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Laser cooling and electromagnetic trapping of neutral atoms
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Atoms in a thermal beam can be cooled, decelerated, and stopped using the radiation pressure from a nearly
resonant laser beam. Several groups have already used this laser-cooling process on an atomic sodium beam. The
techniques and results of the various experimental groups are reviewed, and applications of laser-cooled atoms, ir
particular the possibility of confining them in electromagnetic traps. are discussed.

1. INTRODUCTION

Many atemic-physics experiments are limited by the ran-
dom motion of the atoms. For example, ultrahigh-resolu-
tien spectroscopy is often limited by Doppler or transit time
effects. Similarly, velocity and angular resolution of colli-
sion experiments are frequently limited by the spread in
velocity of the collision partners. A reasonably dense atom-
ic sample with well-defined velocity {or zero velocity) would
be highly desirable for such experiments. In addition, re-
cent interest in the possibility of electromagnetic traps for
neutral atoms has created a need for atoms at nearly zero
velocity. These kinds of atomic samples can now be pro-
duced using radiation pressure from laser beams.

The use of radiation pressure to affect the velocity of
atoms has a long history: Frisch first reported the deflec-
tion of an atomic beam by resonant light in 1933.! The
velocity change occurs when an atom absorbs a photon. Its
momentum changes the atomic velocity by Av = hy/Mc (=3
cm/sec for the Dj line of Na), where M is the atomic mass.
The spontaneously radiated photon also changes the atomic
velocity by Av, but the direction of the radiation is symmet-
rically distributed so that there is no net contribution to the
atomic velocity from spontaneous emission. The average
momentum transfer, therefore, is in the direction of the
incident light (with some spread from the statistical nature
of the emission).

If the incident light is a traveling plane wave, abéorption
followed by stimulated emission has no effect on the atomic
velocity. If the incident light is not a plane wave, the ab-
sorbed light and the stimulated emission need not be in the
same direction, and a net momentum transfer can occur.
The force implied by this momentum transfer is called the
“dipole” or “gradient™ force. It can be understood as result-
ing from the interaction between the induced, oscillating
dipole moment of the atom and the oscillating electric field
of the light wave. It occurs only when there is a gradient in
the light intensity and is the basis of various proposals for
laser atom traps.>3 It has alsc been used for focusing® and
diffracting® an atomic beam. There are proposals to use the
dipole foree to cool or decelerate atoms,%7 but thev are out-
side the scope of this review; we will consider this force only
in connection with traps. The dipole force has been treated
theoretically and in detail from a variety of viewpoints.
References 7-11 represent a sampling of such treatments.

The use of radiation pressure to cool or te reduce the
relative velocity of atoms was proposed in 1973!%1% and
realized for ions stored in an ion trap in 19781415 1In this
Doppler cooling technique, the incident radiation is from a
laser tuned slightly below resonance with an atomic transi-
tion. Atoms moving toward the laser are preferentially ex-
cited since they are Doppler shifted into resonance, whereas
atoms moving away are Doppler shifted further out of reso-
nance. The velocity change from absorption is therefore
more likelv to slow the atom than to speed it up, and the
atomic sample cools. The process is limited by heating from
the random nature of the absorption and emission process-
es. This type of laser cooling is reviewed in Ref. 16; heating
processes are treated more fully in Refs. 9-11 and 17.

Laser cooling of neutral atoms, as opposed to trapped ions,
requires somewhat different techniques. A major difficulty
arises from the fact that despite many proposals {see, for
example, Refs. 2,3, and 18-27), no electromagnetic traps for
neutral atoms have yet been demonstrated. As aresult, the
available interaction time between the atoms and the light is
limited to the transit time across an apparatus rather than
the potentially much longer residence time in a trap. The
relatively short interaction time available for cooling of neu-
trai atoms demands that the transfer of momentum occur at
a high rate. Several processes can impede efficient momen-
tum transfer, and the various methods for overcoming these
impediments distinguish the experimental techniques being
used 1o cool neutral atoms.

Other techniques of laser-assisted cooling use radiative
processes to decelerate or cool atoms but do net relv on
momentum transfer between the laser photons and the at-
oms. Among such techniques are cooling by amnti-Stokes
Raman scattering, first proposed by Kastler in 195028 and
recently demonstrated in CO; (Ref. 29), laser excitation of a
quasi-molecule in a binary atomic collision and subsequent
energy loss as the atoms separate?®?; laser dissociation of a
moving molecule against the direction of motion®; repeated
Stark deceleration of repeatedly excited atoms3%: and laser
heating causing evaporation of atoms from a rapidly moving
droplet or aggregate.** Detaiied discussion of such tech-
nigues is outside the scope of this paper.

So far, all experiments on laser cooling of neutral atoms
have used a sodium beam as the atomic sample. [Note
added in proof: A group at the University of Colorado has
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recentlv decelerated and stopped a cesium beam by using a
frequency chirp technique with diede lasers. See R. N.
Watts and C. E. Wieman, in Laser Spectroscopy VII, T.
Hansch and Y. R. Shen. eds. (Springer-Verlag, Berlin,
1985).) Sodium is chosen because of the availability of pow-
erful. tunable, cw lasers to excite the resonance lines, a short
radiative lifetime {7 = 1/ = 16 nsec), allowing rapid repeat-
ed excitation. and ease of handling. An atomic beam allows
a long interaction time when the laser beam is collinear with
and counterpropagating to the atomic beam, and it ensures
that two of the three velocity components are initially well
defined.

A typical thermal (T = 1000 K) sodium beam has a veloci-
tyv distribution that peaks near ¢, = 1000 m/sec. Since Ac =
3 cm/sec, on the order of N = vg/ALr = 3 X 10¢ photons must
be scattered if the atems are to be brought to rest. If the
laser saturates the transition so that the atoms spends half of
its time in the excited state. the scattering rate saturates at
1/2+ and the maximum acceleration is

Qpay = SU/21 = he/2Mer = 10%m/sec’. (1)

With this acceleration Na atoms with initial velocity v, =
1000 m/sec can be brought to rest in ~1 msec over a distance
of ~0.5 m. During the deceleration. the transverse velocity
of the atoms will execute a random walk of N steps, each of
size Ar. Thus the final spread of transverse velocity is
approximately 61 = N X Ar = 5 m/sec.

The experimental problem, then, centers on making the
Na atoms scatter a large number of photons in a shoert time.
Two phenomena can interrupt this scattering process
changing Doppler shift and optical pumping.

After an atom has absorbed only 100 photons. its velocity
changes by 3 m/sec, corresponding to a Doppler shift change
of 5 MHz. Since the natural linewidth for absorption is 10
MHz (FWHM), the absorption rate will be reduced by a
factor of 2 if the laser was initially resonant. Further ab-
sorption will Doppler shift the atom further out of reso-
nance. so that for a laser power that does not significantly
power broaden the transition, only a few hundred photons
can be scattered before the changing Doppler shift puts the
atom so far out of resonance that the absorption rate is small.
This is only a small fraction of N, the number of scattering
events required to bring the atoms to rest.

The optical pumping problem can be understood by refer-
ring to Fig. 1, which shows the relevant energy levels for Na.
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Consider that a laser is tuned to be resonant with the 38, , (F
= 2) — 3P4, (F = 2) transition. Between excitations. the
atoms decay with equal probability to the 38,:. F = land F
= 2 levels. If thedecayistothe F =1 level. the laser is out of
resonance for further excitation. This optical pumping
makes it impossible for the atoms to scatter a sufficient
number of photons to be significantly decelerated before
they traverse an apparatus of reasonable dimensions.

If the initial excitation is 35y, (F = 2) — 3P4« (F = 31 the
selection rule for the change in F{AF = %1, 0} requires that
the decay be back to F = 2, and the atom is easily re-excited.
Unfortunately. the 3P;;», F = 2 state is only 60 MHz or six
linewidths from the F = 3 state, so off-resonant excitation
can occur, albeit at a reduced rate. For every few hundred
excitations to the F = 3ievel, one excitation to the F = 2 Jevel
is expected, and the atom may then decay to 35, (F = 11
effectively ending the absorption process. Thus, in the ab-
sence of some corrective action, atoms are pumped into F = 1
after only a few hundred absorptions. Therefore optical
pumping limits deceleration te about the same small trac-
tion of thermal velocity as does the changing Doppler shift.

2. TECHNIQUES

We now consider various methods for aveiding the limita-
tions on cooling imposed by changing Doppler shift and
optical pumping. One of the earliest suggestions for dealinc
with the Doppler shift problem was proposed by Letokhove:
al.% By sweeping (or chirping) the laser frequency from v t.:
» + Av to keep it resonant with the Doppler-shifted deceler-
ating atoms, all atoms with velocity slower than the initiallv
resonant velocity ¢; are swept into a narrow velocity group
around vy Here. v, — vy = AAr. Since there is a maximum
acceleration ap,: (see above), there is a maximum frequenc,
scan rate rmay = Gmay/* (=1.55 GHz/msec for Na using D
light). If v is larger than this, the atom's Doppler shifi
cannot change rapidly enough and the atom will go out of
resonance. If the scan rate is slower than g,y and there is
sufficient laser power, the atomic velocity will adjust itself 1o
be just far enough out of resonance that the scattering rate
produces the required rate of change of Doppler shift.

A closelv related approach to the Doppler-shift problem 1=
to change the frequency of the atoms rather than that of the
laser so that there is also constant deceleration. This can be
done with the Zeeman frequency shift produced by an inho-
mogeneous magnetic field. For atoms having initial velocin
vo and decelerating at a rate a, the atomic velocity a- a
function of distance z is

vlz) = (v, — 2az}'"% (2}

For a linear Zeeman shift to compensate the changing Dopp-
ler shift, the magnetic field must vary as

B(z) = By(1 — x)*?,  x = 2az/vy, (3

where B, is the fieid producing a Zeeman shift equal to th.
Doppler shift for atoms with velocity ¢y

Other field profiles are allowed. but because of the e».-
tence of a maximum possible acceleration there is al~ .n
upper limit on the field gradient given by

o |
dB d:
where dr/dB depends on the Zeeman effect. This ro-iric-
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tion is equivalent to the restriction on the scan rate of the
laser in chirped cooling.

For both chirping and Zeeman tuning, the laser is kept
nearly resonant for all atoms involved in the cooling process.
This makes efficient use of the light. For very high laser
intensity (I/I = S » 1, where I, = 6 mW/cm? for the
strongest transition), Na atoms with vy = 1000 m/sec can be
brought to rest in about 1 msec over a distance of 50 cm with
either method, and smaller velocities are also decelerated to
v = 0in correspondingly shorter times and smaller distances.
Each of these methods compresses the velocity distribution.
For chirping the compression takes place in time—all affect-
ed atoms being instantaneously in resonance with the chang-
ing laser frequency; for Zeeman tuning the compression
takes place in space—all affected atoms at a point in space
are resonant and therefore at the same velocity.

For both methods, another effect contributes to the veloc-
ity compression: when the laser power is high enough that
the on-resonance deceleration is greater than required by
the magnetic-field gradient or the chirp rate, the atomic
velocity will adjust itself to be slower than the resonant
velocity. Under these conditions, atoms faster than the
average velocity, being closer to resonance, decelerate more,
while slower atoms decelerate less. This further compresses
the velocity distribution,

Deceleration and cooling need not be accomplished with a
resonant compensation of the Doppler shift. Indeed, ionsin
traps are routinely cooled from room temperature or above
to subkelvin temperatures with a fixed frequency laser.
(This is possible without correction for the changing Dopp-
ler shift because of the much longer interaction time.) Min-
ogin and others have given the problem of cooling an atomic
beam in this way extensive theoretical treatment 33 We
shall refer to such cooling, which does not use any compensa-
tion of the changing Doppler shift, as nonresonant.

In this case one tunes the counterpropagating laser to be
resonant with a particular velocity component of the atomic
beam. Atoms that are initially resonant with the laser scat-
ter photons at a high rate and are slowed down and pushed
out of resonance. Once out of resonance they scatter pho-
tons at a lower rate, continuing to decelerate, but more
slowly, as do the initially slower atoms. Atoms initially too
fast to be in resonance are gradually decelerated into reso-
nance, rapidly decelerated through resonance, and continue
to be decelerated gradually on the slow side of resonance.
Thus atoms in the vicinity of resonance with the laser are
decelerated and compressed into a narrow velocity group on
the slow side of resonance.

The range of velocities affected, the total velocity change,
and the width of the final velocity distribution all depend on
the interaction time and the laser intensity. Larger velocity
changes require larger intensity or longer interaction times.
Particular values of intensity and interaction time produce
much smaller velocity changes than for chirped or Zeeman-
tuned cooling. For example, Minogin3 has calculated that
for a regime where the velocity change is a significant frac-
tion of the thermal velocity, increasing the laser intensity
from a saturation parameter S = 10 to S = 100, or increasing
the interaction time by & factor of 10, only doubles the
velocity change. By contrast, S = 10 in chirped cooling is
more than sufficient for nearly maximum deceleration, while
increasing the interaction time produces a proportional in-
crease in the velocity change. Still, quite narrow velocity
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distributions can be produced with modest powers and in-
teraction times by using the nonresonant method.

Chirping, Zeeman tuning, and nonresonant deceleration
have all been used successfully to decelerate and coel atomic
beams (see below). Other methods are also possible: One
might use a white-light source rather than a singie-frequen-
cy laser. That is, the optical spectrum should ¢over the
entire Doppler width of the atomic beam. In this way,
regardless of the atom’s velocity there would alwass be some
light in resonance with it to cause deceleration. &n appro-
priate white-light source might be a multimode daser (Moi
has demonstrated such a laser and has considered s use for
laser cooling®®), a mode-locked laser, or even am atomic-
resonance lamp. The total power required would be higher
than for chirped or Zeeman-tuned cooling since alsser mode
with saturation intensity would need to be supplied for each
of a large number of frequencies separated by abent a natu-
ral linewidth and extending over the Doppler widts. For Na
this is about 200 modes. With white-light deceleration
there is no compression of the velocity distributien, in con-
trast to the case of chirped or Zeeman-tuned cosling. All
velocity groups decelerate at the same rate at all points in
space. For a fixed interaction distance, in fact, the velocity
distribution will spread out since the slow atoms, iteracting
for the longest time, will decelerate the most. The slowest
atoms will be stopped and accelerated backward.

Velocity compression can be achieved in white-Eght cool-
ing by arranging for the spectrum of the light satce to cut
off sharply on the high-frequency side. Decelerasion below
the velocity that is resonant with the cutoff frequency will be
nonresonant and relatively ineffective, so there will be a
pileup of atoms somewhat below the lowest resommnt veloci-
ty. The width of the velocity distribution will depend on the
sharpness of the cutoff as well as on details swif as laser
power and interaction time. Zueva and Mingini® have
done an explicit calculation for the case of fim equaliy
spaced laser frequencies and find a compression ofthe veloc-
ity distribution as well as greater deceleration tian with a
single laser frequency of the same total power. Another
approach to achieving a narrow velocity distribution would
be to apply a proposal by Migdall# for extractmg atoms
from the cooling process. In this scheme atomsaf a given
velocity are selectively excited or optically pumpsed into an
energy level that is far out of resonance with the cooling
laser.

White-light deceleration should require somewhat less
power than nonresonant cooling since the velocitysange that
can be covered depends linearly on intensity as ggposed to
the square-root dependence for the fixed-frequentymethod.
This discussion of relative intensity requiremerm: for vari-
ous deceleration methods assumes that the atome beam is
optically thin (i.e., no significant fraction of the la®r beam is
absorbed). When this is not the case the power repirement
is determined more by the number of atoms to W deceler-
ated than by the need to saturate the transition,and ques-
tions about which methoed requires more or less omical pow-
er become less distinct.

A group at the University of Aarhusi? has poposed a
Doppler-shift compensation scheme for laser coding a fast
ion beam. The idea is to compensate the laser deseleration
with electrostatic acceleration of the ions. The aerage ve-
locity of the beam is unchanged, but if the laser istuned red
of resonance, the velocity spread will be reduced.
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Another approach to compensating the changing Doppler
shift is to vary the angle of the laser beam with respect to the
atomic beam.*? In this scheme a fixed-frequency laser beam
would be focused onto an atomic beam symmetrically from
two or more directions in such a way that the laser is more
nearly counterpropagating as one moves away from the
source. This is equivalent to increasing the laser frequency
as the atoms decelerate. This method is less efficient than
Zeemnan tuning or chirping since even when the atomic tran-
sition is saturated. maximum deceleration is not achieved
because the photon momentum is not opposite to the atomic
momentum. This is a particular problem closest to the
atomic source, where the atoms are fastest and the angle of
the laser must be most nearly orthogonal to the atomic beam
but the need for efficient deceleration is greatest. Also,
since a greater number of photons must be scattered to
accomplish the same deceleration, there is more transverse
momentum spread with this method.

Another possibility for overcoming the Doppler-shift
problem is a variation on Zeeman tuning: the magnetic field
could be uniform in space but modulated in time. This
would produce results similar to chirped cooling without
scanning the laser but requires a rapid change in magnetic
field.

As with changing Doppler shift, optical pumping can be
dealt with in a variety of ways. Perhaps the most cbhvious
way of avoiding optical pumping is to use two laser frequen-
cies. (This technigue is also used in ion cooling.’®) If one
frequency is resonant with the 35,4 (F = 2] —= 3Ps0 (F = 3)
transition, and another with the 38,2 (F = 1) — 3Py, (F = 2)
transition, then any atoms pumped into the F = 1 state can
still be excited and even pumped back into the F = 2 by the
second laser.

Phillips et a/

Another method for avoiding optical pumping involves
making use of the optical selection rules on the magnetic
quantum numbers m (see Fig. 2). If we choose the axis for
quantization of the projection of total angular momenturmn.

~mp, along the incident laser beam, then a ¢* circularly polar-

ized laser beam will excite only Amp = +1 transitions. At-
oms otiginally in 35,0 (F = 2, my = 2} will be excited only 10
3P40 (F =3, mp=3). The radiative decay can onlyv go back
to the original state {(because of the seiection rule Amy = £1.
0), so optical pumping to F = 1 does not occur. Any magnet-
ic field must be aligned with the laser beam so that the
eigenstates of energy correspond to eigenstates of myp {F. of
course, will no longer be a good gquantum number}. This
ensures that the my = 2 ground state and m; = 3 excited
state will not evolve into other states during the deceleration
process.

Imperfect polarization or imperfect alignment of the mag-
netic field with the laser beam will lead to failure of the
simple two-level scheme described above. Fortunately, in
fields on the order of 0.05 T or more, this is not a significant
problem. Laser-induced Ampr = 0 or Amr = —1 transitions
are suppressed for one of two reasons: Either the unwanted
transitions are Zeeman shifted far cut of resonance or thev
involve a change in the nuclear magnetic quantum number
rm;. which is forbidden in a field high enough to decouple
nuclear and electronic spins.

Both two-frequency excitation and circular polarization
have been used successfully in laser cooling experiments isee
below! to avoid optical pumping. There are other possible
approaches: the ground hyperfine states could be mixed
using direct rf excitation of the hyperfine transition. This iz
conceptually similar to the two-frequency laser excitation.
Still another way is to use a verv-high-power cooling laser so
that the power broadening would be sufficient for significant
off-resonant excitation from the F = 1 level. Unfortunately.
if the laser is tuned to the 38,n (F = 2) - 3P+ (F = 3)
transition. increased power broadening will increase the rate
of 3810 (F = 2) — 3Py (F = 2) transitions without increas-
ing the F = 2 — F = 3rate. This will result in an increased
pumping to the 354, F = 1 level. It would probably be
necessary to have so much power broadening that both the
381/2 (F=2)— 3P3;'_) and 3S1,ﬂg (F=1)— 3P3/2 transitions
were saturated in order to make power broadening an effec-
tive wayv of avoiding optical pumping.

Successful deceleration requires compatible methods for
dealing with optical pumping and Doppler shift. For exam-
ple, if Zeeman tuning is used for Doppler compensation.
neither two-laser frequency nor rf hyperfine mixing is ap-
propriate for optical pumping aveidance since the magnetic
field splits and shifts the hyperfine levels. If chirping is
used with two laser frequencies, both must be chirped to-
gether, while with rf mixing no chirp of the rf is needed since
the Doppler shift of the hyperfine frequency is negligible.

3. EXPERIMENTS

A. Institute of Spectroscopy, Moscow

The earliest attempt at laser cooling an atomic beam was
reported by Balvkin et al. at the Institute of Spectroscopy in
Moscow*44% in 1979, A schematic diagram of their appara-
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tus is shown in Fig. 3. The idea of the experiment was to
combine chirping to compensate the Doppler shift with cir-
cular polarization to avoid optical pumping. As the fre-
quency of the cooling laser was scanned, the fluorescence
that it induced was observed by the photomuitiplier tube
and recorded. The fluorescence signal as a function of laser
frequency indicated the atomic density as a function of ve-
locity. The velocity distribution obtained for small laser
scan rate and intensity was compared with that for large
scan rate and intensity. Some differences suggestive of de-
celeration were observed. However, an analysis of the ex-
periment by Balykin® showed that with the impurity of
circular polarization existing in the experiment there would

be so much optical pumping that little deceleration could be-

expected. The experiment alsc suffered from using the
same laser both to produce cooling and to do the velocity
ahalysis.

Accordingly, the Moscow group modified its experimental
approach, using two cooling laser frequencies {(from a dou-
ble-mode laser) to avoid optical pumping, a separate probe
laser to analyze the velocity distribution, and fixed-frequen-
cy, nonresonant deceleration. This resulted in clear decel-
eration and dramatic cooling of the velocity distribution,
reported by Andreev et al. in 1981.47 The new apparatus is

REFERENCE

Simplified schematic of Balvkin et al. apparatus.% The reference beam crosses the laser at right angles and provides acalibration

shown schematically in Fig. 4. The mechanicsl chopper
shuts off the cooling laser light, allowing the obsenvation of
fluorescence induced by the probe without interfetence from
the fluorescence induced by the cooling laser or frem effects
caused by joint action of the probe and cooling lasers. The
modified velocity distribution was determined % rapidiv
scanning the probe frequency (after the cooling lams was off)
and recording the induced fluorescence oscillograyhically.
Figure 5 shows a typical result obtained with thenonreso-
nant cooling method. [The data are not actually from the
Moscow group but were taken in our laberatory a the Na-
tional Bureau of Standards (NBS) in 1983 by the monreso-
nant method. As described below, the method that we used
for aveiding optical pumping is not the two-freqummey tech-
nique used in Moscow, but the results are quite similar.}
The arrow indicates the velocity group resonant with the
fixed-frequency laser. Just as predicted, the laserremoves
atoms from the velocity groups near resonance, positing
them in a narrow peak on the slow side of resonance. Andre-
ev ef al. reported the narrow peak to be shiftaf 15% in
velocity (90 m/sec) from the resonant velocity, while the
width was 41 m/sec, characteristic of a 1.5-K termgerature,
compared with the 573-K temperature of their Nasource.
In order to increase the velocity shift and obmsin slow
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Fig. 5. Deceleration and cooling similar to that observed by Andre-
ev ef al. using the nonresonant technique. Dashed curve is the
atomic velocity distribution before cooling: solid curve is after cool-
ing.

atoms, the Moscow group has extended their nonresonant
technique by increasing the laser power and interaction
time. In addition, the laser beam focusing is arranged so
that the intensity increases as the atoms propagate toward
it. giving increased power broadening as the atomic velocity
shifts farther from resonance. Results reported by Balvkin
et al.%849 in 1984 show velocity shifts of over 600 m/sec, about
seven times greater than in their 1981 experiments. (See
Fig. 2 of Ref. 49.} Atoms with final velocities as small as 25
m/’sec were observed. As expected from theoretical caleula-
tions, the final velocity distributions are wider when higher
laser intensity is used. The lowest velocities are observed in
the tail of a distribution centered at several hundred meters
per second. (See Fig. 5a of Ref. 49.) The distribution pre-
sumably includes atoms with zero or negative velocities,
although these were not directly observed.

B. National Bureau of Standards, Gaithersburg
Meanwhile, our group at NBS had been pursuing a different
approach to beam cooling. using Zeeman tuning to compen-
sate the Doppler shift and circular polarization to avoid
optical pumping. The early work of the Moscow group was
limited by optical pumping problems even with circular po-
larization.* By contrast. our cooling was done in a magnetic
field high enough both to decouple the electronic and nucle-
ar angular momenta in the 3P level and to provide large
enough Zeeman shifts that the imperfection of laser align-
ment and circular polarization did not disturb the process of
repetitive excitation. (See above and Ref. 50.) The mag-
netic field use by Balykin et al.#® was about 1074 T, whereas
our field was always several tens of millitesla in the cooling
region.

Qur apparatus is shown in Fig. 6. The Zeeman tuning
that compensates the changing Doppler shift is provided by
a solenoid wound with more turns near the entrance (close to
the Na source) than near the exit. The current distribution
was chosen to approximate the spatially varying field of Eq.
(3). with the addition of a constant bias field to ensure that
the field was always high enough to prevent optical pump-
ing. The chopping whee! is used to turn the cooling laser
light off during observation. The velocity distribution is
measured using a probe laser that crosses the atomic beam at

Phillips et al.

aslight angle (to avoid a long probe interaction time and the
likelihood of optical pumping by the probe). Probe-laser
intensity is always well below saturation. A boxcar integra-
tor averages the probe-induced fluorescence over a short
time just after the cooling laser shuts off [see Fig. 7(a)]. The
probe frequency scans slowly compared to the averaging
time so that it is nearly constant over many chopping cvcles.
This procedure provides good signal-to-noise ratio, allows us
to scan the probe laser over a large frequency range. and
allows us to choose the observation time independently.

In our experiments reported in 1982,% using a 60-cm-long
solenoid, we first observed nonresonant cooling by using
only the constant bias field and achieved a 15% velocity
reduction as reported in Ref. 47. We then used the tapered
or varying-field part of the solenoid and observed a velocity
change of 40% of the initial velocity. Later®! we used a 114)-
cm-long solenoid, made other improvements. such as in-
creased laser power and focusing the laser onto the Na
source, and observed velocity changes as large as about 800
m/sec (80% of the initial velocity).

A typical result of our Zeeman-tuned cooling is shown in
Fig. 8. The dashed curve, taken with the cooling laser off.
shows the original velocity distribution, consisting of two
broad peaks. These two peaks arise from the ground-state
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Fig. 6. The apparatus of the present authors.
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Fig. 8. Results of Zeeman-tuned cooling. Arrow indicates the
highest velocity resonant with the cooling laser. The velocity scale
refers ondy to F' = 2 atoms.

hvperfine splitting and represent similar velocity distribu-
tions, centered near 1100 m/sec for F = 2 and F = 1 atoms.
{The velocity scale refers only to F = 2 atoms.) The solid
curve shows the velocity distribution with the cooling laser
on (¢* so optical pumping is avoided). Atoms from the
highest velocity resonant with the laser are decelerated into
a narrow velocity group (whose peak density is off scale on
the figure). We have observed densities per unit velocity in
the cooled peak as much as 30 times higher than that in the
peak of the uncooled velocity distribution and with relative
velocity widths as small 5%.52

We have discussed the effect of optical pumping and how
to avoid its interruption of the cooling process. Figure §,
however, shows some advantages of optical pumping. Note
that after cooling with ¢* light there are no atoms left in the
F =1 distribution. Furthermore, nearly all the atoms par-
ticipate in the cooling process, whereas one might expect
only 1/8 of the atoms to be in the 38, (F = 2, mp = 2) state,
which participates in cooling. The explanation is that while
the atoms travel from the Na source to the solenoid they are
optically pumped by the o* light into the ground state with
highest projection of angular momentum, i.e., mg = 2. The

process is aided by the fact that the laser beam is focuted on’

the Na source. The resulting power broadening ensures a
significant excitation rate even for off-resonance transitions.
It has been proposed®® that similarly advantageous optical
pumping could be realized by using chirping techniques.
(Figure 8 also shows that use of ¢~ cooling light results in the
disappearance of the F' = 1 atoms. In this case the atoms are
pumped into the F = 2, mp = —2 state, which can be excited
repeatedly to the F = 3, mp = —3 state. This transition’s
frequency increases as the magnetic field decreases, so that
the changing Doppler shift is not compensated and essen-
tially no cooling occurs.)

With Zeeman-tuned cooling the total velocity change is
determined by the available field change. For a given field
distribution, the final velocity can be chosen by varying the
cooling laser frequency and thus the initial velocity. Figure
9 shows a series of cooled velocity distributions obtained
with various laser tunings. Asexpected, the lower the initiai
velocity, the lower the velocity of the peak of the cooled
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distribution. Note that at lower velocities the total velocity
change is larger than at higher velocities because the atoms
that emerge from the solencid are those that violate the
condition of expression {4) and stop cooling. For lower
velocities this occurs at higher dB/d:z. For the field of Eq.
(3), approximated in our solenoid, higher dB/d: occurs at
lower field, so that more total field change is available for
deceleration.

As the final velocity approaches 200 m/sec, our observed
density decreased rapidly. Useful signals cannot be ob-
tained for final velocities less than about 200 m/sec; at lower
velocities the cooled velocity distribution simply disappears,
as has nearly happened in Fig. 9(f). This cccurs in spite of
the fact that about half of the original atoms have velocities
lower than the initial velocity and can be cooled. The expla-
nation is that in our magnet fringing fields make the field
gradient small enough that the condition of expression (4) is
never violated if v is less than 200 m/sec. Thus amy atom
slower than about 200 m/sec will not go out of resonamce with
the laser before it is brought to rest. Although the produc-
tion of atoms at rest is one ultimate goal of our work, we
cannot easily observe these atoms because they are inside
the solenoid, in a high field gradient, more than 40 ¢m from
the observation region.

Consider now the steady-state situation with the laser
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Fig. 9. Laser-cooled velocity distributions for different kser tun-
ings. The highest velocity resonant with the laser in ead.case is
indicated by the arrows. Trace (g) is the unccoled velocitydistribu-
tion.
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tuning such that atoms are brought to rest at some point
near the exit end of the solenocid. Slightly further upstream.
toward the entrance end, atoms are going at low velocities
determined from the resonance condition for the laser fre-
quency and magnetic field. When the laser light shuts off,
deceleration stops and the atoms propagate freely. Forsuch
a laser tuning, with prompt observation [small delav time 7,
as in Fig. 7(a)]. no atoms are seen except those so fast that
they had never been resonant with the laser. On the other
hand, with delaved observation {significant 74, as in Fig.
7(b}}, the verv slow atoms wili have time to travel from the
end of the soienoid to the observation region. The starting
points for velocities smaller than 200 m/sec are within a few
centimeters of each other, so the observed velocity varies
nearly inversely as 7.

Figure 10 shows a series of velocity distributions obtained
with different delav times. Note that the velocities are all
lower than the smallest velocities of Fig. 9. As expected,
longer delays result in observation of slower velocities. In
addition to the peak of slow atoms, one also sees the un-
cooled velocity distribution (the wing of which is visible in
the figure). This arises from thermal atoms that come from
the Na source to the observation region during the long delay
without ever interacting with the laser. The observed width
of the laser-cooled velocity distribution is determined large-
ly by time of flight. When the delay is sufficiently long that
the observation time is not a significant fraction of the delay,
velocity widths as narrow as about 10 m/sec are observed.
(This width comes from the true velocity width and the
natural-lifetime-limited resolution of the probe.) As the
velocity decreases. so does the magnitude of the observed
atomic density. because of the increased spatial spreading of
the atomic beam. As the longitudinal velocity decreases,
the beam diverges, owing to the spread in the transverse
velocity. There are two sources of transverse spread: ini-
tial finite collimation of the atomic beam and momentum
transfer from the random spontaneous emission of photons
in the transverse direction (heating}. Focusing the laser on
the Na source helps to reduce some of this transverse spread
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since there is a small component of the decelerating force
that tends to compress the atomic beam transversely. If
finite collimation of a pointlike Na source were the onlv
reason for transverse spread, the focused laser would reduce
transverse and longitudinal velocity in the same proportion.
so there would be no increase in atomic-beam divergence.
The contribution to the divergence from radiative heating.
however, is random and cannot be completely corrected, so
the beam diverges significantly as the velocity is reduced.
Other factors that contribute to the decrease in observed
atomic density with velocity are longitudinal spreading of
the atoms, which affects observations if the observation gate
is too short, and scattering from background gas when the
vacuum is poor. This last factor is particularly important at
low velocity because of the long time available for scattering.

The loss of density with velocity limits the lowest velocity
that we can observe by this method. In 1982 we reported a
velocity as low as 40 m/sec {Ref. 51), and we have since been
able to observe atoms as slow as about 30 m/sec. (Nute
added since preparation of manuscript: More recent]y™
we have observed atoms after delays of 85 msec, correspond-
ing to velocities of less than 10 m/sec. At such velocities the
distance the atoms fall under the influence of gravity be-
comes significant.)

The transverse spreading of the atomic beam can be re-
duced by using a magnetic hexapole lens, and we have dem-
onstrated significant improvement using such focusing.®*
The Moscow group had used radiation pressure to reduce
the transverse atomic velocity: laser light tuned slightly
below resonance is directed transverse to the atomic beam.
symmetrically from all directions, using a coaxial reflector
called an axicone.®>" This technique also produced signifi-
cant increases in atomic density. In our experiments at
NBS refocusing and transverse cooling techniques can ex-
tend the observation of slow atoms to lower velocities. but we
still cannot observe zero-velocity atoms for the simple rea-
son that they never get to the observation region.

In order to obtain zero-velocity atoms in our observation
region we introduced an additional deceleration stage. Con-
sider the timing diagram of Fig. 7(c). After the delay appro-
priate to a chosen atomic velocity the desired atoms have
drifted into the observation region, and the cooling laser
light is again turned on for a brief time 7. This "“post-
cooling” pulse can be used to stop or even reverse the direc-
tion of the atoms.%8% The pulse is short enough (a few
hundred microseconds) that the slow atoms do not travel far
during the pulse. After the pulse. the observation gate is
opened and the atoms are cbserved in the usual way.

The postcooling process is essentially nonresonant, since
the laser frequency is fixed and there is no magnetic-field
gradient. Nevertheless the required velocity change is small
enough that the atoms can be close to resonance during this
postcooling process. In order to achieve near resonance, as
well as to prevent optical pumping, we add a uniform mag-
netic field of about 0.02 T to the observation region. In
principle, we could use a different laser frequency for the
postcooling and reduce or eliminate the need for so large a
field in the observation region.

Figure 11 shows the velocity distributions observed fol-
lowing a 10-msec delay after the cooling laser shut off. The
upper trace was taken without any postcooling pulse, and
the lower one was taken following a 160-usec pulse. The
couling laser was resonant with a velocity indicated by the
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arrow. In this case, postcooling changes the velocity from 50
to —30 m/sec and has no significant effect on the shape of the
distribution.

The velocity change produced by postcooling depends
critically on the tuning of the cooling laser. Figure 12 com-
pares the experimental results with theoretical predictions
of a one-dimensional analytic solution of the postcooling
problem. A three-dimensional Monte Carlo simulation of
postcooling gives a similarly good fit to the data. The only
adjustable parameter is the postcooling laser intensity. The
data were taken with a 6-msec delay, yielding a 68-m/zsec
velocity before postcooling. The 250-usec postcooling pulse
produced velocity shifts as great as 130 m/sec, enough nearly
to reverse the initial velocity.

More recentlv® we have used a spatially varying field in
the observation region to compensate partially for the
changing Doppler shift during postcooling. Atoms with ve-
locities as high as 120 m/sec have been stopped, and the
atomic density per unit velocity interval is actually higher
after postcooling because of the spatial compression of the
atoms. We have achieved atomic densities per unit velocity
interval of nearly 105 Na atoms/cm?® within 3 m/sec of zero
longitudinal velocity.

In addition to our Zeeman-iuned cooling work, we have
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Fig. 11. Effect of postcooling after a 10-msec delay. The sloping
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with the atomic velocity before postcooling.
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made some preliminary measurements using chirped cool-
ing.8061  The procedure used is similar to that for delayed
observation [Fig. 7(b)] except that the cooling laser is fre-
quently modulated sinusoidally®® at the chopping feguen-
ey. The phase of the modulation is arranged so that while
the chopper passes laser light, the frequency of the laser is
increasing nearly linearly. Only the bias part of the sslenoid
is used, producing a uniform field to avoid optical pumping.
Observation is delayed long encugh to allow the chirp-cooled
atoms to travel from the solenoid to the observationregion.
{Figure 5 was obtained using this observation procedare but
with the frequency of the cooling laser fixed.)

Figure 13 shows a velocity distribution obtained with
chirped cooling. Atomic velocities were swept from 1260
m/sec down to 720 m/sec as the laser scanned 830 MKz at a
rate of 1.18 GHz/msec. The width of the final distribation is
15 m/sec or 2% of its central velocity. While se have
achieved dramatic velocity compression, we have not ob-
served deceleration by the chirping method to vdbeities
lower than about 600 m/sec.

C. National Bureau of Standards and Joint Institese for
Laboratory Astrophysics, Boulder

A group at NBS—JILA has taken a different approackto the
chirped cooling problem, using two laser frequemies to
avoid optical pumping.536t Figure 14 shows a simplified
diagram of their apparatus. The chirp is obtained #ith an
electro-optic phase modulator {EOM-1) driven by a vari-
able-frequency oscillator that impresses scannabk side-
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velocity scale is for the F = 2 atoms oniy.

bands onto the cooling laser frequency. The cooling laser is
circularly polarized, but no magnetic field is applied along
the beam, so the circular polarization alone is not sufficient
to prevent optical pumping. Since the rate of optical pump-
ing to the F = 1 ground hyperfine level is much smaller than
the overal! rate of optical excitation, and the chirping rate is
significantly lower than the maximum allowable rate, only a
fraction of the main cooling laser power is needed at the
additional frequency to pump atoms out of the F = 1 level.
A second modulator (EOM-2) driven at 1772 MHz (the
ground hyperfine frequency) provides this additional laser
frequency.

While the electro-optic modulators produce the two
scanned frequencies for the 35y (F = 1, F = 2) — 3P3n
transition. other extra frequencies, both scanned and fixed,
are present in the light that irradiates the atomic beam. In
most cases these do little to affect the chirped cooling pro-
cess, although the fixed frequencies do perform some off-
resonant cooling.

The acousto-optic modulater (AOM) acts as chopper to
turn the cooling light on and off: the modulator is on while
the driver to EOM-1 chirps over an appropriate range and
off during the observation of the fluorescence induced by the
probe. The observation time occurs just after the AOM
turns off, so the velocity distribution is measured before the
atoms move significantly. The location of the observation
region mav be varied along the atomic beam axis.

Figure 15 shows some results from the NBS-JILA group.
In Fig. 15(a) we see the uncooled velocity distribution. [The
difference between Fig. 15{a) and Fig. 8 occurs because of
the different direction of the probe.] In Fig. 15(b) the
chirped sideband of the cooling laser was swept from reso-
nance with atoms at about 800 to 200 m/sec (scan of about 1
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GHz), as indicated by the arrow. The large, narrow peak at
the head of the arrow is the resonantly cooled velocity distri-
bution. The dip and peak near the tail of the arrow is the
nonresonantly cooled distribution created by the fixed-fre-
quency portion of the cooling light. When the initiallyv resco-
nant velocity is changed to about 500 m/sec, the resonantly
cooled velocity distribution [Fig. 15(c)] is at about —100
m/sec. |[The narrow peak at 300 m/sec in Fig. 15(¢} arises
from the action of one of the extra chirped sidebands, which
sweep from about 1500 to 300 m/sec.] This negative velocity
peak is smaller than the peak in Fig. 15(b} partly because a
much smaller fraction of the velocitv distribution partici-
pates in the cooling process when the starting velocity is 5UO
m/sec. Nevertheless, the atomic density per unit velocity
obtainable at zero or negative velocity is a substantial frac-
tion of that observed at the peak of the uncooled velocity
distribution. The cocled velocity distributions observed by
the NBS-JILA group had widths as narrow as 15 m/se.
The width comes from the longitudinal velocity spread.
some of the transverse spread. and the natural-lifetime-
limited resolution of the probe.

More recently®® the NBS-JILA group has used a relav
technique to extend the range of its chirp cooling: with the
carrier of the cooling laser frequency resonant at about the
center of the atomic velocity distribution, and EOM-1 driv-
en at 1 GHz, the low-frequency sideband is resonant with
600 m/sec higher-velocity atoms, As the drive frequency is
swept toward zero, and the higher-velocity atoms are swept
toward the center of the distribution. the high-frequency
sideband comes into resonance with the decelerating atoms.
Now the drive frequency is swept up to 1 GHz again as the
high-frequency sideband carries the atoms to zero velocity.
By allowing both the high- and low-frequency sidebands to
cool. one obtains a 2-GHz scan by sweeping the drive oscilla-
tor only 1 GHz.

4. DISCUSSION

Each of the methods discussed for cooling atomic beams has
its own particular advantages and disadvantages. The
method that one chooses will probably depend on the avail-
able equipment and the nature of the application. We will
compare those methods that have alreadv been used experi-
mentally.

A major advantage of the nonresonant cooling technique
is its simplicity. One needs only a fixed-frequency laser and
a way of avoiding optical pumping. Use of a double-mode
laser to do this complicates the method, but the fact that
scanning is not needed makes this less difficult. The tech-
nique produces a continuous beam of slow atoms and is
capable of extreme velocity compression if one does not
require much deceleration. The difficulty in getting large
velocity changes and the requirements for large laser power
and long interaction times represent the major disadvan-
tages.

Zeeman-tuned cooling is also relativelv simple to execute.
The only appropriate way to avoid optical pumping is with
circular polarization, so there will necessarily be only one
laser frequency. Large velocity changes along with extreme
cooling are possible. The cooled atomic beam is continuous
and of very high densitv since the velocity compression is
accompanied by a spatial compression. 1n addition. the
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circular polarization ensures that the cooled atomic beam is
completely state selected. This is particulatly important if
magnetic focusing or confinement is to be used on the cold
atoms. The major disadvantage is that the production of
slow atoms is in a gradient magnetic fieid, which may not be
desirable for some applications. If the atoms are to be
transported out of the field, one may lose much of the high
density inherent in the technique. For the lowest velocities,
extraction of the atoms from the field has involved changing
continuous production of slow atoms into pulsed observa-
tion. For many applications, of course, this may be accept-
able or even desirable.

Chirped cooling has the advantage of large velocity
change, extreme velocity compression, and compatibility
with most methods of avoiding optical pumping. The possi-
bility for velocity compression appears to be greater than in
the other methods. Velocity compression is compromised
in nonresonant cooling if large deceleration is achieved: in
Zeeman-tuned cooling the compression depends on details
of the magnetic-field gradient or on time-of-flight consider-
ations, With chirping, the laser can be made to interact
optimally for velocity compression as well as deceleration.
In practice, both chirping and Zeeman tuning have produced
similar velocity compressions. Chirping has the advantage
over Zeeman tuning in that there is no need to extract the
atoms from a magnetic field. On the other hand, chirping is
fundamentally a pulsed production process. and it does not
produce spatial compression of the velocities. That is,
atoms of a particular velocity appear at a particular time but
spread out in space. If the interaction distance is long
enough, production can be quasi-continucus if one com-
pletes a chirping cvcle in a time short compared with the
total flight time in the apparatus. The technological diffi-
culties are greater in chirping than in other methods. Stan-
dard commercially available lasers do not scan rapidiy
enough, nor are suitable modulators commercially available.

The hybrid technique of combined Zeeman-tuned and
nonresonant ccoling,® or two-stage Zeeman-tuned cooling,®
used by our group at NBS looks quite premising. It can
combine large velocity change, high density, zero velocity,
and extreme velocity compression. A combination of Zee-
man tuning with chirped cooling may prove to be even more
useful.

5. APPLICATIONS

Laser-cooled atomic bears may find important applications
in spectroscopy, collision experiments, and traps. At pre-
sent the highest resolution optical spectroscopy (on the in-
tercombination line in Ca) is limited in its resolution almost
entirely by second-order Doppler width.® Even a modest
reduction in the velocity spread by laser cooling would effec-
tively eliminate the second-order Doppler width. Cooling
Ca looks quite feasible—the cocling transition frequency is
within the range of available dye lasers having sufficient
power to saturate the transition, and the distance required
to decelerate thermal velocity Ca atoms to zerc under satu-
rated conditions is less than half of that for Na. Letokhov
and Minogin® and Ertmer et al.5® have considered other
candidate atoms that could be laser cooled and also used as
possible frequency standards.

Another possible spectroscopic application is to measure-
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ments where motionally induced fields are a problem. This
is often the case in experiments that look for small effects of
parity or time-reversa) asymmetties.

In order to be better understood, many collision experi-
ments require velocity selection of the collision partners.
Laser cooling can provide such selection without loss of
intensity by compressing rather than selecting the velocity
distribution. Inaddition, some laser-cooling techniques can
provide completely state-selected atoms, a matter of consid-
erable importance in the case of state-specific scattering
experiments. Besides atomic scattering experiments, one
can also foresee experiments involving deflection of laser-
cooled atomic beams by light as a test of photon-counting
statistics,% experiments invelving collisions of laser-cooled
beams with surfaces, and measurements of long atomic life-
times.

6. ELECTROMAGNETIC TRAPS

Orne of the most exciting possible applications of slow or
stopped atoms is to confine them in an electromagnetic trap.
Specific proposals for such traps for neutral atoms are more
than 20 years old. but as of this writing we know of no
successful demonstration of a stable trap. This has been
due in large part to a lack of suitably slow atoms to trap.
Among the types of trap proposed are magnetostatic, radia-
tive, electrostatic,? and hybrid magnetostatic-radiative?’
traps. At present the first two types seem most likely to be
used with laser-cocled atoms, so we will concentrate our
discussion on them.

Magnetostatic Traps

The principle behind magnetostatic traps is illustrated in
the magnetic deflection experiments of Stern and Gerlach
and Stern™ and the magnetic focusing experiments of Fried-
burg and Paul’': Inhomogeneous magnetic fields exert
forces on atoms with magnetic dipole moments. Quantum
states whose energy increases with increasing magnetie field
(such as the 38, ., my = 2 state of Na in Fig. 2) expenence a
force in the direction of decreasing field magnitude. This
principle is used in the well-known linear hexapole focusing
magnet,”! which has zero field along its axis, the field magni-
tude increasing quadratically with radial distance from the
axis. Heer™® and Vladimirskii™ suggested closed magnetic
bottles. Heer suggested bending a linear six-pole fieldinto a
closed torus, producing a trap whose equilibrium points
form a circle. A modified version of such a trap was used by
Paul and colleagues™ to contain ultracold neutrons.

Paul has also described a simple and elegant magnetic
trap, with a single equilibrium point, that he calls a spherical
hexapole.” By placing three coils on the surface of a sghere,
one each at +45° and —45° latitude and a third coil between
them on the equator, the field can be made zero at the senter
of the sphere when the equatorial coil carries current equal
in magnitude but opposite in direction to that of eachof the
other two.” By analogy to a magnetic hexapole lems, the
field increases quadratically with radial position. and the
restoring force, proportional to the field gradient, is there-
fore harmonic. Cther configurations of three ioops cas pro-
duce similar traps, although not necessarily having equal
coefficients of their harmonic potential in all directisns or
zero field at their center. A particularly simple trap has
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three Joops {or short solenoids) weund on a single cvlindrical
form, appropriately spaced and energized to produce the
desired field.

A similar but simpler type of trap consists of two identical
separated coaxial coils carrying opposite currents. This
pair of coils forms a spheroidal quadrupole trap.”” It clearly
has a single center where the field is zero and is the simplest
configuration for a magnetic trap. The field magnitude
varies linearly with displacement from the center, the slope
being twice as great along the axis as in the plane perpendic-
ular to the axis. As a result, the trap has equal depth in the
radial and longitudinal directions when the coils are separat-
ed by about 1.25 times their radius. Its experimental sim-
plicity makes it most attractive, because of ease of construc-
tion and of optical access to the interior. The restoring force
for the quadrupole trap is constant for displacements along a
given direction, so the trap is not at all harmenic. Neverthe-
less, the orbital calculations are straightforward.’®

Attempts to trap neutral atoms (as opposed to neutrons)
in magnetic traps have not been successful.?! A key difficul-
ty is in supplyving sufficiently low-energy atoms to be
trapped. A trap (for magnetic moments of a Bohr magne-
ton) whose field varies from O to 2 T has a potential energy
depth equivalent to the kinetic energy of Na atoms at 30
m/sec. This is an energy of about 1 K. Before laser cooling.
isolated samples of such atoms did not exist.

The Zeeman-tuned laser-cooling technique that we have
developed not only provides atoms siow enough to be con-
tained by magnetic traps with reasonable fields but also
provides the atoms in the proper magnetic orientation to be
trapped. We have constructed a trap of the quadrupole
design with a loop radius of 2.7 cm. The trap has a potential
energy depth about equal to the kinetic energy of Na atoms
with velocities of 3 m/sec. Such atoms initiallv at the center
of the trap would be confined to a volume of about 20 em?,

Qur proposed experiment to demonstrate magnetic trap-
ping would proceed as follows: Atoms are cooled in the
solenoid as described above. Att = (, the cooling laser beam
and the atomic beam are shut off. Four milliseconds later,
100-m/sec atoms arrive in the center of the trap, which is
coaxial with the atomic and laser beams and located at the
center of the observation region. Only the upstream (closest
to the Na source) coil of the trap pair is energized at this
time, and it provides a slight spatial variation in magnetic
field to aid the postcooling, which begins at 4 msec and lasts
several hundred microseconds. When the postcooling laser
pulse ends, more than 10° atoms having velocities within
3/msec of zero are in a few cubic centimeters near the center
of the trap. At this time, the downstream trap coil is turned
on (in a few hundred microseconds), opposing the upstream
coil, and the trapping field is formed. The trapped atoms
can be destructively probed at any later time by reversing
the downsteam coil current to produce a nearly uniform field
near the trap center and irradiating the trap once again with
a probe laser, observing the induced fluorescence.

By varying the time between loading the trap and probing
it, we will be able to measure the lifetime of the trapped
atoms. Besides collisions with background gas atoms, a
mechanism that can limit the lifetime in the trap is nonadia-
batic or Majorana transitions, which reorient the atomic
magnetic moment. While the initial orientation of the at-
oms produced by laser cooling with Zeeman tuning is cor-
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rect. that orientation must be preserved while the atoms
move about in the trap even though the trap fields change
directions in a complicated way. The atomic magnetic mo-
ments precess about the field at the Larmor frequency w; =
uB/h, where u is about one Bohr magneton. As long as the
atoms move slowly enough, the magnetic field changes suffi-
ciently slowly that theyv follow it adiabatically. This re-
quires that «; » wr, the angular frequency of orbital motion
inthe trap. Violation of this adiabatic condition results in a
large probability of a magnetic transition to a state of differ-
ent orientation that may not be confined by the trap.

Qualitatively, the adiabatic condition requires that a fast
atom should never be too close to the trap center. An atom
near the center of our trap cannot be going faster than 3
m/sec, since it would otherwise escape. At the point of
closest approach to the center the velocity is orthogonal to
the radius vector, so the instantaneous frequency of orbital
motion is given by wr = vy/r,, where r, is the distance of
closest approach and vy is the atomic velocity atr,. Atr., the
field is given by B = r.{dB/dr), where dB/dr is the field
gradient and is minimum in the plane perpendicular to the
trap axis. For our trap this dB/dris 1 T/m. The condition
wy > wr becomes

prddB/dr) oy

= —
h r,
TN
2 & -
P> s at
T B/ 2

which leads to r. » 5.8 um. If the orbit is circular the
adiabatic criterion is less stringent. For orbits in the plane
perpendicular 1o the axis we have

h2

w(@B/dM | &)

o
where M is the atomic mass. This requires r >» 0.3 um,
which implies v > 8.5 mm/sec.

We have done detailed numerical calculations of the orbit-
al motion for more general cases. Many orbits are irregular
and aperiodic, although there are several classes of nearly
closed orbits. Since tvpical orbit times are a few tens of
milliseconds, and since the nonadiabatic region occupies less
than 1071 of the trap volume, we expect even the general,
unclosed orbits to last for many seconds in sufficiently good
vacuum. [Note added since preparation of manuscript:
We recently performed the experiment described above.
Na atoms with velocities up to 3.5 m/sec were confined in the
quadrupole trap. The time constant for decay of the
trapped atom population was 0.83(7) sec and is believed to
be limited mainly by collisions with background gas. De-
tails of the experiment are given in Ref. 54.]

A particularly interesting possibility is cooling atoms in a
magnetic trap using a recently proposed rf-optical pumping
scheme.?* This or a related technique may actually allow
cooling below the limit associated with the usual Doppler
cooling '€

Radiative Traps

Radiative or laser traps were first proposed by Letokhov in
1968.2 His idea was that atoms under the influence of the
oscillating electric field of a laser acquire an oscillating
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electric-dipole moment that interacts with the laser field.
The energy of interaction (which we might call an ac Stark
shift) acts as a potential just as in the case of & static magnet-
ic-dipole moment interacting with a static magnetic field.
For the laser tuned below the atomic resonance frequency,
the sign of the interaction is such that the atom is attracted
to the region of maximum laser field intensity; whereas if it is
above resonance, the attraction is to the region of minimum
field intensity. Letokhov proposed that atoms could be
captured on the nodes or antinodes of a plane standing wave?
or of intersecting standing waves.1%

In 1978 Ashkin? proposed a laser trap that combined the
dipole or gradient force of Letokhov’s trap with the more
common radiation pressure force or scattering force that
results from absorption and spontanecus reradiation of pho-
tons. Ashkin’s trap design is shown schematically in Fig 1s6.
Two focused laser beams with Gaussian transverse intensity
profiles are directed coaxially and oppositely, with their foci
slightly separated. The frequency is below resonance, so
transverse confinement by the dipole force results from the
atoms being drawn into the axis, where the intensity is maxi-
mum. Axial confinement is achieved by virtue of the scat-
tering force: as an atom moves away from the equilibrium
point midway between the two foci it sees an increased
intensity in one beam and a decreased intensity in the other.
The imbalance results in a net radiation pressure that forces
the atom back to the equilibrium point.

Besides the introduction of radiation pressure scattering
force into the laser trap, a distinguishng feature of Ashkin’s
trap is the use of the gradient of laser intensity resulting
from the Gaussian profile of the beam rather than from a
standing wave. As an alternative trap design Ashkin pro-
posed a single, tightly focused laser beam—a configuration
with an absolute maximum in intensity at the focus and thus
a three-dimensionally stable dipote-force trap. Laser traps
can also cool the atoms that thev contain, since when the
laser is tuned below resonance, the Doppler cooling!® de-
scribed above will reduce the kinetic energy of the trapped
particles.

Unfortunately, it was later recognized that heating mech-
anisms would destabilize laser traps.%-!! Besides the heat-
ing or diffusion of momentum arising from the statistical
nature of absorption and spontaneous emission of photons
(fluctuations in the scattering force) there is heating associ-
ated with fluctuations in the dipole force. Unfortunately, as
a dipole-force trap is made stronger, by making the intensity
gradient and thus the dipole force larger, the fluctuations
also get larger. The result is that the steady-state kinetic
energy of atoms in such a trap, resulting from equilibrium
between the heating and cooling mechanisins, is always
about equal to the trap depth [see, for example, Eq. (53) and
the following discussion in Ref. 11).

\W
T T

Fig. 16. Optical trap formed from two opposed, diverging laser
beams with Gaussian intensity profiles. When tuned below reso-
nance the trap provides transverse confinement by the dipole force.
Longitudinal confinement is from radiation pressure,
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Gordon and Ashkin!! and Ashkin and Gordon™ proposed
the use of separate damping laser beams to provide cooling
in an attempt to separate the cooling and trapping functions
and optimize each. Unfortunately, trapping and cooling
remain coupled through the ac Stark shift, which changes
the nature of the cooling as a function of position in the trap.
Gordon and Ashkin were unable to show that, without com-
pensation of the ac Stark shifts, a laser trap could be stable.

Dalibard et al, 88! showed how to effect & complete sepa-
ration of cooling and trapping functions. In their design,
the trapping field is switched on ang off rapidly, with cooling
taking place while the trapping field is off. In this way, the
cooling and trapping functions may be separately optimized,
do not interact, but are effective only for half of the total
time. Their design also minimizes heating mechanisms by
avoiding the large field gradients of standing waves while
minimizing undesirable radiation pressure forces by using
opposed, focused laser beams with opposite senses of circu.-
lar polarization. An expelling force resulting from im-
balance between the intensities of the opposed beams can be
overcome by separating the foci of the beams as in Ashkin's
design (see Fig. 16), 50 as to provide a stronger axiali restoring
force.

Thus trapping laser beams configured as in Fig. 16, with
opposite polarization and alternated with plane-wave damp-
ing beams, appear to present the best prospect for an optical
dipole trap. An optimized design for such a trap could
capture Na atoms having velocities of a few meters/second
over a volume of ~107¢ cm® and confine them to a much
smaller volume as the atoms cool and the strong axial scat-
tering trapping force compresses them into the trap center.82
Since we can produce more than 10° such atoms per cubic
centimeter by using our present laser-cooling techniques and
switch the magnetic field to zero in a very short time, we
should certainly be able to trap several atoms, which should
be easily observed by their fluorescence—even single
trapped ions have been observed by eye 83

The strong axial trapping provided by the scattering or
radiation pressure force in a separated focus design such as
Ashkin's® suggests the possibility of making a strong trap
relying only on the scattering force. Some possible designs
were considered,*8 but Ashkin and Gordon were able to
show that no such trap, using time-independent laser inten-
sities, could be stable.’ The reason for the instability is
closely analogous to Earnshaw’s theorem for electrostatics:
there is no point of stable equilibrium for a test charge in a
charge-free region.

Of course, it is well known that charged particles can be
trapped electrically in a charge-free region if the electric
fields oscillate. The kinetic energy of the ionic micromo-
tion, which is driven by the oscillating, spatially varying
electric fields, is a function of the position of the ion in the
trap. This variation of the micromotion energy can be
thought of as a variation of a pseudopotential that can stably
trap the ion. This is the basis of the rf or Paul trap for
ions.®"#  Ashkin proposed that a similar situation would
hold for a light-pressure trap.26 Consider the trap as shown
in Fig. 16. An atom on the axis and centered between the
two foci feels a restoring force for small displacements along
the axis and an expelling force for small displacements
transverse to the axis. Ashkin proposed that this configura-
tion be alternated with its time-reversed configuration,
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which produces an axial expelling force and a transverse
restoring force.

Ashkin showed that such an alternation produced a situa-
tion exactly analogous to that in a quadrupole rf trap, ne-
glecting the fluctuations in the scattering force and ignoring
any dipole forces. He also showed explicitly how such a
time-reversed alternation could be achieved. Because of
the heating due to fluctuations in the scattering force, the
trapped atoms must be cooled, either by tuning the trapping
laser beams below resonance or by supplying separate,
plane-wave damping beams. Damping or cooling of the
atomic motion occurs because of the Doppler cooling process
described in Section 1, above, and reviewed in Ref. 16.

Dalibard and Phillips3? have considered a modification of
Ashkin’s idea wherein the configuration of Fig. 16 is alter-
nated with a set of two similar pairs of opposing beams, all
mutually orthogonal. In other words, a pair of opposed,
diverging beams along z is alternated with two pairs along x
and y. This configuration leads to exactly the same quadru-
polelike force as Ashkin’s design but has different damping
characteristics. For example, if the trapping beams also
provide the damping, an atom at the center of the trap,
moving along the z axis, will be damped for both types of
trap. However, if the motion is in the x-y plane, the Ashkin
design will not damp it since there is no component of laser
wave veclor transverse to z at the center of the trap.

The analysis by Dalibard and Phillips of their trap design
shows that the heating and damping actually dominate the
dvnamics of the trapped atom. 1n particular, they found no
operating parameters that produce a stable trap in three
dimensions when damping is provided only by the trapping
beams. The reason is as follows: The strong damping from
the laser beams damps not only the random motion that is
due to radiative heating but also the micromotion that cre-
ates the trapping pseudopotential. Using typical parame-
ters for a Na atom trap, the micromotion frequency will be a
few kilohertz, while the damping time is of the order of 10
usec. This strong damping effectively destroys the trapping
potential, and the trap is unstable.

Such a trap can be stabilized by providing separate damp-
ing beams and tuning the frequency of the trapping beams so
that their damping is not too strong. Best stability is
achieved by providing strong damping in the x—y plane when
trapping beams are applied along the z axis and damping
along the z axis when trapping is applied in the x-y plane.
Under these conditions the trapping force is not properly
said to derive from a pseudopotential established by a micro-
motion but rather from the direct restoring forces whose
accompanying expelling forces have been rendered ineffec-
tive by strong damping.

The recognition of the dominant role played by damping
in a radiation pressure trap leads to another curious observa-
tion: with strong damping, even in the absence of any trap-
ping beams, atoms remain “trapped” for relatively long peri-
ods of time. In effect, the damping laser beams act as a
highly viscous fluid that inhibits the escape of the atoms. It
is as if the atoms were in a pot of molasses from which they
take a long time to diffuse. This “molasses trap” is not a
true trap, in the sense that there is no restoring force, but the
diffusion times can be remarkabiy long.

For arough idea of how effective the optical molasses can
be, consider the example of three mutually orthogonal pairs
of opposing laser beams with a saturation parameter of
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about unity and tuned about half a natural linewidth below
resonance. For a pair of opposed ¢* and ¢~ polarized
beams, which produce no standing wave, this is the condition
for optimum damping (see Ref. 81, for example). This leads
to a damping rate for the kinetic energy along any axis of
almost hk?/2M, where k is the laser wave vector and M is the
atomic mass. In Na this gives a corresponding damping
Lime Tegol = 6 psec.

Under the combined influence of this damping and of the
heating from both the spontaneous emission and the fluctu-
ations in the rate of absorption (but ignoring fluctuations in
the dipole or gradient force), the atoms will reach an energv
of about h+/3 for each of the three translational degrees of
freedom. This result can be obtained two wavs. First. by
assuming no interaction between the three pairs of beams
one may apply the result given by Cook for weak opposed
beams [Ref. 10, Eq. (177) using a spontaneous diffusion
coefficient increased to account for all three coordinate di-
rections]. Second, one may use the result of Dalibard et al.?!
for o*-o" beams configured for maximum damping. These
give about 0.3hy and 0.4A, respectively, for the energy along
one axis. Of course, there will be interaction between the
pairs of beams: Interference produces spatial intensity gra-
dients, which lead to dipole forces whose fluctuations add 1o
the heating, while saturation effects may reduce the final
energy from that obtained by simply summing the one-di-
mensional energy over the three degrees of freedom. With-
out doing the explicit calculation for a particular configura-
tion, one can say that the energy is not likely to be less than
h+,which leads to an optimistic estimate of v, = 0.6 m/sec for
the rms Na velocity in the cooling limit. Assuming that the
direction of the velocity is randomized during the damping
time, we suppose that the atom executes a random walk with
a step size of 3.6 um. In order to diffuse a distance of 1 cm
requires roughlv 7 X 108 steps, or about 40 sec,

[Note added since preparation of manuscript: A group
at AT&T Bell Laboratories recently demonstrated the “op-
tical molasses” effect.™ After chirp cooling an atomic Na
beam using the NBS-JILA technique (Subsection 3.A
above) they were able to contain the atoms for times of the
order of 100 msec by using intersecting laser beams a few
millimeters in diameter. They find their measured tem-
perature of 2401 2% LK to be consistent with the cooling limit
for their conditions. Reference 90 also contains a careful
treatment of the diffusion of atoms in the molasses, includ-
ing the effects of boundary conditions.]

Migdall®! has proposed an intriguing application for the
molasses trap consisting of six intersecting laser beams in
the center of a cell filled with Na vapor at room temperature.
A small fraction of the atoms in the vapor have velocities low
enough (<15 m/sec) to be captured by the molasses trap and
damped to the cooling limit. The rate of capture by the trap
is nuA/4, where n is the density of atoms with sufficiently
low velocity, v is their average velocity, and A is the surface
area of the trap. The rate of loss from the trap is n'V/7y;..
where n’ is the atomic density in the trap, V is the trap
volume, and 74y is the diffusion time out of the trap. This
diffusion time is roughly 745 = r?/(¢ *reoq), where r is the
trap radius and v, is the velocity of the cooled atoms in the
trap. Equilibrium is established when

neA _ n'v (7
4 T dif
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or
R (8

which is about 5 X 10* for Na in a 1-cm-radius region. That
is, the molasses trap concentrates the density of slow Na
atoms by almost 5 orders of magnitude, while reducing their
velocity to the cooling limit.

At room temperature, where the Na vapor density is about
10% em 2 (Ref. 92) and the rms velocity is about 500 m/sec,
the density of atoms below 15 m/sec is about 2 em=3. The
molasses trap would concentrate this to 10° em? at velocities
around 0.6 m/sec. That is, the density of very cold atoms
inside the trap would be about equal to the total density
outside. This density is comparable with what we can
achieve by laser cooling of an atomic beam but can be accom-
plished continuously in a cell. Such an accumulation of
atoms could be used to load other traps or as a source of very
cold atoms.

The above estimates do not include effects due to varying
penetration of the vapor atoms into the molasses trap—the
more plentiful faster atoms will penetrate farther, while the
more scarce slow atoms will remain near the surface. Extra
heating effects that are due to dipole forces are not included,
nor is the effect of the Gaussian intensity distribution of the
intersecting beams. In addition, imbalance in the intensity
of the opposed beams will lead to an expelling force in the
direction of the stronger beam and a finite average drift
velocity for the atoms. For a small fractional imbalance of 3,
half-linewidth detuning, and small saturation parameter,
the drift veloeity is & y/4k. A 0.3% misbalance, which is
typical of the reflection loss in a good mirror, results in &
drift velocity of 0.5 cm/sec and a time to leave the trap of
only 2 sec.

Another limiting factor is scattering of the cooled atoms
by fast vapor atoms, which can pass through the molasses
trap unimpeded. It appears that if the Na vapor density is
increased 1o the point where scattering reduces the lifetime
in the trap to a few seconds (about 108 cm=3) the equilibrium
density of very slow atoms will be about 106 cm™3, with the
lifetime limited by scattering or escape, owing to misbalance
of the opposed beams. Reduction of the mishalance can
Increase the achievable density.

The strong damping provided by intersecting laser beams
presents another interesting possibility for trapping
atoms—the use of active feedback. Active feedback has
long been used to trap macroscopic particles and has been
suggested for single atoms (see Ref. 20, for example). But
without the viscous action of the optical molasses, even cold
atoms move too fast to provide sufficient signal-to-noise
ratio (8/N) in the short response times required for a servo
loop. Now, consider a single atom moving in a molasses trap
as described above. The atom scatters about 107 photons
per second, so a typical detection system with a combined
collection and quantum efficiency of 10-3 can detect the
presence of the atom with a S/N of 10 in 10 msec. During
this time, the atom will diffuse or drift a distance considera-
bly less than 1 mm. If multiple, position-sensitive detectors
are used, one can determine whether the atom has moved
less than 1 mm from the trap center with a S/N better than
10. The error signal generated could then be used to adjust
the relative intensity of the intersecting laser beams so as to
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push the atom back toward the center. Some details of such
a feedback trap have been considered by Edge.®® The ad-
vantage of feedback is that the trap becomes stable and
instabilities owing to imbalance of intensities are removed.
The disadvantage is that the error signal is ambiguous if
more than one atom is in the trap.

All the methods for electromagnetic trapping of neutral
atoms have the difficulty that they strongly perturb the
energy levels of the atoms. This presents severe difficulties
if one wants to use the atoms for spectroscopy. One ap-
proach is simply to use the trap (or quasi-trap as in the
molasses trap) as an accumulator and refrigerator for atoms
that are later released and examined. Another approach is
to turn the trapping fields on and off so as to keep the atoms
trapped but provide perturbation-free times for observa-
tion. A related approach is to have a trap that has perturba-
tion-free regions where the atoms can be observed, such as
the evanescent-wave trap proposed by Cook,% but which has

.an extremely small depth. Hall and co-workers have con-

sidered schemes where atoms are reflected back and forth
between “mirrors” formed by pulsed laser beams.6

7. CONCLUSIONS

The ability to produce significant densities of very slow
neutral atoms by laser cooling, which has now been demon-
strated in a number of laboratories, has opened possibilities
for important applications, such as ultrahigh-resolution
spectroscopy. Moreover, it now seems likelv that the avail-
ability of slow atoms will allow atoms to be confined in stable
or quasi-stable electromagnetic traps.
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