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We present detailed instructions for the construction and operation of an inexpensive apparatus for
laser cooling and trapping of rubidium atoms. This apparatus allows one to use the light from low
power diode lasers to produce a magneto-optical trap in a low pressure vapor cell. We present a
design which has reduced the cost to less than $3000 and does not require any machining or
glassblowing skills in the construction. It has the additional virtues that the alignment of the trapping
laser beams is very easy, and the rubidium pressure is conveniently and rapidly controlled. These
features make the trap simple and reliable to operate, and the trapped atoms can be easily seen and
studied. With a few milliwatts of laser power we are able to trap 4X10’ atoms for 3.5 s in this
apparatus. A step-by-step procedure is given for construction of the cell, setup of the optical system,
and operation of the trap. A list of parts with prices and vendors is given in the Appendix. © 1995

American Association of Physics Teachers.

L INTRODUCTION

Laser cooling and trapping of neutral atoms is a rapidly
expanding area of physics research which has seen dramatic
new developments over the last decade. These include the
ability to cool atoms down to unprecedented kinetic tempera-
tures (as low as 1 uK) and to hold samples of a gas isolated
in the middle of a vacuum system for many seconds. This
unique new level of control of atomic motion is allowing
researchers to probe the behavior of atoms in a whole new
regime of matter. Undoubtedly one of the distinct appeals of
this research is the leisurely and highly visible motion of the
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laser cooled and trapped atoms. Because of this visual appeal
and the current research excitement in this area, we felt that
it was highly desirable to develop an atom trapping apparatus
that could be incorporated into undergraduate laboratory
classes.

This paper presents a detailed discussion of how to build a
simple and inexpensive atom trapping apparatus for atomic
rubidium (Rb). Our principal goal was to develop an appa-
ratus which could be built and operated reliably with mini-
mal expense and technical support. In most respects, how-
ever, this trap’s performance is equal or superior to what is
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achieved with the “traditional” designs used in many re-
search programs, and some innovations have advantages
over these designs. Thus portions of this paper are likely to
be of interest to the researcher already working (or consid-
ering working) in the field of laser trapping.

This paper is written in the same style as the previous
paper on grating-stabilized diode lasers and saturated absorp-
tion spectroscopy.! It is intended to provide a “cookbook”
discussion that will allow a relative novice to construct and
operate an optical trap. This paper is essentially a continua-
tion of the work presented in Ref. 1, and thus the end of that
paper is used as a starting point. Without further discussion,
we assume that one has two diode lasers of the type dis-
cussed in Ref. 1 which produce 5 mW or greater of narrow
band tunable light. A small fraction (~10%) of each laser
beam is split off and sent to its saturated absorption spec-
trometer of the type discussed in Ref. 1. This allows for
precise detection and control of the laser frequencies, which
is essential for cooling and trapping.

The remainder of this paper will discuss how to use the
light from these lasers to trap Rb atoms. Section II provides
a brief introduction to the relevant physics of the atom trap;
Sec. IHI covers laser stabilization; Sec. IV explains the opti-
cal layout; Sec. V details the construction of the trapping
cell; and Sec. VI discusses the operation of the trap, mea-
surement of the number of trapped atoms, and measurement
of the time the atoms remain in the trap. In the Appendix we
provide a list of parts needed in the construction of the ap-
paratus with prices and vendors. In its least expensive ver-
sion the trapping apparatus, not including the lasers, costs
less than $3000, with the ion pump responsible for half of
the cost.

I1. THEORY AND OVERVIEW

We will present a brief description of the relevant physics
of the vapor cell magneto-optical trap. For more information,
a relatively nontechnical discussion is given in Ref. 2, while
more detailed discussions of the magneto-optical trap and the
vapor cell trap can be found in Refs. 3 and 4, respectively.

A. Laser cooling

The primary force used in laser cooling and trapping is the
recoil when momentum is transferred from photons scatter-
ing off an atom. This radiation-pressure force is analogous to
that applied to a bowling ball when it is bombarded by a
stream of ping pong balls. The momentum kick that the atom
receives from each scattered photon is quite small; a typical
velocity change is about 1 cm/s. However, by exciting a
strong atomic transition, it is possible to scatter more than
107 photons per second and produce large accelerations
(10* g). The radiation-pressure force is controlled in such a
way that it brings the atoms in a sample to a velocity near
zero (“cooling”), and holds them at a particular point in
space (“trapping”).

The cooling is achieved by making the photon scattering
rate velocity dependent using the Doppler effect.’ The basic
principle is illustrated in Fig. 1. If an atom is moving in a
laser beam, it will see the laser frequency ., shifted by an
amount (—V/c)u,,,, where V is the velocity of the atom
along the direction of the laser beam. If the laser frequency is
below the atomic resonance frequency, the atom, as a result
of this Doppler shift, will scatter photons at a higher rate if it
is moving toward the laser beam (V negative), than if it is
moving away. If laser beams impinge on the atom from all

318 Am. J. Phys., Vol. 63, No. 4, April 1995

Scattering Rate or Force

T
vlasel v-tom

Frequency —»

"} -
\")
é /a«‘s&»

laser beam

Mo vy

force

Fig. 1. Graph of the atomic scattering rate versus laser frequency. As shown,
a laser is tuned to a frequency below the peak of the resonance. Due to the
Doppler shift, atoms moving in the direction opposite the laser beam will
scatter photons at a higher rate than those moving in the same direction as
the beam. This leads to a larger force on the counter propagating atoms.

six directions, the only remaining force on the atom is the
velocity-dependent part which opposes the motion of the at-
oms. This provides strong damping of any atomic motion
and cools the atomic vapor. This arranogement of laser fields
is often known as “optical molasses.”

B. Magneto-optical trap

Although optical molasses will cool atoms, the atoms will
still diffuse out of the region if there is no position depen-
dence to the optical force. Position dependence can be intro-
duced in a variety of ways. Here, we will only discuss how it
is done in the “magneto-optical trap” (MOT), also known as
the “Zeeman shift optical trap,” or “ZOT.” The position-
dependent force is created by using appropriately polarized
laser beams and by applying an inhomogeneous magnetic
field to the trapping region. Through Zeeman shifts of the
atomic energy levels, the magnetic field regulates the rate at
which an atom in a particular position scatters photons from
the various beams and thereby causes the atoms to be pushed
to a particular point in space. In addition to holding the at-
oms in place, this greatly increases the atomic density since
many atoms are pushed to the same position. Details of how
the trapping works are rather complex for a real atom in
three dimensions, so we will illustrate the basic principle
using the simplified case shown in Fig. 2.

In this simplified case we consider an atom with a J=0
ground state and a J=1 excited state, illuminated by circu-
larly polarized beams of light coming from the left and the
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Fig. 2. One dimensional explanation of the MOT. Circularly polarized laser
beams with opposite angular momenta impinge on an atom from opposite
directions. The lasers excite the J=0 to J =1 transition. The faser beam from
the right only excites to the m=—1 excited state, and the laser from the left
only excites to the m=+1 state. As an atom moves to the right or left, these
levels are shifted by the magnetic field thereby affecting the respective pho-
ton scattering rates. The net result is a position-dependent force which
pushes the atoms into the center.

right. Because of its angular momentum, the beam from the
left can only excite transitions to the m=+1 state, while the
beam from the right can only excite transitions to the m=—1
state. The magnetic field is zero in the center, increases lin-
early in the positive x direction, and decreases linearly in the
negative x direction. This field perturbs the energy levels so
that the Am=+1 transition shifts to lower frequency if the
atom moves to the left of the origin, while the Am=-1
transition shifts to higher frequency. If the laser frequency is
below all the atomic transition frequencies and the atom is to
the left of the origin, many photons are scattered from the o
laser beam, because it is close to resonance. The o~ laser
beam from the right, however, is far from its resonance and
scatters, few photons. Thus the force from the scattered pho-
tons pushes the atom back to the zero of the magnetic field.
If the atom mo‘ves to the right of the origin, exactly the
opposite happens, and again the atom is pushed toward the
center where the magnetic field is zero. Although it is some-
what more complicated to extend the analysis to three di-
mensions, experimentally it is simple, as shown in Fig. 3. As
in optical molasses, laser beams illuminate the atom from all

c #
polarized
laser light

magnetic
field coils

(o)

Fig. 3. Schematic of the MOT. Lasers beams are incident from all six
directions and have angular momenta as shown. Two coils with opposite
currents produce a magnetic field which is zero in the middle and changes
linearly along all three axes.
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Fig. 4. ®'Rb energy level diagram showing the trapping and hypefﬁne
pumping transitions. The atoms are observed by detecting the 780 nm fluo-
rescence as they decay back to the ground state.

six directions. Two symmetric magnetic field coils with op-
positely -directed currents create a magnetic field which is
zero in the center and changes linearly along the x, y, and z
axes, If the circular. polarizations of the lasers are set cor-
rectly, a linear restoring force is produced in each direction.
Damping in the trap is provided by the cooling forces dis-
cussed in Sec. I A. It is best to characterize the trap “depth”
in terms of the maximum velocity that an atom can have and
still be contained in the trap. This maximum velocity V., is
typically a few times I'A (I'\ is. the velocity at which the
Doppler shift equals the natural linewidth I' of the trapping
transition, where \ is the wavelength of the laser light).

A much more complicated three-dimensional calculation
using the appropriate angular momentum states for a real
atom will give results which are qualitatively very similar to
those provided by the above analysis if: (1) the atom is ex-
cited on a transition where the upper state total angular mo-
mentum is larger than - that of the lower state
(F—F'=F+1) and (2) V=(T'/m)"?, where m is the mass
of the atom. This velocity is often known as the “Doppler
limit” velocity.” If the atoms are moving more slowly than
this, “sub-Doppler” cooling and trapping processes become’
important, and the simple analysis can no longer be used.’
We will not discuss these processes here, but their primary
effect is to increase the cooling and trapping forces for very

slow atoms in thé case of F—F+1 transitions.

C. Rb vapor cell trap

We will now consider the specific case of Rb (Fig. 4).
Essentially all the trapping and cooling is done by one laser
which is tuned slightly (1-3 natural linewidths) to the low
frequency side of the 5S,,,F=2—5P;,F' =3 transition of
87Rb. (For simplicity we will only discuss trapping of this
isotope. The other stable isotope, **Rb, can be. trapped
equally well using its F=3—F'=4 transition.) Unfortu-
nately, about one excitation out of 1000 will cause the atom
to decay to the F=1 state instead of the F=2 state. This
takes the atom out of resonance with the trapping laser. An-
other laser (called the “hyperfine pumping laser”) is used to
excite the atom from the 55 F=1to the 5P F' =1 or 2 state,
from which it can decay back to the 5§ F=2 state where it
will again be excited by the trapping laser.
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In a vapor cell trap, the MOT is established in a low pres-
sure cell containing a small amount of Rb vapor.* The Rb
atoms in the low energy tail (V<V_,~20 m/s) of the
Maxwell-Boltzmann distribution are captured in the laser
trap. If the trap is turned on at +=0, the number N of atoms
in the trap will increase with the same functional form as that
of a capacitor charging.

N(1)=No(1—e™"7), Y

where 7 is the time constant for the trap to fill to its steady
state value Ny and.is also the average time an atom will
remain in the trap before it is knocked out by a collision.
This time is just the inverse of the loss rate from the trap due
to collisions. Under certain conditions, collisions between
the trapped atoms can be important, but for conditions that
are usually encountered, the loss rate will be dominated by
collisions with the room temperature background gas. These
“hot” background atoms and molecules (Rb and contami-
nants) have more than enough energy to knock atoms out of
the trap. The time constant 7 can be expressed in terms of the
cross sections o, densities n, and velocities of Rb and
non-Rb components as

/7= anURbVRb+ nnona'nonvnon . (2)

The steady-state number of trapped atoms is that value for
which the capture and loss rates of the trap are equal. The
capture rate is simply given by the number of atoms which
enter the trap volume (as defined by the overlap of the laser
beams) with speeds less than V.. It is straightforward to
show that this is proportional to the Rb density, (V,,)*, and
the surface area A of the trap. When the background vapor is
predominantly Rb, the loss and capture rates are both pro-
portional to Rb pressure. In this case N, is simply*

N():(0'1A/0'Rb)(vmax/vavg)45 (3)

where V,, is (2kT/m)'?, the average velocity of the Rb
atoms in the vapor. If the loss rate due to collisions with
non-Rb background gas is significant, Eq. (3) must be mul-
tlplled by the factor anURbVavg/(anO'RbVavg-’rnnonanonVnon).
The densities are proportional to the respective partial pres-
sures. Finally, if the loss rate is dominated by collisions with
non-Rb background gas, the number of atoms in the trap will
be proportional to the Rb pressure divided by the non-Rb
pressure, but 7 will be independent of the Rb pressure.

As a final note on the theory of trapping and cooling, we
emphasize certain qualitative features that are not initially
obvious. This trap is a highly overdamped system; hence
damping effects are more important for determining trap per-
formance than is the trapping force. If this is kept in mind it
is much easier to gain an intuitive understanding of the trap
behavior. Because it is highly overdamped, the critical quan-
tity V.« is determined almost entirely by the Doppler slow-
ing which provides the damping. Also, the cross sections for
collisional loss are only very weakly dependent on the depth
of the trap, and therefore the trap lifetime is usually quite
insensitive to everything except background pressure. As a
result of these two features, the number of atoms in the trap
is very sensitive to laser beam diameter, power, and fre-
quency, all of which affect the Doppler cooling and hence
Vnax- However, the number of trapped atoms is insensitive
to factors which primarily affect the trapping force but not
the damping, such as the magnetic field (stray or applied)
and the alignment and polarizations of the laser beams. For
example, changing the alignment of the laser beams will dra-
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Fig. 5. (a) Overall optical layout for laser trap experiment including both
saturated absorption spectrometers. (b) Detail of how laser beams are sent
through the trapping cell. To simplify the figure, the A/4 waveplates are not
shown. Beam paths (1) and (2) are in the horizontal plane and beam (3) is
angled down and is then reflected up through the bottom of the cell. The
retrobeams are tilted slightly to avoid feedback to the diode laser.

matically affect the shape of the cloud of trapped atoms since
it changes the shape of the trapping potential. However, these
very differently shaped clouds will still have similar numbers
of atoms until the alignment is changed enough to affect the
volume of the laser beam overlap. When this happens, the
damping in three dimensions is changed and the number of
trapped atoms will change dramatically. Of course, if the
trapping potential is changed enough that there is no poten-
tial minimum (for example, the zero of the magnetic field is
no longer within the region of overlap of the laser beams),
there will be no trapped atoms. However, as long as the
damping force remains the same, almost any potential mini-
mum will have about the same number of atoms and trap
lifetime.

D. Overview of the trapping apparatus

Figure 5(a) shows a general schematic of the trapping ap-
paratus. It consists of two diode lasers, two saturated absorp-
tion spectrometers, a trapping cell, and a variety of optics.
The optical elements are lenses. for expanding the laser
beams, mirrors and beamsplitters for splitting and steering
the beams, and waveplates for controlling their polarizations.
To monitor the laser frequency, a small fraction of the output
of each laser is split off and sent to a saturated absorption
spectrometer. An electronic error signal from the trapping
laser’s saturated absorption spectrometer is fed back to the
laser to actively stabilize its frequency. The trapping cell is a
small vacuum chamber with an ion vacuum pump, a Rb
source, and windows for transmitting the laser light. In the
following sections we will discuss the various components of
the apparatus and the operation of the trap.
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II1. LASER STABILIZATION

Reference 1 describes how to construct a diode laser sys-
tem. As mentioned above, two lasers are needed for the trap.
Since a few milliwatts of laser power are plenty for hyperfine
pumping (F=1—F'=1,2), the stronger should be used as
the trapping laser (F=2— F'=3) if the two lasers have dif-
ferent powers. Clearly visible clouds of trapped atoms can be
obtained with as little as 1.5 mW of trapping laser power
(after the saturated absorption spectrometer pickoff). How-
ever, the number of trapped atoms is proportional to the laser
power, so setting up and using the trap is much easier with at
least 5 mW of laser power. The trapping laser must have an
absolute frequency stability of a few megahertz. This nor-
mally requires one to actively eliminate fluctuations in the
laser frequency, which are usuvally due to changes in the
length of the laser cavity caused by mechanical vibrations or
temperature drifts. This is accomplished by using the satu-
rated absorption signal to detect the exact laser frequency
and then using a feedback loop to hold the length of the laser
cavity constant.

Detailed discussions of the saturated absorption spectrom-
eter, the servoloop circuit, and the procedure for locking the
laser frequency are given in Ref. 1, along with examples of
spectra obtained. After a little practice one can lock the laser
frequency to the proper value within a few seconds. Here, we
just mention a few potential problems and solutions. Check
that the baseline on the saturated absorption spectrum well
off resonance is not fluctuating by more than a few percent
of the F=2—F'=3 peak height. If there are larger fluctua-
tions, they are likely caused by light feeding back into the
laser or by the probe beams vibrating across the surface of
the photodiodes. These problems can normally be solved by
changing the alignment and making sure that all the optical
components are rigidly mounted. If the fluctuations in the
unlocked laser frequency are large it will probably be neces-
sary to improve the vibration isolation of the laser and/or
table, or rebuild the laser to make it more mechanically
stable. If the fluctuations are stable and synchronized with
the 60 Hz line voltage, the problem is probably not mechani-
cal, but rather is the diode laser power supply. Under quiet
conditions and reasonably constant room temperature, the
laser should stay locked for many minutes and sometimes
even hours at a time. Bumping the table or the laser will
likely knock the laser out of lock. If the laser frequency does
not have excessively large fluctuations before it is locked but
jumps out of lock very easily, it is likely that the resonant
frequency of the servoloop is too low. This is determined by
the response of the diffraction grating mount when driven by
the PZT. The resonance limits the gain of the servo and re-
duces its ability to correct for large deviations. The fre-
quency of this resonance can be determined simply by turn-
ing up the lock gain until the servosystem begins to oscillate
and measuring the frequency of the sine wave which is ob-
served. We have found that a reasonable value for the reso-
nance frequency is around 1 kHz. If it is much lower than
this, the diffraction grating is too massive, the mounting is
not stiff enough, or the PZT has not been installed properly.

Even under the best conditions, the system we have de-
scribed is likely to have residual frequency fluctuations of
around 1 MHz. The trap will work fine with this level of
stability but these fluctuations will cause some noise in the
fluorescence from the trapped atoms. For most experiments
this is not serious, but it can limit some measurements. If one
has a little knowledge of servosystems, it is quite straightfor-
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ward to construct a second feedback loop which adjusts the
laser current. The current feedback loop should have a
roll-on filter and high gain. (Because the laser current loop
can be much faster than the PZT loop, it can have a much
higher gain.) This results in the current loop feedback domi-
nating for frequencies above a few hertz. However, the PZT
loop gain is largest for very low frequencies, and thus
handles the dc drifts. The combination of the two servoloops
will make the laser frequency much more stable and will also
make the lock extremely robust. We have had lasers with
combined PZT and current servoloops remain frequency
locked for days at a time and resist all but the most violent
jarring of the laser. (A circuit diagram for the combined PZT
and current servoloop can be obtained by sending a request
and a self-addressed stamped envelope to C. Wieman.) This
extra servoloop is a complication, however, which may not
be desirable for an undergraduate laboratory.

The requirements for the frequency stability of the hyper-
fine pumping laser are much less stringent than those for the
trapping laser. For many situations it is adequate to simply
set the frequency near the peak of the 5§ F=1—-5P F'=2
transition by hand. Over time it will drift off, but if the room
temperature does not vary too much, it will only be neces-
sary to bring the laser back onto the peak by slightly adjust-
ing the PZT offset control on the ramp box every 5 to 10
min. If better control is desired, this frequency can also be
locked to the side of the F=1—F’ =2 saturated absorption
peak using the above procedure. However, it is often more
convenient to lock the frequency of this laser to the peak of
the F=1—-F’'=1, 2, and 3 Doppler broadened (and hence
unresolved) absorption line by modulating the laser fre-
quency and using phase-sensitive detection with a lock-in
amplifier. The output of the lock-in amplifier is then fed back
to the PZT to keep the laser frequency on the peak. This is an
excessively expensive solution, unless lock-in amplifiers
which are too old to use for anything else are available.
These wotk very well for this purpose and this relatively
crude frequency lock is adequate for the hyperfine pumping
laser.

IV. OPTICAL SYSTEM

With lasers that can be locked to the correct frequency,
one is now ready to set up the optical system for the trap.
The basic requirement is to send light beams from the trap-
ping laser into the cell in such a way that the radiation-
pressure force has a component along all six directions. To
motivate the discussion of our optical design for this student
laboratory trap, we first mention the design used in most of
the traps in our research programs. In these research traps,
the light from the trapping laser first passes through an opti-
cal isolator and then through beam shaping optics that make
the elliptical diode laser beam circular and expand it to be-
tween 1 and 1.5 cm in diameter. The beam is then split into
three equal intensity beams using dielectric beam splitters.
These three beams are circularly polarized with quarter-wave
plates before they pass through the trapping cell where the
intersect at right angles in the center of the cell. After leaving
the trapping cell each beam goes through a second quarter-
wave plate and is then reflected back on itself with a mirror.
This accomplishes the goal of having three orthogonal pairs
of nearly counterpropagating beams, with the reflected
beams having circular polarization opposite to the original
beams.
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A. Geometry

Here, we present a modified version of this setup, as
shown in Fig. 5. A number of the expensive optical compo-
nents (optical isolator, dielectric beam splitters, and large ap-
erture high quality quarter-wave plates) have been eliminated
from the research design. The light from the trapping diode
laser is sent into a simple two-lens telescope which expands
it to a 4.5 cmX1.5 cm ellipse. This is then split into three
beams which are roughly square (1.5 cmX1.5 cm), simply
by clipping off portions of the beam with mirrors which in-
terrupt part of the beam, as shown. The operation of the trap
is remarkably insensitive to the relative.amounts of power in
each of the beams; a factor of 2 difference causes little
change in the number of trapped atoms. However, the beam
size as set by the telescope is of some importance. The num-
ber of trapped atoms increases quite rapidly as the beam size
increases and, as discussed below, the larger the beam, the
less critical the alignment. However, if the beams are too
large it is difficult to find optical elements to accommodate
them and it becomes harder to see the beams due to the
reduced intensity. Beams of 1.5 cm diameter work well and
fit on standard 2.5 cm optics. With larger optical components
it is possible to use larger beams. However, avoid using
beams much smaller than 1.5 cm in diameter because of the
decrease in the number of trapped atoms and the increased
alignment sensitivity.

Two of the three beams remajn in a horizontal plane and
are sent. into the cell as shown in Fig. 5(b). The third is
angled down and reflects up from the bottom of the cell.
There is nothing special about the layout of the three beams
we have shown here. The only requirement is that they all
intersect in the cell at roughly right angles. There is a minor
benefit in having all of the beams follow nearly equal path
lengths to the cell to keep the sizes matched, if the light is
not perfectly collimated. To simplify the adjustment of the
polarizations, the light should be kept linearly polarized until
it reaches the quarter-wave plates. As discussed in any intro-
ductory optics text, this will be the case as long as all the
beams have their axes of polarization either parallel (p) or
perpendicular (s) to the plane of incidence of each mirror.
This is easy to achieve for the beams in the horizontal plane,
but difficult for the beam that comes up through the bottom
of the cell. However, with minimal effort to be close to this
condition, the polarization will remain sufficiently well lin-
early polarized. It is easy to check the ellipticity of the po-
larization by using a photodiode and a rotatable linear polar-
izer. First, make sure that the polarizer works at 780 nm by
looking at the extinction of the laser light by crossed polar-
izers; some plastic sheet polarizers do not work at 780 nm.
An extinction ratio of 10 or greater on the polarization el-
lipse is adequate.

After they pass through the cell, the beams are reflected
approximately (but not exactly!) back on themselves. The
reason for having an optical isolator in the research design is
that even a small amount of laser light reflected back into the
laser will dramatically shift the laser frequency and cause it
to jump out of lock. In the absence of an optical isolator, this
will always happen if the laser beams are reflected nearly
back on themselves. Feedback can be avoided by insuring
that the reflected beams are steered away from the incident
beams so that they are spatially offset by many (5~10) beam
diameters when they arrive back at the position of the laser.
Fortunately, for operation of the trap the return beam need
only overlap most of the incident beam in the cell, but its
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exact direction is unimportant. Thus by making the beams
large and placing the retromirrors close to the trap (within 10
cm for example) it is possible to have the forward and back-
ward going beams almost entirely overlap even when. the
angle between them is substantially different from 180°, This
design eliminates the need for the very expensive ($2500)
optical isolator and, as an added benefit, makes the operation
of the trap very insensitive to the alignment of the return
beams. If the retro mirrors are close enough to the cell, they
can be tilted by up to 30° without significantly changing the
number of trapped atoms.

It is easy to tell if feedback from the return beams is per-
turbing the laser by watching the signal from the saturated
absorption spectrometer on the oscilloscope. If the amplitude
of the fluctuations is affected by the alignment of the re-
flected beam or is reduced when the beam to the trapping cell
is blocked, unwanted optical feedback is occurring.

B. Polarization

The next task is to set the polarizations of the three inci-
dent beams. The orientations of the respective circular polar-
izations are determined by the orientation of the magnetic
field gradient coils. The two transverse beams which propa-
gate through the cell perpendicular to the coil axis should
have the same circular polarization while the beam which
propagates along the axis should have the opposite circular
polarization. Although in principle it is possible to initially
determine and set all three polarizations correctly with re-
spect to the field gradient, in practice it is much simpler to
set the three polarizations relative to each other and then try
both directions of current through the magnetic field coils to
determine which sign of magnetic field gradient makes the
trap work. To set the relative polarization of the three beams,
first identify the same (fast or slow) axis of the three quarter-
wave (A/4) plates. For the two beams which are to have the
same polarization, this axis is set at an angle of 45° clock-
wise with respect to the lingar polarization axis when looking
along the laser beam. For the axial beam, the axis is oriented
at 45° counterclockwise with respect to the linear polariza-
tion. This orientation need only to be set to within about
+10°. The orientation of the \/4 plates through which the
beams pass after they have gone through the trapping cell
(“retro /4 plates™) is arbitrary. No matter what the orienta-
tions are, after the beams have passed though them twice, the
light’s angular momentum will be reversed.

We have tried various options for wave plates. The most
straightforward option is to simply use six commercial \/4
plates which have a clear aperture large enough for the laser
beams. Ideally, these should be antireflection coated to re-
duce the attenuation of the laser beams. The only disadvan-
tage to this approach is the cost. There are many suppliers of
A4 plates, but a set of six antireflection coated wave plates
will cost over $1000. An alternative to using expensive wave
plates is to replace all or some of the commercial A/4 plates
with inexpensive plastic sheet retardation plates, which are
widely available in optics' demonstration kits. We have re-
placed the 780 nm A/4 plates with plastic sheet which was
nominally \/2 at 500 nm (and hence probably about \/3 at
780 nm) and observed little change in the number of trapped
atoms. One difference in this case is that the trapping is more
sensitive to the orientation of the wave plates and, in particu-
lar, is now somewhat sensitive to the orientation of the retro
wave plates. Another option is to replace the three retro A/4
plates with retroreflecting right angle mirrors.® Although this

Wieman, Flowers, and Gilbert 322



combination of mirrors does not provide an ideal \/2 retar-
dance, we found empirically that for five different dielectric
mirrors tested, it is quite close. For gold mirrors the retar-
dance is much farther from A\/2, but still adequate for good
trapping. Putting the two right angle mirrors on separate mir-
ror mounts gives more flexibility of adjustment, but is prob-
ably unnecessary. Simply gluing the two mirrors together at
an angle of slightly more or less than 90° (to insure that the
beams overlap in the cell, but the return beams does not go
directly back into the laser) works fine. An added benefit of
this approach is that two reflections off a mirror usually re-
sult in much less light loss than one reflection and two passes
through a \/4 plate.

Finally, there are other options for obtaining inexpensive
retardation plates that are approximately A/4 at 780 nm. Most
transparent plastic sheet is birefringent, and often the retar-
dance can be adjusted by stretching. If one simply tries a
number of pieces of plastic sheet, it is likely that some can be
found which are not too far from a A/4 retarder. The tradi-
tional way of making inexpensive A/4 plates is to split sheets
of mica. We have not tried this, but it should work if the mica
does not absorb too much light at 780 nm.

C. Hyperfine pumping laser optics

Minimal optics are needed for the hyperfine pumping la-
ser. Essentially the only requirement for this light is that it
cover the region where the trapping laser beams overlap. In
its simplest form this means merely sending the laser through
a single lens to expand the beam and reflecting it off a mirror
into the trapping cell through any window. In practice, it is
often worth going to the small additional effort of using two
lenses to make a large collimated beam (typically an ellipse
with a 2-3 cm major axis) and send it into the cell from a
direction which will minimize the scattered light into the
detectors that observe the trapped atoms. The trap is insen-
sitive to nearly everything about the hyperfine pumping light,
including its polarization.

D. Mirrors and mirror mounts

If Jow cost \/4 retarders are used, the cost of the trapping
optics will be dominated by the ten mirrors and mirror
mounts required. We have become accustomed to using con-
venient commercial kinematic mirror mounts (see the Ap-
pendix). Similar products are available from many manufac-
turers, but a price between $50 and $100 per mount is
standard. However, the control and stability provided by
such mounts are actually far superior to what is necessary in
this application. Thus if one has severe budget limitations,
simple homemade mounts with limited adjustment should be
adequate. We use both gold and high reflectance infrared
dielectric mirrors (aluminum is lossy at 780 nm). Although
gold mirrors are adequate for any of the mirrors in the setup,
we prefer to use the dielectric mirrors for the retroreflection,
because their higher reflectance makes the trap more sym-
metric. Also, while gold mirrors are less expensive than the
dielectric mirrors, they are more easily damaged. Gold mir-
rors with protective overcoatings are readily available, but in
our limited experience, mirrors with overcoatings which ri-
val the durability of a dielectric mirror end up costing about
the same. In an environment where inexperienced students
will be handling the mirrors frequently, inexpensive gold
mirrors have a rather short lifetime, in contrast to the stan-
dard commercial dielectric coated mirrors. In the long run,
we think that the least expensive option for mirrors is to buy
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large dielectric mirrors and cut them into smaller mirrors
with a glass saw. (Put a protective cover such as plastic tape
on the surface before cutting.) In the short run, however, it is
less expensive to use gold mirrors. The surface quality and
flatness of any commercial mirror will be more than ad-
equate. Caution should be taken when using dielectric mir-
rors at an angle; there can be substantial variation of reflec-
tivity with different incidence angles and polarizations.

V. TRAPPING CELL CONSTRUCTION

The primary concern in the construction of the trapping
cell is that ultrahigh vacuum (UHV) is required. Although
trapped atoms can be observed at pressures of 107> Pa
(=~1077 Torr), trap lifetimes long enough for most experi-
ments of interest require pressures in the 107 to 10”7 Pa
range. Unfortunately, UHV often seems to be synonymous
with high cost and specialized technical expertise. Conse-
quently, we have put considerable effort into designing a
simple, inexpensive system that can be constructed by some-
one who does not have experience with ultrahigh vacuum
techniques. However, we will present a range of possibilities
to best cover the needs of a variety of different users. There
are three main elements in the trapping cell: (1) a pump to
remove unwanted background gas—mostly water, hydrogen,
and helium (belium can diffuse through glass); (2) a control-
lable source of Rb atoms; and (3) windows to transmit the
laser light and allow observation of the trapped atoms. We
will discuss each of these elements in turn, and then discuss
in detail the actual construction of the cell.

A. Vacuum pump

In all of our systems we have used small ion pumps (2, 8,
or 11 //s). lon pumps have the virtues that they are small,
quiet, and light, use little power, require no cooling, and have
low ultimate pressures. These features make them well suited
to this application. The 2 //s pumps have been adequate for
a clean system which is evacuated once and remains at high
vacuum thereafter. However, in systems which have been
cycled up to air a few times the performance of the 2 /Z/s
pumps has not been satisfactory. After very few pumpdowns,
they become increasingly difficult to start and soon will not
pump at all. We recommend an 8-12 #/s pump if there is
any possibility of letting the system up to air more than once.
The power supply for a small ion pump is often more expen-
sive than the pump itself. It is possible to avoid this expense
by using a dc high voltage supply, if one is available. The
pump will typically require a few tenths of 1 uA at 5-6 kV
under normal operating conditions, and as much as a few
milliamperes at lower voltage for the first few minutes when
it is initially turned on. Any power source which will supply
sufficient voltage and current will be adequate. It is quite
convenient to be able to monitor the pump current as a mea-
sure of the pressure. After a few days of exposure to Rb
vapor the pump is likely to have some leakage current for
which a correction must be made when determing the pres-
sure, but the leakage does not affect pump performance.

These pumps have the minor drawback that they require a
large magnetic field, which is provided by a permanent mag-
net. The fringing fields from this magnet can extend into the
trap region and will affect the trap to some extent. Although
the trap will usually work without it, we put a layer of mag-
netically permeable iron or steel sheet around the pump to

‘Wieman, Flowers, and Gilbert 323



shield the trap from this field.” For this same reason it is
advisable to avoid having magnetic bases very near the trap.

B. Rb sources

We will now discuss how to produce the correct pressure
of Rb vapor in the cell. The vapor pressure of a room tem-
perature sample of Rb is about 5X10> Pa. This is much
higher than the 107% to 107 Pa (=10~ to 10° Torr) of Rb
vapor pressure that is optimum for trapping. At higher pres-
sures the trap will still work, but the atoms remain in the trap
a very short time, and it is often difficult to see them because
of the bright fluorescence from the untrapped background
atoms. Also, the absorption of the trapping beams when pass-
ing through the cell will be significant. Thus we would like
to maintain the Rb at well below its room temperature vapor
pressure. Because it is necessary to continuously pump on
the system to avoid the buildup of hydrogen and helium
vapor, it is necessary to have a constant source of Rb to
maintain the correct pressure.

Before discussing specific ways to generate Rb in the va-
por cell, we will present some background on the behavior of
Rb in the environment of the cell.”® This behavior is often
counterintuitive. Through chemical reactions and physisorp-
tion, the walls of the cell usually remove far more Rb than
the ion pump does and the rate of pumping by the walls
depends on how well they are coated with Rb. If one has an
evacuated stainless steel tube and connects a reservoir of
room temperature Rb to one end, initially no Rb vapor will
be observed at the other end. Over time the vapor will creep
down the tube as it saturates the walls, and in a matter of
several days, the pressure differential across the length of the
tube will significantly decrease. If the Rb reservoir is then
removed and the tube is connected to a pump, the vapor will
linger for days as it slowly comes off the walls. If the tube is
heated, the vapor will disappear much more quickly. A simi-
lar behavior occurs with glass, but the chemical reaction
rates vary with different types of glass. With fused silica or
Pyrex, the behavior is similar to that observed with stainless
steel, and a similar saturation of the chemical reaction rate
occurs. With other types of glass (microscope slides, for ex-
ample) the reaction rate and thus the wall pumping remain
large even after extensive exposure to Rb vapor. Since this
rapidly depletes Rb and causes large pressure differentials in
the cell, we do not recommend making a cell from this type
of glass.

Our recommended technique for producing the Rb vapor
for a student lab experiment is to use a commercial “getter.”
This technique was developed specifically for our student lab
trap, and, to our knowledge, has not been used before in
optical trapping cells. However, as we will discuss, it has
advantages over other approaches and is likely to be useful
in many research lab traps as well. The getter is several
milligrams of a Rb compound which is contained in a small
(1.0X0.2X0.2 cm) stainless steel oven. Two of these ovens
are spotwelded onto two pins of a vacuum feedthrough as
shown in Fig. 6. When current (3—5 A) is sent through the
oven, Rb vapor is produced. The higher the current, the
higher the Rb pressure in the chamber. With this system it is
unnecessary to coat the entire surface with Rb, and is in fact
undesirable since the getter is likely to be exhausted before
the surface is entirely saturated. With a glass cell mounted on
a 1.33 in. Conflat-type fiveway cross we are able to produce
enough Rb pressure to easily see the background fluores-
cence with as little as 3.4 A through the getter oven. If any
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Fig. 6. Drawing of trapping cell. The tubes on the cross have been elongated
in the drawing for ease of display. The Rb getter is inside a stainless steel
vacuum tube; we show a cut-away view in this drawing. The zero length
adapter is a 2.75 in. to 1.33 in. Conflat-type adapter.

fluorescence from the background can be seen, there is more
than enough Rb for trapping. According to the data sheets,
this is a negligible production rate of Rb, and hence the
getter should last a long time. We have operated for 100 h
with no sign of depletion of the Rb getter.

The principal advantages of this approach are the simplic-
ity of construction and the ability to quickly and easily adjust
the Rb pressure. This is particularly important for a lab class
experiment where the students will be able to work for only
a few hours at a time. After the current through the getter has
been turned on, the Rb vapor comes to an equilibrium pres-
sure with a time constant of about 5 min. The overall pres-
sure in the system rises slightly when the getter is first
heated, but after degassing overnight by running a current
just below that which produces observable Rb, the pressure
rise is less than 107° Pa, and continues to decrease with
further use of the getter. When the current through the getter
is turned off, the Rb pressure drops with a time constant of
about 4 s if the getter has been on for only a short while.
With prolonged use of the getter, this time constant can in-
crease up to a few minutes as Rb builds up on the walls, but
it decreases to the original value if the getter is left off for
several days. Presumably this recovery would be much faster
if the system was heated.

The superior Rb pressure control provided by the getter
makes it possible to use high pressures to easily observe
fluorescence from the background vapor. This allows one
both to check whether the laser and cell are operating prop-
erly, and to have rapid response in the number of atoms
while optimizing trapping parameters. Once these tasks are
complete, simply reducing the getter current provides low
pressures almost immediately. Low pressures are desirable
for many experiments because they yield relatively long trap
lifetimes (seconds) and little background light from the fluo-
rescence of untrapped atoms.

We and others have used two alternative methods to pro-
duce Rb vapor. We mention the first only because it is used
for many ordinary vapor cells, but is not a very good choice
for this trap. In this approach a fraction of 1 g of Rb is
distilled into the cell under vacuum and is condensed into a
thermoelectrically cooled “cold finger.” The vapor pressure
in the cell is then adjusted by changing the temperature of
the cold finger and allowing the pressure in the remainder of
the cell to come to equilibrium. We do not recommend this
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approach because the pressure can only be changed very
slowly, and (most importantly!) we have found that it is easy
to accidently turn off or burn out the thermoelectric cooler.
When this happens the entire vacuum system is filled to a
relatively high Rb pressure. This is hard on the ion pump,
and it is usually difficult and tedious to bake all the Rb back
into the cold finger.

A better method is to have the Rb reservoir behind a small
stainless steel valve. This approach has been used in most of
our research work. A small sealed glass ampoule containing
about 1 g of Rb is installed in a thin-walled stainless steel or
copper tube. We usually distill the Rb into the glass am-
poules ourselves to insure that the Rb does not contain other
dissolved gases, but it is also possible to buy such ampoules
commercially. One end of the metal tube is sealed, and the
other end is welded or brazed onto a 1.33 in. Conflat-type
flange which is attached to a valve connected to the main
cell. After the system has been thoroughly pumped out and
baked, the tube is squeezed in a locking pliers (vice grips)
until the metal wall has compressed enough to break the
glass and the Rb is released. To get the Rb through the valve
and into the cell, we heat the tube and the valve to 60—
100 °C. The first time this is done it takes between several
hours and several days to see a significant amount of Rb in
the cell (depending on the geometry, the surfaces, and the
temperature). Once the pressure in the cell reaches the de-
sired level, the valve to the reservoir is closed. At this point,
the vapor will slowly begin to leave the cell, and after some
time (days to weeks), the heating process will need to be
repeated. After the initial Rb coating of the inside of the cell,
it only requires several (10—30) minutes to substantially raise
the Rb pressure in the cell upon subsequent heating of the
reservoir. The length of time between fills depends on the
geometry of the system and the properties of the surfaces.
For Pyrex and stainless steel systems it will typically be
between a day and a few weeks. For systems with more
reactive surfaces it can be just a few minutes, in which case
one may simply leave the valve open while carrying out
experiments.

C. Windows and cell assembly

The third important element of the trap cell is the optical
access. This can be either through mounted windows, or
through the cell walls themselves if they are transparent and
flat. Optical access is necessary for sending the laser beams
through the cell and for observing the fluorescence from the
trapped atoms. Although there are many ways to assemble a
cell with windows, we will discuss the three that are most
practical along with their respective advantages and disad-
vantages. A component common to these designs is the
Conflat-type vacuum flange. These flanges are a means of
making all-metal vacuum seals which are leakfree, have very
low outgassing, and can be baked to high temperatures. The
stainless steel flanges are bolted together with a soft copper
gasket between them. Knife edges on the flanges press into
the copper to make the vacuum seal.

The first technique for making a trap cell is one which we
have developed specifically for this paper. This design is
shown in Fig. 6. Five pieces of plate glass are sealed together
with epoxy. This unit is epoxied onto a commercial zero-
length 2.75 in. to 1.33 in. Conflat-type adaptor flange which
is bolted onto a fiveway cross with 1.33 in. Conflat-type
flanges. The sixth window (the bottom window) is a com-
mercial 1.33 in. Conflat-type viewing port. The viewing port,
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ion pump, pumpout valve, and Rb getter are attached to the
other arms of the cross. The advantages of this design are (1)
allows very good optical access and viewing due to the geo-
metrical arrangement and the optical quality of the windows,
(2) has relatively low cost, (3) it can be readily built by
someone without any special skills in working with glass,
and, of least importance, (4) allows the use of antireflection
coated windows. Its principal disadvantage is that the ulti-
mate pressure is limited by the temperature to which the
epoxy can be baked. However, we have achieved pressures
below 1077 Pa in this type of cell using a small ion pump.

We will start by offering some advice on ultrahigh vacuum
(UHV) techniques. We strongly recommend, however, that
those not familiar with the subject also read about UHV tech-
niques in one of the many reference books on vacuum tech-
nology. First, brand new commercial components such as the
cross require no additional cleaning and should be kept in
their protective wrapping until they are to be assembled. If
the components are possibly dirty, they should be cleaned.
Our standard cleaning procedure is to put the component in
an ultrasonic cleaner with hot water and a good lab detergent
for a few minutes. Then it is rinsed in turn with hot tap water,
distilled water, and high purity alcohol. After drying in air it
is wrapped in clean aluminum foil until it is to be used. Any
surface which will be at high vacuum should never be
touched with unprotected hands after it has been cleaned. If
it must be touched, clean gloves should be used. It is also
desirable to avoid having things like hair fall into the
vacuum chamber, and it is always wise to carefully inspect
the system for such items. Clean new copper gaskets should
be used when making the Conflat-type seals, and the flanges
should be tightened down uniformly. Graphite or some other
high temperature antisiezing compound should be put on the
bolts to prevent them from seizing up after they are baked.
Also, we find that plate nuts make the assembly of Conflat-
type seals much easier. Finally, to reach UHV it is necessary
to bake even the cleanest systems under vacuum to remove
adsorbed water vapor from the surface.

The glass part of the cell is a parallelepiped with its long
axis oriented vertically. Typical dimensions of the vertical
windows are about 2.75 cm by 4.5 cm, and the horizontal
window on top is a square with side length 2.9 cm. The glass
for the cell should be at least 2 mm thick; thinner glass may
not be strong enough to withstand the pressure and much
thicker glass can limit optical access. The windows should be
cut to size with a standard glass saw. It is useful to cover the
glass with masking tape while it is being cut to avoid
scratching the surfaces. The precise dimensions of the glass
pieces are not important, but it is important to have the cell
fit together tightly to minimize the gaps that will be filled in
with epoxy. To achieve this, one should make the opposite
sides of the cell the same width, all four sides the same
length, and all the corners of each piece perpendicular. To
insure that the opposite sides are the same size, it is simplest
to stack the two pieces and cut the stack as a single piece.
After the pieces are cut, they should be washed carefully to
remove any residual grit from the glass saw, and then the
protective masking tape should be removed. The windows
should then be cleaned just as the other vacuum components.

The final assembly is done by first bolting the adaptor
flange onto the fiveway cross, and then assembling the cell
on top of it. It should be done in this order to avoid stressing
the epoxy seals while bolting on the flange. Just before as-
sembly, the inside surfaces of the five pieces of glass should
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be cleaned with lens tissue and pure alcohol or acetone to
remove residual dust, which would scatter the laser light.
Residual dust can be easily identified by looking for scatter-
ing while illuminating the window using a bright lamp. After
the glass slides are clean they are pressed together to form a
rectangular tube and placed upright on the flange. Two small
rubber bands are placed around the tube to hold the four
glass sides firmly pressed together in this position. The
square window is then set on top of the piped and a small
weight is put on it to hold everything in place while the
epoxy is applied. The seams are then sealed with a bead of
low-vapor-pressure epoxy. Warming the epoxy slightly
makes it somewhat easier to apply, but the glass itself should
not be heated. When the epoxy has hardened somewhat (30
min or so) the elastic bands can be cut off without putting
any stress on the cell, and epoxy should then be applied to
the seams which were covered by the bands. By assembling
the cell in this manner, very little epoxy will be exposed to
the vacuum system. The epoxy should be allowed to set for
24 h at room temperature.

The rest of the vacuum components can now be bolted in
place. There are two items which deserve special mention.
First, the pump-out valve should be a bakeable all-metal-seal
valve to meet the UHV requirements. For systems which are
not going to be let up to air very often, this valve can be
replaced by a copper pinch-off tube, which acts as an inex-
pensive “one use” valve. After the system has been rough
pumped and the ion pump started, the tube is pinched off
leaving a permanent seal. This works well and avoids the
expense of a valve. However, if the system is likely to be
opened up a few times or if there is a possibility of leaks in
the system, a valve is much more convenient. Second, the Rb
getter comes as a powder packed in a small stainless steel
boat or oven. It is best to spot weld two of these boats in
series and then spot weld them between two 10 A
feedthroughs on a 1.33 in. Conflat-type flange. They should
be positioned as close to the trapping region as possible
without blocking the path of the vertical laser beam. Protec-
tive gloves should be used when installing the getter to avoid
contaminating the system.

Once the entire cell is assembled it is a good idea to per-
form a helium leak test if a leak detector is available. In the
process, it is quite important to avoid contaminating the sys-
tem with backstreaming of pump oil from the leak detector.
If the leak detector does not have a liquid nitrogen cooled
trap to prevent this, install one in the line connecting the trap
cell to the leak detector.

D. System pumpdown and bakeout

The next step is to pump the system down to a low enough
pressure to start the ion pump. Use whatever pumping op-
tions are available; a clean cryogenic sorption pump is usu-
ally sufficient and will not contaminate the system. If the
rough pumping is done with a mechanical or diffusion pump
it must be very well trapped to avoid oil contamination, as
with the leak detector. We have found, particularly with the 2
/s ion pumps, that minimizing the gas load when the ion
pump is started improves the long term performance of the
pump. If the system was not previously helium leak tested, it
should be leak tested after the ion pump has been started and
the system closed off from the roughing pump. This testing
can be easily done by squirting alcohol on all of the epoxied
and copper gasket seals while monitoring the ion pump cur-
rent. If there is a sudden change in the current when alcohol
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is sprayed on the seal, it signifies a leak which has just been
covered by the alcohol. Although it is important to leak test
the system, it is unlikely there will be any leaks if the Conflat
seals have been installed properly and care is taken to insure
that the epoxy is applied evenly over all the joints.

After confirming that there are no leaks, the system is then
baked. One of the drawbacks to this design is the fact that it
is quite easy to open up a leak in the glass-to-metal epoxy
seal while baking. The reasons for this are the different ther-
mal expansion coefficients of the glass and metal, and more
importantly, the fact that the glass and metal tend to heat and
cool at very different rates. This results in thermally induced
stress which can break the rigid epoxy seal. This problem
would be eliminated if a flexible sealant were used, but we
have been unable to find one which satisfies the requirements
of strength and low vapor pressure, and is also bakeable to
100 °C. After trying a number of baking methods which re-
sulted in leaks, we developed the following procedure, which
has not caused leaks the three times we used it. First, the
entire system is put inside an oven with a bakeable cable
connecting the ion pump to the power supply, which remains
outside the oven. The ion pump current (and hence the sys-
tem pressure) should be monitored while the system is bak-
ing. A standard kitchen oven is ideal for this bake. Once the
system is in the oven, the temperature should be slowly in-
creased. Normally, the rate at which the temperature can be
increased is determined by the maximum operating current
of the ion pump and the strong temperature dependence of
the outgassing rate in the system. It is not unusual for it to
take many (6-8) hours before the temperature can be in-
creased up to the maximum baking temperature of 100 °C. If
the epoxy has not been fully cured, it may be advisable to
simply leave the system for a day at about 60 °C without
attempting to increase the temperature further until the out-
gassing has dropped. Even if the pressure does not rise to
undesirable levels, the temperature should not be changed
faster than about 20 °C/h (up or down) to avoid thermal
stresses. Once the temperature has been raised to 100 °C the
system should be baked for at least a day. Then, it should be
slowly cooled by progressively reducing the temperature of
the oven. The pressure should drop dramatically as the cell
cools and be less than 107° Pa at room temperature. If the
pressure in the system does not drop dramatically as it cools,
or even increases with cooling, it almost always indicates a
leak. The most likely place for a leak will be in the glass-to-
metal epoxy seal. If such a leak has opened, it can often be
sealed by applying new epoxy to the offending region with-
out ever letting the system up to air.

This method of baking puts a fairly heavy load of gas into
the ion pump. This can be reduced by a “prebake” of the
system while it is on the roughing pump. With most facili-
ties, however, it is awkward to insure proper uniform control
over the temperature at the rough pumping stage. Once the
cell has been baked it is ready to use. The ion pump can be
turned off for long periods (up to a few days) without the
pressure rising enough to cause problems. This is often con-
venient while the cell is moved and installed for use.

E. Alternative designs

Before discussing the operation of the trap we will briefly
mention two alternative methods of making trapping cells.
The first is to have a glassblower make a six-sided glass
cross with six windows on the tubes of the cross, and a
glass-to-metal seal that allows the cell to be attached to the
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ion pump, pump-out valve, and Rb source. The advantages
of this system are that it is simple, it can be baked to very
high temperatures, and it has very little tendency to leak. The
disadvantages are (1) not everyone has a glassblower avail-
able, (2) it is very difficult to modify anything about the trap
cell, (3) such designs are often rather fragile, (4) the optical
access and trap visibility are limited due to the width of the
fused glass seams, and (5) the glassblowing often causes
distortions and scattering centers in the windows. Perhaps
the more serious aspect of (4) is that this often results in the
windows being so far from the center of the trap (depending
on the skill and effort of the glassblower) that the retrore-
flecting mirrors are far away from the middle of the cell. As
discussed above, this renders the alignment more difficult
and can make it very difficult to have adequate overlap of the
forward and backward going beams without introducing an
unacceptable amount of feedback into the diode laser.

The second alternative is to buy a commercial 2.75 in. or
1.33 in. sixway cross with Conflat-type flanges (or a cube
with six 2.75 in. Conflat-type seals), and six viewports (win-
dows mounted on stainless steel Conflat-type flanges). Then
one simply bolts five of the windows onto the sixway cross
(or cube). A fourway cross is bolted on the sixth side which
has the Rb reservoir and pump attached at right angles, and
the sixth window attached to the port opposite the sixway
cross. The advantages of this system are that all the compo-
nents are readily available and can simply be bolted together.
The principal disadvantages are the cost and the poor view-
ing and optical access. Also, metal scatters more light, caus-
ing a large background which can obscure the signal from
the trapped atoms. These problems and the corresponding
difficulty in optical alignment are so great in a sixway. cross
that we do not recommend it for use in an undergraduate lab.
A cube is much better in this respect, but cubes with six
Conflat-type seals are relatively expensive.

F. Installation on the optical breadboard

After the cell has been baked, it is installed on the optical
breadboard. This is simple; one or two ringstand clamps can
hold the cell and ion pump in place. It is advantageous to
align the six trapping beams before the cell is installed, be-
causg testing the overlap of the beams is much easier when
the cell is not in the way. The cell must be mounted so that
the beams overlap roughly in the center of the glass region
and there is enough room below the bottom window to allow
the vertical beam to be reflected up from below the cell.
Remember also to leave room for the A/4 wave plate below
the bottom window and room to adjust the orientation of the
A\/4 plate and the bottom mirror. Since the cell is elevated, it
will also be necessary to support the ion pump since it is the
heaviest part of the system.

With the cell installed and the laser beams aligned, the
final ingredients for trapping are the magnetic field coils. A
gradient of up to about 0.20 T/m (20 G/cm; normal trap
operation is at 10—15 G/cm) is needed. All other details of
the coils are unimportant. We use two freestanding coils 1.3
cm in diameter with 25 turns each of 24 gauge magnet wire.
This provides the desired gradients with a current of 2-3 A
and a coil separation of 3.3 cm. The coils should be mounted
on either side of the cell such that the current travels through
the loops in opposite directions and the coil axis is collinear
with one of the laser beam axes. Our coils are simply at-
tached to the windows or supporting flange with tape or glue.
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VI. OPERATION OF THE TRAP AND
MEASUREMENTS

A. Observation syq;gni

Although not essential, it is highly desirable to have an
inexpensive CCD TV camera and monitor with which to
observe the trapping cell. Standard cameras used for security
surveillance work well for this purpose. They will show the
cloud of trapped atoms as a very bright white glow in the
center of the cell. Because of the poor response of the eye at
780 nm, the trapped atoms can be seen by eye only if the
room is quite dark. For aligning the trapping laser beams we
usually use a standard IR fluorescent card or a piece of white
paper if the room is darkened. (Note that although the laser
beam appears weak, it is actually intense enough to cause
damage if the beam shines directly into the eye.) A 1 cm?
photodiode with a simple current-to-voltage amplifier is used
for making quantitative measurements on the trapped atoms.
It is placed at any convenient position which is close to the
trap, has an unobstructed view, and receives relatively little
scattered light from the windows. The photodiode is used to
detect the 780 nm fluorescence from the atoms as they spon-
taneously decay to the ground state from the 5P;,, level.
This measurement can be quantified and used to determine
the number of trapped atoms. The same or a similar photo-
diode can also be used to look at the absorption by the
trapped atoms and to monitor the Rb pressure in the cell by
measuring the absorption of a probe laser beam.

Although the trap fluorescence is large enough to easily
detect with the photodiode, it can be obscured by fluores-
cence from the background Rb vapor or by scattered light
from the cell windows. Over a large range of pressures, the
fluorescence from the background gas will be smaller than
that from the trapped atoms. However, the scatter from the
windows is likely to be significant under all conditions. We
have found that with minimal effort to reduce it, the scattered
light background will simply be a constant offset on the pho-
todiode signal. For studying small numbers of atoms in the
trap, however, the noise on this background can become a
problem. In this case, one should use a lens to image the trap
fluorescence onto a mask which blocks out the unwanted
scattered light.

B. Trap operation

When the cell and all the optics are in place, the first step
is to turn on the getter to put Rb into the cell. Initially, moni-
tor the absorption of a weak probe beam through the cell to
determine the Rb pressure. Although the trap will operate
over a wide range of pressures, a good starting point is to
have about 1%/cm absorption on the F=2 to upper states
transition in the region of the trap. At this pressure it is
possible to see dim lines of fluorescence where the trapping
beams pass through the cell when the trapping laser is tuned
to one of the Rb transitions. It is often easier to identify this
fluorescence by slowly scanning the laser frequency and
looking for a change in the amount of light in the cell. While
absorption measurements are valuable for the initial setup
and for quantitative measurements, in the standard operation
of the trap, use the setting on the getter current and/or the
observation of the fluorescence to check that the pressure is
reasonable.

After an adequate Rb pressure has been detected, the mag-
netic field gradient is turned on and the lasers are set to the"
appropriate transitions. If the apparatus is being used for the
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first time, it will be necessary to try both directions of current
through the field coils to determine the correct sign for trap-
ping. The trapped atoms should appear as a small bright
cloud, much brighter than the background fluorescence.
Pieces of dust on the windows may appear nearly as bright,
but they will be more localized and can be easily distin-
guished by the fact they do not change with the laser fre-
quencies or magnetic field. The cloud may vary in size; it can
be anywhere from less than 1 mm in diameter to several
millimeters. Blocking any of the beams is also a simple
method for distinguishing the trapped atoms from the back-
ground light. If the trap does not work (and the direction of
magnetic field and the laser polarizations are set correctly)
the lasers are probably not set on the correct transitions.

C. Measurements

Although many other more complicated measurements
could be made with the trap, here we will discuss how to
make the two simplest measurements: the number of trapped
atoms and the time which atoms remain in the trap. Both of
these measurements are made by observing the fluorescence
from the trapped atoms with a photodiode. The number of
atoms is determined by measuring the amount of light com-
ing from the trapped atoms and dividing by the amount of
light scattered per atom, which is calculated from the excited
state lifetime. The time the atoms remain in the trap is found
by observing the trap filling time and using Eq. (1).

To make a reliable measurement of the number of trapped
atoms, it is crucial to accurately separate the fluorescence of
the trapped atoms from the scattered light and the fluores-
cence of the background vapor. To do this one must compare
the signal difference between having the trap off and on.
Therefore, the trap must be disabled in a way that has a
negligibly small effect on the background light. We have
found that turning off or, even better, reversing the magnetic
field is usually the best way to do this. The magnetic field
may alter the background fluorescence, but this change is
generally much smaller (1/100) than the signal of a typical
cloud of trapped atoms. Once one has determined the photo-
current due to the trapped atoms, the total amount of light
emitted can be found using the photodiode calibration and
calculating the detection solid angle. The rate R at which an
individual atom scatters photons is given by!!

B (/1)
T 1+ (/1) +4(AIT)*

where I is the sum of the intensities of the six trapping
beams, I' is the 6 MHz natural linewidth of the transition, A
is the detuning of the laser frequency from resonance, and /
is the 4.1 mW/cm? saturation intensity. The simplest way to
find A is to ramp over the saturated absorption spectrum and,
when looking at the locking error signal, find the position of
the lock point (zero crossing point) relative to the peak of the
line. The frequency scale for the ramp can be determined
using the known spacing between two hyperfine peaks. A
typical number for R is 6X10° photons/(s-atom). One can
optimize the number of atoms in the trap by adjusting the
position of the magnetic field coils, the size of the gradient,
the frequencies of both trapping and hyperfine pumping la-
sers, the beam alignments, and the polarization of the beams.
With 7 mW from the trapping laser, we obtain nearly 4X10’
trapped atoms when the Rb pressure is large enough to domi-
nate the lifetime.

(4)
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Fig. 7. Number of trapped atoms versus time after the trap is turned on at
1.2s.

The filling of the trap can also be observed using the same
photodiode signal. This is best done by suddenly turning on
the current to the field coils to produce a trap. The fluores-
cence signal from the photodiode will then follow the depen-
dence given by Eq. (1), as shown in Fig. 7. The value of the
trap lifetime 7 (the characteristic time an atom remains
trapped) can then be determined from this curve. We have
observed lifetimes which ranged from nearly 4 s down to a
small fraction of 1 s depending on the Rb pressure.

There are many other experiments which can be done with
the trapped atoms. The choices are only limited by one’s
imagination and/or available equipment, but here we list a
few examples. Although optical traps are being used in a
number of experiments, many aspects of the trap perfor-
mance have not been studied. By changing the current
through the getter, one can vary the Rb pressure and see how
it affects the number and lifetime of the trapped atoms. This
can be compared with the predictions of Egs. (1) and (2) and
can be used to determine collision cross sections; to date,
very few trap ejection cross sections have been measured.
One can also measure the temperature of the trapped atoms,
the spring constant of the trap, and how the number of atoms
and the lifetime depend on the various parameters. To our
knowledge the detailed dependence of these characteristics
on the polarizations of the laser beams, the intensity in the
various beams, or the magnetic field gradient have not been
studied. You can quickly learn that, in fact, the trap will work
well with one of the incident beams linearly polarized, and
can even work marginally with two linearly polarized beams,
but we know of no analysis or studies of these cases in the
literature.

It is also relatively easy to do various kinds of high reso-
lution spectroscopy on the trapped atoms because the optical
thickness of the trapped atom cloud is substantial and the
Doppler shifts are essentially zero. Using another diode laser
one can precisely measure the 55— 5P spectra with the hy-
perfine components clearly resolved. In addition, there are
convenient transitions which allow one to use diode lasers to
study excitation from the 5P state to higher levels.'? It is
also possible to observe very high resolution microwave
transitions between the hyperfine states if a suitable source of
microwave power is available.!?

By turning the laser light off and adding small magnetic
fields, it is possible to magnetically trap* or “bounce” the
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laser-cooled atoms off of an inhomogeneous magnetic field.
This dramatically demonstrates the quantization of angular
momentum because the different Zeeman levels have differ-
ent magnetic moments, and hence feel different magnetic
forces. This causes the cloud to separate into a number of
smaller clouds as it bounces, each of which represent a dif-
ferent projection of the angular momentum on the magnetic
field. We conclude with both an invitation and a warning
about many experiments one can do with optical traps: this is
a new and rapidly changing field; one is likely to observe
phenomena which are not explained in the current research
literature and there are no textbooks to provide answers. The
student and instructor may find themselves in uncharted ter-
ritory. '
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APPENDIX: COMPONENTS USED IN TRAP
CONSTRUCTION

Listed here are the components that we used in construc-
tion of the trap and the suppliers of these components. Com-
mercial trade names are identified to make this article useful
to the reader. Since we have not made a careful study of
other products, we list only those that we actually used; the
prices given are current as of 1993 and are meant for guid-
ance only. No endorsement by NIST or the University of
Colorado is implied; similar products by other manufacturers
may work as well or better. Buyer’s guides such as those
published by Physics Today (with the August issue), Photo-
nics Spectra, and Laser Focus World are good sources for
listings of vendors.

(1) Optical Base # BA1S, 16 @ $8 each, Thorlabs, Inc.,
P. O. Box 366, Newton, NJ 07860, (201) 579-7227.

(2) Post holder # PH3-ST, 16 @ $12 each, Thorlabs, Inc.
(see item 1).

(3) Posts # TR2, 3 @ $5 each; # TR3, 4 @ $6 each; # TR4
1 @ $7; # TR6 14 @ $8 each; # TR10 1 @ $10,
Thorlabs, Inc. (see item 1).

(4) Kinematic mirror mounts, # KM-B, nine @ $50 each;
# KMS, one @ $41, Thorlabs, Inc. (see item 1).

(5) Right angle post clamps # RA90, seven @ $12 each,
Thorlabs, Inc. (see item 1).

(6) Commercial grade quarter-wave plates # RCQ-1.0-
0780, 25.4 mm diameter, six @ $184 each (additional
charge for antireflection coating). Meadowlark Optics,
Inc., 7460 Weld County Road # 1, Longmont, CO
80504, (303) 776-4068. As noted in the text, there are
other options for wave plates. These wave plates are
destroyed by mild heating.

(7)  Near-infrared dielectric mirror, 50.8 mm diameter, to
be cut in quarters for four mirrors. Coating BD.2, Sub-
strate Code 20D04, $243, Newport Corporation, 1791
Deere Ave., Irvine, CA 92714, (800) 222-6440.

(8) Flat gold mirror # G41, 801, 76X102 mm to be cut
into six 25X25 mm square mirrors and one 25X50
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mm mirror, $22, Edmund Scientific Co., 101 East
Gloucester Pike, Barrington, NJ 08007-1380, (609)
573-6250.

(99 Rb metal getter Rb/NF/3.4/12/FT 10+10 Code
5g0125, $250, SAES Getters USA, Inc., 1122 E.
Cheyenne Mtn. Blvd., Colorado Springs, CO 80906,
(719) 576-3200.

(10) Eleven ///s ion pump with magnet and bakeable cable,
$880, Duniway Stockroom Corp., 1600 Shoreline
Blvd., Mountain View, CA 94043, (800) 446-8811; 2
#/s ion pump with square magnet and bakeable cable,
$890, Perkin Elmer Physical Electronics Division,
6509 Flying Cloud Drive, Eden Praire, MN 55344,
(612) 828-6100.

(11) High voltage ion pump power supply # 222-0242 Ion-
pak series 240, $550, Perkin Elmer, Physical Electron-
ics Division, 6509 Flying Cloud Drive, Eden Praire,
MN, 55344, (612) 828-6100.

(12) Reducing Flange, 2.75 in. to 1.33 in. Conflat-type #
150001, $55, MDC Vacuum Products Corp., 23842
Cabot Blvd., Hayward, CA 94545-1651, (800) 443-
8817.

(13) Fiveway cross with 1.33 in. Conflat-type flange
#406000, $160, MDC Vacuum Products Corp. (see
above).

(14) Vacuum 1.33 in. Conflat-type viewport # VP-133-075,
$91, Duniway Stockroom Corp., 1600 Shoreline Blvd.,
Mountain View, CA 94043, (800) 446-8811.

(15) Power feedthrough for Rb getter, Moly 10 A/Pin #
EFT0024032, $125, Kurt J. Lesker Co., 1515 Wor-
thington Ave., Clairton, PA 15025, (800) 245-1656.

(16) Stainless steel valve. Nupro valve (part SS-4BG-TW)
which HPS buys and welds 1.33 in. Conflat-type
flanges (HPS # 100881023) on each side and sells for
$229. HPS, Division of MKS Instruments, 5330 Ster-
ling Drive, Boulder, CO 80301, (303) 449-9861. These
valves have a tendency to leak unless considerable
torque has been used to tighten the bonnet seal.

(17) Copper Adapter #953-0706 (copper pinch-off tube as
alternative to valve), $131 for pkg. of 4, Varian
Vacuum Products, 121 Hartwell Ave., Lexington, MA
02173-9856, (800) 882-7426.

(18) Pyrex plate window #Q720125, 50.8X50.8X3.18 mm,
$12 each, ESCO Products, Inc., 171 Oak Ridge Rd.,
Oak Ridge, NJ 07438-0155, (201) 697-3700.

(19) Torr Seal Epoxy (low vapor pressure epoxy) #953-
0001, $41, Varian Vacuum Products (see item 17).

(20) Transmissive IR Viewing Card Model #Q-11-T,
$79.20, Quantex, 2 Reseéarch Ct., Rockville, MD
20850, (301) 258-2701. A transmissive (as opposed to
reflective) viewing card is particularly useful for align-
ing laser beams.

(21) Photodiode #PIN-10 DP, $55.00, United Detector
Technology, 12525 Chadron Avenue, Hawthorne, CA
90250, (310) 978-0516.
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The well-known Zeeman and Stark effects can lead to unusual atomic state dynamics when both
magnetic and electric fields are present. In this paper we analyze quantum mechanical and classical
models of the time evolution of the angular momentum of an atom in the presence of weak,
orthogonal electric and magnetic fields. The anisotropic electric polarizability of the atom plays a
crucial role in the dynamics. The classical model leads to nonlinear evolution equations, and we
investigate how quantum mechanics “avoids” the nonlinearity. Finally, we note that the classical
equations of motion are identical to those used to describe the time evolution of Stokes vectors for
polarized light propagating in an optically nonlinear medium. The treéatment is appropriate for an
undergraduate course in quantum mechanics. © 1995 American Association of Physics Teachers.

I. INTRODUCTION
A. Context

The effects of electric fields (the Stark effect) and of mag-
netic fields (the Zeeman effect) on atomic energy levels are
standard ingredients in most 1ntroductory quantum mechan-
ics courses. If only a single field is present or if both fields
are parallel, the analysis and understanding of the effects are
greatly simplified because the field direction provides a
unique spatial direction -(usually taken to be the z axis) for
the system. In more physical terms, the axial symmetry re-
quires that the projection of the atom’s angular momentum
along the field direction be a conserved quantity. This con-
servation law reduces the complexity of the problem sub-
stantially. However, if the electric and magnetic fields are
orthogonal, there is no longer a unique direction in space,
and the z component of the angular momentum is no longer
conserved. In more intuitive, classical terms, we say that for
weak fields the atom’s angular momentum precesses due to a
combination of electric-field and magnetlc-ﬁeld torques. To
lowest order in perturbation theory, the electri¢-field torque
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is due to the interaction of the induced electric dipole mo-
ment with the electric field. (We assume that the system does
not have a permanent electric dipole moment.) The magnetic
field exerts a torque on the atom’s magnetic dipole moment.

In such-a situation the quantum states prepared in a typical
experiment are neither angular momentum eigenstates nor
energy eigenstates. More importantly the energy and angular
momentum eigenstates are not the same, leading to a more
difficult quantum problem to solve. In terms of classical dy-
namics, the presence of the orthogonal fields renders the
equations of motion nonlinear. Einstein' realized in 1917 that
the semiclassical quantization rules of the old quantum
theory often failed for nonlinear systems, in particular for
those that are nonintegrable (i.e., those that have fewer con-
served quantities than degrees of freedom?). However, the
full quantum mechanics as developed by Heisenberg, Schro-
dinger and others, sidestepped this issue. Since the relation-
ship between quantum mechanics and classical mechanics
when the classical mechanics becomes nomntegrable and, in
particular, chaotic is of considerable interest lately, we be-
lieve that a close examination of a simple but nonlinear clas-
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