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Abstract

We present a diode-based laser design with a linewidth of 2 kHz. This laser is locked
to the 1Sy —3 P, transition of strontium at 689 nm. Light from a semiconductor source
is filtered by a temperature stabilized and vibration isolated high finesse cavity, then
fed back to the diode for linewidth reduction. A Pound-Drever-Hall technique and
a loop phase adjusting mirror are used to achieve a tighter and more stable locking.
The theory of this optical feedback technique is discussed.

To lock the laser to the Sr 1S, —3 P, transition, we stabilize the cavity length
via saturation spectroscopy on a heated strontium gas pipe. An offset of dispersive
error signal caused by amplitude modulation of the light is canceled by a reference
signal before the spectroscopy. Estimated from the close loop error signal, this laser
achieves a linewidth less than 2 kHz and a long-term stability of about 10 kHz. This
laser system is easy to setup and requires only low bandwidth electronics and a simple
diode laser without grating stabilization.

Using this laser, our group cooled strontium atoms down to 2.5 uK and recently
achieved the Bose-Einstein condensation of 4Sr.
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Chapter 1

Introduction

Ultracold gases of strontium have been attracting attention for many reasons. Ultra-
precise optical lattice clocks using either 37Sr or ®Sr have been realized [1, 2]. Many
schemes for quantum computation [3, 4], simulations of quantum many-body phenom-
ena [5], and the formation of ultracold Sry molecules [6, 7] are also of considerable
interest.

Most of these applications rely on the two valence electrons of strontium and their
singlet and triplet spin states. Transitions between singlet and triplet states are spin
forbidden and very narrow. Such narrow lines can be used for optical clocks, quantum
computation (1Sy—3 Py), narrow line trapping and cooling by using a Magneto-Optical
Trap (MOT) (1S;—2 P) and meta-stable state trapping (*Sy —2 P») [8]. Besides these
benefits, the bosonic isotopes of Sr have zero nuclear spin so they are scalar particles
in the J = 0 state, which is useful in optical metrology and quantum sensors [9].

For dilute ultracold atoms, quantum degeneracy is an important criterion for
low temperature and high phase density. Since the first Bose-Einstein Condensation
(BEC) of dilute ultracold rubidium atoms was achieved, many other atomic species
have also been cooled to degeneracy - either by forming BECs ! or fermionic de-
generate states [12]. Recently, our group achieve the BEC of strontium for the first
time [8].

To obtain the Sr BEC, a second stage MOT is operated on the Sr 1S, —3 P,
intercombination transition, which is at 689 nm with a natural linewidth of 7.4 kHz. In
this stage, a very stable laser source narrower than 7.4 kHz at the transition frequency
is needed to minimize the atomic temperature. In this thesis, we will discuss how
to set up such a laser source and theoretically analyze the performance of this laser.
In chapter 2, the theory of linewidth reduction of a semiconductor laser by optical
feedback is discussed; in chapter 3, we present the design and alignment procedure
of our laser setup; in chapter 4, the publication [8] on our ¥Sr BEC experiment is
given; finally, details and experiences of the laser setup are listed in the appendix.

For BEC, except the recent *°Ca BEC in [10], a nice list can be found in [11].



Chapter 2

Linewidth Reduction of a
Semiconductor Laser by Optical
Feedback

2.1 Using Diode Lasers

When investigating the interaction between atoms and light, a reliable laser that can
be tuned to a desired atomic transition is necessary. Decades ago, a tunable dye
laser ! was the first choice, but now the steadily improving semiconductor lasers have
dominated this market. Diode lasers [13, 14, 15] can be easily tuned by changing its
temperature and driving current, and are relatively cheap and compact. Although
the tunable range of a single diode laser is only a few ten nanometers, different types
of diodes cover most of the wavelength from ultraviolet to infrared. Furthermore, the
linewidth of a diode laser can be reduced by electrical or optical feedbacks to even
sub-Hz level [16]. Laser diodes can also be used easily to amplify laser power via
injection-locking. Because of these merits, diode lasers have been the most popular
laser source for cold atom researches, such as laser cooling and trapping of atoms,
optical clocks, high resolution laser spectroscopy and quantum computation.
However, direct applications of free running diode lasers are limited for various
reasons. First, typical linewidth of a free running diode laser is 10 to 20 MHz, which
is usually much larger than the linewidth of the studied atomic transition. Second,
the output frequency of a free running diode laser cannot be tuned continuously by
temperature and driving current and the tunable range is also limited. Currently,
the most popular technique to achieve a narrow linewidth diode laser and increase its
frequency tunability is the so called External Cavity Diode Laser (ECDL) [15]. In this
technique, a grating is used to feed part of the light back to the diode so that the laser
frequency is also selected by the grating and the cavity formed between the grating
and the back end of the diode. By adjusting the position and angle of the grating,

Page 601, [13]
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we can tune the laser frequency in a larger and more continuous range. At the same
time, the laser linewidth is reduced to about 500 kHz [15, 17]. Further linewidth
reduction of an ECDL can be done by electrical feedback. In such a system, a well-
isolated high-finesse Fabry Pérot Interferometer (FPI), which serves as a frequency
discriminator, and a very quiet electrical feedback system with high gain and wide
bandwidth are needed.

An alternative way for linewidth reduction is by using weak optical feedback from
an external cavity [15]. This technique is much less demanding in electronics and less
time consuming in setting up. On the other hand, such weak optical feedback cannot
improve the tunability of the laser frequency. That means we have to first find a
‘good’ diode which can lase stably at the wanted frequency, then we can only fine-
tune its frequency and reduce its linewidth. For the laser diode we used (HL6738MG,
690nm, 35 mW), we typically tried 10 diodes to find such a ‘good’ one.

2.2 Reference Cavity and Electrical Feedback Lock-
ing Schemes

A stable high-finesse cavity is important in both electrical feedback and optical feed-
back locking schemes. The basic concepts of a FPI can be found in many text-
books [18] covering laser principles. One thing to emphasize is that usual analysis of
light transmitted through or reflected from a cavity is valid only for a steady-state -
which means the laser frequency fluctuation should be so slow that a steady-state can
be established in the cavity. If the the laser or cavity is fluctuating too fast to reach
an equilibrium, these treatments are no longer valid. For example, in the steady-state
case, the reflected light of a cavity could never be stronger than the incident light.
However, due to a rapid phase fluctuation of the incoming light, the reflected light
may interfere constructively with the outgoing field from the cavity. In this case, an
interference enhanced reflection above incoming light power is observable near the
cavity resonance. Analysis of cavity’s response to such high frequency noises can be
found in [19].

Using a cavity or an atomic or molecular transition as a frequency reference,
there are many ways to stabilize laser frequency by electrical feedback. Generally,
these locking schemes can be divided into two categories: intensity discrimination
or interferometry based. The former one monitors the power of a probe light, e.g.
transmission through a cavity or saturation spectroscopy. The later uses two (or
more) modes in the probe light and generates an error signal via beating or split-
detection of the modes 2. One of the most popular frequency locking techniques is
the Pound-Drever-Hall (PDH) technique [21, 22|, which is based on interferometry
and has a high speed response even when the fluctuation frequency is too high to be

2A short but nice discussion is in the first part of [20]. Details could be found in references of
that article or other textbooks.
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described by a steady-state [19]. In our experiment, this technique is used to assist
optical feedback locking.

For the electrical feedback system used in a PDH scheme, general discussions
about how to design, analyze and optimize a servo system could be found in control
theory textbooks [23] and reviews such as [24] and [25].

2.3 Linewidth Reduction by Optical Feedback

It has been shown both experimentally and theoretically that optical feedback from a
high-finesse external cavity can reduce the linewidth of a diode laser significantly [26,
27, 28]. An earlier report [28] shows that a static frequency noise power reduction of
50-60 dB is possible using this technique. Here an intuitive steady-state analysis will
be discussed to explain the nature of this technique and to estimate the linewidth
reduction in our design.

2.3.1 The Field Equation and Its Steady-State Solution

A simplified optical feedback scheme is illustrated in figure 2.1. Part of the light from
a laser diode passes through a high-finesse cavity, then the transmitted light is coupled
back to the diode. To the intra-diode light field which is leaking from the diode to
give the output light, the feedback light could be treated as a leaking-compensation
or a driving field. When the feedback is very week, a small leaking-compensation
term can be added to the field equations of a free running diode laser to describe
the new system. Quantitatively, the performance of this system depends on several
parameters:

1. The free-running laser frequency wy. Since the gain spectral width is much
larger than the separation of longitude modes of the diode, wy is mainly determined
by the diode cavity mode locates nearest to center of the gain curve.

C

wy ~ N (2.3.1)

b
2nrplip

where 1 p is the physical length of the diode cavity and N denotes the Nth longitudinal
mode of the diode. The refractive index n;p depends on the temperature and driving
current of the diode.

2. The feedback delay time 7. It is obtained by dividing the length of the optical
feedback loop (including external cavity length) by the speed of light. In the following
discussion, we also convert it to a delay phase and use only the fractional part ¢
defined by

wa = 27ij+¢f, (232)

where j; € Z, ¢ € [0,27) and w is the actual frequency of the laser under external
feedback.
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Figure 2.1: Schematic setup of our optical feedback system. Light from the laser
diode (LD) passes a Faraday isolator and a high-finesse cavity. The transmitted light
is fed back to the diode. Feedback loop length is controlled by a mirror driven by a
Piezoelectric Transducer (PZT).

3. The light round-trip time in the external resonator, 7.. Similarly, we define a
residual delay phase ¢. by
WTe = 2Tje + Q. (2.3.3)

4. The reflectivity R of the mirrors forming the external cavity. The transfer
function of the external cavity, playing the role of a filter, is given by

1-R

- 2.3.4
1 — Rewre (2:34)

g(w)
An overall phase of e=™7/2 caused by the length of the cavity is omitted because it
has been included in 5.
5. The feedback level describing ‘how much light’ is used in optical feedback is
given as

- ’ Ero |- (2.3.5)

Eout

where E, is the field amplitude of output light from laser diode and FE¥, is that of the

feedback light not filtered by an ideal cavity. It accounts for the total field attenuation

of the feedback loop except for the effect described by the transfer function g(w).
6.The leaking compensation rate of the laser diode

1 - RLD
p=——. 2.3.6
TLDV Rip ( )
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It involves the reflectivity of the diode output facet Ryp, and the diode cavity round
trip time 7p = 2npplLp/c. The leaking compensation effect caused by a weak optical
feedback can be equivalent to a small increase of Ryp. Ignoring multiple round trips
in the feedback loop in the case of weak feedback, pyg(w) is the first order term of the
leaking compensation, see the appendix of [26] for details. p and wy can be related
by (eliminating nyp)
p= &wN = KWN, (2.3.7)
WNo
where constant kK = pg/wnp can be calculated from any steady-state.
7. The linewidth broadening factor a, which is the ratio of the real part and

imaginary part of the refractive index, n = x’ 4+ ix”, in the steady-state,

Ay
o= Ay

(2.3.8)

For convenience, we use an equivalent parameter § = tan~! a in our calculation.

8. The gain rate deviation from the steady-state of a free running laser due to
optical feedback, AG. It is the gain rate of the active material subtracted by the loss
rate coming from absorption and diode cavity leaks.

Finally, if we neglect spontaneous emission and assume a single mode laser with
instantaneous gain-media response and slowly varying envelope, the evolution of the
intra-cavity electric field with a weak feedback can be described by the extended field
equation [27]

%E(t) = [—iwN + %(1 — 1) E(t) + pyg(w)E(t — 7%). (2.3.9)
The first term on the right-hand side describes the steady-state evolution of the Nth
longitude eigen-mode of a free-running laser, all other terms are perturbations. The
AGE(t)/2 term amplifies the field by the deviation of gain rate AG. An extra phase
—iaAGE(t)/2, coming from the gain effect, is determined by the imaginary part of
the refractive index. And pyg(w)E(t — 7y) is the leaking compensation term.

For a dynamic analysis, another equation is needed to give the relation between
E(t), AG and the carrier population N.. However, only (2.3.9) is enough to give a
steady-state solution of the electric field.

We assume a steady-state solution of (2.3.9)

E(t) = Ege ™", (2.3.10)

Taking (2.3.10) into (2.3.9) and separating the complex equation into the real part
and the imaginary part, we will have

w o= wn +wN§[Rsin(6’—|—gbf — ¢.) —sin(0 + ¢y)] (2.3.11)

AG = wNX\/%[R cos(¢y — ¢.) — cos(gy)], (2.3.12)



where

-5 (1-R)
A = L v 7 2.3.1
cos 0 (2.3.13)

X = 1+ R*—2Rcos(¢,) (2.3.14)

From result (2.3.11), we can define the frequency fluctuation suppression ratio

_ 0w Of

_ — 92.3.1
"= G O (2.3.15)

If n is very small, frequency fluctuation caused by the fluctuation of wy is significantly
suppressed.
To have an intuitive picture of solution (2.3.11), we rearrange it to get

w

- Rsin(0+¢ ;—wte)—sin(6+¢ )
1+A 1+ R2—2R cos(wTe)

wN (2.3.16)

where only wy, w and ¢y are not fixed. We then adopt the following set of typical

values for numerical calculations 2.

wno = 27 x 434.829 THz
7. = 6.67x1071%5g

= 0.9998
v = 0.01
po = 2.5x101s7!
a = b

First, straight forward solutions when ¢ + 6 = 0 are plotted in figure 2.2. Since
dynamics of small variations to the result of (2.3.9) requires > 0 for a stable steady-
state solution [28], only segments with positive slope in figure 2.2 are stable solutions

In the left panel of figure 2.2, since A in (2.3.16) is very small, the curve of f =
w/2m (blue) is close to that of f = fx = wn /27 (black) for most values of fx, except
for sharp dispersion features (they are so sharp that they look like horizontal lines
in the left panel) at the resonances of the external cavity. These features come from
1+ R% — 2R cos(wT.) in (2.3.16). A small positive n = 9f/0fx suppresses frequency
fluctuations caused by fy. The amplitude of dispersion in fy gives frequency capture
range of this laser.

The right panel of figure 2.2 shows the zoom-in of one of these dispersions. It is
illustrated that the dispersion has a width in f roughly equals to the Full-Width-of-
Half-Maximum of the external cavity transmission (FWHMy). Different curves show

3Parameters of our external cavity, laser wavelength and feedback level are used. Other details
can be found in [27] and [28].
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Figure 2.2: f is the actual laser frequency with feedback, fy is the free-running laser
frequency and f,, is the nth resonant frequency of the external cavity. In both panels,
¢¢ = —0. Left panel: three sharp dispersion features, which are so narrow compared
to the FSR of the external cavity that they look like horizontal lines, appear when f
is at fym-1), fxn and fymr) respectively. The external cavity has a FSR of 1.58 GHz
and a finesse of 1.57x10* Feedback level is set at v = 1 x 1072. A black line shows
f = fx for reference. Right panel: zoom-in of dispersion features are shown. The
first three curves correspond to different feedback levels: v; = 2 x 1072, 5 = 1 x 1072
and 3 = 5 x 1072 while the black line 4 shows f = fx. A larger amplitude of the
dispersion curve in fy means a larger capture range. A small n = 0f/0fx less than
10~ implies a significantly reduced linewidth.
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Figure 2.3: Laser frequency f can be tuned to the nth external cavity resonance fy,
by changing the feedback loop phase ¢ at a given free running frequency fy. At the
locking points where f — fy, = 0, n is minimized (noise suppression maximized) if
fx = fxn (corresponds to ¢y + 6 = 0).

that a higher feedback level v corresponds to a stronger linewidth reduction and an
increased ‘capture range’. However, if 7 is too large, capture ranges can be larger
than the FSR of the external cavity, and capture ranges of nearing cavity resonances
begin to overlap. The laser might be unstable in the overlapped regions.

The effect of different optical feedback phase ¢ is shown in figure 2.3. ¢ can
shift f at a given fx. We use the PDH technique to control ¢y, i.e. by sending the
PDH error signal to a PZT to control the feedback path length, so that f can be
locked to the center of the nth resonance of the external cavity, fin.

2.3.2 Estimated Frequency Fluctuation Suppression Ratio
and Capture Ranges

After understanding the nature of weak optical feedback from an external cavity, we
can estimate quantitatively the performance of our system. The frequency capture
range of our setup can be estimated via the amplitude (in fx) of the dispersion
feature shown in figure 2.2. Adopting approximations that A and (1-R) are very
small in (2.3.16), we can get the full capture range (FCR) as

Af 7Po
F — — . 2.3.1
CR 1—R 2mwcosf (2.3.17)
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It shows that FCR is proportional to the feedback level v in the weak feedback regime.
In our system, FCR = 203 GHz x 7. FCR should be smaller than 1.5 GHz to prevent
mode hopping. Equation (2.3.17) also provides us a way to estimate noise suppression
ratio 1 simply by
2(1 — R) cosf
YPo

where FSRy is the FSR of the external cavity. (2.3.18) is about twice of the minimal
suppression ratio 7. For the maximum feedback level v such that FCR = FSRy, this
estimation gives n = 1/F, where F is the finesse of the external cavity.

A more precise solution of minimal 1 (when ¢f + 6 = 0 and w.7. = 27N) as a
function of ~ is

FWHM, /FCR = FSRy, (2.3.18)

U (2.3.19)

_____po
1—R)FSRx cos 6

_Of _ [Own]T _ 1
TOh low] T 1+

1
N

[y
o

[y
© I
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o
T
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=
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|
o

=
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Figure 2.4: Minimum 7 as a function of feedback level v, corresponds to ¢y +6 = 0
and w.7. = 27 N.

Figure 2.4 shows n as a function of v, this curve is calculated under the condition
that * ¢y + 6 = 0 and w.7. = 27 N. Since our free-running laser has a linewidth of
about 15 MHz, the reduced linewidth could be less than 1 kHz when ~ is larger than
0.004.

However, only optical feedback cannot compensate slow frequency drifts and we
can solve this problem by adjusting ¢ (feedback loop phase or length) using a PZT.
A small variation of ¢ changes f by

Of _ 1 O] dwy
Ow 6¢y'

= = 2.3.20
8¢f 27 ( )
41t is easy to show (or infer from figure 2.3) that 7 is not very sensitive to ¢ r+0.

m
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When ¢; + 60 = 0 and w.7. = 27N, we get °
1—-R

™

nm=— FSRx = —FWHM,/2. (2.3.21)
For our experiment, 7, is -50 kHz/rad (or -0.46 kHz/nm in optical feedback loop length
for the 689 nm laser). We control the feedback path length by using a PDH scheme,
so that the laser frequency is locked tightly to the center of a cavity resonance.

To sum up, a small fraction of light coming from a laser diode is filtered by an
external cavity and fed back to the diode for linewidth reduction. A PDH scheme
controlling the optical feedback loop length is used to lock the laser to the center of a
cavity resonance. By increasing the feedback level v, laser linewidth can be reduced
by a factor up to the finesse of the external cavity. The locking range is proportional
to feedback level 7, but should be smaller than the FSR of the external cavity to
avoid mode hopping. For an external cavity with a FSR of 1.5 GHz, the maximum -
is less than 0.01 ¢ for a laser diode without AR coating.

5This gives the minimum 7;.
6Taking light loss and mode mismatching into consideration, we use about 2 percents of light
power from the laser for optical feedback locking.



Chapter 3

Experimental Setup of a
Narrow-Line Laser at 689 nm

Our setup has two essential parts: an optical feedback loop and a PDH setup that is
controlling the phase of optical feedback. Two key issues of this setup are the design
of a stable high-finesse cavity and mode matching between the external cavity and
the diode laser.

3.1 Locking the Laser to the Cavity

Our high-finesse cavity has a FSR of 1.5 GHz and a finesse about 16000. The cavity
has a small thermal expansion coefficient and its length can be tuned by Piezoelectric
Transducers (PZT) at one end of it. The cavity is located in a vacuum chamber to
isolate it from thermal and acoustic fluctuations.

3.1.1 The Cavity Design

The design of our cavity is illustrated in figure 3.1. Two identical concave mirrors,
each with a radius of 25 cm and a reflectivity of 99.98% at 689 nm, form the cavity.
One of these mirrors is glued directly by vacuum epoxy to one end of a Zerodur
spacer, which has a nearly zero thermal expansion, while the second mirror is glued
to a Macor ceramic ring and connected to the spacer by a pair of PZT tubes (with
identical length for thermal expansion compensation) and a larger Macor ring. The
larger Macor ring has a slit leaving space for wires connected to the PZTs. A small
hole is drilled in the middle of the Zerodur spacer for air evacuation during vacuum
pumping.

In our final set up, however, a mirror is glued on the inner side of the smaller Macor
ring !, so the cavity length becomes more sensitive to temperature. This allows us to
tune the cavity length to the desired atomic transition by changing temperature.

1See figure A.5. More details of this cavity can be found in Appendix A.4.

12
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Figure 3.1: Design of the high-finesse cavity. Dimensions in mm.

To mechanically isolate the cavity, the spacer is held in a rectangular stainless
steel block (figure 3.2), which is then located in a vacuum chamber (figure 3.3). The
axis of the cavity is at an angle of 4° with respect to that of the steel block to avoid
round-trip reflection between the mirrors of the cavity and windows of the vacuum
chamber. Four outer edges of the steel block and middle lines of the inner rectangular
hole are cut and filled with Viton rods 2. The Zerodur spacer, the steel block and
the chamber are tightly fixed by the rods. Wires of the PZT tubes are connected to
a four channel feed-through. The chamber is pumped to 1075 mbar and sealed.

To provide temperature control, a layer of electrical-insulating but thermal-conducting
foil is used to cover the body of the vacuum chamber. Above it, thin heating wire
is wound around at a spacing of 4 mm, giving a total resistance of 6 2. One 10 k{2
Negative Temperature Coefficient resistor (NTC) is attached to the vacuum cham-
ber to monitor its temperature and facilitate temperature stabilization with a PID
controller controlling the heating current. Finally, we cover the whole chamber with
thermal insulating foam, leaving only two holes for light.

Speaking from our experience, we suggest, first, buying a spare set of Macor rings
and PZT tubes since they are very fragile and may be destroyed during assembling
or soldering. Second, soft wires should be soldered to the PZT tubes but connected

2Sections of Viton O-ring
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Section

Figure 3.2: The steel block with Viton rods. Its diagonal matches the inner diameter
of a CF100 tube. Its section at half-height is shown in the left panel. The axis of the
cavity is at an angle of 4° with respect to that of the steel block. Dimensions in mm.

Figure 3.3: The vacuum chamber with the cavity inside it. This chamber is made
from a 28 cm CF100 tube with one CF100 flange on each end for optical windows. A
CF40 flange in the middle of the chamber is connected to a T connector, which has
a valve and a four-pin feed-through on it.



15

Flipping
Mirrors f=400  F PZT
LI~ 11
I T L
PH
/ 10dB N AP Wavemeter
A
PD2 — =—==1/2| Slave [J]
[~ ] Laser
A/2 <1~ Spectro-
o Fi scopy
Fiber > % N é
f=8 <>
5 @ FI N
A/ 2—=— = A/ 2=
AL ] 2
L] E Y A/2 Ef A/ 2—=—
22—
J | PBS [\
!
A4

Figure 3.4: Schematic setup of our diode laser system with optical feedback from a
high-finesse cavity. The thick red line shows the optical feedback path and the thin
red line refers to the beams sent to other places. FI: Faraday isolator; EOM: Electro-
Optic-Modulator; CCD: CCD camera without lens; PD: photo detector; 10dB: 10 dB
attenuator; PH: pin hole; AP: anamorphic prism pair. Focus lengths in mm.

to feed-through pins via blade connectors because it is hard to heat up the thick pins.
Third, when evacuating the chamber, the pumping speed should not be too high at
the beginning. Otherwise air inside the cavity may have not time to evacuate and
the cavity may ‘explode’. We also make sure that the evacuation hole on the Zerodur
spacer is not blocked by a Viton rod.

3.1.2 Alignment of the Optical Feedback

The guiding rule for our alignment is to achieve a good mode matching and a stable
feedback loop. For this reason, the diode laser and the external cavity are both placed
on a 60 cm x 90 cm stainless steel optical bread board, which rests itself above a
layer of thick foam for acoustic isolation. Moreover, a compact alignment is helpful
to reduce drift of alignment.

The schematic setup of our laser system is shown in figures 3.4. After a pair of
anamorphic prisms and a half-wave plate, the light passes two 30 dB Faraday isolators
in series. The reflected light (leakage) from the second PBS of the first isolator is
adjusted to horizontal to facilitate alignment of optical feedback. An Electro-Optic
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Modulator (EOM) is used to modulate the phase of the light at 38 MHz 2.

Afterwards, the light is coupled into a polarization maintaining single mode fiber
for mode cleaning. A half-wave plate before the fiber coupler is used to match the
polarization of the light with the optical axis of the fiber. After the fiber, the light
power going to the cavity is maximized by a half wave plate and a PBS. An aspheric
lens (f = 8 mm) in the fiber coupler is used to adjust the waist of the laser beam to
match that of the cavity. Details of waist adjusting is discussed in Appendix A.2.

Once we achieve the right beam waist, two coupling mirrors before the cavity are
used to match the waist location of the light with that of the cavity mode. The re-
flection from the cavity is detected by a fast (bandwidth ~ 125 MHz) photo detector
(PD1 in figure 3.4). Two flipping mirrors are placed after the cavity to reflect trans-
mitted light to either a CCD camera (without the lens) or a slow photo detector. For
alignment, we first overlap the reflection from the cavity to the incoming light. We
then adjust the coupling mirrors and scan the length of the cavity to find a gaussian
resonance using the CCD camera. After that, we maximize the transmission peak
and reflection dip using the photo-detectors.

After coupling light into the cavity, the transmission is mode matched by a lens
(f = 400 mm) and fed back to the laser diode. A 10 dB attenuator and a half wave
plate are used to control the power of the feedback light. The feedback loop length
is controlled by a small mirror driven by a PZT . The leaked light from the second
PBS of the first isolator is used as a reference in mode matching: the leaked light and
the feedback light should overlap ®. On the other hand, unwanted optical feedback
caused by the leaked light should be eliminated. We do this by using a 30 dB Faraday
isolator.

To complete the feedback, we first block the feedback path and tune the cavity
resonance to the frequency of free running laser by monitoring the CCD. When we
unblock the feedback path, the optical feedback can already force the diode to lase
close to the cavity resonance. The reflection from the cavity is reduced by about 30%
from the value without feedback. When this happens, the laser linewidth has been
reduced by optical feedback, and the next task is to compensate frequency drift by
controlling the feedback loop length.

To control the loop phase adjusting mirror, a PDH scheme is used (figure 3.4,
electronics is shown in figure 3.5). Signal from the fast PD (PD1) is demodulated,
processed by a PID controller 6 and converted to a high voltage output (with a range
of 100 V) to drive a PZT holding the phase adjusting mirror.

In our setup, the output power of the laser diode is 15 mW and the light power

3The EOM is isolated by a piece of plastic from the supporting post to reduce radio frequency (RF)
noise coupling to the optical table. A half-wave plate before the EOM optimizes phase modulation
(PM) efficiency by matching the polarization of the light with the a certain axis of the EOM crystal.
The light should pass the center of the EOM crystal and not be blocked by the shielding box to
avoid interference nd amplitude modulation.

4See Appendix A.3 about how to make one.

5Two pinholes are used to mark the optical path of the transmission for ease of alignment.

6We use only a integrator with a bandwidth of 2 kHz.
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Figure 3.5: The electronics for optical feedback locking. PDH technique is used to
tune the optical feedback phase. To maximize the amplitude of open-loop error signal
(with optical feedback but no electrical feedback), the phase of the demodulation
signal at mixer input is adjusted by changing cable length. LPF: Low pass filter.

before the cavity is about 250 pW. The feedback power measured before the PBS
of the first isolator in figure 3.4 is about 5 uW corresponding to a feedback level ~
of 0.02 7. The capture range is a few hundred MHz. When the optical feedback is
working, the open loop (optical feedback length not controlled) dispersive PDH error
signal has a peak-to-peak value about 200 mV while the close loop error signal has a
RMS amplitude about 2 mV.

3.1.3 Linewidth Estimation of the Locked Laser

The standard way to estimate the linewidth of a laser is to beat it with another laser
which has a similar frequency and a similar or narrower linewidth. Since we have
only one 689 nm laser, we estimate its linewidth from the residual error signal when
it is locked. Details of this technique are nicely discussed in reference [22] and [29],
and their results are used here. When the modulation frequency is much larger than
the linewidth of the cavity, the slope at the center of a PDH error signal is

D =2V,,/df,

where V,, is the peak to peak amplitude of the dispersive PDH error signal; ¢ f is
the FWHM of the cavity resonance. In our experiment, we have D = 3.98 mV /kHz.
Assuming a gaussian noise, the laser linewidth can be estimated via:

FWHM = 2.355V;ums/D.

"The real feedback level maybe lower than the measured one because of imperfect mode matching.
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Figure 3.6: Schematic illustration of the Sr gas cell. Metallic strontium sample is
located in the center of the heating pipe.

Since part of the error signal comes from background noises of electronics, we use

‘/r?ns = V?bserved—rms - ‘/b2ackground—rms
to get the RMS amplitude of the actual error signal . Taking the values that
‘/Observed—rms = 2.0 mV and %ackground—rms =0.7 mV, we get FWHM = 1.1 kHz.

3.2 Locking the Cavity to the 689 nm Sr 'S, —° P,
Transition

In section 3.1, we show a diode laser locked to a high-finesse cavity with a linewidth
of about 1.1 kHz. To obtain a red MOT of strontium, the cavity resonance should be
locked to the Sr 552 1Sy — 5s5p® P, transition. Doppler-free saturation spectroscopy is
used for this purpose. For an introduction to this technique, we suggest chapter 30 of
Siegman’s textbook ‘LASERS’ [18]. The design and performance of our spectroscopy
system will be presented in this section. The key issue of our setup is to reduce the
offset of the error signal caused by residual amplitude modulation.

3.2.1 The Strontium Gas Cell

Our strontium gas cell follows the design of [30] (figure 3.6). The heating pipe is
made up of a stainless steel tube which has a diameter of 2.5 cm and a length of 60
cm. Its center part is wound with heating wires, glass fiber and aluminium foils to
maintain a temperature near 530°C, at which the strontium vapor pressure is 1.46
Pa [31]. Each end of the heating pipe is water cooled and connected to another short
pipe, which is terminated by a glass window at Brewster’s angle. A small vacuum
valve is connected to the heating pipe near one of its ends, and argon gas is filled in
from the valve to act as a buffer gas preventing strontium coating on glass windows.
To feed metallic strontium into the center of the heating pipe, we operate in a
transparent plastic bag filled with argon gas. To fill in the buffer gas, we repeatedly
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pump the gas cell (down to 1073 mbar) and fill in argon (to higher than 1 bar) three
times to eliminate residual air in the pipe. In the last time, we pump and fill in argon
simultaneously. A flow-control valve is adjusted to achieve a pressure equilibrium at
1072 mbar, then we close the valves.

3.2.2 Saturation Spectroscopy Setup

Pinhole \
f4.5 PBS
—H M ML ]
A4 A/2
< P LT T
P [N b
550 ump f50 Probe 200
Laser Laser
Raw Signal
PD1 a A2 ==
PD2 l }E%
«>f200 Reference f150
f100<+~>
o N Srgas cell

Figure 3.7: Saturation spectroscopy setup for locking the external reference cavity to
Sr 1Sy —? P, transition near 434.830 THz. f x refers to a lens with a focus length of
T mm.

The saturation spectroscopy setup is shown in figure 3.7. Light from the diode
locked to the external cavity is split into a pump beam (about 5 mW) and a probe
beam (about 800 4W). A double-pass AOM shifts the probe frequency by +160 MHz
to avoid interferences between the pump and the probe. Due to Doppler shift, the
frequencies of pump and probe are only identical for a certain velocity group of atoms
moving along the direction of probe light. Our spectroscopy setup thus lock the laser
to a frequency 80 MHz above the unshifted atomic transition. The probe light is also
frequency modulated (FM) by the AOM at a frequency of 124 kHz ® to generate error
signals of the spectroscopy.

Two telescopes are used to enlarge both the pump and the probe to a 5 mm
waist before the gas cell. About half of the probe light is split and detected (PD2 in

8The RF frequency at the AOM is f = 80MHz+100kHzx sin(2m x 124kHzxt).
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Figure 3.8: Electronic diagram of the spectroscopy setup for locking the laser to
Sr 1Sy —2 P, transition near 434.830 THz. LPF: Low pass filter; DCB: DC block;
frequency of the Main RF out: f = 80MHz+100kHzx sin(27x124kHzxt); FM signal

has a frequency of 124 kHz.
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figure 3.7) right before the strontium gas cell to monitor amplitude modulation of the
probe. The other half of the probe passes through the gas cell and is detected (PD1
in figure 3.7) to generate an error signal after demodulation. A small magnet ¥ is
placed near the pipe center to increase splitting between different Zeeman sub-levels
in the 3P, state. By scanning the light frequency near the atomic transition, we find
a Doppler broadened absorption with a depth of 16% and a saturation peak with a
height of 0.5%. The error signal corresponding to the center saturation peak (m; = 0)
is found to be about 800 kHz wide (i.e. frequency difference between the maximum
and the minimum of the dispersive error signal) and 80 mV,,, high. This error signal
has a drifting offset around 28 mV.

This offset of error signal is canceled by subtracting the error signal (demodulated
from PD1) by the offset reference (demodulated from PD2). In our setup, identical
electronics (figure 3.8) are used to process signals from PD1 and PD2. We can tune
the light intensity ratio between PD1 and PD2 to match precisely the offset of the
error signal with that of the reference '°. These two signals are finally sent to the
differential inputs of a PID controller driving the PZT of the cavity.

Regarding the electronics of the spectroscopy system (figure 3.8), since the FM
frequency is about 124 kHz and the main frequency driving the AOM is at 80 MHz, the
signals from photo-detectors are first filtered by 22.4 MHz low pass filters to eliminate
noises at 80 MHz. Then a pair of first order RC DC-blocks transfer only AC signals to
mixers. Demodulated signals from the mixers are filtered by 2nd order RC low pass
filters and sent to the differential inputs of a PID controller. The whole servo loop of
spectroscopy has a bandwidth about 10 Hz. We choose a FM frequency of 124 kHz
simply for convenience since this is the lower frequency limit for usual commercial RF
mixers. Our spectroscopy works properly at this FM frequency, but 124 kHz could
still be too high for the AOM since the sound wave inside the crystal may vary too
fast to have a homogeneous effect on the laser beam. Amplitude modulation could
happen due to this and may be the main drawback in our setup. To improve this
system, we want to decrease the FM frequency to about 10 kHz by replacing the
mixer by a lock-in amplifier in the future .

3.2.3 Locking Procedure of the Laser

Since the saturation spectroscopy spectrum is broad and strong enough to be observed
by using free-running laser, we first block the optical feedback path and tune the diode
driving current to the atomic transition 12 by observing the saturation absorption

9We use a magnet from a small loud-speaker.

10Tn our experiment, the powers before PD1 and PD2 are 466uW and 346 W respectively. This
difference comes mainly from the none-identical behaviors of electronics. However, we can also take
advantage of this phenomena - we tune the FM frequency a bit (about 30 kHz in 124 kHz), then the
offsets in these two channels will response differently and be matched.

11Gee the Appendix for details.

12The frequency difference between the free-running laser and the atomic transition should be
smaller than the capture range of the cavity.
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peak. After that, we tune a cavity resonance to the frequency of the free-running
laser by adjusting the voltage on the cavity PZT. Then, we unblock the feedback path
to lock the diode laser to the cavity and scan the cavity near the atomic transition
to observe a clean saturation peak and a dispersive error signal.

By adjusting the temperature of the cavity, we ensure that the external cavity is
resonant to the 1Sy —3 P, transition while the voltage applied on the cavity PZT is
within the output range (12 V) of a low noise PID controller. By turning off cavity
scan and turning on the PID controller, the laser is locked to the atomic transition.

3.2.4 Performance of the Red Laser

Similar to the analysis in locking the diode laser to the cavity, when the FM frequency
is much smaller than the linewidth of the atomic transition, and assuming a Lorentz
shape line profile, the slope in the center of the error signal is

D = 3.08V,,, /5,

where V,,, is the peak to peak amplitude of open-loop dispersive error signal and ¢ f
is the FWHM of the broadened atomic transition. From the RMS amplitude of the
close-loop error signal, we get a frequency uncertainty about 10 kHz.

For a strontium red MOT experiment, the linewidth of the 689 nm laser limits
the minimum atomic temperature achievable. The small drift of the laser frequency
(caused mainly by residual amplitude modulation) moves the MOT position a bit but
is not harmful to the final result. With this red laser, our group has got the red MOT
of strontium with an atom number of 2 x 107 and an atom temperature of 2.5 uK,
which is consistent with our estimation from the laser linewidth. A picture of this
MOT is shown in figure 3.9.

3.3 Conclusions

To conclude, by using optical feedback from a high-finesse cavity, the linewidth of a
laser diode is reduced to about 1 kHz. Frequency drift of this laser is compensated by
locking the laser to the Sr 1Sy —3 P, transition with an uncertainty of 10 kHz. This
laser system is easy to set up (about one week) and not demanding in electronics. The
bandwidths of the electrical servo systems used in optical feedback and spectroscopy
are only 2 kHz and 10 Hz respectively. There are also rooms for the system to be
improved. First, due to temperature and current drifts, the laser frequency may drift
out of the locking range in roughly every 30 minutes. A better temperature PID can
solve this problem. Second, we have to try several laser diodes to find a ‘good’ one
that can lase stably at the desired atomic transition. Some work may be done to find
a certain brand or batch of diodes that are suitable for this setup. This laser system
is suggested to be a feasible quick solution for strontium laser cooling applications.
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Figure 3.9: Absorption image of a strontium red MOT along the horizontal direction.
Sr 1Sy-3P; transition’s natural width is similar to its recoil frequency shift, so atoms
can interact with the MOT laser only in a thin elliptical shell where laser frequency
shift compensates Zeeman shift. The maximum radiation force is only one order of
magnitude larger than the gravity force, so atoms rest on the bottom of the shell.
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We report on the attainment of Bose-Einstein condensation with
ultracold strontium atoms. We use the %Sr isotope, which has a
low natural abundance but offers excellent scattering properties for
evaporative cooling. Accumulation in a metastable state using a
magnetic trap, narrow-line cooling, and straightforward evapora-
tive cooling in an optical trap lead to pure condensates containing
1.5 x 10° atoms. This puts ®4Sr in a prime position for future exper-
iments on quantum-degenerate gases involving atomic two-electron
systems.

Ultracold gases of strontium atoms have been attracting great attention for var-
ious reasons. A major driving force for the development of cooling and trapping
techniques since the early 1990s [32] has been the realization of ultraprecise optical
clocks [33, 34, 35]. Many other intriguing applications related to metrology [9], novel
schemes for quantum computation [3, 4], and quantum simulators of unique many-
body phenomena [5, 36] rely on the special properties of this species. Moreover, there
is considerable interest in ultracold Sro molecules [7, 37] and their possible applica-
tions for testing the time variation of fundamental constants [38]. Ultracold plasmas

tThe primary contribution of the author of the present thesis is the setup of the narrow-line
master laser as described in chapters 2 and 3 of this thesis.

24
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[39] represent another fascinating application of strontium atoms. Many of the pos-
sible experiments could greatly benefit from the availability of quantum-degenerate
samples.

The two valence electrons of strontium and the resulting singlet and triplet states
are at the heart of many of these applications. The two-electron nature also has
very important consequences for cooling and trapping strategies towards degeneracy.
Because of its singlet character the electronic ground state does not carry a mag-
netic moment. Therefore optical dipole traps [40] are the only option to implement
evaporative cooling. Moreover, magnetic Feshbach resonances, frequently applied to
tune the scattering properties of other atomic systems [41], are absent. Research
on Bose-Einstein condensation (BEC) and degenerate Fermi gases involving atomic
two-electron systems was pioneered by the Kyoto group, using various isotopes of
Yb [11, 42, 43, 44]. Very recently, a BEC of “°Ca was produced at the Physikalish-
Technishe Bundesanstalt in Braunschweig [10].

Experiments towards quantum degeneracy in strontium have so far been focussed
on the three relatively abundant isotopes %Sr (9.9%), 8Sr (7.0%), Sr (82.6%), the
first and the last one being bosons. The necessary phase-space density for BEC or
Fermi degeneracy could not be achieved in spite of considerable efforts [45, 46]. For
the two bosonic isotopes the scattering properties turned out to be unfavorable for
evaporative cooling [46]. The scattering length of ®Sr is close to zero, so that elastic
collisions are almost absent. In contrast, the scattering length of 80Sr is very large,
leading to detrimental three-body recombination losses. As a possible way out of this
dilemma, the application of optical Feshbach resonances [41] to tune the scattering
length is currently under investigation [47, 48].

In this Letter, we report on the attainment of BEC in ®Sr. This isotope has
a natural abundance of only 0.56% and, apparently for this reason, has received
little attention so far. We show that the low abundance does not represent a serious
disadvantage for BEC experiments, as it can be overcome by an efficient loading
scheme. Because of the favorable scattering length of +123ay (Bohr radius ag ~
53pm) [49, 50, 51] there is no need of Feshbach tuning, and we can easily produce
BECSs containing 1.5 x 10° atoms.

Our experimental procedure can be divided into three main stages. In the first
stage, the atoms are accumulated in a magnetic trap, using a continuous loading
scheme based on optical pumping into a metastable state. In the second stage, the
atoms are first pumped back into the electronic ground state, laser cooled using a
narrow intercombination line, and loaded into an optical dipole trap (ODT). In the
third stage, evaporative cooling is performed by lowering the depth of the ODT and,
thanks to the excellent starting conditions and collision properties, BEC is attained
in a straightforward way.

The accumulation stage takes advantage of magnetically trapped atoms in the
metastable triplet state 3P; see Fig. 4.1. Remarkably, such atoms are automatically
produced [45, 46, 52, 53, 54, 55, 56| when a standard magneto-optical trap (MOT)
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Figure 4.1: Schematic illustration of the energy levels and transitions used for cooling
and trapping of strontium atoms. The blue MOT is operated on the strong 1S-
1P, transition. The loading of the magnetic trap proceeds via the weak leak of the
excited state (branching ratio 1:50000) into the ' D, state, which itself decays with
a 1:3 probability into the metastable 3P, state. Here the atoms can be magnetically
trapped and accumulated for a long time. The transition ? P»-3 D, allows to depopulate
the metastable state by transfering the atoms into the 3P, state. The latter represents
the excited state of the 1.Sy-3 P, intercombination line, used for narrow-line cooling in

the red MOT.
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is operated on the strong 1S,-!P; transition at a wavelength of 461nm !. A weak
leak of the excited state out of the cooling cycle of this “blue MOT” continuously
populates the metastable state and the atoms are trapped in the magnetic quadrupole
field of the MOT'. This continuous magnetic-trap loading mechanism is our essential
tool to prepare a sufficiently large number of 3Sr atoms despite of the low natural
abundance of this isotope. With a steady-state number of about 3 x 10° atoms
in the blue MOT, we can reach an estimated number of roughly 10® atoms in the
magnetic trap after typically 10s of loading. This enormous gain is facilitated by the
long lifetime of about 35s for the magnetically trapped atoms under our ultrahigh
vacuum conditions, which is about three orders of magnitude larger than the leak time
constant of the blue MOT. Note that the same scheme has been applied to increase
the number of 4 Sr atoms for spectroscopic measurements [56]. Also note that a very
similar loading scheme was crucial for the attainment of BEC in Cr [57].

In the narrow-line cooling stage, a MOT is operated on the 1S;-2 P, intercombina-
tion line (wavelength 689 nm, linewidth 7.4 kHz) using a scheme pioneered by Katori
et al. [58], which has become an almost standard tool for the preparation of ultracold
Sr. Loading of this “red MOT” 2 is accomplished by pumping the atoms out of the
metastable reservoir using a flash of laser light resonant with the 3P»-3D, transition
at 497 nm [9]; see Fig. 4.1. In the initial transfer phase, the magnetic field gradient is
reduced from 61 G/cm as used for the magnetic trap to 3.6 G/cm within about 0.1 ms.
To increase the capture velocity of the red MOT we frequency-modulate the light,
producing sidebands that cover a detuning range between —250kHz and —6.5 MHz
with a spacing of 35kHz; here each of the MOT beams has a waist of 5mm and a
peak intensity of 10mW /cm?. In a compression phase, the red MOT is then slowly
converted to single-frequency operation with a detuning of about —800 kHz by ramp-
ing down the frequency modulation within 300 ms. At the same time the intensity of
the MOT beams is reduced to 90 W /cm? and the magnetic field gradient is increased
to 10.4G/cm. At this point, we obtain 2.5 x 107 atoms at a temperature of 2.5 uK
in an oblate cloud with diameters of 1.6 mm horizontally and 0.4 mm vertically.

To prepare the evaporative cooling stage, the atoms are transferred into a crossed-
beam ODT, which is derived from a 16-W laser source operating at 1030 nm in a single
longitudinal mode. Our trapping geometry follows the basic concept successfully
applied in experiments on Yb and Ca BEC [10, 11, 42, 44]. The trap consists of

'Loading of the blue MOT follows standard laser cooling and trapping procedures. Atoms emitted
from an effusive beam source are transversely laser cooled to increase the loading flux of the low-
abundant isotope. They are the Zeeman slowed to be captured by the MOT. Our MOT laser beams
have a waist of 9mm, a peak intensity of 5mW /cm?, and a detuning of —33 MHz. The quadrupole
magnetic field has a gradient of 61 G/cm along its symmetry axis. The temperature in the MOT is
Doppler-limited to a few mK.

2The 689-nm laser system is a master-slave combination. The master laser is stabilized on a
100kHz linewidth cavity by optical feedback, resulting in a linewidth of ~2 kHz. The laser frequency
is locked to the 88Sr intercombination line and frequency shifted by 351.4 MHz to the red to account
for the isotope shift. A 30-mW slave laser diode is injection locked to the master to obtain sufficient
light for the MOT. The red light is superimposed with the blue MOT beam using dichroic mirrors.
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a horizontal and a vertical 3 beam with waists of 32 um and 80 um, respectively.
Initially the horizontal beam has a power of 3 W, which corresponds to a potential
depth of 110 uK and oscillation frequencies of 1kHz radially and a few Hz axially.
The vertical beam has 6.6 W, which corresponds to a potential depth of 37 uK and
a radial trap frequency of 250 Hz. Axially, the vertical beam does not provide any
confinement against gravity. In the crossing region the resulting potential represents a
nearly cylindrical trap *. In addition the horizontal beam provides an outer trapping
region of much larger volume, which is of advantage for the trap loading.

The dipole trap is switched on at the beginning of the red MOT compression phase.
After switching off the red MOT, we observe 2.5 x 10® atoms in the ODT with about
108 of them residing in the crossed region. At this point we measure a temperature
of ~10 uK, which corresponds to roughly one tenth of the potential depth and thus
points to plain evaporation in the transfer phase. We then apply forced evaporative
cooling by exponentially reducing the power of both beams with a 1/e time constant
of ~3s °. The evaporation process starts under excellent conditions, with a peak
number density of 1.2 x 10* cm™, a peak phase-space density of ~2 x 1072, and an
elastic collision rate of about 3500s~!. During the evaporation process the density
stays roughly constant and the elastic collision rate decreases to ~700s~! before
condensation. The evaporation efficiency is very large as we gain at least three orders
of magnitude in phase-space density for a loss of atoms by a factor of ten.

The phase transition from a thermal cloud to BEC becomes evident in the appear-
ance of a textbook-like bimodal distribution, as clearly visible in time-of-flight absorp-
tion images and the corresponding linear density profiles shown in Fig. 4.2. At higher
temperatures the distribution is thermal, exhibiting a Gaussian shape. Cooling below
the critical temperature T, leads to the appearance of an additional, narrower and
denser, elliptically shaped component, representing the BEC. The phase-transition
occurs after 6.3s of forced evaporation, when the power of the horizontal beam is
190 mW and the one of the vertical beam is 410 mW. At this point, with the effect
of gravitational sag taken into account, the trap depth is 2.8uK. The oscillation fre-
quencies are 59 Hz in the horizontal axial direction, 260 Hz in the horizontal radial
direction, and 245 Hz in the vertical direction.

For the critical temperature we obtain 7, = 420 nK by analyzing profiles as dis-
played in Fig. 4.2. This agrees within 20%, i.e. well within the experimental uncer-
tainties, with a calculation of T, based on the number of 3.8 x 10° atoms and the trap
frequencies at the transition point. Further evaporation leads to an increase of the
condensate fraction and we obtain a nearly pure BEC without discernable thermal
fraction after a total ramp time of 8s. The pure BEC that we can routinely produce

3For reasons of optical access the beam is not exactly vertical, but inclined by 20°.

4To avoid perturbations by interference effects the beams are orthogonally polarized and have a
frequency difference of 160 MHz.

5The evaporation process turns out to be very robust, and common or individual variations of
the ramping time constants for both beams are not found to have strong effects on the evaporation
efficiency.
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Figure 4.2: Absorption images and integrated density profiles showing the BEC phase
transition for different times t., of the evaporative cooling ramp. The images are along
the vertical direction 25 ms after release from the trap. The solid line represents a
fit with a bimodal distribution, while the dashed line shows the Gaussian-shaped
thermal part, from which the given temperature values are derived.
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1.1

Figure 4.3: Inversion of the aspect ratio during the expansion of a pure BEC. The
images (field of view 250um x 250um) are taken along the vertical direction. The
first image is an in-situ image recorded at the time of release. The further images are
taken Hms, 10ms, 15 ms, and 20 ms after release.

in this way contains 1.5 x 10° atoms and its lifetime exceeds 10s.

The expansion of the pure condensate after release from the trap clearly shows
another hallmark of BEC. Fig. 4.3 demonstrates the well-known inversion of the
aspect ratio [59, 60], which results from the hydrodynamic behavior of a BEC and
the fact that the mean field energy is released predominantly in the more tightly
confined directions. Our images show that the cloud changes from an initial prolate
shape with an aspect ratio of at least 2.6 (limited by the resolution of the in-situ
images) to an oblate shape with aspect ratio 0.5 after 20 ms of free expansion. From
the observed expansion we determine a chemical potential of p/kp ~ 150 nK for the
conditions of Fig. 4.3, where the trap was somewhat recompressed to the setting at
which the phase transition occurs in the evaporation ramp. Within the experimental
uncertainties, this agrees with the calculated value of p/kp ~ 180 nK.

It is interesting to compare our number of 1.5 x 10 atoms in the pure BEC with
other BECs achieved in two-electron systems. For 1™Yb up to 6 x 10* atoms were
reported [44], and for °Ca the number is 2 x 10* [10]. It is amazing that our BEC
clearly exceeds these values with little efforts to optimize the number after our first
sighting of BEC (26 Sept. 2009). We anticipate that there is much more room for
improvements in particular in the transfer from the red MOT into the ODT. We
interpret the amazing performance of 8 Sr as the result of a lucky combination of
favorable scattering properties with excellent conditions for narrow-line cooling, and
we believe that this makes ®'Sr a prime candidate for future experiments on BEC
with two-electron systems.

We finally discuss a few intriguing applications which seem to be realistic on a
rather short time scale. The 8*Sr BEC may serve as an efficient cooling agent to bring
other isotopes into degeneracy. A BEC of ®Sr would be a non-interacting one [41], as
the intra-isotope scattering length is extremely small [46, 51]. This would constitute a
unique source of low-momentum, non-interacting, and magnetically insensitive atoms,
ideal for precision measurements [9]. The fermionic isotope 87Sr offers a nuclear spin
decoupled from the electronic degrees of freedom, which is very favorable for quantum
computation [3, 4] and the essential key to a new class of many-body physics with
ultracold atoms [5, 36]. The realization of a Mott insulator state appears to be a
straightforward task [61]. Another fascinating application would be the creation of
ultracold dimers made of an alkali atom and a two-electron atom [62]. Since all-optical
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evaporative cooling strategies for 8Rb and ®4Sr proceed under very similar conditions
(63, 64, 65|, the creation of SrRb molecules seems to be a realistic option. Such
molecules would be qualitatively different from the bialkali atoms currently applied
in heteronuclear molecule experiments [66] as they offer a magnetic rovibrational
ground state [62].
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with the dipole trap laser. We furthermore thank Andrew Daley, Peter Zoller, and
Hanns-Christoph Nagerl for stimulating discussions on the prospects of strontium for
future experiments. We also acknowledge fruitful discussions with Jun Ye, Thomas
Killian, and Yoshiro Takahashi.



Appendix A

Experiment Details

A.1 Toptica DL Pro Laser

Before using optical feedback locking, we tried to reduce the laser linewidth by electri-
cal feedback. The 689 nm grating stabilized laser we have is a ‘DL pro’ from Toptica.
This laser allows us to modulate the diode current from DC to 50 MHz via a 50 Q
terminated BNC voltage input. To obtain light frequency response of the laser head
to input voltage, we modulate the laser with sinusoidal signals at different frequencies
and measure the transmission through a low finesse (less than 10) cavity. Since the
laser is modulated at the edge of the transmission profile where transmission changes
almost linearly with light frequency, the transmission variation tells us the frequency
variation of the light. Comparing the measured light frequency variation with the
input modulation signal, we get the FM sensitivity (in Hz/mV) and the FM phase
delay of the laser head as functions of modulation frequency. The setup for this
purpose is illustrated in figure A.1.

The result in the frequency range from 10 kHz to 10 MHz is shown in figure A.2.
The overall trend of the response looks like a low-pass filter. However, the modulation
sensitivity has a sharp drop at 60 kHz down to about 1/3 of the value expected from

Function R Power
Generator - Splitter
Cavity
PD
\
DL Pro H—{
CH1 j |
CH2 <

Figure A.1: The setup for testing light frequency response of the laser head to voltage
input. Thick lines represent BNC cables with identical lengths. CH1 and CH2:
Channel 1 and 2 of the oscilloscope; PD: fast photo-detector with a bandwidth of 125
MHz.
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Figure A.2: Light frequency response of DL-Pro laser head to voltage input. The
solid line is the laser’s frequency modulation (FM) sensitivity to input voltage (in
Hz/mV) and the dashed line is its FM phase lag.

the over all trend. A phase dispersion at the same frequency confirms this dip.
When we locked the laser to a cavity with 1 MHz linewidth by using PDH tech-
nique, a typical power spectrum of the error signal after locking is shown in figures A.3.
The weak frequency response near 60 kHz leads to a residual noise peak about 10 dB
higher than the background. Moreover, our DL-Pro laser at 689 nm has a measured
linewidth around 400 kHz, which is much higher than the typical linewidth (100 kHz)
of DL-Pro lasers at other wavelengths. If electrical feedback is used for linewidth
reduction, such a noisy laser source is very demanding in servo electronics. We run
away from this problem by using optical feedback, but we will be back in the future.

A.2 Light Mode Adjusting by a Single Lens

In our setup, only one lens at the fiber coupler is needed for mode matching into the
reference cavity. This trick is illustrated in figure A.4. Since the light coming out
from the fiber is highly diverged at an angle of 6, the beam radius (1/e* intensity)
w right after the fiber coupler is determined by the focus length of the collimation
lens by w = fsin(6/2). If we move the position of the lens slightly outward from
the collimation position, the laser will be focused but the beam size at the coupler is
almost unchanged. To match the beam waist with waist of the cavity mode, wy, the
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Figure A.3: Power spectrum of error signal when the DL-Pro laser is locked to a cavity
with about 1 MHz linewidth by using electrical feedback. Parameters are optimized
and the loop gain is maximized before the lock goes into oscillation. Weak sensitivity
of the laser head at 60 kHz leads to a bump about 10 dB high there.
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Figure A.4: The laser beam size is determined by the focus length of the lens at fiber
coupler. After collimation, slightly moving the lens outwards can focus the laser while
its beam size at the coupler is almost unchanged. The solid lines show a focused beam
and corresponding lens position while the dashed lines show a collimated beam.
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following equation should be satisfied:

z = zp (w—0)2 -1, (A.2.1)

Where z is the distance between collimation lens and beam waist, and zp = Tws/\
is the Rayleigh length. In our experiment, a lens with f = 8 mm gives a convenience
z of 56 cm. Due to extra optical length caused by the chamber window, PBS and the
first mirror of the cavity as well as the concave lens effect from this mirror, the final
distance between the cavity center and the collimation lens is about 2 cm shorter than
the result from (A.2.1). Since zg is about 10 cm in our experiment, a focus distance
uncertainty less than 3 cm has no significant effect.

A.3 Phase Adjusting Mirror

To achieve a higher locking bandwidth, the phase adjusting mirror and PZT system
(in figure 3.4) should have a high resonance frequency. A low mass mirror, a small
and hard PZT tube and a heavy mounting block are helpful. In our setup, a mirror
with dimensions of 5 x 5 x 1 mm? is glued on a small PZT tube with dimensions of
3 x 4 x5 mm?. This PZT is then glued to a cylinder aluminium block on a usual
mirror mount. To cut the small mirror from a common one that is 1 inch in diameter,
we use cosmetic nail polish to protect the mirror surface during machining and wash
it away by acetone afterwards. Wax or removable glue can be used to fix the mirror
during cutting.

A.4 Temperature Characteristics of the Reference
Cavity

In the original design, the length of the cavity is tuned only by the voltages applied on
its two PZT tubes. A high voltage battery set is used for one PZT for coarse tuning
(175 V for one FSR) while the other PZT is driven by a PID controller with a small
voltage output range. This cavity should be insensitive to temperature variation.
However, in our final setup, one mirror is glued inside rather than outside of the
inner Macor ring (figure A.5). Consequently, the cavity length is reduced by the
thickness of the mirror and that of the smaller ceramic ring. This difference leads to
a larger FSR of 1.58 GHz and a much lager thermal expansion effect !. On one hand,
this forces us to stabilize the temperature of the cavity more precisely. On the other,
we can tune the cavity length by adjusting temperature (+157 MHz/K) instead of
using a battery stack. Since temperature are relatively easy to be stabilized while
batteries would age, coarse tuning of cavity length by temperature is more convenient.

!The expansion of Zerodur spacer is only 22.5% of that of the mirror and the ceramic ring.
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Figure A.5: The final setup of the cavity end with PZTs. The mirror is glued on the
inner side of the small Marco ring instead of on the outer side. Due to the thickness
of the mirror and that of the small Macor ring, the cavity length is reduced slightly
and becomes more sensitive on temperature variation.

Every time after we change the temperature, one day is needed for thermal sta-
bilization. Once the right temperature is obtained so that the cavity resonance is in
the capture range of the spectroscopy PID controller (12 V), this system will work
stably for weeks.

A.5 Analysis of the Sr Spectroscopy Signal

Although the Sr 689 nm transition only has a natural linewidth of 7.4 kHz, its doppler
free saturation spectroscopy signal is greatly broadened due to collisions, power satu-
ration, residual doppler effect and transition broadening. We estimate its broadened
linewidth at 530 K in our system in the following discussion.

For collisions, data and equations can be found in [31] and [67]:

osrsr = (6.55+0.6) x 107 cm?
osrar = (1.5240.18) x 107" cm?
7566 + 101
log Ps, = 9.58440.132 - ————

N; = P/(kgT)
Af = %ZNZ.<W>.

osrsyr 18 the cross section between Sr atoms, og, 4, is that between Sr and Ar atoms.
Pg, is the vapor pressure of Sr in Pa. T is in a range from 673 K to 873 K. N; and
P; are the density and pressure of the ith collision partner respectively, and o; the
cross section and v; the center-of-mass velocity of the two colliders. The collisional
broadening for Sr 689 nm line is about 300 kHz and the mean-free-path is about 6
mim.
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Transition broadening is calculated from

where d is the diameter of the probe beam (or the smaller one of the probe and pump
beam), which is about 5 mm in our case. The estimated broadening is 16 kHz.

The saturation intensity Ig is 3 uW/cm? for Sr 1Sy —3 P, transition. Estimated
saturation broadening is 191 kHz at 2000 pW /cm?.

Although the laser is collimated, residual curvature and misalignment could still
cause some broadening. With a beam size about 5 mm, the residual curvature angle
0 of our laser is estimated to be smaller than 10~% rad 2. This broadening is given by

AfD _ 2\/@ 2kBT‘ fatom
m C
AfTD = eAfDa

where fuom is the frequency of the atomic transition, and Afp and Afrp are the
Doppler broadening and transverse Doppler broadening respectively. This mechanism
gives an inhomogeneous broadening of 90 kHz.

All together, the estimated broadening is about 600 kHz, dominated by collisional
and power broadening. Our measurement about 800 kHz agrees with this estimation.

A.6 Eliminating Noise from Amplitude Modula-
tion

When an EOM or AOM is used for light phase modulation or frequency modulation,
amplitude modulation comes up as a side effect. For example, in EOM, only the
light component whose polarization is parallel to certain axis of the EOM crystal
can be efficiently modulated. If there is a polarizer after the EOM, the modulated
light component and the less-modulated component may beat to each other, result in
amplitude modulation. If the two beating components has constant intensity I; and
I5 respectively, the output will be

I(t) = Iy + I, + 2¢/T1 Iy cos(Ag(t)),

where A¢(t) is the phase difference between two laser components caused by phase
modulation. Because of the square root term, even a very weak less-modulated light
component (e.g. 107 of the total power) leads to a strong amplitude modulation
(2%). Other reasons like multiple reflection between the ends of the crystal and
partly blocked laser beam will also cause amplitude modulations. In PDH technique,
amplitude modulation results in an offset of the error signal. Due to temperature

2Beam radius changes by less than 0.5 mm at a distance of 5 meter.



38

variation, acoustic vibration and drifting electronics, this offset can drift and change
the locked frequency.

To reduce amplitude modulation, interference between polarization components
should be avoided; laser beam never be blocked or distorted; direction and position of
the EOM (also AOM) be finely tuned. To tune the EOM (or AOM) precisely, we can
monitor the AC signal directly from PD2 (in figure 3.7) during alignment. When the
EOM (or AOM) is not optimized, the modulation of the PD2 output is dominated
by a component at the same frequency as that of the frequency modulation. By
careful adjustment, such a modulation can be eliminated and only a second harmonic
component is left.

Besides that, we can also reduce actively the influence of amplitude noise. In a
PDH scheme, for example, a second photo detector can be used to detect part of
the light before it goes to the cavity 2. This signal could be used as a background
reference. The error signal offset coming from it will be subtracted from the usual
error signal. Another way [16] of using the signal from the reference PD is to stabilize
the light power with an AOM.

3In spectroscopy, PD2 in figure 3.7 does the job.
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