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1 Atom Trapping (MOT) Description

1. Note that there is NO eating or drinking in the 111-Lab anywhere, except in rooms 282
& 286 LeConte on the bench with the BLUE stripe around it. Thank You the Staff.

2 Introduction

In this experiment we make use of laser spectroscopy and electronic feedback to stabilize the frequency of a
coherent optical field to roughly one part in 108, allowing us to examine precisely the interactions between
atoms and light. We exert control over both the internal dynamics and also the center-of-mass motion of
atoms, the building blocks of matter, reaching the lower reaches of the temperature scale and establishing
conditions for the study and application of quantum coherence.

Our focus is on the technique of laser cooling, wherein the mechanical impacts of atom-light interactions are
employed to extinguish the motion of atoms in a dilute gas. While discussions of such mechanical effects
trace far back in the history of physics, laser cooling was developed most intensely in the 1980s by a broad
community of atomic and laser physicists, including three scientists, Steven Chu, Claude Cohen-Tannoudji,
and William Phillips, who shared the 1997 Nobel Prize in Physics for its invention. The history of these
developments, and much of the theory underpinning laser cooling, is chronicled in their Nobel lectures
[1, 2, 3].

Of the many variants of laser cooling, the magneto-optical trap (MOT) is undeniably the workhorse. Invented
at MIT and first demonstrated at Bell Labs [4], it combines the abilities of both cooling and also trapping
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atoms, limiting both their momenta and their positions, while remaining experimentally simple to implement
and to integrate with other experimental needs. Using MOTs and other laser cooling methods, a wide variety
of ultracold atomic and molecular gases are produced routinely in labs around the world and applied to a
range of scientific pursuits, e.g. matter-wave interferometry with coherent atomic beams, condensed-matter-
like systems created from quantum-degenerate gases, and novel atomic clocks and other modes of precision
measurement.

Your experimental target in this laboratory is to produce and characterize a vapor-cell MOT of 85Rb. In
pursuing these targets, we hope you will take the opportunity to learn about atomic physics and to gain
experimental skills in laser spectroscopy, laser optics, and feedback control.

1. Pre-requisites: There is no formal pre-requisite for this lab. However, we do recommend that you do
the OPT experiment beforehand, since you will have already learned about the atomic structure of
rubidium, selection rules for atom-light interactions, and optical pumping.

2. Days Allotted for the experiment: 9

3. This lab requires alignment, therefore try to sign up for consecutive days only.

Reprints and other materials can be found on the Physics 111 Library Site

This lab will be graded 30% on theory, 40% on technique, and 30% on analysis. For more information, see
the Advanced Lab Syllabus.

Comments: Submit feedback using this form.

3 Atom Trapping Experiment Photos

Figure 1: MOT Optics
Click here to see larger

picture

Figure 2: MOT Chamber
Click here to see larger

picture

Figure 3: DavLL Cell setup
Click here to see larger

picture

Figure 4:
MOT

equipment
rack

Click here to
see larger
picture

4 Before the 1st Day of Lab

Complete the MOT Pre Lab found in the Signature Sheet for this lab. Print the signature
sheet, discuss the experiment and pre-lab questions and answers with any faculty member or
GSI, and receive their signature. In the course of the lab there will be examination points
where you must STOP and get a GSI or professor to verify your understanding and/or verify
proper experimental setup. You cannot skip these checkpoints, and must receive signatures
demonstrating that you’ve consulted the staff. Some experiments may have mid lab questions
that must be completed by specific days of the experiment. The completed Signature Sheet
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MUST be submitted as the first page of your lab report. Quick links to the checkpoint
questions are found here: 1 2 3 4 5 6

1. Note: In order to view the private Youtube videos hosted by the university, you must be
signed into your berkeley.edu Google account.
View the Atom Trapping Video

2. Before using the apparatus in this experiment, you must complete training in the safe use of lasers
detailed on the Laser Safety Training page. This includes readings, watching a video, taking a quiz,
and filling out a form

3. View the fundamentals of optics tutorial, a review of the principles of optics, Fundamentals of
Optics Tutorialand the Optical Tutorial Video, Energy Levels (part 1) Video and Energy
Levels (part 2) Video.

4. View the Laser Guide.pdf and the Gaussian-Beam-Optics.pdf

5. Last day of the experiment please fill out the Experiment Evaluation

Suggested Reading:

1. C. Wieman, G. Flowers and S. Gilbert. “Inexpensive laser cooling and trapping apparatus for
undergraduate laboratories,” American Journal of Physics 63, 317 (1995). Many of the specifics
on their experimental setup are different, but they cover the physical and technical concepts of vapor
cell MOT’s very well.

2. C. Monroe, W. Swann, H. Robinson, and C. Wieman. “Very Cold Trapped Atoms in a Vapor
Cell.” Physical Review Letters 65, 1571 (1990).

3. H.J. Metcalf and P. van der Straten. Laser Cooling and Trapping (Springer, 1999). Most
directly relevant are Ch. 3 (“Force on two-level atoms”), 7 (“Optical Molasses”), and 11.4 (“Magneto-
optical traps”). Searchable PDFs Metcalf Chapters

4. J.J. DiStefano, A.R. Stubberud, and I.J. Williams. Schaums outline of theory and problems of
feedback and control systems online book

5. (McGraw-Hill; New York; 1990). See chapters relevant to frequency-domain analysis of feedback
systems.Chapter PDFs Searchable chapters 1, 10, 15 16

Reprints and other materials can be found on the Physics 111 Library Site

Other References

You should keep a laboratory notebook. The notebook should contain a detailed record of everything that
was done and how/why it was done, as well as all of the data and analysis, also with plenty of how/why
entries. This will aid you when you write your report.

5 Objectives

• Learn what real experimental physics is about

• Learn the synergy between experimental and theoretical work

• Learn to use pieces of equipment that are commonly used in research

• Learn how measurements are performed, analyzed, and interpreted.

• Learn how to present your work and results

• Learn problem solving strategies

• Learn how to manage and organize your time
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6 Background

6.1 Physics Background

The operation of a MOT can be understood starting with a few basic principles of atom-light interaction.
Here we provide just a sketch of the physics principles involved. A more quantitative treatment, to which
you will want to compare your measurements, is found in Ref. [5] H.J. Metcalf and P. van der Straten.
Laser Cooling and Trapping full book or Searchable PDFs Metcalf Chapters

This description of the operation of a MOT starts with some basic ideas about light-atom interactions and
their mechanical effects. We exhibit these basic effects by considering a simple, fictional, “two-level” atom.
We then consider implications of the specific atomic structure of a real atom, rubidium. Namely, we show
how that specific structure allows a MOT not only to cool atoms down to fairly low temperatures (via
Doppler cooling), but also to trap them (via Zeeman shifts of optical transitions) while also cooling them to
much lower temperatures (via polarization-gradient cooling).

6.1.1 Scattering Rate

Consider the absorption and spontaneous emission, or scattering, of light. We focus on a single optical
transition between a particular ground state |g〉 and excited state |e〉 of the atom, neglecting the complexities
of real atomic structure. Such a two-level atom, assumed to have zero velocity, and exposed to monochromatic
light with frequency ωL, will scatter photons at a rate Γscat given as

Γscat =
Γ

2
× s

1 + s+ (2δ/Γ)2
(1)

with the following definitions:

• Γ = the natural linewidth of the transition, given as an angular frequency (units s−1) so that Γ−1 is
the lifetime of the excited atomic state.

• s = 2Ω2/Γ2 = the saturation parameter (unitless). We may also express s = I/Isat where I is the laser
intensity and Isat is the saturation intensity.

• Ω = the Rabi frequency (same units as Γ). This quantity relates to the strength and polarization of
the electric field of the laser, and to quantum-mechanical matrix elements that tell us how strongly the
ground and excited states of the atom are coupled by laser light. Formally, h̄Ω = 〈e|d ·E|g〉 where d is
the electric dipole operator and E is the laser’s electric field in the co-rotating frame. Clearly, Ω2 ∝ I.

• δ = ωL − ω0 = the detuning of the laser frequency from the atomic resonance frequency ω0.

6.1.2 Radiation Pressure

In a single scattering event, the atom absorbs a photon with momentum h̄~kL from the laser beam, and emits
a photon with momentum h̄~ks with the wavevector ~ks randomly oriented according to the dipole emission
pattern. Over many scattering events, the average momentum of the emitted photons is zero, giving an
average radiation pressure force on the atom:

~F = h̄~kLΓscat (2)

6.1.3 Doppler Shift

In the frame of a moving atom with velocity ~v, the frequency of laser light will be different than that observed
in the stationary lab frame. The detuning of this light from the atomic resonance frequency will then be
given to first order as

δ′ = δ − ~kL · ~v (3)
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6.1.4 Doppler Cooling

Consider just the one-dimensional motion of an atom in the presence of counter-propagating laser beams
with equal frequencies and with wavevectors k1 = k and k2 = −k, respectively. Summing the radiation
pressure from these two beams, we obtain

F = F1 + F2 = h̄k
Γ

2
s

 1

1 + s+
(

2(δ−kv)
Γ

)2 −
1

1 + s+
(

2(δ+kv)
Γ

)2

 (4)

We may expand this equation to first order in the velocity, obtaining F = −βv. For β > 0 the radiation
pressure provides a damping force to the atoms. In a MOT, atoms are subject to Doppler cooling along all
three directions.

6.1.5 Capture Velocity

In a vapor-cell MOT [8], atoms are captured by laser cooling from high-temperature vapor at room-
temperature. The velocities of atoms in this vapor are nominally distributed according to the Maxwell-
Boltzmann distribution,

P (~v) ∝ e−mv
2/kBT or P (v) ∝ v2e−mv

2/kBT (5)

While the vast majority of atoms in this distribution are moving far too fast to be slowed effectively by the
MOT, atoms in the low-velocity tail, with velocities below a “capture velocity” vc, may indeed be captured.
We can estimate vc by considering that the MOT light beams, with diameter D, decelerate atoms with the
maximum radiation pressure force of Fmax = h̄kΓ/2, giving

vc '
√

2FmaxD

m
(6)

From here we can estimate the loading rate of atoms into the MOT as the rate R at which atoms with speeds
below vc pass through the bounding surface of the MOT

(
area ∝ D2

)
, giving

R ∝ D2

∫ vc

0

vP (v) ∝ D4 (7)

6.1.6 Doppler Temperature Limit and Doppler Molasses

The damping force of Doppler cooling is accompanied by force fluctuations that prevent the atoms from
being cooled to zero temperature. These force fluctuations arise both from the temporally random nature
of absorption and spontaneous emission, and also from the random orientation of the emitted photons. As
a result of such fluctuations, atoms undergo a random walk in momentum space, with the effect that their
momentum variance increases as

d

dt
(p2) = AΓscath̄k (8)

where A is a prefactor of order unity that accounts for the force fluctuations properly. In steady state, the
effects of damping and momentum diffusion arrive at a momentum variance characterized by a temperature

TD =
〈p2〉

3kBm
=
A

6

Γscath̄k

β
(9)

The diffusion is also observable in real space: a cold gas of atoms localized initially in the midst of properly
tuned counter-propagating light beams encounters a form of “optical molasses,” and will diffuse outwards.
You will observe similar diffusion in your experiment (although what you observe also involves polarization-
gradient cooling).
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Figure 5: Hyperfine levels for the 5S1/2 ground state (hyperfine spin quantum number F ) and 5P3/2 excited
state (hyperfine spin quantum number F ′) are shown (not to scale). Rb-85 is on the left, and Rb-87 is on
the right. Energy differences shown in frequency units. The transitions used for cooling and rempump light
are indicated.

6.1.7 Rubidium Spectrum

Rubidium is composed naturally of two stable isotopes, 85Rb and 87Rb. In this experiment, we create a
MOT for 85Rb atoms (though both isotopes are present in the chamber). A pertinent level diagram for
85Rb is shown in Figure 5 (left). Further detail on both isotopes of rubidium is available in Ref. [6]. The
transition used for laser cooling drives atoms from the F = 3 ground state to the F ′ = 4 excited state of the
D2 line. This transition is nominally closed, meaning that atoms will continue to scatter light through many
absorption/emission cycles. However, rare off-resonant excitation to the F ′ = {2, 3} excited states does allow
the atom to decay to the F = 2 ground state, where it is far-detuned from the cooling light and thus lost to
the laser cooling process. To mend this problem, we introduce also light resonant with the F = 2→ F ′ = 3
transition, which pumps atoms back to the laser cooled states.

The F = 3 and F ′ = 4 levels each contain a number of magnetic sublevels. The strengths of transitions
between them are related according to the Clebsch-Gordan coefficients (tabulated in Refs. [5, 6]). The
strongest transition (lowest saturation intensity) occurs using circular polarized light driving the |F =
3,mF = 3〉 → |F ′ = 4,mF = 4〉 transition, with Isat = 1.7 mW/cm2 [6]. In estimating the fluorescence rate
of atoms in a MOT, for the purpose of determining the number of trapped atoms, it is suggested that you
account for the simultaneous excitation by the many laser beams of the MOT by averaging over all possible
atomic ground states and laser polarizations.

6.1.8 Effects of the Zeeman shift on light scattering: How a MOT traps

In the presence of a magnetic field, the energies of the ground and excited state sublevels are shifted by
the linear Zeeman shift as ∆E = gFµBmFB, where the Lande g-factors are gF = 1/3 in the ground state
and gF = 1/2 in the excited state, µB = h × 1.4 MHz/G is the Bohr magneton, B is the magnetic field
strength and the magnetic quantum number mF is defined with the quantization axis along the magnetic
field direction. These Zeeman shifts vary the atomic resonance frequencies, allowing the radiation pressure
force in a MOT to be not only velocity dependent (giving cooling) but also position dependent (giving
trapping).

More explicitly, we see that σ+ transitions (that increase mF ) have higher resonance frequencies than σ−

transitions. Given that cooling light in a MOT is red-detuned from the atomic transition (δ < 0), we see
that a magnetic field will bring the σ− transitions closer to resonance, increasing the radiation pressure force
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from such light. Now we return to the one-dimensional laser cooling used to explain Doppler cooling and
molasses. We consider that both light beams have left-handed circular polarization; such polarization drives
a σ+ transition when the laser wavevector points along the magnetic-field axis. Now we consider laser cooling
atoms in presence of a linear gradient of the magnetic field, i.e. ~B = B′zẑ. This configuration ensures that
stationary atoms are always forced back to the zero-field position.

In our three-dimensional MOT, we apply gradient fields along all spatial dimensions by creating a spherical
quadrupole field:

~B = B′zẑ − B′

2
(xx̂+ yŷ) (10)

The change of sign of the gradient requires that we reverse the laser polarizations of the beams along the x̂
and ŷ directions.

6.1.9 Sub-Doppler Cooling

When researchers carefully measured the temperature of atoms emerging from MOTs or from optical mo-
lasses, they found the atoms were cooled substantially below the temperature limits described by for Doppler
cooling alone. If your experiment is successful, you will confirm this finding. Soon, it was determined that
another cooling mechanism, polarization-gradient (PG) cooling, was also at work. PG cooling involves an
interplay between optical pumping and light-induced energy shifts of the atomic ground state. You can learn
more about PG cooling in Appendix A.

6.2 Using atoms as a frequency reference

If you’ve been following the discussion above, you will realize that the operation of a MOT requires light
whose frequency is within just 10’s of MHz from the atomic transition frequency. Producing light whose
frequency is defined within 10’s of MHz is not difficult: we use a commercial external-cavity diode laser,
which produces light with a linewidth of around 1 MHz or less. But how do we fix the central frequency of
that laser light to be precisely some 10 MHz below the resonance frequency of 85Rb on its F = 3→ F ′ = 4
optical transition? The answer is to use 85Rb atoms themselves as a frequency reference. That is, we use a
rubidium vapor cell to generate an electronic signal that tells us what is the instantaneous frequency of our
laser light, and then we use electronic feedback based on that signal to keep the laser’s optical frequency
fixed.

In this experiment, the optical frequency measurement is made using a method called “Dichroic Atomic Vapor
Laser Lock” (DAVLL) [16]. To explain how this method works, let us start by describing the absorption of
light by a room-temperature rubidium vapor cell. As you read this section, you will find it helpful to refer
to the actual experimental setup in the MOT experiment, both as sketched in Fig. 6, and also as actually
laid out on the optical table.

6.2.1 Doppler broadened absorption in a vapor cell

As shown in Fig. 6, the “spectroscopy setup” includes two rubidium cells, which are both held at temperature
a bit above room temperature. One of them is held within a housing that includes also several permanent
magnets – that one is used to generate the DAVLL signal. Two light beams pass through this DAVLL cell,
after which they are detected on separate photodetectors. A second cell is used to measure the rubidium
spectrum at near-zero magnetic field. One light beam passes through this cell and is detected. Let us begin
by explaining the signal that is detected in this second cell.

If one slowly scans the frequency of the laser light over a broad range – say 15 GHz or so – and measures the
intensity of light that is transmitted through the vapor cell, one obtains (that is, you will; see Sec. 10.3.4)
a signal such as shown in Fig. 10. We see that the light arriving at the detector is attenuated around four
characteristic frequencies. These correspond to the frequencies for optical transitions from the following
ground hyperfine levels: the F = 2 state of 87Rb, the F = 3 state of 85Rb, the F = 2 state of 85Rb, and the
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F = 1 state of 87Rb, listed in order of increasing transition frequencies. Each of those transitions is Doppler
broadened. We previously described the first order Doppler shift of the resonance frequency for an atom in
motion (Sec. 6.1.3).

The rubidium atoms in the vapor cell are moving according to the Maxwell-Boltzmann velocity distribution
at a temperature of around 300 K (room temperature). The Doppler broadened lines seen in Fig. 10 have
line widths of several 100 MHz. This is because even if we detune the probe light by several 100 MHz from
the resonance frequency for an atom at rest, there are still atoms within the vapor cell that are moving at the
right velocity relative to the wavevector of the light so that they see the light as being exactly on resonance
in their center-of-mass frame. Those atoms absorb light from the incident beam, and thereby attenuate the
light beam passing through the vapor cell.

More quantitatively, light exiting the cell is attenuated by a factor t = e−OD(δ) (Beers law) where the optical
density OD is proportional to P (v = −δ/kL) and to the vapor pressure of Rb in the cell. Here, P (v) ∝
3−mv

2/kBT is the probability density for an atom propagating with velocity v along the light propagation
axis, and δ is the light detuning from atomic resonance.

Note, however, that we cannot resolve the excited-state hyperfine structure in this room-temperature Doppler-
broadened absorption signal. That is, from a signal such as shown in Fig. 10, we can determine at what
conditions we should operate our signal to be near resonant with transitions from the F = 3 ground state
of 85Rb (as required for the MOT). But we cannot easily tell where within that broad absorption line lies
the transition specifically from the F = 3 ground state to the F ′ = 4 excited state. Rather, what we see
is the overlay of Doppler broadened absorption from all the allowed transitions out of the F = 3 state, i.e.
transitions to the F ′ = {2, 3, 4} excited hyperfine states.

6.2.2 DAVLL method

It turns out that the frequency at which we want to lock our laser is very close to the center of the afore-
mentioned Doppler absorption line. However, the electronic signal we have obtained so far is not suitable
for stabilizing the laser at this frequency. The problem is that the absorption signal, which “measures” the
laser’s optical frequency, varies quadratically, rather than linearly, at the center of the absorption line. The
lack of a linear dependence (or at least the very weak linear dependence) means that we cannot apply linear
feedback to stabilize the laser system. That is, if the laser strays from the desired optical frequency, causing
the transmitted light intensity to increase from its minimum value at the center of the absorption line, what
are we supposed to do? Are we supposed to increase the light frequency or decrease it?

The DAVLL method is used to convert the absorption signal for light passing through a vapor cell into
one that does vary linearly at the line centers of the absorption signal. In this method, we measure the
absorption of light passing through a vapor cell under the presence of a strong uniform magnetic field that
is applied along the direction of light propagation. As we discussed earlier (Sec. 6.1.7), the applied magnetic
field causes σ+ and σ− optical transitions – here, polarizations are defined with respect to the magnetic
field axis – to be frequency shifted from one another by the Zeeman shift. While the Zeeman shifts in the
rubidium spectrum are “anomalous,” in that different transitions are Zeeman shifted by different amounts,
the net effect is that the absorption lines observed when scanning the optical frequency across the rubidium
spectrum end up being shifted with respect to one another for σ+ and σ− light. The gas now displays
circular dichroism, meaning that the absorption is generally different for the two circular polarizations. In
our DAVLL setup, we split an incident light beam into two paths, polarize the two paths so that they have
opposite circular polarization, detect the transmitted power of beam bean through the DAVLL vapor cell,
and then take the difference between the photodetector signals. That difference is zero at the absorption
line center, and varies linearly about that point.

6.3 Feedback control

Hopefully you have already encountered feedback circuits and learned about control theory, for example
in the Physics 111A course. We recommend strongly that you spend some time learning about feedback
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control. You might turn to Sec. B to learn more, or look up some helpful references [9, 10, 11].

Briefly, in this experiment, the optical frequency emitted by the laser is controlled by three properties of the
laser: its temperature, the current supplied to the laser diode, and the voltage provided to a piezoelectric
transducer (PZT) that moves an optical element with the laser cavity. All three quantities can be set
manually using the New Focus laser controller. In addition, two quantities – the laser current and the PZT
voltage – can be varied by applying external voltages to the laser controller. Small voltages applied at those
external outputs each change the laser frequency by an amount linearly proportional to the applied voltage.

The DAVLL method is used to generate a voltage that effectively measures the frequency of the laser light.
Near the settings at which we want to stabilize this frequency, the DAVLL signal can be used as an error
signal to be used as part of a negative-gain, closed-loop feedback circuit.

The concept of negative-gain feedback stabilization is fairly intuitive. Consider the example of driving and
keeping your car on the road. Your eyes and brain produce an error signal, telling you whether the car is
veering to the right or the left. You respond to this veering through negative feedback: if the car drifts right,
you steer so as to turn the car to the left, and visa versa. In contrast, if you feed back with positive gain,
steering to the right when you veer to the right, you’ll only make things worse.

The feedback circuitry used in this lab has very many knobs and switches. This setup is holdover from a
previous version of this lab where we asked students to adjust many things and characterize the feedback
circuit very thoroughly. At present, however, you should only need to adjust a few things to stabilize the
laser at the right frequency, observe a MOT, and get going on making various measurements on the MOT.
Essentially, you just have to get all the signs right: (1) Produce an error signal with a linear slope at the
frequency where you want to lock the laser. (2) Apply current feedback, with fixed feedback sign, and see
whether that results in negative or positive feedback. If the feedback is positive, then you have to change
the DAVLL signal so that the signal vs. frequency varies with a slope of opposite sign. (3) Apply PZT
feedback and see whether this results in positive or negative feedback. If the feedback is positive, you can
reverse the polarity of the PZT feedback by flipping a switch on the control box. (4) Adjust the magnitude
of the gains. If the gain is too low, the laser frequency will vary a lot and your MOT will be unstable and
hard to observe. If the gain is too high, the feedback will become unstable and/or the system will “fall out
of lock.” Fortunately, the feedback circuitry is sufficiently stable over a very broad range of gain settings
(simply because we have built such an awesome experimental setup!).

7 Safety

In working with this experiment, you must be mindful of a few hazards.

• Laser light: This experiment uses a ∼50 mW beam of laser light at a wavelength of 780 nm. This
light is infrared, beyond the range of human vision except for very bright illumination. Such a Class
IIIb laser may damage your eye both from direct viewing and from diffuse scattering. Thus, you must
wear laser safety goggles (provided in the laboratory) once the curtain around the table is drawn open.
To align optics or search for stray laser light, you should use a fluorescent laser viewing card or an IR
scope. Be particularly careful working near the vacuum chamber, where there are vertically oriented
beams and also horizontal beams at several elevations.

• High voltage: Both the ion pump and the ion gauge are supplied with high voltage for their operation.
You should not touch or modify the ion-pump and ion-gauge setups. Rather, ask a professor or teaching
assistant for help.

• Ultra-high vacuum: You must be careful not to drop anything on the glass viewports of the vacuum
chamber. If they break, not only will your experiment be ruined, but also the imploding glass can be
hazardous. If you must use a metal tool near those viewports, block the glass windows in case the tool
slips from your hands.
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8 Equipment used in this experiment

1. Vacuum setup

(a) ion pump and controller (do not adjust)

(b) ion gauge and controller (do not adjust)

(c) turbo and roughing pump station: Used only to fix major vacuum problems and with staff super-
vision.

(d) rubidium getter and current source (labeled “Power 1, Getter 1” and located below optical table).

(e) rubidium metal sample, not used since the rubidium getters were installed.

2. Optical setup

(a) New Focus external cavity diode laser, 50 mW output, 780 nm wavelength

(b) optical setup consisting of many mirrors, lenses, polarization optics, beam splitters, electro-optical
modulator, optical isolator, and photodetectors

(c) video camera with adjustable lens to view atoms in vacuum chamber

(d) photodiode with focusing lenses to collect fluorescent light from the MOT

(e) triggered CCD camera (Allied “Guppy” camera) controlled by LabView program and used to
measure atom number and distribution

(f) hand-held IR viewer, used for alignment and checking for stray beams of light

(g) IR viewing cards, which fluoresce visibly when exposed to IR light, used for aligning optics

(h) two heated rubidium vapor cells

(i) laser saftey goggles, to be worn when the curtain around the table is open

3. Instrumentation setup at the work station

(a) Digital oscilloscope

(b) SRS DS345 Function Generator Click here to watch an instructional video

(c) “DAVLL Error box” which houses a subtraction op-amp circuit

(d) “MOT Laser Feedback Signal Processor” which is the two-branch electronic feedback circuit for
stablizing the laser frequency

(e) Computer with LabView VIs and a National Instruments I/O block

4. Other equipment near optical setup

(a) 50 A current supply for MOT coils

(b) Uniblitz optical shutter controller

(c) Power supply to heat single-pass Rb vapor cell (always on)

(d) Heater and temperature sensor for DAVLL cell

(e) Voltage Controlled Oscillator for generating microwave signal

(f) GHz-range frequency counter

9 Experimental Setup

9.1 Standard Operating Procedures (SOP)

1. Note you need 80 PSI water pressure. Look at the pressure meter on the south wall behind the
computer and see that is at 80 PSI. If it is not, see the staff immediately.
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2. Before turning on the laser, examine the optical table for misplaced objects in the laser beam path.
Refer to Figure 6 for a reference diagram. You may want to print out a copy of this diagram. Once
the path is clear, put on a pair of the Laser Safety Goggles and turn on the laser. Adjust the
current to around 100 mA. Laser light emerges from a commercial diode laser (New Focus Stablewave)
with linear polarization.

3. Now check for stray beams: You should perform a survey of the laser beam paths to check if there
are any stray beams (diffuse or specular) emanating from any part of the laser path and its optics.
Then document this in the Laser Log Book in the wall pocket near the apparatus. Make sure that the
shutter is open as you follow the beam path around the optical table. (currently using shutter #2)
Toggle switch to N.O. to open it, the main power switch is on the back of unit. The laser safety survey
is done by using the IR Viewer and a white piece of paper or business card. If the IR Viewer is not
in the room, ask a staff person to locate it. The IR viewer is blue in color and you use it with your
goggles on. Using the paper card follow all of the beam paths from the laser to the vacuum chamber
and from the laser through the spectroscopy setup section (see Figure 6). Note if the beam strays from
its intended path. It should go through the lenses and reflect from mirrors, but should NOT hit or
reflect off of anything else (including the mounts) on the optical table. This laser beam is hazardous
to your eyes if they are un-protected as you cannot see the laser light. Keep the goggles on at all times
for your safety.

9.2 Optical setup

Now let us take you through the optical setup for this experiment, diagrammed in Fig. 6. Using an IR card
and/or the IR viewer, and wearing laser goggles for safety, follow the laser beam path as we describe the
various elements in turn. Terminology and the basic functioning of various optical elements is found here.

Figure 6: Optical Setup for the MOT experiment

9.2.1 Laser and isolator

• The optical isolator placed just after the laser minimizes the reflection of light from the optical table
back into the laser diode. Such reflections can destabilize the laser, essentially turning the whole table
into a laser resonator. You may see such instabilities when light from the MOT beams is retro-reflected
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into the laser, in which case the staff may want to adjust the optical isolator. A λ/2 waveplate before
the isolator rotates the optical polarization so as to match the input polarizer of the isolator.

• A pickoff beam-splitter sends some of the light toward the rubidium spectroscopy system.

9.2.2 MOT optics

• Continuing on the main optical path, the electro-optical modulator (EOM) is a non-linear optical crystal
placed within a tuned microwave resonator. A resonant microwave signal creates a strong time-varying
electric field that distorts the crystal and varies its index of refraction. The laser beam, passing through
that varying index material, becomes phase modulated at the frequency of the microwave input. In
this manner, we add frequency sidebands to the laser, shifting some of the laser power (a few percent)
to a frequency that will repump atoms on the repumping transition. The EOM crystal is birefringent,
and its refractive index varies only for one linear polarization. The waveplate after the isolator rotates
the polarization appropriately. Further details on this EOM are available in the EOM 4431 Data
Sheet. You shouldn’t need to adjust the EOM, but you may need to check the optical alignment
through the EOM (see below).

• Several lenses act as a telescope to expand and circularize the beam. The beam should be aligned
through the center of and parallel to all these lenses. It may be that the lenses themselves are misplaced.
In this case, one may have to remove the lenses, direct the laser beam along the desired beam path,
and then replace the lenses so that they are centered with and with surfaces normal to the laser beam.

• A variable iris sets the diameter of the laser beams. Using the IR viewer and viewing the input face of
the iris, you should see that the laser beam is reasonably well centered on the iris.

• We use half-wave plates and polarizing beam cubes to split the optical power between the different
MOT beams. The H/V splitter divides between the horizontal and vertical beams, while the X/Y
splitter divides between the two horizontal beams.

• On each of the three MOT beams, light passes first through a quarter-wave plate. When rotated to
the correct position, this waveplate converts the incoming linear polarized light to circular polarization
of the correct helicity for the operation of the MOT. After passing through the vacuum chamber, the
beams pass another quarter-wave plate and are retro-reflected.

• The many mirrors in the optical path are placed there intentionally so that the optical system can
be adjusted to match its many constraints. For example, we highlight two mirrors (M1 and M2)
before the EOM. These two mirrors are used to align light through the EOM. This alignment must
satisfy four constraints: we require that the beam enter the EOM near the center of the input facet
(a specific location in 2D, giving two constraints) and exit near the center of the output facet (two
more constraints). The two mirrors before the EOM have four degrees of freedom - the horizontal
and vertical tilts - matching the number of constraints. These mirrors should be aligned iteratively
to satisfy the alignment constraints, a procedure known as “walking the beam.” [15]. This mirror
arrangement is known as a “dog-leg,” and is repeated throughout the optical setup.

9.2.3 Rubidium Spectroscopy Setup

Now we return to the optical setup where a rubidium vapor is probed in order to determine the frequency
of the laser with respect to the rubidium resonance lines.

• Following the beam pickoff, light is divided again into two beams.

• The first beam passes through a glass cell containing a dilute Rb vapor before being sent to photode-
tector PD2. In this arrangement we obtain Doppler-broadened features that mark frequencies within
the rubidium D2 optical spectrum. We use these features as frequency markers by which to interpret
the error signal obtained from PD1a and PD1b.
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• The second beam is used for the Dichroic Atomic Vapor Laser Lock (DAVLL) setup [16]. A λ/2
waveplate and a polarizing beam splitter cube are used to divide the beam along two separate paths,
steered by several independent mirrors. The beams propagate side-by-side, parallel to one another,
through the heated Rb vapor cell. The cell is placed within a couple of strong permanent magnets,
which apply a field along the optical axis. Before entering the cell, the beams both pass through
a λ/4 waveplate, which endows the two beams with opposite ellipticity. The magnitude and sign
(σ+ vs. σ−) of the ellipticity is determined by the angle of the rotatable waveplate. The beams are
directed onto two separate photodetectors, PD1a and PD1b. The photodetector output is sent to the
instrumentation rack where each can be viewed separately on the oscilloscope. The DAVLL error box
takes the difference between these signals and inputs it into the feedback circuit.

9.3 Vacuum System

Figure 7: Vacuum chamber details.

The MOT is created at the center of an evacuated, octagonal vacuum chamber graced with many glass
viewports to allow laser light to be directed at the atoms, and surrounded with electromagnets to create the
requisite magnetic field. Follow along as we describe the elements of the vacuum apparatus, illustrated in
Figure 7.

• You will be using a getter to supply the MOT cell with rubidium. Within this getter there is a chemical
compound that contains rubidium. Current run through the getter causes the getter to heat up owing
to resistive heating. At a high temperature, the compound releases rubidium, along with several other
gases, into the vacuum chamber. Once released from the getter, rubidium atoms will remain within the
vacuum system for several days, residing most of the time on the walls of the chamber, and occasionally
flying through the vacuum chamber. After several days, the rubidium atoms find their way to the ion
pump where they become absorbed for good.

The most reliable means of determining whether the chamber has a sufficient vapor pressure of rubidium
is to operate the laser system and to scan the laser frequency very slowly across the rubidium resonance
lines. For example, you might use the SRS DS345 to output a low frequency (0.1 Hz or so) sine wave,
input that sine wave into the laser lockbox and use it to scan the PZT voltage so that the laser
scans across the right frequency range. Viewing the inside of the chamber with the video camera, you
should see dim fluorescence along the entire MOT laser beam path when the light is scanned across
the Doppler-broadened resonance lines.

If see no signs of rubidium vapor (you can ask a staff member just to be sure), you may need to
replenish the chamber with rubidium. For this, you turn on the getter power supply and run about
5 amperes of current through the getter. Keep scanning the laser across resonance. Within 10’s of
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seconds you should see rubidium vapor within the chamber. At this point, you can turn off the getter
and proceed with your work.

Do not run too much current (say more than 6 amps) through the getter, lest you release the getter’s
rubidium too rapidly, fouling up the vacuum system and depleting the getter completely. The current
supply should have a “crowbar set level” that prevents you from running too much current, but pay
attention to what you’re doing nonetheless. If you have questions or problems, consult with the lab
staff.

• The octagonal chamber is surrounded by two large electromagnet coils (MOT coils) that generate the
spherical quadrupole magnetic field required for the MOT. These coils are wired so that top coil (or,
actually, a set of connected layers of coils) runs current in a sense opposite to that of the bottom
coil. The coils, made of hollow copper tubing through which we run water, are supplied with up to
50 amperes of current by a current supply located below the optical table. That current is gated by a
signal generated by the National Instruments card on the computer.

• The rest of the vacuum chamber is comprised of parts that you shouldn’t have to adjust at all unless
something is seriously wrong.

A butterfly valve, which is usually in the closed position, restricts the conductance from the MOT
chamber to the vacuum pumps.

The ion pump operates by ionizing gases in the vacuum chamber and then accelerating them into a
getter material where they become absorbed permanently. It should remain on. An ion-gauge operates
similarly, sending the ionized particles onto a collection electrode and reading the ensuing current as
a measure of the vacuum pressure. The ion gauge controlled reports the pressure, which should be in
the range of 10−8 torr or below. The pump station also contains a TEC-cooled in-vacuum plate, upon
which rubidium condenses. An all-metal valve seals the vacuum chamber. It can be connected to a
turbo-pump and roughing pump if the chamber has to be opened and then re-evacuated.

Also on the chamber is a small valve behind which there is a flexible vacuum bellows. Within that
bellows resides a chunk of rubidium metal, the temperature of which can be controlled by another
TEC. That setup had been used in the past to supply rubidium to the chamber. For now, the valve
should remain sealed, and rubidium vapor should be obtained instead from the getters.

9.4 Electronics for Laser Stabilization

Let us familiarize ourselves with the electronics used to control the laser and implement feedback. A simplified
diagram of the servo controller is provided in Figure 8. The full-blown schematic contains further details,
e.g. on the notch filter and adding circuits.

9.5 Rubidium Getters

A rubidium getter is comprised of a stainless steel oven, which contains several milligrams of rubidium.
Several of these ovens are then affixed to the pins of a vacuum feedthrough system. When current is applied
(3-5 A) to the oven, the rubidium heats up and produces a vapor, which then enters the vacuum chamber.
The more current is applied, the more rubidium vapor will be produced and flow into the chamber. See
Winthrop Williams for Help!

10 Procedure

10.1 Overview and time-line

The experiment is divided into two main portions (and should be completed roughly according to the
following schedule). The first half requires you to stabilize the frequency of a diode laser system (Days
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Figure 8: Schematic of the servo controller. Input: A bias voltage is taken as the sum of an externally
provided voltage and an internal variable voltage and is then subtracted from the detector input. Buffered
monitors give the detector voltage before and after that subtraction. PZT branch: Following a variable
voltage divider, to set the overall PZT feedback gain, the signal is sent through a circuit that can flip its
sign. Next, an op-amp with variable input resistors and feedback capacitors determines the PZT feedback
gain. A switch selects between the direct output of this op-amp, ground (switching off the PZT gain), or a
notch-filtered (and inverted) version of the op-amp output. The voltage is then summed with the external
sweep and a manually dialed offset voltage. Current branch: A two-op-amp circuit establishes the gain
settings for the current feedback, with a rotary dial establishing three different gain settings. The signal is
sent through another amplifier with variable gain. Following the current gain on/off switch, the signal is
then added to the external sweep and output.

1-3). The goal of the second portion is to produce a stable MOT (Days 3-4) and provide qualitative and
quantitative assessments of its characteristics (Days 4-5).

10.2 Task 1: Understanding Your Laser and Vacuum System

Your first task is to familiarize yourself with the equipment. As you read through the following description,
you are asked to identify and start working with the various experimental components.

Before you leave each day, make sure to review the MOT equipment list (below) for details on which devices
should be turned off and which should be powered on. This is incredibly important, as failure to turn off
some equipment could damage the system permanently.

LEAVE ON THE FOLLOWING EQUIPMENT:

• Rb small Cell Heater power(under table)

• Ion Pump controller (under table)

• Ion Gauge Controller (under table, pressure should be about 4× 10−8 torr)

• VCO Box (above table)

• Rb DAVLL Cell heater power (above table)

• Cold Trap Power (above table)

10.2.1 MOT Optics To do:

The optical setup for this experiment is, at first glance, rather complex, comprising many lenses, mirrors
and other optical components, and possessing very many knobs with which to adjust and tune the optics.
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Figure 9: Diagram of the pins of the vacuum feedthrough system and their corresponding Rb getters. The
open circles represent pins that are connected, while the solid circles are not connected to any getters.

To understand the role of and relation between all these components, it is best to use an IR viewing card
and to follow the path of laser light through the apparatus.

As you go through the optics and learn about what all the components do, you will be tempted to tweak
the setup and see what happens. You should feel free to do so, but it would be wise to take note of what
you are doing, and to return the setup to its original configuration when you are done with your tweaking,
at least until you feel very confident that you know you are doing the right thing (say on the last day or two
of the lab). Otherwise, you will find yourself trying to improve the optical setup but only making it more
misaligned and poorly performing.

• Measure the optical power along the different beam paths. Repeat these measurements throughout
the experiment to diagnose problems as they arise.

• At what frequency should the EOM be driven? Use a frequency meter to monitor the pre-amplifier
microwave signal to see that the drive frequency is appropriate. Note also that the EOM has a narrow
resonance; if you send in a microwave signal at the wrong frequency, that signal is reflected and directed,
after attenuation, to the post-amplifier port of the microwave signal box. A hand-held frequency meter
(a little black box from Elenco) provides a rough measurement of that reflected power (look for the
signal bars below the frequency reading... and don’t worry about the frequency reading, as it’s outside
the range for which the Elenco device is reliable). Tune the EOM input frequency to minimize this
reflected power and note the center and width of the EOM resonance. If the EOM resonance seems to
be at a microwave frequency far from what you need for the MOT, the EOM might need tuning. Ask
a staff member for help.

[NOTE: As of April 13, 2010, the following settings of the rotatable quarter wave plates should give the
proper circular polarization for a MOT: X-axis, rotation stage at 20 with numbers facing the incident beam;
Y-axis, rotation stage at 268 with numbers facing the incident beam; Z-axis, rotation stage at 0 with numbers
facing up]

Checkpoint Power:↑ How does the power coming from each output port of the beamsplitter
change as the preceding waveplate is rotated? Explain this quantitatively.

Checkpoint Two Quarter-Wave Plates:↑ Explain how the two quarter-wave plates on the
chamber level MOT beam path should be adjusted to provide the correct helicities for the op-
eration of the MOT. What happens to the light polarization when the waveplates are rotated?
Why is there no rotator on the second waveplate?
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10.2.2 Vacuum Chamber To Do

• Monitor the vacuum pressure using the ion gauge (located under the MOT optics table) and keep note
of it during the experiment. Be sure you understand what the reading means. However, you should
not need to adjust the pumping station. Ask for help if you suspect something is wrong.

• Calculate the magnitude of the field gradient produced by a 1 A current running through the MOT
coils. For this, note that the top MOT coil consists of three layers with 15 turns each, and that the
MOT current runs in series through these three layers; same for the bottom coil.

10.2.3 Rb Spectroscopy To Do

• Considering a single atomic transition in Rb, what absorption rms linewidth (in MHz) do you expect
due to Doppler broadening in the small Rb cell (which is kept near room temperature)? Remember
the Doppler shift is sensitive only to one components of the velocity vector.

• Using an IR viewer card, estimate the diameter of the beams used in your Rb saturation spectroscopy
setup as it enters the vapor cell. How much power do you need in that beam to reach the saturation
intensity for Rb (say at the center of the beam profile)? Now measure the power in the beam using
the power meter, and confirm that the power is sufficient.

10.3 Task 2: Generating and Calibrating an Error Signal

Your next task is to generate absorption spectra for the relevant Rb lines and derive an error signal to use
for laser stabilization. Please reference the experimental setup portion of this manual for a circuit block
diagram. The laser controls are listed and described below.

10.3.1 Inputs

• DETECTOR INPUT: Input to both the PZT and current servo controllers. In the closed feedback
system, this input comes from your laser frequency measurement.

• EXTERNAL BIAS: This signal is subtracted from DETECTOR to generate the error signal.
When the feedback system is closed, the laser frequency effectively follows this input. ”NOTE: In the
present version of this experiment, you will not be using this port, so just ground it with a terminator.

• SWEEP INPUT: This input is multiplied by a user-set scale factor (SWEEP GAIN) and then
added into either the PMT MOD or CURRENT MOD output. It is used to scan the laser frequency
in order to located and analyze the Rb spectroscopy signals, and also to zero in on the desired lock
point. The function generator will feed into the circuit until the laser is locked.

10.3.2 Front panel controls

Input stage:

• INTERNAL BIAS: This controls a constant analog voltage that is also subtracted from the DE-
TECTOR INPUT signal. Useful for dialing around the laser setpoint when the system is locked.

PZT feedback branch:

• PZT GAIN: A 10-turn trimpot adjusts the overall gain of the PZT feedback branch.

• POLARITY: A switch changes the sign of the feedback.

• PZT RESISTOR: A three-position switch varies the input resistor on the op-amp used for feedback.
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• PZT CAPACITOR: A four-position dial varies the capacitor on the feedback branch of the op-amp.

• RESET: Switches the low-frequency PZT feedback between being an integrator and having propor-
tional gain. Down means the integrator is off.

• BYPASS/OFF/NOTCH: There is a notch filter to extinguish the response of the PZT feedback
around the resonance frequency of the PZT (around 2.4 kHz). This is a three-pole switch, for which
the settings are: up = notch is bypassed, PZT feedback is on; middle = PZT feedback is off; down =
notch is used, PZT feedback is on.

• OFFSET: You can add a constant voltage to the PZT output, controlled by the offset knob and
switch.

Current feedback branch:

• CURRENT RESISTOR: A three-position dial that controls the magnitude of the current gain.

• CURRENT GAIN: Controls the current gain.

• CURRENT GAIN SWITCH: switches the current gain on/off.

Sweep:

• SWEEP GAIN: Varies the strength of the sweep.

• SWEEP SWITCH: A three-pole switch that selects whether to send the sweep input onto the
current modulation (up), the PZT modulation (down), or to neither output (middle). NOTE: Even
in the middle position, there is a small (∼part in a thousand) contamination of the sweep input onto
the PZT and current modulation that can affect the stability of the laser. When you’re not using the
sweep, you might want to disconnect the sweep input or at least set the amplitude of the sweep to zero.

10.3.3 Outputs

• PZT MOD: Control signal sent to the laser controller through a 10:1 voltage divider to vary the PZT
setting in the laser head.

• CURRENT MOD: Control signal sent to the laser controller to vary the current supplied to the
laser.

• DETECTOR MONITOR: A low-pass, buffered replica of DETECTOR INPUT. When the laser
is locked with the integrator, you can read this signal to determine what is the laser frequency according
to your prior calibration.

• BIASED MONITOR: A low-pass, buffered replica of the error signal after the analog INTERNAL
BIAS and EXTERNAL BIAS have been subtracted out. When the system is locked with the
integrator, this output should be near zero.

10.3.4 Generating the error signal

Observe the Doppler-broadened absorption spectrum:

• Input a low-frequency sweep (triangle wave, 10s of Hz) from the SRS DS345 generator into the SWEEP
INPUT port of the laser controller and direct the sweep (using the front-panel switch) to the PZT
output. We use a triangle-wave so that the variation in the PZT voltage is linear in time, making it
easier to interpret the signals on the scope. Be mindful that the PZT will ring slightly at the ends of
your triangle-wave sweep; we mitigate that problem somewhat by sweeping very slowly.
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• Now monitor the output of the spectroscopy setups on a scope as you vary the offset voltage, either
on the servo controller or the laser controller. For this, you may want to use the DS345 SYNC output
to trigger the scope.

• Expand the sweep range so that you see four broad dips in the transmission through the spectroscopy
setup (PD2). The hyperfine splitting of the excited state is unresolved for the Doppler broadened
signals. Look up [13, 6] and identify these with the four ground-state hyperfine manifolds of 85Rb and
87Rb. Note the frequency splitting between these Doppler-broadened absorption lines. You can now
monitor the PZT MOD signal on the scope (using a BNC Tee), and thus make a first determination
of the low-frequency transfer function (MHz/V) of the PZT controller. Later on, when you focus on
the DAVLL error signal right around the line used for laser cooling, you will use this transfer function
to know how to relate the voltage of your error signal to the frequency offset of the laser.

Figure 10: A sweep of the 4 Rb spectrum lines as will be seen on the scope along with the sweep of the
function generator. Notice the mirroring on the down sweep.

Checkpoint Four Peaks:↑ Once you get your response from the photodetector as the picture
shown above show your GSI the signal on the scope and point at the four peaks that correspond
to the two different states of Rb85 and Rb87 respectively (don’t forget to mention which
transition is which).

Note that the digital storage scope used for this experiment is connected to a computer, so that you can
record data for analysis and your lab report.

Obtaining the DAVLL signal:

• Turn on DAVLL heater and leave it on. The heater should reliably supply rubidium into the cell at 1
volt and 4 amps, slight adjustments should not be necessary. Do not exceed 5 Amps without consulting
the laboratory staff.

• Narrow the sweep onto the 85Rb F = 3 and the 87Rb F = 2 absorption lines. You should see the
rubidium fluoresce within the beam paths on the video monitor. Examine both the spectroscopy signal
(PD2) and the DAVLL signal (PD1a-PD1b) simultaneously. Now, block each of the two DAVLL-
setup photodiodes in turn. You should see the Rb-cell absorption lines for σ+ and σ− laser light,
respectively (recall that you’re looking at the output of a difference op-amp circuit, the DAVLL error
box, PD1a-PD1b signal).

Ignore this next sentence: Notice that the line centers of these different absorption lines are shifted
from the field-free lines seen in the saturated absorption cell. From this difference, determine what is
the magnetic field inside the DAVLL vapor cell.

• Now allowing light into both PD1a and PD1b, you should see the DAVLL error signal. Explain why
it has the form that it does.
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• Center and then narrow the sweep onto the F = 3 → F ′ = 4 transition. You may take some time to
optimize this error signal; for our purposes, we want the detector signal to have a large slope and also
to cross zero near the center of the transition. Consider varying the settings of the two waveplates in
the DAVLL set up, the temperature of the DAVLL vapor cell (but notice that this temperature takes
a long time to settle), and the alignment of the two photodiodes (as a last resort).

Figure 11: Digital Scope Output of a working MOT near the Rb 85 3 to 4 transition. Pink line is PD2 and
the blue line is an example output of biased monitor DC coupled. Notice that it is linear and crosses the
zero near the center of the peak.

Ignore paragraph below

Calibrating the locking signal:

• You will want to know how to relate the voltage of the locking signal to the frequency of your laser. For
this, you need some well defined frequency references by which to calibrate the signal. These references
are provided by the saturated absorption signal recorded on PD2. Identify the narrow absorption
features observed on PD2. For each of these features, record the PZT control voltage and also use
spectroscopic data (e.g. Ref. [13], Table 1). From these, you should obtain a linear frequency scale
to which to calibrate your locking signal. We suggest you measure frequency in terms of the detuning
from the 85Rb cycling transition, and approximate your error signal as linear near δ = 0. Note: you
may need to repeat this calibration procedure several times during this lab.

10.4 Task 3: Locking the Laser

10.4.1 Measuring the system transfer functions

The linear relation obtained while calibrating the locking signal gives the sensor transfer function H(ω) (in
units of V/MHz) for low-frequency modulation of the laser. The next step in designing our servo system is
to determine the system transfer function Gs(ω) for both the PZT and current transducers. To do this, first
set the PZT offset voltage so that a frequency scan on either the PZT or current inputs will be centered
near δ = 0, on the linear portion of the DAVLL signal. To determine Gs(ω)H(ω) (dimensionless units), use
the DS345 generator to produce a zero-offset sine-wave modulation that drives either the PZT or current
controller. Observe both the sinusoidal drive (using a BNC-T at the PZT or current controller input) and
also the DAVLL signal on the oscilloscope. Record both the magnitudes of the two voltage modulations and
also the phase offset between them. You will find this is easiest to do using the “Measure” function on the
oscilloscope, by which you can obtain determinations of the peak-to-peak voltage of both channels and also
the temporal delay between them. From these data, you should produce Bode plots for both the PZT and
current branches.
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For the PZT branch, record the gain between DC and ∼10 kHz. You will notice many resonances in this
record. Take data with sufficient resolution to characterize the two lowest-frequency resonances in detail
(starting near 2 kHz). These resonances are both electronic and mechanical. For the remaining resonances,
just record their resonance frequencies. For the current branch, record the gain between DC and 1 MHz.
Confirm that the response is fairly featureless. As you take these data, keep adjusting the amplitude of the
sweep input so that the locking signal stays within its linear range. Be particularly careful not to drive the
system too hard at its resonances, so as not to damage the laser.

10.4.2 Tuning the lock box

Now we can design the servo system to lock the laser frequency with high loop-gain and without oscillating.
First consider the PZT branch.

• Examine the electronics diagram in Figure 8. The transfer function for this branch, Gc(ω), is established
(primarily) by one op-amp. Determine the form of Gc(ω) for different settings of the PZT resistor and
capacitor knobs, and of the RESET switch (labeled as ’Lock’). The circuit also contains a notch
filter which should suppress electronic feedback around the 2.4 kHz resonance frequency of the laser
head. Neglect for now the specific function of the notch filter (which you can determine by examining
the complete schematic); just consider that it is a unit-gain inverting amplifier except right near
the 2.4 kHz resonance of the laser head.

• Having determined the servo response function, determine the right resistor and capacitor values to
lock the laser frequency. Explain clearly why you are choosing those values.

Now lock your laser near δ = 0 with the PZT servo, using the following procedure:

1. Make sure the RESET switch is “down,” i.e. that the integrator is disengaged, so that the PZT
voltage does not run away from you. Common pitfall: Be sure you are viewing both channels at the
DC setting.

2. Input both the BIASED MONITOR and the saturated-absorption signals on the oscilloscope.

3. Using a triangle-wave sweep at 100’s of Hz, modulate the PZT broadly across the Rb absorption lines
(Figure 10). Use the PZT OFFSET knob to place the center of the strongest absorption feature, i.e.
the center of 85Rb F = 3 resonance, at the center of your sweep. Keep that absorption feature centered
as you lower the sweep range, using the SWEEP GAIN knob, until the laser is being modulated only
over the linear portion of the error signal.

4. Adjust the INTERNAL BIAS knob so that the BIASED MONITOR signal passes through zero
volts at the point where you want to lock the laser. From your earlier adjustments of the DAVLL
signal, this voltage should already be close (Figure 11).

5. If you haven’t done so already, turn on the PZT GAIN. Then flip the RESET switch to “up.” If all
goes well, the BIASED MONITOR should be clamped around zero volts. From the DC level of the
saturated absorption signal, you should be able to tell that you’re locked at the (correct) absorption
peak. You can also confirm that you’re locked by nudging the PZT OFFSET slightly; when all is
right, the laser should not respond to this nudge (Explain why). You can now dial down the SWEEP
GAIN to zero and switch the function generator off.

6. There are lots of reasons why the laser might not lock properly: (1) wrong RC settings – try a longer
RC time constant, (2) gain is too high, (3) the biased error signal is nowhere near zero volts when
you flip the RESET switch, (4) PZT gain has the wrong sign, (5) capture range for the lock (voltage
range over which the DAVLL varies monotonically about the lock point) is too small, etc.

If you’ve tuned your lock-box properly, you should be able to destablize the laser lock by increasing the PZT
GAIN knob beyond a reasonable level. Record and explain what happens in this case. Also, observe and
explain what is the effect of the notch filter (remember it also inverts).
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Now consider the current branch. This servo is somewhat more complicated, combining a high-pass and low
pass filter.

• As before, determine what form of feedback matches well to the system response. Determine how the
servo is affected by the different settings of the resistor and capacitor knobs, and use this knowledge
to select the correct setting for the feedback.

• Finally, add the current feedback to the system. What happens when the CURRENT GAIN is set
too high? Do you need to modify the PZT branch feedback parameters now that the current feedback
is engaged? If so, explain why.

Depending on how you’ve set the DAVLL signal, it is possible that the gain on the current branch has
the wrong sign. If you suspect this is the case, you should un-lock the laser and follow the steps 1-3 of the
procedure above for locking with just the PZT branch. Now switch on and turn up the the current gain. You
should see a reduction in the amplitude of the modulation on the BIASED MONITOR. If instead you see
the amplitude grow, the you have the wrong sign for the current gain. The easiest way to fix this problem is
to flip the sign of the DAVLL error signal by switching the PD1a and PD1b inputs on the difference circuit,
after which you will have to adjust the EXTERNAL BIAS level.

10.4.3 Measuring the closed loop response

As discussed above, your feedback system should suppress the effects of extraneous noise sources on your
laser system. Here, we will confirm that this suppression takes place.

Lock your laser system and add a sine-wave input to the current branch of your servo system using the
SWEEP INPUT. Measure the response of your laser system through one of the detector monitors. You
should be able to compare this response directly to what you measured earlier for the open-loop response of
the laser system, i.e. at the same sweep input voltage, what is the amplitude and phase of the response under
open or closed loop conditions? In the interest of time, make this comparison only at a few frequencies.
Adjust some of the servo circuit settings and explain what you see.

Checkpoint Adjustments:↑ Show a GSI or professor the adjustments you have made and
report your results of measuring the closed loop response.

10.5 Task 4: Magneto-Optical Trapping

Now that the laser is under control, we move on to the second goal of this laboratory which is to gather atoms
in a MOT and measure the trap characteristics. It’s now time to make that MOT. This is as easy as turning
on the MOT coil power supply to output 10’s of Amperes and locking the laser frequency at the proper
setting, with the laser detuning δ = −(few) × Γ. You should monitor the inside of your vacuum chamber
using either the video camera or the triggered CCD camera viewed using the “MOT VI” which you can find
in the C:Programs/Support folder on the computer. It should be called “MOT - With Camera vX.vi” where
“X” is the latest version number (currently the full name is MOT - With Camera v6.8 modified20150317.vi).
A MOT will appear as a ball of bright fluorescence produced near the center of the vacuum chamber. You
might also see some fluorescence from the Rb vapor inside the vacuum chamber along the entire lengths of
the laser beams.

If you don’t see a MOT, several things could be wrong, of which the following is just a subset:

• The laser may be unlocked or locked to the wrong frequency. Relock the laser, following the directions
above. If the laser is locked somewhere on the broad linear portion of the correct DAVLL signal, you
should be able to tune the laser frequency smoothly using the INTERNAL BIAS knob.

• The laser light might be blocked. Check that the shutter is aligned and open. It should be on the
“N.O.” or “normally open” setting, which is controlled by a switch on the front of the shutter-driver
electronics box. Follow all the beams with IR cards to see nothing’s sitting in their path. Make sure
the iris controlling the beam diameter is fully open.
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• The laser beams may be misaligned. A good starting point for their alignment is to use two proper
mirrors (think before you tweak) to have each beam centered in its respective vacuum window, both at
the entry to and exit from the vacuum chamber. The reflected beams should be aligned by the single
retro-mirror – you might use the backside of an iris to get this reflection alignment right. To see the
beam, use the IR viewing card or the IR viewer.

• The balance of power between the MOT beams may be off. Start with roughly equal intensities in the
three beams.

• The polarization of the beams may be incorrect. The quarter wave plates at the entrance to the vacuum
chamber should nominally be set to give you the proper normalization. You might tweak these one at
a time to see if you can fix things, but keep track of what you’re doing. If you suspect the system’s
totally out of whack, ask the teaching staff to help out. [NOTE: As of April 13, 2010, the following
settings of the rotatable quarter wave plates should give the proper circular polarization for a MOT:
X-axis, rotation stage at 20 with numbers facing the incident beam; Y-axis, rotation stage at 268 with
numbers facing the incident beam; Z-axis, rotation stage at 0 with numbers facing up]

• The magnetic field gradients may be too big or too small. Gradients on the order of 20 G/cm (axially)
should work fine.

• The camera might be misaligned or out of focus.

• The EOM may not be putting the correct frequency sidebands on the laser light. Return to the above
discussion to diagnose this.

• There may be too little Rb vapor in the vacuum chamber. If you scan the laser slowly across the Rb
absorption lines, you may see fluorescence along the laser beams inside the vacuum chamber, in which
case there is enough vapor present.

If you still can’t make a MOT, and you’ve given it a good try, then get some help from the staff. There’s
lots for you to do once you have a MOT, so there’s no point in pulling out your hair just yet!

10.5.1 Qualitative characterization of the MOT

Once you’ve produced the MOT, use the camera image of the MOT as your guide. The main idea behind
the remainder of the lab is to play with the parameters controlling the state of the MOT, record what these
variations do, and explain why in terms of the atomic physics involved. Along the way you’ll also improve
the trap (e.g. more trapped atoms, more stable). Here is a subset of parameters you should vary, both alone
and in combination:

• Laser lock settings.

• Beam size (controlled using the iris).

• Beam alignment. While it is easier to make a MOT the first time with the laser beams at maximum
size, with smaller beams you become more sensitive to and more able to correct for misalignment.

• Beam power balance.

• Beam polarization.

• Repump frequency and power (recall the EOM is a frequency-resonant device).

• Magnetic field gradient.

Checkpoint Results and Steps:↑ Show a GSI or professor you have produced the MOT in the
chamber, and explain the steps you took to acquire a stable MOT.
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10.5.2 Using the MOT Software

The data acquisition for MOT utilizes two different programs, one of which controls the hardware and the
other which records images from the Guppy camera and analyzes data. Now is a good time to become
familiar with the “MOT VI” which you can find in the C:Programs/Support folder on the computer. It
should be called “MOT - With Camera vX.vi” where “X” is the latest version number (currently MOT -
With Camera v6.8 modified20150317.vi). This VI controls three functions:

10.5.2.1 The MOT VI

Note: if a program error occurs, usually it is the 1394 interface. First close the VI program, then unplug the
firewire cable at the rear of the computer and re-insert it. The VI outputs two TTL signals, which are both
displayed in the feedback offset graph and a digital signal, which drives a relay, and ultimately, the magnet
power supply. At present, these are output from the analog output ports and Port 0/Line 0 of the National
Instruments card.

The first TTL output signal is sent to the shutter driver, which reads the rising edge as “close the shutter”
and the falling edge as “open the shutter”. The “step voltage” defines the height of the pulse, and should
between 2 and 5 Volts. The duration of this pulse is variable between 5 and < 200 ms, you will find that
pulse durations of less that 5 ms will likely cause the shutter to get stuck on occasion, and also that the real
time separation between the closing and opening of the shutter is never less than around 8 ms, and is a little
longer than the pulse duration set by the electronics.

The second TTL signal triggers the CCD camera. You can set the camera to respond to either the rising or
falling edge of this pulse, using a switch on the VI panel and setting the appropriate controls.

Finally, the digital output drives the magnet; by using the “Magnet Power” switch on the front panel, you
can turn the magnet on and off.

After hitting the run button to start the program, provide a filename for storing the PD3 data and then hit
the “Save next PD3 data to file” button followed by “Pulse” in the camera panel for seeing the displays.

10.5.2.2 An interface to the triggered CCD camera

The camera nominally takes images continuously, displaying the image on the VI front panel. You can also
take a single snapshot, which is shown in a separate image. You can save this image as a .txt array of
numbers for analysis in Matlab (or elsewhere). You can also right-click the snapshot and save it as a .png
file, to be uploaded into image analysis software. This snapshot is either initiated via the “Take Snapshot
Now” button or synchronized with the pulse generator. To save images generated with the pulse triggering,
make sure you have the “Save Pulse Images” button pressed before you push “Pulse” and have entered in a
name for the text files of the pulse images. Numbers for multiple files and file extensions will automatically
be generated when saving the files.

You may find it useful to store and use a background image to isolate the MOT fluorescence from that of
the Rb vapor in the vacuum chamber by using the “Get Background” button. This background image is
then automatically subtracted from subsequent snapshots. For example, you might take a background image
with the magnet off, and then subtract this background from images of the MOT, in order to minimize any
background fluoresence. However, because the background-subtracted image is composed of data that are
strictly positive, the background subtraction may cause you to lose some of the data. You may also find it
useful to set a region of interest (ROI) for the snapshot, so as to reduce the image (and file) size.

The camera gain and brightness can be adjusted within the VI. Although you might be tempted to turn the
brightness and gain up, make sure you are staying within the dynamic range of the camera. Since the pixel
values are stored as unsigned integers, the maximum is 255. Another way to account for this is to modify the
exposure time for each image. If you need to modify the exposure time, you need to stop the MOT VI first.
While you shouldn’t have to adjust this, the image duration is set by separate software called “Measurement
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and Automation Explorer” in the National Instruments folder. Go to the “Configurations” tab and select My
System → Devices and Interfaces → NI-IMAQ IEEE 1394 Devices → AVT Guppy F038B NIR. In “Camera
Attributes” set the shutter to “Manual (relative)” and input an integer N for the shutter speed value. The
image duration is given as (1 + N) × 20 µs. You can then hit “Snap” to see whether the exposure level is
appropriate. Hit “Save” when you’re done, and then select “My System” in the “Configurations” tab, or
else close the software. You should now be able to restart the MOT VI without errors.

Note: The “snapshot” function of the camera will fail if the computer is too busy keeping track of your
moving the mouse around or scrolling windows. If it does fail, an indicator will light. Simply take the image
again.

10.5.2.3 Using the MOT VI as a digital storage scope

If you choose, you can direct the output of PD3 to the AI0 analog input port of the DAQ card (WARNING:
Be sure you know with what impedance the PD3 photodiode is terminated). This output will be recorded
synchronously with the pulse, and displayed in the “Fluorescence (PD3)” graph on the VI. The data can
also be saved into a text file by pushing the “Save PD3 Data” button while the VI is pulsing. This is be
helpful for recording the number of atoms in the MOT. If you prefer, you can use the digital storage scope
to record PD3 instead, perhaps using the shutter TTL signal to trigger to scope.

Notes:

• One thing to keep in mind is that if you save pulse images and are recording PD3 data at the same
time, you need to make sure the pulse duration is sufficiently long to accommodate both actions.

• If you want to change the record length for this stored signal (domain for PD3), you need to stop the
VI, change the setting on the front panel, and then restart the program.

• You will sometimes need to change the range of various axes and controls to see the complete data
stream or freely change the input settings of the VI.

10.5.3 Quantifying the number of trapped atoms

You are provided two means for measuring the number of atoms in the MOT: a photodiode (PD3) and a
triggered CCD camera. These record the light level on the detector surface, some of which is due to the
fluorescence of atoms in the MOT, relayed to the detectors via lenses. To make sense of the recorded signals,
we need to understand some basics of atomic fluorescence, optics, and photodetection.

Start with the photodiode. First, make sure the photodiode is properly aligned. A neat way to do this is
first to focus the video camera onto the MOT. Notice that the front face of PD3 is also visible in the video
image. When everything’s properly aligned, the center part of the front of PD3 should be imaged onto the
MOT and then re-imaged onto the video camera.

To record the number of atoms in the MOT, use the VI. Set the “step” duration (i.e. the time the shutter
is closed) to 100 ms or more (long enough to deplete the MOT completely, setting Ni = 0). Run the VI
and record the photodiode voltage using either the VI or a digital storage oscilloscope. You should see a
trace similar to Figure 12, which you should interpret to determine how much of your signal is due to the
MOT fluorescence. To relate this to the number of atoms in the MOT, you need to know a few things: the
fluorescence rate (photons/second) per atom (this depends on the laser intensities and detuning; see above),
the solid-angle Ω of your optical collection system, the efficiency of your photodetector [(Amperes of current
output)/(Watt of input optical power)] (see manufacturer spec sheet), the impedance Z by which you
convert photodiode current to voltage.

Now turn to the triggered CCD camera, which produces a digital image of the MOT, with each pixel now
giving a sum of background signal plus the fluorescence due to atoms in a particular location in the MOT.
You can determine the number of atoms in the MOT as follows: Take a snapshot, and save the image data.
For convenience, you can cut down the size of this file by saving only data within a suitable region of interest
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Figure 12: Photodiode setup for monitoring the number of atoms in the MOT. (a) A fraction of light emitted
from the atomic gas is collected by a one-lens optical system and directed onto a biased photodiode, PD3.
This fraction is determined by the solid angle Ω which you determine from the lens diameter d and the
distance from the lens to the atomic gas L. The photodiode is a current source, so the voltage you observe
will depend on the impedance Z. This impedance also comprises the capacitance of the photodiode itself
(see the spec sheet), which determines the effective response time of your photodetector. (b) Operating
the “MOT VI”, you should see a voltage signal similar to the one shown here, from which you can determine
the number of atoms in the MOT, Ni, once the light is switched back to resonance, the rate R and time
constant τ for loading the MOT, and the steady-state number of trapped atoms Nf .

(ROI). To determine the total MOT atom number, you might assume the distribution of atoms is Gaussian
in the two imaged dimensions, and perform either separate 1D fits (horizontal and vertical) or a single 2D
fit to determine the peak intensity and the two rms widths of the Gaussian distribution, and then use these
values to derive the integrated atom number over the MOT. Assume that this Gaussian sits atop a smooth
background to extract just the signal from the MOT. In principle, you can convert this integrated intensity
into an atom number, again using knowledge of the imaging system and the CCD camera settings. However,
it’s easier just to relate our measurement from the camera to the more easily calibrated photodiode signal.

WARNING: the brightest pixels may be maxed out, and this can distort your measurement. If they are,
your camera exposure is too long for this measurement. The procedure for changing the exposure duration
is given above. You will probably want to use the same exposure duration for images at different values of δ.

• Obtain a measure of the final MOT number Nf and the MOT size vs. δ, using both the photodiode
and the camera, and provide a physical explanation for your results.

10.5.4 Measuring the MOT loading rate

The equilibrium number of atoms trapped in the MOT is attained when the loading rate of atoms into the
MOT, R, equals the loss rate. Atoms may be lost from the MOT for several reasons. For example, collisions
with high-velocity atoms (e.g. Rb) or molecules (e.g. H2) in the vapor cell can provide an energy to a cold
Rb atom that exceeds the MOT trap depth, leading to a loss rate, N/τ , proportional to the number of
trapped atoms. At high Rb densities (high MOT atom number), inelastic light-assisted collisions may occur,
leading to a loss rate proportional to the square of the density of trapped atoms.

The vapor cell MOT in this experiment is likely dominated by one-body collisional losses, so that one might
expect the number of atoms in the MOT to evolve as

dN

dt
= R−N/τ (11)

Examining the data from PD3 obtained above for the measurement of the MOT atom number, determine
the MOT loading rate R and MOT-atom lifetime τ for several settings of the MOT:

• At a constant value of δ and the magnetic field gradient B′, vary the size of the MOT laser beams.
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Can you confirm the expected dependence of the loading rate on the laser beam diameter, discussed
above?

• With the laser beams at maximum diameter, try several settings of δ and B′, describe the trends that
you observe and explain them based on the underlying physics.

• Is our model for the rate of change of the MOT atom number correct? Provide a quantitative answer.
For this, you might perform a χ2 test, or, you might amend the equation above with an additional loss
term, −βN2, and ascertain whether the data indicate a significant non-zero value for β.

10.5.5 Measuring the MOT temperature

What is the lowest temperature you’ve ever experienced? Even in the coldest climate, you’re very unlikely to
have been colder than 10’s of degrees below 0 C (273 K). Maybe you’ve made ice cream with liquid nitrogen
(at 77 K) or even been fortunate enough to work with liquid helium (4 K). To get colder yet, you might
resort to a helium-4 refrigerator (around 1 K) or even a helium-3 dilution refrigerator (> 10 mK).

Laser cooling has been used to reach some of the lowest temperatures ever. Your task here is to measure the
temperature of atoms in your MOT. To measure their temperature, we will attempt to make a measurement
of the velocity distribution of atoms in the MOT, which, for an ideal gas at thermal equilibrium, is given by
the Maxwell-Boltzmann distribution. To make this measurement, we start with a MOT at equilibrium, and
then suddenly switch off the MOT so as to allow the atoms to expand ballistically for a set time of flight,
tTOF. We then make a measurement of the size of the cold-atom gas by one of two means described below.

To carry out this measurement, we make use of the “MOT VI” again. To switch off the MOT, we use the
shutter placed just after the EOM to extinguish the laser light quickly. After tTOF, we open the shutter,
suddenly reintroducing the laser light. Note: ideally, we would also switch the MOT current off and on again
so that the atoms truly propagate freely during the time of flight. The remaining magnetic fields can exert
forces on the atoms, due to their magnetic dipole moment.

• Consider an ideal gas of particles with mass m with a spherically symmetric, 3D Gaussian density
distribution defined by the rms radius Σ, and with a spatially uniform, thermal distribution (at tem-
perature T ) of velocities. If you wish, you can consider this as a gas at equilibrium in an external
potential that rises as r2 where r is the distance from the origin. At time t = 0, the gas is suddenly
allowed to expand ballistically (meaning that your fictitious external potential is suddenly set to zero).
At a later time, tTOF, what is the rms radius Σ(tTOF) of the gas?

Release-and-catch

One way to measure the velocity distribution is by counting the number of atoms Ni in the MOT just a few
ms after the laser light is returned to resonance, and to interpret this as being the number of atoms that are
within the “capture volume” of the MOT (the atoms coming out of the MOT should certainly be within the
capture velocity). This idea is illustrated in Figure 12. Without worrying about small multiplicative factors,
you might take this volume to be a sphere with radius given by some characteristic dimension of the laser
beams.

• Using the photodiode monitor, record Ni vs. tTOF. Use the “pulse” function on the VI and be sure
that the MOT has sufficient time to fill completely between pulses. Examining the signal on PD3, you
should record both Ni and Nf so that you can adjust your data in case Nf varies during the time you
are collecting data. Also, you should determine tTOF from the PD3 data trace so that you can account
properly for delays in the shutter closing and opening.

If you examine the PD3 signal for short tTOF, you will actually see the fluorescence rising in three
distinct stages: (1) the level rises very quickly (order 100 microseconds) as the shutter opens, (2) the
level rises moderately fast (several ms) as the atoms released from the MOT are gathered again into a
new MOT, and (3) the level rises slowly (several 100 ms) as atoms are gathered again from the room
temperature vapor. Note this is different than what is shown in Figure 12 (shown for the case where
no atoms are re-captured in the MOT).
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Figure 13: Measuring the MOT temperature by the release and catch method. Before release from the MOT,
the atoms (red blob) are held well within the capture volume of the MOT (dashed circle). Note: this is a
2D drawing, but the physics occurs in 3D. After short time of flight (t = t1), the expanding atom cloud is
still mostly within the capture volume, so the number of atoms in the MOT once it is switched back on (Ni)
is still high. After longer time of flight (t = t2), the atom cloud is much bigger than the capture volume,
and very few atoms are captured. From the variation of Ni with tTOF, you can surmise the temperature.
However, additional effects limit the reliability of this measurement.

• When you have a satisfactory data set, use it to determine the temperature of the gas. Be sure to
explain clearly how you are relating your measurement to the gas temperature.

• This release-and-catch method is quite crude, and is susceptible to large errors. In particular, even
if the gas were at zero temperature, you would still see Ni decrease with increasing tTOF if (i) the
atoms emerged from the MOT with a net non-zero velocity, and (ii) as the atoms fall under the force
of gravity. Consider these two effects. For (i), what is upper bound on this net velocity set by your
data? For (ii), at what non-zero temperature will the variation of Ni vs tTOF be dominated by thermal
expansion rather than just by gravitational acceleration?

Time-of-flight imaging

In fact, the first measurements of the temperature of a MOT, made by the release-and-catch method, greatly
overestimated the temperature achieved in the MOT, for some of the reasons you have considered above. To
overcome some of these shortcomings, we will try another method to measure this temperature. For this we
use the triggered CCD camera, controlled by the “MOT VI,” and have it record a snapshot of the atomic
fluorescence right after the the laser light shuttered back on. If we’ve done our job right, this fluorescence
image will give the distribution of cold atoms before the atoms become deflected by radiation pressure forces
of the near-resonant light and gathered back into the MOT.

• Record images of the expanding atomic cloud at variable tTOF. For each tTOF you will have to adjust
the delay between the falling edge of the shutter TTL and the CCD image so that you collect the very
earliest image of the fluorescing atoms (the delays will be somewhere between 1 and 5 ms). Note that
useful images can be obtained only for short tTOF before the fluorescence of atoms released from the
MOT becomes invisible against the background fluorescence from the vapor in the chamber.

• From each image, determine the central position and the dimensions of the gas, and interpret these
data in terms of the initial non-zero velocity of the atoms released from the MOT, their acceleration
due to gravity (see note below), and their temperature. You will probably find it convenient to save
several images and label the files according to the time of flight.

For this task, you will need to know that the camera pixel size is 8.4 µm × 9.8 µm (horizontal × vertical),
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and should examine the lenses before the triggered camera to figure out the imaging magnification (it’s
presently roughly 1/2).

Note that this method is not foolproof. The MOT-trapped atoms are not a Gaussian spatial distribution
to start with. The MOT light is not suddenly extinguished and restored; rather the beam intensity (and
even its spatial profile) varies in time. The fluorescence from the released atoms is weak, obscured partly
by the background fluorescence, and modified owing to the spatially varying Zeeman shifts. Finally, the
inhomogeneous magnetic field exerts forces on the atoms during their time of flight.
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Checkpoint Methods of Measuring Temperature:↑ Discuss with a GSI or professor about
two aforementioned methods of measuring MOT temperature. What are their advantages or
disadvantages? Which one is more accurate? What are the errors of measurement?

10.5.6 Observing optical molasses

The viscous nature of radiation pressure forces is most evident in optical molasses. Without the confining
effects of inhomogeneous Zeeman shifts, the propagation of atoms exposed to counter-propagating red-
detuned light is diffusive, rather than ballistic, as described above.

• As the last step in this experiment, to see this diffusive expansion, switch off the MOT-coil power
supply and watch the subsequent expansion of the cold trapped atoms. Roughly how long does it take
for this gas to diffuse beyond the reach of the MOT laser beams?

• If you’re eager, you can use this visual inspection of optical molasses to determine the diffusion constant
for the light-illuminated gas, and compare your result with values derived in the literature based on
the atomic physics delineated above.

• Last day of the experiment please fill out the Experiment Evaluation

All Reprints and other information can be found on the Physics 111 Library Site
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A Polarizaiton gradient cooling

Detailed accounts of PG cooling are given in the references [5]. Here, we provide only a simple explanation
of the effect.

PG cooling is based on two phenomena: the ac Stark shift, and optical pumping. The former is a change
in the energy of a polarizable object, e.g. an atom, a molecule, or even a glass bead, due to the application
of an oscillating electric field. The field induces an electric dipole moment ~d = α(ωL) ~E in the object, and

then the energy of the object is shifted by the dipole energy U = −~d · ~E, the time-average of which is non-
zero. Here, α(ωL) is the dynamic polarizability which, for an atom with a single optical resonance, varies
as α(ωL) ∼ −1/δ. The ac Stark shift is used in many atomic physics experiments to trap ultracold atoms
in laser traps. The second phenomenon at work in PG cooling is optical pumping, where light of a certain
polarization will define a particular internal state to which the atom will be directed after scattering several
photons. Such optical pumping is explored in a separate experiment in the 111 laboratory.

In PG cooling, a multi-level atom is subject to ac Stark shifts and optical pumping by light that has a
spatially varying polarization. Optical pumping consistently directs the atoms to an internal atomic state
in which the AC Stark energy is minimized. However, this pumping does not occur instantaneously. Thus,
a moving atom will consistently lose energy as it moves away from the location of minimum energy, as
if climbing uphill, only to find itself soon delivered to the bottom of a hill through optical pumping and
spontaneous emission. This condition is reminiscent of that of the ancient Greek character Sisyphus, whose
punishment for a life of hubris was being commanded to roll a large boulder up a hill, only to watch it roll
down again, and to repeat this task eternally.

The end result of PG cooling is the reduction of atomic velocities to temperatures on the order of the AC
Stark shift, until one reaches the recoil temperature limit that corresponds to the energy of an atom with
just one photon’s worth of momentum.

For completeness, we note that sub-recoil optical cooling is also possible, e.g. through Raman cooling or
velocity-selective coherent population trapping. However, these intriguing effects are not relevant to this
experiment (at least yet!).

B Control theory

When this laboratory was first built, we had in mind that students would also spend a fair bit of time
characterizing the external cavity diode laser and its control electronics as a generic feedback control system.
The “MOT Laser Feedback Signal Processor” that is used for this experiment was built with lots of extra
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switches and dials so students could conduct this characterization, and then, with the aid of a good knowledge
of control theory, could design a perfect feedback system and demonstrate its qualities. We found, however,
that students struggled with this portion of the laboratory, using most of their time at the experiment
without even getting to the atomic physics part.

As of Fall 2017, we have modified the MOT experiment to simplify and streamline the feedback-control part
of the experiment. We retain below the full description of control and feedback from the first version of the
lab manual, as we feel this presentation will be helpful to the interested student. Section 6.3 is an abridged
description of feedback systems pertinent to the present experiment.

B.1 Control and Feedback

It behooves the modern physicist to learn about the broad and mature field of control theory; not only does it
allow the experimentalist to carry out better experiments but also control theory remains a focus of modern
research. There are numerous tutorials on control theory [9, 10, 11] to which we refer the interested student.
In this experiment, we will explore just a small portion of this field as we set about to control the emission
frequency of a diode laser placed inside a low-finesse external cavity [12]. The laser frequency depends on
many external influences: the laser current, temperatures of the laser and of the mount structure, the length
of the external cavity, the incident angle of light on a diffraction grating within the laser cavity, air pressure,
vibrations, etc. To stabilize the laser in the presence of these influences, we use feedback: we measure the
emission frequency of the laser, and then make use of two actuators a piezo-electric transducer (PZT) in the
laser cavity and the current supplied to the laser diode to maintain that measurement at the desired value.
Here, we will consider feedback on a linear system, using a frequency domain description (i.e. the frequency
at which the laser frequency is varying perhaps a little confusing). You may have also encountered feedback
and control in the BSC portion of the Physics 111 course, where it was presented in the time domain [13].

Figure 14: (a) In a generic control system, a controller translates its input, by which one specifies the desired
response of the overall system, to suitable input signals to a physical system. In a feed-forward system, the
controller is designed based on a model for the action of the system. Inaccuracies in that model will cause
a deviation of the actual system performance from the desired one. (b) In a feedback control system, the
system output is sensed and then compared with the desired output; this difference signal is used to adjust
the action of the controller. Depending on whether the last link in the system (gray dashed) is connected, the
input and output of the overall control system, signals V1 and V2, respectively, are related by the open-loop
or closed-loop transfer function. Successful feedback minimizes the difference between V1 and V2, and also
suppresses the effects of noise (indicated here by the addition of a spurious signal).
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B.1.1 Basics

In a generic control system (Figure 14a), one stipulates a desired output response, e.g. by the input of
specific currents or voltages, to a controller device. This controller conditions its inputs to provide a suitable
set of parameters to a physical system. This physical system then evolves so as to yield some response, or
output. We often think of the controller as a device which the user constructs, with the goal of producing
an output response which best matches the desired one. An open-loop control system takes into account
only ones a priori knowledge of the response of the system, e.g. based on a well-reasoned physical mode
(e.g. consider driving with your eyes closed). As such, this controller is susceptible to modeling errors and
changes in the system. In contrast, in a closed-loop control system (e.g. driving with your eyes open), one
maintains a prescribed relationship between the desired output and the true system output by comparing
them, via a measurement and a comparison device, and using this comparison to drive the controller and
system. This feedback lends the control system a much greater robustness and applicability compared to
open-loop control.

Our laser system is stable and (approximately) linear, so that the steady-state response of the laser to a
sinusoidal system output is a bounded sinusoidal output of the same frequency. For this reason, it is helpful
to adopt a frequency-domain picture of the control system. For any component of our control system (e.g.
just the physical system, or perhaps the combination of controller, system and sensor), we define the transfer
function as G(ω) = Vout(ω)/Vin(ω). Here, Vin,out(ω) are the input or output at frequency ω, represented as a
complex number that describes the phase and amplitude of the signal. These signals need not be measured
in the same units; e.g. the input might be a voltage to the laser controller while the output might be the
frequency of the emitted laser light, in which case G(ω) would have units of MHz/V.

We will find it convenient to represent the gain graphically in two formats. One format is a polar plot, a
parametric plot of G(ω) with ω ∈ {−∞,∞} that defines a contour Γ in the complex plane. This method is
convenient for ascertaining the stability of a closed-loop system.

Another format is the Bode plot, a log-log plot of |G(ω)| and of φ = arg(G(ω)) vs. ω. This plot is convenient
in designing a controller than matches well to the system transfer function. We note that the gain is usually
plotted in decibels, defined as 20 log10 |G(ω)/Go| where Go is some specified normalization constant; when
G is dimensionless, we take Go = 1.

Now consider the feedback control system of Figure 14b. Taking the system as a whole, lets consider the
open-loop response function around the entire control loop, i.e.

Gtot(ω) =
V2(ω)

V1(ω)
= Gc(ω)Gs(ω)H(ω) (12)

When the loop is closed and stable, the output V2 responds to variations in the input V1 as

V2(ω) =
Gtot(ω)

1 +Gtot(ω)
V1(ω) (13)

This ratio defines the closed-loop response function of the control system. The control system responds most
faithfully with high loop gain at all frequencies.

High loop gain is also beneficial in suppressing the influence of unintended disturbances on system perfor-
mance. To exhibit this, consider that an unwanted noise signal N(ω) is added as shown in Figure 14b. While
in an open-loop system, Vs(ω) = N(ω), upon closing the loop we obtain Vs(ω) = 1

1+Gtot(ω)N(ω), reducing

the effect of the disturbance.

B.1.2 Conditions for stable feedback

At some point, however, raising the loop gain makes a system unstable. The condition for stability is stated
by the Nyquist stability criterion, which is derived using complex analysis. This criterion states that,
considering the contour Γ drawn in a polar plot of Gtot(ω), a feedback system is typically stable if the contour
does not encircle the point (−1, 0) [14].
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Figure 15: Laser control system. Two servo controllers are used; one which ultimately controls a piezo-
electric transducer (PZT) within the laser housing, and another which controls the diode laser current. The
output signals of these controllers, VPmod and Vcmod, respectively, control the “physical system” that is
the combination of home-built electronics, the electronics within the New Focus laser controller, and the
external-cavity diode laser system itself (contents of the dashed gray box). The laser emission is sensed by a
laser-spectroscopy setup and a lock-in detection system, yielding a voltage Vm related to the laser frequency.
Through this closed-loop system, variations of the bias input lead to controlled variations of the frequency
of the laser light.

This criterion may seem a little too abstract, in which case it might be best just to follow some rules of
thumb arising from this Nyquist criterion:

• Pay attention to the low-frequency scaling of the open-loop gain. Systems scaling as Gtot ∝ 1 (propor-
tional) or 1/ω (an integrator) are likely stable, while those with 1/ω3 or higher scaling are unstable
(1/ω2 is marginal).

• One often constructs a feedback system with gain that diminishes with increasing frequency. There,
one must pay attention to the frequency ω where Gtot(ω) = 1, the unity-gain point. If φ < −π at this
point, the system is likely to be unstable. The quantity φ+ π is known as the phase margin a larger
phase margin means your system is more stable to variations (e.g. in the gain). One usually finds that
the phase of the system response indeed becomes unmanageable at high frequencies, requiring that one
cut off the high-frequency gain (by designing the controller properly) to avoid instabilities.

• Resonances in the system induce rapid changes in the gain amplitude and phase, making it hard to
guarantee system stability. One usually designs the controller to reduce the loop gain at such resonance
frequencies to below unity, avoiding trouble.

B.1.3 Laser Stabilization System

The laser control scheme implemented in this experiment is diagrammed in Figure 15. This is a two-branch
control system, making use of two actuators of the laser system to achieve tighter control over the laser
frequency. One of these actuators is a piezo-electric transducer (PZT) that displaces elements within the
laser cavity. The PZT is useful for scanning the laser frequency stably over a very broad range, and, thus, is
controlled by an integrator which allows the laser to compensate for long-term drift in its emission frequency.
However, as you will see, the useful bandwidth of the PZT actuation is limited. Thus, high frequency feedback
is achieved by a different actuation mechanism, a variation of the current supplied to the laser diode. The
overall transfer function for this control system is the sum of the responses of the two feedback branches.
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C Your Feedback

This is a new experiment, circa 2009. Now that you have completed this experiment, we would very much
appreciate your comments. Please take a few moments to answer the questions below, and feel free to add
any other comments. Since you have just finished the experiment it is your critique that will be the most
helpful. Your thoughts and suggestions will help to change the lab and improve the experiments. Please be
as specific as possible. Thank you!

• How was the write-up for this experiment? How could it be improved?

• How easily did you get started with the experiment? What sources of information were most/least
helpful in getting started? Were the reprints appropriate? Did the Pre-lab discussion help? Did you
need to go outside the course materials for assistance? What additional materials could you have used?

• What did you like and/or dislike about the experiment?

• Would you recommend this lab to fellow student? Why or why not?

• What advice would you give to a friend just starting this experiment?
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