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Abstract 
The goal of this project is to investigate the longitudinal velocity distribution and the transverse 
spatial distribution of a Rubidium atom beam originating from a Knudsen cell. The cell is part of 
the setup of a new type of ion source, the Atomic Beam Laser-cooled Ion Source (ABLIS) at the 
Coherence and Quantum Technology (CQT) group at the University of Technology Eindhoven. 
The distributions are investigated by studying the Laser-Induced Fluorescence generated by the 
atoms when exposed to laser light. When investigating the longitudinal velocity distribution the 
laser is placed under an angle with respect to the atom beam in order to enable Doppler shifts 
of the laser frequency. The transverse density distribution is investigated by scanning through 
the atom beam vertically with the laser beam. The laser beam was controlled by a Picomotor 
mirror for which a control program was written. 
 
The fluorescence spectra of all the particles exiting the tube found are about 2 to 3 times wider 
than the calculated results. This is the result of the assumption that the particles only have a 
longitudinal velocity component when in reality also transverse velocity components are 
possible. However, the maxima of the distribution found did occur at the detuning expected 
from the calculated results. The calculated result peaks at a detuning          MHz for a 
source temperature of 333K and at          MHz of a temperature of 353 K. The 
measured results peak at a detuning         MHz for a temperature of 333K and at 
       MHz for a temperature of 353K.  When selecting only particles in the LIF image with 
primarily only a longitudinal velocity component the measured distribution matches better with 
the calculated results and this indicates that the longitudinal velocity distribution is given by the 
Maxwell-Boltzmann distribution. 
 
A transverse spatial distribution has been determined. The distribution found showed similar 
characteristic as the calculated results; at the center of the atom beam the most fluorescence 
was measured and toward the edge of the atom beam the fluorescence decreased. The 
distribution found matched overall well with the calculated result using a beam diameter of 
    3.5 mm. Where the shapes do not match is at the bottom part of the distribution; here 
the measured result is wider than the calculated result. The reason for this might be due to the 
fact the atom beam diverges and possibly spreads out unevenly.  
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1 Introduction 
Large parts of today’s world are unthinkable without the microprocessor technologies currently 
at hand. The small scale and design of these devices make it so that they are found in lots of 
different applications, being it in computer, cars or cell phones. In order to improve the 
performance and production of these micro-devices, better techniques have to be found to 
investigate and control the nanometer structures inside these devices. 
 
Currently common techniques to investigate small scale structures are conventional optical 
microscopy and scanning electron microscopy (SEM). SEM uses a focused electron beam to 
scan a surface and obtains information about this surface by investigating the reflected 
electrons. This technique is similar to optical microscopy, where the reflected light is 
investigated. These techniques however are not quite sufficient to overcome the requirements 
to fully investigate the problems the industry faces.  The resolution achieved with optical 
microscopy is limited by the wavelength of the light used and the current nanometer scales 
structures are already well beyond this limit. Using shorter wavelength does improve 
resolution, but most materials are transparent for such high photon energies.  
 
Using SEM a far better resolution can be achieved as the (the Broglie) wavelength of electrons 
is much smaller than that of photons. By scanning the surface of a structure with a focused 
electron beam an accurate insight can be obtained about the composition of the surface of the 
structure. However information about the subsurface composition is harder to obtain using 
electrons as it is harder to sputter a surface with the use of electrons [1]. However, ions have a 
much higher mass than electrons and can strike the surface with much greater force. With the 
use of a focused ion beam (FIB) information can be obtained about the subsurface composition 
of structures, as well as information about the surface of the structure. Furthermore, because 
of the larger mass and size of ions, they have a lower penetration depth and can be used to 
deposit materials on the surface, making a FIB an excellent tool in the nano-device industry. 
 
Current state-of-the-art ion sources used in FIB applications are Liquid Metal Ion Sources 
(LMIS). The LMIS is based on a needle tip which is connected to a liquid metal reservoir. A 
commonly used metal is gallium. By applying an electric field, the liquid metal forms a small 
cone-shaped droplet at the tip. Here atoms are extracted from the liquid and ionized due to 
field ionization. The resulting ion beam can then be used for FIB purposes [2]. 
  
A newer and possibly better performing ion source currently researched at the TU/e is the 
Atomic Beam Laser-cooled Ion Source (ABLIS) [3]. This source uses a Knudsen cell to form an 
atomic beam which is transversally cooled and compressed using magneto-optical forces. The 
force to cool the beam uses features of the Doppler effect [4] and a magnetic field is used to 
compress the beam using the Zeeman shift [5].  After compression and cooling the beam is 
ionized, leaving a beam to be used in FIB applications. Advantages of ABLIS are a high 
brightness ion source with a small spot size and energy spread and a wide variety of atoms to 
be used [5]. 
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This report 

The goal of this report and project is to investigate the characteristic of the atomic Rubidium 
beam originating from the Knudsen cell used in the ABLIS by investigating the Laser Induced 
Fluorescence (LIF) of the rubidium atoms. Characteristics of interest are the longitudinal 
velocity distribution and the transverse density distribution. The transverse spatial distribution 
will be scanned using a remote controlled motorized mirror. 
 
In this report the interaction of laser light with the atoms will be discussed first and the 
expected fluorescence will be investigated for the system used. Next the experimental setup 
will be described in order to obtain the information needed from the LIF. The results found will 
be given in the fourth chapter of the report and finally the results are assessed and conclusions 
will be formed. 
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2 Laser-Induced fluorescence 
An important tool in investigating and understanding the characteristics and behavior of the 
rubidium atomic beam originating from the Knudsen cell is to look at the Laser-Induced 
Fluorescence (LIF). This fluorescence is created when, as the name suggest, the atoms are 
exposed to laser light. Some theory about this interaction will be given below. A deeper and 
more complete explanation about the physics involved can be found in Atomic Physics by C. J. 
Foot (Ref. [4]). 
 

2.1 Interaction of laser light with atoms 

In order to describe the interaction with laser light a simplified two-level atom model is used, 
see Figure 1. In this model the atom is described as an atom having a single transition between 
two energy levels. One is the ground state, having the lowest energy, and the other being an 
excited state, having the highest energy. This neglects any other transitions the atoms may 
have, but when investigating the system close to resonance of one transition, only (hyper) fine 
structures can have a notable effect. 

 
Figure 1 A schematic representation of a two-level atom. Under influence of the laser light an electron from the ground state 
can be exited to the upper state by capturing a laser photon. When the electron returns to the ground state in will do so with 
the emission of a fluorescence photon. 

 
By exposing the system to laser light part of the electrons in the ground state will be excited to 
the upper state. By applying time-dependent perturbation theory on the two-level atom one 
can derive an equation for the steady-state population fraction,    , of the excited state. This 
population fraction is given by [4] 

    
    

            
 ,     (1) 

 
with    the Rabi frequency,        the detuning of the laser light frequency ( ) from the 
atomic resonance frequency (  ) and   the natural linewidth of the atom transition. 
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Next a ratio between the laser intensity    and saturation intensity    can be found and is as 
follows [4]: 

  
 

  
 

   

  
.           (2) 

Here,    is the saturation parameter. Combining equation 1 and 2 gives: 

    
 

       
  

 
 
 
  

.       (3) 

2.2 Doppler shift of the laser light 

During exposure of the atoms to laser light the atoms will have a certain velocity. Because of 
this velocity the perceived frequency of the laser light by the atoms will be slightly shifted 
depending on the angle   between the laser beam and atom velocity  . This Doppler shift is 
given by [4]: 

                  .     (4) 
Where         is the wave number and   the wave vector of the laser light. The sign is 
determined if the atom is co-propagating or counter-propagating in respect to the laser beam. 
 

2.3 Fluorescence 

The population of electrons in the excited state will only remain there for a short period of 
time. After this they will fall back to the ground state and emit a photon during the process. The 
rate        of this so-called scattering process is obtained by multiplying the population fraction 
with the natural linewidth [4]. Taking into account the Doppler shift from equation 4, the follow 
equation can be derived: 

       
 

 

 

      
          

 
 
 .               (5) 

2.4 Rubidium 

During the experiments rubidium is used. Rubidium is an alkali metal with a melting point of 
312.5 K. Due to this low melting point high flux rates can be achieved with relatively low 
temperatures [5]. In nature rubidium is found as rubidium-85 and rubidium-87 in a 72.17 to 
27.83 ratio [6]. The transition that will be considered is one of the rubidium-85 transitions. This 
transition is between the        state and the        state. A detailed image about this 

transition together with the hyperfine structure can be found in the appendix.  
This transition has a corresponding wavelength of 780.24 nm [6]. Other relevant data about the 
rubidium atom can be found in Table 1. 
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Table 1 Constants of the rubidium-85 atom.[6][7] 

Parameter [unit] 85Rb 
       84.91 

           5.98 
          16.4 
                
               

 

2.5 Knudsen cell 

As mentioned in the introduction the rubidium atom beam will be originating from a Knudsen 
cell, which is simply put a small effusive oven where rubidium vapor is formed and lead into 
vacuum chamber through a collimating tube. An analytic model of a similar Knudsen cell, which 
uses two apertures instead of a collimating tube to form an atom beam, has been described in 
the thesis of R.P.M.J.W. Notermans [5] and relevant results will be summarized below. 
 

Flux 

The flux originating from a Knudsen cell with opening angle   and aperture size S can, in the 
paraxial approach, be given by [5]: 

  
 

 
       

 .      (6) 

With           the particle density at the source,                 the average velocity 

of a gas in thermal equilibrium in the Knudsen cell;    is the source temperature,    
Boltzmann’s constant and m the mass of the atom. The pressure p is given by 
                , with    and    atomic constants given in Table 1. 

 

Longitudinal velocity distribution 

Because the Knudsen cell is assumed to be in thermal equilibrium when in use and the mean 
free path is longer than the orifice size [5], the longitudinal velocity distribution can be 
described by a normalized Maxwell-Boltzmann distribution: 

          
 

 
 
  
 

  
       

 

 
 
  

  
 
 
 .          (7) 

Here    represents the longitudinal velocity and            the thermal velocity of the 

atoms. 
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2.6 Expected Fluorescence 

With the theory given above one can now calculate the expected fluorescence depending on 
the detuning of the laser for a situation of a crossing atom beam and laser beam. Such a 
situation is given in Figure 2. Here the laser, with a width of        , makes an angle   with the 
atom beam and is counter-propagating. 

 
Figure 2 An example situation for a crossing laser and atom beam. 

The particles in the atom beam only spend a fraction of time in the laser light. In order to get 
the total amount of scattering processes, and thus the total amount of photons emitted by one 
particle, one needs to integrate equation 5 over the interaction time. For this the laser intensity 
is in simplification modeled as                       

  . The total number of photons, N, 
emitted by an atom crossing to the laser beam can then be calculated by integrating  

   
 

 

                        
  

                               
           

 
 
 

  

      
 

 

  
.       (8) 

 
Because equation 8 is difficult to solve analytically one can apply a low intensity approximation 
implying that the laser intensity is smaller than   , and thus being able to omit the term with the 
exponent in the denominator. This integration yields: 

   
 

 

 

 

  

      

 

  
           

 
 
 
  

      .   (9) 

Here          is the saturation parameter at the center of the laser beam. 
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Longitudinal velocity distribution 

To get the number of photons emitted by all the particles we need to account for the flux, 
found in equation 6, and the velocity distribution from equation 7. After integration over all the 
possible longitudinal velocities a total number of photons emitted from the atom beam is then 
obtained and is only dependent the detuning of the laser. This integration is: 

             
 

 

  

    

 

  
           

 
 
 
  

      
  

  
      

 

 
 
  

  
 
 
 

 

 
   .    (10) 

To calculate the total number of photons analytically is again difficult. That is why it was chosen 
to do it numerically. To anticipate experimental results some numerically found results for the 
amount of counts are shown in Figure 3. To obtain the amount of counts from the number of 
photons one has to account for certain efficiencies in measuring the photons, as well as the 
total exposure time of the atoms to the laser light The total number of counts registered by a 
camera observing the fluorescence is then given by: 

                                 .   (11) 

Here,         is the camera efficiency in counts per photon,       the geometrical efficiency 

and       is the exposure time. 

 
Figure 3 The number of count versus the detuning for different value for   and source temperature T. 

In order to obtain Figure 3 typical experimental values are used together with the values found 
inTable 1. The typical experimental values can be found in Table 2. In the following chapter the 
actual experimental values will be discussed with more detail. 
 
In Figure 3 a number of things can be seen. By altering the angle under which the atom beam 
and laser beam intersect the width of the distribution alters. Furthermore, increasing the 
temperature increases the total amount of counts.  
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Table 2 The typical experimental values used to calculate the results in figure 3. 

Parameter [unit] Value  

 [mrad] 8 

 [mm2] 4  
           1 
           

        0.22 
   0.1 

         1 

Transverse spatial distribution 

To calculate the number of photons emitted as a function of the height at which the laser 
intersects with the atom beam one has to account for the flux as well as the type of aperture 
used. 
To negate any effect of the velocity distribution it is best to set the laser beam and the atom 
beam perpendicular to each other so that Doppler shifts are not occurring and choose a 
detuning     . Assuming a uniform flux, as given in equation 6 the total number of photons 
emitted for a circular aperture with diameter    is given by  

               
  

  
 
     

   
  
 
     

      
  

 
 
 

   .  (12) 

One thing that needs to be noted is the fact that equation 12 assumes an infinitely small laser 
width in the vertical direction. In order to account for the actual laser width one can take a 
convolution between a rectangular function, resembling the laser width, and equation 12 to 
estimate the effects this has on the distribution. 
 
A normalized result for      cm and a laser beam width of 1 mm can be seen in Figure 4. The 
shape resembles the projection of a circle in one direction, leaving a half circular shape. From 
the figure below can be concluded that the most fluorescence can be expected when the laser 
intersects the atom beam at the center of the atom beam and that the fluorescence will 
decrease the further away from the center of the atom beam the laser beam goes. 

 
Figure 4 A normalized result for the transverse spatial distribution. 
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3 Experimental Setup 
The setup consists of two major parts, the laser and the Knudsen cell with vacuum components. 
By using a beam splitter a part of the laser beam is sent into a spectroscopy setup in order to 
control and determine its characteristics. More information about the laser and spectroscopy 
setup can be found in [5]. The other part of the beam is lead to the Knudsen cell setup through 
an optical cable. Before it enters the vacuum chamber of the Knudsen cell the laser beam is 
expanded by a telescopic lens setup and apertured by a diaphragm. The resulting laser beam 
has a diameter        of about 4 mm. Due to the aperturing the laser intensity profile is not 
typically Gaussian, but approaches a more uniform intensity. 
 

3.1 The Knudsen cell setup 

The Knudsen cell is a cross-shaped container made from 16CF vacuum components which holds 
the rubidium, see Figure 5. Attached to the container are heating units in order to set and 
control the temperature of the Knudsen cell. Heaters are connected to the bottom (1) of the 
cross-shaped container, to the cross section (2) of the container and to the collimating tube (3). 
This allows control of the temperature of the components separately and to sequence the heat-
up and cool down procedure to prevent clogging of the components.  The temperature is 
controlled by applying a voltage to the heating units. The temperature can be determined 
through the use of thermocouples. The rubidium atoms are allowed to flow out of the 
container through a collimating tube with a diameter of about 2 millimeter. The collimating 
tube ends in a vacuum chamber with windows through which either laser beams are guided or 
images are taken in order to measure the LIF. A schematic top-down overview of the setup can 
be seen in Figure 10. 
 

 
Figure 5 A schematic representation of the Knudsen cell 
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3.2 Picomotor mirror 

In order to be able to easily scan through the atom beam with a laser beam a New Focus, 
Picomotor gimbal mounted mirror, model 8853,  is used which houses 3 independently 
moveable Picomotors (Figure 6). These Picomotors are linear actuators which use a piezo 
component and the difference in high static friction and low dynamic friction to rotate a 
precision screw[8]. With these Picomotors it is possible to set the angle of the mirror and thus 
control the direction of the laser. 

 
Figure 6 A drawing of the model 8853 mirror.[8] 

 
In order to accurately determine the angle of the mirror a calibration is required of the different 
Picomotors. This is done for two of the three motors as only two motors are used to alter either 
the horizontal or vertical angle. The third motor alters these angles at the same time and thus 
will not be used during the experiments. The motors for which a calibration is done are called 
motor B and motor C. 
 
Calibration of the different motors is done by using the mirror to deflect a laser beam onto a 
CCD camera. Then pulses or steps are sent to a motor and the translation of the center of the 
laser beam is measured. To determine the center of the laser beam a  2D-Gaussian fit is 
preformed on the image captured by the CCD camera, with a CCD array of a few millimeters 
wide. With the translation distance of the center of the laser beam and the distance between 
the mirror and the camera, the imaging angle can be determined using the small angle 
approximation. The small angle approximation can be applied, because the distance between 
the mirror and the camera is much longer than the translation of the laser beam. The distance 
between the mirror and the camera is       mm when calibrating motor B and       mm 
when calibrating motor C.  



14 
 

A schematic representation of the calibration setup can be seen in Figure 7 . Here the laser 
beam, entering from below, is created by placing a beam splitter in the trajectory of the laser 
beam which is going to the spectroscopy setup. 

 
Figure 7 A schematic representation of the Picomotor calibration setup. 

In order to send the steps to the Picomotor a program was written that enables communication 
with the Picomotor. Communication consisted of sending commands to the Picomotor over a 
network connection. The commands primarily consist setting the motor channel and the 
number of steps that motor needs to perform. 
 
The plot of the change in imaging angle versus the number of steps can be seen in Figure 8 and 
Figure 9 below. What is notable is that there is a difference in step size when either moving in 
the forward or positive direction or moving in the negative or backward direction for both 
motors. This behavior is not mentioned in the manual of the Picomotor other than that the step 
size can vary per motor, depending on factors like age and load [8]. The result of the calibration 
is           μrad/step for positive steps and           μrad/step for negative steps for 
motor B. For motor C the results are            μrad/step for positive steps and       
     μrad/step for negative steps.  
 

 
Figure 8 the angle versus the number of steps found during the calibration of Motor B, fitted with linear fits. 
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Figure 9 the angle versus the number of steps found during the calibration of Motor C, fitted with linear fits. 

3.3 Laser setup 

The laser, a Coherent 899-21 Ti:Sapphire single-frequency ring laser pumped by a Coherent 
Verdi V18 pump laser, has the ability to be locked to a single frequency corresponding to a 
transition of Rubidium-85 or to scan around a certain frequency with an adjustable scan width. 
The scanning can be controlled internally by the laser controller box or externally by applying a 
voltage on the laser controller box. When measuring in scan mode the scanning is controlled 
externally. The range, in which the frequency of the laser is usually set, corresponds to a 
wavelength of about 780 nm, the wavelength of the transition. In order to accurately determine 
the frequency of the laser, and thus the detuning, the laser is compared with a laser used in 
another setup which is always locked to a fixed frequency. This is done by aiming both lasers on 
a photodiode and measure the beat frequency of the coupled electro-magnetic waves. This 
photodiode is placed within the spectroscopy setup. The detuning can then be determined by 
comparing the beat frequency when the laser is locked to the atomic frequency and the beat 
frequency when the laser is in scan mode.  
 
In order to measure the longitudinal velocity distribution a laser beam is necessary that makes 
an angle with the atom beam. This beam was added to the setup by sending the laser beam 
that was already present in the setup back in to the atom beam for a second time, this time 
under an angle, by using two mirrors. This primary beam makes a 90 degrees angle with atom 
beam. The angle the secondary beam makes with the atom beam is 71 degrees. A schematic 
top-down overview of the setup can be seen in Figure 10. 
 
By scanning through the atom beam vertically the transverse density distribution can be 
determined. When scanning through the atom beam using the Picomotor mirror the primary 
laser beam is aimed underneath the atom beam and is then returned by the mirror under a 
small vertical angle. The mirror is placed at a distance of 22 cm from the atom beam. To 
improve the resolution a 1 mm slit is placed in the beam trajectory to only expose the particles 
at the height of the laser beam.  See Figure 11 for a side view of the setup. 
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When measuring the longitudinal velocity distribution the laser beams are set up  in such a way 
that the two spots of fluorescence are individually identifiable on the camera image and do not 
overlap each other too much when the detuning of the laser changes.  
 

 
Figure 10 the setup of the laser beams. Here the atom beam (3), coming from the Knudsen Cell (A) and going into the vacuum 

chamber (B) through the collimating tube(C), makes a 90 degrees angle with the primary laser beam (1) and a 71 degrees 
angle with the reflected secondary laser beam (2). This image is not to scale. 

 
Figure 11 A schematic side view of the laser setup used to scan through the atom beam(4). Here the primary laser beam (2) 
goes underneath the atom beam and is reflected by the Picomotor mirror (1) to go through the atom beam as a secondary 

beam (3). 
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3.4 Measuring the LIF 

In order to measure the fluorescence an Apogee Alta U47+ CCD camera is used. The imaging 
lens is placed about 20 centimeter above the point of fluorescence, see Figure 12.  The imaging 
lens has a radius of 25.4 mm and the camera which captures the images has an efficiency of 
               photons per count [9]. The imaging magnification of the camera lens is 1. 
The CCD temperature is set to -10 degrees Celsius to suppress thermal noise of the pixels. To 
suppress as much background light as possible the setup is shielded from environmental light.  

 
Figure 12 A schematic view of the camera placement 

One of the efficiencies that needs to be accounted for is the geometrical efficiency which is 
given by the following equation, assuming all photons scatter in random directions: 

      
   

 

      
 .      (13) 

Where    is the radius of the lens and      is the distance of the point of fluorescence to the 

imaging lens. 

3.5 Measuring procedure 

The measurements can be computer controlled by a program that sets the hardware 
components in the setup, for example the voltage delivered to the laser controller box, and 
then shoots two images of the fluorescence with camera. One of the images is a background 
image with the laser shutter closed to account for signal noise generated by the camera.  This 
image is then subtracted from the image with fluorescence. To obtain a number of counts from 
the fluorescence a part of the image with fluorescence is selected and the total amount of 
counts from all the pixels in that area is added together. This part corresponds to a slice 
perpendicular to the atom beam with a width of 0.5 mm. Assuming that the fluorescence in 
uniform across the fluorescence spot this 0.5mm slice corresponds to approximately 10% of the 
fluorescence. 
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4 Results 
4.1 Longitudinal velocity distribution 

In order to investigate the longitudinal velocity distribution the laser beam setup was used as 
described in the previous chapter. The laser was set to scan in frequency with a scan width of 1 
GHz around the center frequency where the detuning of the laser    . In order to prevent 
the camera from saturating and showing non-linear behavior neutral density filters were used 
to lower the laser intensity in cases where saturation occurred. These neutral density filters 
were thus placed in the trajectory of the laser beam.  The longitudinal velocity distribution was 
investigated for  average source temperatures of 333K and 353K. The laser power after the 
diaphragm was about 2 mW in both cases. Without a neutral density (ND) filter this leads to a 
saturation parameter of       
 
Below is a plot of the amount of counts versus the detuning for both the calculated results and 
the measured results for a temperature of 333K with a filter of ND=1. The filter lowers the laser 
intensity so that the saturation parameter    . For the fact that only about 10% of the 
fluorescence in the LIF image is considered in accounted for. What can be seen is that the 
number of counts in the calculated result is larger, about a factor of   larger for the maximum 
values of the results.  

 
Figure 13 The plot of the number of counts versus the detuning for the calculated results and for the measured results for a 

temperature of 333K 

The reason for this is could be due to the difference in particle flux generated by the Knudsen 
cell and calculated using equation 6. A slight variation in number of particles will also cause a 
variation in total fluorescence. Another reason for the difference in amount of counts might be 
the low intensity approximation used to calculate equation 9 as the saturation parameter 
approaches the limit of the approximation. Also the assumption that 10% of the fluorescence is 
imaged in the image slice used to get the number of counts, could be incorrect. In order to 
compare the shape of the fluorescence spectrum more accurately the results will be scaled in 
such a way that the peak value of the spectrum equals 1.  
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Figure 14 The normalized counts measured versus the detuning of the laser for temperatures of 333K (left) and 353K (right), 
together with the calculated results. 

Measuring the fluorescence of all the particles exiting the tube as a function of the detuning of 
the laser yields the results seen in Figure 14. What can be seen is that the measured velocity 
distribution of all the particles is a lot wider than the calculated fluorescence spectrum using 
the Maxwell-Boltzmann distribution (equation 7). For example the full width at half maximum 
(FWHM) for the measure spectrum at a temperature of 333 K is                 

        MHz whereas the calculated spectrum has a                  MHz. For the 
temperature of 353 K the FWHM value for the calculated spectrum is                  

MHz and for the measured spectrum it is                         MHz. 

 
 The fact that the calculated results are a lot narrower is most probably the result of the 
assumption that there are only particles with a longitudinal velocity as used in equation 7 and 
thus the particle only make one set angle with the laser beam. What actually is the case is that 
there are a lot more particles coming out of the collimating tube, than just particles with a 
longitudinal velocity and thus having a different angle with the laser beam. These particles with 
different angles can become resonant with the laser light for other values of the detuning than 
particles with just the longitudinal component. These particles with different angles exist in the 
atom beam because the particles can collide with the wall of the tube, but still exit the tube. In 
the case with two apertures instead of a tube, as described in [5], this is not possible as the 
particles will then bounce back in opposite direction once they have different velocity 
components than just a longitudinal one. 
 
However, what also can be seen from the distribution is that the peaks of the measured 
distribution match with the position of the peak from the calculated results. This indicates that 
there is some influence of the Maxwell-Boltzmann distribution in the fluorescence spectrum. 
The calculated result peaks at a detuning          MHz for a source temperature of 333K 
and at          MHz of a temperature of 353 K. The measured results peak at a detuning 
        MHz for a temperature of 333K and at        MHz for a temperature of 
353K. What further can be seen is that the effect of lowering the laser intensity, by using 
different ND-filters, does not affect the shape of the spectra. 
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If we select a small square in the image, of 0.5 mm by 0.5 mm, in front of the center of the 
collimating tube and measure the amount of counts we get Figure 15. By selecting this small 
square only the particles which are exiting the tube with primarily a longitudinal velocity are 
selected. 

 
Figure 15 The normalized counts versus the detuning of the laser for temperatures of 333K (left) and 353K (right), together 
with the calculated results. Where the counts have been measured in a small square in front of the center of the tube. 

What can be seen in Figure 15 is that the measured distribution is indeed narrower and 
approaches the calculated results. The FWHM values for the measured spectra are now 
                        MHz for a temperature of 333 K and            
             MHz for a temperature of 353K. This shows that the velocity distribution of 
particles exiting the tube with just a longitudinal velocity is given by the Maxwell-Boltzmann 
distribution. The fact that the measured results are still slightly wider than the calculated result 
is probably due to the fact that there are still particles moving through the small square with 
more velocity components than just a longitudinal one. 

4.2 Transverse spatial distribution 

To determine the transverse density distribution the setup was used as described in the 
previous chapter. The laser was locked to the rubidium-85 transition and the 1 mm slit was 
placed in the laser beam. The Picomotor mirror was put into place and set to scan the reflected 
laser beam through the atom beam at different vertical positions. This was done for a source 
temperature of 333K and 353K. The position of the image slice where the counts have been 
measured is about 8 mm away from the end of the tube along the direction of the atom beam. 
The results can be seen in Figure 16. The counts have been normalized in the same way as 
before by setting the maximum value to 1. The center of the atom beam corresponds to a value 
of     mm.  
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In Figure 16 can be seen that the maximum amount of counts is found indeed at the center of 
the beam as expected from Figure 4. From the figure below the transverse spatial distribution 
can be determined. This is easier to determine with the use of the curve corresponding to a 
temperature of 353K. It is more difficult with the other curve because at the temperature of 
333K, the flux is less, when calculated with equation 6. This combined with the low laser power, 
caused by the 1 mm slit, makes the influence of noise a more prominent factor in the image. 
This noise can also be the reason that there are counts measured in the region where the 
atomic beam is not present. Another reason for the counts beside the region of the atom beam 
is that part of the primary laser beam still interacts with the laser beam and thus does not 
completely miss the atom beam.   

 
Figure 16 The normalized counts versus the vertical position for different source temperatures. 

 
If the measured distribution is compared with the calculated results we get Figure 17. The 
calculated result assumes a   = 3.5 mm. What can be seen is that the overall shape of the 
measured and calculated result match comparatively well. For example,  the full width at half 
maximum (FWHM) of the measured result is                  mm and that of the 
calculated result is                    mm. Where the shapes do not match is at the 
bottom part of the distribution; here the measured result is wider than the calculated result. 
The reason for this might be due to the fact the atom beam diverges a bit and spreads out 
somewhat unevenly. 
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Figure 17 The normalized counts versus the vertical position for a source temperature of 353K with the calculated results for 

a beam diameter db =3.5 mm. 
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5 Discussion and conclusion 
In this report characteristics of a Rubidium atom beam are investigated. The characteristics 
discussed in this report are the longitudinal velocity distribution and the transverse spatial 
distribution. The fluorescence spectrum, influenced by the longitudinal velocity distribution,  
was measured as a function of the detuning of the laser. The laser beam intersected the atom 
beam under an angle of 71 degrees. The transverse spatial distribution was determined as a 
function of the vertical position in the atom beam. To scan through the atom beam a model 
8853 New Focus, Picomotor mirror was used. This mirror can be computer controller to control 
the angle the mirror makes. 
 
Before the Picomotor mirror could be used a program was written to control the Picomotor 
mirror. Also, the motors controlling the mirror needed to be calibrated. This was done for two 
of the motors, motor B and motor C, which control the horizontal and vertical imaging angle 
independently. The result of the calibration is           μrad/step for positive steps and 
          μrad/step for negative steps for motor B. For motor C the results are            
μrad/step for positive steps and            μrad/step for negative steps. The differences in 
step size for positive and negative steps are probably due to way the Picomotor operates. The 
Picomotors are moved based on friction forces and these forces depend a number of factors, 
including age and load.  To correct for this difference in step size a correction factor can be 
used, but this add an uncertainty when trying to return to a certain position. In order to 
accurately determine the settings of a mirror, a proper linear actuator could be used, as the 
Picomotors should not be used to replace a linear actuator [8]. 
 
When determining the fluorescence spectrum, by measuring the fluorescence of all the 
particles exiting the tube as a function of the detuning, the spectrum found was significantly 
wider than the calculated results. The full widths at half maximum of the measured spectra 
were about 2 to 3 times larger than those of the calculated spectra. This difference is the result 
of the assumption that the particles only have a longitudinal velocity component when in reality 
also transverse velocity components are possible. However, the maxima of the distribution 
found did occur at the detuning expected from the calculated results. The calculated result 
peaks at a detuning          MHz for a source temperature of 333K and at        
  MHz of a temperature of 353 K. The measured results peak at a detuning         MHz 
for a temperature of 333K and at        MHz for a temperature of 353K.  
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If a small region in the image is selected in front of the tube, a selection is made of particles 
with primarily only a longitudinal velocity component. The spectra found in this small area 
approaches the calculated results much better, as it is only about 50% wider at half the 
maximum as the calculated results. This shows that the velocity distribution of particles exiting 
the tube with just a longitudinal velocity is given by the Maxwell-Boltzmann distribution. The 
reason that the distribution found is still slightly wider is because in the small region there are 
still particles with a velocity component in the transverse direction. To accurately measure the 
longitudinal velocity distribution one could measure the distribution further away from the end 
of the tube. At this position the particles with a transverse velocity components will already 
have moved away from the imaging section of the camera and what remains are particles with 
only a longitudinal velocity. 
 
By scanning through the atom beam with the laser beam with the use of the Picomotor mirror a 
transverse density distribution was found. It was shown that the maximum of the distribution 
was in the center of the distribution and that toward the edges of the atom beam the number 
of counts decreased. The distribution found matched overall well with the calculated result 
using a beam diameter of     3.5 mm. In this case the Full width at Half Maximum (FWHM) of 
the measured distribution was                  mm and of the calculated distribution 
was                    mm.  Where the shapes do not match is at the bottom part of 
the distribution; here the measured result is wider than the calculated result. The reason for 
this might be due to the fact the atom beam diverges a bit and spreads out somewhat 
unevenly. 
 
When comparing the total number of counts between the calculated spectrum and the 
measured spectrum it was seen that the maximum value in the calculated spectrum was about 
3 times higher as that of the measured spectrum. This difference might be due to a difference 
between the achieved flux and the calculated flux of the Knudsen cell. Also the low intensity 
approximation that was used could be a part of this difference. Therefore it is difficult to 
conclude something about the flux. In order to determine the flux through measurements it is 
necessary to know which part of the total fluorescence is taken if not all fluorescence is taken. 
Accurate information about the laser intensity profile as well as a more realistic model for the 
interaction of laser light with the atom could be used to calculate the fluorescence in a more 
accurate way. Also, considering more velocity components should give better calculated results 
for the fluorescence. 
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6 Appendix 

 
Figure 18 A detailed figure of the rubidium 85 transition with the hyperfine structure including the wavelengths and 
frequencies of the transitions. Image taken from [10]. 
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