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We have developed simple and inexpensive laser systems 

using grating-feedback diode lasers with electronic feedback to the 
injection current. These grating-feedback lasers can be 

continuously scanned up to 10 GHz and have a linewidth of 150 kHz. 
The three electronic frequency-stabilization systems we developed 
use polarization spectroscopy, etalon transmission and modified 
heterodyne signals as the frequency discriminators to drive an 

integrating servo control circuit. These laser systems are used for 
laser cooling and trapping of rubidium and atomic beam diagnostics. 

The rubidium D2 line at 780 nm is a strong, cycling transition 
that can be used for laser cooling and trapping. We use chirped 
cooling and Zeeman-tuned cooling to slow atoms from a thermal 
atomic beam. These atoms are loaded into a two-dimensional 
magneto-optic trap, or funnel. Using a frequency offset of the 
trapping lasers, the atoms are ejected from the funnel at a 
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controllable velocity. The diode laser systems we have developed 
are a central component of this rubidium atomic funnel. We will 
use the funnel's bright, cold atomic beam as a source for matter-
wave interferometry. We also developed an ionization detector to 
measure the flux and the spatial profile of the atomic beam when 
the background of scattered light makes fluorescent detection 
difficult. 
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Laser Cooling and Trapping with Electronically 
Stabilized Grating-Feedback Diode Lasers  

Chapter 1  
Introduction  

The duality of matter and light has fascinated philosophers of 
nature since de Broglie suggested in his 1924 dissertation that 
electrons may have wave properties. Atom optics is the quantum 
analogue of classical optics. Both physical structures and 

electromagnetic fields have been used to manipulate atoms. An 

atom passing through a physical structure like a slit, diffracts just 
like light. The separation between the diffraction orders is 
approximately A. /S, where S, is the slit spacing. The small de Broglie 
wavelength of atoms requires submicron features to generate 
distinguishable diffraction orders. Advances in microfabrication 
techniques have made possible the construction of mirrors 
(Anderson 1986), lenses (Berkhout 1989), and diffraction gratings 
(Keith 1988) for atoms. 

Electromagnetic fields, or more specifically for our discussion 
laser beams, interact with atoms in two different ways. The first 
way is through the dipole force. This weak, conservative force 
arises from the interaction between the induced dipole moment in 
the atom and the oscillating electromagnetic field in the laser beam. 
Mirrors (Balykin 1987), lenses (Bjorkholm 1978) and diffraction 
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gratings (Martin 1988) have been demonstrated using the dipole 
force. 

The other way laser beams interact with atoms is through the 
scattering force. Light resonant with an atom will be absorbed and 
transfer its momentum to the atom. The subsequent spontaneous 
emission is symmetric and so the spontaneous emission force 
averages to zero over many cycles. However, the impulses from the 
photons in the laser beam add up to exert a net force on the atom in 
the direction of the laser beam. This strong dissipative force makes 
possible atom optics for which there are no classical analogues. 
Atoms have been slowed, cooled, (Phillips 1982, Blatt 1984) and 
trapped (Raab 1987) using this scattering force. 

One optical system that has been used to test the basic 
principles of physics is the interferometer. A particle 
interferometer has the potential to be more sensitive than an optical 
one with a similar path length. Matter-wave interferometers were 
first realized for electrons (Marton 1954) and neutrons (Rauch 
19741). With smaller velocities than light, particles would need to 

interact with the perturbation over a shorter distance to acquire a 
27r phase shift. Atoms have a couple of additional advantages over 

electrons and neutrons. Atoms are available from compact, bright 
sources making the interferometer more practical than one for 
neutrons. Also, the internal structure of atoms can be probed with 
the interferometer or exploited to improve the measurement. 

'An earlier attempt to build a neutron interferometer proved only partially
successful (Maier-Leibnitz 1968). 
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There has been a great deal of work done with neutron 
interferometers that has provided insights into building an 
interferometer for neutral atoms. Several grating configurations 
and detectors for neutral atom interferometers are based on ones 
used commonly for neutron interferometry. Without charge like an 
electron, or the ability to penetrate matter like a neutron, making 
diffraction gratings for neutral atoms proved to be more of a 
challenge. Recent advances in fabricating micro-structures have 
made diffraction gratings for neutral atoms possible. 

1.1 Atom Interferometry 

Neutral atom interferometers were first demonstrated in 1991 
by four different groups. Stimulated absorption and emission 
events separate and recombine the atomic beams in two of the 
experiments (Kasevich 1991, Riehle 1991). Physical structures 
separate and recombine the atomic beam in the other two 
experiments (Carnal 1991, Keith 1991a). 

We are building an interferometer that uses silicon-nitride 
gratings (Keith 1991b) and laser cooled atoms from a two-
dimensional magneto-optic trap, or atomic funnel, for rubidium 
(Swanson 1996). The three-grating design we will use is modeled 
after one used by BOnse and Hart (1965) for x-rays. The x-rays 
were diffracted by a perfect single crystal of pure silicon that had 
been cleaved to make three gratings. We have made silicon nitride 
transmission gratings with two different periods (Swanson 1995). 
For rubidium atoms traveling at 10 m/s, the diffraction angles are 
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Grating Period = 250 nm  
Diffraction Angle = 2 mrad  

Figure 1.1 Three grating atom interferometer. This design is based
on one used by Bonse and Hart for x-rays. Rubidium atoms with a 
velocity of 10 m/s are diffracted 2 mrad by the 250 nm-period 
gratings. 

2 mrad and 1 mrad for the 250 nm and 500 nm period gratings, 
respectively. Shown in Figure 1.1 are the zeroth and the minus first 
order diffraction beams from the first grating. The second grating 
serves to combine the beams. At the position of the third grating 
the beams combine to form a matter-wave interference pattern. By 

using adjacent diffraction orders and equally spaced gratings, the 
two beam paths are of equal length. As a consequence, the matter-
wave interference pattern at the position of the third grating has 
the same period as the grating, independent of the de Broglie 
wavelength of the atoms. 
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Different atomic beam sources are available. A supersonic 
beam (Keith 1991a), an atomic fountain (Kasevich 1991) and a laser 
cooled and slowed atomic beam (Riehle 1992) have been used for 
atom interferometry. We decided to use slow atoms from an atomic 
funnel to maintain a long interaction time but use a small separation 
between the gratings. The rubidium atomic funnel is the two-
dimensional analogue of a three-dimensional magneto-optic trap 
(Raab 1987). A magneto-optic trap damps the mean velocity of an 
ensemble of atoms with three orthogonal pairs of counter-
propagating, near-resonant laser beams. The circularly polarized 
laser beams together with an inhomogeneous magnetic field 
generate a potential well for the atoms with an energy minimum at 
the zero of the magnetic field. Atoms are loaded into this potential 
well from an effusive atomic beam that has been cooled using 
resonant laser cooling techniques. The potential well is called a 
funnel if the magnetic field is modified so there is no spatially 
dependent force along one axis. Then the atoms can be more easily 
ejected along that direction. The cold atoms are ejected from the 
funnel with a controllable velocity by offsetting the frequency of 
the trapping laser beams with respect to one another. 

1.2 Diode Lasers 

One of the reasons we chose to use rubidium is that the D2 line 
at 780 nm, that is used for laser cooling and trapping, is accessible 
with commercially available diode lasers. Diode lasers are 
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inexpensive, compact and tune easily over a wide frequency range. 
Unfortunately, the bare laser diode suffers from a large frequency 
bandwidth. The theoretical works of Lax (1967) and others (Henry 
1982, Fleming 1982, Agrawal 1984) give insight into the process 
behind light emission from laser diodes. Optical feedback to the 
diode cavity was shown to affect the spectral properties (e.g., 
frequency, linewidth) of laser-diode output 

There are several sources of optical feedback for changing the 
laser diode output frequency and linewidth (Wieman 1991). Optical 
feedback from a confocal Fabry-Perot etalon cavity allows for 
frequency selection of the output beam with a narrow linewidth 
(Dahmani 1987). We used lasers of this type for our initial work 
with a rubidium vapor cell trap (De lfs 1992). Optical feedback 
from a Littrow-mounted diffraction grating also produces the 
desired output characteristics. We have developed simple and 
inexpensive diode laser systems that use grating feedback (Maki 
1993). These lasers have the output characteristics necessary for 
laser cooling and trapping and fluorescent detection of a rubidium 
atomic beam. Similar laser systems were developed for laser 
cooling and trapping of cesium (MacAdam 1992). 

The atomic funnel puts several different demands for 
frequency stability on our laser systems. First, the laser cooling 
requires the laser output to have a narrow linewidth. In chirped 
cooling, the laser must scan smoothly over at least 450 MHz. 
Finally, to eject the atoms from the funnel, we must be able to 
accurately offset the frequency of one laser with respect to another. 
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We developed three electronic frequency stabilization systems 
(Maki 1993) to meet the laser requirements for our atom funnel. 

1.3 Ionization Detectors 

An ionization detector is well suited to count the small flux of 
atoms over short integration times for our atom interferometer. 
The matter-wave interference pattern at the position of the third 

grating will be detected using the grating as an analyzer. As the 
third grating is translated perpendicular to the atomic beam, it 
moves in and out of phase with the matter-wave interference 
pattern. The total integrated atomic flux as a function of grating 
position will reveal the interference pattern. We have developed a 
surface ionization detector to measure the flux of atoms. The 

detector also can measure the spatial profile of the atomic beam 
when the background of scattered light makes fluorescent detection 
difficult. The spatial profile allows us to determine the transverse 
temperature of the atomic beam. 

Ionization detectors are among the most common particle 
beam detectors in use and are discussed in books on atomic and 
molecular beams (Ramsey 1963, Scoles 1992). Surface ionization 
can be very efficient with the proper choice of surface and particle. 
We have chosen to use a rhenium filament because it will ionize 
rubidium at almost 100% efficiency. These ions can be collected on 
a metal anode and the current or voltage is measured. The signal 
from a single ion is small so micro-channel plates (MCP's) are 
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commonly used as an amplifier (Wiza 1979). They offer low noise 
amplification of up to 107 and short response times. MCP's provide 
the amplification of the individual rubidium ion signals. Even with 
this amplification, the low fluxes predict a signal that is too small to 
measure accurately by analog means. A particle counter can 
accurately record a flux of particles up to 106 per second over the 
entire detector area. 

1.4 Overview of Thesis 

We start by explaining the basics of laser cooling and trapping 
theory in Chapter 2. In Chapter 3, we describe our development of 
grating-feedback diode lasers which are a central part of our 
rubidium atomic funnel. Chapter 3 concludes with a description of 
the three electronic frequency-stabilization systems we developed 
for the diode lasers and an evaluation of their performance. 
Chapter 4 describes the recently reported rubidium atomic funnel 
(Swanson 1996) and the improvements we have made since that 
time. Then, in Chapter 5 we discuss the ionization detector design 
and how it is used to detect the cooled atomic beam. We conclude in 
Chapter 6 with a short summary and future plans. 

There are two appendices. The first contains all the 
mechanical drawings for the diode laser systems we use. The 

second contains work that was done independently as an extension 
of Holger Delfs' M. S. Thesis (1992) on a vapor cell magneto-optic 
trap for rubidium. 
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My contributions to this project began with work on the 
grating-feedback diode lasers. Corinne Grande and I optimized the 
assembly of the diode lasers. I also worked on the design of the 
servo-control circuit. Jeff Maki, who was a post-doc with this group 

in 1992-93, is responsible for most of the work in developing the 
polarization spectroscopy and heterodyne locking systems. These 
systems are reported on here to make the discussion of the diode 
laser systems complete. I began working with the rubidium atom 
funnel shortly after our first demonstration of two-dimensional 
trapping in 1993. I worked with Tom Swanson to eject atoms from 
the atomic funnel as a beam. We characterized the cold atomic 
beam as we worked to optimize it using time-of-flight data. I also 
worked with Shannon Mayer as she implemented the Zeeman-tuned 
cooling. Shannon worked with me as I took time-of-flight data for 
atoms loaded into the funnel with Zeeman-tuned cooling. I designed 
and implemented the hot wire ionization detector. 
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Chapter 2  
Laser Cooling and Trapping Theory  

Laser cooling and trapping methods use the scattering force to 
change the velocity and spatial distribution of an ensemble of 
atoms. This force arises from the incoherent interaction between 
the atoms and the electromagnetic field. Laser cooled atomic beams 
can be used for interferometers or to load atomic traps and funnels. 
Once trapped, the atoms are most commonly used to study low 
temperature collisions or for precision spectroscopy. The ability to 
easily trap alkali atoms easily also makes possible the development 
of more accurate atomic clocks and the demonstration of Bose 
Einstein condensation. 

A laser counter-propagating to a thermal atomic beam can 
change the velocity distribution of the atoms. The light will be 
scattered if it is resonant with a strong atomic transition. Each 

photon scattered changes the atom's velocity by a small amount 
(0.6 cm/s for rubidium). The Doppler shift of the light makes the 
scattering force velocity dependent. As the atoms scatter thousands 
of photons they slow down. Either the transition frequency (with 
for example, the Zeeman shift from an external magnetic field) or 

the laser frequency is changed to keep the atoms and the light in 
resonance. As a result, a portion of the velocity distribution is 

narrowed which corresponds to a lower temperature. This is the 
reason for the term "laser cooling." 
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A velocity- and position-dependent scattering force is 

produced by three orthogonal pairs of counter-propagating laser 
beams that intersect at the zero of an inhomogeneous magnetic 
field. This magneto-optic trap confines the atoms to the zero of the 
magnetic field. We are interested in laser cooling a thermal atomic 
beam to load atoms into a two-dimensional magneto-optic trap that 
will provide slow, cold atoms for interferometry experiments. This 

chapter explains the theory behind laser cooling and details the two 
common resonant cooling methods. It concludes with an 

explanation of magneto-optic trapping. 

2.1 Laser Slowing and Cooling 

There are two different resonant laser slowing and cooling 
techniques used currently. "Chirped cooling" was pioneered by a 
group at NBS-JILA (Blatt 1984) using electro-optic modulators to 
scan the laser frequency to compensate for the atoms' changing 
Doppler shifts. That demonstration was followed by another at the 
University of Colorado (Watts 1986) that changes the frequency of a 
diode laser with the injection current. The other technique, 
"Zeeman-tuned cooling," was first demonstrated by a group at NBS-
Gaithersburg (Phillips 1982) with a+ polarized light and a decreasing 
magnetic field. Slow atoms (v<100m/s) were difficult to produce 
without modifying the magnetic field (Bagnato 1991). Then, a group 
at Ohio State University found that using a- polarized light and an 
increasing magnetic field also slowed the atoms (Barrett 1991). 
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They found it easier to produce a bright, slow beam of atoms. 
Recently, an inhomogeneous electric field has been used to 

Stark-shift the atomic levels (Gaggl 1994, Yeh 1995) but we will not 
discuss this technique here. We have used both chirped cooling and 
a- Zeeman-tuned cooling techniques. 

2.1.1 Theory 

The absorption of a photon by an atom changes the 

momentum of the atom by Pik , where k is the wave vector of the 
photon. One scattering event consists of absorption, followed by 
symmetric spontaneous emission. The recoil velocity of an atom 
with mass M is then, .Va This corresponds to 0.6 cm/sec per 
scattering event for 85Rb. An atom that repeatedly scatters photons 
from one direction, as in a laser beam, will experience a net force in 
the direction of the laser propagation. 

To calculate the force on the atom as a function of velocity, we 
need to take into account the Doppler shift of the photon's 
frequency due to the atom's motion. Consider an atom's transition 
frequency between the ground state and the excited state to be coo . 
The laser frequency, co, is detuned from resonance by O = w C00. 

Because of the Doppler effect, the frequency of light in the atom's 
reference frame is velocity dependent and given by 

1-1-

0)' = 0) -- = 0)(1 + -Y- -1- .) 2.11 ° c 
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for k -N'r = 1k I Iv I. For small velocities, the frequency shift is 

approximately, 

Aco = co' = k v. 2.2 
Taking the Doppler shift into account, the total detuning of the laser 
is S = A k v. A laser field that is tuned to a frequency less than 
that of the resonant atomic transition (A < 0) or red detuned, will be 
shifted into resonance (8 = 0) by an atom moving towards it 
( k v < 0). The average force on the atom due to a laser beam with 
intensity I, is given by the scattering rate multiplied by the average 
change in momentum for one scattering event (Lett 1989). 

lo= 2.3 
2 2' 

2 (A 
1 + -I + 

lo 

where F is the spontaneous emission rate or natural linewidth 
(r=27E6 mliz for rubidium). The saturation intensity for the 
transition 10 = 1.6 mW/cm2. The maximum value for this force 
occurs when the transition is fully saturated ( I» i) and the photon 
and atom are in resonance. This gives a scattering rate of F/2 and a 
maximum force of 

hk-r TFmax = for >> 1. 2.4 
2 To 
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Figure 2.1 Energy level diagram showing the hyperfine structure 
for 85Rb (Sheehy 1989). 

This simple theoretical development assumes two-level atoms. 
The alkali metals, with only one electron outside a closed shell, 
closely approximate this system. However, the alkali metals are not 
two-level atoms as can be seen from the energy diagram for the 
85Rb D2 line shown in Figure 2.1. The hyperfine splitting of the F3 
and 4 excited states is only 120.7 MHz. This allows a laser tuned to 
the F=3 to F'=4 transition to excite some of the atoms to the F'=3 
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level. There the atoms have a probability of decaying into the F=2 
ground state. The ground state splitting is 3.0 GHz so the atoms in 
the F=2 ground state will not scatter any photons, making that state 
"dark." A second, pump laser can be tuned to the F=2 to F'=3 
transition to increase the probability that the atoms return to the 
F=3 ground state. An alternate solution puts the atoms in a 

magnetic field. A strong enough field, through the Zeeman effect, 
will increase the separation between the excited states and reduce 
the probability of the atoms being pumped into the dark state. 

Magnetic fields are used in other ways to change the atoms' 
sublevels for laser cooling and trapping. In a small magnetic field, 
the nuclear spin (I) and the total angular momentum (J) are coupled 
SO F = I+ J and m F =111 j are good quantum numbers. The 

energy of a particular hyperfine level in the low magnetic field 
approximation is: 

EjFinF = E j+ EF + gp4.1/3Bm F, 

where gF is the effective Lande g-value. The first term is the 

energy of the fine structure level J. The second term is the 

hyperfine energy shift due to the coupling between the nuclear 
spin, I, and the total angular momentum, J. The quantum number F 
is just F = I+ J. The magnetic field lifts the 2F+1-fold degeneracy of 
each hyperfine level by shifting the mF-levels by an amount given 
by the third term. 

For large magnetic fields I and J are decoupled so I, mj and J, 
m j are good quantum numbers. The energy of a particular 
hyperfine level is given by: 

2.5 
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Ejm = E + gj113Bm j 2.6 

where again the first term is the energy of the fine structure level J. 
The second term is the Zeeman energy shift of the magnetic sub-
level for J. Each mj-level is split into (21+1) hyperfine Zeeman 
levels by an amount given by the third term. 

The energy equation for an intermediate magnetic field is not 
linear. To make the analysis easier to follow, we will take the 
frequency shift as proportional to the magnetic field. As shown by 
Equations 2.5 and 2.6, this is true for either the low or high field 
limit. For a more detailed explanation of the effect of a magnetic 
field on the hyperfine levels of an atom see sections 18.1.3 18.1.7 

in Corney (1977). 
The shift in resonance frequency due to an external magnetic 

field can be incorporated into the equation for the average force on 
an atom in a laser field. For stretched transitions or those from a 
maximum (minimum) magnetic sublevel to a maximum (minimum) 
sublevel the energy shift is simply AE = + ()µ13B with the Bohr 
magneton µB = 1.4 h MHz / Gauss . This energy shift can be 

incorporated into the average force on the atom: 

I  
r= hk 2.7 

22 
2 I-LBB )

1 + + 

As the atoms scatter photons from a counter-propagating laser 
beam, the atoms' velocities will decrease. For atoms initially 
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resonant with the laser beam, the force on the atoms decreases as 
the Doppler shift of the laser frequency decreases. We can see from 
Equation 2.7 a change in the laser frequency or a change in the 
transition frequency for the atoms would compensate for the 

decrease in the atoms' mean velocity. These are the ideas behind 
the slowing and cooling techniques that will be discussed in the next 
sections. 

2.1.2 Chirped Cooling 

As mentioned above, one of the methods for keeping the atom 
and the frequency of the slowing laser in resonance is to increase or 
chirp the frequency of the laser. If a resonant laser saturates the 
transition, the atom spends half of its time in the excited state on 
average. The maximum acceleration is derived from Equation 2.4 as 

V R hk= = .Amax 2 82't 2M 'C 

where T is the excited state lifetime. From Equation 2.2, the 

resonance condition is A = v(t)k. This gives a maximum chirp rate 
of 

aa, Pik 2 = aMX k . 2.9 
a tmax 2M "C 

If we assume the frequency is swept at the maximum rate over a 
range of S MHz then by the end of the chirp the atoms starting with 
a velocity vo, will reach a final velocity of 
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SVfinal= Vo -- 2.10k 
Near the maximum chirp rate, the number of atoms slowed is 
determined by the initial detuning of the slowing laser and the 
frequency range of the chirp. If the frequency of the laser is 

changed too quickly, fewer atoms will reach the final velocity. 

2.1.3 Zeeman-tuned Cooling 

The other method for keeping the atom and the frequency of 
the slowing laser in resonance is to change the atoms' resonance 
frequency using the Zeeman effect due to an inhomogeneous 
magnetic field. This technique brings the atoms to the same 
velocity at the same point in space while chirped cooling brings the 
atoms to the same velocity at the same time. 

There are two ways to use the Zeeman shifted energy levels to 
decrease the atom's transition frequency, and compensate for the 
decreasing Doppler shift of the slowing atoms. Figure 2.2 shows the 
relevant Zeeman shifted hyperfine levels for the 85Rb 5 Si. ground 

2 

state and the 5 P3 exited state for the case of stretched transitions. 
2 

With a a+ polarized slowing laser, the I F ,m F ,m j ,In 1) = 13,3,-114) to 
I4,4,t4) transition will be excited. These levels move closer 
together for a decreasing magnetic field. With a a- slowing laser the 
13,-3,-2 , 0 to 14,-4,-12 ,-0 transition will be excited. These 
levels move closer together for an increasing magnetic field. 
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Let's look more closely at how the atom slows so we can 
design the best magnetic field shape. If we define the z axis 
pointing along the hot atomic beam, the denominator of Equation 2.7 
gives a resonance condition of 

v (z) = RBB). 2.11 

The evolution of an atom's velocity as it moves along the z axis with 
a constant acceleration is v(z) = ilv +2a(z z0). For the atom's0 

transition frequency to keep up with the changing Doppler shift, the 
magnetic field must vary parabolically just like the velocity: 

B(z) =V130 ±a(z zo). 2.12 

The upper (lower) sign refers to a- (a+) slowing. 
The two Zeeman-tuned cooling techniques may seem 

equivalent at first, but they are not. At first, it was difficult to 
extract slow (<100 m/s) atoms from the decreasing field 
slower ( a +). A careful study of the slowing mechanisms 
(Bagnato 1991) revealed that the atoms are still resonant with the 
laser at the end of the slowing region allowing the atoms to continue 
to scatter photons. This prevented slow atoms from emerging from 
the slower (Barrett 1991), and contributed to heating the atoms. 
Once the atoms are optically pumped into the dark ground state, the 
slow atoms emerge from the slower. At the end of an increasing 
field slower, the slow atoms are not resonant with the rapidly 
decreasing magnetic field. This allows the atoms to leave the slower 
because they do not continue to scatter photons. 
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Figure 2.2 Zeeman-shifted energy level diagram for 85Rb. The states 
are labeled by ( F,M F J,M 1). 

2.2 Molasses and Magneto-Optic Trapping 

Many years before the first demonstration of laser cooling 
(Blatt 1984), Hansch and Schawlow (1975) proposed cooling an 
ensemble of atoms using counter-propagating laser beams to 
provide a velocity dependent force. This drag force damps the 
atoms' mean velocity to zero. It was not until many years later in 
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Normalized Force 

Figure 2.3 Molasses force. This plot is for a detuning A = 2 and an 
intensity I<<I0. 

1985 that Chu and his colleagues at Bell Laboratories (Chu 1985) 
first demonstrated the quasi-confinement of sodium atoms. Because 
the cooling force is viscous they named the laser beams that 
generate the force "optical molasses." Anomolously low 
temperatures were measured for the atoms confined by the 
molasses (Lett 1988). It was unheard of for systems to work better 
than theory predicted. New cooling mechanisms were proposed 
(Dalibard 1989, Chu 1989) that rely upon laser polarization 
gradients, optical pumping and the AC Stark shift. 

Three-dimensional optical molasses combined with a spherical 
quadrupole magnetic field creates a trapping potential for neutral 
atoms. The first magneto-optic trap was demonstrated with sodium 
by Raab et al. (1987) at Bell Laboratories. The depth of the first 
trap was about 0.4 K so the atoms had to be pre-cooled to be 
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contained in the shallow potential well. The trap depths remain 
small so atoms must be loaded into the trap from a laser cooled 
atomic beam (Raab 1987) or from a low-pressure background vapor 
(Monroe 1990). We have loaded magneto-optic traps using both an 

atomic vapor (De lfs 1993) and an atomic beam (Swanson 1995). As 
it turns out, the magnetic fields we have in our trap prevent the 
new cooling mechanisms from operating. The treatment here will 
cover only the two-level atom, Doppler theory. 

Let's start by looking at the average force on an atom for one-
dimensional molasses. Consider an ensemble of atoms that is 

interacting with a pair of counter-propagating laser beams. Figure 
2.3 shows a plot of the average force on an atom for low intensities, 
1« To (Lett 1989). 

16A-L 
F = hk -r kv 

2 F2 +8(A2 k2v2 16 (A2 k2v2 
r2 2.13 

This is the sum of the force from each laser beam (Equation 2.7). In 

this configuration the movement of the atoms resembles Brownian 
motion. The width of the atoms' velocity distribution along the axes 
transverse to the laser beams will increase due to the random 
nature of spontaneous emission. 

Arranging three pairs of counter-propagating laser beams in 
three orthogonal directions will allow three-dimensional velocity 
damping. The minimum temperature achievable is found by 
balancing the cooling due to the velocity dependent scattering force 
and the heating due to spontaneous emissions. For a simple two-
level atom this limit occurs when A = L where r is the natural 

2 
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linewidth of the excited state. The minimum temperature or 

Doppler cooling limit is ;An = (Lett 1989). For rubidium the 
2k B 

minimum temperature is 140 I.LK which corresponds to a FWHM of 
12 cm/s for the velocity distribution. 

This three-dimensional molasses damps the atoms' velocity 
but does not localize the atoms in space. By adding a linearly 
increasing magnetic field (B), we can define a spatially dependent 

J mJ JmJ 
+1-1 

1 0 0 1 

+1 -1 

0 0 0 0  

increasing 
magnetic field 

cr 

Figure 2.4 Zeeman-shift confinement. The laser frequency is less 
than the zero-field resonance. The atom scatters photons at an 
equal rate from the two laser beams at B=0. 



24 

scattering force. An ensemble of atoms in a linearly increasing 
magnetic field and a pair of counter-propagating lasers circularly 
polarized is shown in Figure 2.4. The J=1 excited state is split 
because of the Zeeman effect into three (2J+1) mj levels by the 
magnetic field. The frequency of each laser beam is less than the 
zero field resonance frequency (detuned to the red). An atom 
located at z<0 has a resonance frequency for the mj =O to mj' = +1 
transition close the that of the laser beams. In order for the atom to 
make that transition it must absorb a a+ photon, which increases the 
magnetic quantum number by +1. Therefore, the atom will scatter 
more photons from the a+ laser and be forced toward B =O. Likewise 

an atom with z>0 will scatter more photons from the a- laser and be 
forced toward B =O. In this way the atoms will be localized about 
B =O. 

We can generalize this trapping potential to three dimensions 
by using a spherical quadrupole magnetic field and three pairs of 
circularly polarized laser beams as shown in Figure 2.5 (Raab 1987). 
The spherical quadrupole field is generated by a pair of anti-
Helmholtz coils which are like Helmholtz coils except the currents 
are traveling in opposite directions in each coil. This magnetic field 
increases in all three dimensions and will confine the atoms to B = 
using Zeeman-shift confinement. 
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Figure 2.5 Three-dimensional magneto-optic trap. The atoms are 
confined at k. = 0 . 
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Chapter 3  
Diode Laser System  

The first atomic spectroscopy experiments using diode lasers 
were performed in 1969 (Siahtgar 1969, Hochuli 1969). Discharge 
lamps and dye lasers were common light sources for spectroscopy 
then. Table 3.1 summarizes the characteristics of these light sources 
plus a diode laser system, commercially available today, that is 
similar to the one we developed. Dye lasers were used because they 
have a relatively small linewidth, a large amount of available power 
and are tunable. Unfortunately, they are also expensive and 
involved to operate. Discharge lamps are less expensive and 
relatively easy to operate. However, they have a larger linewidth, 
not as much power and are not tunable. They do come in a variety 
of wavelengths. With their small size, low cost, relatively narrow 
linewidth and tunable output, diode lasers were an appealing 
alternative to discharge lamps and dye lasers. 

Table 1 Characteristics of a few common spectroscopic light sources. 

Item Discharge Dye laser Diode laser' Extnd. Cavity
lamp' system' Diode laser2 

Wavelength coverage 0.2-1 gm 0.27-1.0 gm 0.75-0.89 gm 0.76-1.55 gm 
Linewidth 1 GHz 1 MHz 10 MHz <100 kHz 
Tunability Range N/A 50-100 nm 20 nm 15 nm 
Optical output power 0.1 W 1 W 0.02-0.1 W 0.005-0.15 W 
Present cost estimate $ 8K $75K-150K $ 800 $ 17K 
1 Camparo 1985 2 specifications for New Focus #6124 ?. =780 nm 

http:0.005-0.15
http:0.76-1.55
http:0.75-0.89
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Despite the advantages of diode lasers over the traditional 
light sources mentioned in the first paragraph, there are several 
inherent properties of diode lasers that initially hindered their 
widespread use within the atomic physics community. The output 
of a bare laser diode has a large linewidth, has gaps in the output 
wavelength for changes in current and temperature, and is 
susceptible to optical feedback. Also, not until the mid-1970's could 
diodes operate in continuous mode and at close to room 
temperature (Hsieh 1976). However, the low cost, tunability and 
ease of use of diode lasers have motivated many researchers, 
including ourselves, to develop ways to improve the quality of the 
output of diode lasers. 

We have built upon existing techniques to narrow the 
linewidth and to solve some of the problems associated with diode 
lasers. We have used to our advantage the susceptibility of diodes 
to feedback, to develop laser systems that we use for laser cooling 
and trapping of rubidium and atomic beam diagnostics. 

3.1 Laser Diode Background 

We use heterojunction diode lasers of the Al GaAs type. This 
discussion will be limited to these particular diodes unless 
otherwise noted. The diode is made up of three basic layers. The 

outside or cladding layers are Al GaAs. The fraction of Al is varied 
to form P- and N-type semiconducting material. The active region 
(often a narrow stripe of plain GaAs) in the middle has a higher 
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index of refraction and forms a wave guide to confine the oscillating 
field. A bias voltage is applied to the cladding layers that allows a 

current to flow through the diode. When the threshold current is 
reached and there is population inversion, most of the electrons and 
holes which recombine in the active region generate photons. The 

rear facet has a high-reflective coating while the front facet has a 
partial anti-reflection coating. The low finesse of this laser cavity 
makes it susceptible to optical feedback. 

To find ways to compensate for the gaps in the tuning range 

and the large linewidth of a bare laser diode, we need to understand 
the sources of these problems. The following sections give a 
theoretical explanation for the central frequency and the linewidth 
of free-running or bare laser diodes. From the theory, we will gain 
insight into how dispersive optical feedback affects the output of a 

laser diode. 
There are other aspects of laser diode operation that will not 

be treated here. A review article by Camparo (1985) describes the 
basic physics and characteristics of a free-running diode laser. The 

article also gives an extensive description of the use of diode lasers 
in atomic physics up to that time. A more recent review article by 
Wieman and Hollberg (1991), presents something of a users' guide 
to diode lasers and details several methods to influence the laser 
frequency and bandwidth that had been developed by that time. 
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3.1.1 Frequency Selection Theory 

The bandgap of the diode material determines the gain curve 
for the output wavelength of the diode. The bandgap energy 
increases with the percentage of Al in the active region of the p-p-n 
junction. For example, A1GaAs lasers are available in the 
750-890 nm region. External heating or cooling and changing the 
injection current changes the temperature of the laser diode. The 

temperature of the diode affects the bandgap and thus determines 
the gain profile for a particular diode. Under this profile, the laser 
can operate at one of many discrete wavelengths, which are 

separated by the diode cavity longitudinal mode spacing. The mode 
spacing is given by c/2nL, where L is the length of the cavity and n 
is the index of refraction of the active region material (-3.5 for 
GaAs). 

The laser will operate at the mode nearest the peak of the 
gain profile. The temperature of the diode also affects the index of 
refraction by changing the carrier density (electron or hole). As the 
temperature changes, both the gain profile and the mode spacing 
change, but at different rates. As an AlGaAs diode is cooled, the 
gain curve shifts to shorter wavelengths faster than the array of 
modes. This accounts for the gaps in the output wavelength for 
changes in the current or temperature. The result is the wavelength 
of a typical A1GaAs free-running diode, changes (including the mode 
hops) by 0.3 nm per Kelvin averaged over many degrees. 
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Figure 3.1 Measured injection current tuning curve for a Hitachi 
A1GaAs laser. Notice there wavelengths that are inaccessible even 
with a change in the diode temperature. 

Figure 3.1 shows the injection current tuning curve for one of 
the Hitachi 7851G lasers we use. There are several features to note. 
First, the laser wavelength sometimes hops up and othertimes hops 
down. Second, there are certain wavelengths, between 780.0 nm 
and 781.5 nm for example, which are inaccessible even with a 

change in the diode laser temperature. The entire curve shifts to 
higher wavelengths for higher temperatures but the location of the 
mode hops also shifts. For any given diode there may be some 
wavelengths that are impossible to reach with reasonable 
temperatures. 
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3.1.2 Laser Linewidth Theory 

The linewidth of any laser is due to the incoherent nature of 
spontaneous emission. Below threshold, most of the photons in the 
laser cavity come from spontaneous emission. The stimulated 
photon rate continues to increase above threshold while the 
spontaneous emission rate remains at its threshold level. This 

indicates operating lasers far above threshold will reduce the effects 
of frequency noise on the output. 

Schawlow and .Townes (1958) obtained a theoretical 
expression for laser linewidth that was based on a calculation they 
had done previously for masers. This lower limit for the linewidth 
of a laser operating at frequency v is given by: 

AfST = 4/thy (Av / P. 3.1 
The half-width for the cavity resonance is Ay and P is the power 

emitted. Most lasers have linewidths much larger than this 
Schawlow-Townes limit. However, laser diodes operate at close to 
this limit. The Schawlow-Townes expression is modified for the 
homogeneously broadened gain medium of laser diodes. The 
resulting equation 

Afin3 = Tchv (Av )2 nsp / P 
hv n s 2

AfHB = p 
V (0C 3.2 

4 nip P g 

is used by Fleming and Mooradian (1981) to attempt to explain 
experimental linewidths of laser diodes. The constant nsp is the 
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number of spontaneous photons in the cavity, agL is the net loss per 
meter of gain material and vp is the phase velocity in the cavity. 
They found the theoretical formula a factor of 50 too small. A more 
detailed look at the fluctuations in the optical field in the laser 
cavity will correct the theory. 

There are two classes of noise on the laser diode output. The 
first is amplitude noise. A laser with poorly stabilized injection 
current and temperature will have increased amplitude noise when 
compared with a well-stabilized system. The second is frequency 
noise and is coupled to the amplitude noise. Frequency noise can be 
thought of as due to fluctuations in the phase of the optical field 
(Lax 1967). Spontaneous emission events cause instantaneous 
fluctuations in the optical field. This will cause discontinuities in the 
phase and the intensity of the lasing field. Then as the laser 
undergoes relaxation oscillations, changes in the carrier density 
alter the imaginary and real part of the index of refraction for a 

limited time. This also causes a phase shift of the laser field and 
adds to the linewidth (Henry 1982). 

Henry (1982) derived a theoretical expression for linewidth 
that correctly describes experimental results. He starts by 
representing the field as a complex amplitude 13(t) = I(t)e4(t). It is 
normalized so that the average intensity (I = (3 *13) also equals the 
average number of photons in the cavity. Following Henry's 
derivation, the average intensity can be written in terms of the field 
and the average phase fluctuations, (42). 
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() *0(0 )) 113(0 )12 , 

3.3 
R (1272 ) 

The ratio of the change in the imaginary to the real part of the 
refractive index is a. R is the average spontaneous emission rate 
and I is the output power per facet. The power spectrum of the 
laser can be shown (Lax 1967) to be the Fourier Transform of 

* j3(0)). The linewidth of the laser, 

Afo = + a2 R4 la 
hvnspv 2 

Afo = (1 + gL )
2 3.4 

4 nr, 

is the full width half maximum of the power spectrum which is a 
Lorentzian distribution. This, with a = 0, agrees with the Schawlow-
Townes formula for a homogeneously broadened gain medium with 
only one difference; Henry correctly uses the group velocity instead 
of the phase velocity for cavity time calculations. The , a has a 
value of around 5. A free-running diode typically has a linewidth of 
20 to 50 MHz. The linewidths for Ruby and NdYAG lasers are 

330 GHz and 120-330 GHz respectively. A continuous dye laser 
has a linewidth of 1-100 MHz. 
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3.1.3 Optical Feedback Theory 

Optical feedback is a simple way to alter the characteristics of 
laser diode output. Initially, the susceptibility of laser diodes to 
optical feedback was viewed as one of their limitations, but now we 

use this to our advantage. The effects of optical feedback on a laser 
diode are complicated. We will consider only the two effects 
relevant to the needs of our system: linewidth narrowing and 
frequency selection. For other effects, such as multistable operation 
and changes in dynamic properties, see for example, Lang (1980). 

Agrawal (1984) has developed a way to incorporate weak 
reflection feedback into Henry's expression for linewidth, 
Equation 3.4. This model adds another mirror at the output of the 
two mirrors that make up the laser cavity. The reflectivity of the 
external mirror, r is assumed small. Shot noise is ignored in the 
generation and recombination of minority carriers and the laser is 
far above threshold. Then, the linewidth of the laser output, 0 if is 
approximately given by: 

Af0  

[1 + X COS* ± )}2  

= tan 1(a),  

X = KT(1 + a2 )2 , 

1 - r2 )r
K feedback coupling rate

rctc 
= (00T+C , external cavity phase shift. 

3.5 
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The reflectivity of the laser cavity mirror is rc. The round trip times 
for the external and laser cavities are -c and "cc, respectively. The 

central frequency of the laser output is (op and Om is the phase shift 
due to the external mirror reflection. 

From these equations we can gain a general understanding for 
how the external cavity affects the laser's linewidth. The factor X, 
in the denominator will become larger if K or is increased. 

Increasing the reflectivity of the external mirror will increase K. 
The external cavity round trip time, ti can be increased with a longer 
external cavity. However, ti is also in the cosine term so the 
linewidth change is not simple. Depending on the sign of the cosine 
factor, the linewidth can be increased or decreased. There is a 

constant phase shift upon reflection so 00, and hence A f, varies with 
the external cavity transit time or c/2L. The linewidth will oscillate 
about smaller values as the cavity length is increased. Maximum 
linewidth narrowing is predicted to occur when 4)04- 4 = 2m/r, 

where m is an integer. (Agrawal 1984) Note that this does not 
correspond to an external cavity mode. 

Feedback from an external mirror can reduce the linewidth of 
diode laser output by a factor of about 100 (Fleming 1982). 

However, the laser frequency is still limited to the laser cavity 
modes accessible by changing the diode temperature and injection 
current. A dispersive element may be used instead of a mirror to 
provide feedback. If the feedback is strong enough, the stimulated 
emission at the wavelength of the feedback will dominate over the 
spontaneous and stimulated emission at the free-running 
wavelength. An anti-reflection coating may be applied to the front 
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facet of the laser diode to reduce the effect of the diode cavity 
length. In the extreme, the coating can prevent the diode from 
lasing without feedback from an external cavity, making an 

external-cavity laser. 

3.2 Practical Use of Laser Diodes 

The interaction of light with matter has come into the general 
public forum with the recent demonstration of Bose- Einstein 

condensation for rubidium (Anderson 1995) and sodium (Davis 
19 95 )1. The relatively recent development of inexpensive and 
simple diode laser systems (see for example chapter 3 in Duarte 
1995) has made laser cooling and trapping accessible to 

undergraduate students (Wieman 1995). 
We use A1GaAs diode lasers with feedback from a diffraction 

grating to select the diode-laser frequency and to reduce the 

linewidth. We chose not to modify the laser diode, so we do not 
have true external cavity lasers, but extended- or coupled-cavity 
lasers. Electronic feedback to the injection current compensates for 
mechanical and thermal noise introduced by the extended cavity 
formed between the diode and the grating. A thermister, peltier, 
and electronic controller stabilize the diode and extended-cavity 
temperature. We designed and assembled the systems ourselves. 
Mechanical drawings are in Appendix I. Similar products are now 

1There is inconclusive evidence of the demonstration of BEC in spin-polarized 
lithium (Bradley 1995). 



37 

current from 
controller 

laser lasing safety 
short 

diode 

1 CI 

Figure 3.2 Laser diode safety circuit. Moving the switch from 
'lasing' to 'safety short' connects the laser diode leads to ground. 

available commercially, but without the electronic frequency 
stabilization. 

We use commercially available Al GaAs laser diodes; Sharp 
model numbers LT024 and LT025 and Hitachi model number 
7851G. These index-guided laser diodes can have a free-running 
wavelength between 780 to 795 nm and an output power of 20 to 
50 mW. We have the distributor send us diodes with a 

free-running wavelength between 780 and 785 nm. The light is 

emitted from a tiny, micron-sized rectangular region which extends 
just outside the gain region. In the far field the beam is elliptical 
with the polarization along the minor axis. The size of the active 
region makes the laser beam diverge rapidly. A short focal length2, 

2Mells Griot part numbers:	 06GCL001/D f = 6.5 mm and 
06GLC002/D f = 8.0 mm 
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high numerical aperture, compound lens collimates the output 
beam. We use a pair of anamorphic prisms to make the beam 
nearly circular when needed. 

A thin plate firmly holds the laser diode into the mounting 
plate. One of the easiest ways to damage a laser diode is with static 
electricity. Wearing a grounding strap while handling the diode 
reduces the chance of damaging it. A switch is used to short the 
laser diode leads to ground as shown in Figure 3.2. Engaging this 
diode safety switch protects the diode from damage due to 

transients. 
The peltier cooler sits between the base plate and the 

mounting plate as shown in Figure 3.3 (a). A thermally conducting 
paste assures good thermal contact between the plates and the 
peltier. Nylon screws hold the two plates together but keep them 
thermally and electrically isolated. The mounting plate also 
incorporates the collimating lens, diffraction grating, and thermister 
to improve the mechanical and thermal stability of the extended 
laser cavity. The grating is glued to a 1-inch mirror mount that is 
attached to a flexure. Applying an external voltage to the 
piezoelectric stack rotates the grating about the vertical axis of the 
flexure. The feedthrough plate holds the sockets for all the 
electrical connections. 
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Figure 3.3 Extended-cavity diode laser system. (a) side view. 
(b) top view. 
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3.3 Temperature Controller 

As discussed above, the central output wavelength is sensitive 

to changes in the diode temperature and the injection current. For 

the Sharp laser diodes we use, the wavelength varies by 0.3 nm/K 
and 0.01 nm/mA. We cool (or heat) the entire mounting plate with 
a peltier to a temperature between 15°C and 19°C. We also enclose 
each laser in a Plexiglass housing to reduce the effect of air currents 
and drifts in the room temperature. By cooling from a room 
temperature of about 22°C, we can lower the laser wavelength by as 
much as 2 nm. We have used one laser at 12°C, but it needed to 
have desiccant inside its housing to prevent water vapor from 
condensing on the optics. We also have had limited success with 
heating a laser to 27°C. In general, heating should be avoided 
because it shortens the diode's lifetime and it increases the 
frequency noise. 

We use modular supply racks for both the temperature and 
current controller circuits. Five controller modules and one monitor 
module fit in each rack. Figure 3.4 shows the front panel of 
temperature and current controller modules and a typical monitor 
module. 

3.3.1 Design 

The temperature controller circuit shown in Figure 3.5 is a 

combination of one by Hemmerich (1990) and one by Bradley 
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Figure 3.4 Front panel for controller rack. The rack shown integrates the current and temperature 
controllers into one rack. 
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(1990). The thermister acts as one arm of a wheatstone bridge. A 

potentiometer in the other arm sets the temperature. The output 
from the bridge is sent to proportional, integral, and differential 
(PID) amplifiers which send current to the peltier if the laser is too 
warm. We are able to achieve a stability of a few milliKelvin. 

3.3.2 Optimization 

The time and amplitude response of the PID feedback are 
optimized by monitoring various test points in the circuit and 
adjusting feedback and output potentiometers for the amplifiers. A 

maximum current of 1.5 Amps is required to achieve adequate 
time response for lasers cooled to 15 17°C. The warmer lasers, as 
well as one with a significantly smaller mounting plate, require a 
maximum current of only 1.2 Amps. The 10 Ica potentiometer in 
the lower right controls this value. 

The optimization process begins with the 200 ka 
potentiometer in the proportional amplifier (P) and the 500 ka 
potentiometer in the integrating amplifier (I) set to 0 a. The value 
of the 1 Mega potentiometer in the differentiating amplifier (D) has 
little effect on the response of the circuit. The 1 Mega resistor in 
the integrating amplifier is optimized when the amplifier output 
swings from +14 V to -14 V in 10 to 15 seconds after plugging in 
the thermister. We next optimize the 200 ka resistor in the 

proportional amplifier so the output of the summing amplifier looks 
like a damped oscillator after plugging in the thermister. Increasing 
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Figure 3.5 Temperature controller circuit diagram. 
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The 100k potentiometer at the top sets the 
temperature. The 10k potentiometer at the lower right sets the maximum current the circuit can
deliver to the peltier cooler. 41, 
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the 500 kg2 resistor turns on the integrating amplifier. It is set so 
the output of the summing amplifier is damped to 0 V. 

There are three points in the circuit that can be monitored 
from the front panel of the controller module while the peltier is 
operating: the maximum current, the current going to the peltier 
and the feedback to the PID amplifiers. The feedback to the PID 
amplifiers should be zero with only small fluctuations once the 
system has reached thermal equilibrium. The error sensitivity of 
the circuit is 30 mV/mK (Bradley 1990). The monitor shows 
between 3 and 10 millivolts of noise. This makes the system stable 
to about 3 mK. 

3.4 Current Controller Design 

The current controller circuit shown in Figure 3.6 is based on 
one by Hemmerich (1990). A pair of rechargeable 12 V batteries 
power the current controller to avoid line voltage noise. The 

current controller is designed for both low noise and laser diode 
safety. There are also means for modulating the current with an 
externally generated waveform through the input shown in the 

lower left of the diagram. The current flowing through the laser 
diode is monitored and controlled with the voltage across the 

precision 10 SI resistor located in the middle of the diagram. 

We developed a 5 step process for safely turning on and off 
the current to the lasers. First, power is applied to the safety line of 
the rack and a green LED will light on the monitor module. This 
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indicates the controller safety switch is engaged and the laser diode, 
as well as the base of the current controlling FET, are grounded. 
Second, power to the controller circuit is switched on and a red LED 
will light on the controller module and the monitor module as the 
drive voltage is slowly turned on. Third, the diode safety switch 
(see Chapter 3.2) is disengaged. Fourth, the controller safety switch 
is disengaged and the laser and current controlling FET slowly reach 
operating voltages. As this happens, the green LED on the controller 
will go out. Finally, the system is ready to turn up the drive voltage 
and send a current to the laser. The lasers are turned off by 
following this procedure backwards. These elaborate steps were 
developed to reduce the chance of transients damaging one of the 
diodes. Before these safety features were implemented, we 
destroyed several diodes. 

3.5 Optimizing the Grating-feedback to the Diode Laser 

The position of the diffraction grating must be adjusted to 
couple the grating cavity to the diode cavity. There is something of 
an art to properly positioning the grating feedback into a diode 
laser. We found being patient and methodical the two most 
important character traits for someone wishing to succeed in this 
endeavor. 

We start with the operating injection current listed on the 
diode packaging. The lens holder (and lens) is initially held in place 
with a clamp that is fixed to a 2 dimensional translation stage. The 
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lens is moved so that the output beam is uniform and is collimated 
over 4 to 5 meters. We use a wavelength meter to measure the 
free-running wavelength of the diode. 

We use a holographic grating in the Littrow configuration. In 

other words, the zeroth diffraction order or reflection from the 
grating is the laser output while the first diffraction order provides 
feedback to the diode. We have used gratings with 1800 lines/mm 
and 1200 lines/mm. The former reflect 75% into the zeroth order 
and diffract 10% into the first order at 780 nm. The 1200 
lines/mm grating reflects only 65% into the output beam but 
diffracts 20% into the laser cavity. Either grating is able to change 
the diode wavelength by about ±5 nm. Most of the lasers we use 
have gratings with 1800 lines/mm because they provide an equal 
tuning range with higher output power. 

We make a rough alignment of the grating feedback using an 
index card with a small laser-beam-shaped hole cut out near one 
edge. The first diffracted order from the grating is positioned using 
the mirror mount knobs so the feedback perfectly overlaps the 
output beam from the diode. Then, the laser mount is fit with a 
temporary cover, which allows access to the mirror mount 

adjustment knobs. This cover protects the laser from frequency 
drifts due to air currents and temperature changes. 

A 1.0 1.1 m period auxiliary grating deflects the zeroth 

diffraction order from the laser grating onto an IR card that is 

positioned at least 1 meter away. The first order diffraction from 
the auxiliary grating serves as a frequency analyzer. As the laser 
grating rotates about the horizontal and vertical axes of the mirror 
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mount, the spot on the IR card hops from side to side as it moves 
along. One position comes from the laser operating at its free-

running wavelength and the other from its grating-locked 
wavelength. As the giating-locked wavelength approaches the free-
running wavelength, the hop becomes shorter and more difficult to 
see. Sometimes there is an auxiliary spot next to the first order 
diffraction from the auxiliary grating. The auxiliary spot does not 
move as the feedback grating is rotated about either axis although it 
will disappear if the main spot is moved too far away. Positioning 

the main spot at the same height as the auxiliary spot helps to find 
a robust locking position more quickly. There is an orientation 
where rotating about the horizontal axis causes the spot to cleanly 
hop over and back. A methodical, two-dimensional walk with the 
feedback grating orientation is occasionally required to find a clean 
hop. 

Part of the laser output is sent through a scanning confocal 
etalon. Single resonance peaks separated by the free spectral range 
of the etalon indicate the laser is operating in a single longitudinal 
mode. Another part of the output beam is sent to a wavelength 
meter to determine the tuning range of the diode with grating 
feedback. The grating is rotated about the vertical axis to make the 
laser hop to the next mode. The mode spacing is 0.28 nm for Sharp 
and 0.12 nm for Hitachi diodes. If the laser returns to its free-

running wavelength, the end of the locking range has been found. 
The Hitachi lasers sometimes have several vertical positions that 
will lock over small horizontal ranges. 
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There are two ways to compare two separate locking positions. 
First, the current required to reach a particular wavelength 
decreases as the lock improves. Second, the most robust lock will 
allow the largest difference between free-running and locked laser 
wavelengths. We use these lasers for cooling and trapping so we set 
the wavelength to 780.24 nm (780.03 nm in air) which is the 

rubidium D2 line. If this wavelength is not in the middle of the 
laser's tuning range, the temperature must be adjusted. A lower 
temperature produces a smaller wavelength output. 

Once we are close to the rubidium D2 line, the wavelength 
meter is replaced by a 5 cm long rubidium absorption cell with a 
photodetector on the far side. A ±15v sine wave will move the 
piezoelectric stack ±11.un . A 20 V sine wave at around 25 Hz scans 
the PZT far enough to see the two ground state hyperfine 
resonances for each of the rubidium isotopes. Minor adjustments to 
the current, horizontal grating position, and temperature are made 
until the absorption curves are seen. All four D2 lines of Rubidium 
will be visible for a very well locked system. The higher power of 
the Hitachi lasers makes it possible for two or three current values 
to produce the same output wavelength. We always choose to 
operate at the lowest current setting that will produce enough 
output power for a given application. 

The lasers exhibit a settling time for any major adjustment of 
the locking parameters. (i.e., current, temperature, grating position) 
A newly locked laser is typically left to sit for an hour or so with the 
PZT scanning over the absorption peaks. Afterwards, minor 

injection current adjustments are sometimes needed to return the 
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laser to the proper wavelength range. Sometimes, the vertical 
position of the grating needs optimizing. If the absorption peaks are 
very unstable, the position of the collimating lens for the diode may 
need to be changed. We have found that slightly focusing the 
output beam improves the grating lock. 

Once the absorption curves remain (or reappear with only 
minor current adjustments) after being left for an hour or so, we are 
confident the grating and the collimating lens positions are 
optimized. The lens may be permanently attached to the base plate 
after the laser consistently scans over the rubidium peaks at the 
same injection current from day to day. Careful application of 
"super glue" with a toothpick to the edge of the lens holder will 
secure it without disturbing its position. Once the glue has dried the 
clamp is removed from the lens. At this stage, sometimes the 
scanning range of the laser becomes smaller. We have not needed 
to reposition the lens as the lasers age. Finally, the temporary 
enclosure is replaced with a Plexiglas one that fits over the mirror 
mount knobs and protects the laser from frequency drifts due to air 
currents and temperature changes. 

3 . 6 Electronic Stabilization 

Laser systems similar to the one described in the previous 
section have been developed previously. They have incorporated 
frequency selective feedback from confocal cavities (Dahmani 
1987), or diffraction gratings (Hemmati 1987), or both 
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simultaneously (Patrick 1991). These systems are very susceptible 
to mechanical vibrations and thermal drift (Schremer 1990) because 
the laser frequency is determined by the length of the extended 
cavity. It is possible to stabilize the cavity length by making 
corrections with electronic feedback to the grating position through 
a piezoelectric stack. This can only compensate for noise that is 

below the resonant frequency of the feedback mechanism. As most 
of the noise is due to mechanical resonances of the system, this is a 
poor solution. Fast electronic frequency control has been used in 
place of the optical feedback to improve the short-term frequency 
stability of diode lasers (Saito 1985). This system is more elaborate 
than we are interested in. 

We use the integrating servo control loop shown in Figure 3.7 
to provide electronic feedback to the injection current. By using the 
injection current we could in principle, modulate the laser output at 
frequencies up to several GHz. The unity gain frequency of the 
servo control system is above 100 kHz. This allows the feedback to 
correct for mechanical noise of the feedback-grating flexure with 
lower resonance frequency. There are three different frequency 
discriminators that we use to drive the electronic servo-control 

system: (1) rubidium polarization spectroscopy, (2) etalon 
transmission, and (3) processed heterodyne signals. We developed 
a system that uses a simple electronic frequency discriminator to 
analyze the heterodyne signal between two lasers and to lock them 
at a fixed frequency difference. This system is less complicated and 
less expensive than previously developed systems (Barger 1969, 

Lewis 1985). 
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Figure 3.7 Servo control circuit diagram. The switch at the lower left allows the input signal to be
inverted. Moving the double-pull, double-throw switch to the left engages the output amplifier. 
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3.6.1 Rubidium Polarization Spectroscopy Signal 

The rubidium polarization spectroscopy signal is a frequency 
discriminator that facilitates locking the laser frequency at a 

particular frequency with respect to a hyperfine transition. A thick 
glass plate directs a small part of the laser output beam to the 
polarization spectrometer. As shown in Figure 3.8, the reflection 
from the rear interface is directed through a quarter wave plate 
making it circularly polarized. This is reflected into the rubidium 
cell and acts as the pump beam. The reflection from the front 
interface, the probe, passes straight through the rubidium 
absorption cell. The two laser beams are carefully aligned so they 
are overlapping all while they are in the cell. The probe beam then 
passes through an analyzing polarizer that is nearly orthogonal to 
the polarization of the laser. This signal is detected with a 
photodetector and used as the input to the servo circuit. 

Without the quarter wave plate and the polarizer this 
configuration is commonly known as saturated absorption 
spectroscopy. The idea is that the pump beam saturates the 

transition. The probe beam, which is at the same frequency, sees a 
hole burnt into the population difference by the pump beam only 
for atoms traveling perpendicular to the laser beams. A line is 

drawn through this feature for the 85Rb 5 S 1/2 F=3 to 5P 3/2 F'=4 
transition and identified as v=0 in Figure 3.9. Atoms with a velocity 
component along the laser beams will have the frequency Doppler-
shifted to different values for each laser. The two other features in 
each of the traces are called cross-over peaks and are found 
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Figure 3.8 Rubidium polarization spectrometer.  
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halfway between two v=0 resonances. In this case, a certain 
velocity group of atoms will Doppler-shift into resonance the F=3 to 
F'=4 (F=3 to F'=4) transition for the pump beam and the F=3 to F'=2 
(F=3 to F'=3) transition for the probe beam. 

With the quarter wave plate and the polarizer a dispersive 
shape can result (Figure 3.9 (b)). The circularly polarized pump 
beam optically pumps the atoms into the largest magnetic sublevel. 
This non-uniform distribution among the magnetic sublevels makes 
the vapor birefringent for the linearly polarized probe beam. For 
atoms with v # 0 the two laser beams interact with different atoms 
due to the Doppler shift. The probe beam is unaffected by the 
pump and the signal does not pass through the nearly-crossed 
polarizer. Near v = 0 the laser beams interact with the same atoms. 
The polarization of the probe is rotated slightly by the induced 
birefringence of the vapor. This rotation allows the probe beam to 
pass through the nearly crossed polarizer and the detector sees the 
signal. Many different resonance shapes are possible by adjusting 
the pump beam polarization and the orientation of the analyzing 
polarizer. The laser can be locked to a single frequency over a 
range of 60 MHz. We use the dispersive shape because it provides a 
larger linear portion that is used to drive the servo circuit. 

We start by scanning the feedback grating to look at the 

rubidium absorption signal with the pump beam blocked. The 

rubidium cell is oriented so that reflections of the probe beam from 
the end windows of the cell do not produce cross-over peaks. Then 

the pump beam is unblocked and the quarter wave plate and the 
polarizer are optimized to make the dispersive portion of the signal 
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Figure 3.9 Polarization spectroscopy for rubidium. The trace with 
the it polarized pump beam is from standard saturated absorption 
spectroscopy. 

as long and as smooth as possible. The offset potentiometer on the 
servo circuit is adjusted until the linear portion of the monitor 
signal passed through 0 V. Then the scanning voltage is turned 

down and the portion of the signal that passes through 0 V is kept 
in view with the offset to the scanning voltage. At this point, the 
locking switch can be engaged. Anytime the amplitude of the input 
signal changes, the 100 k potentiometer on the output amplifier is 
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turned up until the circuit rings, then turned back a quarter turn. 
While the servo is engaged, the monitor signal should be at 0 V and 
have very little noise on it. 

The linewidth for these electronically stabilized, 
grating-locked lasers can be measured by analyzing the 

heterodyned output of two lasers. Before these systems were built, 
we used optical feedback from an etalon cavity to stabilize the laser 
frequency. This gave the diode laser output a linewidth of around 
10 kHz (Hemmerich 1990). The beatnote between one of these 
lasers and a grating feedback laser is shown in Figure 3.10. We 

assume the linewidth of the grating-feedback laser dominates 
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Figure 3.10 Spectrum of the beat note between a grating- and a  
cavity-feedback laser. The full width at half maximum is 150 kHz.  
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because of the significantly smaller linewidth of the cavity feedback 
laser. The linewidth of the grating-feedback laser is derived from 
the 30 dB full width of 5 MHz. This analysis gives a full width at 
half maximum linewidth of 150 kHz. We found the beat signals fit 
more closely to a lorentzian than to a lorentzian to the 3/2 power 
which others (Barwood 1990, Laurent 1989) have seen with cavity 
feedback lasers (Maki 1993). The beatnote between two 
grating-feedback lasers is twice as wide and so confirms the 

150 kHz linewidth. These grating-locked lasers can be tuned with 
the injection current over a range of 300 MHz at a rate of 

250-500 MHz/mA. A diode laser without grating feedback can 
tune at a rate of 3 GHz/mA over a range of 5 GHz before hopping 
to the next laser cavity mode, 150 GHz away. 

3.6.2 Eta lon Transmission Signal 

For Chirped Cooling (described in Chapter 2.1.2), we need to 
have grating-feedback lasers electronically stabilized and scanning 
over a small frequency range. In these cases, we use a confocal 
Fabry-Perot etalon as the frequency discriminator that drives the 
servo-control system. A glass plate directs a small part of the 
output beam into a 5 cm long etalon with a finesse of about 80. The 

side of the etalon Airy transmission curve is used for locking. With 

the servo engaged, if the length of the etalon cavity changes an 
error signal is sent to the laser diode injection current to change the 
frequency of the laser to remain resonant with the cavity. 
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The etalon cavity length and the piezo for the feedback 
grating are scanned synchronously. Then when the servo is locked, 
the laser will scan as far as it could unlocked. Feedback to the 
injection current from the servo control electronics compensates for 
small asynchronicities in the scans, for differential thermal drifts of 
the laser and optical cavities and for mechanical noise from the 
grating-feedback cavity. In this way, the stability of the etalon 
cavity is transferred to the extended, laser cavity. 
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Figure 3.11 Low-frequency noise spectra of the etalon-output 
signal. The slope at the locking point is 206 MHz/V. 
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We have added a 1 ms long square wave pulse, with an 
amplitude of 0.1 V and a rise time of 5 ns to the etalon driving 
signal to quickly move the laser frequency off resonance for a 

particular transition. Before being sent to the etalon, the pulse goes 
through a 1 MHz low pass filter to remove any high harmonics that 
would cause ringing. Between the pulses, the output of the etalon is 
approximately flat when the etalon mirror and the grating piezo are 
scanning synchronously. With the servo engaged, the monitor signal 
is at 0 V except for about 2 ms of ringing after the pulse. 

To quantify the effectiveness of the electronic feedback, we 
compared the noise spectra of the etalon signal with and without 
the servo. The etalon output signal was sent to a spectrum analyzer. 
Figure 3.11 shows the noise spectra with and without the servo loop 
closed. We noticed the strong peaks at less than 1 kHz for the 
unlocked laser and wanted to find out if they were due to the 
mechanical resonance of the grating mount flexure. We drove the 
piezo with a sine wave of increasing frequency and watched the 
phase between the driving function and the response of the flexure. 
We determined the mechanical resonance of the grating mount 
flexure to be around 500 Hz. The strong peaks at less than 1 kHz 
that are evident with the laser unlocked, are reduced by 50 dB with 
the laser locked. This demonstrates our system will compensate for 
noise up to at least 10 kHz. 
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3.6.3 Processed Heterodyne Signal 

Diode lasers have become so inexpensive and easy to use that 
it is practical to have several lasers at different frequencies in place 
of one, more powerful laser with several accousto-optic frequency 
shifters. We use three separate trapping lasers that are offset from 
each other in frequency to make a magneto-optic funnel. To 

stabilize the frequency difference, we developed a simple electronic 
frequency discriminator that drives the servo control loop. This also 
transfers the stability of one laser, which is locked to either an 
etalon or absorption signal, to the other. 

Figure 3.12 is a diagram of the complete frequency-offset 
locking system. A small portion of the two lasers' output beams is 
combined by a beam splitter onto a fast photodiode. We used EG&G 
FND100 which has a flat frequency response up to 100 MHz. The 

beat note is amplified by 30 dB and then input to the electronic 
frequency discrimination, which consists primarily of a comparator, 
a delay generator, and a low pass filter. The fast comparator 
(analog devices AD9698) is used to convert the sinusoidal beat note 
into a digital signal. A digitally controllable delay generator (analog 
devices AD9501) is triggered and reset by the digital beat note such 
that the output follows it with the rising edge delayed by a time, T. 
A fixed delay on the rising edge of the digital beat note will make 
the duty cycle proportional to the frequency difference, f, of the two 
lasers. The duty cycle of this waveform is 1/2-fT. A low pass filter 
produces a voltage proportional to the duty cycle. 
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Figure 3.12 Diagram of frequency-offset locking system.  
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The total delay time is the sum of the digitally programmed 
delay, TDD and the propagation delay, TpD. An external resistor and 
capacitor can set the full scale delay, TFS to a value between 2.5 ns 
and 10 gs. The digitally programmed delay, TDD = Tps(Di 256) is set 

with an eight-bit word, D, to be some fraction of the full scale delay. 
This gives TDD a range from 0 to 10 !is. The propagation delay can 
range from 5.5 to 30 ns and is the sum of three internal delays 
which can depend on the full scale delay. The delay resolution is 
TFS / 256. 

2.0 

10 20 30 40 50 
frequency (MHz) 

Figure 3.13 Frequency discriminator output as a function of input 
frequency. Curves (a)-(f) correspond to delay times of 8 ns, 12 ns, 
16 ns, 24 ns, 44 ns, and 120 ns, respectively. 
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A sinusoidal function generator provided the input signal to 
the frequency discriminator to illustrate the effect of using different 
delay times, T. Figure 3.13 shows the output of the frequency 
discriminator for delay times ranging from 8 to 120 ns. The full 
scale delay was set to 16 ns for curves (a) to (d), while it was set to 
33 ns and 98 ns for curves (e) and (f) respectively. Curve (a) is 
limited by the 50 MHz maximum trigger rate of the delay generator. 
The maximum input frequency is approximately FmAx =1/2T except 
for (a). Pulse distortion caused by poor impedance matching in the 
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Figure 3.14 Locking signal for frequency-offset locking system. 
Both the positive and the negative slope can be locked to by using 
the inverting input on the servo circuit. 
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printed circuit board layout is believed to cause the nonlinearities 
near the maximum input frequency (Maki 1993). For long delay 
times, the resolution of the frequency discriminator is quite good as 
demonstrated by the steps that can be seen in curve (f). These 

steps are due to the 100 kHz steps used for the frequency scan. 
As with the previous two servo control systems, we start by 

scanning the feedback-grating piezo so the rubidium absorption 
signal for the transition to which we want to lock, is in range. 
Initially, both the reference laser and the trapping laser should be 
scanning. We lock the reference laser to the blue of resonance using 
polarization spectroscopy locking. Then, we look at the monitor 
signal from the servo circuit which should look like the one shown 
in Figure 3.14. This signal is inverted with respect to Figure 3.13. 
The trapping laser can be locked to either slope by using the invert 
switch on the servo circuit. A frequency difference of 0 Hz is at the 
bottom of the V. The amplified output from the fast photodiode is 
sent to a spectrum analyzer so we can measure the frequency 
difference between the two lasers. Special splitter/combiners3 are 
used to prevent reflections from interfering with the signal. The 

offset locked lasers are stable to between 5 kHz and 15 kHz. The 

exact configuration of the lasers for the atomic funnel is explained 
in Chapter 4.3. 

The use of unmodified diodes and integrating servo-control 

circuits, makes these laser systems inexpensive and simple sources 
of narrow linewidth radiation. Table 1 lists a comparable diode 
laser without the electronic frequency stabilization. We estimate 

3Mini-Circuits ZS C-2-1 
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our cost per laser system works out to $2.5K to $3K. These grating 
feedback lasers, stabilized with electronic feedback, are well suited 
for laser cooling and trapping of rubidium and atomic beam 
diagnostics. 
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Chapter 4  
Rubidium Atomic Funnel  

We need a bright source of slow atoms to have long 
interaction times with our compact interferometer. As mentioned in 
Chapter 2, one dimensional cooling will increase the atoms' velocity 
spread in the directions that are transverse to the laser propagation. 
This reduces the brightness of the beam. A magneto-optic trap 
confines the atoms' position and velocity. By modifying the 

magnetic field so there is no confining potential along one axis, we 
can eject the atoms from the trap without turning off the field. 
There are currently three other atomic funnels that have been 
reported in the literature. The first funnel was demonstrated by 
Riis (1990) for sodium. Nellessen (1990) and Yu (1994) have also 
reported on similar systems for sodium and cesium, respectively. 
These systems are not suitable for our interferometry application 
because they either do not have both longitudinal and transverse 
velocity compression or do have a laser beam collinear with the 
slow atomic beam axis. 

We have an atomic funnel that has the laser beams at 45° to 
the atomic beams as shown in Figure 4.1. This gives the required 
velocity compression and frees the atomic axis of laser beams. 
There are four stages through which the atoms go to produce the 
final slow, cool atomic beam. First, an effusive oven heats the atoms 
to form a thermal atomic beam. Then, the atomic beam is laser 
slowed and cooled so that it can be loaded into the two-dimensional 
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Figure 4.1 Rubidium atomic funnel. The four stages are shown: the effusive oven the laser slowing and 
cooling, the two-dimensional magneto-optic trap, and the cooled atomic beam. There are six trapping 
lasers, the two labeled, the two counter propagating to them and two (which are not shown) in and out 
of the page. 
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magneto-optic trap. We have used two different methods to slow 
and cool the atomic beam: chirped and Zeeman-tuned. The atoms 
undergo further velocity and spatial compression in the two-
dimensional magneto-optic trap. Finally, these well-collimated 
atoms are accelerated to the chosen final velocity. This produces 
the cold, bright beam of atoms we need. 

4.1 Hot Atom Source 

An effusive oven operating at 235° C generates the thermal 
beam of atoms.. The oven was designed with a recirculation system 
[Lambropoulos 1977, Carter 1978] to decrease the frequency at 

which the 5 g rubidium samples need to be replaced. The atoms 
emerge from the oven through the 0.1 cm-diameter orifice. 
Figure 4.2 illustrates the evolution of the thermal atomic beam as it 

travels from the oven to the atomic funnel. From the orifice, the 
atoms pass through the 0.5 cm diameter opening in the condenser 
cup, a part of the recirculation system (Swanson 1995). There is a 
collimating aperture 40 cm away just before a valve that separates 
the oven chamber from the high vacuum trapping chamber. The 

diameter of this aperture is chosen oversized so that the atomic 
beam doesn't miss the funnel even if the oven is slightly misaligned. 
Figure 4.2 (a) shows the chirped cooling arrangement. The 

aperture was 0.76 cm (0.30" 5/16") in diameter and 55 cm from 
the funnel. This should produce at least a 1.5 cm (-9/16") diameter 
beam in the funnel. We increased the distance between this 
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Figure 4.2 Hot atomic beam diameter due to apertures.  
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aperture and the funnel to 1 m to accommodate the magnet for 
Zeeman-tuned slowing as shown in Figure 4.2 (b). The aperture 
diameter was increased to 0.94 cm. (3/4") This should produce an 
atomic beam at the end of the magnet that is 2.4 cm (15/16"). 
However, the 5/8" diameter vacuum tube for the magnet restricts 
the beam to a 1.8 cm (11/16") diameter in the funnel. Between 

these two configurations, we built a new funnel magnet coil. The 

separation between the magnet coils increased from 1.9 cm (0.75") 
to 2.54 cm (1.0"). 

We would like to be able to predict the velocity distribution 
and total flux for a known oven temperature. The velocity profile of 
the hot atom beam is modeled using Sections II.1 through 11.3 in 

Ramsey (1963). A solid metal sample of atomic mass M (kg), is 

heated in an oven to a temperature T (Kelvin) and pressure P 
(Pascal). The density of atoms in the oven is n = P and their 

kBT 
Tmean velocity is v = 8kBThe total number of atoms per second 

that emerge from an oven with an orifice of area As, that are 
detected a distance L away in an area Ad, is: 

No= AciAsn7 4.12K4 TM

The factor, 1 = 8 r takes into account the radius, r and the length, 1
K 3 1 

of the cylindrical orifice. The number of atoms per second in a 
velocity interval, dv detected as a function of velocity is given by: 

2 (0 .742 )N1(v)dv = v3 exp( jd.17 4.2 
2a4 
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The most probable velocity for the atoms in the beam is a = ii2kBT 
M 

The FWHM of the distribution is, 

a = Via =114k B T 4.3 
M 

The factor of either 0.72 or 0.28 accounts for the isotopic abundance 
of rubidium 85 or 87, respectively. 

We have measured the resonant fluorescence of the atoms 
when illuminated by a laser beam that intersects the atomic beam 
at 45° in the middle of the funnel. The laser beam is 2 cm wide 
and 0.5 cm tall and has an intensity of 7.0 mW/cm2. The 

fluorescence is collected on a photomultiplier tube (PMT) by a 1" 
diameter lens that has its focal point at the center of the funnel, 
50 mm away. The PMT collects from a solid angle -a = 0 .016. We 

4 7t 

can take into account the linewidth for the atomic transition and the 
laser's intensity by using the scattering rate from Equation 2.3. The 

scattering rate for a laser beam with intensity I and wave vector k 
exciting a transition with saturation intensity Io and excited state 
linewidth F of an atom moving with velocity v is: 

r 
I 

10s = 4.4 
2 I 2 

1+ + rTo 
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Figure 4.3 Velocity distribution for a thermal atomic beam. The 
temperature of the oven is 235°C and the detection region is 
1.4 meters away. 

If we multiply the number of atoms by the scattering rate and the 
energy per photon and integrate over all velocities, we should get a 
function that agrees with the fluorescence signals collected. 

I \ 
To s (0 .72 )2N 0 /612 cickSignalA) = (hck)( r)2 e 4.5 a4kIii + -I ki 

\ To j 

A velocity profile, with the fluorescence for a theoretical hot 
beam at an oven temperature of 235°C is shown in Figure 4.3 
(smooth curve). We changed No in the model until the peak height 
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matched that of the experimental curve. This gives us 2.3 x 1011 
atoms per second in the beam. We have measured a hot beam 
diameter of 1.9 cm at the funnel. The total flux is 8.1 x 101 0 

atoms/cm2sec. 

4.2 Slowing and Cooling Methods 

We need to slow and cool the hot atomic beam so there are 
enough atoms with velocities less than 25 m/s which can be 
captured by the magneto-optic trap. There are two laser slowing 
and cooling techniques, as mentioned in Chapter 2. We have used 
both chirped and a- Zeeman-tuned cooling. We started the project 
with chirped cooling because it was easier to implement. The 

Zeeman-tuned cooling requires a permanent magnet be built which 
makes it more difficult to vary the frequency tuning curve as we 
initially explored these techniques. We then turned to Zeeman-
tuned cooling as a way to increase the brightness of the cooled 
beam. 

4.2.1 Chirped Cooling 

Chirped cooling is a method of slowing and cooling a portion of 
a thermal atom beam that uses a change in laser frequency to 
compensate for the change in Doppler shift of the slowing atoms. 
We use a pair of etalon-locked diode lasers that were described in 



75 

Chapter 3 to perform the slowing and cooling. One laser (the cooling 
laser) is tuned so that it will scan over the 85Rb 5 S 1/2 F=3 to 5P3/2 
F'=4 transition (see Figure 2.1 for the rubidium energy level 
diagram). The laser beam is limited by the optics to 2.54 cm in 
diameter as it enters the vacuum chamber and has an intensity of 
4.9 mW/cm2. The laser frequency is scanned so that it will remain 
in resonance with the slowing atoms. The laser is focused so that its 
diameter matches that of the atomic beam as well as possible. 

The frequency separation of the F'=3 and F'=4 excited states is 
120.7 MHz (Sheehy 1989). The Lorentzian natural linewidth 
( rRb = 27c 6 MHz) of the transition predicts 0.0025 of the atoms 
make the transition to F'=3 excited state. From there, the Clebsh-
Gordon coefficients in the Einstein A Factors indicate there is a 4/9 
probability an atom will then decay to the 5S 1/2 F=2 ground state. 
The separation of the ground states is 3 GHz which gives a 

probability of 10-6 the atom will again be exited by the slowing 
laser. The relatively high probability of an atom making a 

transition to the F=3 excited state and the relatively low probability 
of an atom making a transition out of the F=2 ground state optically 
pumps the atoms into the F=2 ground state and they stop slowing. 

In chirped cooling the solution to the optical pumping problem 
involves another laser. The other laser (the pump laser) is tuned so 
it excites atoms from the F=2 ground state so they can continue to 
be slowed. The laser is limited to a diameter of 2.54 cm by the 
optics and has an intensity of 0.05 mW/cm2. The pump laser 
frequency is also scanned. The two lasers are combined on a 70/30 
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beamsplitter with 70% of the cooling laser transmitted. The cooling 
and pump lasers co-propagate for the length of the hot atom beam. 

The frequency scan starts slowing the atoms about 450 MHz 
to the red of resonance which corresponds to a velocity of 350 m/s 
and continues just as far to the blue of resonance before turning 
around. However, atoms are being slowed for only 6 ms of the 
40 ms-period scan. From Equation 2.9, = amax k = h 2 the 

dtmax 4 7...M 

maximum scan rate is 143 MHz/msec. We scan at a rate of 
61 MHz/msec (31.7 MHz/0.52 ms) or 43% of the maximum scan 
rate. The frequency scan rates of the slowing and pumping lasers 
are closely matched so they are interacting with the same velocity 
group of atoms at the same time. 

A 0.175 V square wave pulse is added to the 1.4 V peak-to-
peak sinusoidal scanning function when the resonant atoms have 
velocities close to zero. This pulse quickly changes the frequency of 
the slowing laser so it is no longer resonant with the slow atoms. 
The delay of the pulse and the scanning frequency of the slowing 
and pump lasers are adjusted to optimize the number of atoms in 
the funnel. Typically, the pulse starts when the laser is detuned by 
32 MHz from resonance which corresponds to a velocity of 25 m/s. 
In the 95 cm from the oven to the funnel, we can slow atoms from 
350 m/s to 20 m/s which is the cut-off velocity for the magneto-
optic trap. Figure 4.4 illustrates how the scanning frequency and 
the fluorescence from the trapping region are related. The 

fluorescence slowly increases as more atoms are slowed from the 
thermal beam. With chirped cooling, the same velocity class of 
atoms is resonant with the laser all along the slower. The signal 

http:MHz/0.52


77 

Chirped Cooling Signa  

.* 7.' j, 
N,

1..c. 

.....4"1 

ei...'.....w 

Frequency 
Jump 

2 4 6 

Time (ms) 

Figure 4.4 Chirped cooling signal from the funnel region. The top 
trace is transmitted signal through the Rb absorption cell for the 
cooling laser. 

drops off when the laser is resonant with atoms that have such a 
slow velocity that it is very likely they will leave the atomic beam 
due to transverse heating. Then at the frequency jump there is a 
dramatic decrease in the fluorescence. The cross-over peaks are 
clearly visible in the rubidium saturated absorption curve just 
before the frequency jump. The trapping laser beams and the 
trapping magnetic field were off for this scan. 
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4.2.2 Zeeman-tuned Cooling  

Zeeman-tuned cooling is a method of slowing and cooling a 
portion of a thermal atomic beam that uses a change in the atoms' 
resonant frequency to compensate for the change in Doppler shift of 
the slowing atoms. An increasing magnetic field will decrease the 
resonant frequency for the D2 F=3, mF=-3 to F=4, mF'=-4 transition. 
The magnet that generates this field is wound in 15 layers on a pipe 
which fits over a 5/8-inch diameter vacuum pipe and its flanges. 

The first 9 layers are wound evenly and carry approximately 2.7 
Amperes each (24.25 Amperes total) which generates 360 Gauss 
field. The next 6 layers are wound with an increasing pitch along 
the pipe and carry approximately 4.3 Amperes each (26 Amperes 
total). The magnetic field varies parabolically from 30 to 360 Gauss 
over 60 cm. The field falls off to about 2 Gauss in the funnel region. 

We currently use a grating-feedback diode laser that is not 

electronically stabilized to perform the slowing. A small fraction of 
the slowing beam is heterodyned with the reference laser (see 

Chapter 4.3) onto a fast photodiode. The signal from the detector is 
sent to a spectrum analyzer so we know the frequency detuning of 
the slowing laser. The slowing laser is reflected from a polarizing 
beamsplitter to improve the quality of the polarization. The beam is 
then sent through a quarter wave plate to make sigma minus 
polarized light. We should not need a pump laser because of the 
360 Gauss bias magnetic field (see Chapter 2.1.3). However, we 
have found the pump laser, which is already copropagating with the 
cooling laser from the chirped arrangement, enhances the number 
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of atoms per second slowed. It is optimized at a detuning of about 
125 MHz to the red of the F=2 to F'=3 resonance which corresponds 
to the middle of the range over which we slow the atoms. With the 
pump laser scanning over about 250 MHz, the laser interacts for a 
limited time with atoms in all the velocity classes that we are 
slowing. In .this configuration, the optical pumping effects are 
reduced for atoms over the largest range of velocities and we see a 
larger number of slow atoms. 

From Equation 3.10, we find the resonance condition for 

slowing atoms is 
= lc- y3. 4.5 

0.31 
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Figure 4.5 Velocity distribution for Zeeman-tuned cooling. The 
cross-over peaks are separated by 31.7 MHz and used to calibrate 
the velocity scale. 
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At the beginning of the slower, a laser detuned by -900 MHz will 
be resonant with atoms traveling at 275 m/s. As the magnetic field 
increases, the laser will slow atoms to 20 m/s at the end of the 
slower. We characterize the performance of the system by 
measuring the velocity profile of the cooled atomic beam. The 45° 
probe laser is scanned very slowly using a triangle wave while the 
fluorescence from the atoms is recorded about 100 times during the 
scan using a simple sample and hold circuit. Figure 4.5 shows the 
absorption signal from the reference rubidium cell for the probe 
laser along with the fluorescence from the atomic beam in the 

funnel region. We use the separation of the cross-over resonances 
which is 31.7 MHz to calibrate the velocity scale. The tall, narrow 
peak near zero velocity is the slow atoms. The broad distribution 
comes from the remaining thermal atoms in the beam. 

4.2.3 Comparison of the Two Methods 

There are aspects of each cooling method that can make one 
easier to work with than the other for different situations. There 

are three main differences to consider: the slowing laser stability, 
how we verify that the system is operating properly, and the 
number of atoms cooled. 

As of this writing, the slowing laser for the Zeeman-tuned 
method is not locked so it drifts over long time periods at about 
60 MHz per hour. This has proved to not be a problem so far, but 
as we start to signal average to observe diffraction and interference, 
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the fluctuations could become noticeable. The slowing laser for the 
chirped method is electronically locked to an etalon, as mentioned in 
Chapter 3.6.2. This transfers the stability of the etalon cavity to the 
laser. The etalon cavity drifts more slowly as long as the room 
temperature is reasonably constant. 

The signal from a photomultiplier tube, that is shown in 
Figure 4.4, can be taken while atoms are loaded into the trap with 
chirped cooling. The size of the signal provides real-time 
verification that the slower is working properly. The signal shown 
in Figure 4.5 cannot be taken while atoms are loaded into the trap 
with Zeeman-tuned cooling. The scanning probe laser is one of the 
trapping lasers. Even if we were to use a separate laser, it would 
disturb the balance of forces in the trapping region. If there are no 
atoms trapped, a velocity profile must be made for the slowed atom 
beam to determine where the problem lies. 

In chirped cooling, the atoms are slowed for only about 15% of 
the frequency scan. With a total of 2.3 x 1011 atoms per second in 
the hot atomic beam, Equation 4.2 predicts there are 1.2 x 101 0 

atoms per second with velocities between 20 and 350 m/s in the 
thermal atomic beam. These atoms are loaded into the trap over 
6 ms which gives a total of 7.2 x 109 atoms per chirp. In Zeeman-

tuned cooling, theory predicts there are 6.2 x 109 atoms per second 
with velocities between 20 and 275 m/s in the thermal atomic 
beam. These atoms are loaded into the trap continuously. 

Eventually, when we are taking interferometer data, we will 
be accumulating atoms passing through the third grating. Assuming 

all the atoms that enter the funnel leave, the rate of atoms entering 
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the funnel should be proportional to the rate of atoms counted by 
the detector over long time averages. For Zeeman cooling the rate is 
just 6.4 x 1011 atoms per second. For chirped cooling we should 
take the number of atoms per chirp and multiply by the chirp rate 
to get 1.8 x 1011 atoms per second. This makes Zeeman cooling a 
favorable alternative to chirped cooling. 

We made an initial estimate of the number of atoms in the 
funnel from each of these cooling methods. We collected the 
fluorescence from atoms in the funnel with the trapping lasers 
detuned by 2 MHz. Using the time-of-flight method, to be 

discussed in Chapter 4.4, we determined the velocity of the atoms to 
be about 5 m/s. The change in fluorescence with the slowing laser 
on and off resonance was used to make the estimate. The signal 
was converted into a number of atoms taking into account the 
scattering rate, Equation 4.4 (Swanson 19951). We measured 
1.8 x 108 atoms per second for chirped cooling and 1.4 x 109 

atoms per second for Zeeman cooling. We have 8 times more atoms 
with the Zeeman cooling method. 

Figure 4.6 shows a comparison of the velocity distribution for 
chirped cooling and a- Zeeman-tuned cooling. These traces were 
taken using the sample and hold circuit mentioned in Chapter 4.2.2. 
The Zeeman cooling peak is larger than the chirped cooling peak. 
The smaller peak coupled with the duty cycle of the chirped method 
makes Zeeman cooling the preferred method. 

1 The number in the thesis must be multiplied by 2n for the photon energy
and 8.7 for the scattering rate. 
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Figure 4.6 Comparison of cooling signals from Zeeman-tuned and 
chirped methods. The Zeeman cooling method produces a larger 
number of cooled atoms than the chirped cooling method. The chirp 
rate is 26 Hz. 

4.3 Two-Dimensional Magneto-Optic Trap 

As mentioned in Chapter 2.1.1, the transverse heating that 

accompanies one-dimensional slowing produces a rapidly expanding 
beam. We can decrease the transverse velocity and spatial extent of 
the beam with laser cooling and trapping techniques. Four infinite, 

parallel wires carrying equal current traveling in alternating 

directions will generate a two-dimensional quadrupole magnetic 
field. The field increases linearly in two dimensions and is zero 
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along the center axis of the wires. This field, along with three pairs 
of lasers as in the three-dimensional magneto-optic trap, will create 
a two-dimensional trapping potential. 

The magnetic field for two-dimensional Zeeman confinement 
is generated by copper tubing bent in a hairpin geometry (Riis 
1990) as shown in Figure 4.7. The original funnel magnet is made 
out of straight, 1/8" OD tubes that were soldered together at the 
corners. The inner tubes are separated by 3/4". After the tubing 
(and solder) overheated twice when the 70 Amp current was on 
without the cooling water, we decided to change the design. The 

new coil is bent from 3/16" OD tubing. There are two symmetric 
pieces of tubing which when put together have parallel tubes at the 
corners of two concentric squares: one with 1" between the tubes 
and the other with 2.5" between them. Each piece was bent using a 
tube bender and a jig designed to properly rotate each 90° bend. A 

four-tube feedthrough was designed to supply power and cooling 
water to the funnel magnet. Two supports maintain the position of 
the funnel tubes in the high vacuum chamber. 

Just as with the three-dimensional magneto-optic trap, three 

orthogonal pairs of laser beams overlap on the funnel axis. As 

shown in Figure 4.1, our laser beams are rotated by 45° with 
respect to the magnetic field axis. This allows the circularly 

polarized trapping lasers to interact with atoms in all the mF 
sublevels. The relative scattering rates of atoms in the different 
sublevels are such that there is still a net force toward B = 0 
(Delfs 1992) 
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Figure 4.7 Funnel magnet geometry  
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Three separate lasers are used for the trapping beams. One 
laser provides the beams along the z axis. Vertical laser beams that 
are not quite counter-propagating will increase the temperature of 
the trapped atoms. This laser has an optical isolator in its beam 
path to reduce the effects of optical feedback on the laser diode 
from the closely aligned laser beams. A second laser provides the 
beams propagating in the +y direction (from behind the trapped 
atoms). The opposing beams (from in front of the atoms) come from 
a third laser. A small part of each of these beams is heterodyned 
with the reference laser. The relative frequencies of these three 
lasers are controlled using the frequency offset locking technique 
described in Chapter 3. 

When all three lasers have the same frequency, the scattering 
forces will balance for atoms on the axis of zero magnetic field with 
a mean velocity of zero. By offsetting the frequency of the lasers in 
front of the atoms with respect to the lasers behind the atoms, the 
scattering forces will be unbalanced. The resulting force will 
accelerate the atoms. From Equation 4.5, the accelerating force will 
be zero when the velocity of the atoms reaches: 

4 . 8 

Atoms will leave the funnel with velocities less than are predicted 
by the above equation if the time it takes the lasers to accelerate 
the atoms is longer than the time the atoms spend in the funnel 
(Yu 1994, Swanson 1995). 
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Figure 4.8 Velocity versus detuning for atoms ejected from the 
funnel. The data from measurements taken with chirped cooling
loading the funnel all are along one curve that indicates a magnetic
field offset exists in the trap. The data from measurements taken 
with Zeeman cooling are mostly along one line that indicates the 
atoms follow simple theory of Equation 4.8 (Swanson 1995). 

4.4 Initial Velocity and Temperature Measurements 

Using a time-of-flight technique (Riis 1990), we are able to 
determine the mean velocity and temperature of the atoms ejected 
from the funnel (Swanson 1995). The time-of-flight data we have 
taken with Zeeman-slowed atoms is very different from that taken 
with chirped-slowed atoms. The data shown in Figure 4.8 from 
measurements taken with chirped cooling loading the funnel are 
along a curve that represents the predictions of a model with a 
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3.5 G axial bias field with a nominal detuning of -3F. The data from 

measurements taken with Zeeman cooling loading the funnel are 
mostly along a curve that follows the simple theory of Equation 4.8 
and has no bias field. The two sets of measurements taken on 
2/22/96 had the magnetic field polarity and the laser beam 

polarization reversed (i.e., +B, right-handed (+45) or 
-B, left-handed (-45)). 

We have recently measured the magnetic field in the funnel 
region with a Hall probe. With the trapping field off, the largest 
axial magnetic field is 2 Gauss. However, with the trapping field on, 
the largest axial magnetic fields are about 300 milliGauss at the end 
of the funnel and 600 milliGauss in the molasses region. The 

Zeeman slowing magnet current was off for both measurements. 
Because we do not know the reference magnetic field for the Hall 
probe, the change of 2 Gauss agrees with the prediction of the 
theory. 

With the Zeeman slowing magnet on there is a 1.7 Gauss axial 
field in the trapping region which is transverse to the funnel axis. 
This changes the trap characteristics because it adds to the funnel 
magnet field and changes the location of B=0. The trap moves two 
trap widths (1 mm) up and down when the Zeeman magnetic field 
sign is reversed. Further studies are needed into the trap 

characteristics to determine the cause for the discrepancy in the 

detuning dependence of the ejection velocity between the two 
slowing methods. 
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Chapter 5  
Hot Wire Ionization Detection  

Initial calculations predict the flux of atoms through the third 
grating of our interferometer will be small. Also, the fringe contrast 
may be low due to overlapping beams between the gratings in the 
interferometer. The atoms form a matter-wave interference 
pattern at the position of the third grating. If we use two adjacent 
diffraction orders as described in Chapter 1.1, the period of the 
interference pattern is the same as that of the gratings. We will 
measure the total near-field output with the third grating acting as 
an analyzer. As the third grating moves perpendicular to the atomic 
beam, it moves in and out of phase with the matter-wave 
interference pattern. An efficient, low noise detector is essential to 
measure this dim, low contrast signal. 

We already use resonant fluorescence to detect the atomic 
beam just outside the funnel region. At a flux of 
10 9 atoms / (cm 2. sec: we already have a difficult time isolating the 
fluorescence signal from the scattered light that is at the same 
frequency. Ionization detectors are well suited to this type of 
application. There are several ways to ionize a neutral atomic beam: 
a hot surface, electron impact, and laser ionization. While electron-
impact ionization is universally effective, it has a low efficiency and 
generates many ions from background gases. A hot metal surface, 
with the right choice of surface, very efficiently ionizes the alkali 
metals without too much background. 
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5.1 Surface Ionization 

Surface ionization can approach 100% efficiency for the alkali 
metals. When an atom hits a hot filament, it may be absorbed. If 
the atom's ionization energy (I) is low enough compared to the work 
function (4)) of the filament, the atom loses an electron to the 
surface. The number of ions (n+) and the number of neutral atoms 
(no) desorbed from the hot filament surface is given by the Saha-
Langmuir equation (Langmuir 1925), 

1n÷ co+ expre(0= 5.1 
no kTtoo 

where k is Boltzman's constant, T is the temperature of the filament 
in Kelvin and -e is the charge on an electron. The ratio of statistical 
weights, o.)+froo , is 1/2 for alkali atoms. We have used two different 
filament materials; tungsten (4) = 4.55 eV) and rhenium 
(4) = 5.00 eV). Using the above equation, we find the percentage of 
rubidium atoms (I = 4.18 eV) which would be ionized for each of 
these materials is 

n+ 
% ionized= = 1+2 exp e(I(4)))1 5.2 n+ +n 0 kT 

At a temperature of 1200 K, tungsten ionizes 94.7% and rhenium 
ionizes 99.9% of the rubidium atoms. 
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Figure 5.1 Copper anode hot wire ionization detector. 
(a) mechanical drawing of the detector 
(b) impedance converter circuit diagram. 
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5.2 Copper Anode Detector 

We have used two different ionization detectors with this 

system. The first detector, shown in Figure 5.1 (a), simply ionizes 
the rubidium and collects the ions on a copper anode. We used a 
current of 600 mA to heat a 76.2 gm diameter tungsten wire. We 

estimate the temperature was about 1200 K. The circuit shown in 
Figure 5.1 (b) converts the current from the anode to a voltage with 
various amplifications. The voltage output is sent through an 
amplifying digitizer and input to a computer. We used commercial 
data acquisition software to record the detector signal. The thermal 

atomic beam (1012 atoms / (cm 2 s ec ) generated a 0.5 V signal 
with the detector 40 cm from the oven. 

We repositioned the detector so it was on the vacuum 
chamber center axis and 30 cm from the end of the funnel as 
shown in Figure 5.2. Chirped cooling loaded the atomic funnel. The 

horizontal laser frequencies were shifted 3 MHz. The molasses 
laser intersected the atomic beam 15 mm from the end of the 
funnel to compress the beam transversely. The signal from the 
impedance converter was sent to a lock-in amplifier which used the 
chirped cooling scan TTL for the reference frequency. We were able 
to detect a 43.1 mV change in the detector signal as the thermal 
atomic beam was turned on and off with the wobble stick. 

However, there was a change of 16.4 mV from a change in the 
background rubidium density even without the funnel operating. 

When this background was subtracted out, there was a change of 
26.7 mV on the 10 gV sensitivity scale of the lock-in amplifier. A 
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Figure 5.2 Detector position in the high vacuum chamber. The 
entrance to the detector translates 0.5" on either side of the 
chamber center axis. 
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full scale reading results in a 10 V signal on the output channel. 
This means a 26.7 nV signal was generated by the detector. The 

current, per chirp, from the hot wire detector is 26.7 nV/5 GO/0.6, 
where 0.6 is the amplification of the impedance converter. A 

current of 8.9 x 10-18 Amps corresponds to the charge from 56 
atoms per second. Dividing by the (diameter x length) of the 
tungsten wire translates into about 120 atoms/cm2/chirp. The 

output of the lock-in amplifier is the time average of the signal. At 

the detector, the pulse of atoms is about 10 ms long which is 1/4 of 
the chirp period. There are 25 chirps per second and there is the 
factor of 4 from the lock-in, so we measured 
12,000 atoms/cm2/sec. From previous time of flight 
measurements, we estimate the 3 MHz detuning of the funnel 

lasers corresponds to an ejection velocity of about 5 m/s. The 

cooled atoms typically have a transverse temperature of 500 p.K. If 

we consider the thermal expansion of the beam, it will have a 
diameter of 2.6 cm by the time it reaches the detector. In that 
same time, the atoms drop 1.8 cm so only the very fringe of the 
beam was measured. 

5.3 Micro-channel Plate Detector 

The second detector is shown in Figure 5.3. It has three main 
stages: hot wire ionization, micro-channel plate (MCP) amplification, 
and particle counting. The basic building blocks for the detector are 
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Figure 5.3 Micro-channel plate detector. This Rh surface ionization 
detector uses a MCP amplifier and a metal anode. 

Kimball, eV Parts, Series B. The new detector is designed to be 
mounted on the same vacuum motion feedthrough as the old one. 

5.3.1 Hot Wire Ionization 

The second hot wire detector uses a rhenium filament to 
ionize the rubidium. As we saw in Section 5.1, rhenium ionizes 
rubidium with almost 100% efficiency. We initially want to 
intersect a large fraction of the cooled atomic beam but still have 
enough resolution to map out its profile. At the position of the 
detector, a 50012K beam traveling at 10 m/s has a diameter of 
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14 mm. This assumes the diameter of the atomic beam in the 
molasses laser is 35 mm. 

We use a standard 762 x 25 gm (width x thickness) rhenium 
mass-spectroscopy ribbon. The ribbon is wide enough to intercept a 
significant fraction of the atomic beam without requiring as much 
current as a wire that would intersect the same area of the atomic 
beam (i.e., width = diameter). The clamps shown in Figure 5.4 hold 
and supply current to the filament. A 0.1 cm diameter copper wire 
is spot welded to the corner of the standard Kimball L-bracket. The 

ribbon slides into the slits and is held in place with the clamp piece 
and a pair of bolts. The next step toward installing the three-
grating interferometer, is to detect the diffraction of the cool atomic 
beam by one grating. A smaller filament or wire will allow us to 

-.9 
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0 0 (; 0 0 
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Figure 5.4 Ionization ribbon clamps.  
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detect the diffraction orders closer to the grating where the density 
of atoms is higher. We will also incorporate a spring into the mount 
so the wire stays taut as it heats and cools. 

5.3.2 Micro-channel Plate Amplification 

Micro-channel plates offer low noise amplification of low flux 
ion and photon beams. A grid and a plate generate the electric field 
used to accelerate the rubidium ions toward the MCP amplifier. The 
accelerating grid is a tungsten mesh spot welded over a 1" diameter 
hole in a standard Kimball plate.1 As Figure 5.5 shows, the solid 
plate is at a positive potential while the grid is at a negative 
potential. 

A micro-channel plate is an array of channel electron 
multipliers (CEM) which use secondary electron emission cascades to 
amplify a weak ion current. A bias voltage of between 600 and 
1000 volts accelerates the electrons through the channel. The 
voltage along each CEM varies linearly so it can be thought of as a 
continuous dynode resistor chain. Charged particles (0.2 - 200 eV), 
x-rays, and UV radiation that impact the channel walls initiate the 
electron cascades. If 8 secondary electrons are produced at the first 
stage, 82 at the second stage and so on, then the gain for n stages is 
just 811. The gain of each channel depends on the ratio of its length 
to diameter (a = )), the total channel voltage (V), and the initial 
energy of the secondary electrons (V0). (Schagen 1974) 

1 The spot welding is courtesy of Dr. Elizabeth (Lilo) Barofsky in the OSU
Department of Agricultural Chemistry. 
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Figure 5.5 Electrical diagram for the MCP detector. 
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The constant A is determined from ö = AVc1 /2 where Vc is the 
electron collision energy in eV. This formula is based on very 
elementary models that assume secondary emission is parallel to 
the walls of the channel and the channel is in vacuum. Figure 5.6 
shows the gain profile for a single channel. Metal plating on the 
front and back surfaces of the plate serve as parallel electrodes. 
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At gains higher than 103, there are enough electrons at the 
channel output to ionize a significant number of residual gas 

molecules. These positive ions can drift into the channel, collide 
with the channel wall, and produce after-pulses. One solution is to 
manufacture curved channels so there is a sufficient directional 

change to prevent the ions from drifting to the low potential side of 
the plate. This will allow gains of up to 105. Even higher gains can 
be reached using a stack of two plates. 

Theoretical Single 
Channel Gain 

2000 -

1500 

Gain  
1000  

500 

1000 1500 2000 

Applied Voltage 
(Volts) 

Figure 5.6 Gain profile for a single channel electron multiplier.  
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Sometimes, the plates are made such that the channels make a 

small (5-8°) angle with the plate normal. The directional change is 
achieved by stacking two of these plates, back to front so that from 
the side, the channels make a chevron or V. By reducing the 
number of ions which drift backwards into the channel, each of the 
plates in the chevron configuration can be used at a higher voltage. 
Also, with two plates instead of one, gains as high as 107 are 
possible. 

The separation of the plates and the manner in which the 
voltage is applied to the plates affect the quality of the output 
signal. A small (50 1.im) separation and a bias voltage (at least 100 
V) between the plates will produce better spatial resolution but 
decreased gain. For increased gain, the plates should have a larger 
(150 p.m) separation and no interplate bias voltage. The gain comes 
from electrons from one channel now stimulating electron emission 
from a larger number of neighboring channels in the next plate. As 

one can imagine, this also degrades the spatial resolution. For our 
application of particle counting, spatial resolution is not important. 

0.98"  

Figure 5.7 Micro-channel plate assembly. The two MCP's fit in the 
middle with a 0.012" conducting ring between them. 
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We use a pair of 25 mm micro-channel plates that are held in 
the chevron assembly2 shown in Figure 5.7. A 25 mm diameter 
plate contains around 105 channels. (Wiza 1979) We had spacers 
made of stainless steel in two different thicknesses: 0.008" and 
0.012". The electrical connections and operating voltages for the 
detector are shown in Figure 5.5. The 1 Mega resistors3 that are 
parallel with the MCP's carry most of the 0.8 mA current. Notice 
there is no inter-plate bias voltage because we are not concerned 
with the spatial resolution of the signal. The main voltage for the 
MCP amplifier comes from a 2 kV supply on shielded coaxial cable 
both in and out of the chamber. A 100 kS1 potentiometer varies the 
potential of the back plate of the MCP assembly between 
-75 and -150 V. This generates an electric potential to accelerate 
the electrons toward the anode which is grounded through 50 O. 

Alumina washer 

I Nylon washer 

Figure 5.8 MCP detector anode. The washers assure electrical 
isolation between the anode and the mounting plate. 

2 John Archibald, machinist for the OSU Department of Physics, designed and 
made the MCP assembly which is based on a Galileo design.  
3 These are uncoated, vacuum-compatible resistors from Caddok in Roseburg,  
Oregon.  
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The stainless steel anode, shown in Figure 5.8, collects the 
electron pulses from the MCP amplifier. A nylon washer electrically 
isolates the anode from the plate to which it is mounted to reduce 
the noise injected into the signal. A shielded coaxial cable carries 
the signal to a floating shield vacuum feedthrough. 

The entire detector is held rigid by a faceplate (Figure 5.9) 
which has a 0.5" diameter hole for the incident atomic beam to 
enter. The detector faceplate is mounted to a translatable vacuum 
feedthrough that can move horizontally 0.5" to either side of the 
chamber center line. A stepper motor mounted to the vacuum 
chamber support structure facilitates turning the fine-pitched screw 
that moves the feedthrough. 

0.5" Entrance Hole 

Attaches to tapped 
Attaches to Kimball holes on vacuum 

L-brakets with nut and screw. feedthrough 

Figure 5.9 Face-plate for micro-channel plate detector.  
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5.3.3 Particle Counting 

This detector, like most, can operate in two basic modes: 
counting or analog. If the count rate is high enough (greater than 
106 counts per second) the signal must be measured as a DC current 
or voltage as we did with the copper anode detector. A signal with 
separated pulses is amplified and sent to a particle counter as we do 
with this detector. 

Photon counters, as the vendors call them, were originally 
developed for counting photo-electron pulses from a 

photomultiplier tube that were initiated by photons. However, 

photon counters will keep track of the number of electron pulses no 
matter how they are generated. The signal entering the counter is 
superposed on noise. The electronics distinguishes between the 
noise and the signal by counting only pulses with an amplitude 
greater than a preset minimum. 

The statistical fluctuations in the rate of particles incident on 
the detector lead to a poissonian distribution of atoms per second 
(i.e., shot noise). To be able to count more closely spaced pulses, 
some particle counters sum over several pulses. This generates a 
stream of regular, more widely spaced pulses. 

High speed pulse processing requires wide bandwidth 

electronics. This coupled with a small input signal makes particle 
counters very susceptible to RF interference. There are a few tactics 
that can be used to reduce the effect of such interference. Reducing 

ground loops and changing ground arrangements are the first tactics 
to try. Shielding is the next one. The detector which generates the 
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pulses as well as the cable carrying the signal to the counter should 
be well shielded. Other equipment in the lab (or not in the lab) may 
be radiating RF interference into the air. Enclosing the offending 
instrument in a metal housing can reduce the effect of radiated RF. 
Our particular successes and failures with reducing RF interference 
are discussed in Section 5.4. 

We use an SSR Instruments, Model 1105 Data Converter, 
Model 1120 Amplifier/Discriminator.4 The signal from the anode 
goes directly from the feedthrough to the Amplifier/Discriminator 
with a 50 C2 input impedance to reduce the RF noise picked up by 
the signal. The signal is then amplified by a factor of 350. The 

tunnel diode discriminator has an adjustable threshold from 25 to 
250 mV. This, along with the preceding discriminator driver, has an 
amplification of 7. Following a pulse shaper, there is another 

grounded base amplifier to provide the line drive to send the signal 
to the Data Converter. 

The Data Converter or particle counter has three basic parts: 
an input prescaler, a pulse conditioner, and a signal integrator. The 

signal is first inverted (in a NOR gate) and output to both the fast 
digital output and the input prescaler. The fast digital output allows 
one to see "raw data" amplified by (350*7=) 2450. The input 
prescaler provides one output pulse for every four input pulses. 
The computation circuitry compensates for the factor of four. There 

is also the option to divide the output of the prescaler by 1, 10, or 

100. The pulse conditioner provides a fixed amount of charge to the 

4 This equipment is on long-term loan from Dr. Doug Barofsky in the OSU 
Department of Agricultural Chemistry. 
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signal integrator for each input pulse. The integrator has linear and 
log scales as well as a 3x scale. The full-scale value and percentage 
error selected on the front panel set the integration time. There is 
also the option of suppressing up to (1000 * prescale factor) counts 
per second of background. The output circuit of the integrator 
supplies current to the front panel meter and to the recorder output 
jack on the back. Commercial data acquisition software records the 
digitized output from the particle counter. 

5.4 Detector Operation 

With nothing turned on and no atoms in the chamber, there is 
a 0-50 counts per second background. If everything (yes, even 
some of the chairs) is especially well arranged, that can be as low as 
0-20 counts per second. The exact location of the MCP power and 
the signal cable can greatly affect the background counting rate. We 

also have a meter-long sheet of aluminum foil that we have 
mounted vertically to two wooden dowels to shield the detector 
from RF interference that originates somewhere outside our lab. 

Before the rest of the detector is turned on, the background 
gasses which have condensed on the detector filament need to be 
baked off. A 1.5 Amp current will make the filament glow bright 
yellow. After about 10 minutes the current is turned down to 1.25 
Amps and the ribbon is allowed to come to thermal equilibrium. 

In the mean time, the voltage to the MCP's is turned on in 100 
Volt steps. We operate at a voltage of -1.6 kV on the front plate 
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and about -150 V on the back plate. Before opening the valve 
between the oven and high vacuum chambers, there is a 5 k/sec 
background count. This background could be due to residual gases 
in the chamber or impurities in the detector filament ionizing and 
being amplified. Then, with the hot atomic beam entering the high 
vacuum chamber but the funnel not operating, the background rises 
to around 20 k counts/sec. This can be zeroed out on the particle 
counter. 

A simple calculation reveals the atoms must be traveling at 
least 7 m/s to reach the detector before falling too far due to 
gravity. From time of flight measurements made with this system, 
this requires at least an 8 MHz detuning of the funnel lasers. We 

use a detuning of 10 MHz because the lasers are more stable. 
Unfortunately, at this detuning neither the trap nor the molasses 
region are visible on the CCD monitor screens. The fast atoms 
interact with the laser beams for a shorter time than the slow atoms 
so we are unable to collect enough photons. The trap is optimized at 
a smaller detuning and then the detuning is increased. The laser 
frequencies are then reoptimized to maximize the signal from the 
detector. 

With the detector at the chamber center-line we measured a 
count rate between 20 k and 75 k per second. The area of the 
filament exposed to the beam is 9.1 x 10-2 cm2. This gives about 
(2.2-8.2) x 106 atoms/(cm2 sec). If we assume a beam diameter of 
14 mm (area = 6 cm2) this gives a flux of (1.3-4.9) x 106 atoms 

per second. Remember from Chapter 4.4, we measured 
1.4 x 109 atoms/sec for a 2 MHz detuning with Zeeman-tuned 
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slowing. The measured flux is a factor of 103 larger at the funnel 
than at the detector. We could be losing atoms from the beam. It is 
possible the atomic beam is still not centered on the funnel. This 

could be due to the atoms traveling slower than we think or the 
beam traveling to one side or the other. Also, the atomic beam 
could be larger than we have estimated due to a higher temperature 
in the molasses region. 
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Chapter 6  
Summary and Future Plans  

We have developed grating-feedback lasers with electronic 
frequency stabilization to do laser cooling and trapping of rubidium. 
The grating feedback narrows the linewidth of the laser diode 

output to 150 kHz from a typical free running linewidth of 

20-50 MHz. Three different frequency discriminators can be used 
to drive an integrating servo control circuit which provides 
electronic frequency stabilization. 

The lasers can be tuned continuously over a range of 

300 MHz at a rate of 250-500 MHz/mA with the injection current. 
The polarization spectroscopy signal allows the laser to be locked 
over a range of 60 MHz. We move the grating position to scan the 
laser frequency over about 900 MHz for the chirped cooling. With 

the etalon cavity resonance frequency changing at the same rate as 
the laser frequency, the scanning laser can be locked to the etalon 
signal. The servo changes the injection current to keep the grating 
and etalon scans synchronized. Finally, the heterodyne signal 

provides the stabilized frequency reference we need to offset the 
trapping lasers and accelerate the cold atoms out of the funnel. 

We have also developed a hot wire ionization detector to map 
out the spatial profile of the cooled atomic beam and to detect the 
matter-wave interference pattern at the end of the rubidium atom 
interferometer. We have measured a flux of 107 atoms/sec 30 cm 

from the end of the atomic funnel. Should we be unable to use the 
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ionization detector at some point, we have investigated another 
laser fluorescence technique. There is a two-photon transition to 
the 5D states that decays in the blue (X = 420 nm). We could use 
it to detect the atomic beam. A filter would be used to remove the 
background light. 

These simple and inexpensive diode laser systems have 

allowed us to build a bright source of low temperature, slow atoms 
using laser cooling and trapping techniques. Also, we have 
demonstrated the simplicity of this hot wire ionization detector and 
its ease in detecting moderate fluxes in a large background. We are 
ready to position one of the atomic gratings in the vacuum chamber 
as a preliminary step to positioning all three gratings for the 

rubidium atom interferometer. 
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Rubidium Vapor Cell Trap  

This document is intended to explain the results obtained from 
the work performed on the vapor cell trap after Holger Delfs left 
this group. Therefore, the reader is referred to his 1992 Master's 
Thesis for background and theoretical information. 

1.	 "Discovered" a Vortex Trap 
2.	 Different Magnetic Fields 

a.	 Modeled fields for perpendicular pairs of rectangular 
trapping coils 

b.	 Built two versions of perpendicular pairs of circular 
trapping coils 

3.	 Ejecting Atoms From the Trap 
a.	 Used two different lasers for the opposing beams along 

the axis having zero trapping field 
b.	 Frequency shifted one beam to try to unload the trap 

4.	 Devised means for imaging the trap 
5.	 Measured Trap Fill and Decay times 

A 2.1 "Discovered" a Vortex Trap 

Working with the cavity-feedback lasers and Holger's circular 
anti-Helmholtz coils, the laser beams could be aligned so the atoms 
formed a ring. Sometimes the ring could be made to have a ball in 
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the middle of it. The shape of the ring could be changed by moving 
the orientation of the laser beams. After some investigation, papers 
were found which explained this phenomenon (Walker 1990, 

Walker 1992). This so called "Vortex Trapping" occurs because of a 
careful misalignment of the laser beams such that the atoms swirled 
around. It also was pointed out in the papers that along the axis 
perpendicular to the plane of the vortex the polarization of the light 
was unimportant. We confirmed this in our trap by removing the 
quarter wave plates from the vertical trapping laser beams and the 
trap remained without a significant decrease in brightness. This 

trap also could be used to spin polarize a sample of atoms. Not 

being interested in such things, this was not pursued any further. 

A 2.2 Different Magnetic Fields 

We were trying to approximate four parallel infinite wires 
which would produce a two-dimensional quadrupole field. Starting 

with a Theorist Notebook Holger made to model the magnetic field 
due to one finite current carrying wire, the resulting field was 
modeled. As long as we stay close to the axis, the magnetic field due 
to a loop of current carrying wire can be approximated as: 

2 I[to 2 7tRB = 
3 

A2.1 
4 7[ 

(z2 + R 2 )2 

The model uses Equation A2.1 to produce graphs of the magnetic 
field and the field gradient. We use a "hairpin coil" (Riis 1990) in 
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the vacuum chamber. For the vapor cell system we decided to use 
two pairs of anti-helmholtz coils with their currents alternating. 

The first idea was to make a cube and wind wire on the edges of it. 
This configuration requires too large of a current to produce the 
10 G/cm field gradient needed for trapping. By moving the wires 
closer together, the current needed was reduced and the shape of 
the field did not change significantly. Figure A2.1 identifies the 
parameters used in the model. The model allows for different sizes 
for the box edges. 

Building these coils in such a way that they could be removed 
from the cell without unwrapping them proved impossible. Two 

pairs of circular coils were made which could be mounted and 

2N 

2D 

2L 

Figure A2.1 Two pairs of square anti-Helmholtz coils.  
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Figure A2.2 Two pairs of circular anti-Helmholtz coils. 

removed as shown in Figure A2.2. These were mounted to the table 
and fit around the outside of the vapor cell. The box surrounding 
the coils caused them to become too hot with extended use. A 

steady stream of air from periodic holes in a flexible tubing was 
used to keep the coils cool. This prevented their expansion and 
contraction from changing the shape of the trapping magnetic field. 
Because of the symmetry of the coils and the anticipated time 
involved to model the circular coils, the field generated was 
assumed to be similar to the one from the square coils. 

A 2.3 Different Trapping and Pumping Lasers 

The original vacuum-housed, cavity-feedback laser diodes 
died in the middle of the experiment. They were replaced by the 
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Figure A2.4 Configuration for unloading the two-dimensional trap. 

grating-feedback lasers discussed in Chapter 3. The pumping laser 
is unique in that its free running wavelength is at 795 nm. Instead 

of being cooled to the D2 transition at 780 nm, it was cooled just 
enough to thermally stabilize it and then the grating was adjusted so 
it lased at 795 nm. This is the Di line of Rubidium. It was set up 
with electronic frequency stabilization using an etalon cavity as the 
frequency discriminator (see Chapter 3.6.2). The original 
arrangement for frequency locking the trapping laser was kept. 
Work was undertaken to understand the trap behavior with various 
combinations of magnetic fields and laser polarizations. An optical 
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isolator was inserted in the trapping laser's beam path to reduce the 
feedback from retro-reflected beams. 

The next step was to use an independent laser in place of 
reflecting one of the trapping beams (Figure A2.4). Another 

grating-feedback diode laser was used. It was electronically locked 
to a rubidium polarization absorption signal. With both pairs of coils 
on, a two-dimensional quadrupole field was formed and the trapped 
atoms collected into a pencil shape along the axis with zero field. 
The independent laser could be detuned producing a zero-force, 

moving reference frame. From Equation 2.2, the resulting velocity 
of the atoms is predicted to be: 

Ao) = 

v= kw Of= 
2 A2.2 

V M Is = (780 rim ) ('6- MHz ) 

v = 0 .39 2--1L 
MHz 

The atoms were moved around within the laser beams. They 

were also ejected from the end of the trap and they moved to the 
side. We were unable to eject the atoms from the trap in a straight 
line. The problem was most likely caused by fringing laser and 
magnetic fields as the atoms tried to leave the trap. The fringing 
laser fields were eliminated by using a razor edge to define the 
beam edge but the atoms still could not be ejected from the trap. 



132 

or 9V battery 

function 
generator 

Figure A2.5 Circuit diagram for gating the trapping magnetic field 
on and off. 

A 2.4 Imaging The Trap 

Several attempts were made at imaging the trap area to 

analyze the behavior of the atoms in the trap. One attempt involved 
setting up the CCD camera to look at the trap. Then leaving the 
lenses in place, the camera body was replaced with a photo detector. 
The background fluorescence obscured any possible trap signal. 

Then, most of the photodiode was covered so only light from the 
trap would be collected but the background fluorescence still 

dominated. The next attempt placed a bare photodiode at the end of 
a stiff tube up against one corner of the vapor cell. This acted as an 

antenna and was very noisy. The resistor in the photodiode circuit 
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was moved up to the photodiode and the everything was shielded 
with copper. This allowed detection of fluorescence from the trap. 

A 2.5 Measuring Trap Fill and Decay Times 

Once there was a way to measure the fluorescence from the 
trap we set out to find the reasons the trap would not unload in a 
straight line. By turning off the magnetic field and watching the 
trap decay the alignment of the lasers could be quantified and 
improved. The current to the trapping coils was gated by a pair of 
FET's that were controlled using a function generator (see 

Figure A2.5 for the circuit diagram). There was very little ringing 
in the gate circuit. Figure A2.6 shows a typical fill and decay curve 
for the trap with the background subtracted out. The trace shows a 
fill time of 250 ms and a decay time of 50 ms. These times 
indicate inhomogeneities in the laser or magnetic fields or both. 

I I I I I I I I I I I I 

500 1000 

Time (ms) 

Figure A2.6 Fluorescence from two-dimensional vapor cell 
magneto-optic trap. The trace shows fill and decay curves. 
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This work on the vapor cell trap gave us information about 
how magneto-optic traps behave for changes in the laser beam 
alignment and the magnetic field. We were able to apply this 
experience to our work with the atomic funnel in the high vacuum 
chamber. 




