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Abstract

This work describes the characterization of a single focused beam COs dipole trap
for cold Rubidium atoms. This trap is part of a set-up that is designed for studying
the interaction between ultra-cold neutral atoms and one or several atomic ions in a
Paul trap. The purpose of the dipole trap in the experiment is to achieve high atomic
phase-space densities and reach quantum degeneracy through forced evaporation. The
use of all-optical means in order to achieve this goal is resilient against the RF fields
emanating from the ion Paul trap, as would be the case in a magnetic trap. The COq
trap has an extremely low spontaneous photon scattering rate, hence trapping does not
fundamentally introduce heating to the atoms. The extreme detuning allows trapping
of atoms independent of their internal state and the trapping of more than one species,

an important feature in future experiments with ultra-cold ensembles of 88Sr.

In this thesis we describe the work we performed to characterize a Magneto-Optic trap
(MOT) that served as a source of cold Rb atoms, the performance of laser-cooling and
the loading and performance of a COy trap. Among various techniques, we have used
microwave spectroscopy to analyze the atomic ensembles at different stages of the ex-
periment. We found that the life-time of the atoms in the trap was too short to enable
forced evaporation to quantum degeneracy. The trap lifetime was limited by collisions
with background thermal atoms in the chamber due to background pressure. As a result

the system was disassembled for vacuum improvements.
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1 Introduction

The development of laser and other cooling techniques in atomic gases has trig-
gered extensive experimental and theoretical work in the field of interactions
between neutral atoms in the ultra-cold regime [25]. These Van der Waals in-
teractions are short-ranged and scale as V (r) ~ —1/r® @r — oo. The short
potential range as compared with the atomic thermal de Broglie wavelength at
the ultra-cold temperature regime results in collisions that are governed by S-wave
scattering, for which only one parameter, the scattering length, determines all of
the interaction properties. The interactions between two or several trapped and
laser-cooled ions was investigated as well. Here, the interaction is long-ranged
obeying the Coulomb potential law V (r) ~ —1/r @Qr — oco. Due to the longer
range several laser-cooled and trapped ions form a Wigner crystal with well de-
fined equilibrium positions [27]|. Interactions between ions in these crystals were
studied using up to ~ 10° ions|28, 29]. The study of ultra-cold atom-ion interac-
tions is in its infancy. Interactions of ions with neutral atomic clouds had been
studied in the mK regime [30, 31|, and only recently with Bose-Einstein conden-
sates |32, 33]. The interaction potential characterizing atom-ion interactions is a
polarization potential in which the charged ion’s electric field polarizes the neutral
atom. Here the interaction potential scales as V (r) ~ —1/r* @r — oo, resulting
in a longer interaction range. As a result, the s-wave regime, in which only a single
partial wave contributes to a collision requires cooling to the sub K temperature
range. A number of theoretical works analyzing ultra-cold atom-ion collisions
were published [35, 38, 34, 36, 37|. Understanding elastic collisions in this regime
is necessary for achieving and optimizing sympathetic cooling of species which
do not allow direct laser cooling, for example, complex molecules. On the other
hand, inelastic collisions in this regime provide the opportunity to observe quan-
tum mechanical details of chemical processes which are typically averaged out at
higher temperatures [39]. In addition, interesting phenomena such as charge ex-
change collisions [34] and novel atom-ion bound states [40] may be investigated.
An application of using the ion to probe the local density profile of the atomic
cloud may allow for probing with better resolution then the conventional optical
methods.
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This work describes a characterization of the C O, dipole trap which is the part in
the full experiment responsible for the cooling of the neutral atoms to quantum
degeneracy. The use of such an all-optical approach instead of the conventional
magnetic trap was chosen because of its insensitivity to stray RF fields that may
originate from the ion Paul trap in the future experiment. It is also a relatively
simple way of achieving quantum degeneracy. Bose-Einstein condensate formation
in a CO, trap was first realized a decade ago [41] and since then several groups
adopted this method [16, 18]. The use of a C'O, laser to produce the dipole
trap is convenient due to the high intensity of a few tens of Watts achievable, at
relatively low cost the very long wavelength of 10.6um allows a tight focus in the
axial as well as in the radial direction. The tight focusing capability allows the
use of a single beam trap instead of a crossed beam or a standing wave type, a

configuration which is not applicable for example in YAG laser dipole traps.

In addition to the characterization of the dipole trap, the characterization of
the magneto-optical trap (MOT) from which the dipole trap is loaded was also
performed and reported. MOT optimization is a crucial part in optimizing the

loading efficiency and initial temperature of the dipole trap.

Finally experiments in which RF spectroscopy of both the atoms in the MOT and

in the dipole trap was performed, are presented as part of their characterization.

1.1 Thesis Layout

The next section describes the theory necessary to understand the principles of
operation of both the dipole trap and the MOT. In Sec. 3, our experimental setup
is described. Secs. 4 and 5 describe our measurements characterizing the traps

and the performance of RF spectroscopy.

2 Theoretical Background

The following section is a theoretical discussion on the forces which due to inter-
action between a neutral atom and a laser field in the two-level approximation

and it closely follows . The forces are divided to two types - a dissipative force,
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also known as the scattering force which is due to scattering of photons by the
atom and a reactive force, also known as the dipole force, which can be described
as a gradient of a potential, therefore it is of conservative nature. Two limits are
of major importance: the near resonance limit, relevant for describing laser cool-
ing and magneto-optical trapping (MOT) mechanisms and the Quasi-electrostatic
limit, in which the detuning of the trapping laser is of the order of the atomic
resonance, relevant for the description of a CO, dipole trap operation for " Rb

atoms.

2.1 Two-Level Atoms in Laser Light

In the two-level approximation we consider only two levels of the atom |e) and |g)
separated by an energy hwy = E, — E,. The two levels are coupled by laser light
while transition amplitudes to other levels are negligible. Such an approximation
is valid when the laser is farther off-resonance with respect to other allowed tran-
sitions. We also use a semi-classical approach in which the laser field is treated
classically and only the vacuum state is considered quantum mechanically. The

System’s Hamiltonian H, is then given by,
H=Hj s+ Hy + Var, + Vay. (2.1)

Here H, is the atom Hamiltonian, composed of external and internal degrees of

freedom Hamiltonians,
. P2
Hy=HY{' + HY = m—l—ﬁwﬂeﬂd. (2.2)

The vacuum field Hamiltonian Hy is given by,

Hy = Z hw; <aj.aj - %) : (2.3)

J

.i,
J
assume the field is initially in the vacuum state , i.e. (a;a]) = 0 for all j. The

Here aja; is the field’s photon number operator in mode j, of energy hw;. We
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laser field is considered monochromatic with angular frequency wy and given by
E; (r,t) = €(r) Ep (r) cos (wpt + @ (1)) . (2.4)

Here €(r), Ep (r) and @ (r) are the laser field’s polarization, amplitude and phase
respectively. The interaction V,p, generating photo absorption and stimulated
emission, is

Vi, = —d - Ey. (2.5)

Here R is the atom’s center of mass position which is also treated classically and d
is the dipole operator of the atom, d = de, (|e)(g| + |g){e|). We apply the rotating
wave approximation (RWA), i.e. we drop the anti-resonant terms in V7, and end

up with
R (r)
2

The RWA approximation is valid when the detuning § = w; — w4 satisfies § <

Var = [e7 e rt|e) (g| + h.c.] . (2.6)

wa,wr. The Rabi frequency, 2 (r) is given by A2 (r) = —dEy (r) €, - € (r). Finally,

the interaction Hamiltonian between the vacuum field and the atom is given by,
Viy = —-d-E(R), (2.7)
where E (R) is the quantum mechanical electromagnetic field operator

E(r)=i) Eja;ee™™ + he. (2.8)

J

and the quantum mechanical field is considered to be initially in the vacuum
state. Here a; is an annihilation operator of a photon with momentum #hk;,

energy hw; = hck; and polarization €;. Ej; is a normalization constant equal to

[ hw;
E. = J 2.
J 2€0L3 ( 9)

and is considered as the electric field amplitude corresponding to one photon of

the mode j. L is the quantization length. The RWA is also applied to Vay, i.e.
neglecting the terms a;|g)(e| and h.c..
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2.1.1 Heisenberg's Equation of Motion

We are interested in the dynamics of the center of mass of the atom. Heisenberg’s
equation of motion for R and P, the position and momentum operators of the

atom’s center of mass respectively, is

. 1 oH P
=R H =5 = 2.1
R=GRA=5p =0 (2.10)
then the operator for the force acting on the atom is
) . 1
F(R)=P=MR=— [P, H = -VVy (R) - VVi (R) (2.11)

The time dependence of the quantum electric field operator E (R) appearing on
the right hand-side of Eq. 2.11 in VV,y (R), is calculated using the transformation
2], a; (t) = a; (0) e™™3* + a3°* (t) , we can therefore express E (R) as a sum of
two terms, E(R,t) = E"¢ (R, t) + E*"(R,t). The source term, E*" (r,t),
is the electric field due to the atomic dipole moment induced by the vacuum field
at the atomic position R. It can be shown that E**“ ¢ (r,¢) has no gradient at
R, the position of the atomic dipole moment, since it is an even function of r — R
[2]. Then the term —VVyy (R) describes the force due to momentum transfer
from the atom to the vacuum field through photon spontaneous emission into
unoccupied modes of the electromagnetic field, due to the atom’s interaction with
the vacuum field E¥*¢ (R, t). The term —VVyy (R), describes the force due to the
atom-laser interaction in which momentum is transferred from the laser field to
the atom and vice verse by photon absorption and stimulated emission processes

respectively.

2.1.2 Time Scales and the Semi-classical Limit

In order to treat separately the time evolution of the internal and external degrees
of freedom, there must be two very different time scales for each, such that one can
adiabatically eliminate the fast degrees of freedom and average them out. Than
one can treat the internal degrees of freedom phenomenologically. The time scale

of the vacuum field degrees of freedom evolution is of the order 7, = i which is
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~ 107'"sec in our case [3]. This time scale is much shorter than any time scale of
the system, therefore one can regard the vacuum field as a reservoir and its effect
is described as a relaxation process. The atom’s internal degrees of freedom are
characterized by the radiative time T},, = 1/I" which is the life time of an atom in
the excited state |e) where I is the atom’s line-width. The lifetime is finite due to
spontaneous emission induced by the vacuum field. In our case Tj,,; ~ 26 x 10™sec
, then I' ~ 27 x 6M Hz. The time scale associated with the external degrees of
freedom is given by T,,; = h/Er where Er = h*k% /2M is the recoil energy. T,
is the damping time of the atomic momentum. For most atomic transitions as in

our case hl' > Er which implies that
Te:ct > Ent (212)

In our system Eg/h ~ 27 x 3.8 K Hz so the condition 2.12 applies.

When treating the equations of motion semi-classically we regard the atom as
well localized within the laser radiation field around ro = (R) and po = (P). The
atom can be considered well localized when the spread in position is much smaller
that the laser wavelength,

AR < \p (2.13)

and the spread of the Doppler shift is negligible compared to I', which implies

that
ki AP

M
Condition 2.13 is kept throughout the experiment due to photon scattering by the

/{ZL(5U =

<T (2.14)

atom (see [4]). Equation 2.14 and 2.14 together with the Heisenberg inequality
AR - AP > h result in the compatibility condition
hk?

— T 2.15
< (215)

which is equivalent to EFr < A" or T,,; > T;,;. We find that the existence of two

different time scales is necessary for the semi-classical picture to be valid.
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2.1.3 The Mean Force

As mentioned in the previous section, we consider our system to be well described
by the semi-classical limit. Then the external degrees of freedom of the atom R (¢)
and P (t) are replaced by the the numbers r (¢) and p (¢) respectively. Then the
force operator in Eq. 2.11 acts only on the atom’s internal degrees of freedom and
the vacuum field degrees of freedom. We are interested in the mean force acting

on the atom
F(r,t) = (F(r,t)) = — (VVyr (r,1)) (2.16)

The second term on the right hand side of Eq. 2.11 vanishes because there is
no momentum transfer between the atom and the vacuum field due to the in-
version symmetry of the spontaneous emission process. Under the semi-classical

approximation, Eq. 2.6 becomes
h —twrt —i®(r)
—VVy (r,t) = —§\€>(gle L'V [Q (r)e ] + h.c. (2.17)

The gradient of Eq.2.17 can be written as

VQ(r)
Q(r)

The mean value of |e)(g| is 0,4 (t) where o is the internal atomic density operator.

VI[Q(r)e 0] = (r) e 0 { —iVd (r)} (2.18)

Then the mean force assumes the form

= — r(u Ve (r> v r
F o) = =h2(x) [u(6) 5+ 0 (1) Ve )
with
u(t) = Reoy, (t) e wrtHew) (2.19a)
v (t) = Im oy, (t) e 1wrtt o) (2.19b)

We are left with evaluating 0. The equation of motion for o is

) 1
6= [H, o] (2.20)



2 Theoretical Background 11

Where H is the full Hamiltonian as described in Eq. 2.1. ¢ commutes with the
atom’s external degrees of freedom Hamiltonian H§*" and with Hy . Since we treat
the vacuum as a reservoir, we replace V4 by a phenomenological damping term.

Then Eq. 2.20 for the matrix element o,, becomes

Obg — E,<b| [HAt + VAL,U} ‘CZ> + (%Uba) . (221)

Where (%aba)sp is the damping term and it describes the decay of the excited state

to the ground state and the decay of the optical coherence of o, (%aee)sp = —T'oe,
(%agg)sp =40, (Loey) - —Lo., and (%oge)sp = L0ge, where I is the decay

rate of the excited state. Since o, + 044 = 1, the four equations described in Eq.

2.21 reduce to three. Defining the population inversion variable as

1
w=g (Oee — 049) (2.22)

and according to Eq. 2.21 and the definition Eq. 2.19a and 2.19b of u (¢) and
v (t) we result with the Optical Bloch Equations (OBE)

i -5 s+ 0 u 0
_ _(5+dﬁ o) v [+ o (2:23)
W 0 Q -T w —

Notice that & = % Vo = % - B where % is the atom’s velocity. For an atom

at rest, ® = 0 and the OBE become a set of coupled linear differential equations

with time independent coefficients. Therefore it has a steady state solution, which

is given by 5
S
& = — 2.24
st OQs+1 ( a)
I' s
& = — 2.24b
Ut T o0 s +1 (2.24b)
W = —; (2.24c)
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where

Lo
TE ()

is the saturation parameter. The steady state force is then

(2.25)

s VQ(r r
F (r,t) = —hQ (1) P 0 02 ((r)) + EV@ (r)| = Faipole + Fscatt (2.26)

As mentioned earlier, it is composed of a sum of two forces, the dipole force and

the scattering force.

2.2 The Scattering Force

According to Eq. 2.26, the scattering force is

s T r 02/2
scatt = —h —Vo(r) =—-h=-VP 2.27
F scat sr127e0) VW )+ (22 (2.27)
For a plane wave laser field,® = —kj, - r, then the scattering force is
r 02%/2
fscatt = hkL_ : / (228)

2 624 (I'%/4) + (22/2)

Defining the zero-detuning saturation parameter, sq and the saturation intensity,

S0 =2 (%)2 _ 1 (2.29)

I, as

one finds that

0?/2 B So
P (22 11s 1)
and then
Froan = By o 0 (2.30)

2 1+ So + 4 (%)2
This force is often called radiation pressure. Each photon from the laser carries a

momentum hk;, therefore from Eq. 2.28 it is evident that the photon scattering
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rate by the atom is
dN

t

S0
L+so+4 ()

ro |

(2.31)

In the limit of infinite laser intensity (2> — o0), the scattering rate reaches a

maximum value (‘%)mux = g ,

hkLg. This type of force is used for cooling due its non conservative nature.

and the maximal force is accordingly FIl%% =

In case of a moving atom with velocity v in a plane wave with direction k, in the
atom’s rest frame the laser frequency is Doppler shifted while the Rabi frequency is
still time independent. Therefore there is a steady state solution of Eqgs. 2.23 and
it is obtained by shifting the detuning by the Doppler shift in Eq. 2.28:6 — é—k-v.

Then the force becomes

T S0
Fooart = Bk — - 2.32
L R ey = (2.32)
Note that the maximal force is obtained for 6 = k-v.
2.3 The Dipole Force
According to Eq. 2.26, the dipole force is given by
s VQ(r VQ(r 0% (r) /2
]:dipole =—h 64 - — ( ) 5 D) ( )/ 5 (233)
s+1 Q(r) Q(r) 02+ (I'?2/4)+ (Q%(r) /2)
This force is conservative, since it can be written as
«Fdipole =-VU (I‘)
where - Q2 (1) /2
r
Ur)=—hn(l+—=—-"— 2.34
0= (14 5 ) 230

In the derivation of Eqs. 2.33 and 2.34, we used the RWA, assuming § < wy.
This is the case, for example, for the force exerted on the atom by lasers used for
cooling which are not too far red-detuned. For a C'O, trap of 8" Rb atoms this

assumption is not true. In that case wy ~ 2.5 x 10'° and we,, ~ 2.3 x 10'3 then
§ ~ 2.4 x 10" ~ wy. Therefore the RWA is not applicable here.
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2.3.1 The Far Detuned Limit

We consider the far-detuned case in which 6 < wy, and § > I'. The treat-
ment in this section follows that in [5]. First we’ll describe the classical os-
cillator model. When the atom is placed into the laser light, the electric field
E (r,t) = 8F (r) e ™! 4 c.c. (which oscillates at a frequency wy) induces an atomic
dipole moment p = &p (r) e ™! + c.c. that oscillates at the driving field frequency.

The interaction potential of the induced dipole moment in the driving field is
1
Ul(r) = -5 (pE) = —5—Re(a(w)) I (r) (2.35)

where « is the complex polarizability of the atom, defined through p = oF and
it depends on the driving frequency wy. The field intensity at the location r is
I (r) = 2¢pc|E|%. The force is the gradient of this potential

1
Faipote = —VU (r) = fgcRe () VI (r). (2.36)

The power absorbed by the dipole from the field (and then re-emitted as dipole

radiation) is given by

Py = (PE) = 2wIm <;5E*> = “Im() I
€pC

This absorption rate can be considered quantum mechanically as due to photon

absorption and a subsequent spontaneous emission at the scattering rate

=—Im(«a)l(r) (2.37)

The polarizability is calculated according to the Lorentz model in which the atom’s
electron which forms the dipole moment is treated as a classical oscillator. By

integrating the equation of motion # + I',# + w%x = —eFE (t) /m. one finds that

e? 1

me w? — w? —iwl,

o =
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where 2.
r,=———— 2.38
6megmec? ( )
is the classical damping rate due to radiative energy loss. Defining I' = I'y,, =

(wa/w)’ T, one obtains

L/wi
w4 —w? —i(w3/wi) T

a = 6meyc? (2.39)
In a semi-classical approach one may calculate the polarizability by considering a
two-level quantum mechanical atom interacting with a classical radiation field. In
this approximation , when saturation effects can be neglected, this semi-classical
approach yields exactly the same result as Eq. 2.39 for the polarizability with
only one modification. The damping rate I' is determined by the dipole matrix

element between the ground and the excited state

2

= —— 2.40

We should note here that Eq. 2.39, is valid only when saturation effects are
negligible. However, for the laser intensities and detuning of a C'Oy dipole trap,
the saturation is very low. From the above results (Eq. 2.37, Eq. 2.39) one finds

that in the large detunings and negligible saturation

U(r) = 3“2< S )](r) (2.41)

2w \wa—w  watw

3rc [ w)’ r r \?
T, (r)=21¢ (X I 9.49
(r) 2hw? (wA) (wA—w +w,4+w) (r) ( )

where we assumed that 6 > I'. Typically, the condition § < w4 also holds. Then
the counter rotating term in Eqs. 2.41 and 2.42 is neglected in the RWA. In this

case, the expressions for the dipole potential and the scattering rate reduces to

_ 3ncT

Utr) = )

I(r) (2.43)



2 Theoretical Background 16

)= gy (g) 1) (2.44)
and then r
Al (r) = gU (r) (2.45)

It is evident that the scattering rate can be reduced while maintaining the trap
depth by increasing the intensity and increasing the detuning |J|, since the dipole

potential scales as /4, and the scattering rate scales as I/§°.

2.3.2 The Quasi-electrostatic Limit (QUEST)

A QUEST is a dipole trap considered in the quasi-electrostatic limit, in which the
laser frequency is far below any atomic dipole resonance. In the case of a C'O,
trap of Rb atoms, the condition § < wy does not hold, and Eqs. 2.43, 2.45 and
2.44 are no longer valid. In this regime the field is treated as quasi-static and the
trapping potential of the trap is the first order DC Stark shift of the the ground
state due to all of the dipole-allowed excited states. This kind of dipole trap was
first suggested and implemented by Takekoshi et. al. |7, 6]. The treatment in this
section follows that in [5]. In this limit the dipole potential is simply
I(r)
U = —Qlstqt —— 2.46
(r) Ustat Deqc ( )
where a5 denotes the static polarizability (w = 0). For the ground state of Rb,
Eq. 2.41 is well approximated by setting w — 0 to receive
3nc? T

1) (2.47)

Ur)=-—

Using Eqgs. 2.41 and 2.42, and the quasi-electrostatic limit one reaches the follow-

ing relation between the scattering rate and the trapping potential

Kl (r) = 2 (i)g Lo (2.48)

wa/) wa

This result produces a scattering rate of less than 2 x 1073 H z for a CO, trap of

87 Rb atoms. Therefore the photon scattering rate can be safely neglected and the
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Fig. 1: A CAD drawing of the complete atom-ion experiment. The main chamber
was used to trap atoms in a MOT and then load them to a focused C'O,
laser beam which formed the dipole trap. (a) YAG standing wave escalator
port. Another port will be under the ion chamber marked by - h. (b)
vacuum ion pump for ultra-high vacuum in the upper MOT and dipole
trap chamber. (¢) MOT magnetic quadrupole field coils. (d) MOT beams.
(e) MOT beam expanders. (f) gate valve for separation between the upper
and lower chamber. (g) C'O, laser beam port and adjustable intra-vacuum
lens holder. (h) Ion Paul-trap vacuum chamber that will be attached to
the upper chamber in the future.

potential is truly a conservative since virtually no radiation is lost to the vacuum

(the reservoir).

3 Experimental Setup

The system consists of an ultra-high vacuum chamber in which neutral atoms
are initially cooled to below 1m K and then loaded into a focused beam of a C'O,
laser. The focus of this beam is adjusted to overlap with the center of the MOT for
optimized loading of the dipole trap. In the future, the setup is planned to consists
of another vacuum chamber below the chamber for the neutral atoms, for cooling,

trapping and manipulating of one or several ions in a Paul trap as shown in Fig.
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Fig. 2: A photograph of the vacuum chamber. (a) a port for the YAG standing
wave escalator. (b) one of the retro reflecting mirror-A/4 doublet. (c)
magnetic field compensation coils (d) CCD camera for imaging of the MOT
and dipole trap. (e) COy beam exit port. (f) absorption beam aimed at
the CCD camera through the center of the chamber. (g) magnetic field
coils of the MOT

1. The trapped and cooled neutral atoms in the dipole trap will be transferred
to the lower chamber, where ions will be trapped, via an optical standing wave
“escalator” generated by two vertical YAG laser counter-propagating beams with
a controlled phase difference between them. Outside of the vacuum chamber, is
pair of coils arranged in an anti-Helmholtz configuration to produce the necessary
magnetic quadrupole field for MOT operation. In addition to these coils three
more pairs of coils arranged in a Helmholtz configuration are used to compensate
for stray magnetic fields in the MOT center. The procedure of canceling the stray
field is described in Sec. 4.2.2.

3.1 Vacuum System

Our vacuum chamber is Kimball Physics 6” Octagon Chamber. Inside are the
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Fig. 3: A closeup of the vacuum chamber interior as seen through the main viewing
ports. The focus of the C'O; beam in which the dipole trap is formed is
approximately in the middle between the two lenses held by the lens holder
- (b). (a) and (e) wires to the Rb dispensers. (b) ZnSe intra-vacuum lens
holder. (c¢) Sr dispensers. (d) nonevaporable getter pump.

atom dispensers for both Rb' and of Sr?, as can be seen in Fig. 3. Fused silica
windows are installed on each of the chamber ports through which the lasers for
trapping and imaging enter and exit the chamber. Imaging is performed through
the large 6” window due to the large numerical aperture required. The ultra high
vacuum in the chamber is achieved using a 20l/sec ion pump?® (see Fig. 1) and

nonevaporable getter (NEG) pumps installed inside the chamber (see Fig. 3).

L Alvasource
2 home made
3 Varian Vaclon 20 Plus StarCell
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3.2 Magnetic Coils

The main pair of magnetic coils is arranged in an anti-Helmholtz configuration to
produce a quadrupole magnetic field for the MOT. They are installed outside of
the vacuum chamber as depicted in Fig. 1. With current of 44 we calculated a
field gradient of 10G /cm at the trap center.

In addition to the MOT coils, three pairs of compensation coils were added to
the system, each arranged in approximately a Helmholtz configuration with three
orthogonal axes. Their purpose is to compensate for stray magnetic fields in the
center of the vacuum chamber. The magnitude of the stray field was measured
to be ~ 0.3G and compensation was done with currents ranging between 30mA
to 300mA in the compensation coils. Both the compensation coils and the MOT

coils are shown in Fig. 2.

3.3 MOT Laser System

The MOT was composed of three beams, each retro-reflected using a mirror and
a A/4 plate attached to it, in order to obtain the counter propagating beam
with an opposite circular polarization necessary for the MOT operation. The
beams were generated using a tapered amplifier* with output power of ~ 1W at
a wavelength 780 nm. The tapered-amplifier light went through an acousto-optic
modulator in a double-pass configuration [21], then it was coupled to three PM
single mode fibers, each transported light to one of the retro-reflected beams. The
acousto-optic double-pass served as a fast beam shutter and as a controller over
the cooling light power and frequency. Each fiber’s output power was measured to
be ~ 35mW . The beams are expanded from the output coupler of the fibers using
specially designed beam expanders which output a 20mm MOT beam diameter.
A picture of the beam expander is shown in Fig. 5. The beam intensity was thus
typically ~ 11mW/em? = 6.6, [3]. The detuning during the MOT build-up
phase was —20M H z

4 model EYP-TPA-0780-01000-3006-CMT03-0000
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PCC PCX

Fig. 4: Schematic drawing of the double-pass system. M: mirror. PBS: polarizing
beam splitter. PCX: plano-convex lens. PCC: planoconcave lens. AOM:
acousto-optic modulator. QWP: quarter-wave plate. BB: beam block.
HWP: half wave plate. FC: fiber coupler. PM: polarization maintaining
fiber. The circles that are attached to some of the optics represent angular
adjustment knobs. The arrows above two of the lenses indicate that they
are held in lens-focusing mounts. Figure was taken from [21]

3.3.1 Frequency Control

The tapered amplifier amplifies light from a DFB laser diode® which is offset locked
to a stable reference laser. Using a frequency counter, implemented using a Field
Programmable Gate Array (FPGA)® and a digital frequency divider, implemented
using a commercial Phase-Lock Loop (PLL) evaluation board”. Using this offset
locking the lock off-set between the lasers and therefore also the cooling beams

frequency could be scanned in a range of 0 — 150M Hz. The reference laser as

® model Eagleyard Photonics EYP-DFB-0780-00080-1500-TOC03-0002
6 NI 7852R
7 Analog Devices EVAL-ADF4113



3 Experimental Setup 22

Fig. 5: Specially designed MOT beam expander. Consists of a PBS inside the
cube in the middle followed by a A/4 plate which produces the circular
polarization and two lenses for expanding the beam to ~ 20mm.

well as the repump laser are locked to absorption lines in a Rb vapor cell using
saturation absorption spectroscopy as illustrated in Fig. 6. A reference laser was
locked to the crossover peak between the FF =2 — F' =3 andthe FF =2 — F' =

which is 133.25M H z red of the F' = 2 — F’ = 3 (the cooling transition) [3]. A
part of the reference beam is diverted to an AOM which shifts the frequency
133.25M H z to the red and into resonance with the F' = 2 — [’ = 2 transition,
to obtain a depumper beam for optical pumping of atoms from the F = 2 to the
F =1 dark state. The repump laser is locked to a second saturation absorption
setup and is locked to the crossover peak 114M Hz below the FF =1 — F' = 2
transition. It is brought to resonance by an AOM shifting the beam frequency to
the blue by 114M Hz. The DFB lasers’ frequency is sensitive to both temperature
and current. In order to control their temperature each of the three DFB lasers is
thermally coupled to an Aluminum block attached to the table and used as a heat
sink. The temperature is controlled using a thermo-electric cooler (TEC) which
transfers heat from the DFB diode to the heat sink. Both the current and the
temperature are controlled by a designated controller for each DFB laser. The
typical temperature set point for the DFB lasers is around 9°C' therefore the lasers
are encapsulated in a PVC box in nitrogen atmosphere in order to prevent water

condensation on the diode.
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Fig. 6: An image of the saturation absorption spectroscopy setup of the reference
and repump lasers. The red arrows represent the beam path for the refer-
ence laser (a). The green arrows represent the beam path of an identical
configuration for the repump laser (b). (c) the repump fiber. It goes di-
rectly to the atoms. (d) “depumper” fiber directly to the atoms. (e) fiber
to offset locking system

The locking was programmed to the NI FPGA card using NI Labview interface.
We used a Matlab code which linked Matlab with the Labview interface, based on
an implementation made by our group colleagues in the trapped ions lab. Thus
we could control the detuning and power of the MOT beams (as well as other

experimental parameters) using Matlab scripts in a most simple manner.

3.4 (O, Laser System

The dipole trap is made of a single beam generated by an industrial 80W CO,
laser®, focused in the center of the vacuum chamber and overlapping the MOT.
The beam line is illustrated in Fig. 8 We used the maximal output power of the
laser throughout the experiment to avoid temperature fluctuations which induce

power instability. The beam power entering the vacuum chamber is controlled

8 model: Coherent C55L
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Fig. 7: An image of the offset locking system. The AOM in the middle is part of
the double-pass configuration. (a) fibers for the cooling beams. (b) photo-
diode measuring the beat-note between the master (reference) laser and the
slave. (c) fiber to the double-pass configuration of the absorption beam.
(d) fiber from the master (reference) laser. (e) the slave laser providing
the input for the tapered amplifier. (f) the tapered amplifier (g) optical
isolators.

by a water cooled acousto-optic modulator? (AOM) which provides both as an
analog controller and as a fast switch (rise/fall time is ~ 0.5usec). This beam is
the 1th diffraction order of the AOM’s output and its power is determined by the
RF power operating the AOM. The beam is focused by a 31.8mm @ X\ = 10.6um
aspherical lens inside the vacuum chamber. Its position relative to the chamber’s
center is adjustable using a specially designed lens holder. Another lens opposite
to the focusing lens is used to collimate the beam back and make sure the beam
power is getting out of the chamber through the exit port of the chamber. The
output beam power is measured. The waist of the trap is determined by the

width of the beam w.,s on the aspherical lens according to the approximation
Af

TWiens

lens and f is the lens’ focus. The width of the beam on the aspherical lens is

Wy ~ which is valid for zg > f where 2z is the Rayleigh range before the

9 Gooch and Housego 37027-5
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Fig. 8: A diagram of the beam line of the C'O, laser producing the dipole trap.
The acousto-optic modulator (AOM) is used as an analog power controller
and a fast shutter. The IR detector is a fast photo diode suitable for the
C' Oy laser wavelength as part of a future closed loop for control over the
beam power. The HeNe laser proved to be a very helpful tool for beam
alignment due to its beam visibility. The Galilean telescope was used to
adjust the beam width onZnSe port and thus control the waist of the
dipole trap. The power of the beam was measured after the exit port of
the vacuum chamber. All of the lenses are ZnSe and are AR coated.

controlled by a Galilean telescope more than 1m away from the chamber entrance
port.

3.5 Imaging

3.5.1 Fluorescence Imaging

Some of our measurements were performed by collecting scattered photons from

the atoms in the MOT and imaging these photons on a CCD camera. The imaging
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occurs while the MOT beams are turned on and the atoms scatter light in all

directions at a given rate by Eq. 2.31

r So

Ny = Norz
ph t21+80+4(%)2

texp

where t.,, is the exposure time of the CCD, N, is the number of atoms in the
MOT. The number of photons detected by the CCD is N, = nN,,d2 where df? is
the solid angle that our imaging optics covers and 7 is the CCD quantum efficiency.

The atom number is then

N, 21+so+4(8)

Ny = =
! LeapndQ2 T S0

A similar result is obtained by imaging onto a photo-multiplier tube (PMT),

B 1pPMT 21+So+4(%)2
* MendQT S0

(3.1)

where ipyr is the current signal from the PMT, M is the multiplication factor
of the PMT (the number of electrons out of the cathode per electron out of the
anode) and 7 is the quantum efficiency of the PMT.

3.5.2 Absorption Imaging

Most of the measurements on the trapped atoms both in the MOT as well as
in the dipole trap were done by absorption imaging. The absorption beam is
resonant with the F' = 2 — F’ = 3 transition. It is derived from the amplified
light in the offset locking system (see Fig. 7) after which it passes through an
acousto-optic in a double-pass configuration as shown in Fig 4. The double pass
system allows to scan the beam frequency without changing the beam deflection
angle thus not destroying the coupling to the sigle-mode fiber at the output of
the double-pass [21]. The atoms are imaged to a CCD double shutter camera 1°.

When the absorption beam intensity is small such that saturation effects can be

10 PCO Pixelfly QE
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neglected, the intensity passing through the atomic cloud follows Beer’s law [22]

dl

— = —nool 3.2

dz 0 (32)

where n is the cloud density and o is the photon scattering cross section. The

intensity profile is then given by
I(z,y)=e""

where 7 is the integrated, or column, density. When considering background stray

light the image profile is
S (@,y) = So (z,y) e + Spy (2, y) -

Here Sy, (z,y) is the contribution of the background to the image and is not
associated with the absorption beam. In order to find out the column density and
thus the number of atoms, two more images must be taken. One is an image of
the absorption with the atoms in a dark state - Sy (x,y) and another one imaging
only the background with the absorption beam shut-off - Sy, (,y). From the

three images one may obtain the transmission profile

S (x,y) — Sbg (:U,y)

T:
SO (:r;,y) - Sbg (Q?, y)

(3.3)

From this result the column density is obtained by n = —In (T) /oo. The atom

N= —% Y o (T) (3.4)

where A is the pixel size divided by the image magnification.

number is then given by

3.6 RF Spectroscopy

We used an antenna, impedance matched to the fused silica port of the vacuum
chamber to produce an RF oscillating magnetic field inside the vacuum chamber

at a frequency of frr = 6.8GHz, the hyperfine splitting of the ground state of
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87TRb. The oscillating field introduces coupling between the mpg-sublevels of the
ground state hyperfine manifold. The frequency was generated by an Anritsu
signal generator supplying the desired frequency with a resolution of 1Hz. Ac-
curacy and stability of the Anritsu where derived from locking of its time base
to a commercial Rb atomic clock (SRS). The signal generator output was further
amplified by an RF amplifier n order to supply the necessary power for efficient

coupling.

4 The MOT

The magneto-optical trap (MOT), is the trap from which the atoms are loaded to
the C'O, dipole trap. This kind of trap was first introduced in 1987 as described in
[8]. It is necessary since the typical dipole trap depths are in the order of ~ 1mK,
therefore most room temperature atoms will not be trapped in such a dipole trap
and cooling the atoms to below this temperature is necessary. In addition, in
order to achieve large atom ensembles the density of the atoms in the volume
overlapping the dipole trap should be as large as possible. The MOT provides
both the trapping (and hence large densities) and cooling mechanisms to achieve

this goal. For 8" Rb, MOT operation relies on affordable standard diode lasers.

4.1 Operation Principles

The MOT consists of six beams that are red detuned from the atomic resonance.
The beams are divided to three counter propagating pairs with opposite circular
polarizations (each beam has right circular polarization looking towards it’s k-
vector). The propagation direction of each pair is orthogonal to that of the other
two pairs to form trapping and cooling in three dimensions. It is instructive to
describe a 1D MOT in order to explain the basic operation principles. In this
scheme two counter propagating beams of opposite circular polarization drive a
J =0 — J' =1 transition with a slight detuning from resonance to the red. In
addition, two coils with counter rotating currents, produce a quadrupole magnetic

field with its node overlapping the intersection of the beams. The magnetic field
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Fig. 9: A representative fluorescence image of the MOT. The CCD camera images
the photons (wavelength of 780nm) scattered by the atoms in the presence
of the MOT beams.

induces a Zeeman shift of the sublevels of the J' = 1 level, m; = —1,0,1. This
shift causes an atom that is displaced from the trap center to scatter light more
frequently from the beam directed back to the center, giving rise to a net radiative
force towards the magnetic field null. In the limit of low laser intensity (I < I54),
the force acting on the atom is the sum of the individual forces from the two beams
according to Eq. 2.32 and accounting for the Zeeman shift £52 in the detuning

for the o beams respectively,

S0 S0

I
F(z,v) = hk—= 5 T 2
14 s0+4 (5—(kzr;+5z)) 1+ 59 +4 <6+(k§+ﬁz)>

(4.1)

In the limit of small velocities (|k - v| < I'), the force can be approximated by

450 (26T (kv + B2)
(1+ 50 + (26/T)%)°

F (z,v) = hk (4.2)
This force is modeled by a damped harmonic oscillator. Typically the trap fre-
quencies are a few K Hz while the damping rates are a few hundreds of K Hz,

therefore the oscillations are over-damped.
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Fig. 10: A diagram of the MOT quadrupole magnetic field produced by two coils in
an anti Helmholtz configuration and the two counter propagating beams
with opposite circular polarizations cand o~

The 1D scheme can be extended to three dimension by adding two more pairs of
beams. For multilevel atoms the situation is more complex but the basic principles
of operation are the same. The D, transition of 8" Rb relevant to the MOT oper-
ation is presented in Fig 12. The lasers drive the 525y 5, F =2 — 5*Py, F' =3
transition. Atoms scattering from the o beam, mainly induce a mp = 2 —
mp = 3 transition [3]. This transition forms a closed cycle since the F’ = 3 level
decays only to the F' = 2 level. However some population leaks to the F' = 1
ground state through off-resonance excitation of the F’' = 2 state which decays
both to the F' =1 and to the F' = 2 states. An atom in the F' = 1 state becomes
dark and is no longer cooled nor trapped because of the large level separation
of ~ 6.8GHz between the ' = land the F' = 2 levels which takes the atoms
far off resonance. Therefore an optical pumping laser (the repump laser) driving
the FF' =1 — F’ = 2 transition is needed, otherwise the atoms will be optically
pumped to the dark state.

In order to achieve large numbers of trapped atoms in the MOT, one has to

make the MOT beams as wide as possible while maintaining the intensity few
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Energy

Fig. 11: The level structure of an atom in the 1D MOT scheme. The magnetic
field inducing the Zeeman shift is linear in position and is null in the trap
center. The mp = —1 state is Zeeman shifted towards resonance with
the beam of o~ polarization which transfers momentum left towards the
trap center. The mp = +1 is shifted towards resonance with the o+beam
which transfers momentum right towards the trap center.

times larger than the saturation intensity. The dependence of the MOT size and

density on the MOT parameters is described in [10].

As said above, for the loading of a dipole trap, one would like to have the
highest density achievable of atoms with a temperature below 1mK. However,
the density in a MOT is limited since reabsorption of scattered photons from
neighboring atoms and inelastic collisions have a significant effect in densities of
~ 10" atoms/cm?® which limits the atom density [11]. This problem can be some-
what compensated for by changing the parameters of the MOT after its loading
to achieve temporarily atom density increase up to 102atoms/cm? at the MOT
center [12]. We investigated the number of atoms loaded to the CO, dipole trap

as a function of these parameters and witnessed a strong dependence on some of
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5211’3/2 — 16 I( 266.65MHz
=2 -
cooling
780.2nm
384.2THz
repump
52.5'1/2 — - 6.83GHz

Fig. 12: The level structure of 3" Rb relevant for the operation of the MOT. The
solid arrows represent the repump and cooling lasers and the wavy arrows
represent spontaneous emission processes. The repump transfers the pop-
ulation leaking from the cycling transition F' = 2 — F’ = 3 back to the
F =1 level.

them. More on that in Sec. 5.

4.2 MOT Characterization
4.2.1 MOT Dynamics

The dynamics of a typical MOT can modeled by a simple rate equation model
governed by the equation [13]

N=R-TN. (4.3)
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Fig. 13: MOT build up. 7pyitgup = 2.6 £ 0.3sec

Here R is the loading rate and I' = % is the loss rate from the MOT. Taking into
account two-body collisions of an atom with the MOT and a thermal atom in the

chamber only. Assuming N (0) = 0, the solution to this equation is
N(t) =N, (1—¢e) (4.4)

where N, = % is the steady state solution to Eq. 4.3. The number of atoms
in our MOT as a function of the loading time is shown in 13 A typical atom
number in our MOT was 107 atoms after 2.5sec of loading. We were able to
increase the number of atoms by a factor of 5, by illuminating the chamber with
UV light using a set of LEDs attached to the chamber. However the loading time
has not changed. The loading rate is proportional to the 37 Rb partial pressure in
the chamber R = kPpg, while the loss rate I' is proportional to the total pressure
in the chamber I' = o (Pgy + Pjuni) Where Pj,,; is the pressure produced by all
particles except 8 Rb with velocity small enough to be captured. Then the steady
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Rabi Oscilations in the MOT
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Fig. 14: Rabi oscillations of atoms in the MOT. Atoms initially are optically
pumped to the F' =1 state. m-time is 7, =~ 90usec.

state solution can be written as [14]

Pry,

N,=Rr="_ P (4.5)
e

junc

The partial pressure of the Rb atoms could be controlled by controlling the current
flowing through the Rb getters. Therefore if the pressure is dominated by junk the
steady state atom number is linear with the Rb pressure and the build-up time
7 does not change. Otherwise if the pressure is dominated by Rb the loss rate I
changes linearly with the Rb pressure and the steady state atom number tends to
a constant depending on other MOT parameters. We have not seen a dependence
of the build-up time on the Rb pressure when we increased the current through
the Rb getters, therefore we concluded that the pressure is not Rb dominated. In
addition, comparing our MOT size of ~ 10" to MOT sizes in other groups with a
similar setup [18, 16| of 10 atoms, our MOT is very small.
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F=2 Population vs. Detuning
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Fig. 15: The F' = 2 population after a 85usec w-pulse corresponding to the clock
transition @6.8GHz (Af = 0) as a function of the detuning. Initially the
atoms were in the F' = 1 state after optical pumping with the “depumper”
beam (resonant with the F' =2 — F’ = 2 transition). The detuning was
scanned in order to measure the magnetic field in the MOT position. a
magnetic field of By = 0.2 £ 0.02G was measured.

4.2.2 RF Spectroscopy

The purpose of the RF spectroscopy of the MOT was to exactly measure the
magnetic field, in order to eliminate it using the compensation coils, for better
MOT performance. A Rabi frequency of €2 > 27 x 25k H z with an input power of
1 — 2W was observed. Fig. 15 shows the F' = 2 population after a m-pulse versus
the detuning from the clock transition @6.8G Hz. The magnetic field is determined
by the frequency difference between adjacent peaks. The clock transition |F =
I, mp = 0) = |F = 2, mp = 0) is responsible for the central peak. The next
peaks are the mp = 0 — mp = =£1 transitions and mp = £1 — mp = 0
displaced £0.7TM Hz/G from the clock transition. Next peaks further are the
mp = £1 — mjp = £1 , £1.4MHz/G from the clock transition. Finally the
furthest peaks are the mp = £1 — m/, = 2 transitions which are £2. 1M Hz/G
away from the clock transition. The measurement in Fig. 15 yields a magnetic
field of Btrqy = 0.2£0.02G (averaged over the atomic cloud physical extent). An
attempt to eliminate the magnetic field is shown in Fig. 17, where the current

on one of the compensation coils (compensating in some direction) was scanned
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Fig. 16: Optical pumping time measurement of the atoms in the MOT. 7, = 2.1+
0.2usec from fit.

while the two other coils remained with a constant current. We started each
measurement with an initial population of 0.9 either in the F' = 1 or F' = 2 state.
This is done by optical pumping of the atoms with a beam resonant with either
the FF = 2 — F’ = 2 transition for initial population in the F' = 1 state or the
F =1 — F’' = 2 transition for initially populating the F' = 2 state.

5 The CO, Dipole Trap

5.1 Gaussian Beam Dipole Trap

The C'O4 laser beam has a Gaussian profile and the trap is obtained at the waist of
the beam inside the vacuum chamber.The beam is focuesed using an intra-vacuum

aspherical positive lens. The intensity profile of a Gaussian beam is given by

2P —92 Jaw2 (2
I(r,z) = o (z)e 2t fw(z) (5.1)

where z and r are the coordinates along and tangent to the optical axis respectively

and P is the total beam power. w (2) is the beam radius and is given by
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Scan of Y-Bias Field, X-Bias = 0.030 [A], Z-Bias = 0.262 [A]

0.005 3
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Fig. 17: The population of the F' = 2 state after a m-pulse as a function of the
RF detuning and the current in one of the magnetic compensation pair
of coils. The central lobe represents the clock transition m =0 — m’' =0
which is insensitive to the magnetic field. The second lobe represents the
m =1— m'=0and the m =0 — m’ = 1 transitions and it merges with
the central lobe as the magnetic field diminishes.

w(2) = woy |1+ <i>2.

ZR

Here wy is the beam waist (the minimal radius of the beam which is located at
z=0) and zg is called the Rayleigh range
Twa

A is the wavelength. By substituting Eq. 5.1 in Eq. 2.46 the dipole potential

created by a Gaussian beam of a CO, laser is

asmtp —2r2 /w?(2)
U = 5.3
(re) = -2l (53)
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Fig. 18: A typpical absorption image of the dipole trap. The darker areas represent
larger light intensity due to less shadow by the atoms.

Fig. 19: An illustration of a Gaussian beam waist parameters.

There are two spring constants of the trap. The radial and the axial trap fre-
quencies w, = 4/ 1 2V and w, = \/%%27[2] respectively evaluated at r, z = 0. This

m or?)
AU 20U,
Wy = —02, W, = g (5.4)
mwg \/ mz3,

where Uy is the trap depth Uy = —U (0,0) = 2=t From knowing the radial

TEQCWG

results in

frequency and the beam power one can determine the waist of the trap beam from

dastat P

7 which results in
mmepcwy

1
W = (M) (5.5)

mmegcw?

Wy, =
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Fig. 20: A plot of the dipole potential for 8 Rb at a CO, laser beam waist. Plotted
for wy = 30um and P = 30W. It evident that the spring constant in the
radial (r-axis) direction is larger that that in the axial (z-axis) direction.

For a dipole trap with a beam waist of wy = 30um, and optical power of 13W
the potential depth is Uy/Kp ~ 0.66mK. The potential corresponding to such a
beam is plotted in Fig. 20. For such a typical dipole potential the gravitational
potential difference across a distance of wy is three orders of magnitude smaller

than the potential depth therefore it can be neglected.
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Fig. 21: A ~ 0.5msec time of flight absorption image of the atoms. It is evident
that the dipole trap (the cigar shaped cloud) is misaligned to the right of
the MOT (the larger round cloud). Alignment in this stage is performed
by iterations that eventually brings the dipole trap to the center of the
MOT.

5.2 Loading and Alignment

In order to overlap the focus of the dipole trap with the MOT, we imaged the
fluorescence from the MOT into a CCD placed far away form the chamber and
on the C'O, beam optical axis and moved the intra-vacuum ZnSe lens to bring
the MOT to focus on the CCD center. The imaging was done through two irises
positioned along the C'Oy laser beam line. After focusing is achieved the ZnSe
lens was moved along the optical axis to compensate for the 3.16mm focal shift
between the fluorescence wavelength at 780nm and the C'O, laser wavelength at
10.6p4m. This method allowed enough atoms to be loaded into the dipole trap to
get an initial signal. We then optimized the atom number in the C'O, trap by
gently moving the lens to take the focus closer to the MOT center.

We optimized the loading efficiency of the C'O, trap by temporarily compressing
the MOT. This is done by increasing the cooling beam detuning and reducing
the repump intensity after the MOT [12]. After a MOT loading time of 5sec,
we scanned these MOT parameters and the compression duration after which

the C O, trap was turned on. Then we measured the resulting temperature and
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number of atoms in C'O, trap as a function of the scanned parameters to get a

maximum number.

5.3 Characterization
5.3.1 Trap Frequencies Measurement

The CO, trap has two trap frequencies corresponding to the axial and radial
spring constants as described in Sec. 5.1. In order to measure these frequencies
we applied a ~ 10% modulation of the RF power to the COy AOM. this way both
of the spring constants of the dipole trap are modulated by the same frequency.
Parametric heating of the atoms is expected with two resonances, at 27 f,,00 =
2w, and 27 f,04 = 2w,. Therefore for a fixed modulation time, we scanned the
modulation frequency and counted the atoms in the trap immediately after the
modulation and expected higher atom loss at the resonance frequencies due to the
heating. Such a loss spectrum is shown in Fig. 22. As seen, a distinct resonance is
observed at a frequency f,,.q ~ 6500H z indicating that w, = 27 x 3750H z. This
measured frequency together with a beam power of P = 18W in the chamber,
indicate a waist of wg = 294+3um and trap depth of &~ 1mK which is considerably
larger than the atom’s temperature. The error is estimated using an error of 1kH z
(FWHM) of the resonance line. According to Eq. 5.4 the axial trap frequency is

— A o
W2 = Foraer & 21 x 250H z.

We used another technique to measure the trap frequencies. The procedure is

shutting the C'O, power off during trap operation for a short period of time of
0.5msec. The atomic cloud ballisticaly expands before the trap is turned on again.
The spatial distribution subsequently oscillates at twice the trap frequency. We
measure these oscillations by releasing the atoms from the trap at different times
and performing time-of-flight measurements (see section 5.3.2). A representative
measurement, for which a parametric excitation measurement resulted in w, =
2m X 7+ 2kHz, is shown in Fig. 23 with the resulting trap frequency of w, =
2m x 8.8 £ 0.4kHz. The two methods are thus seen to agree within the error

margin.
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Fig. 22: In the upper plot, atom number after 250ms in a modulated beam power
trap. The resonance is found at w,,,q &~ 27 x 6500H z corresponding with
wo = 29+ 3um. The temperature is shown in the lower plot with respect
to the same modulation time. A significant temperature increase occurs
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above the resonance. The full dots represent the average of the empty

dots which are repeated measurements at each frequency.

5.3.2

Since all of our measurements where done in time of flight (TOF - the time after

Trap Temperature and Atom Number

the trapping is turned off abruptly), we evaluated the transmission T (Eq. 3.3)

by fitting the atomic cloud image to a two dimensional Gaussian in order to

reduce the effect of the background noise in the atom number measurements. The

temperature was measured by taking two TOF images at two different times.

Assuming an initial Gaussian density profile with a spread of o, at a later time
t the density profile is Gaussian with a spread o7 = o + %2142 [23]. Thus the
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Fig. 23: The trap frequency according to the fit is w, = 27 x 8.8 + 0.4kHz. For

the same waist and power the parametric excitation resulted in w, =
2n X T+ 2kHz..

temperature can be derived from,

m

T = (Uf — 03) Tnl?

(5.6)

The could’s widthsoy and oy, are derived from a Gaussian fit of the atomic cloud
images. The time separation between images ¢ is known. The trap life time is
obtained from the slow decay rate of the atom number in the trap. According
to the slower decay obtained from the fit in Fig. 25, the lifetime in the trap is
Ty = 514 & 27msec. The measurement started with 10° atoms in the trap which

was a typical number throughout the experiment.

5.3.3 Phase-space Density and Collision Rate

Using the estimated trap waist, temperature and density profile the phase-space
density and the collision rate of the atomic cloud can be derived. The following
treatment is similar to that is [14]. The probability density P (r,p) of a particle

in the trap to be in the state (r, p), assuming the particles do not interact is

1 _#HEp

P(r,p)=Ze ®o7 (5.7)
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Temperature vs. Trapping Time
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Fig. 24: The temperature as a function of time in two directions according to the
spreads o, and o, of the Gaussian fit of the atomic cloud. Two different
temperature for the z and y axes appear until a thermalization time of
~ 150msec is reached. The full dots represent the average of the empty
dots which are repeated measurements for each time.

where
P’ 1 2.2 1 2 21 2.2
H(r,p) = o T g Mwet” + oy omu 2 (5.8)
and Z is the partition function
_uew  (21kgT)?
Z:/d3pd37“€ T — M (5.9)
WarWyWs,

The probability density to find a particle at the position r is obtained by inte-

grating over its momentum

P (r) = T g (st ) (5.10)

B (27T]€BT)3/2 .
According to the density distribution in the trap is
n(r) = NP (r) (5.11)

where N is the total atom number in the trap. The average density is defined

as i = [d®rP(r)n(r) = 273/%ny where ny = N% is the peak density
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Atom Number vs. Trapping Time
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Fig. 25: (upper) Atom number as a function of trapping time on a semi-log scale
for a waist of wy ~ 29um and beam power of P = 18W. Two exponential
decay curves are observed. An initial decay curve with an exponential
decay time of 7 = 47 £ 15msec is due to evaporation of hot atoms from
the trap. The slower decay curve of 75 = 514+ 27msec is due to collisions
with background atoms. The two time scales are obtained using a two-
decay-times fit (lower).

which is in the center of the Gaussian atomic cloud. We define also the effective

3/2
volume V = N/n = 23/ Z%B—T). Accordingly we define an effective trap radius
m>/ 2w wyw,

by R = (%)1/ ° The phase-space density is defined as
p(r) = Nn (r) (5.12)
where N\, = \/#w is the thermal de-Broglie wavelength. The peak phase-space

density will be at the trap center and is given by

N Teahio P,

Po = (kBT)?’
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In the case of a Gaussian trap the peak phase-space density at the center becomes
po = N % For the representative values of wg = 29um waist and beam
power of P = 18W (corresponding to the measurement in Fig. 25) the peak
phase-space density obtained after 150msec was py ~ 8 x 107%. The phase-space
density remains similar (up to factor of 2) throughout the measurement. The

collision rate can be obtained by the relation
Fcol = 05NV, (513)

where 0y = 5.4 x 107'2em? is the s-wave cross section of Rb — Rb interaction
and vy, = \/%%T is the thermal velocity. The collision rate corresponding to the

measurement in Fig. 25 after 150ms is I'.,; ~ 54H z.

5.3.4 Dependence on The Beam Waist

We measured the number of atoms and temperature, after a trapping time of
250msec and 18W beam power, as a function of the beam waist. The dependence
is shown in Fig. 26 It is evident that the temperature drops and the atom number
increases with increasing waist. The temperature decreases due to lower evapo-
ration temperature of a shallower trap. The atom number increases due to larger

trapping volume which covers more of the MOT during loading.

5.3.5 RF Spectroscopy

In addition to nulling the magnetic field using RF spectroscopy of the MOT,
preliminary Rabi and Ramsey coherence times measurements of the atoms in the
C' Oy trap were performed. In a Rabi measurement, the atoms are initially optically
pumped to the F' = 1 state and the populations are measured as a function of the
RF pulse duration . The decay rate of the oscillations determines the coherence
time. For a m-pulse duration of 7, = 7husec, as shown in Fig. 27 the coherence
time measured for is 7.,, = 29 +9msec. Another measurement with 7, = 300usec

resulted in 7., = 70 £ 15msec.

In a Ramsey experiment a -pulse with 5k H z detuning with respect to the clock

transition was applied followed by a period of time with zero RF power which
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Fig. 26: Atom number and axial temperature as a function of the beam waist.
Measurements were performed after a trapping time of 250msec and trap-
ping power of 18W .

is followed by another 7-pulse pulse. This results in Ramsey oscillations with
much shorter coherence times. For a 3-pulse time of 7z = 10usec the Ramsey
coherence time measurement yields 7.,, = 4.7 = 0.7msec. The measurement and

fit are presented in Fig. 28

6 Concluding Remarks

Our goal in the full experiment is to be able to achieve BEC of the 8" Rb atoms.
However, the characterization of the C'O, dipole trap, along with more evidence

concerning the performance of the MOT, made us reach the conclusion that reach-
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Fig. 27: Rabi oscillations in two time ranges. The dots represent the data and the
solid line is a fit of the data to decaying oscillations. The coherence time
18 Teon = 19 £ 9msec.

ing BEC in the our apparatus was implausible due to poor vacuum conditions, as

discussed below.

6.1 (CO, Trap Performance

Our maximal initial CO, size was 2.5 x 10°, which is an order of magnitude smaller
than the traps in the works of Weitz and Ott [18, 16] with size of a few times
105. Typically the time it takes to perform evaporation is no less than 5sec. With
lifetime of 500msec such as in our trap evaporation is impractical due to the atom
loss. The steady state temperature of 100 — 120uK after 200msec as shown in
Fig. 24 indicates that the atom loss after thermalization is not due to evaporation
or heating of the trap, since both would have changed the temperature. Thus the
most probable cause for the short lifetime is the background pressure kicking

atoms out of the trap.
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Fig. 28: Ramsey oscillations in two time ranges. The dots represent the data and

the solid line is a fit of the data to decaying oscillations. The coherence
time is 7., = 4.7 & 0.7msec. The oscillations period is T = 198.4 +
0.2usec.
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