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Summary 

One of the current projects in the Atomie Physics and Quantum Electronics group at 
Eindhoven University of Technology concerns a direct demonstration of the existence of 
the quantization of the electromagnetic field through an atomie diffraction experiment. In 
the proposed experiment the diffraction of a well-defined beam of helium atoms interacting 
with the electromagnetic field in a high-finesse optica! cavity with low average photon 
number (below unity) will be studied. When the intensity of the light inside the cavity 
with a single photon present is made high enough, the first order diffraction of the atoms 
by a quantized field is suppressed at low average photon number, in contrast with what 
the classica! theory predicts. Because of the low photon number and the small difference 
in transverse velocity between the subsequent diffraction orders, a high stability and a 
very well-defined preparation of both the atoms and the light field are required . 

The center of the experiment is the cavity, as this determines the electromagnetic field 
that we want to study. The design of the cavity that will be used in the experiment 
is a compromise between high energy density and long decay time. As a result of the 
stringent specifications, the resonance frequency of the cavity is very sensitive to changes 
in the cavity length. In Chapter 3 we calculate that this length has to be stable to within 
1 pm. A setup is designed that achieves this stability. In this setup, the deviation of 
the cavity resonance frequency is measured with the so called Pound-Drever-Hall scheme. 
A frequency modulated laser is directed into the cavity and the reflection of the light 
is measured. When the reflection signal is mixed with the original modulation signal, 
an error signal results that is proportional to the difference between the cavity resonance 
frequency and the laser frequency. The cavity length can be changed by applying a voltage 
over a piezo element. Feeding back the error signal to the piezo, the cavity length can be 
stabilized. Aside from this small correction value, a large DC voltage has to be applied, 
to bring the cavity in resonance with the laser. The power supply of this DC voltage has 
to be stable to within 10 µV. A feedback loop that achieves this stability is designed and 
implemented. 

To keep the uncertainty of the average photon number in the cavity low, the linewidth 
of the laser that feeds the cavity has to be the same as or smaller than the linewidth of the 
cavity. Furthermore, the laserfrequency has to be locked to the atomie resonance frequency 
to within a fraction of the atomie linewidth. With the 250 kHz cavity linewidth and the 1.7 
MHz atomie linewidth, this means that the laser frequency has to be stabilized to within 
250 kHz. In Chapter 2 the detuning of the laser from the atomie resonance frequency 
is deduced from the absorption of the light by a helium discharge cell. The intensity of 
the light of a frequency modulated laser that passes through a gas cell is measured. By 



mixing this signal with the original modulation signal, an error signal is produced. The 
laser frequency of the diode lasers can be controlled with the injection current and the 
length of an external cavity. The laser frequency is stabilized by transforming the error 
signal into a correction on the injection current and a correction on the external cavity 
length. 

Finally, the atom beam has to prepared with stringent specifications on the velocity 
distribution. In Chapter 4 the setup is discussed that achieves these specifications. Detec
tion methods are considered to verify the operation of the different preparation sections. 
Alterations to the setup to simplify the alignment, which have been implemented, are 
discussed. 
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Chapter 1 

Introduction 

1.1 The QND-experiment 

An important concept of modern day physics is the existence of the photon, a quantum 
of electromagnetic field energy. Although this quantization of the electromagnetic field 
is widely accepted, not much direct evidence is available. An important hint is given 
by the photo-electric effect. However, even the photoelectric effect can be explained by 
a classical electromagnetic field, hut quantized energy transfer to the atom. Only after 
invoking arguments on energy conservation, limited velocity of energy transport and the 
time scale of electronic transitions, this effect can be considered an indirect proof of the 
existence of photons. 

A more direct demonstration is reported by Brune et al. [1]. They observed Rabi 
oscillations of an ensemble of Rydberg atoms in microwave fields stored in a high Q cavity. 
The signal shows discrete Fourier components at frequencies proportional to the square 
root of successive integers, as expected from the quantized field energy. The quantization 
is directly demonstrated by this effect. 

At the Eindhoven University of Technology, work is in progress to show the quantiza
tion by an atomie diffraction experiment. An atomie beam of metastable helium is sent 
through a resonant standing light field in an optical cavity. Absorption or emission of a 
photon results in a change of momentum of the atom. By using an optical transition of 
the atom and a high finesse cavity the diffraction of the atomie beam can be measured 
even with only a single photon inside the cavity. In the experiment only atoms that have 
not spontaneously decayed and therefore <lid not change the number of photons inside the 
cavity are measured. For this reason the experiment is referred to as a Quantum Non 
Demolition ( QND) experiment. 

In the QND experiment a number of controls are available to change the diffraction 
pattern, such as the interaction time and the intensity of the field inside the cavity. Knops 
[2] has shown that by choosing these parameters right, a different diffraction patterns are 
expected when the field is treated classically or quantum mechanically. Specifically, with 
the present cavity and a mean photon number below 1, quantum mechanics predicts that 
first order diffraction is suppressed, whereas the classical theory gives no such effect. In 
Fig. 1.2 the calculated diffraction pattern is plotted for both the quantum theory with 
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Standing light field Diffraction pattem 

Atomie beam 

Figure 1.1: Schematic representation of the atomie diffraction experiment 

mean photon number 0.25 and the classica! theory with a corresponding energy in the 
cavity. 

1.2 Requirements 

Although it has been shown theoretically that the proposed experiment is feasible, it is by 
no means easy. In order to see a diffraction pattern the used atomie beam, the cavity and 
the laser have to meet very stringent specifications. Firstly, the peaks in the diffraction 
pattern are separated by 21ïk in transverse momentum, with k the wavenumber of the 
light. This means that if we want to distinguish the different peaks, the initial atomie 
beam has to have a momentum spread which is considerably smaller than this. In the 
case of helium 21ïk corresponds to 20 cm/s, and we will demand a spread smaller than 2 
cm/s. Furthermore, disturbances from the outside have to be eliminated and the flux of 
atoms has to be high enough to get good statistics in a matter of minutes. In the past a 
setup has been constructed that prepares an atom beam with these requirements [2], [3]. 
It is comprised of four laser cooling sections and a transverse velocity selector consisting 
of two apertures at a distance of 2 m (see Fig. 1.3). The first (collimator) and the last 
two laser cooling sections (magneto-optical lens, MOL, and compressor, MOC) serve to 
increase the flux through the apertures. The second section (Zeeman Slower) slows all 
atoms to the same forward velocity. This is important to get a long interaction time in 
the cavity which is the same for all the atoms. In Chapter 4 this setup will be described 
in more detail. 

Secondly, the diffraction pattern depends on the intensity of the light field inside the 
cavity. We need a high energy density of light that is resonant with the atomie transition, 
even with a single photon in the cavity. For the cavity this means a small distance between 
the mirrors, a long energy decay time and high stability. The cavity is formed by two high 
reflection coated mirrors, which are positioned at 0.9 mm distance. The decay time was 
measured by Knops [2] and found to be 0.65 µs, which is long enough for the experiment. 
To stay resonant with the laser the cavity has to be stable to within the linewidth of the 
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Figure 1.2: Calculated diffraction pattern for both the classica! and the 
quantum theory of the light field inside the cavity 

cavity. For the cavity that we use this means that the distance between the mirrors has 
to be stable to within 1 pm. This is obviously a great technica! challenge. In Chapter 3 
the approach to achieve this stability will be outlined. 

Finally the laser that feeds the cavity has to stay resonant with both the atomie 
transition and the cavity. Because the linewidth of the cavity (250 kHz) is smaller than 
the linewidth of the atomie transition (f /(27r)=l.6 MHz), the laser has to be stabilized to 
within 250 kHz of the atomie transition frequency. In Chapter 2 the stabilization scheme 
of the laser will be explained and discussed. 
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Figure 1.3: Schematic representation of the preparation section of the atomie beam 
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Chapter 2 

Laser stabilization 

2.1 Introduction 

As mentioned the laser is an important part of the QND experiment. In general there 
are two parameters that are to be controlled in the laser: the intensity and the wave
length. In this particular experiment intensity should not be a problem, because during 
the experiment only a few photons per microsecond are required ( '.::::: 10-13 W). The sta
bilization of the cavity and the laser itself needs an intensity that can be detected by a 
normal photodiode, but this is also easily acquired . The wavelength of the laser is much 
more crucial. A change in wavelength that is larger than the linewidth of the cavity or 
the linewidth of the atomie transition stops the interaction and destroys the diffraction 
pattern. Because the linewidth of the atomie transition is l.6 MHz and the linewidth of 
the cavity is 250 kHz (see Chapter 3), the frequency of the laser has to be stabilized to 
within 250 kHz of the atomie transition. 

Active stabilization requires feedback of an error signal, which should be a measure 
of the detuning (deviation from the atomie frequency). In Section 2.3 a method to create 
this error signal is discussed. This method is based on the so-called Pound-Drever-Hall 
scheme and uses the absorption of the light by helium atoms in a gas discharge cell. 

Optimizing this feedback system means decreasing the amplitude of disturbances and 
noise over an frequency interval that is as wide as possible. For this a large bandwidth 
of the feedback circuitry is needed. A common problem is that the feedback becomes too 
fast and resonances are reached which actually amplify the noise instead of damping it. 
The optimal feedback loop is thus a compromise between getting a fast response of the 
system and avoiding these resonances. This optimalization process will be described in 
Section 2.5. 

2.2 Laser system 

The laser that is used in the experiment is a Distributed Bragg Reflection diode laser 
(Spectra Diode Labs, SDL-6702Hl). This laser has a free running linewidth of 3 MHz 
and a maximum output power of 50 mW at a typical injection current of 180 mA. This 
injection current is supplied by a home made driver which has a stability of better than 
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Figure 2.1: Schematic representation of the laser system 

250 nA [4]. The temperature of the laser can be controlled and stabilized by a built in 
Peltier element and NTC resistors, which are used as temperature sensors. A temperature 
control loop is part of the diode driver and gives the laser a temperature stability of 1 
mK. The linewidth of the laser is reduced to 200 kHz by using strong optica! feedback 
from a beamsplitter (30%) forming an extra external cavity. The beamsplitter is mounted 
on a tubular PZT (piezo element) placed 10.3 cm in front of the diode. Together with 
a collimating lens the diode and the PZT are placed in a box. A passive current adder 
inside the housing allows high frequency current to be added to the current coming from 
the driver. In Figure 2.1 the contents of the laser box are schematically depicted. 

The laser frequency can be adjusted in two ways: by changing the size of the external 
cavity or by changing the injection current. The size of the external cavity can be changed 
by applying a voltage over the PZT. An electric field causes the piezo material to deform 
and results in a translation of the beamsplitter. This way the length of the cavity and 
thus its wavelength can be changed. The injection current can simply be changed by 
adjusting the current from the driver or by applying a voltage on the AC connector. 
The laser frequency depends primarily on the cavity length. However, this can only be 
changed slowly (;S 10 kHZ) due to the mass of the beamsplitter and the PZT. The current 
has less effect on the frequency than the cavity length, hut can be changed much faster. 
Fast changes in frequency can therefore be corrected with the current and slow hut large 
disturbances by the voltage over the piezo element. 
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2.3 Error signal 

2.3.1 Saturated absorption 

An error signal is a signal that is proportional to the difference of the desired and the 
actual value of some parameter. In this case we need a measure for the difference in 
angular frequency (~) between the laser and the atomie transition. The reference is 
supplied by a gas discharge cell of helium, in which the atoms are RF excited to the 
metastable {ls2s }381 state; the correct frequency is that of the {ls2s }381 --+ {ls2p }3P2 

transition. Conveniently, this frequency can be varied slightly around the unperturbed 
transition frequency by applying a DC magnetic field. The detuning can be measured by 
measuring the absorption of the light by the gas cell, which is maximal at zero detuning. 
There are, however, several processes that broaden the absorption spectrum and make 
determination of the detuning less accurate (see for example [5]). The most important of 
these broadening processes is the Doppler broadening by the thermal velocity distribution 
of the atoms, caused by the fact that off-resonant light can excite atoms in the velocity 
distribution for which the Doppler-shift cancels the laser-detuning. 

This Doppler broadening can be suppressed by using saturated absorption spectroscopy. 
In this setup two counterpropagating laser beams pass the gas cell. In a very simplified 
explanation one beam acts as a pump beam and excites the atoms to the upper level. The 
second one, the probe beam, then measures how many atoms are left to absorb the light. 
As the Doppler shift of the atoms with respect to pro be and pump beams are opposite, in 
general, different velocity groups will be addressed by these beams. However, when the 
light is exactly resonant with the atomie transition, both beams address the same velocity 
group, i.e, atoms with zero velocity along the laser beams. Atoms that are excited by the 
pump beam can no longer absorb light of the probe beam which results in a dip in the 
absorption of the probe beam. The resulting absorption dip is much narrower than the 
Doppler-broadened absorption profile and can in principle approach the natural linewidth. 
Fora more detailed explanation see [6] or [7]. In these references the absorption coefficient 
a and the refractive index n are calculated in terms of the detuning ~: 

(2.1) 

n(~) - 1 = ~ [-2- _ (l _ ~)((a + b)2 _ 4~2)-112] 
a0 (~) 47rk J'iku b 

(2.2) 

where 

(2.3) 

b = [~2 + r 2(1+2s)]1!2 (2.4) 

u= v2~T (2.5) 
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r is the linewidth of the {ls2s }381 -t {ls2p }3P 2 transition, k is the wavenumber of the 
light, M is the mass of the atoms, s is the saturation parameter, kB is the Boltzmann 
constant, and T is the temperature of the gas. a 0 is the absorption coefficient for a single, 
weak laser beam, given by 

(2.6) 

This is the Doppler-broadened spectrum with a maximum absorption coefficient A0 when 
the detuning is zero. Finally, the attenuation A of the amplitude and the phase delay () 
of the light are given by: 

A(~) = e-a(t:.)L/2 

B(~) = n(~)L(wo + ~) 
c 

(2.7) 

(2.8) 

with w0 the frequency of the atomie transition, c the velocity of light and L the effective 
length of the gascell. In Fig. 2.3 the detector signal is shown as a function of the 
laserdetuning together with the calculated absorption, given by Eq. 2. 7 and the parameter 
set (s=3; T=425 K; L=lO mm). In these calculations the maximum absorption of a single 
beam, A0 , was chosen to fit the data. There is a peak at resonance ( detuning is zero) 
which corresponds to the dip in absorption as described above. The width of this peak 
is much smaller (FWHM ::::::: 10 MHZ) than the Doppler-broadened absorption profile of 
a single beam, which is shown in the inset of Fig. 2.3. The phase delay of the light 
was calculated with Equation 2.8, using the same values of the parameters. The result is 
shown in Figure 2.2 where the calculated phase delay of the light is shown, relative to the 
phase delay when the detuning is zero. 

The saturated absorption signal is a measure of the absolute value of the detuning. 
For feedback, however, an error signal is needed that changes sign as the detuning goes 
through zero and so the saturated absorption signal as shown in Fig. 2.3 can not be used. 
The phase delay (Fig. 2.2) does have the correct shape, but is very difficult to measure 
directly. We will therefore need a method to transform this saturated absorption signal 
into an error signal. This will be described in the next sections. 
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2.3.2 Frequency modulation 

In order to use the the saturated absorption dip to stabilize the laser one needs to trans
form the peak into a signal that is zero at resonance and has different sign for positive or 
negative detuning. This is achieved with the Pound-Drever-Hall scheme [8]. This effec
tively measures the effect of a dispersive medium, like the gas cell, on multiple frequency 
components of a laser beam, and derives an error signal from these measurements. In this 
section we will describe how the extra frequency components of the light are created. 

The extra frequencies are created by modulating the injection current I of the diode 
laser with a frequency Wm. Taking the dependence of the laser frequency w to the injection 
current constant: 

aw = f3 
81 

and a harmonie modulation of the current 

I(t) = Io - Î cos(wmt) 

(2.9) 

(2.10) 

gives the change per unit of time for the phase c/>, or instantaneous frequency, of the 
electric field 

Be/> A at = Wr, - I f3 cos(wmt) (2.11) 

Here WL is the laser frequency. Integrating this gives 

c/>(t) = WLt + /3Î sin(wmt) = WLt + M sin(wmt) 
Wm 

(2.12) 

and thus we can write the electric field E as a function of time as: 

Ê(t) = Êoei(wLt+Msin(wmt)) (2.13) 

By using the equality 
00 

eiMsin(wmt) = L einwmt ln(M) (2.14) 
n=-oo 

[9], where ln is the nth order Besselfunction, Eq. 2.13 can be transformed into: 
00 

Ê(t) = Êo L ln(M)ei(wL+nwm)t (2.15) 
n=-oo 

One can see that by modulating the frequency extra frequency components (sidebands) 
are created around the laser frequency which are separated by the modulation frequency. 
In the following calculations we will only use the first two sidebands and thus take: 

Ê(t) = Êo[Jo(M)eiwLt + J_1 (M)ei(wL-wm)t + Ji (M)ei(wL+wm)t] 

(2.16) 

These approximations are justified if M « 1. In our case the modulation index M ~ 0.5. 
However, as the higher frequencies are effectively filtered out, the approximation still holds 
fairly well. Besides the frequency modulation, the modulation of the injection current also 
results in a intensity modulation. In our case, however, this effect is negligible compared 
to the frequency modulation. 
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2.3.3 Pound-Drever-Hall error signal 

As mentioned above the Pound-Drever-Hall scheme [8] uses the fact that the different 
frequency components are dispersed differently. When there is no dispersion, i.e, all fre
quency components experience the same phase delay and attenuation, the total intensity 
on the detector remains constant, leaving only a DC component. Only when the light 
passes a dispersive medium and the different components of the frequency spectrum have 
different absorption and/or phase delays a beat signal remains with a frequency equal to 
the modulation frequency. The amplitude of this modulation is thus dependent on the 
symmetry in the dispersion of the sidebands and can be used as an error signal. In this 
section the error signal, that will be used to stabilize the laser, will be determined. 

In general one can calculate the error signal as follows. Assume that the amplitude 
of the light, before passing through the dispersive medium, can be written in Fourier 
components: 

00 

E0 = f S(w)eiwtdw (2.17) 

-oo 

and there is a complex valued dispersion function d(w), that describes the attenuation 
and phase delay as a function of the frequency w. The spectrum of the light after it has 
been dispersed then becomes: 

00 

E = f d(w)S(w)eiwtdw (2.18) 

-oo 

and the intensity: 

00 00 

I = EoclEl 2 = EoC f f S(w)S*(v)d(w)d*(v)ei(w-v)tdwdv (2.19) 

-oo -00 

The * represents the complex conjugate. Finally the amplitude of a specific component 
W1 is 

00 

I(w1 ) = Eoc f S(w)S*(w - w1)d(w)d*(w - w1 )dw (2.20) 

-oo 

A frequency modulated laser has a frequency spectrum that can be approximated by 
three delta peaks (see Eq. 2.16): 

(2.21) 

The components in the intensity (Eq. 2.20) with frequency Wm can then be simplified to: 

(2.22) 
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The final error signal is created by frequency mixing the intensity with the original modu
lation signal, delayed over a phase <P, and then filtering out all remaining AC components: 

T 

error = lim 
2

1 
J[I(wm)eiwmt + I(-wm)e-iwmt] sin(wmt + <P )dt 

T-tOO 'f 
-T 

(2.23) 

The dispersion function can be split into an attenuation and a phase delay part: 

d(w) = A(w)eiO(w) (2.24) 

For the saturated absorption by a gas cell these functions A and () are given by Eqs. 2. 7 
and 2.8. Applying this splitting to Eq. 2.23 gives 

error(wL) = Io ~ 'S[A(wL + Wm)A(wL)ei(~(wL+wm)-~(wL)-<t>)_ 

= ! 0 ~ A0 [A+ sin(~+ - ~o) - A_ sin(~o - ~-)] cos(<P) 

-[A+ cos(~+ - ~0 ) - A_ cos(~o - ~-)] sin(<P) (2.25) 

Here the subscript denotes the sideband (e.g, A_ = A(wL - wm) and A0 = A(wL)). 
Equation 2.25 shows that by changing the phase delay <P the shape of the error signal can 
be optimized. This is shown in Fig. 2.4 where the calculated error signal, using Eq. 2. 7 
and 2.8, is drawn for typical values of all the parameters and several different values of <P. 
This error signal is zero when the detuning of the laser is zero and the signal changes sign 
as the frequency is scanned over resonance. This makes the signal suitable for feedback. 
The slope of the error signal can be changed with the phase delay of the reference signal, 
<P. 

2.4 Setup 

The total stabilization setup for the laser is schematically drawn in Fig. 2.5. The laser 
box is described in Section 2.2. Light coming out of the laser housing is transmitted 
through an optical isolator which makes sure that no light can be reflected back into 
the laser and influence the laser frequency by optical feedback. As the mirrors with a 
dielectric coating generally have different phase shifts for TE and TM polarized light, the 
polarization of light can change on reflection, if it is not exactly horizontal or vertical. 
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Figure 2.4: Calculated error signal for several values of the phase delay <f; 

With the half-wave plate the polarization of the laser light can be adjusted so that this 
phase change is minimized. A beamsplitter splits off a small fraction of the light (300µW) 
that is used to stabilize the laser. The rest of the light can be used for the experiment. The 
stabilization beam is then split in two equal beams. The beams are circularly polarized 
by quarter wavelength plates and then enter the gas cell from opposite directions. The 
second À/ 4 plate polarizes the pro be beam linearly again, perpendicular with respect to 
the polarization of the original beam so it is fully transmitted by the polarizing beam 
splitter cube. 

The saturated absorption is measured of a gas cell which is filled with 0.5 mbar of 
helium. The atoms are excited to the metastable {ls2s }381 state by a 30 MHZ RF dis
charge. A solenoid around the cell makes it possible to apply an axial magnetic field inside 
the cell. The energy difference between the {ls2s}381 and the {ls2p}3P2 is changed by a 
magnetic field and therefore the transition frequency is altered. This way the frequency 
of the {ls2s }381 -+ {ls2p }3P2 transition can be detuned up to 200 MHz. 

The intensity of the probe beam is measured with a fast InGaAs photodiode (Hama
matsu G6854-0l). The signal of the photo diode is amplified by a home made amplifier 
and two AC-amplifiers (Mini-circuits, ZFL-500LN, 28dB). The DC signal can be measured 
with a multimeter bebind the first amplifier to manually find the saturated absorption 
peak. The two AC amplifiers and a band pass filter (Mini-circuits, BBP-10.7, 10.7MHz) 
clean up the signal before it is mixed with the modulation signal in a frequency mixer 
(Mini-circuits, ZAD-3H, DC-200MHZ). 

The modulation signal is produced by a function generator and is fed into both an 
power combiner (Mini-circuits, ZFR8C-2050) and a home made phase shifter. There are 
two phase shifters making a total delay of up to 2.5 rad. The input of the first phase 
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Figure 2.5: Schematic representation of the stabilization setup of the laser 

shifter is attenuated by a factor of 5.5. This is necessary for not overloading the frequency 
mixer while keeping a maximal modulation of the laser. 

The error signal is produced in the frequency mixer and fed back to the laser along 
two different channels. The longterm drift and slow fluctuations are controlled via the 
piezo. For this the error signal passes an integrator and is added to the DC piezo voltage 
in a piezo driver (Thorlabs, MDT694). The faster fluctuations are compensated by the 
injection current of the laser diode. The error signal is amplified, added to the modulation 
signal and fed into the modulation input of the laser. The integrator has an adjustable 
time constant and the amplifier has an adjustable amplification factor to simplify the. 
optimalization proces of the feedback loop. An extra input of the integrator makes it 
possible to compensate for the offset on the error signal. 

Because the piezo driver gives off some quite strong noise at 50 kHz a resistor of 10 
kO is placed between the driver and the piezo. The piezo has a capacity of 17nF and so 
the combination with the resistor creates a low pass filter with a bandwith of lkHz. 

2. 5 feedback 

2.5.1 Theory 

In this section we will describe the theory that is needed to understand and optimize 
the stabilization loop of the laser. An important concept in this theory is the transfer 
function G which expresses the relation between the Laplace transforms of the input Vin 
and the output V out of a system: 

Vout(s) = G(s)Vin(s) (2.26) 
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Figure 2.6: General feedback scheme 

Here s is the complex frequency s = a + iwr, where Wr represents the real frequency. In 
the time domain this system can then be represented by the convolution integral: 

t 

Vout(t) = J G(t - T)\"indT (2.27) 

0 

where G(t) is the inverse Laplace transform of the transfer function G(s). 
Even if the transfer function of a device is exactly known, the output will never 

precisely be given by Eq. 2.26. Disturbances from the environment and noise will have 
an effect on the output, causing it to deviate from the nominal value. To keep the output 
of the device at a certain desired value, it should be measured continuously. If the output 
does not have the specified value, the input has to be adjusted to correct for this difference. 
This process is called feedback. 

Fig. 2.6 shows the general feedback setup. Dis the device that is to be controlled and 
stabilized. The deviation of the output is equal to the difference between the input Vin 
and the output Vout· The input of the device Vc should depend on this deviation. In order 
to optimize the response of the total system, a controller is added. The controller has its 
own transfer function, which produces the correction signal of the device as a function of 
the deviation in the output. The transfer function of the controller can be chosen freely 
to minimize deviations in the output and make the reaction time of the total system as 
fast as possible. 

Suppose the device can be described by the (complex) transfer function G0 and the 
controller by Ge. Noise and fluctuations can originate anywhere in the system. The 
influence of the noise can be calculated with the transfer functions of the components 
between the output and the source of the noise. However, since we are only interested in 
the effect disturbances have on the output, we will model all noise sources as an external 
source and directly add the noise Vnoise to the output. We can then write: 

Vout = Vo + Vnoise = G D Vc + Vnoise 

(2.28) 
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From which Vout can be solved as a function of Vin and the disturbance Vnoise: 

1 , Vnoise G nGc Vin 
Vout = +----

l+GvGc l+GnGc 
(2.29) 

So for large gain G vGc the response to the noise is small, while the system responds 
perfectly to the input. 

When we apply this theory to our case we can represent the setup as in Fig. 2. 7. 
The response of the laser frequency to the injection current and the piezo voltage will be 
described by the transfer functions G 1 respectively G p. These responses are independent 
so we can add the two different effects in the frequency. The transfer function of the 
integrator (controller of the piezo) will be called C p and of the amplifier (controller of the 
current) C1. The response of the frequency meter will be approximated by -k(w - w0 ), 

i.e, we look at small deviations so only the linear part of the error signal is used. The 
effect of the noise of all components on the frequency is modelled as one external source 
that is directly added to the frequency. 

w = WL +wn 

(2.30) 

lt should be noted that the laser frequency w in these formulae is just the parameter 
that is to be controlled; it has no connection with the complex frequency s implicit in the 
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transfer functions, Gp(s) etc, which describe the frequency of the fluctuations inw. When 
we take the DC inputs to exactly match the correct frequency w0 we can solve equation 
2.30 for the deviation in frequency as a function of the noise Wn: 

(2.31) 

It does not matter where the noise in frequency originated; after closing the stabiliza
tion loop the amplitude will always decrease by a factor given by Equation 2.31. lf the 
controller itself generates a lot of noise, it is possible that, even with a closed loop, the 
stability of the laser frequency becomes worse. This should of course be avoided by taking 
low noise components. 

2.5.2 Stability 

The quintessential requirement of a closed-loop dynamic system is stability: the ability 
of the system to operate under a variety of conditions without "self-destructing". This 
means that the output has to be bounded as long as the input is bounded. In this section 
we will give a criterion that we will use to avoid instabilities in our stabilization setup. 

For a finite order system the transfer function, now denoted as H, is a rational function 
of s, with s the complex frequency in the Laplace domain (see for example [10]). This 
function can then be expanded in partial fractions: 

(2.32) 

where 
( ) 

01Ji 012i 01M;i 
Hi 8 = -- + ( )2 + ... + ( )M 

S - 8i 8 - Si S - 8i ' 
(2.33) 

N is the number of poles of H and Mi is the multiplicity of these poles. The response in 
the time domain of these components is then given by the inverse Laplace transform of 
eq 2.33: 

tM;-l 

Hi(t) = (011i + 012it + ... + 01M; (Mi_ l)!)e'~;t (2.34) 

8i are the poles of the gain function. In combination with Equation 2.27 this means 
that a system with poles 8i with a positive real part are unstable: the output grows 
exponentially as a function of time. Thus if a certain device ( e.g, the laser) is to be 
stabilized, the transfer function of the total stabilization setup can not have poles with a 
positive real part. 

In a system with feedback the gain function is typically 

H = __!!__ 
l+G' 

(2.35) 

with G the total transfer function of the system without feedback. So the poles s0 of 
the transfer function H are the frequencies where G(8o) = -1. To determine wether 
the system is stable one has to check if these poles have a positive real part. In general 
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this is very difficult to verify if the transfer function of the system is unknown. Nyquist 
(see [10]), however, found that it is sufficient to know the gain on the imaginary axis (i.e, 
the gain as a function of the real frequency Wr). If this transfer function is drawn in the 
complex plane as a function of Wr, he found that the poles s0 do not have a positive real 
part if the transfer function G does not encircle the point -1 in a clockwise direction. In 
that case the total system, described by Eq. 2.35, is stable. 

A normal physical system has a gain that globally only decreases with increasing 
frequency. So in the complex G plane the map of the imaginary s axis is a spiral that 
goes to 0 as Wr increases. A simple way of making sure that the transfer function G does 
not encircle the point -1 in a clockwise direction is then to keep the entire plot on the 
right side of -1. This is the case when the total gain is less than one when the phase delay 
becomes 7r and the amplitude of the gain G does not exceed 1 for higher frequencies. 

In our case the transfer function of the total system is given by Equation 2.31. To 
keep the system stable, the gain of the laser to both the piezo voltage and the injection 
current has to be determined and the gain of the controllers have to be chosen to keep 
the total gain k ( G pC p + G 1C 1) on the right si de of -1. 

2.5.3 Characteristics 

All requirements on the laser are in terms of frequency. In this setup, however, the 
frequency can not be measured directly. For a small detuning it is possible to use the 
error signal as a measure of the frequency. For this the dependence of the error signal to the 
laser frequency had to be determined. First the DC dependence on the laser frequency 
to the piezo voltage was measured by measuring the beat frequency with a stabilized 
laser. When the fields of two laser beams are added, the intensity that is measured by 
a photodiode, gets an AC component with a frequency that is equal to the difference in 
laser frequencies. This frequency can be measured by a frequency counter. This way the 
response of the laser was found to be: 

af MHz av: = 5.o ± o.5-v 
piezo 

(2.36) 

Next the error signal was measured at a very slow modulation of the piezo voltage (2 Hz) 
to ensure that the change in laser frequency corresponds to the calibration. The laser 
frequency can now be derived from the piezo voltage giving the error signal as a function 
of the detuning of the laser. The measured error signal is displayed in Fig. 2.8, where the 
piezo voltage was converted to the laser frequency. The slope of the error signal is 

averror = (21±10) 10-3~ 
af x MHz 

(2.37) 

With this value of the slope a value of the error voltage can be translated into the detuning 
of the laser. 

In order to determine the optimal settings of the controller the transfer function of the 
system (laser+measuring setup) has to be measured. This means measuring the amplitude 
of the error signal when a harmonie input is applied to the piezo voltage or the injection 
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Figure 2.8: Measured error signal 

current. The gain is the absolute of the transfer function and is equal to the ratio of the 
amplitude of the error signal over the amplitude of the input. The 10 kO resistor between 
the piezo driver and the piezo (low pass filter) was taken out and the feedback of the error 
signal to the laser was cut off. The response of the error voltage to the modulation of the 
piezo is given in Fig. 2.9. The graph is a typical gain function of a second order system 
with a resonance frequency (w0/27r) of 50 kHz. 

k 
Gpiezo = l + 2iÇ..!::!... _ (..!::!...) 2 

wo wo 

(2.38) 

This mearis that for frequencies above the resonance frequency the gain function has a 
phase delay of 7r. 

The gain to the injection current is the amplitude of the error signal over the amplitude 
of the modulation voltage Vi. This gain was found to be constant up to ~ 1 MHz where 
the filters start playing a role. 

2.5.4 Results 

averror = (36 ± 3) x 10-3 
8Vi 

(2.39) 

Now the frequency response of the system is known the optimal settings of the controllers 
can be determined. Because we want to compensate the piezo voltage for the long term 
drift and slow disturbances, the controller of the piezo voltage has to have large ampli
fication factors for low frequencies. The simplest controller that has this property is an 
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1 
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. ZWT 
(2.40) 

The time constant T can be changed by changing a capacitance. The highest amplification 
possible is reached when the total gain CpG p becomes equal to one at the first time 
constant of the system, w1 , where the total phase delay of the system becomes 7r ( 7r /2 of 
the integrator and 7r /2 of the plant). Thus: 

(2.41) 

For driving the piezo this means an optimal setting for the time constant of the integrator: 
T = 1.6 x 10-5 s. To keep a margin for errors the gain of the controller should be chosen 
below the maximal value. Experimentally the optimal amplification factor can be found 
by increasing the gain of the integrator ( decreasing the time constant) until the first 
resonances are visible in the error signal. Then when these resonances are found the gain 
has to be lowered until the system becomes stable again. This way the optimal time 
constant for the integrator was found to be: T = 3.9 x 10-5 s. 

In Figure 2.10 the spectrum of the remaining noise is given together with the spectrum 
without feedback. The figure shows that the feedback works well for low frequencies (up 
to 200 Hz), as the noise is highly reduced. The measurement also shows that by applying 
feedback an extra peak is created at 1200 Hz. This peak is caused by the low pass filter 
that is formed by the piezo and the extra resistor. This filter makes the total system 
slower and makes that the total phase delay becomes 2n at 1.2 kHz instead of 50 kHz. 
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Figure 2.10: Noise spectrum of the free running system 

This resonance could be avoided by taking a langer time constant for the integrator. It 
was found, however, that this decreases the feedback too much, so the low frequency noise 
is hardly suppressed. In theory the 1.2 kHz peak should easily be compensated by the 
feedback over the injection current. The total gain over the injection current kG 1C1 was 
set well above unity (~ 100) but still there was no apparent effect of closing this feedback 
loop. 

Finally the residual error signal is measured as a function of time. This is given in 
Figure 2.11. One can see that on a long time scale (~ 1 s) the error signal does not 
fluctuate more than 12 m V. Dividing this by the slope of the error signal gives a stability 
of 0.57 MHz. 

2.6 Discussion 

After applying feedback to the laser, the laser frequency was stable to within 0.57 MHz. 
Although this is close to the requirements, it is not enough. In order to further increase 
the stability there are two thing that remain to be done. Firstly, the feedback over 
the injection current has to be checked. As mentioned the total gain over the injection 
current is about 100 for frequencies up to 1 MHz. This means that noise and disturbances 
within this bandwidth should be suppressed by a factor of 100. During the measurements, 
however, there was no apparent effect of the feedback over the injection current. Getting 
this loop to work will greatly increase the stability of the laser. Secondly, the influence of 
the surroundings on the laser frequency can be reduced. This can be done by improving 
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Figure 2.11: Fluctuations in error signal as a function of time 

the shielding of all components and the filtering of the power supplies. 
Although there is a correlation between the error signal and the laser frequency, it is 

difficult to accurately derive the linewidth of the laser from the amplitude of the residual 
error signal. It is possible that the stability of the laser is better, because the transition 
frequency of the atoms in the gas cell is fluctuating, or because the electronic components 
are noisy. The linewidth of the laser is more directly and more accurately measured with 
an etalon. If the linewidth of this etalon is much smaller than the ( expected) linewidth 
of the laser, the spectrum of the laser can be determined by scanning the etalon over 
resonance with the laser frequency. At present, we are installing such a high-finesse 
detector. 
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Chapter 3 

Cavity stabilization 

3.1 Introduction 

The most important part of the experimental setup is the cavity itself, as this determines 
the field we want to measure. There are three important parameters which have to be 
chosen carefully in order to measure the desired diffraction pattern: the curvature and 
refiectiveness of the mirrors and the distance between them. These parameters determine 
the decay time and the intensity of the field inside the cavity. 

In general the coupling of a resonator to a laser field creates a coherent state ia), 
which can be expanded in photon number states In) as [11]: 

oo n 

ia)= e-~lal2 L ~In) 
n=O Fnf 

(3.1) 

Here ais a complex number and ial 2 is equal to the average photon number in the coherent 
state. The probability Pn of finding n photons in the cavity is then equal to: 

(3.2) 

The photon statistics of a coherent state are thus described by a Poissonian distribution. 
For very high average photon numbers, ial 2 = (n) > > 1, the relative width of this 
distribution is very small and the coherent state resembles a classical field, with a well 
defined field amplitude and phase. This means that effects of the quantized nature of the 
field can only be observed at small values of ial 2 = (n) ;S 1. 

The feature of interest here is the diffraction pattern of an atomie beam that crosses 
the cavity. By comparing this diffraction pattern with theory, the number of photons 
inside the cavity can be determined. As we want to show that this number is always an 
integer (no half photons), it has to remain constant during the measurement. In practice 
this means that there should be no loss of light during the passage of an atom: if light 
escapes during the passage, the atom would experience less diffraction. This could be 
interpreted as the presence of a fractional photon. 

There are two loss processes: spontaneous emission by the atom and leakage of the 
cavity to the environment. The atoms that have spontaneously emitted a photon will have 
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Figure 3.1: schematic view of the cavity 

a transverse momentum that is not equal to an integer value of 21ik. Because we measure 
the transverse velocity of the atoms, the measurements where spontaneous emissions have 
occurred can be excluded from the analysis. The leakage of the cavity can not be corrected 
for so easily, because it is the intensity of the light we want to measure. This leakage 
will have to be minimized by choosing a cavity with a long decay time. This can be 
accomplished by taking highly ref:lective mirrors, and a large distance between them. 

Another problem that this experiment poses is the low intensity of the light, due to 
the low photon number inside the cavity. Low intensity means a weak interaction with the 
atoms and thus a not very pronounced diffraction pattern. To maximize the interaction, 
while still keeping the photon number small, the size of the cavity has to be kept small. 
This is conf:licting with de demand for a long decay time and therefore a compromise has 
to be made. This was clone by Knops [2], whose calculations of the optical parameters of 
the cavity resulted in the present design. 

The length of the present cavity can be changed to match it to the laser frequency. The 
spatial interval, however, over which this resonance of the cavity with the laser occurs is 
very small. In this chapter we will determine the actual size of this interval and a method 
will be described to actively keep the cavity length within this interval. Furthermore some 
preliminary results will be given. 

3.2 Cavity 

3.2.1 Construction 

Fig. 3.1 schematically shows the construction of the cavity. It is formed by two mirrors, 
supplied by Research Electro Opties [12]. They have a specified minimum finesse of 
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2 x 105 . The mirror diameter is 7. 75 mm, and the radius of curvature is Re =50 mm. 
The minimum on-axis mirror distance then amounts to 0.3 mm. The mirrors are glued to 
cylindrical holders, made of glass. Because matching the length of the cavity to the laser 
frequency requires a precision of 1 pm, it is almost impossible to make the construction 
of the mirrors accurate enough. Therefore, the holders of the mirrors are clamped to a 
piezo electric transducer (PZT). The piezo material deforms in the presence of an electric 
field. So when a voltage is applied over the PZT, it shrinks or expands, depending on 
the direction of the field, and so the distance between the mirrors changes. The length 
of the cavity can be changed by a few micrometers. As the transmittance of the cavity 
as a function of the mirror distance is periodic over a distance that is equal to half the 
wavelength of the light (.\ ~ lµm), this makes it always possible to find the resonance 
with the light. 

The dimensions of the holders are chosen such, that the mirror distance is around 
0.9 mm. In the PZT four holes are drilled. Through two of these holes the atomie beam 
passes. The electric wire, which makes contact with the inside of the PZT, passes through 
a hole in the mirror holder. The cavity is held in a mount by a leafspring, which also 
serves to damp the mirror holders and the piezo together. 

3.2.2 Optica! characterization 

The transmittance Tof a Fabry-Perot interferometer with two identical, perfectly spher
ieal mirrors is given by an Airy function of the form 

T(v) = [1 - A/(l - R)]2 
1 + Fsin2 (7rv / D..vFsR) 

(3.3) 

F = 4R/ (1 - R) 2
, Ris the mirror intensity reflectivity, v is the frequency, D..vFsR = c/2nd 

is the free spectral range that represents the periodicity of I(v), nis the refraction index 
of the material between the mirrors, and A is the absorption of the mirrors. From this 
function we can determine the full width at half maximum (FWHM) of the transmission 
peaks: D..v0 = 2D..vFsR/(7rVF) and the spectroscopie finesse :F = D..vFsR/ D..v0 whieh is 
here equal to the reflective finesse 7rVR/(1 - R). The energy decay time is T = :Fd/7rc 
where d is the distance between the mirrors and c is the speed of light. 

Beside the simple Gaussian energy distribution other, more complicated, distributions 
are possible. These distributions are called modes. These modes have slightly different 
resonance frequencies with an (approximately) constant distance D..vt between them, called 
the transverse mode spacing. In the experiment we will only use the fundamental or 
Gaussian mode. The relation between D..vt and the free spectral range is: 

D..vt 1 d 
-- = -arccos(l - -) 
D..vFsR 7r Re 

(3.4) 

with Re the radius of curvature of the mirrors. By scanning the cavity distance and 
measuring the transmittance, while exciting a number of transverse modes simultaneously, 
one can determine this ratio between D..vt and D..vnrn· This was clone by Knops and using 
the specified curvature he found the distance to be: d = 0.93 ± 0.02 mm. 
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The other important property of the cavity is the decay time. The most direct method 
to determine this is to measure the intensity of the light emerging from the cavity as a 
function of time when the light source is turned off. This was also done by Knaps and he 
found: T = 0.64 ± 0.02 µs 

Using these two parameters and the given relations, we can now calculate the finesse 
of the cavity, the free spectra! range and the width of the transmission peaks: 

Finesse 
Free spectra! range 

FWHM 

3.2.3 Required stability 

:F = (6.5 ± 0.2) x 105 

tlvFsR = 161±4 GHz 
tlv0 = 250 kHz 

Equation 3.3 gives the transmittance of an ideal cavity with a fixed length. A real cavity, 
however, experiences all kinds of noise. Influences like thermal drift and disturbances 
from the environment can change the distance between the mirrors. This way the reso
nance frequency can change. To know the influence of the cavity length on the resonance 
frequency one just has to realize that a change in distance of >./2 corresponds with one 
full free spectra! range. This means that the sensitivity of the frequency to the distance 
is: 

8v = 
297

kHz 
ad pm 

(3.5) 

In order to get light inside the cavity the frequency of the laser and of the cavity can 
not differ more than the largest linewidth of the two. Because both the laser and the 
cavity have a linewidth of 250 kHz this means that the cavity can not drift or fluctuate 
more than 1 pm. Thus, the tolerance for drift and vibrations is extremely small. This 
means that we will have to minimize the influence of the surroundings and establish a 
tight feedback loop to actively stabilize the cavity frequency. 

3.3 Error signal 

For the stabilization of the cavity frequency we will use the Pound-Drever-Hall scheme [8] 
along the same lines as we <lid in Chapter 2. The light of the modulated laser is directed 
onto the cavity and the reflection of the light from the cavity is observed. As we will show 
later in this chapter, when the cavity frequency does not match the center frequency of 
the light, a component in the intensity spectrum arises that has a frequency equal to 
the modulation frequency of the laser. Demodulating the signa! from the detector (i.e, 
measuring the amplitude of this component) gives a signal that is approximately linear 
with the detuning of the cavity. 

3.3.1 Theory 

In order to calculate the error signa! the phase delay and intensity of the reflected light 
as a function of the cavity detuning (the dispersion function) has to be calculated. This 

26 



r-----1 
1 ..... 

1 

...... 
-----· 

Figure 3.2: optical black box 

can be accomplished in many different ways; however, a convenient way, which is not only 
suitable for single cavities, hut can also be extended to complex systems, is the transfer 
matrix approach [14]. 

In a 1-dimensional frame every optical system can be described as in Fig. 3.2. There 
are two incoming waves, one from the right and one from the left, and two exiting waves. 
The optical system couples the complex amplitudes of these waves. For a linear system 
the relation between the waves on the right and waves on the left can be described by a 
matrix: 

( ~~: ) = M ( ~:: ) = ( ~:: ~:~ ) ( ~:: ) (3.6) 

Here M is called the transfer matrix. At the interface of two media with different diffrac
tion index, such as the interface between two layers in the multilayer coatings of the cavity 
mirrors, an incoming wave will be partially reflected and partially transmitted. Writing 
down the relations for waves on both sides of the interface gives the following equations: 

E12 = r1 E11 + t2E22 

which then results in the matrix for an interface: 

(3.7) 

(3.8) 

(3.9) 

Here t is a complex number that gives both the fraction of the incoming wave that is 
transmitted and the phase delay. The number r describes the phase delay and the fraction 
of the light that is reflected. The index of these quantities then denotes the side of the 
incoming wave. In a region of free space the waves only experience a phase change that 
is equal to -kd, where kis the wavenumber in that region and d the length of the region. 
In the same way as above one can then easily derive the matrix for a region of space with 
no reflections: 

(3.10) 

Note that one can add loss or gain by adding an imaginary term to the phase factor kd. 
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When a wave successively passes the regions/interfaces l...N the total matrix is the 
product of the matrices for the different interactions. 

(3.11) 

Note that, regardless of the details of the system, this matrix Mtot can be written in the 
same form as the transfer matrix of an interface (Eq. 3.9). The reflection coefficient Ttot 

for the total system is the ratio of the amplitude of the reflected beam over the amplitude 
of the original beam, when there is no incoming beam on the other end of the system: 

E12 Mtot,21 
Ttot = ( -E )(E2FO) = - M 

11 tot,22 
(3.12) 

This coefficient includes the fraction of the amplitudes and the phase delay. Likewise the 
transmission coefficient ttot is the amplitude of the transmitted beam (at the end of the 
final section) divided by the amplitude of the incoming beam (at the beginning of the 
first section) 

( E21) Mtot,12Mtot,21 
ttot = -E (E22=0) = Mtot,11 - M 

11 tot,22 
(3.13) 

Every linear optica} system can be described by the matrix given by Eq. 3.11. Even 
though the system can be complicated, the transmission and reflection are described by a 
complex 2x2 matrix, and thus by 8 real parameters. To describe the system completely, 
all these parameters have to be determined. 

The cavity consists of two mirrors. These mirrors are formed by a glass substrate 
on which many layers of alternately high and low refractive indices are deposited. The 
thickness of these layers was chosen to maximize the reflection coefficient of the mirror. 
This way this coefficient is much higher than the reflection of a single layer. The transfer 
matrix can, in principle, be calculated with Eq. 3.11, but this requires detailed knowledge 
of the layers. We will, however, just consider the two mirrors as two composite objects with 
given values for Ttot and ttot· Furthermore, we will simplify the description by assuming 
that our mirrors are symmetrie, i.e, the transfer matrix does not change when the mirror is 
turned around. This means that we can take the reflection coefficient and the transmission 
coefficient on both sides to be equal. Substituting r 1 = r 2 = r and t1 = t 2 = t into 
Equation 3.9 gives the matrix: 

Msymmetric = ~ ( t
2 

~/
2 

~ ) (3.14) 

For a lossless mirror (IE11 l2 + IE22 l2 = IE21 l2 + 1Ed2) the following relations between r 
and t apply: 

lrl2 + ltl2 = 1 

rt* + r*t = 0 

(3.15) 

(3.16) 

The last relation also holds when there is absorption in the mirror. The intensity reflec
tivity R of such a mirror is equal to lrl2 and the intensity transmittance T = 1tl2. If only 
R and T are known the transfer matrix (Eq. 3.14) can be reconstructed, leaving only a 
phase factor undetermined. 
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Figure 3.3: optical system divided in two parts 

3.3.2 Internal energy 

Consider a system like in Fig. 3.3. This could be the same scheme as in Fig. 3.2 where 
the total system is divided into two parts. For the cavity, the two parts are formed by the 
mirrors plus a region of free space. We will now, however, look again at a general system. 
Assume that both parts of this system can be described by a matrix like Eq. 3.9: 

(3.17) 

This means that when there is no light coming from the right (E32 = 0) the amplitude 
of the field inside the cavity is proportional to the amplitude that is transmitted through 
the entire cavity: 

E21 1 
( -E )(E32=ü) = -t 

31 21 
(3.18) 

This means that a maximum of transmission also means a maximum of energy inside the 
cavity. Because of energy conservation, a maximum in the transmission is equivalent to 
a minimum in reflection. 

In general, the internal amplitude is equal to: 

(3.19) 

The amplitude of the internal field is thus equal to the sum of the two incoming waves, 
amplified by a 'closed loop gain' 1/(1 - r 12r21). 

3.3.3 Cavity response 

Looking at the arguments of the previous two sections we can describe the two mirrors of 
our cavity by the matrix given by Eq. 3.14. Because only the reflectivity and transmit
tance of the mirrors are specified, the argument of the reflection coefficient is unknown. 
A different phase would change the resonance length of the cavity by at most half a wave
length. Because this is much less than the cavity length (~1 mm), the resulting change 
in energy density at resonance is negligible. We will therefore simply take the phase shift 
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at reflection equal to zero. The transfer matrix of the mirror becomes: 

1 ( -t
2 

- r
2 

r ) 
Mmirror = it -r l (3.20) 

Our cavity consists of two mirrors with a distance d between them. When we assume 
that both mirrors are equal, the total transfer matrix becomes: 

(3.21) 

This gives the reflection coefficient of the total cavity 

1 _ (r2 + t2)e-i2kd 1 _ (r2 + t2)e-iw/(2t!iwpsR) 

Tcavity = r 1 _ r2e-i2kd = r 1 _ r2e-iw/(2ó.wF."!R) (3.22) 

Note that this equation also holds when there is absorption in the mirrors. In Figures 3.4 
and 3.5 respectively the amplitude and the phase response of the cavity are drawn for the 
parameters of the real cavity (R = 1- 4 x 10-6 , T = 2 x 10-6 , 6-vFsR =150 GHz). 

3.3.4 Error signal 

Now that the response of the cavity is known, the Pound-Drever-Hall error signal can be 
calculated in the same line as in Chapter 2. We take the dispersion function equal to the 
refiection coefficient of the cavity: d = r cavity and substitute this into Equation 2.22. The 
error signal is then given by equation 2.23 In Fig. 3.6 the result is drawn. Plots are given 
for several values of the phase delay of the reference signal (c/> in Eq. 2.23). One can see 
that the error function changes as a function of c/J; the value of cp should be chosen around 
zero. 
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Figure 3.6: calculated error signal as a function of the detuning D. for various 
values of the reference delay <P 

3.4 Stabilization 

3.4.1 Electronic requirements 

In Section 3.2.3 the requirements were given in terms of optical quantities. The only 
way of controlling the cavity resonance frequency is by changing the cavity length via 
the piezo. This is achieved by applying a voltage across the piezo. To choose the right 
voltage source the optical requirements will first have to be translated into voltages (see 
[13]). The periodicity of the transmission in terms of the voltage change over the piezo 
is experimentally determined to be ~ 100 V. ldentifying this with the free spectral range 
gives the sensitivity: 

ov = 
160

MHz 
8V,,iezo V 

(3.23) 

This way we can deduce the requirements for the electronic system that drives the piezo: 

• the output range of the voltage source has to be at least 100 V ( = l:l.vFsR) to ensure 
that we can adjust one of the cavity resonance frequencies to reach the desired 
frequency 

• the change of the cavity frequency due to the output noise has to be much less than 
the cavity linewidth. Taking 10% of the linewidth gives a maximal noise amplitude 
of 10 µV 
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Figure 3.7: Schematic view of the cavity stabilization scheme 

• As the used error signal only has the correct sign for a detuning up to the modulation 
frequency, it must be possible to manually set the voltage with a resolution of 3 m V. 

3.4.2 Planned stabilization scheme 

A schematic representation of the total stabilization setup of the piezo voltage is drawn in 
Figure 3. 7. In the simplest view this setup consists of a DC part which allows to get the 
cavity at the right frequency and a correction part. The correction voltage is calculated 
from the PDH error signal (see Section 3.3). The DC voltage is set by a 16 bit DAC. This 
voltage from the DAC is amplified by a high voltage amplifier (Thorlabs MDT694, single 
channel piezo driver), with a factor of 15. The maximum output voltage of the piezo 
driver is 150 V so a 16 bit, 10 V DAC is sufficient for the required resolution. The DC 
voltage is added to the correction voltage in a simple two-resistor voltage adder. Finally, 
the sum is applied over the piezo. By using a simple resistive adder no extra phase delays 
and a minimum of extra noise is added. A resistive adder, however, attenuates the input 
voltage. The values of the resistors are chosen such that the AC voltage is reduced by 
a factor of 10 while the DC voltage is only reduced to 9/10. However, a more detailed 
inspection of the stabilization system indicates that actually three feedback loops are in 
operation to loek the cavity to the laser light to within the specifications. 

The first feedback loop (see Section 3.5) is used to reduce the noise of the high voltage 
supply which is specified to be 1.5 m V RMS. The general feedback scheme is described 
in Section 2.5. In this case the output is multiplied by a sealing factor equal to one over 
the amplification factor of the HV amplifier in order to ensure that the correction signal 
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that goes into the PI controller is zero when the output corresponds to the nomina} input 
value. This multiplication is equal to one over the amplification of the supply (1/15). The 
PI controller can be adjusted to optimize the feedback. The remaining high frequency 
noise, that is not suppressed by the feedback loop, is suppressed by a passive low pass 
(RC) filter. 

The second loop takes care of the actual stabilization of the cavity. An error signa} 
is produced with the Pound-Drever-Hall scheme (Section 3.3) and this error signa} is 
fed back to the piezo through a low-noise PI controller. This PI controller can also be 
optimized to maximize the feedback. 

The output voltage of the second loop is reduced by a factor of 10 by the voltage 
adder. With the 10 V maximum output of the PI controlller, the maximum correction 
voltage is 1 V. Because of this relatively small range, it will only take a short time for 
the cavity to drift more than this loop can handle. For this, a third loop is added which 
feeds the correction voltage back to the high voltage source. An integrator with a long 
time constant ensures that this loop is only effective for low frequencies. This way the 
DC component of the correction voltage is continuously driven back to zero. 

During the QND experiment the cavity contains on average one photon or less. This 
means that during the cavity ring-down time on average one photon or less leaves the 
cavity. The transmitted beam thus has a photon flux in the order of 106 photons per 
second and a power of 10-13 W. This is insufficient to stabilize the cavity. To solve this 
problem high and low laser power will alternately be coupled into the cavity. During 
the high-power time period, the cavity is stabilized, while during the low power period, 
experimental data is gathered. After a period of stabilization, we have to wait until the 
number of photons in the cavity has dropped again to the desired level. Due to the large 
difference in power, this delay time is on the order of 20 to 30 cavity decay times ( ~ 15µs). 
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Figure 3.9: schematic representation of the 
PI-controller 

3.5 Stabilization of the high voltage source 

3.5.1 Theory 

In this section we describe the implementation of the first loop of the total stabilization 
scheme (loop 1 in Fig. 3. 7). The section that is relevant to this loop is repeated in Fig. 
3.8. This drawing is essentially the same as Fig. 2.6 except for the extra sealing factor 
k. This factor ensures that the error voltage is zero when the output has the correct 
value (exactly 15 times the input). This sealing factor has to be equal to one over the 
amplification factor of the voltage source (=1/15). We can calculate the suppression 
factor of the noise as in Section 2.5: 

v; Vn + GcGsource Vin 
OUT = ~~~~~~ 

1 + kGcGsource 1 + kGcGsource 
(3.24) 

with Gsource the gain function of the high voltage source and Ge the gain of the PI 
controller. One can see that for large feedback (large gain of the controller) the noise is 
suppressed, while the input is exactly amplified by a factor of 1/k=15. To be able to 
choose the maximal amplification of the controller the frequency response of the source 
will first have to be determined. 

In Figure 3.9 the basic circuit diagram is given fora PI controller. It is easy to calculate 
the frequency dependent gain of such an amplifier: 

(3.25) 

This means that for a DC signal the amplification is infinite. For higher frequencies 
the amplification decreases linearly with the frequency until the point where w = l/72 . 

After this, the amplification is constant and equal to R2 / R1 • Because there is a limit 
to the current the previous components can supply, the value of the first resistor (R1) is 
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Figure 3.10: measured frequency dependence of the amplification of the 
piezo voltage source (points) and the response of a second order system 
with resonance frequency 150kHz {line) 

fixed. The remaining resistor and the capacitor however are sufficient to change the time 
constant and the proportional amplification factor to the desired value. Note that the 
phase of the gain changes from -7r /2 to zero around w = 1/r2 . 

3.5.2 Characteristics 

The frequency response of the source is measured by simply applying a sinusoidal mod
ulation signal to the input of the source while measuring the output. The input will be 
amplified by a factor that is equal to the absolute value of the gain function and experi
ence a phase delay that is equal to the argument of the gain function. In this case we have 
only measured the amplification of the amplitude because this gives all the information 
we need: the value of the first time constant. 

Figure 3.10 shows the the measured amplification by the piezo driver as a function 
of the frequency of the input signal. The curves show the typical response of a damped 
second order system of which the general transfer function is given by: 

A 
G2nd d = -------

or er l + 2iÇ~ _ (~ )2 
. wo wo 

(3.26) 

In Figure 3.10 this curve is plotted as well with the best fit resonance frequency w0 /27r = 
150kHz, a damping factor Ç = 0.25 and the DC amplification factor A = 15. By comparing 
the measured gain with the theoretical curve of the second order system we can conclude 
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Figure 3.11: measured (points) and calculated (line) feedback gain of the 
closed feedback loop 

that the first time constant of the piezo driver is 1/(27rl50kHz) = l.lµs. The curve also 
shows that the maximal amplification factor is 28.1. 

3.5.3 Feedback 

Knowing the frequency response of the voltage source we can now set the parameters of 
the PI-controllers. The time constant 7 1 of the PI controller was taken 0.97 µs and the 
proportional amplification was taken 0.45, just below the amplification where the total 
loop gain would become unity (Ge = l/(kGmax)). To check how well the feedback is 
working the closed loop gain was measured. For this a sinusoidal modulation was added 
to the output of the voltage source (Vn in Figure 3.8). By measuring the amplitude of the 
added signal when the feedback loop is interrupted (Vapen) and when the feedback loop 
is complete (Vc1osed), one can determine the feedback amplification (Vc1osed/Vapen)· The 
results are given in Fig. 3.11. In this graph the theoretica! gain, calculated using Eqs. 
3.24, 3.25 and 3.26, is also drawn. 

The graph shows that fluctuations with a frequency up to 10 kHz are suppressed by 
the feedback loop. This suppression factor, however, is limited. For example, at 50 Hz, 
the noise is suppressed by a factor of 500. If the amplitude of the final noise can not be 
more than 10 µV, this means that the amplitude of the noise at the output of the voltage 
source, without feedback, can not be over 5 m V. The noise of the controller is amplified 
by a factor of 15 so this means that the unstabilized amplitude of the 50 Hz noise of the 
controller must not exceed 350 µV. This clearly requires a careful design of the electronic 
components. 
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The final implementation of the stabilization loop was clone by A. Kemper and cowork
ers. They highly reduced the noise of the power supply of the electronic components, 
shielded the entire setup for noise from the surroundings and made sure that no extra 
disturbances are created by differences in ground potential. The amplitude of the noise 
after the low pass filter is now ~ 6µV, which is well below the requirements. 
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Chapter 4 

Atomie beam preparation 

4.1 Introduction 

The goal of the QND experiment is to show the quantization of the electromagnetic 
field inside a cavity by measuring the diffraction pattern of an atomie beam of metastable 
helium by this field. A photon with wavenumber k has a momentum of lik. When this 
photon is absorbed by an atom, the atom obtains the photon's momentum. When the 
photon is emitted, the atom obtains a recoil momentum opposite to the momentum of 
the emitted photon. When an atom first absorbs a photon and then re-emits it in the 
direction the original photon carne, the total momentum change of the atom is 21îk. If, 
however, the photon is emitted in the opposite direction the net momentum transfer is 
zero. In the cavity all absorptions and stimulated emissions are in the direction of the 
cavity axis, so the total transverse momentum gain of the atom as it crosses the cavity 
is an integer multiple n of 21îk. The number n will be called the diffraction order. The 
feature we want to measnre is the number of atoms in each order of diffraction. 

We use a beam of metastable helium and a laser with a wavelength of 1083 nm which 
corresponds to the {ls2s }381 -+ {ls2p }3P2 transition. For this setting a momentum 
change of 21îk is equal to a transverse velocity change of 18 cm/s. In order to distinguish 
the different diffraction orders the transverse velocity spread has to be less than this 
velocity difference between two consecutive orders. We will demand a spread smaller than 
2 cm/s. Another requirement is that the interaction time of the atoms with the light in the 
cavity is long enough and the spread in this interaction time is minimal. This translates 
into the velocity requirements: v11 < 400 m/s and av11/v11 < 2 x 10-2 Meeting these 
requirements, while maintaining a sufficiently high beam flux (> 1 s-1

) requires a carefully 
prepared atom beam. In the past Knops and Koolen have constrncted a setup producing 
such a beam and have proven it to work (see [2], [3]). The total preparation setup 
constitutes of a source, four laser cooling sections, and two small collimating apertures. 

Because the specifications of the beam are so demanding and the preparation procedure 
so complicated, it is very easy to disrnpt the beam and very difficult to get the beam back 
to the desired specifications. The different sections of the beam preparation section were 
constrncted one at a time and it was possible to check the operation of such a section 
before continuing with the next section. Being careful the preceding sections were not 
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disrupted finally the beam was made with the desired specifications. 

Because one can not guarantee that nothing will break down and no mirrors will be 
displaced (in fact this has happened) it is necessary to find some guidelines that will 
simplify getting the beam back to working order. The goal of this chapter will therefore 
be to describe some of these guidelines and some of the alterations that were made to the 
setup to simplify the alignment. However, first a short description of the theory behind 
laser cooling will be given and a description of the various stages of the setup will be 
presented. 

4.2 Laser cooling theory 

Consider a two-level atom interacting with a single running laser wave. By absorbing a 
photon from the laser, the atom obtains the photon's momentum which is directed along 
the laser beam. By emitting the photon, the atom obtains an additional recoil, equal in 
size, but opposite in direction to the momentum of the re-emitted photon. Over many 
absorption/spontaneous emission cycles, the emission recoils average out to zero, while 
the absorption momenta add up to an average force 

(4.1) 
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Here kis the wavenumber of the photon (lkl = 27r / .X) and fne is the spontaneous emission 
rate, with r the decay rate of the excited state and ne the population of the excited state. 
For resonant excitation the excited state population is given by ne = s/(2(s + 1)) , with 
the on-resonance saturation parameter s given by s = I / 10 , in which I is the intensity of 
the light and 10 the saturation intensity which depends on the atomie transition involved. 
For off-resonant excitation one has to take into account the Lorentzian shaped profile of 
the transition. For a single running wave the radiation force then takes the form: 

ff = nfrs 
2(1 + s + [2Lie1Jlr]2) 

(4.2) 

Here, Lief! is the effective detuning from resonance, which has three terms: the laser 
detuning, LiL = WL - w0, a term due to the Dopplereffect, Lin = -k · v, and the Zeeman 
detuning in a magnetic field Li8 = -[1 · Ë /fi, where j1 is the magnetic moment of the 
atom: 

(4.3) 

If the laser is detuned from the atomie transition to a lower frequency and no magnetic 
field is present, the maximum of the absorption profile is shifted to atoms that have a 
velocity in opposite direction to the laser. Only these atoms will absorb the light and 
experience the radiation force. The radiation force will then slow these atoms down until 
the change in effective detuning has become too high and there is no more absorption. 
This way a force can be applied to a specific velocity group of atoms. This is used 
in laser cooling. The first laser cooling section is based on this principle, where two 
counterpropagating pairs of laser beams slow the transverse motion of the atom beam. 

A position dependence of the radiation force can be introduced by the magnetic field. 
By using a non-homogeneous field only atoms at a specific position and with a specific 
velocity experience the radiation force. This principle is used in the last three cooling 
sections. 

Because the direction of the spontaneously emitted photons is random, the momentum 
of the atom will also have a random component. Although the average of this effect over 
many atoms can be made arbitrarily small, the minimum momentum spread is limited to a 
finite value. The associated velocity spread is called the Doppler-velocity. For metastable 
helium atoms cooled on the {ls2s }381 -+ {ls2p }3P2 transition, this velocity is 0.28 m/s [3]. 

4.3 Overview of the setup 

In Figure 4.2 a schematic view is given of the setup that prepares the beam of metastable 
helium. In order to obtain an atomie beam with the required transverse and axial velocity 
spread, three parts of the setup are absolutely necessary: the source, the Zeeman slower 
and the two collimating apertures. The atoms that exit the source are slowed down in the 
Zeeman slower by a counter propagating laser beam while at the same time the spread 
in longitudinal velocity is reduced. The two apertures then select the atoms that have 
a transverse velocity that is small enough for the QND experiment. Without the other 
cooling sections, however, the flux of the atoms after the last aperture would only be 
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Figure 4.2: schematic view of the setup for the atom beam preparation 

20-detector 

about 10-4 Hz, which is much too low to gather statistical information. For this reason 
extra work has to be clone to increase the flux. 

In the final setup three extra laser cooling sections are added to increase the final flux 
of helium to well above 1 ç 1

. The first one is the collimator, which cools the transverse 
motion of the atoms directly after they leave the source. This way the divergence of the 
beam is highly reduced and the number of atoms that enter the Zeeman slower is increased. 
After the slower the diameter of the beam is reduced in a two stage compression section. 
The first stage, the magneto optica} lens (MOL), focusses the beam to the axis of the setup, 
while in the second stage the beam is further compressed and the transverse motion is 
cooled by the magneto optica} compressor (MOC). This way the number of atoms that 
passes the two apertures is highly increased giving a final intensity of about 250 s-1 . 

4.4 Lasers 

For the four laser cooling sections we use in total three lasers; the MOL and the MOC are 
powered by the same laser. All lasers are DBR diode lasers whose frequency is adjusted by 
changing the injection current. The bandwidth of the DBR lasers is around 3 MHz. The 
collimator laser and the laser of the MOL and the MOC are stabilized on the saturated 
absorption of a gas discharge cell. The error signal in this case is created by modulating the 
magnetic field in the gas cell and demodulating the detector signal with a loek-in amplifier. 
The modulation frequency is 1 kHz and thus only low frequency noise ( < < 1 kHz) can be 
suppressed. This is, however, sufficient for laser cooling. The detuning of these lasers can 
be adjusted up to 200 MHZ by adding a DC component to the magnetic field in the gas 
cells. The laser of the Zeeman slower needs a much higher detuning and thus needs an 
other stabilization scheme. The laser of the Zeeman slower is therefore heterodyned with 
the stabilized collimator laser. Beams from the two lasers are overlapped on a photodiode 
detector. The current from the detector then has a component with a frequency that 
is equal to the frequency difference between the two lasers. This beat frequency is then 
measured by a frequency counter with a computer interface. The computer calculates a 
correction current which is then applied to the laser through a DAC. This loop is very 
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slow ( ~ 1 HZ) and hence allows essentially only stabilization against drift of the laser 
frequency. The maximum detuning that can be reached by this loop is determined by the 
bandwidth of the frequency counter, which is about 1.2 GHz. 

4. 5 Detectors 

There are in total five metastable atom detectors of several different configurations built 
into the setup. The principle of operation, however, is the same for all. A metastable 
helium atom in the {ls2s}3S1 state carries 20 eV of internal energy, enabling the Auger 
emission of an electron upon impact on a metal surface with a typical workfunction of 
5 e V). Measuring the total number of electrons per second that is emitted, gives the 
impinging flux of helium atoms. 

The first two detectors in the setup are wire scanners positioned at 1.90 m behind 
the collimator (in the middle of the Zeeman slower), and 3.85 m behind the collimator 
(between the MOL and the MOC). Each of these scanners consists of two stainless steel 
wires of 0.1 mm diameter that are mounted on a single, computer controlled, linear trans
lator. The translator has a range of 50 mm and a resolution of 5µm. The wires are placed 
under right angles with respect to each other, allowing the simultaneous measurement of 
the beam profile in two dimensions. The current that is created in each wire is measured 
using electrometer opamps and digitized by an ADC. 

The next two detectors are two knife edge scanners which consists of ITO coated glass 
plate with a sharp edge. The two plates are placed directly after each other, behind the 
MOC (4.20 m behind the collimator). They both have a 60 µm wide slit, approximately 
1.4 mm from the knife edge. The first plate has a vertical slit and edge and can be moved 
in a horizontal direction. The second plate has a horizontal slit and edge and can be 
moved vertically. The combination of the two slits makes the first of the two collimating 
apertures. The position of both of the detectors can be measured and adjusted with a 
micrometer. This way the scanning range is 2.25 mm with a resolution of 5 µm. The 
current that is created in the plates can be measured by an elect rom eter. 

The last and most important detector is a 2D detector which will be used for the 
actual experiments. It is positioned at the end of the setup, 8 m from the collimator. 
The detector consists of a three layer multichannel plate (MCP) and a resistive anode 
(see Fig. 4.3). An MCP consists of a two dimensional array of small diameter (~ 15 µm) 
glass capillaries. The inside wall of each channel is coated with a resistive layer. Over the 
length of the channels a voltage is applied. The impact of a metastable atom somewhere 
in the front end of the channels produces secondary electrons, which are accelerated by 
the electric field. During subsequent collisions with the channel walls more electrons 
are produced. As a result, a large number of electrons are released from the output 
side of the MCP: each channel farms an independent electron multiplier. The cloud of 
electrons produced by the MCP next strikes the resistive anode. The electric charge pulse 
flows through the uniform resistive layer of the anode and is collected by four electrodes 
connected to the corners. From the relative amount of electric charge collected by each of 
the four electrodes the position of the electron cloud and thus the position of the incoming 
atom on the MCP can be calculated. 
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Figure 4.4: front view of the resistive anode 

The electric currents at the four corners are amplified and digitized by four 12 bit 
ADC's. A trigger pulse for these ADC's is generated when the four amplifiers give a pulse 
simultaneously and the total charge of the four pulses exceeds some minimum value. When 
the ADC's are triggered, the 12 bit value of the current is stored together with the value 
of a 8 bit counter. A total memory of 4 MB makes the maximum number of measurement 
per cycle 520000. The doek and chop (which sets the counter to zero) pulse of the counter 
are generated externally and can be changed. This way time resolved measurements can 
be clone and the timescale can be optimized to the experiment. 

4.6 Source 

The beam of metastable helium atoms is produced by a discharge excited supersonic 
source. The helium atoms are partially excited (fraction :::::::: 10-4 ) to the metastable 
{ls2s }381 state by collisions with electrons in the DC discharge. 

The source is cooled with liquid nitrogen to reduce the longitudinal velocity of the 
atoms. The effective source temperature is 150-200 K. The gas expands through a 0.1 
mm diameter nozzle and a skimmer (1 mm diameter). Typical operating conditions of 
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Figure 4.7: beam flux through the skimmer versus 
the vertical position of the nozzle 

the source are a source pressure of 40 mbar and 5 mA discharge current at a voltage of 
760 v. 

The source can be tilted over a pivot, approximately 33 cm behind the nozzle. The 
angle can be adjusted by a micrometer which is positioned 16 cm behind this pivot. The 
dependence of the flux of helium atoms to the position of these micrometers is shown in 
Fig. 4.6 and 4.7. The width of the curves is relatively large, so the position of the nozzle 
can easily be set to the position with maximum intensity of helium atoms. 

4. 7 Collimator 

The first laser cooling section is used to collimate the atom beam. lts main purpose is to 
maximize the intensity of the beam by decreasing it's divergence. The collimator works 
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Figure 4.8: effect of the collimation of the atom beam as measured by the 
first wirescanner 

on the principle of the radiation force as described in Section 4.2. Two orthogonal pairs 
of counterpropagating laser beams are created by circulating one laser beam with three 
mirrors. When the laser is detuned to a lower frequency the atoms are cooled to zero 
transverse velocity. 

The only parameters of the collimator that can be adjusted are those connected with 
the incoming laser beam. There is no magnetic field and the saturation parameter s is well 
above unity, so the polarization of the light is not important. This leaves the detuning 
and geometrical properties of the beam. The dimensions of the beam are: 2wx = 192 
mm and 2wy = 6 mm chosen to correspond with the dimensions of the window of the 
vacuum chamber. The beam i~ aligned in such a way that the incoming and reflected beam 
overlap. The detuning has to be optimized regularly, as the optimum value depends on 
the stability of the laser. This is easily done by changing the DC magnetic field in the 
gas cell to which the laser is locked. The criterion for adjusting the detuning is obtaining 
a maximum flux as measured by the first ITO plate, positioned to intercept the centra! 
point of the beam. Fig. 4.8 shows the spatial distribution of the beam with and without 
the collimator, measured with the first wire scanner. 

4.8 Zeeman slower 

4.8.1 Theory 

The Zeeman slower uses the radiation force with a single counter-running laser beam in 
an inhomogeneous magnetic field (Eq. 4.2). In order to stay resonant during the whole 
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slowing process, the resonance condition D..B + D..n + D..r, = 0 has to be fulfilled. In the 
Zeeman slower circularly polarized a+ -light is used. The atoms are thus pumped to the 
lm9 = +1) +-t lme = +2) sublevel system. In this case the resonance condition gives: 

kv11(z) = -D..L + µ: B(z), (4.4) 

with z the axial coordinate. As the laser detuning is constant, the change in the effective 
detuning due to the change in velocity has to be compensated by the magnetic field. In 
order to have a constant deceleration, the magnitude of the magnetic field B(z) has to 
follow: 

(4.5) 

where B 1 is the magnetic field at z = 0 and B2 is the magnetic field at the exit of the 
Zeeman slower. 1 is the length of the Zeeman slower. The maximum initial velocity that 
is captured (v1 ) and the final velocity (v2 ) of the atoms are given by: 

(4.6) 

In our setup, we create the required magnetic field with two solenoids, producing 
fields in opposite direction. The dependence of the maximum field strength to the electric 
current that goes through the solenoids is: 1.06 x 10-2 T / A for the first solenoid and 
1.53 x 10-2 T / A for the second solenoid. Typically the current through is 3.0 A through 
the first solenoid and -2.35 A for the second. The typical laser detuning is -740 MHz, 
which means that under these conditions, the capture velocity is 1300 m/s and the final 
velocity is 250 m/s. The total length of the Zeeman slower is 3 m and the first solenoid 
is 1. 7 m long. 

During the slowing process the atom goes through a large number of absorption
emission cycles. Although the average transverse velocity of the atoms remains zero, the 
spread increases. The change in velocity due to absorption or emission of a photon is 
called the recoil velocity Vrecoil = lïk/M. To slow the atoms down from v1 to v2 the atom 
thus undergoes N = (v1 - v2 )/vrecoil absorption-emission cycles. The direction in which 
the photon is emitted is random, so the atom experiences a random walk in transverse 
velocity space. The average of the amplitude of the transverse velocity, avj_, is then equal 
to 2/3 x VNvrecoil, where the factor 2/3 is caused by the projection to the x-y plane. The 
divergence of the beam is equal to avj_/v2, which is 27 mrad for v2=250 m/s. 

4.8.2 Time of flight measurements 

As explained above, the Zeeman slower reduces the longitudinal velocity of the atoms. In 
a continuously running beam, however, a change in forward velocity is very difficult to 
measure. An indication of the reduction is the increase in divergence of the beam, which 
is caused by both the reduction of the forward velocity and the increase in transverse 
velocity. A decrease in flux, as measured by one of the total flux detectors, could then 
be interpreted as a proof that the slower operates correctly. There are, however, other 
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ways to decrease the flux on these detectors. Also, there is no way of verifying the final 
velocity of the atoms from this kind of measurement. 

Amore direct way of measuring the velocity distribution is by absorption spectroscopy 
(see [3]). Light of a laser beam that crosses the atom beam is only absorbed when the 
Doppler-shift by the velocity of the atoms is cancelled by the laser detuning. When 
the laser beam crosses the atom beam under a certain angle, the velocity distribution 
in both the longitudinal and the transverse direction can be determined by scanning 
the absorption of the light with the laser frequency. This was clone by Koolen using a 
temporary modification to the setup. To use this technique for regular realignments of 
the slower we need an extra laser and an extra vacuum section has to be added to our 
setup. Therefore we have chosen a different method. 

We will determine the longitudinal velocity of the atom beam by time of flight (TOF) 
measurements. The time it takes for an atom to cross a certain distance depends on its 
velocity. When a short pulse of atoms is inserted, the time dependence of the intensity 
at the end of the distance is a direct measure of the longitudinal velocity distribution. In 
our setup there are several ways of producing a pulse of atoms. For the measurements, 
we chose to chop the collimating laser beam. As the divergence of the beam is highly 
reduced by the collimator, the intensity of atoms that fall on the area of the 2D detector 
is increased. The contrast on the 2D detector that is achieved in this way is typically 
high/ I10w ~ 20. The distance between the collimator and the 2D detector is approximately 
equal to the total length of the setup and thus gives the best velocity resolution, compared 
to other possibilities of producing the pulse. The collimator, however, is situated before 
the Zeeman slower. This means that the relation between flight time and the velocity is 
more complicated than in a measurement where the atoms have a free flight between the 
chopper and the detector. 

When the laser beam is only coupled into the collimation section for a short period 
of time, a short pulse of atoms can be created. The laser beam is chopped with a blade 
that has an opening of 0.25 rad. and is rotated with a frequency of 30 Hz. This way a 
pulse is created of 1.2 ms. The time dependence is measured of the flux of atoms on the 
2D detector. The timer of the detector is reset by a reference signal from the chopper, at 
the low to high transition of the intensity of the transmitted laser light. 

First, the velocity distribution that the atoms have when they leave the source, was 
measured. All lasers, except the collimating laser, were turned off. The intensity on the 
2D detector is a convolution of the intensity of the beam at entrance and the probability 
function of the time of flight. The true velocity distribution of the atoms is then deter
mined by deconvoluting the intensity signal. A good approximation, however, is made 
when the source is modelled as a delta peak in the middle of the collimating period. The 
time of flight then has to be corrected by half this period (=0.6 ms). Fig. 4.9 shows the 
preliminary results in the term of an uncorrected flight time distribution plotted as a func
tion of v = l/t, together with a simple Gaussian fit of the data. The center velocity of the 
fit is 1230 m/s and the FWHM is 490 m/s. This analysis has to be improved by platting 
the velocity distribution in which the plotted curve is corrected by a factor at/ av = l / v2

' 

and fitting with a supersonic velocity distribution. The values of the preliminary analysis, 
however, will not be far from the final result. 
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Figure 4.9: time of flight distribution plotted as a function of v = l/t, 
together with a Gaussian fit 

Next, the influence of the laser detuning and the magnetic field on the final velocity of 
the atoms was measured. The Zeeman slower was turned on and the on the 2D detector 
was measured in the same way as before. In Figure 4.10 some examples of the intensity 
signal on the 2D detector is given for some different parameters of the Zeeman slower. 

In the Zeeman slower, the atoms are slowed from v1 to v2 . This means that the velocity 
of the atoms is not constant. For the calculations, we will assume that the average velocity 
of the atoms inside the Zeeman slower is equal to ( v1 + v2) /2. The flight time t of the 
atoms through the entire setup is then given by: 

(4.7) 

with l1 the length of the Zeeman slower and l2 the length of the section between Zeeman 
slower and 2D detector. The final velocity as a function of the flight time is then: 

(4.8) 

Because of the finite width of the initial velocity distribution, not all atoms become 
resonant with the light at the same time. This means that atoms that have the same 
final velocity still arrive at the 2D detector at a different moment. This time difference 
is maximal when settings of the Zeeman slower are such that the fast atoms are resonant 
at the beginning and the final velocity of the slower is equal to the velocity of the slowest 
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Figure 4.10: some intensity signals on the 20 detector with different settings 
for the Zeeman slower 

atoms. The time difference is then 

2l1 l1 
D.t = ----- - --

Vjast + Vslow v.~low 

2 x 3m 

(1300 + 900)m/s 

3m 

/ 
= 0.6ms 

900m s 
(4.9) 

This is the maximal time difference, that is only acquired for a high final velocity and for 
a few atoms in the slow part of the initia! velocity distribution. We will therefore neglect 
this effect. 

The final velocity v2 was measured for different values of the currents through the 
solenoids and different values of the laser detuning. In Fig. 4.11 velocity that corresponds 
to the maximum in flux of slowed atoms is given as a function of the current through the 
Zeeman solenoids for different values of the laser detuning D.L. The most striking feature 
of the plot is that the final velocity of the slowed atoms increases with the magnetic field, 
for all values of the detuning, while the final velocity of the Zeeman slower, v2 , decreases 
with the current through the solenoids. It is clear that the atoms are slowed down, the 
actual value of the final velocity, however, does not correspond to the theory. A possible 
explanation is that the atoms somehow lose resonance during the slowing process. As the 
magnetic field decreases continuously, the atoms that lose resonance will not regain it. 
These atoms then keep the final velocity they had when the resonance was lost. To check 
for this possibility the position in the Zeeman slower was calculated, where the magnetic 
field corresponds to the measured final velocity. This is given in Fig. 4.12. The figure 
shows, that for all measurements, resonance is lost in the first half of the second solenoid. 
There are several possible explanations for this. There could be a stray magnetic field in 
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Figure 4.11: The final velocity of the Zeeman slower versus the current 
through the Zeeman solenoids for different values of the laser detuning 

the middle of the Zeeman slower, where the magnetic field from the solenoids is zero. The 
magnetic field inside the second solenoid could be different from what is calculated from 
the current. And another explanation is that the intensity of the light is too low. The 
laser beam is focussed onto the skimmer to match the divergence of the atom beam. This 
means that the intensity of the light decreases with the distance in the slower. This way 
the intensity could be just enough in the first section, but too low in the second. These 
hypotheses will have to be checked by further measurements. 

Although the final velocity of the atoms does not correspond to the theory, it is possible 
that the capture velocity of the Zeeman slower does. To check this, the intensity of the fast 
atoms was measured as a function of the laser detuning. At a capture velocity of 1300 m/s 
the current supply is (almost) at its maximum, soit is not possible to (easily) increase the 
capture velocity by increasing the magnetic field. Directly measuring the capture velocity 
by measuring the flight time of the atoms that are not cooled, is very inaccurate. The 
difference in travel time between atoms at 1300 m/s and atoms at 1400 m/s is only 0.4 ms, 
which is below the accuracy of our measurements. The capture velocity of the Zeeman 
slower was therefore determined from the total flux of atoms that are not slowed. We saw 
that all atoms that are not slowed arrive at the detector at approximately the same time. 
The height of the peak that corresponds to these fast atoms is then a measure for the 
number of atoms that is not captured. When the capture velocity is high, more atoms will 
be slowed and the fast peak will be lower. The results of these measurements are given 
in Fig. 4.13. In this graph the height of the peak, that corresponds to the fast atoms, is 
divided by the height of the background intensity and plotted versus the laser detuning. 
The height can also be calculated using the measured initia! velocity distribution P(v) 
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Figure 4.12: position in the Zeeman slower, where the magnetic field corre
sponds to the measured final velocity as a function of the current through 
the solenoids for different values of the laser detuning 

and the theoretica! dependence of the capture velocity to the detuning: 

Vcapture 

!Jast= Io f 1 - P(v)dv 
0 

(4.10) 

The results of this calculation is also plotted in Figure 4.13. The graph shows that the 
measurements agree well with the theory. At low detuning the capture velocity is toa low 
and no atoms are slowed. The fraction I Jast/ 10 is then equal to the chopping efficiency, 
while at high detuning the capture velocity is high, and all atoms are slowed down. 

4.9 Two-stage atomie beam compression 

4.9.1 Theory 

The Zeeman slower praduces a rather braad (30 mm diameter) and divergent (27 mrad) 
atomie beam, resulting in a low beam intensity. To increase the intensity, two laser cooling 
sections are added. Each of these sections consists of a 2 dimensional MOT, operating in 
different regimes. The first stage, the Magneto-Optical Lens (MOL), captures the braad 

52 



18 

• 16 

14 

12 

10 

0 • 
:::::::: 8 (ij 

-~ 
6 

• 
4 

2 

0 
500 600 700 800 900 1000 1100 

~L (MHz) 

Figure 4.13: measured (points) and calculated (line) intensity of fast atoms 
at the 2D detector relative to the background intensity 

atomie beam and focusses the atoms into the capture area of the second section, the 
Magneto-Optical Compressor (MOC). Here, the atoms are funnelled into a narrow and 
collimated atomie beam. 

Both sections use the spontaneous radiation force, where the position dependence 
is produced by a two-dimensional quadrupole magnetic field, which creates a constant 
magnetic field gradient near the beam axis. The quadrupole field is produced in both the 
MOL and the MOC by four permanent magnets mounted on the outside of the vacuum 
vessel. In each trapping dimension a molasses is formed by two counterpropagating a+ 
and a- polarized laser beams. For a simple atom that is excited on a J = 0 -t J = 1 
transition, the radiation force that is exerted by the a± laser beams is 

F (x v ) _ ± nkfs 
± ' x - 2(1 + s + 2~±/r2)' 

(4.11) 

µB8B 
~± = ~L + kvx + T ax x (4.12) 

This force is thus both velocity and position dependent. In the setup with two coun
terpropagating beams, there exists an equilibrium velocity Vx,eq = -(µ 8 /1ïk)(8B/8x)x 
directed towards the beam axis, for which the two farces are balanced. 

In the MOL, the magnetic field gradient is small, giving a large capture area. The 
interaction .in the MOL is weak, so the atoms are cooled to the equilibrium velocity Vx,eq, 

53 



while their transverse position hardly changes. Because Vx,eq increases linearly with the 
distance x from the axis, the atoms are focussed to the z-axis of the magnetic field. 

In the MOC, the magnetic field gradient is much higher, which results in a small 
capture area (~ 6 mm diameter). For this, the MOC is placed at the focal length of the 
MOL, where the diameter of the atomie beam is minimal. In the MOC, the diameter of 
the beam is further reduced, and the transverse motion of the atoms is cooled. Finally, 
at the end of the MOC, the beam of slow (250 m/s) atoms has a diameter of 0.28 mm 
FWHM and a transverse velocity of av=l.10 m/s (as measured by Koolen [3]). 

4.9.2 Sensitivity 

Experimentally, it has been found that it is very difficult to correctly align the MOL-MOC 
combination to get a high flux of slow atoms through the two collimating apertures onto 
the 2D detector. We will therefore try to determine the sensitivity of some parameters 
and see if the alignment can be made easier. 

For both sections, the most important property is the alignment of the axis of the 
magnetic field, for this determines the direction of the atom beam after cooling. It is 
thus necessary that this axis can be aligned accurately enough to ensure that all entering 
atoms are caught and that all exiting atoms are directed towards the following section. 
The alignment of the entrance of the MOL should be no problem, as both the diameter 
of the incoming beam and the capture radius of the MOL are very large (~ 15 mm). The 
coupling between the MOL and the MOC is more sensitive, as the MOC is positioned at 
the focal point of the MOL, where the atomie beam radius is minimal ( < 5 mm). The 
focal length of the MOL is 0.54 m, which means that the axis of the magnetic field has to 
be positioned correctly to within 8 mrad. The magnets of the MOL are positioned 0.13 
m off axis, so their position along the axis has to be correct to within 1 mm. 

For the MOC, similar demands apply: the entrance has to coincide with the focal 
point of the MOL and the exiting beam has to be directed to pass the two collimating 
apertures and hit the 2D detector. The second aperture is a pinhole with a diameter of 
25 µm, positioned at 2 m downstream of the MOC. To direct the atom beam through 
this pinhole, the direction of the magnetic axis has to be correct to within the beam's 
divergence {4 mrad). The MOC magnets are also positioned approximately 0.13 mm off 
axis, so the position along the axis has to be correct to within 0.6 mm. 

Although both of the collimating apertures can be moved, their range is limited. The 
first opening has a diameter of 60 µmand is positioned directly behind the MOC. If the 
atom beam is to be directed through this hole, the center of the MOC has to correspond 
with the position of the aperture. The compressed beam has a diameter of 0.28 mm, so 
the transverse position of the MOC has to be accurate to within this diameter. 

In the existing setup, the alignment of the permanent magnets with respect to the 
vacuum vessel was tedious and fully irreproducible. Therefore, a construction has been 
designed and implemented that makes reproducible alignment of the MOC magnets to 
within the required accuracy possible. An impression of this construction is given in Fig. 
4.14. The four magnets are attached toa PVC black. This black rests on the tips of two 
micrometer screws. One of the tips rests in a groove, while the other tip stands on a flat 
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Figure 4.14: artist's impression of the new suspension of the MOC magnets 

surface. This way the magnets can rotate freely in the horizontal plane, while the position 
in the transverse plane is fixed. Both the plate with groove and the fiat plate are mounted 
on a linear translator that can be moved horizontally with a micrometer screw. These 
three micrometer screws allow the positioning of the middle of the magnetic field in the 
transverse plane. The two translators are attached to an aluminum block, that is attached 
toa vacuum fiange. The angle of the magnets can be adjusted by three other micrometers 
that are mounted in the aluminum block. The micrometer screws are positioned in three 
corners, so the magnets can be rotated over a horizontal and a vertical axis with the two 
micrometers in opposite corners. The third micrometer serves as a pivot, but can also be 
used to move the center of the magnets along the axis of the setup. 

4.10 Collimating apertures 

The last part of the beam setup is formed by two small apertures that are placed 2 m 
apart. Although this section is very passive and there are not much parameters that can 
be changed, it has to be checked that it is possible for the atoms to pass the two apertures. 
In Fig. 4.15 and 4.16 a scan is shown of the intensity of the atom beam as measured by 
the 2D detector, as a function of the position of the two knife edge plates that make up 
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Figure 4.15: flux on the 20 detector as a function 
of the vertical position of the horizontal slit 
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Figure 4.16: flux on the 20 detector as a function 
of the horizontal position of the vertical slit 

the first aperture. In the scans all laser cooling sections were turned off and the plate that 
was not scanned was removed. In the graphs, the position where the flux on the detector 
exceeds 150 Hz corresponds to the position where the plate is removed so far, that the 
atom beam is no longer blocked. There is also a smaller peak in both plots (at 11 mm for 
the horizontal slit and 10 mm for the vertical slit). This peak corresponds to the position 
where the slit is in line with the atomie beam. Fig. 4.15 shows that the horizontal slit 
can be moved over the entire beam with a minimum margin of 0.5 mm on both sides. 
The vertical plate, however, is not aligned as well. Only at the maximum of the scanning 
range can the beam be seen through the slit. This means that there is no margin for the 
horizontal position of the MOC magnets. The alignment of the vertical plate will thus 
have to be improved in the near future. 

4.11 Discussion 

It is clear that there are still some issues that have to be resolved before the complete setup 
is working again according to the specifications. The first problem is that the Zeeman 
slower does not slow the atoms down to the correct velocity. lf necessary, the time of 
flight setup can be changed to use the MOC as chopper of the atom beam. When the the 
magnetic field of the MOC is misaligned, the atoms are cooled to the wrong axis and will 
not pass the second collimating aperture. By shortly interrupting the laser beam of the 
MOC, a pulse of atoms can be created that do arrive at the 2D detector. This method of 
chopping has two advantages: firstly, the chopping efficiency is higher than chopping with 
the collimator and secondly, the velocity of the atoms does not change between the MOC 
and the detector, giving a more direct relation between the time of flight distribution 
and the velocity distribution. The spread of the slow atoms over arrival time is reduced, 
which makes them easier to detect. The problem is that the distance between the chopper 
and the detector is halved and so is the velocity accuracy. For slow atoms, however, the 

56 



accuracy is still sufficient. 
The operation of the MOL and the MOC is dependent on the interaction time and 

thus the longitudinal velocity of the atoms. This means that their properties can not be 
checked until the atoms are sufficiently slowed. With the new suspension of the MOC 
magnets, it is now possible to systematically scan it's dependence on the alignment of 
the magnets. Even with the new construction it will be difficult to immediately get the 
slow and collimated beam through the second pinhole. By making a scan with the first 
two knife edge plates, it is, however, possible to get an idea of the position of the beam. 
The compressed beam is much smaller than the width of the thermal (uncompressed) 
beam, which is determined by the size of the opening in the Zeeman mirror (1 mm). The 
position of the compressed beam can be determined by scanning both plates and then 
measuring where the intensity on these plates increases faster than with only the thermal 
beam. 

If it turns out the alignment of the atom still is very difficult and irreproducible, it is 
possible to improve the suspension of the MOL magnets, according to the same line as the 
suspension of the MOC magnets. The present construction does not allow the magnets 
to be moved systematically, as they are mounted on a frame, which has to be clamped 
in the right position. As we saw, the alignment of the magnetic axis of the MOL is quite 
critical, so a new construction might simplify the alignment a lot. Another possibility for 
simplifying the alignment is by placing an extra position sensitive detector just in front 
of the second pinhole. When this detector has a hole in it's center, the setup would not 
suffer from it's presence, while at the same time it becomes possible to follow the position 
of the atom beam over a larger area, thereby reducing the need for 'blind' trial and error 
alignment. 
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Appendix A 

Technology Assessment 

In the QND experiment a well defined beam of metastable helium atoms is diffracted by 
the electromagnetic field inside a cavity. The goal of the project is to show the existence 
of the quantization of this field by studying the diffraction pattern of the atoms. The 
most important result of the experiment will therefore be a better understanding of the 
nature of the light field in the cavity and a better understanding of the interaction of this 
field with the atoms. However, in the future other applications of the setup are possible. 

When the atoms have interacted with the light field, the states of the atoms and the 
light field are highly entangled. lt is then possible to determine the state of the light 
field by doing measurements on the diffracted atomie beam. For example, the number of 
photons inside the cavity can be determined from the angle under which the atom beam 
is diffracted. In the context of quantum computing the number of photons inside the 
cavity can be used as a qubit and the diffraction experiment a way to read the value of 
this qubit. 

A logical quantum gate can be created by adding a second cavity to the setup and 
overlapping two atom beams that have interacted with the two different light fields. The 
intensity of the sum of the atom beams depends on the phase difference between the two 
individual beams. The phase of each atom beam depends on the number of photons in 
the cavity and thus the intensity of the sum beam (output) depends on the number of 
photons in each of the two cavities (input). This way, a quantum mechanical equivalent 
of a logical gate is created, which is an essential ingredient for quantum computing. 
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