
distribution. In this way, the velocity distribution and the centre line intensity can be
determined. On the MCA readout, we can determine the t = 0 moment from the so-called
light peak. When the chopper slit opens, UV photons from the souree also pass through.
When UV photons hit the metal detector plate, also electrans are released. The light peak
can be seen in Fig. A.2a and b. We define the t = 0 moment in the centre of the light
peak.
The signa! that is measured is dependent on the aperture that is used. From this signal
we calculate the centre line intensity (atoms per unit time per unit angle).
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A.3

Results

At first it was very difficult to start the gas discharge. The ionisation energy is very high
for He. Th is is much lower for Ar. Therfore, the gas discharge would run on Ar and after
a week it was possible to obtain a He discharge. A Voltage of 400 to 650 V was needed to
obtain a current of 10 to 40 mA. It turned out to be impossible tostart the gas discharge
with He gas. Usually, the gas discharge was started withAr and, aftersome time. and was
gradulally changed to He. TOF spectra for Ar and He are plotted in Fig. A.2a and A.2b.
From both figures we can estimate the centre line intensity. For Ar* this is maximally
8.5 x 10 11 sr- 1 s- 1 . For He* 5.1 x 1010 sr- 1 s- 1 . This intensity is much lower than the intensity
for common metastable atom sources. From the r.m.s. velocity in Fig. A.2c) and d), and
the belonging speed ratios, we can calculate the temperature, using:

T

=

~ m v;ms ( 1 _!:__)
2 k8
+ a2 '

(A.1)

where a is the speed ratio. The speed ratio is defined as the r.m.s. velocity over the
FWHM velocity. The results are plotted in Fig. A.3.

A.4

Problems

As mentioned before, the it was not possible to start the discharge when there was only He
gas present. After having functioned for some weeks, the current decreased and the voltage
had to be increased to 650 V to get a current of 8 mA. When the souree was opened, it
turned out, that the glass tube had broken. This was probably the cause of the problem.
Also, a lot of the needie had disappeared, by sputtering. It had become a shorter,
thinner and very sharp. The sputtering causes a thinning of the needle, near the boron
nitride spacer, to which it is attached. The sputtering is caused by ions that collide onto
the metal, by which pieces are torn off. If a higher voltage is applied, the ions will have a
larger kinetic energy. It turns out that sputtering yields of Ar are a hundred times higher
than that of He, see Fig. A.4a.
A second needie was used, but the discharge would not run on He. For an Ar discharge,
a much higher voltage (about 1000 V) was needed. After three days, the needie had been
sputtered away even more than the first. This is probably due to the much higer voltage
and the fact that it was run on Ar for most of the time.
To avoid sputtering, further experiments have been performed with a current limitation
of 3 mA. This proved to work out well, because the needie disappeared only very slowly
now. It was still impossible however, to obtain a He discharge.
Several attempts have been tried to get a He discharge, but there were no real improvements. The distance between the needie and the nozzle has been varied from 1 to 10 mm.
The nozzle with a diameter of 1 mm has been replaced by a nozzle with a diameter of 0.5
mm. And the pressure has been varied, from about 1 to 10 mbar. For a higher pressure,
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Figure A.2: TOF-results of the measurements to Ar a) and He b), bath caoled with liquid
N 2 . The horizontal ('Xis is the time between the chopper-beat and the arrival of the particles
on the detector. The t = 0 moment lies at the centre of the so-called light-peak, which
defines the dosure of the chopper slit. On the vertical axis, the number of particles, captured
within a time interval of 100 p,s. For He, the number of atoms is about 100 times lower
than for Ar. For larger discharge currents, the intensity increases ve111 much. In c) and
d), the velocity distributions of He and Ar, calculated from above TOF-measurements, are
plotted. For higher currents, the r. m.s. velocity increases somewhat.
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Figure A.3: Tempemture of the atomie beams in the liquid N2 cooled Shimizu source,
calculated from the velocity distributions in Fig. A.2.
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Figure A.4: a) shows sputtering yields of Ar, Ne and He on a W cathode. The sputtering
yield is the amount of atoms that are sputtered per colliding ion. The sputtering yields
forArand Ne are about 100x higher than for He. b) shows an enlaryed cross-section of
the source, in which the discharge spots are indicated and the probable direction of the gas
discharge is shown.
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the discharge runs much easier, but it is still difficult to obtain a discharge that runs on
He. Voltages of 1800 V were needed to get a current of about 2-3 mA.
Visual examination of the Shimizu souree showed that the nozzle was still very clean.
One would expect the blackened spots, that are charaderistic for a gas discharge. On one
nozzle, there is some deposit of the sputtered tungsten, but the blackened spots do not
appear. On the metal tube that surrounds the glass tube (see Fig. A.1, however, there are
a lot of these spots, see Fig. A.4b. It seems therefore, that the discharge has run between
the needie and the metal tube, instead of the nozzle. This would explain, why the yield is
so low. It is however not understood, why the discharge behaves this way.
The metal tube is made of stainless steel. The nozzle is made of aluminum. Although
the heat conductance of Al is fast, the temperature of the nozzle is probably higher than
that of the massive and metal tube, which is cooled more efficiently. These factors might
be part of an explanation.

A.5

Conclusions

The yield of the new Shimizu souree has been compared with an old supersonic souree
and it turns out that for He, this souree does give intensities of the order of 10 14 sc 1 ç 1 .
The r.m.s. velocity is 1330 m/s, when it is cooled by liquid N 2 . The velocity spread is
380 m/s. This corresponds to a temperature of 460 K. Although the temperature of the
Shimizu souree is much lower, it clearly gives inferior results. Therefore, we decided to
use the supersonic souree in the QND set-up as long as the Shimizu souree does not give
better results.

A.6

Pressure calculations

To calculate the pressure in the discharge region, we have to estimate the conductances of
the system between the He reservoir and the gas discharge region and that from the gas
discharge region to the vacuum. We have to make a distinction between various kinds of gas
flows, molecular and viscous flow. This is determined by the Knudsen number Kn = >-..jd,
where ).. is the mean free path and d is a measure for the characteristic dimensions of the
pipe. lf K n > 3, the flow is molecular. For K n < 0.01 the flow is purely viscous (see Ref.
[HOL74]). Both kinds of flow contribute to the total conductance C.
(A.2)
By comparing both conductances, we can determine the kind of flow. The conductances
of two serial segments, C1 and C2 add up to a total:

1
---

Ctot

1
1

cl

1

+ c2

The conductances of parallel components can he added normally.
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(A.3)

Below, we will calculate the conductance for each element. Used formulas for the
conductances have been taken from Ref. [SUU89]. The pressures in the formulas are all in
Pa.
1. The gas co mes from a reservoir with a pressure of about 300 mbar. First, it flows
through a capillary with radius r = 0.5 mm and length l = 100 mm. We find for the
conductances:
-8
l
5 l
Cvisc = 2.15 X 10
*Pres-; Cmol = 2.7 X 10 -.
(A.4)
s
s
is the mean pressure in the capillary, given by Pres = ÎPres, where
reservoir pressure. In the capillary, the flow is clearly molecular.

Pres

Pres

equals the

2. The next element in the chain after the capillary is the space between the glass inner
tube and the metal outer tube, see Fig. A.l. The gas is being cooled by liquid N 2
and its temperature will approach 77 K. At the end of the g1ass tube, there is a
horon-nitride disk, separating inner and outer tube. This disk has a length of 30
mm, and the gas will flow through 4 channels with square apertures of 1 x 0.5 mm 2 .
The conductances of the tubes are:
Cvisc

l
s

1
s

(A.5)

1
I
1.34 x 10- 5p-; Cmol = 8.11 x 10- 3 -.
s
s

(A.6)

= 0.995 x 10- 3p-; Cmol = 1.54 x 10-3 -,

where p is expressed in Pa. For the spaeer we find:
Cvisc =

Assuming that the pressure lies between 100 and 1000 Pa, it turns out that the
flow between the two tubes is viscous and in the spaeer it lies between viscous and
molecular flow.
3. After the disk, the gas will be heated by the discharge and will emerge from the
nozzle with a temperature of about 170 K. We estimate that the temperature the gas
discharge region will be close to 170 K. Two nozzles have been tried out, one with
a diameter of 1 mm and another with a diameter of 0.5 mm. The thickness of the
nozz1es is 1 mm. For the 1 mm nozzle the conductance is:
Cvisc

= 2.15

X

l
10- 5p-; Cmol
S

= 5.21

X

l
10- 2 .-

(A.7)

S

And for the 0.5 mm nozzle
Cvisc

= 1.34

X 10-

6

I

p-; Cmol
S

= 9.14

X

1
10- 3 S

For a pressure between 1 and 10 mbar, the flow will be mainly molecular.
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(A.8)

4. A part of the gas will not pass through the nozzle, but will flow through the glass
tube. The aperture in the glass tube has a diameter of 2 mm. lts resistance, however,
can be neglected compared the spaeers that will be treated next.
5. Within the glass tube, one spaeer is situated, where the gas must pass through 4
rectangular channels of 15 mm lengthand dimensions 1 x 0.5 mm 2 . If we assume a
temperature of about 300 K, the conductances become
Cvisc =

l
l
2.62 x 10- 5p-; Cmot = 1.58 x 10- 2 s
s

(A.9)

For pressures between 1 to 10 mbar the conductances will have the same order of
magnitude.
6. Finally, there is another spaeer, with a lengthof 3 mm with 5 reetangalar channels
and dimensions of 1 x 2 mm 2 . The conductances are:
Cvisc =

1.05

-2

X

_1

1

S

S

(A.lO)

10 p-; Cmol = 0.50-

These conductances can be neglected compared to those of the first spaeer.
From the conductances can be concluded that the capillary and the reservoir pressure
will mainly determine the flow. In this way the pressure in the discharge region can be
regulated.
To determine the pressure in the gas discharge region, only the c-onductances of the
capillary, the nozzle and those of the spaeer within the tube are important. The next
expression remains for the total conductance of the gas in the discharge region:
Ctot

=

Cnozzte

+ Ctube = 4.77 x

5

10- Pnoz

+ 6.79

x 10-

w- 5Pnoz + 2.49 x w-

or, for the small nozzle:2.75 x

l
s
2l

2

-,

-.

s

(A.ll)

Finally, for the pressure in the discharge region we find:

Q

Pdc=- =
Ctat

Ccn.pPres
Ctot

8

2.15 x 10- ~P~es
4.77 x 10- 5 ~Pdc + 6.79 x 10- 2

(A.12)

The results of this equation are plotted in Fig. A.5. The pressure is of the order of a
few mbars
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Figure A.5: The calculated pressure in the gas discharge region as a function of the reservoir
pressure.
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Appendix B
Calculations
B .1
B.l.l

Calculations of souree characteristics
Caleulating a virtual souree radius Rv

At large distanees behind the source, it seems as if the atorns come from an area of point
sourees, called the virtual source. The radius of this area we call the virtual souree radius
Rv. In [HAB77], measurements show the ratio between the virtual souree radius and a
reference distance Zref as a function of a dimensionless parameter 3. In [BEY83] we find
an expression for 3 using He gas :
(B.l)
with p 0 [Torr] , the reservoir pressure, which lies between 1 and 10 Torr, and RN [cm]
the Nozzle radius, whieh, for the old supersonie souree equals 0.5xlo-z cm. This yields
SHe = 0.08 .. 0.84. For this value of 3, we find Rv/ Zref ~ 1.
The reference distance Zref can be found from an expression in [BEY81] :
Zref

-=a

RN

'

(B.2)

where a= 0.802, aecording to [SHE63]. With the ratio between the virtual souree radius
and the reference distance smaller than unity, this means that the virtual souree radius
would beeome smaller than the nozzle radius. Therefore, we will use the nozzle radius RN
as a measure for the virtual souree radius.

B.1.2

Caleulating

av_j_

for supersonie sourees

The beam profile from the souree is given by (see Ref. [VER84]):
(B.3)
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where () =

!:.J....
Vz

If we compare this beam profile with a Gaussian distribution
P(vJ.)

=Ne

v2
-~
2

(B.4)

""v1.,

we can extract a measure for this O"vl.. Therefore we normalise both distributions for
VJ. = 0. Then we adjust O"vl. so that the FWHMs coincide.
At VJ. = 0, both non-normalised distributions are equal to 1. For the FWHM we find
cos 3 ( ()) = 1/2. This yields:
1

VJ.,FWHM

1

(B.5)

= Vzarccos((2)3).

Inserting this value into Eq. B.4, we obtain the expression
O"vl.

B.2

=

arccos( ( ~)1)
~

v2ln2

Vz ::=::::

0.555

X

(B.6)

Vz.

Calculation of standard deviations for Eq. 4.15.

In this section we will derive expressions for the standard deviations of the knife-scanner
signal that is transformed into awire scanner signal. There are random three variables, i.e.
q, fJ and a. Each variable is used at two times, t and t'. We assume that T = tt - t'l is so
large that the random variables at the t and t! are uncorrelated. If we assume Gaussian
distributions, this means that they are independent. The total distribution function. for
example for the q-part, then becomes:

P(q(t),q(t')

=

P(q(t)) x P(q(t')).

(B.7)

It is important to notice that P(q(t)) and P(q(t!)) are, of course, identical.
To calculate the standard deviation of the q-term in Eq. 4.15,

S(x)(q(t)- q(t'))

+ l(x)q(t),

(B.8)

we rewrite the term as follows:

,
.
f3(aq(t)- q(t )); wlth f3

=

S(x), a=

S(x) + l(x)
S(x)
.

(B.9)

We calculate the varianee of the term aq( t) - q( t'):
var(aq(t)- q(t')) =<< (aq(t)- q(t')) 2

-

J.L~q(t)-q(t') >>,

(B.lO)

with
+oo +oo
J.Laq(t)-q(t')

=

J Jdq(t)dq(t')P(q(t), q(t'))(aq(t)-

q(t')) =

-00-00

+oo

j

+oo

dq(t)P(q(t))aq(t)-

-oo

j

-00
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dq(t)P(q(t))q(t)

= 0.

(B.ll)

Therefore:
+oo +oo

var(aq(t)- q(t')) =

J Jdq(t)dq(t')P(q(t))P(q(t'))(a q (t)- 2aq(t)q(t') + q (t'))
2

2 2

-

-00-00

< a 2 q2 (t) > -2a < q(t) > 2 + < q2 (t) >= (a 2 + 1)var(q(t))
(a 2

+ 1)cr~.(B.12)

The standard deviation of the q-term in Eq. 4.15 becomes:

CJs-7l,q

=

crqJ2S(x)

/3crqVa 2 + 1 = S(x)CJq (

S(x) + l(x) 2
S(x)
) +1 =

+ 2S(x)l(x) + l2(x)::::::; crqJ2S 2 (x) + 2S(x)l(x).

(B.13)

Next, we will calculate the standard deviations of the 8 and the a-terms in Eq. 4.15.
For the varianee of term 8(t) - ó(t'), we find:
var(ó(t)- ó(t')) =<< (ó(t)- ó(t')) 2

J.L~(t)-ö(t')

>>=
<< (ó(t)- 8(t')) >>=< 8 (t) > -2 < b(t) > + < 8 (t) >=
2

-

2

2

2

')

2
... er8.

Using Eq. 4.15 this yields:
CJS--+1,8

=

In er.,

v L. dx l(x).

(B.l4)

(B.l5)

Finally, we find for the varianee of the term a(t)- a(t'), we find:
var(a(t)- a(t')) = 2cr;,

(B.l6)

which leads to the expression for the standard deviation:
(B.17)
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Appendix C
Full calculation of birefringence
effects
The equations 5.33 yield :
x 1

= ( ((sin( 4>) ) 2 + (cos( 4>) )2 eiE) eió

-

(cos(4>)) 2

C( (Csin(4>)) 2 + (cos(4>)) 2 eit) ei8 - (cos(4>)) 2

(sin( 4>) )2 eif +

-

(sin(4>)) 2 ei€)

2

eiE) 2 é~)~)/(2 cos(<!>) sin(<!>) (1- eif))
2
2
2
2
x2 = ( ((sin( 4>) ) + (cos( 4>) ) eit) eió -(cos( 4>) ) - (sin(<!>) ) eit ( (({sin( 4>) ) + (cos( 4>)) eiE) eió - (cos( 4>) )
(sin( 4>) ) eit f
+4 (cos(4>)) (sin(4>)) 1- eitf ei 8 )~)/(2 cos(<!>) sin(<!>) (1- eiE))

+4 (cos(4>)) 2 (sin(4>)) 2 (1-

2

2

2

2

2

À=

2

-

(

2

(C.2)

2

(cos(4>)) 2 (sin(4>)) 2 é( (sin(4>)) + (cos(4>)) eiE) é 5
2
+
2
+
2
+

1 ( ( (sin(<!>)) 2 +(cos(<!>)) 2 eu. )
2(

·c;

et

-(cos(<!>)) 2 -(sin(<!>)) 2 et€. ) 2

+4 (cos(4>)) 2 (sin(4>)) 2 (1- eiE) ei<'i)~
2

(cos(4>)) 2
J-L=
2

+

(sin(4>)) 2 eiE
2

2

+

1 c(( (sin(<!>)) 2 +(cos(<!>)) 2 e1.€ )

2

(C.l)

(C.3)

2

((sin(4>)) + (cos(4>)) eit) ei<'i
2
·c;

et

-(cos(<!>)) 2 -(sin(<!>)) 2 et€. )2

+4 (cos(4>)) 2 (sin(4>)) 2 (1- eitr ei 8 )~

(C.4)

In Fig. C.1 and Fig. C.2, the absolute values for respectively x 1 and x 2 are plotted,
both as a function of E1 and E2 , for various values of 4>. Their arguments are plotted in
Fig. C.5. They turn out to be linearly dependent on only one of the phase changes of
systems of axes. In Fig. C.3, the argumentsof the eigenvalues, À and J-L, are plotted.
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_,

x

Figure C.l: The absolute value of x 1 , as a function of E1 and
to 9rP.
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E2 ,

for angles of cP from UP

N

2:5_; .•

Figure C.2: The absolute value of x 2 , as a function of E1 and
to g(f'.
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E2 ,

for angles of 1; from UP

;

~)

1.5

Figure C.3: The argument of À, as a function of E1 and E2 , for angles of 4> from 1(f to 9(f.
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Figure C.4: The argument of p,, as a function of E1 and
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Ez,

for angles of <P from 1rP to 9rP.

1.5

Figure C.5: The argument of x 1 and x 2 , as a function of E1 and
out to be independent of rjJ and does not differ for x1 and x2.
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