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Abstract: Principles of laser cooling and trapping of atoms with regard to the magneto-optical trap (MOT) are described. Some details of
the MOT and the accompanying measuring system, both constructed at the Institute of Physics, PAS in Warsaw, are given. Two

examples of experimental results are shown.
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I. INTRODUCTION

Optical cooling and trapping of neutral atoms belongs
to the most effective and elegant experimental methods in
atomic physics and is nowadays a widely used technique.
Slow velocity, low kinetic energy, greatly reduced colli-
sional perturbation, long interaction time, ability to store
a large number of atoms at sufficiently high density — all
those features cause interest in the cold atom environment
as the ground for a wide variety of novel and precise
experiments in the field of, for example, quantum optics,
coherent phenomena, frequency standards, cold collisions
or atom optics [1]. First papers on deceleration and trap-
ping of atoms by means of laser light or confining the
atoms with the magnetic field date back to several decades
ago (see e.g., for earlier works [2]); we will recall an
important contribution by T. Hénsch and A. Schawlow in
1975 [3], who suggested that the laser light can be used to
slow down atoms. The 1980s brought such significant
achievements as the first stopping of an atomic beam with
a laser light by W. Phillips and H. Metcalf [4], creation of
the optical molasses (OM) by Chu et al. [S] at Bell

Laboratories and construction of the magneto-optical trap
(MOT) by Raab et al. [6] at the same laboratory.

In a 3D OM arrangement three pairs of mutually
orthogonal and counterpropagating laser beams intersect in
a vacuum chamber containing vapor of the studied element.
The laser beams, tuned below the resonance, create
a viscous region where the inhibiting force is exerted on the
atoms. However, the radiation pressure itself does not
allow for their spatial confinement. The atoms are still able
to move slowly in any direction and eventually they diffuse
out of the region. In order to both cool and confine atoms,
the force has to be additionally position-dependent.
Operation of the MOT is based on manipulations of the
external and internal degrees of freedom of atoms by
means of carefully prepared optical and magnetic fields [7];
the OM is modified by selecting the proper circular
polarizations for the beams and applying a weak quadru-
pole magnetic field (those topics will be discussed later
on).

In the first demonstration of MOT the source of the
atoms was the sodium atomic beam which had been
initially slowed down by the frequency swept laser
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radiation [6]. The Cs atoms were trapped in MOT for the
first time in 1990, but this time the capture occurred
directly from the vapor filled spectral cell at room tempera-
ture [8]. The vapor supplied traps soon turned out to be
very reliable arrangements. The first Polish MOT has been
operated by the group of W. Gawlik at Jagiellonian Univer-
sity in Cracow [9]. Currently traps in various variants (the
“dark-spot” [10], two-dimensional [11, 12], allowing si-
multaneous trapping of two different elements [13, 14] or
isotopes [15] and others) became the standard research
tools [16]. They are used e.g. for preliminary cooling in the
Bose-Einstein condensation [17-19]. In recognition of their
pioneering achievements in the cooling and trapping of
atoms in 1997, C. Cohen-Tannoudji, S. Chu and W. Phillips
were awarded the Nobel Prize [20]. Numerous efforts were
undertaken to fully understand and theoretically model the
MOT [21]. At present, more than 20 different elements
have been laser-cooled. The rubidium MOT described in
the present work has been designed and built at the Institute
of Physics, Polish Academy of Sciences in Warsaw to be
one of the first devices in the country [22]. It is the main
part of the apparatus for studies of the coherent and
nonlinear effects in cold Rb atoms. In this paper we briefly
review the essential cooling mechanisms related to the
MOT, including both Doppler and sub-Doppler ones, and
present our trap with some examples of the results. There
are several excellent sources discussing many aspects of
laser cooling at length [2, 23-27], our introductory
treatment given below is based and benefits from these
works.

Our paper is organized as follows: In Section II, an
overview of the principles of laser cooling and trapping is
given, including ideas of laser cooling as a momentum
transfer, Doppler cooling and optical forces in optical
molasses and the MOT fundamentals (Sections II.1-11.4).
A brief discussion of the sub-Doppler cooling with the two
polarization gradient mechanisms is given in Section II.5.
In Section III, various aspects of the practical realization of
the rubidium MOT are elucidated. An outline of the
apparatus together with some details of the laser system,
including the frequency stabilization and locking systems
as well as detection and control of the experiment is given.
In Section IV we give examples of results obtained with
our apparatus. In Section IV.1 a high resolution spectrum
of the D2 line of ¥Rb in the saturated regime is shown, and
in Section IV.2 the Autler-Townes spectrum taken in the
cascade 5S-5P-5D system is presented and briefly dis-
cussed. Finally, the paper is concluded in Section V with
a short summary.

II. LASER COOLING AND TRAPPING

II.1. Transfer of momentum between photon and atom

Let us consider an idealized model of a two-level atom
irradiated with a beam of resonant photons. According to
the momentum conservation when a photon is absorbed its
momentum p = nk (k is the wave vector; k = 27/1 the
wave number of the laser field; 4 the wavelength) is
transferred to the atom retaining both its magnitude and
direction (see Fig. 1(a, b)). This tiny momentum kick due
to absorption of a single photon alters the velocity of an
atom by recoil velocity v,.. = ik/M = 1 cm/s (e.g. for a real
Rb atom it is 0.6 cm/s) which can be compared with typical
velocities of a few 100 m/s in room temperature atoms. The
absorption is followed by spontaneous emission with
a natural lifetime 7 = 1/y of the excited state, where y is its
decay rate (or width), and thus the atom recoils once more.
Since the spontaneous emission is isotropic, the recoil of
the atom associated with this process is in a random
direction, thus there is no net change of momentum on
average. Thus overall the change of the atomic momentum
is solely the effect of absorption (see Fig. 1(c)). The force
F =dp/dt acting on the atom is directed along the laser

a) b)
AP |
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c)

mV=nfk

Fig. 1. A simplified depiction of the light pressure acting on the
two-level atom. (a) the resonant photon approaches an atom of
mass M in its ground state and in rest; (b) as a result of absorption
the atom, now in the excited state, gains a momentum Kkick,
My = hk; (c) recoil momentum due to the isotropic spontaneous
emission averages out over many absorption/emission cycles thus,
after n cycles the atom gains momentum MYV = nfik along the
propagation direction of incoming photons. The wavy arrow is
for photon, the thick one for momentum
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beam. Its value increases with intensity of the incoming
light until the stimulated emission begins to play a role.
Higher-intensity produces faster absorption, but causes also
equally fast stimulated emission. The photon emitted by the
stimulated emission moves in the same direction as the
stimulating photon. It follows that the momentum transfer
in the process of the stimulated emission is directed
opposite to the momentum transfer during the absorption.
Thus the total change of atomic momentum in such a se-
quential process equals zero. Therefore, the resultant
(de/ac)celeration cannot exceed value d,,, = hkf ;//M ,
(where M is the mass of the atom and f'is the fraction of
time it spends in an excited state) [28]. In a high intensity
beam the atom spends half of its time in each of the states,
thus frax = 1/2. With narrow linewidth lasers easily avail-
able the scattering rate of 10" s or more absorption acts/s
is realistic. In such condition an atom moving in the
direction opposite to the photon beam could be decelerated
very efficiently. Simple evaluation shows e.g. that for the
Rb atom ., ~ 10*g where g is an earth gravity constant.
Taking typical initial thermal velocity, the time to halt an
atom amounts to Az ~ 1 ms. Thus with lasers one can brake
really hard.

I1.2. Doppler cooling and optical molasses

If a two-level atom of velocity v propagates against
(kv < 0) a low intensity laser beam of frequency @, tuned
slightly below the atomic resonance of frequency w,
(w; <@,), then the travelling atom sees the Doppler
shifted frequency

o =w, —kv

(1

which is higher and thus closer to atomic resonance. For
red detuning the atom will see this frequency to be at
aresonance if the relation: w; (1+ v/c) = w, holds. Then,
photons will be absorbed and the atom slows down. On the
contrary, if the atom co-propagates with the laser beam
(12\7 >0) the Doppler shifted frequency increases its
distance from resonance and consequently the absorption
probability is even further reduced. Thus, the atom under-
goes an asymmetric influence by the laser beam depending
on the direction of its motion (v ). It can be noted that
atoms of velocity v (with spread determined by y) satisfy
the condition

) — kv = w,, 2)
and are slowed down. By using three intersecting ortho-
gonal pairs of counter-propagating laser beams, the above

elucidated slowing effect can be extended to 3D [3]. Each
atom moving in this field will be acted by a deceleration
force much stronger than the acceleration one. Both forces
equalize only if the atom is not moving. Such environment
is called optical molasses (OM) [5]. Atoms in OM are free
to move around (via diffusion) anywhere within the region
of overlapping beams, before they slowly leave the region.
At first glance it might be guessed that the residual kinetic
energy of an atom in OM equals the photon recoil;
however, it is not the case. Its temperature (energy) in
general depends on detuning [26] and in minimum reaches
limit 7p = Ay/2kg which is much higher than the recoil
temperature 7Trecoi = hzkz/(ZMkB). The former is called the
Doppler limit (see Section I1.4 for further discussion).

In the moving atom’s reference frame, the net force F
exerted by a single laser beam depends directly on the
scattering (excitation) rate of photons I'g- (e.g., [24]):

F=hkTg., 3)
with
S/2
Lsc = - 2 )
1+S+[2(0+wp)/y]

where S =1/1 the saturation parameter, / the light inten-
sity, Is = mhey/3)° the saturation intensity of the transition;
op = —kv the Doppler shift; 6= (w,- @) the detuning.
I'gc has a Lorentzian dependence on velocity.

Consider now two counterpropagating beams weak
enough so that their effects taken separately are additive,
and those caused simultaneously by both beams can be
neglected. Then the total light pressure force Fy),, from the
two beams is

Foy =F, +F, )

where

o =t— (6)

In Fig. 2 the component forces F, and F as well as
their sum £,,,, calculated for representative cooling para-
meters (5=-13y, S=3) are shown as a function of
velocity. As can be seen for all velocities, the force exerted
on an atom is damping its movement. The atomic motion is
damped if the laser is tuned below an atomic resonance. There
is also a relatively narrow range of velocities where the force
on velocity dependence is linear. Assuming the atoms are slow

|a)D|:‘l€17‘ << 7/) terms of second and higher orders in
wp of the respective expansion can be neglected and one
obtains an approximate expression [25]:
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Fig. 2. Dependence of the optical damping forces eqns. (5), (6) on

velocity for 1D OM calculated for the detuning 5 =-1.3y and the

saturation S =3. The dotted traces show the components F, (red

trace) and F_ (blue trace) from each beam while the solid curve

(blue trace) is their sum. The straight line (black trace) shows the
velocity range where proportionality holds
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Fig. 3. The damping force Fpy, Eq. (7), exerted on an atom as
a function of the detuning ¢ and the saturation S; (a) 3D plot; b)

2D map, with brighter points corresponding to the larger force.
o in units of the decay rate 7, S in units of the saturation intensity /s

I 81k>5Sv -
M+ S+QSI PR
or in short form:
Fopy =~ 0. (8)

where in the (friction) parameter § all constants and para-
meter values of Eq. (7) are included. Thus, indeed as it can
be seen in Fig. 2, for slow atoms Fl,, is proportional to
velocity. It resembles the viscous damping. It is why this
technique is called OM. The dependence of Fpy, Eq. (7) on
the cooling parameters ¢ and S is depicted in Fig. 3; in (a)
as a 3D plot and in (b) the same dependence is shown as
a 2D map where the brighter points symbolize the larger
force value. As can be seen from (7) e.g. with S = 1 the
maximum force is reached when 6 = —y/2. Depending on
a sign of detuning the force can be attractive or repulsive.
Cooling is possible only for negative values of J, in the
opposite case heating occurs and the atom gains energy. It
should be noted that the resonance radiation pressure force
of the type Eq. (8) alone is not able to provide stable
trapping of atoms [29].

11.3. 1D model of the MOT

Let us consider a 1D model of the MOT. It consists of
two laser beams of opposite circular polarization (right
o' and left o) counterpropagating along the z-axis, the
coaxial inhomogeneous magnetic field B of quadrupole
symmetry (Fig. 4) and the atoms of simplest level structure
with hyperfine components /=0 and "’ =1 for the ground
and excited states, respectively. The o* (or o) circularly
polarized beam causes only transitions with Amr =+1 (or
Amp =-1) (Fig. 5). B changes linearly with z and its sign
alters in the trap center (Fig. 6). Under the influence of the
magnetic field the degeneracy is lifted (Zeeman effect) and

Fig. 4. Arrangement for a MOT in 1D. Atoms in the field of two
counterpropagating beams and the magnetic field of quadrupole
symmetry with zero in the trap centre



Magneto-optical Trap: Fundamentals and Realization

119

each hyperfine state F splits in 2F + 1 sublevels. The
Zeeman shift of the sublevel is proportional to its magnetic
quantum number m and to the B field:

AEmF =grugBmg, (mp =0,%1,...,£F), ©)

where: g — Lande factor, 1; — Bohr magneton, B —
intensity of the magnetic field.

m,=+1

F=0 m=0

Fig. 5. Selective absorption of the circularly polarized light

z

laser laser
beam beam

me=+1

me=0 mp=+1 M=
—_— — — M=

w -Kv @, kv

oy iy ay

F=0

Fig. 6. Atom of a simple level structure (F = 0, F” = 1) in the 1D

MOT. Zeeman shifts of the sublevels in the B-field of constant

gradient 0B/0z are shown. The black arrows denote the laser

frequency red-detuned from the resonance; the dotted arrows are
for the Doppler modified frequency

In the inhomogeneous magnetic field of constant
gradient 0B/0z the sublevels’ splitting changes linearly with
z (Fig. 6). We consider an atom situated to the left of the
reference frame. The B field in this region has a negative
value. The beam incident from the left and propagating
toward the trap center is o polarized. When the cooling
condition is satisfied (each beam tuned below zero field
atomic resonance), the transitions between the sublevels
F=0 and F’=1 are caused mainly by the o" light.
Momentum transfer along the incident o* beam toward
the trap center occurs. The counterpropagating ¢~ beam is
significantly more detuned from the resonance in this

region. The momentum transfer induced by this beam
repelling the atom out of the trap center is very small. As
aresult, the atom is pushed toward the field free (B = 0)
region. To the right of the trap, the mirror situation
happens. However, now the o~ beam is tuned significantly
closer to the resonance than the o* beam, so the momen-
tum transfer occurs in the direction of the o~ beam. Thus,
two forces act on the atom, their sum is directed always
toward the center of the trap and equals zero in this point.

2P
(o

Fig. 7. Scheme of a 3D MOT. Thick arrows denote three pairs of

the circularly polarized cooling laser beams counter-propagating

along three coordinate axes. Big loops of current / flowing in

opposite directions generate magnetic field of spherical quadru-
pole symmetry

Allowing for the B field in an OM Eq. (6) modifies. It
assumes the form:
hky S
2 To~Tu' 2
1+S+[2(5F o, Fu'B/ 1)/ 7]

F,_ =+

>, (10)

where u'=(g,m,—g,m,)upthe effective magnetic mo-
ment for the cooling transition; g, (g,) Lande factor of
the excited (ground) state; m, (mg)q magnetic number of
the excited (ground) state; @, =—kv the Doppler shift;
|a)Z| = u'B/h the Zeeman shift.

Here we allowed the magnetic structure in both states.
Note that B = B(z). Assuming that both |a)D| and | Wy | are
small as compared to 9, the denominator of Eq. (10) can
be expanded, as earlier in Eqns. (5, 6), keeping only linear
terms, the approximate form reads

Fyor = -V - &7,

where f is the same as in Eq. (8) and the damping constant
& arises from the similar functional dependence of Fr
on both wp and wyz, and is given by

(11)
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(12)
Note that Eq. (11) is identical to the damped oscillator one.
The 3D generalization of the 1D model is rather natural.

The atoms are irradiated by pairs of opposing laser beams
propagating along three Cartesian axes. Along the z-axis
two coaxial identical coils centered with beams’ crossing
point and carrying opposite currents are placed. The
created magnetic field has the spherical quadrupole sym-
metry, with gradient along the z-axis twice as big as that in
the xy plane. Provided a proper choice of various para-
meters (including the selection of the right closed atomic
transition), such configuration allows very efficient slow-
ing and confining of the real atoms. In the real MOT field
of 0B/0z gradient of the order 10-20 G/cm is used.

I1.4. Doppler cooling limit

In Section II.1 the cooling mechanism has been
introduced, in which atoms are cooled by resonant photons
via the momentum exchange. It has been emphasized that
the isotropic character of the spontaneous emission
averages out and therefore does not influence the atomic
momentum. It could seem that in the end the initially
moving atoms will decelerate rapidly to zero velocity.
However, it was argued above that the momentum kicks
resulting from photon recoil impose its lower limit which is
nonzero. This can be described as arandom walk in
momentum space with 7k step size. The mean square
atomic momentum < p2 ># 0, it changes with each act of
absorption or the spontaneous emission. ‘The temperature
results from an equilibrium between laser cooling and the
heating process arising from the random nature of both the
absorption and emission of photons’ [20]. To evaluate the
equilibrium temperature we consider the rates of processes
which cause atoms to heat (by the random walk in
momentum space) and to cool (by the cooling force exerted
by photons as discussed above). The rate at which the
energy is removed by cooling equals the product of the
force (Eq. (8)) and the velocity

[d—Ej — By = —piR.
dt cooling

13)

It is proportional to the velocity squared and thus
the kinetic energy. In contrast, the heating rate depends
on the total photon scattering rate only. For one beam this
rate is given by Eq. (4). However, since in an equilibrium
atoms move very slowly (wp = |kv | << y) the Doppler
shift can be neglected. Thus the rate of change of < p* >
amounts to:

d 2 2,2
—<p > = kT ¢, 14
dt P s¢ (19

After each cycle of absorption and spontaneous emission
the atom gains the kinetic energy:

2
<p >
Ey = TR (15)
The rate of its change is
(d—Ej = ii<pz > =ih2k2r'sc. (16)
At Jheating M dt M
At an equilibrium
[d_Ej - (d_Ej an
dt cooling dt heating
From Eqns. (13), (16), (17) we derive:
3y (1+S+48% /2
vie L lper o ( ) . (18)
LM 8MS

Using the equipartition theorem, the effective temperature
can be inferred as

MY hy*(1+S+46° 1 y%)
3ky 8k o ’

T =

(19)

By taking the derivative with respect to 6 and performing
the usual procedure the lowest temperature limit can be de-

termined. For the optimum value 6, =—/2 it amounts to:

hy(2+S)
4k

T (20)
In the low intensity limit the minimum called the Doppler
limit is obtained:

21

It is noteworthy that 7p depends only on y — the inverse
lifetime (the width) of the excited state used in the cooling.
The dependence of the temperature 7 on the detuning o
calculated for y = 21 x 5.9 MHz corresponding to the ®*Rb
(5P;5) is shown in Fig. 8. At 6= —y/2 (~2nx3 MHz)
Tp =143 pK which corresponds to velocity of 12 cm/s (e.g.,
for Na Tp = 240 pK). Typically 7p is few 100 uK cor-
responding to velocities of ca 10 cm/s. The transitions of
narrow width or of the width influenced externally are
considered as candidates for use in the Doppler cooling
with the aim to approach the recoil limit (Eq. (22)) of the
temperature [30].
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Fig. 8. Dependence of temperature on detuning of the cooling
laser calculated for Rb from the Eq. (19). The minimum
Tp =143 pK is achieved at the detuning 6 =—y /2

I1.5. Sub-Doppler Cooling Mechanisms — Polarization
Gradient Cooling

It was widely accepted that the Doppler limit 7 poses
the lowest temperature which can be obtained in OM.
Surpisingly, P.D. Lett et al. measured temperature in the
laser cooled sodium OM which was six times lower than
the expected limit [31]. This triggered theoretical efforts to
understand the discovery. The essential new contribution
introduced by these works relies in the understanding of the
specific role that the multilevel structure of the atom and
the polarization of the light play in the laser cooling [32,
33]. The new approach is known as a sub-Doppler cooling
and includes several different mechanisms. Below are two
examples of such mechanisms which allow temperatures
below the Doppler limit. They are known as the
polarization gradient cooling mechanisms [32, 33].

The atom in a nearly resonant field, aside from absorp-
tion, is also subject to light induced shifts of its energy
levels known as the ac-Stark shift. In the limit of low light
intensity it amounts to AE,, =~ + 1Q*/46 with Q= Sy*/2 and
Q the Rabi frequency. Since it is proportional to the
intensity, AE,, is known as the light shift. The light shift
can result in a gradient force (the dipole force) on an atom
when the intensity varies in space. Such situation can be
found e.g., in the strong focusing and the Gaussian
intensity profile of the beam. Another case of interest here
is the spatial intensity dependence between nodes and anti-
nodes of a standing wave. Consider now a simple model of
an atom with the ground (excited) state angular momentum
of J,=1/2 (J,=3/2) placed in a field of two counter-
propagating laser beams of the same frequency and ortho-
gonal, polarizations and propagating with velocity v along
the z axis. We briefly consider two cases of (a) orthogonal

linear polarizations (lin L lin case) and (b) orthogonal
circular polarizations (o* &~ case).

lin L lin case

The interfering beams form a standing wave of pola-
rization which varies cyclical with z coordinate. Over the
distance of A/2 the polarization of the resulting field
alternates from the linear 7 (at 0°), over circular ¢, linear
(at 90°), opposite circular o to the linear © (at180°), and
the cycle repeats itself with the period of A/2. (Note that
the amplitude of the field remains unchanged here). Thus
the field has a gradient of polarization. Under the influence
of the light field the population distribution of the magnetic
sublevels of the ground state becomes modified. It occurs
depending on the actual polarization acting on the atom
(due to selection rules of Amy = 0, +1, —1 for n, o+ and
o~ polarized light, respectively) as a result of multiple
cycles of absorption and subsequent fluorescence. For z-co-
ordinate where the effective polarization is o the popu-
lation is transferred entirely to the m, = +1/2 sublevel,
while for o~ the population is transferred entirely to the
mg = —1/2 sublevel. This process is known as an optical
pumping (In general case the distribution depends on the
coupling strength of the transitions which are proportional
to the respective Clebsch-Gordan (C-G) coefficients
squared). The light force active in this process is the same
as in the earlier discussed two-level Doppler case. Because
the atom travels along z, it has to adapt its population
distribution each time it changes the polarization acting on
it. However, as stated in a number of lines above, each
level undergoes a light shift of a magnitude dependent also
on the coupling strength (and thus on polarization and the
magnetic number via respective C-G coefficient) of the
transition. Both modifications (i) the population distribu-
tion and (ii) the respective light shifts change simultane-
ously as the atom travels along the polarization gradient. In
general for negative (positive) detuning the ground level
shifts into lower (higher) energies and the opposite holds
for the excited level. Thus for 6 < 0 (red detuning) the
highly populated ground state sublevel ‘repels’ from its
excited ‘partner’, thus increasing the resonance energy
needed for the transition. The light-shifted energies of the
ground state sublevels myr=1/2 and mp=—1/2 oscillate in
space with the same periodicity as the polarization does.
Moreover, the light shifts of both sublevels mz=1/2 and
mp=—1/2 are not the same because the respective C-G
coefficients differs for each circular polarizations. The
spatial dependence of the light shifts of the ground-state
sublevels is shown in Fig. 9. Energy of each sublevel
changes with z as a sine function with the 7 -phase shift
between them. The sublevels have the same shifts where



122 K. Kowalski, V. Cao Long, K. Dinh Xuan, M. GlédZ, B. Nguyen Huy, J. Szonert

the polarization of the resulting field is linear, because for
this polarization the squares of the C-G’s are equal. For the
o polarization the squared C-G of the sublevel my = 1/2
is three times larger than that of the sublevel mz=—-1/2. In
the region where the light polarization becomes o the
opposite occurs, the shift of myr=—1/2 is three times larger.
In Fig. 9 the cooling mechanism is illustrated. As the atom
in the mr =+1/2 propagates along z the potential energy
changes along with the polarization, the atom is climbing
a potential hill (at z=A4/8) losing its kinetic energy and
gaining the potential one, at the hill top it is optically
excited with o~ light and as a result of spontaneous
emission returns back to the my=—1/2 level which is now
of the lower energy. Thus the emitted photon carries out
more energy than the absorbed one. As the atom propagates
further the reverse process starts with the my=—-1/2 level
populated and situated in the potential valley. Thus in
a single absorption/emission cycle the atom loses energy
equal the light induced splitting between both levels. The
cooling will be no longer possible when the kinetic energy
is lower than the height of the hill. The kinetic energy
removed from the atom is radiated out. The above mecha-
nism is known in the literature as Sisyphus cooling, and
was presented in [32]. It should be underlined that it needs
a multilevel structure of the ground state and works over
a narrow range of velocities only.

E

0 A4 A2

3/4n  z[A]

Fig. 9. Sisyphus cooling. Periodic dependence of the light-shifted

ground levels’ energy in the field of two counterpropagating

beams of linear, orthogonal polarizations. The correlated changes

of the effective polarization (¢ , 7, 6" ) are shown. The dotted line

denotes the field-free energy (E,). Full arrow denotes absorption
and wavy one fluorescence

ot o case

The interfering beams of orthogonal circular polariza-
tions form a standing wave of polarization which is linear
all along the z axis and its plane rotates periodically at full
21 over the distance of A (the trace resembles the helix or
the screw). Thus, as above, the field has a polarization gra-
dient, but its amplitude stays constant. An interaction of the

moving atom with the light field here is more involved than
in the former case and the mechanism is radically different
[32]. Since the laser intensity is constant and the pola-
rization is linear, all ground levels are shifted in the same
way and they do not vary with z. It follows that while in the
lin L lin case the dipole force is present, here it does not.
Therefore, the Sisyphus effect is not possible. However,
instead of the way it was established in [32], the atomic
motion-induced orientation among the levels of the ground
state is created. (The simplest model for which it can be
demonstrated is the J,=1 (J, = 2) system.) As follows the
counterpropagating o' and o~ beams are absorbed with
different efficiencies, which results in an unbalanced
radiation pressure (similarly as in the Doppler cooling)
when the atom moves. The damping force is established. It
constitutes an important difference between the Sisyphus
mechanism and the o* o~ case. Although it seems to be
similar to the Doppler cooling, the o™ o~ polarization
gradient cooling is different. It uses the unequal distribu-
tion (orientation) of the Zeeman levels while the Doppler
cooling utilizes the Doppler shift of the beam frequency.

Cooling with the polarization gradient (Sisyphus
cooling) is possible only for atoms initially pre-cooled by
the Doppler cooling, atoms have to be sufficiently slow.
The time needed for optical pumping to take effect z = 1/y
should be shorter than the time necessary for the atom to
travel the distance of /4, which determines the characteris-
tic velocity of v = y/k. The faster atoms will not be affected
with the Sisyphus cooling. The other of the discussed
mechanisms has no such restriction. Both of the above
discussed mechanisms can produce the ultra-low tempera-
tures (of the order of few 100 nK ) with a characteristic
limit related to the recoil momentum. It is known as the
recoil temperature

hk?

T;‘ecoil = 2 Mk > (22)
B

e.g., for ®Rb which is of interest here, this temperature
amounts t0 T,...7 = 185 nK. It can be noted that in the real
3D OM the complex effective field polarization pattern
causes that both discussed mechanisms are important.

By selecting the element and/or isotope the importance
of different cooling mechanisms can be studied. In contrary
to alkali metals, the Group II elements (like e.g., Ca, Sr)
have two valence electrons and thus zero electronic angular
momentum (J, = 0) in the ground state. Using even
isotopes (of I = 0 nuclear spin) one can study the Doppler
cooling without the interfering effect of the Sisyphus
cooling mechanism. In various odd isotopes, on the other
hand, / # 0 and the Sisyphus cooling can be studied as
a function of a different number of ground state sublevels.
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Ytterbium of III Group apart from J, = 0 has an advantage
of several isotopes of / = 0, / = 1/2 and I = 5/2, thus
allowing comparison to be performed for a single element
e.g., a comprehensive study was reported in [34]. Other
cooling mechanisms leading to the sub-Doppler cooling are
known just to mention two of them: cooling by Raman reso-
nances [35] or the velocity selective coherent population trap-
ping [36]. Both allow temperatures below the recoil limit.

III. REALIZATION OF THE MOT
II1.1. Introduction

For their simple structure alkali metal atoms are very
popular objects of the study. The ground to the first excited
state transition frequency is the visible or near infrared
range. The light appropriate for all alkalis except the
sodium can be produced using the cost effective diode
lasers. Their handling, operation, frequency stabilization
methods are well elaborated. The trap construction is well
known and not very sophisticated. Therefore, alkali atom
based MOTs are widely used and offer the way to produce
atomic samples with temperatures below 1 mK, at a rela-
tively modest cost. The essential part of the diode laser
system for spectroscopy of cold Rb atoms designed and
built at the IP PAS is a standard six-beam rubidium MOT
in a glass chamber, similar to the one first reported in Ref.
[8]. In the presence of an adequate magnetic field, the
velocity- and position-dependent forces cause both cooling
and confinement of atoms, which become trapped at the
B =0 point.

Below, the experimental setup, the practical realization
of our MOT system is briefly presented. While it can be
applied for both the **Rb and *'Rb isotopes, to simplify the
presentation we will limit to the more abundant *’Rb
isotope. Besides the MOT lasers, other extended cavity
diode lasers (ECDLs) are used for spectral studies. The
system is equipped with digital laser frequency tuning-,
experiment control- and data acquisition- systems. Our
apparatus was earlier described in [22], and some details
are repeated here.

I11.2. Description of the trap

In Fig. 10, the hyperfine structure of the D2 line of
®Rb used in the process is shown, as well as the tran-
sitions, at 780 nm, induced by the two MOT lasers. In order
to achieve cooling & trapping the first (strong) laser is
slightly red-detuned against the 5S;,(F = 3)—5P3;,(F'=4)
cooling transition. This transition is closed, an atom excited
into the F’= 4 level spontaneously returns back to the

starting ' = 3 ground level. However, despite significant
frequency mismatch there is still a non-negligible chance
for an off-resonant excitation of another transition to the
F’= 3 level as well. In that case the decay to =2 and FF'=3
follows. Even if weak after short time, the optical pumping
will transfer all available atoms into the /' = 2 level. The
cooling will become impossible. The repumping laser,
resonant with the 5S,(F= 2)—5P;,(F’= 3) transition
serves to return atoms, which leaked to the 5S,,(F = 2)
state, back to the trapping cycle. The general optical
scheme of the MOT is depicted in Fig. 11.
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\\ 3063MHz
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Fig. 10. The relevant levels of *Rb and transitions involved in
the operation of the MOT. The hyperfine level spacing are given

The MOT chamber (typical size of 80 mm) is made of
quartz glass and equipped with six windows to accept the
laser beams. It is connected to another glass cell containing
three resistively heated Rb dispensers (SAES Getters)
serving as a thermal source of Rb atoms. The chamber is
permanently connected to a high-vacuum system based on
a 20 l/s (magnetically shielded) ion pump and a titanium
sublimation pump. The residual pressure, as determined
from the current of a continuously working ion pump is
less than 10* Torr. Magnetic coils of 80 mm in diameter
and separated by 1.25 radii in an anti-Helmholtz
configuration produce a field of quadrupolar symmetry
(with gradient up to 40 Gs/cm) necessary for confinement
of atoms. Three additional orthogonal pairs of coils
surround the chamber to compensate the stray magnetic
fields in the trap center. Two commercial extended cavity
diode lasers (ECDLs) (type DL100, TuiOptics-Toptica)
(DL1, DL3), and a home-made amplifier (DL2) comprise
the MOT laser system (1 MHz linewidth). Each laser is
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protected with a double 60 dB optical isolator (Gsénger) to
avoid optical back reflections into the laser cavity. The
ECDLs are built in the Littrow configuration with
a diffraction grating placed in front of the laser in such
a way that the 1st order diffracted beam is reflected back
into the laser diode, while the Oth order beam forms the
laser output [37, 38]. The role of the grating is to control,
with the help of fine-adjustment screws and a piezoelectric
transducer (PZT), the frequency of the emitted light and to
narrow its linewidth. The lasers DL1 and DL2 work in
a master-slave injection locking configuration [39] pro-
viding the trapping beam, while DL3 is the repumping
laser. Both trapping (40 mW) and repumping (15 mW)
beams are combined to co-propagate, spatially reshaped
to be nearly circular with anamorphic prism pair, and
expanded with a telescope to the diameter of 17 mm.
Inside the telescope a shutter is placed, which allows for
rapid switching on/off the beam. Subsequently the
polarizing cube beam splitters (PBSs), waveplates and
mirrors are used to divide and steer the beam into three
mutually perpendicular retro-reflected beams, of the same
intensity and proper circular polarizations intersecting in
the center of the chamber. For actual experiments with the
cold atoms other ECDLs of our own construction equip-

ped with adequate control systems are used, these are not
included in the scheme of Fig. 11.

An important issue for trap functioning is the laser
frequency stabilization and tuning. The lasers’ linewidths
are < 1 MHz, and the awaited frequency stability is of the
same range at least in the data taking time. The respective
system consists of two components. The first relies on the
Doppler broadened method with the dichroic atomic vapor
laser lock (DAVLL) scheme [40] applied, and the other on
the Doppler free method with the frequency control unit
based on the saturated absorption spectrometer (Fig. 12).
Since DAVLL relies on the Doppler broadened transition
for experiments with MHz resolution, the use of the second
spectrometer is necessary to calibrate the laser frequency
against *’Rb hyperfine structure line positions. The trapping
laser is actively locked to a respective crossover resonance of
a transition in a saturated absorption spectrometer. Signal of
both spectrometers are generated in their own Rb vapor
filled glass cells and detected with photodiodes. To improve
a control and precise setting of the trapping beam frequency
the setup was equipped with an acousto optical modulator
(AOM). A double pass AOM scheme was used between
DL1 and DL2 lasers giving asub-MHz precision and
40 MHz tuning range (not shown in Fig. 11).
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Fig. 11. Layout of the optical table with our MOT. Schematic beam traces of the trapping and repumping lasers are shown
Essential blocks are marked with a dashed line
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Fig. 12. Scheme of the system for trapping laser
frequency stabilization and control

Two photographs of the optical table are shown. In
Fig. 13(a) in the background at the central position the
main part of the system with the MOT chamber can be
seen. View of the chamber is screened by small coils
(diameter of about 100 mm) producing the inhomogeneous
B field. Some fragments of the big coils for cancellation of
an earth and stray magnetic fields are also visible. In the
foreground an extra (coupling) laser used in our experi-
ments can be seen. In Fig. 13 (b) a general view of the laser
system is shown. The MOT lasers are situated in the lower
table together with the frequency stabilization arrangement.
On the upper table an additional (probing) laser is placed.

In our MOT the steady state number of trapped atoms
(given by the balance between loading and loss rates),
amounts to 10°-10% depending on the trap parameters (laser
intensity, detuning and magnetic field gradient) in a cloud
of a size typically about 1 mm and the temperature of about

100 pK. Some other details about our MOT can be found
in an earlier publication [22].

I11.3. The apparatus for spectral studies

The trapped atoms offer a convenient environment for
a wealth of studies. Various processes have been studied
with our apparatus by probing the cold sample with
additional laser(s). The apparatus is aimed at registering
laser induced spectra. During the data taking the MOT
lasers can be constantly on or alternatively switched off. In
the latter case one can avoid the perturbing influence of the
MOT fields. However, with this approach the timing
requirements are more stringent.

The control of many experimental parameters as well
as the measurement taking demand a lot of care. To allow
the smooth operation a computerized system was built. In
Fig. 14 a diagram is shown of a system, dedicated for control
of the experimental parameters and for data acquisition. The
device (DMS2000) entirely constructed and programmed in
our laboratory is based on the microcontroller (ATmega32)
connected via USB port to a PC. It enables execution of a
programmed sequence of experimental events including
turning on/off the MOT fields, readouts of signals,
advancing laser frequency after the end of the data
acquisition period, efc. Due to application of the micro-
controller, timing sequence can be established precisely,
with ps accuracy, which is usually not available in many
measurement systems based on the Windows platform.

Below two examples of the high resolution pump-
probe measurements performed with our experimental ar-
rangement in cold *’Rb atoms are given.

Fig. 13. Main areas of the setup: (a) In the foreground the coupling laser. In the background the area of the MOT chamber hidden
within small coils. (b) The main part of the laser and frequency control arrangement. Lower table: the trapping and repumping
lasers with accompanying systems. Upper table: the probing laser. The depicted system undergoes frequent modifications



126

K. Kowalski, V. Cao Long, K. Dinh Xuan, M. Gtodz, B. Nguyen Huy, J. Szonert

QD :

(@ UX PGA |__ | ADC
Gain:1-16 24 Bit

(@I :

Range & polarization control

'DAC |__
16 Bit :%“@

Fig. 14. The block diagram of the digital system for data acquisition, digital frequency tuning and the experiment control. MUX

— 4 channel analog multiplexer; PGA — programmable gain amplifier; ADC — 24 bit analog to digital converter; CPU —

ATmega32 microcontroller; DAC — 16 bit digital to analog converter; DI/O — 4 digital input lines and 2 digital output lines; IC
— two wire bus; USB — universal serial bus; LCD — 4 line LCD display

IV. EXAMPLES OF THE SETUP
PERFORMANCE

IV.1. Spectrum of the 5S,,(F = 3) —5P;, (F’ =2, 3, 4)
transition

Figure 15 shows the complex absorption spectrum of
a weak probe (Lpope ~ 1 pW) tuned across the 5S;,(F =3)—>
S5P3,(F’=2, 3, 4) transitions in a working MOT. As can be
seen, the intense ([yap~20 mW/cm?, detuning Jyap =
—16 MHz) cooling field at the 5S;,(F=3)—>5P;,(F’=4)
resonance, modifies significantly the probed transition. The
spectrum is characterized by a highly nonlinear character.

Transmission [%]

Frequency [MHz]

Rys. 15. Transmission of a weak probe beam across the *Rb
atoms’ cloud in a working MOT. Vertical dashed lines mark
frequencies w,, w3, w, of the unperturbed 5S,(F = 3) — 5P3,(F’
= 2, 3, 4) transitions. Arrows denoted with L2+, L3+, L4+ and
L4d point at the spectral features, resulting from trapping field
induced modification of the levels. Trapping laser frequency wr
and its detuning 6 = —16 MHz from the exact resonance (w,) are
also shown. Q’ is for generalized Rabi frequency

It reveals the Autler-Townes doublets (denoted as L2+ and
L3=), the absorption (L4+) and gain (L4-) structures as well
as the dispersionlike feature of subnatural linewidth (L4d).
Note that that the Autler-Townes doublets’ components are
of significantly differing amplitudes which is a result of the
off-resonant excitation of the strongly-driven (trapping)
transition. Further explanation of the observed features is
beyond the scope of this contribution. It can be found e.g.,
in [41, 42].

IV.2 Study of the SP;, — 5D, transition

In Fig. 16 an example of an absorption spectrum in
amultilevel cascade scheme with a dense hyperfine
structure in the uppermost level is shown. In this experi-
ment we sampled the **Rb MOT with a weak probe beam
tuned across the 5P;,(F’= 4) — SDy(F™) (J = 3/2, 5/2)
hyperfine manifolds, while the 5Si,(F=3) — 5P;,(F’=4)
transition was driven by the red-detuned trapping beam.
The transmission spectra of this cascade system were
registered for a number of detunings and intensities of the
trapping field. The spectrum presented shows an example
of absorption to the 5Ds, (F”=3, 4) manifold. The multiple
peaks are due to both its hyper fine structure and the ac-
Stark (equivalentlyAutler-Townes) splitting in the first,
lower step of the cascade 5S;,(F=3) — 5P;,(F°=4) —
S5Dy(F). Features denoted with (*,**) corespond to the
Autler-Townes doubled hyperfine components. The spectra
were simulated as a sum of Lorentzians via iterative fitting
procedure. In this way the line positions and the separations
between the doubled features were obtained. The per-
formed measurements of the Autler-Townes splitting could
be used for direct determination of the Rabi frequency Q of
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Fig. 16. Representative probe transmission spectrum in multilevel

cascade scheme 5S;,(F = 3) — 5P3,(F°= 4) — 5Ds,(F7= 3,4).

The probe is tuned across the 5P;,(F’= 4) — SD;n(F= 3,4)

transition while the strong trapping laser excites the 5S;,(F = 3)

— 5P3;(F” = 4) transition. The trapping field intensity /i, = 22

mW/cm? and detuning 6 = —26 MHz. Features denoted with (*,**)
see text

the strong trapping laser which is an important parameter
of the trap. The results are depicted in Fig. 17, where the
measured splittings are drawn for both hyperfine transitions
(F’=4) — (F"=3) and (F’=4) — (F"=3) separately. Using
the formula for the generalized Rabi frequency, for detun-
ing 4,

Q'=NQ*+6%,

and noting that the measured splitting is approximately
equal to Q" we have calculated the value of Rabi frequency
to be Q=16.4 + 0.5. More results and a detailed discussion
are given in [43].
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Fig. 17. The separation between the peaks of respective spectral

features vs. trap detuning. Data were taken from a series of measu-

rements of the type shown in Fig. 16. For all measurements in the

plot the trapping intensity was kept constant /i, = 22 mW/cm?®. The

corresponding (approximate) Rabi frequency Q = 16.4 = 0.5 was
obtained as a parameter of the fit

V. SUMMARY

A brief overview of the laser cooling techniques was
given with the aim to elucidate the working principles of
the magneto-optical trap. The practical realization of the
rubidium MOT at the IP PAS in Warsaw was briefly
discussed. Some components were presented in more
detail. Two of our experiments performed in a cold ¥Rb
sample were chosen to illustrate the capabilities of the
experimental arrangement.
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