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8 CHAPTER 0. STRONTIUM LATTICES

0.1 15.05.2009 First ideas

In the first years the experiment on Collective scattering from Bose-condensates
will be the main experiment to be set up at Sao Carlos. The project Cavity QED
with sub-recoil resolution is technically more demanding and can only be consid-
ered in the eventuality of good financial funding. The project Many-body physics
with fermions in lattices needs to be worked out. All other projects are either
based on experimental setups at Tiibingen (Zimmermann, Guérin), Nice (Kaiser) or
Séo Carlos (Bagnato), or small side projects supporting those experiments.

My projects for IRSES could be Crystallography of optical lattices, i.e. demon-
strate various types of lattices with ultracold Rb (e.g. 2D plaquettes, Mott insulators),
demonstrate bce and diamond lattice with strontium photonic bands.

0.1.1 Collective scattering from Bose-condensates

Cooperativity and disorder govern the interaction of ultracold atomic clouds with
light. Due to their small sizes and low temperatures Bose-Einstein condensates are
ideal test objects for measuring the impact of collective effects on light scattering via
the radiation pressure.

The question is which species to chose. Rubidium is nice and easy, but we will
need to be able to adjust the interatomic interaction with Feshbach resonances.

Goals, questions, visions
e identify collective effects in light scattering
e radiation pressure measurements for BECs

e outlook on photon condensation or subradiant entanglement

Methods, equipment
e cold atoms in a magneto-optical trap
e setup for Bose-Einstein condensation of rubidium
e dipole trap for strong confinement

e possibility of addressing a Feshbach resonance

Manpower, tasks

e 1-2 PhD thesis for setting up the whole experiments and doing the measurements

e access to good mechanical and electronic workshops
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Time schedule

e year 1: equipment of a lab, optical table, oscilloscopes, power supplies and
current drives, vacuum chambers, etc.

e year 2: setting up lasers, optics, sensitive cameras, computer control systems
for setting up the MOT and the BEC

e year 3: reaching the quantum-degenerate regime and measuring the response of
BECs to incident light
Collaboration

e Nice (France) and Milano (Italy)

Financing

e FAPESP , FP7 (Marie Curie IRSES und INCO)

0.1.2 Cavity QED with sub-recoil resolution
The aim of this project is the construction of a high-level experiment combining Bose-
FEinstein condensates with CQED in a new regime, where the cavity finesse is high
enough to resolve the atomic motion on the sub-recoil level.
Goals, questions, visions

e reach the strong coupling regime with a condensate in a ”long cavity”

e study collective cavity QED with ”"dual” quantization of the atomic motion and

the light field

Methods, equipment

e Bose-Einstein condensation of strontium (or calcium)

e development of ultrahigh finesse ring cavities

e laser frequency stabilization of diode lasers on ultrahigh finesse cavities

Manpower, tasks

e 2 graduate students for more than three years

Time schedule

e ;3 years

Collaboration

e perhaps Prof. Dr. D. Magalhaes with a common project of developing a Pound-
Drever-Hall servo electronics
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Financing

e FAPESP

0.1.3 Many-body physics with fermions in lattices

Fermions or mixtures of fermions and bosons in optical lattices bear the potentiality
of simulating more complicated many-body systems such as electron gases in solids,
superfluids and superconductors. They offer the advantage of high purity, wide tuning
ranges for relevant parameters and thermodynamic potentials and controllable impu-
rities. The goal of this project is the implementation of 5Li-"Li mixtures as quantum
simulator. For practicability and versatility I would use a. lithium (or potassium) and
b. dipole traps for high repetition rates.

Goals, questions, visions

e study few and many-body physics with lithium

Methods, equipment
e Bose-Einstein condensates of “Li and Fermi gas of 6Li
e purely optical trap (high power 1 pum fiber laser) fed by a 2D-MOT
e Feshbach resonances, reduced dimensions, very small volumes
e design should be able to accommodate a ring cavity at a later stage

e evtl. use potassium because for easier handling

Manpower, tasks

e 1-2 graduate students

Time schedule

e > 3 years

Collaboration

e Prof. Dr. K. Capelle from the ABC University of Sao Paulo

Financing

e FAPESP

0.1.4 Photonic bands in optical lattices

The project consists of two branches. The first branches consists in a continuation
of an experiment started at the University of Tiibingen in mid 2009. The second
branch will be an experiment to be started in Sao Carlos studying band structure of
exotic optical lattices with ultracold strontium. The exchange of students between
Sao Carlos and Tiibingen is highly recommended.
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Goals, questions, visions
e detecting photonic bands in an optical lattice
e study the impact of disorder
e watch for signatures of localization of light

e consider complete 3D bandgaps in lattices of 17*Yb or 84Sr

Methods, equipment

e the Tiibingen experiment consists of a MOT feeding a 1D optical lattice made
by an optical standing wave

e we analyze the spectrum of Bragg-scattered light

Manpower, tasks

e 1 PhD from Sao Carlos

Time schedule

e 2 years

Collaboration
e Prof. Dr. C. Zimmermann from the University of Tiibingen (Germany)
e Dr. W. Guerin from the University of Tiibingen (Germany)

e Dipl.-Phys. A. Schilke from the University of Tiibingen (Germany)

Financing

e FAPESP for travel expenses, FP7, Humboldt-Stiftung

0.1.5 Ultracold fusion with Bose-condensates

The aim if this project is the continuation of the Tiibingen CARL experiment in
collaboration with my Sao Carlos group. Together with a graduate student from Sao
Carlos I would give practical and conceptual advise and theoretical support.

At a later stage, one could consider supporting research in the form of smaller
side projects. For example, the development of an ultrahigh finesse cavity, design of
a stable Pound-Drever-Hall servo for diode lasers, etc.). Even later, one would head
for a thermal CARL experiment in Sao Carlos or introduce a cavity in an existing
BEC apparatus.
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Goals, questions, visions

e numerical simulation of Ramsey experiment, develop intuitive picture of the
process

e predictions for Raman CARL
e quantum CARL and quantum synchronization
e ideas for the very good cavity limit

e manipulate the scattering of light and hence tailoring the atomic motion with
optical cavities, ring cavities in the quantum-good-cavity limit (Cavity-enforced
Atomic Quantum Dynamics, CAQD). The ETH experiment is in the CQED
regime, where the atomic quantum dynamics is obtained via ultra-low pumping.

e micro ring cavities and squeezed light
e Mott-isolator with cavity for 1D
e why is "ring” cavity necessary for JJ experiment?

e BEC damping: calculate, consider two-sided incoupling

Methods, equipment

e the Tiibingen BEC equipment

Manpower, tasks
e 1 graduate student for theoretical support, will establish a link to Tiibingen
e 1 undergraduate student for constructing a supercavity and locking a laser to it

e my conceptual support, supervision and guidance of Tiibingen PhD thesis

Time schedule

e 3 years, beyond the end of Simone’s thesis

Collaboration
e Prof. Dr. C. Zimmermann from the University of Tiibingen (Germany)
e Prof. Dr. D. Magalhaes, common project of developing a PDH servo electronics

e follow-up of DFG CARL project with C. Gnahm

Financing
e DFG-FAPESP? for travel and a Sao Carlos student’s stay in Tiibingen
e FPT7?
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0.2 03.03.2010 More ideas

BEC and macroscopic particles, nanotubes, walls, colloids or fullerenes trapped
in optical tweezers

e photonic condensates

full band gaps in Bravais lattices

e adiabatic potentials, electric Feshbach resonance, plasmons and cold atoms

Start a strontium CARL experiment in parallel, use it as a first step to subrecoil
resolution CQED.
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0.3 15.04.2010 Proposal

T decided to go for strontium and wrote a proposal to FAPESP. The first goal is
to obtain cold strontium in an optical trap. The motivation is long-termed. The
selling arguments for strontium are 1. optical frequency standards, 2. gaseous photonic
crystals, 3. CQED with subrecoil resolution, 4. superradiance on slower decay rates.
Vanderlei takes it with him for reading and correcting the portuguese.

lattice clock at the
Heisenberg limit

T

- S§r —

:

slow
superradiance

photonic
bands

ring cavity
QED

Figure 1: (code) Sr projects.

Strontium apparatus
- mechanical setup
- oven
- Zeeman slower
- main chamber
- magnetic field
- optical setup
- laser at 461 nm
- heatpipe
- laser at 689 nm
- stable cavity
- PDH stabilization
- bandwidth broadening
- laser at 497 nm
- laser at 1064 nm
- crossed dipole trap
- optical lattice


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20100415_Projects.m
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0.4 17.04.2010 Level scheme

The level scheme of strontium is shown in Fig. 2 [95]. The experiment can be devided
into several stages, starting with the blue MOT, then loading onto the red MOT,
then into the lattice. The first level of construction requires the vacuum chamber and
a laser at 461 nm. At a second stage, we want a laser 689 nm. This laser must be
stabilized to a cavity using a Pound-Drever-Hall servo.

(5s7p) 1P, 88Sr

(4d5d) "D,

257 nm
(240 kHz)

... (5s6s) 3S;

magical wavelength 813 nm

1S 1P 1D 3S 3P 3D 3,:

Figure 2: (code) Grotian diagram of strontium.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20100417_SrTransitions.m
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0.5 18.04.2010

Isotopes.—
Sr isotope
88 0
87 9/2
86 0
84 0

nuclear spin
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Strontium data

82.6%
7%
9.8%
0.56%

natural abundance

—QCI,B

+800ap
+122.7ap

Interspecies scattering length aggs_s7 = 5bap.
V38 = 434.829121 311 (10) THz, v59, = v5§;, — 163.817 4 (2) MHz.

Strontium transition wavelengths.—

¢ = 299792458 m/s

term
88Gr 5s2 15,
88Sr 5s5p 1P

88Sr 555p 3 Py
88Sr 5s5p 3P,
87Sr 5s5p 3P,
86Sr 5s5p 3Py
84Gr 5s5p 3Py
88Sr 555p 3 Py

88Gr 555p 3Py — 5s5d 1 Dy
88Sr 5s5p 3Py — 5s5d 3Dy
888y 555p 3Py — 5s5d 3Dy
88Sr 5s5p 3Py — 5s5d 3 D5

energy [em~!]  [nm]

0 0
21698.452 460.86237
14317.507 698.44562

14504.3382416

14898.545

20133.11
20108.47
20123.55
20146.58

Characteristic frequencies.—

689.448896836

671.20648

496.6943
497.3028
496.9303
496.3621

scattering length

0

—60 MHz
—125MHz
—270 MHz

[THz|
0
650.50323

429.228 066 418 008 3
434.829121 311

vgr — 60 MHz

vge — 163.816 MHz
vgq — 270 MHz
446.64714

603.5754
602.8368
603.2887
603.9793

shift of 461nm line

transition linewidth Doppler limit recoil shift
formula %hF h; ff

461 nm 32 MHz 770 uK 10.7kHz = 512nK
689 nm 7.6 kHz 180 nK 4.8kHz = 229nK
767 nm 1.1MHz 26 uK 3.9kHz = 185nK
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0.6 30.04.2010 Possible vacuum system

I am slowly starting to plan the vacuum apparatus and lasers. Here are some points
to consider:

Oven.—

Generation of an atomic beam via an effusion oven. Temperature of the oven 575°
and of the nozzle 850° [66].

Transverse cooling by a 2D molasses needs 20 mW.

Slowing by a 20 cm long constant deceleration o_ Zeeman slower with a peak
magnetic field of 600 G needs 60 mW @461 nm.

Chamber.—

We want a main chamber with very good optical access. This is very important for
testing various lattice geometries e.g. diamond configurations. Evtl. we want space
for accomodating a ring cavity.

[—

TS

Fig. 16. Vacuum aparatus. O: oven for St sublimation; IP: ion pumps; TC: cell for transverse
cooling; ZS: differential pumping tube for the Zeeman slower; C: MOT cell; TS: titanium subli-
mation pump; W: sapphire window for the Zeeman slower laser beam.

Figure 3: (code) Possible vacuum apparatus according to [Sorrentino06].


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20100430_VacuumApparatus.m
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Figure 4: (code) Possible vacuum apparatus according to [Ludlow-09].

0.7 01.05.2010 Possible laser system

Blue MOT.—
A laser at 461 nm is needed with about 200 mW.
Option 1: TA-SHG pro laser from Toptica: fast but expensive 90000 Eur

Option 2: Master-slave with master locked by opt. feedback to stable cavity and
slave with

Option 3: stilbene 3 dye laser: certainly not
Control of laser frequency with a heatpipe for saturation spectroscopy.

Red MOT.—

A laser at 689 nm is needed with about 30 mW.

Option 1: TA-SHG pro laser from Toptica: fast but expensive 90000 Eur

Option 2: Extended cavity diode laser (ECDL) with a Hitachi HL6738MG mounted
in the Littrow configuration which delivers typically 15 mW [Ferrari03]

Magnetic trap.—
magnetic trap for metastable 2P, /2 atoms
depopulator at 497 nm
10s MOT loading time + 6s evaporation time

Optical lattice.—
Using Vanderlei’s IPG?


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20100430_VacuumApparatus2.m
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0.8 02.05.2010 Planing PhD and diploma the-
sis

Andrés.—
The working title is Construgao de uma armadilha magnéto-dptica para estroncio.

Dominik. —

Set up an ECLD at 689 nm and stabilize it to a stable cavity. This would be an
interesting collaboration project with Daniel. Especially, because of the existence of
mHz transitions at 698 nm. The optics should thus be planned broadband between
670..700 nm. The working title is Aufbau eines frequenzstabilen Lasers bei 689 nm
fiir eine magneto-optische Falle fir Strontium auf dem 1So —3 Py Ubergang.

Alexander. —

Set up the blue and then the red Sr MOT. Construction of laser at 461 nm and
of a heatpipe for Lamb-dip spectroscopy. Designing the Sr oven, the Zeeman slower,
and the chamber. Optimization for good optical access.

Some infos to consider: -480 MHz for Zeeman slowing beam, transverse molasses
cooling, 500° hot heatpipe with sapphire windows, > 100 G/cm? for MOT gradient,
use 922 nm for an optical trap,...

Helmar.—
Planing the apparatus, exotic lattice calculations, band calculations.
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Figure 5: (code) Workplan.

0.9 03.05.2010 Proposition for a collaboration
with Daniel

The goal of the project the development of an optical frequency standard based on
clock transitions in ultracold strontium lattices. The strontium part will be set up by
myself. Daniel would collaborate on the metrology part of the project.

The metrology part is conceived in two stages: 1. Construction of a kHz stable
ECDL laser system at 689 nm. This laser is also needed for second stage cooling of
strontium. 2. In a second stage this laser system will be duplicated, but at 698 nm
and with an improved stability. This is because the interesting clock transition in
strontium at 698 nm has mHz linewidth. Hence this laser will be locked in a second
step to an ultrastable cavity. Once the strontium lattice is available, we will set up
an optical clock.

For the first stage, the main components of the laser system are:
a. an ECDL at 689 nm (with peltier, grating and piezo, evtl. buy from Toptica),
(Toptica) current supply and temperature stabilizer, an optical isolator, 2 AOMs,
mirrors and polarization optics for 670 nm to 700 nm;
b. a stable cavity in a vacuum chamber (21 ion pump) with mechanical damping and
temperature stabilization, quartz spacer, piezo, EOM, fast electronics;
c. a pump-probe spectroscopy on a strontium heat pipe.

For the second stage (after 2 years?) the technology developped for 689 nm will


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20100502_Workplan.m
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PMF
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Figure 6: (code) Possible laser system at 689 nm according to [Poli06].

also be applied to 698 nm. In parallel, an apparatus for ultracold strontium in a
lattice will be set up. The tasks for the collaborative projects are then

a. develop a 2nd stage stabilization to an ultrastable cavity without piezo;

b. locking the laser to the mHz clock transition.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20100503_Sr689nm.m
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0.10 29.06.2010 Design of magnetic trap and
Zeeman slower

Using the approach of [53] we need a quadrupole magnetic field with 160 G /cm?.
Having a Zeeman slower, we probably don’t need large MOT beam diameters, so that
the coils can be quite close. BEC1 experiment: distance of coils 40 mm, maximum
current =25 A, gradient 160 G/cm?.

€
E o
b

-1 0

0 4 10x (mm)
z (mm)

-10

y (mm)
x (mm) -5°

Figure 7: (code) Magnetic quadrupole trap.

30 cm Zeeman slower with -270 MHz shifted cooling light or

30 cm Zeeman slower -+300 G with 0 crossing and -500 MHz shifted cooling light
(30 mW)or

Think of: optical feedback stabilization to a 100 kHz cavity (finesse F' ~ 10000).
Dichroic mirrors for 461 nm and 689 nm.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20100629_MagnTrap.m
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0.11 20.07.2010 Optical binding in a 1D lat-
tice?

Condition for Bragg reflection at a 1D lattice of atomic sheets separated by Ap/2

A A
gcosﬂi + ?dcosﬂs =n\y (1)
ﬁi = _ﬁs . (2)
Condition for Bragg scattering at a transverse grating with periodicity Ap
AgsinB; — Agsin By = n)y . (3)
This yields with n =1
. : b .
sin 8y =sin8; — — =sin 8; — cos f3; . (4)
AD

For 8; = 3° we obtain §; = —71°.

Goos-Héhnchen shift in a 1D lattice? Look for angular variations of 8y upon
a scan of Ag;p.
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0.12 04.08.2010 List of papers 1 for strontium

Early work on the strontium hyperfine structure [49].

At the INLN people built a strontium apparatus for studies of localization of light,
8], 19), [17), [19], [18], [118].

At Innsbruck [108, 111], and Rice [75, 91, 113, 29, 30, 31, 33, 72] they made the
first condensate of 34Sr.

At LENS they are interested in metrology [38, 82, 83, 39, 106], just like in Japan
53, 73], at NIST [121, ?, ?, 67, 66], at BNPM [25], and at Pisa [110].

About ytterbium [64, 40]. In particular a Mott state was achieved [41].
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0.13 06.08.2010 Design of oven 1

At INLN they use a stack of 100 tubes with ~ 0.2 mm diameter for channelling the
strontium jet. On how to design an oven see [8] page 97 and [?] page 23.
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0.14 06.09.2010 Conflat norms 1

sensible idiotic
CF10 1
CF16

CF25

CF40 (ou CF35)
CF50

CF63

CF75

CF100

CF125

CF160 (ou CF150)
CF200

CF250

NN =
00| UTND| = 00| QO = | L 00 = Lo =

0 O O = W

— =
N O



0.15. 07.09.2010 LIST OF TASKS AND PROBLEMS 1 27

0.15 07.09.2010 List of tasks and problems 1

461 nm part list for saturation spectroscopy

part list for MOT setup

497 nm
689 nm
1064 nm

Heatpipe no need for pressure gauge?

sapphire windows?

part list: home made tube, +4x FlangeCF16ThruNot, +2x WindowCF16, ValveG-
ateCF16

Referencecavity suspension?

thermal insulation?

buy ULE Spacer from REO optics

design of windows

part list: homemade tube, +2x FlangeCF100ThruNot, +2x FlangeCF40ThruRot,
+2x windows, +1x Feedthrough, ValveGateCF40

Etalon which type of mirror? piezos?
check design carefully

Strontium oven oven design
type of heating wire?
where to obtain the small tubes?

Strontium low vacuum station design of custom-made chamber
type of ion pump and turbo pump? is CF63 or even CF40 OK?
type of pressure gauge?

Strontium slower design?
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Strontium main chamber design?
are the deeper CF100 windows feasible?
are 160 G/cm feasible with the coils?

Strontium high vacuum station type of titanium non-sublimation pump?
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0.16 07.09.2010 Heating of coils

Consider a L = 100 m long wire with A = 1 mm? cross section carrying a current of

I =10 A for 1 h. Resistivity of copper p = 0.02 Qmm?/m, density pc, = 8.93 kg/dmg,
specific heat c¢c, = 389.4 J/kg K.

The total resistence is then R = p% = 2 Q. The electrical power transformed
into heat is P = RI? = 200 W. The produced heat is Q = Pt = 216000 J. With
the mass of the wire, m¢g, = pc.V = 0.893 kg, we obtain the temperature increase
AT = —9  — 621 K, if no heat is dissipated.

CCuMCu
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0.17 06.10.2010 Zeeman slower 1

Estimation of the maximum velocity we need to be able to decelerate, if we want
to capture 90% of the atoms of the atoms moving in +z-direction. The Maxwell-
Boltzmann velocity distribution for T' = 600°C'is,

m 2
. d L= —m’uz/QkBTd L. 5
flodo. =[5 v (5)

We normalize the distribution of interesting atoms to 1, fooc 2f(v,)dv, = 1. Hence,

the condition .
ma m
/O Zf(UZ)dUZ = erf (’lelw / M) =0.9. (6)

yields vy, = 1.16314/2kpT/m ~ 490 m/s. The maximum Doppler shift that has to
be compensated by a Zeeman shift is then kv,,, /27 ~ 600 MHz. Assuming constant
deceleration, v = vy /1 — z/L.

The Zeeman shift of the transition frequency between a ground and an excited

state is
AE = (geme - ggmg)MBB . (7)

For the 34Sr transition 'Sy - ' P, we have g, = g. = 1, my =0 and m, = 1. Hence,

The resonance condition
Ag+kv=1AE 9)
yields
hA Ak
B(z) = —=st f Mme Jy 2 (10)
1B 1B L

For example for an increasing field Zeeman slower, Ay = 0, By = % =760 G.
The necessary length L of the Zeeman slower can be estimated from the maximum

achievable deceleration,

02 2
T (Ag+kv—ppB)2+202 + 12 °

I
F = hk%U(Asl + kv — ugB) = hk (11)

In resonance and saturation,

F Rk
= — = —— 12
“ m 2m (12)
The minimum length is therefore, L = v2, . /2a,,, = 12 cm. For safety, the length is
commonly doubled. We go for 25 cm.
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0.18 22.10.2010 William’s experiment 1

Question 1: Is it correct that a photonic band gap is formed any time, when
multiple scattering between subsequent layers comes into play? Homogeneous or
inhomogeneous broadening may, of course, hide the band gap, but it should be there.

Question 2: It is true that the presence of a band gap (visible or not) is equivalent to
a modification of the DOS, even if it is only small or only 1D? What does it mean, when
we say that our band gap is only 1D?7 In my opinion, it means that, within the band
gap the angular integration of the DOS is not considerably modified. HOWEVER,
in the direction of the Bragg angle the modification can be huge. This is analog
to Simone’s observation. She observes a very strong modification of cooperativity,
although the solid angle of the cavity is extremely small. Despite the fact that the
superradiant enhancement of I' is small, the observed effects are huge, because along
the optical axis the amplification is huge.

In the case of an optical lattice, the optical axis is given by the Bragg angle, and
the solid angle of the cavity corresponds to the divergence of the Bragg-scattered
light. In both cases, for the cavity and for the 1D lattice, the underlying process is
single-photon scattering.

Question 3: Can you calculate the one-dimensional DOS inversely from a given
reflection profile?

If the above picture is correct, in order to find the holy grail of a DOS modification,
it would be sufficient to watch out for an anisotropy of cooperative light emission.
Well, we already know, that Bragg scattering is an effect of anisotropic cooperative
scattering. But in this case, the isotropy is broken by the direction of the incident
beam, i.e. the absorption plays a decisive role.

Perhaps, an angular modification of the DOS could easier be detected by exciting
the atoms NOT under the Bragg angle, but some arbitrary angle. Experimentally,
one would search for an increased probability that the atoms are SPONTANEOUSLY
emitted into the Bragg angles.

The problem is, how to arrange for spontaneous emission, without being disturbed
by the cooperativity linked to the absorption process. Perhaps, populating the P33
by decay from a higher-lying level? We should try to estimate the amplification
of spontaneous emission in Bragg direction. We could also estimate the angular
distribution of cooperativity, e.g. using the formalism of [Courteille et al., Euro. Phys.
J. D 58, 69 (2010)]. We could calculate the structure factor for a spatially ordered
cloud, and reinterprete the anisotropy of the structure factor in terms of an anisotropy
of the atom-vacuum mode coupling constant gi, which is directly related to the DOS.
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Figure 8: (code) Cooperation of a lattice.

Question 4: Perhaps signatures of a band gap are easier seen if the optical lattice
is split in two parts by depleting the central region of the lattice. In some sense, the
parts then represent the mirrors of an optical cavity. (This is a little bit like going
from Rabi to Ramsey spectroscopy.) Can you calculate the reflection spectrum?

Answer 1: Multiple reflection is a particular case of multiple scattering, which is
not covered by our cooperative model.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20101022_LatticeCooperation.m

0.19. 22.10.2010 NOT TO FORGET 1

0.19 22.10.2010 Not to forget 1

Arduino

Synergy plus monitor synchronization
Mechanical shutter by Andrés

Windows for main chamber CJT 680178 CF100

33
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0.20 01.11.2010 List of papers 2 for diamond
lattices

Band structure of diamond lattices [22], [97], [50], [80], [89], [114], [2], [3].

Proposals on how to make useful bandgaps [34], [10], [116], [45], [115], [6], [5],
[120], [123], [112], [56], [1].

Atomic band gaps in optical lattices [37].

Tasks for Dominik:
- Calculations for optical lattice (Kagome lattice, diamond lattice): Configuration of
laser beams (frequency, polarization, direction)
- Depth, steepness of sites, geometrical arrangement
- Band structure
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0.21 01.11.2010 Zeeman slower 2

Question: How much light power can we provide? 250 mW is the total laser power
at 461 nm.

What is the isotope shift between 88Sr and 84Sr? About 280 MHz [106].

What is the effective length of the slower?

What is the mean velocity of the atoms leaving the oven?

Which paper talks about complete simulations? [77].

600
@ 400 @
@ 200 ) 0
0 -0.2
0 0
0 50 z (cm)50 0.2 X (cm)

z (cm)

Figure 9: (code) Calculation of the magnetic field.

The detuning of the slower laser must be chosen carefully in order for the atoms
to have a well design final velocity, and be not repelled back into the slower

__ 2000
N
I
>3
1000
2
+
~
- 0
S
4
i}
-1000
0 10 20 30
z (cm)

Figure 10: (code) Simulation of the atomic trajectory.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20101101_ZeemanSlower.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20101101_ZeemanSlower2.m
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0.22 12.11.2010 AOM scheme 1

Scheme from Bidel for 88Sr:

diagonal
diagonal
Vig1—10 MHz +—8 y
(—{_heatpipe _}—
-+ W2
d 7
i V. ‘Zg::v‘rHKw atomic beam
) T - molasses
2 blue MOT
2 X 1
461 nm + 14 MHz. M2 a
Vig1+130 MHz V45,35 MHz Vig1—16 MHz -t diagonal
4
w2t
Lo M s
s | horzontal ™
i \
o1 ) s
A2 ..
wat w4
serar—A /
g
A2 A
reference cavity
Ves:

repumper
iR @/

Vig
@) dipole beams
fioe4 £ 78

Vorer

Figure 11: (code) Possible MOT AOM scheme.

If we switch to ®4Sr, how must we change the scheme.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20101112_SrSetup.m
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0.23 25.11.2010 Evaporation in dipole trap 1

Implememt David’s idea [117].
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0.24 24.01.2011 PDH stabilization 1

I got the PDH servo of the 689 nm laser working. The laser is stabilized to a Toptica
scanning etalon only using the fast branch. It seems very stable. From the trans-
mission signal of the scanning etalon, using the 20 MHz sidebands to calibrate the
frequency axis, we estimate a cavity linewidth of k = (27) 7 MHz. This corresponds
to a finesse of F' = 600. The free spectral range is 075, = 4 GHz. The noise in the
transmission signal when the laser is locked is lower than 5%. With

1 0.95

AR R (13)

This means that the laser linewidth with respect to the cavity is smaller than A =
0.2k = (27) 1.6 MHz. This can be improved by tighter locking and better cavities.

Some theory : The frequency-modulated light exiting the DL-pro is described by
ei(wt—i—N sin Qt) _ eiwt[_Jl (N)eiQt +Jo (N) +.J (N)e—iﬂt] , (14)

where 2 = (27) 20 MHz is the modulation frequency. The cavity response is close to
resonance

1 — = 2miw/0fer 1 iA

. ~ FEy(w)——=—-7F+— (15)
_ —27iw /S fsr . Ofsr
1—-Re f \/RzAc+2F =

E,(w) = Ey(w)VR

by expanding the exponentials. Absolute value and phase follow from E,(w) =
| Er (w)]e#*).

Inserting into the sideband spectrum and only considering terms oscillating with
Q we obtain for the photocurrent after demodulation with the local oscillator e~ ¥+

Sppr = |Eiot|?e” "% = Jo(N)J1(N)Re{e” [E} (w) E, (w+Q) — Ep (w) B (w—9Q)] }<+..>. .
16

0.2 10

0.1

-0.1

Reflektionssignal
o
Transmissionssignal

-0.2 0
-50 0 50 -50 0 50
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Figure 12: (code) PDH signal.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20110124_PDHSignal.m
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g _Jo(N)Jl(N)Eo(w)Eo(w+Q)R(w A A Gy A (A=)
Pt = R iIANtE—i(A+Q) +r —iIN+RiI(A=Q)+ k)
(17)

- BB+ (26
K K2+ Q2

7 A+O(A2)) :

Te. the steepness of the slope of the PDH signal for § = /2 is about Jo(N)J; (V) Ep(w) Fo(w+
Q)% With this we can use the slope to discriminate the frequency noise.
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0.25 28.01.2011 Pressure in our vacuum sys-
tem

For the calculation of flow and loading rates see Sec. 77.

Pumping through our Zeeman slower: The flow rate through our Zeeman
slower can be expressed as

Szee = Onet (18)
1
- 1 + 1 1 + 1 1 1 1 1
Spamm SL10emDamm Spemm SL10emD6mm Spsmm SL10emD8mm Spiomm SL10emD10mm
= 0.14 l/S

The small tubes contribute most to the flow rate reduction.

chamber

oven ion getter pump

~Lso| g Lpol ]

Ds Qs bttt Q,

Figure 13: (code) Vacuum scheme.

Let us now consider the low vacuum pumping station including the oven as a
simple gas cell whose partial pressure is pres ~ 2 x 1077 mbar. The main vacuum
chamber (chb) is then fed with Sr atoms by the oven (res) through the Zeeman slower
at a loading rate

Qzee = presszee =14- 1078 mbar l/S . (19)

Outgasing of the chamber: Our main chamber has a volume of V., = 1.3 1 and
a surface of about F,;;, = 700 cm?. Hence, it outgases at a rate

Qout = Ret1Fenp = 0.35 - 1078 mbar /s . (20)
This adds to the feeding rate

Qfee = Qzee + Qout . (21)

Quintessence: The pressure in the oven chamber needs to be reduced by an order
of magnitude.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20110128_VacuumSystem.m
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Pumping through apertures: Typical flow rates through apertures are Scpo =
151 1/s and Scpes = 374 1/s. This means for example that a simple CF40 aperture
would not reduce the (anyhow low) pumping speed of a Sy, = 75 1/s ion pump. If
the CF40 tube is 30 cm long, Sr3oemcrao = 80 1/s, the pumping speed would only be
reduced by a factor of 2. Here, a CF63 tube would be advantageous, Sr30emcre3 =
314 1/s. Quintessence: We should use CF63 tubing for the high vacuum pumping
station.

Let us assume that the full pumping speed of the ion pump is available at the
main chamber. The pumping rate is then

mep = pchbspmp . (22)

Pressure in the chamber: The pressure in the chamber p., results from an
equilibrium between the feeding and the pumping,

mep = Qfee 5 (23)
so that
Pent = Qtot/Spmp =~ 2.3 -1071° mbar . (24)

Quintessence: We need to improve the pumping rate by more than two orders of
magnitude. Titanium sublimation pumps or nonevaporable getter pumps can yield
pumping rates of 1000 1/s.

Feeding from coated walls: We use the same approach as above, but assume that
the chamber walls are all coated with Rb degasing at rate Qg and being readsorbed
at a rate p.Sgp. Thus,

Qc + QRb = Qp + pcSRb = pcSpmp +pcSRb . (25)

Neglecting dirt and assuming that readsorption is much slower then pumping, we

chamber
R ion getter pump

Sl A

Qrp
o1t Qp

*SRb

Figure 14: (code) Vacuum scheme.

may be able to estimate the Rb degasing rate
QRb = Qp = pcSpmp . (26)
Then, when the pump is switched off, the readsorption rate follows from

Sro = Qrb/PRb (27)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20110128_VacuumSystem2.m
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where prp = 1.5 x 10~7 mbar is the Rb partial pressure at room temperature.

In practice, dirt is likely to be produced by the ion getter pump at a rate exceeding
Qrp. This dirt will drift into the chamber when the ion getter pump is turned off.
For this reason, no improvement of the absorption signal is observed, when the pump
is turned off.

chamber
ion getter pump
L Ap Iy
<SRb Q
Qmy | Lol
tot o Q

Figure 15: (code) Vacuum scheme.

Partial pressure of Rb: Let us now consider a Rb cell. The partial pressure at
room temperature of pry = 1.5 x 10~7 mbar is due to an equilibrium of Rb outgassing
and adsorption, i.e. the Rb coated walls of the cell releases atoms into the gas phase,
and the cell walls act like a pump, prs = Qrs/Srs- The partial pressure depends very
much on temperature. Now we consider a Rb cell connected to a vacuum chamber.
If the Rb coated area is much smaller (e.g. ten times) than the chamber,

) AOU@TL AO'Uen
Prb = QroAoven _ b ~ 1.5 x 107% mbar . (28)

= PR
SrvAcell Aceu

In the presence of an additional pump

QRbonen
SRbAcell + SigpAcell

DRy =

Now we introduce an additional source (e.g. Rb atoms from a cell or a dispenser),

C}Rbonen + C~2dirtAcell

! - (30)
SRbAcell + SigpAcell

ﬁ:

Our vacuum gauges: We use various types of Pfeiffer vacuum gauges:
IKR 070, range 10~11..5 x 102 mbar for the UHV part

IKR 050, range 2 x 1072..5 x 1073 mbar for the oven chamber part

TPR 018, 8 x 10~%..1500 mbar for the Sr cells


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20110128_VacuumSystem3.m
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Figure 16: (code) Vacuum Temperature dependence of Rb partial pressure [107].

0.26 31.01.2011 Adjustment of the DL-TA-SHG-
pro

Procedure : 1. coarse-tune wavelength at screw

2. fine-tune offset at SC110

3. coarse-adjust first mirror mount after the two optical isolators optimizing the ring
cavity spectrum

4. fine-tune with the two mirrors preceding the SHG

5. lock the SHG and tune the crystal temperature optimizing the output power

A. only if necessary: adjust the doubling crystal with the upper left screw

B. only if necessary: adjust the ring cavity with the right curved mirror using the
upper right screw


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20110128_RbCellPressure.m
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0.27 02.02.2011 PDH stabilization 2

We need about 30mW power.

Single-mode operation is not easy at 60 mA. It is much easier to get this at 46 mA.
Here, I even get the PDH working with the following parameters Pprpro = 8.4 mW,
Pravity = 840 uW, PppHdetector = 240 pW, Pyavemeter = 1.4 mW, A = 689.4536 nm.
For the DCC: T = 34.4°C, I = —44.5 mW
For the PDH: ModAmp=4, gain=5, phase=0.3
For the FALC: InpOff1=0, InpOff2=0, SLI=10, FLD=1, FLI=7, XSLI=10, ULI-R=1,
ULI-C=4, ULI-pol=+, ULI-range=1,1, main gain=3
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0.28 03.02.2011 Toptica laser installation 1

Andreas Nendel from Toptica installed two lasers:

The 497nm laser S/N12014 laser works nicely. At the wavelengths 496, 497, 498nm
the threshold currents are 75, 70, 68mA. With the set currents 304, 305, 299mA, the
laser diode temperatures 20, 20, 20° and the crystal temperatures 41.9, 45.6, 48.6%rc,
we measure powers of the laser diode of 107, 109, 103mW, of the test beam of
12.7, 13.4, 12mW behind the fiberdock without fiber, and 57, 54, 54mW for the
SHG behind the fiberdock without fiber.

The 689nm laser S/N17119 has problems. Bei einem Laserstrom von ca. 65mA hat
der Laser eine Leistung von 22mW, scheint jedoch nicht sauber single-mode zu sein.
Das Wavemeter zeigt zwar 20GHz modensprungfreien Durchstimmbereich an, das mit
einem FPI gemessene Modenspektrum ist jedoch nicht im ganzen Bereich einwand-
frei einmodig. Bei niedrigen Leistungen (ca.l0mW) funktioniert die Pound-Drever-
Hall (PDH) Stabilisierung mit dem FALC-Einschub gut, bei hoheren Leistungen (ca.
20mW) scheinen die Modulationsseitenbdnder am Rande der Singlemodeplateaus zu
verschwinden. Hier funktioniert die Stabilisierung nicht. Die Amplitude des PDH-
Signals ist folglich grosser bei niedrigeren Leistungen, obwohl die Lichtleistung vor
dem Resonator grosser ist. Das legt die Vermutung nahe, dass die Kontroll- und
Regelelektronik zwar gut funktioniert, die Laserdiode die Spezifikationen jedoch nicht
einhélt. Fiir den Einsatz im Experiment sind 20mW mindestens bei guter spektraler
Reinheit notwendig.
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0.29 13.12.2011 689nm
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Figure 17: (code) Scheme.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20111213_Sr689nm.m
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0.30 03.01.2012 Modematching the reference cav-
ity
Fast method for prealigning the beam:

P(i) ! * 2 —2r2 Jw? 1 e _92 3 .2 T
P :/oo/m7m862/od:rdy:ﬂ/ e dﬂ/ 65d§:%erf(u\f>+%.

(31)
Using P(—wo/2) = P - 16% and P(w/2) = P - 84%, we cut the beam with a razor
blade mounted on a micrometric table. The distance necessary for ramping from 16%
to 84% is just wg.
According to Dominik the cavity has a waist of wy = 180 pm. The DL pro after
the anamorphic prism pair has wy = 620 pm. Modematching of the DL pro at 689 nm
with the SLS cavity requires two lenses.

Strahlverlauf
700
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S 400
B
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200!
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0.4
Weg des Strahls (mm)

Ig(R/mm)
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0.4 0.6 0.7 0.8
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Figure 18: (code) Mode matching of ring cavity.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120103_CavityModeMatching.m
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0.31 24.01.2012 Laser diode connections

Laser head connectay view Diode bottom view
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Figure 19: (code) Scheme.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120124_Diodeconnections.m

0.32.

0.32

11.02.2012 MOT IS WORKING

11.02.2012 MOT is working

Figure 20: (code) Sr MOT.

49


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120211_MOT.m
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0.33 19.02.2012 Optical pumping of strontium

Let us consider a strontium atom, where the blue 461nm transition and the green
497nm repumper transition are driven.

=16
497 nm
|2> (2.3 MHz)
T 3> (105 Hz)
(620 Hz) |5>

(213 Hz) === e

460.73 nm
(32 MHz)

[1>

Figure 21: (code) Sr scheme.

Defining the Bloch vector by 5= (p11  paz  p12 p21 P33 paa Pss  Pe6 P56 P65)
the population dynamics can be described by the following matrix,

0 o 5912 — 4912 0 Ty 0 0 0
0 —I'yg — Iag —101s 101 0 0 0 0 0
; ; r .
19 - 4919 —=32Z +iAgp 0 0 0 0 0 0
i ; r )
-2 2912 0 -2 —ing, 0 0 0 0 0
0 To3 0 0 —I34 — '35 0 0 0 0
0 0 0 0 T34 —T14 0 T46 0
0 0 0 0 I'ss 0 0 T'se %956
0 0 0 0 0 0 0 —Ty6 — I'sg — 5956
; ; I's
0 0 0 0 0 0 Lase — 1056 - =36 +ingg
0 0 0 0 0 0 —1as56 1oz 0

With the decay rates I'1o = (27)32 MHz, I'14 = (27)7.6 kHz, '3 = (27)620 Hz,
I'sy = (2m)213 Hz, I's5 = (27)105 Hz, T'y6 = (27)2.3 MHz, I's¢ = (27)2.3 MHz.

black:,a11 red tp,, green:p blue P, magenta:p55 cyan:p

0.8

o.ek

0 10 20 0 10 20
t (ms) t (ms)

Figure 22: (code) Optical pumping without (left) and with repumper (right) Q56 = I's.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120219_SrPumping.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120219_SrPumpingBloch.m

0.33. 19.02.2012 OPTICAL PUMPING OF STRONTIUM o1

Describing all transitions by rate equations, the matrix is,

—Bi2 — Big Ti12 + Bi2 0 T4 + Bia 0 0
Bio —T'yp — a3 — By 0 0 0 0
M= 0 To3 —I'zy — I'zp 0 0 0
Bia 0 T34 —T14 — B1g 0 T46
0 0 I35 0 —Bse T'se + Bse
0 0 0 0 Bsg —T46 — I'sg — Bsg

where B, are the laser induced transition rates (Einstein B coefficients).
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0.34 20.02.2012 Estimations for the dipole po-
tential depth

Using [47], we calculate the dipole potential via,

. 37T02F461 1

Ud(r) = I(I‘) ’

3
2w461 Wq — W461

with the maximum intensity,

2P
TWG
we expect a potential depth,
o 371'021—‘461 1

U()— IO>

2(‘}261 Wq — W461
of 13 uK for Ay = 922 nm, P; =2 W, and wg = 50 m, and 12 uK for Ay = 1064 nm.
Replacing the strong 461 nm line with the 689 nm line we obtain contribution to the
trap depth on the order of 30 nK. For overlapping laser beams the intensity Iy would
be the sum of the intensities of the individual laser beams, e.g. for a 3D optical lattice
Iy = 61450 Let I14ser be the available laser power. For a 3D lattice, the beam has
to be split
The trap frequencies depend on the geometry. For a single focused laser beam,

2Up V2 20U, 1
Wr = — and W, = _ .
m wy m zg
For a 1D optical lattice,
20U
w, = 250
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0.35 23.02.2012 Magnetic potential depth & g-
factors for strontium

The ground state hs no Zeeman effect. For the other levels, the splitting is,
Alzlzee = MBmJgJ|B| P
with the Landé-factor,

JU+1)+S(S+1) ~ LL+1)

—1
gr=1+ 2J(J + 1)

In particular, g;(1S1) = 1.5, g7(*P;) = 1, and g;(®>Py) = 1.5.

Using the magnetic trap field calculations routine 201006_MagnTrap.m and the
experimental parameters for mean diameter, 2R = 21 cm, for the distance, 24 =
13 cm, for the current, I = 35 A, and for the winding number, N = 200, I find the
gradients, 0, B = 0.B = 33 G/cm and 9,B = 66 G/cm. The minimum trap depth is
320 G corresponding to 20 mK.

Using

FF+1)+JJ+1)—-I(I+1) ugk F(F+1)—JJ+1)—-I(I+1)
2F(F + 1) s 2F(F + 1) ’

(32)
for the isotopes ®8Sr, 86Sr, and ®4Sr, which have the nuclear spin I = 0 and F = J,

dgr = gJ

gr =4gJ - (33)

The nuclear spin of 87Sr is I = 9/2. Hence, the gp-factors of the various levels are
[73, 33],

gF(lso,F = %) = ... (34)
gr("PP,F=1)=
gr (PP = 9) =
or(H9P, F = 1) =
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0.36 24.02.2012 Plans for Nicola’s stay

1. Collective halos:

- Abraham-Minkowski

- Red-blue asymmetry

- interpretation of interferences (artifact due to homogeneous density, the Fourier
transform should exhibit oscillations)

- do the projection to compare with experiment

- estimate the rate of scattered photons

2. Optical binding:
- negative force components

3. Mie resonances:
- generalization for elliptic shapes

4. Collective Lamb shift:
- multiple scattering avoided in strontium

5. Collective scattering in three-level systems:
- independent tuning of dispersion and absorption
- interesting for making n < 1

6. Photonic bands in 3-level systems:

7. MWSR in the ring cavity:
- coupling strength problem
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0.37 29.02.2012 Strontium MOTSs in the grav-
ity field

What are the strengths of the blue and red Sr MOTs as compared to gravity? The
expression for the radiation pressure force in vertical direction is,

hkD +0?
Fz(Z’UZ)ZTZ 2 2 5 —mg (35)
T 4[A F kv, F gsupz0.B/h]" +6Q2 + T
azwzeem = gJUBazB/h . (36)
Linearization for small
r-V 9 9
F.(r) ="V F,(0)=F(0,0)+ ZEF(O,O) + vZ%F(O, 0) + .. (37)
16RETQ2A 16hkQ?
=0+z2 5 0zWzeem + vy 2 (38)
(4A%2 +2-6Q2% +12) (4A2 +2-6Q2 +12)
= —KZ — U, (39)
—16RETO2A
K= Ohk Ostzeem ,  a= KL . (40)

8zwzeem

(4A2% +2-6Q2 +I2)?
For Q=-A=T

_ ng,ll,BzazB _ (41)

Rz= e =mg
[ K [kgsup0.B
w - 6m (2m)300H = (42)

Gravity has a much larger impact on narrow transitions, since the MOT force
scales with the scattering rate. With a gradient of 9,B, = 10 G/cm, an earth field
of B, =1 G produces a displacement of B./d,B, = 1 mm.

me2_F

w .
2 2
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0.38 12.03.2012 Refractive index of air

Using the formula [36]

2406030 15997
ne=1410"% (8342.13 + )

13010232 T 389 - 1012/2
0.00185097 P

1t (= 1) —— 20
=14 (s = D yo036717

where P is the pressure of air in mbar, T is the temperature in °C, and A = 689 nm
the wavelength, we find that at 7' = 20°C a pressure change from P = 10~% mbar to
P = 107° mbar changes the refraction index by An ~ 10~!!, which corresponds to a
frequency change on the order of 6 kHz.

60 .

50F

40t
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W
o

20F

10f

O 1
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Figure 23: (code) Pressure dependence of the strontium intercombination line v = m

At P = 10~* mbar, the temperature dependence of the refraction index is com-
pletely negligible.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120312_AirRefractionindex.m
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0.39 14.03.2012 Green repumper

The green repumper is working, the MOT is much brighter than without. The blue
laser is now locked using the Digilock.

5ms
4s 1ms  100us
slower coils
slower laser ___| \
MOT coils
blue MOT ]
green repumper___| ‘
probe beam M1
CCD trigger Uy
400ms

Figure 24: (code) Helmar’s experimental sequence.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120314_GreenRepumper.m
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0.40 17.05.2012 Fiber coupling the 689 nm

Got 74% efficiency with Thorlabs single mode fiber for the 689 nm laser. I installed
the FiberDock and obtain about 70%. The perfect Gaussian beam facilitates enor-
mously the coupling of the ring cavity. Without mode matching I obtain about 60%
transmission.
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Figure 25: (code) Scheme.
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0.41 18.05.2012 Locking the 461nm
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Figure 26: (code) Scheme.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120518_Sr461nm.m

60 CHAPTER 0. STRONTIUM LATTICES

0.42 19.05.2012 Locking the 497nm
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Figure 27: (code) Scheme.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120519_Sr497nm.m
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0.43 03.06.2012 Optical pumping of strontium

We now extend the scheme of 19.2.2012 by including a laser driving the red MOT
transition. lL.e. we consider a strontium atom, where the blue 461nm transition, the
green 497nm repumper transition and the red 689nm transition are driven.

16>
497 nm
[2> (2.3 MHz)
.. 3> (105Hz)
[5>

(620 Hz) (513 yyj e e

460.73 nm
(32 MHz)

11>

Figure 28: (code) Sr scheme.

Defining the Bloch vector by 5= ( p11 p22 pr2 pa1 pss paa pss Pe6 Pse
the population dynamics can be described by the following matrix, M =

0 Ti2 0 Tiq 0 0 3912 —5Q12 5914 —$Q14

0 —Iq3 — I'a3 0 0 0 0 AU Q12 0 0

0 a3 —I'3y — '3z 0 0 0 0 0 0

0 0 T34 —Ti4 0 T46 0 0 —%Q14 1Q1y

0 0 I35 0 0 T'se 0 0 0 0

0 0 0 0 0 —Ty46 — I'se 0 0 0 0
%le 75012 0 0 0 0 A1 0 0 0
— 512 5912 0 0 0 0 0 Alq 0 0
5014 0 0 0 0 —%Ql4 0 0 A1y 0
—%Q14 0 0 0 0 34 0 0 0 —ATy

0 0 0 0 0 0 7%914 0 7%912 0

0 0 0 0 0 0 0 —5Q14 0 %Qm

0 0 0 0 Q56 -%Q56 0 0 0 0

0 0 0 0 — 4 Q56 % Q56 0 0 0 0

with Ajj = iA;; — vij, Dog = Arg — Aqy, y12 = 2(T12 + Taz), y14 = 2014, o4 =
%(I‘u + Dog + T'y), and 56 = %FE,G. The decay rates are I'1s = (27)32 MHz,
F14 = (27‘(’)76 kHZ7 F23 = (27T)620 HZ, F34 = (271’)213 HZ, F35 = (27‘1’)105 HZ, F46 =
(27)2.3 MHz, T's¢ = (27)2.3 MHz.

We find that, when the red MOT is operated, a tiny bit of blue light is sufficient
to populate the metastable 3Dy state very rapidly (see Fig. 29(a)). This shows that
it is unavoidable to use a mechanical shutter for the blue light.

If however the repumper is also shone in.
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https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120219_SrPumping.m
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200 300 400

0 0.01 0.02 0.03 0.04
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Figure 29: (code) (a) Optical pumping without repumper in the presence of a red MOT
Q14 = 10I'14 and only weak blue light €12 = 0.01I'12. The repumper is switched after
200 ms with only Q56 = 0.001T'56. (b) Same as (a), but with Q14 = 1014 and saturating
blue light Q12 = I'12. The repumper is switched after 20 us with only Qs6 = 0.1I'56. Legend:
Black p11, red p22, green pss, blue pas, magenta pss, cyan pes.

0.44 05.06.2012 PDH settings

PDH-locking is working with the following settings: Ijgser = 48.8 mA, Ppipe, =
6.91 mW, P.opity—in = 1 mW, PDH-Ampl=5, PDH-Gain=9, PDH-Phase=0, FALC-
non-invert, FALC-fast-diff=5+7.
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0.45 07.06.2012 Thorlabs \/2-waveplates

For the zero-order \/2 waveplates at 670nm Thorlabs specifies 0.48\ retardance at
690nm. This means that we should expect a maximum extinction of

1 0 cos % —sin % 1 0 cos % sin % 1
0 0 sin % cos % 0 ¢0482ir —sin % cos % 0

behind a polarizer. What we find is rather 30% with one of the zero-order A/2

waveplates.
We returned the incriminated waveplate to Javier, who borrowed us a zero-order

A/2 plate at 633 nm, which works nice for 689 nm.

2
=0.004 (43)
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0.46 08.06.2012 Ring cavity calibration

Using the WSU wavemeter we found the Sr Lamb-dip using 3 - 10" 3mbar at vgg9 =
434.82907THz. Two cavity modes are found at v.q,1 = 434.82959MHz and v.q0 =
434.82811THz. Consequently, veqy1 — Vggg = 520 MHz and vggg — Vegnz = 960 MHz.
Veaw1 1S close to the value 505 MHz measured earlier by Dominik. This seems to show
that the cavity is stable and we might not need the Lamb dip for calibration.

The HL6738MG laser diodes are specified for 690 nm with uncertainties between
680 nm and 695 nm. Ours seems quite far from vggg. At 28°C I find for diode (1)
685.9 nm, for diode (2) 685.7 nm, for diode (3) 686.0 nm, for diode (4) 687.4 nm, and
for diode (5) 687.5 nm.

I only get about 20% for the Brimrose 800 MHz AOM at -5dBm feeding a Mini-
circuit +29dB/1W/1GHz amplifier. The beam is focused with a f = 150 mm lens.

For the Brimrose 110 MHz AOM at -5dBm feeding a Minicircuit +33dB/2W /500MHz

amplifier, I get 80% focussing the with a f = 240 mm lens.

The Rohde&Schwarz amplifier is perfect for frequency-modulating with an exter-
nal source. With a 2 kHz sawtooth signal and 200 kHz/V modulation depth, I observe
500 kHz (with error message up to 5 MHz) broad signals.

The tuning stability of the Minicircuit ZOS-150 VCO is 5.8 MHz/V. This means
that for 1 kHz frequency stability, we need 170 pV tuning voltage stability.
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0.47 14.06.2012 Scanning etalon

Helmar ajusted the scanning etalon. The cavity has a length of L = 5 cm and a
free spectral range of s = ¢/4L = 1.5 GHz. We use a 100 kHz shunt resistor and
measure a transmission line width of A = 16 MHz by calibration with the 20 MHz
sidebands of the PDH stabilization. From this we deduce the finesse of at least
F =0f/A =94

From the mirror reflectivity R = 99.2% the finesse should be F = 71”_/5 = 390.
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0.48 23.06.2012 Spectroscopy in the strontium
cell

The partial pressure of strontium can be calculated from the following curve. The
strontium density follows from n = P/kgT.

200 300 400 500 600 700

Figure 30: (code) Vapor pressure of strontium.

Let’s consider saturation spectroscopy on the 689 nm line in the L = 0.5 mm long
cell. At T = 700 K the strontium gas pressure is about p = 10~ mbar= 102 Pa,
which gives a density of

n= k‘BLT =10 cm™3 (44)
by = oonL = 40000 . (45)

With an estimated Doppler broadening of Awp = (27) 10 GHz, we expect an optical
density of b ~ £852by = 0.005.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120612_SrVaporPressure.m
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0.49 24.06.2012 Spectroscopy in the blue MOT

Can we expect an absorption signal at 689 nm from the blue MOT? The atom number
in the blue MOT is about N = 10® and its estimated radius is ¥ = 1 mm

n(r) = noe™" /2 (46)

N = / n(e)dr = no(2m)?/2 (47)
° A2 N

by = /_Oo oon(r)dy = 993 (48)

We expect ng = 6-10° em™3, by = 1.2. The blue Doppler limit the line broadening
will be about 1 MHz, so that the optical density will be b ~ %bo =2.85 x 1074

On the other hand, the blue MOT will generate a saturation broadening of the
ground state on the order of I'441, so that the Doppler broadening might be negligible.
This is confirmed by simulation:
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Figure 31: (code) Excitation probability of the weak transition for Q12/T'12 =1, Q14/T12 =
20, and Q5G/Q12 =5.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120624_SrPumpingBloch.m
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0.50 27.06.2012 Try red MOT 1

We tried to find the red MOT without success. However, the red light has a clear
impact on the blue MOT: the cloud is slightly shifted and the atom number enhanced
when the AOM frequency is tuned to about 863.5 MHz. MOT beam intensity I ~

40 mW /cm?,
The red laser works very stable

master laser temperature
current
fiber output power
power before cavity
power behind cavity
power to injection
power to etalon
power before 8S00MHz AOM
power behind 800MHz AOM
WS6 wavemeter reading

slave laser temperature
current
output power
power before 110MHz AOM
WS6 wavemeter reading

32

T = 23.5C

I =435 mA
P=44mW
P=31mW
P=1.6 mW

P =76 uW

P =300 uW

P =840 W @855MHz
P =210 uW

A = 434.8282 THz
T = 39C

I =113 mA

P =36.3 mW

P =20 mW

A =434.8290 THz

16f

855 860 865

A (MHz)

689

870 875

Figure 32: (code) Measured atom number as a function of the red light detuning. (Red) A
689nm beam traverses the blue MOT. (Green) The blue MOT intensity has been reduces by
4. (Blue) A red MOT superposed to the blue MOT.
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0.51 28.06.2012 Try red MOT 2, self-induction

The red MOT is now clearly visible. We estimate N = 10° at roughly T = 20 uK.
The Agilent current supply needs 50 ms for switching off. Is this due to eddy
currents due to self-induction in the MOT coils? We know that smaller coils can be
switched off in about 100 us. How does the self-induction scale with the coil diameter?
We calculate the self-inductivity of a current loop.
The current density can be parametrized as j(7) = I6(p — R)8(2)é4. The vector

potential is
T Mo 3(7:1) 3
A = — d .
(7) 47T/ |7 — | "

According to the Biot-Savart law, the magnetic field is

-

= 1o J(7) s uo/ 50 (F =) X ()

B =1 B = F [ e =) 2 I

) 4w/vx|rtf*\ e T T
—zcos ¢’
—zsin ¢’

MOI/ i (pcos¢ — Reos@’) cos ¢’ + (psin ¢ — Rsin ¢') sin ¢’
V/(pcos ¢ — Rcos ¢')? +(psin¢—Rsin¢’)2+z23

The field across the z = 0 plane is

MOIR/2”d¢,(pcos¢—Rcos¢’)cos¢’ (psing — R51n¢)sm¢’

dr - Jo V/(pcos¢g — Rcos¢')2 + (psing — Rs1n¢’)

ZMOIR/Q”da pcosa — R
arJo \/p2+R2—2pRcosa3

B.(z,y) =

)

and the flux across the z = 0 plane,

27 R 27 . _
— [ Bowwaa= " [T [ pap [T oL R
A dr - Jo 0 0 V/p?+ R2 —2pRcos

B MOIR 2 a72cosa+ (cosaln(—cosa+1++/2—2cosa)) V2 —2cosa+ 1 — (cosaln(—cosa -

V2 —2cosa
pOIR
4

214 = 2u0IR .

Finally, the self-inductivity becomes
)
L=—<= 210RN? |

where N is the number of turns.

Le. the self-inductivity scales linearly with the diameter. Of course, the permeabil-
ity of metallic material, such as the coil holders is not taken into account, here. But it
seems anyway unlikely that self-induction is much more than an order of magnitude
larger in our setup, and hence a switch-off time of few ms should be feasible.

For R = 12 cm and N = 200 turns, we expect L = 12 mH. If the coils has a
resistance of R’ = 0.5 €2, the decay time will be 7 = L/R’ = 24 ms.
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According to [H.A. Wheeler, Proc. L.R.E. 16, 1398 (1928), doi:10.1109/JRPROC.1928.221309,
Simple inductance formulae for radio coils] the inductivity can be calculated as
4 R2N? 10=6

L==- .
56R + 91+ 10d 25.4
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0.52 06.07.2012 Cooperative scattering projects
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Figure 33: (code) Links.
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0.53 31.07.2012 Setup of the strontium appa-
ratus

Figure 34: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120731_SrSetup.m
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0.54 01.08.2012 Unlock-relock logic
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Figure 35: (code) Unlock-relock logic for simplifying the Pound-Drever-Hall servo.
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0.55 16.08.2012 Intensity stabilization

We will son need an intensity control for an optical dipole trap. In the following
scheme, the variable attenuator controls the amplitude of the guided to the AOM
Radio frequency amplitude: low voltage (0 V) blocks at the control input to the
attenuator, high voltage (416 V) switches through him. The sketched controller
realizes a negative feedback so if the photodiode outputs a positive voltage.

AO
200k
dB
80 MHz (~) POS 100

Figure 36: (code) Scheme of an intensity control.



https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20120816_IntensityStabilization.m
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0.56 21.08.2012 Three-level cooling

Flavio Cruz proposes to use Sr for testing the viability of three-level cooling. The lower
transition is the 32 MHz large (5s%)!.Sy - (5s5p)! P1 blue cooling transition at 461 nm,
the upper transition is a 1.1 MHz (5s5p)! P; - (5s5d)! D2 NIR transition at 767 nm. For
the saturation parameters s;o,, = 0.2 and s,, = 11000, he predicts that for suitable
detunings temperatures down to 8 uK may be reached. The saturation intensities are:
Is 0w = Z—;?§i§hf =43 mVV/cm2 for the lower transition. and I ,, = 0.5 mVV/crn2
for the upper transition.

If we can borrow a potassium Toptica laser from Kilvia, the experiment might
be simple. The laser can provide P = 100 mW. Using 1 cm beam diameter and
retroreflecting the beams, we can make the total intensity as high as I = 200 mW/ cm”,
which corresponds to a saturation parameter of s = 400.

Good point made by Robin: Is it necessary to have two phase-coherent beams
to reach sub-Doppler temperatures for both single-resonances? If this is the case,
it could represent a problem, because typical laser linewidth are 1 MHz. For the
simulations, laser phase jitter can be accounted for by including some phase-damping
term (transversal decay) into the Bloch equations.
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0.57 29.08.2012 Matter wave Mie resonances

Do they exist? Can we apply our scalar Mie scattering theory to the problem of
scattering BECs at a small perturbation (like a localized potential hole)? Small we
expect an evanescent wave entering the hole? Will it develop a whispering gallery
mode? How about the Goos-Hénchen shift? How about scattering the BEC at an
optical lattice made by another atomic species? How about matter wave band gaps
for the BEC propagating inside the optical lattice? Can we detect those band gaps
via Bragg diffraction suppression?
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0.58 06.09.2012 Magnetic field compensation

Compensation of magnetic field is important for the red transition in order to control
gravitational sag [18] and inhomogeneous broadening by magnetic field fluctuations:
For resonant imaging we need the inhomogeneous Zeeman broadening to be smaller
than 7.6 kHz,

upgrmepAB < hI' .

This corresponds to 5 mG. For comparison, the earth magnetic field is about 300 mG.
It will be essential to synchronize the duty cycle with the 60 Hz line.
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0.59 07.09.2012 Atomic light house effect 1

Robin suggests to look for a reorientation of the collective force via a transversal B-
field gradient. He calls this effect the lighthouse effect. To have a noticeable impact,

pnBgrmEy|0y Bl ~ [A[>T" .

Assuming we can make |0y B| ~ 70 G/cm and the cloud is 1 mm large, we may expect
a Zeeman shift of 7 G, which is in the same order magnitude as I' = (27)32 MHz.

We have to check, whether cooperative effect can be observed with the parameters
of our MOT. Check N, p, T, bg! How reproducable can we make our MOT? Can
we manipulate the atom numbers without modifying the volume. Eventually, use
magnetically trapped atoms repumping the 3D, atoms at the very last and then
quickly appling a blue or red push beam.

We also have to check, whether a Stern-Gerlach type acceleration can easily be
distinguished from the interesting effect. The transverse gradient gives rise to a force
on the magnetic dipole moment of,

Fy = _8szeem = _MBgFmFayB .

For the ground state, mp = 0, so that no force is to be expected. However, the push
beam may generate a small population of excited Zeeman states, mp = 0, £1.

Finally, we want a simple estimation of the observable force deviation, e.g. recal-
culating the structure factor within the timed Dicke approximation.
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0.60 11.09.2012 Discussion with Robin

Understand single-atom scattering term in the matter wave quantized theory.

Failure of smooth density approximation: Robin realizes that mean-field theory
(introduction of refraction index in the smooth density approximation) breaks down
at high densities with lots of multiple scattering. This is analogous to the unitarity
limit in a gas driven into a Feshbach resonance. The simple two-body collision picture
breaks down. The scattering length looses its meaning. Is it obvious that many-body
theory is always valid? Is it fair to compare the TDS including some coarse graining
to the partial wave approximation?

Atomic clouds under stress: The cooperative dipole force: Force fluctuations:
bg = 0..10..50, A = —3.. 4+ 3T, variance transverse et longitudinale, reduction due to
shared photons

Need high by = 3, N = 107 with 10% precision. How to change atom number
without changing size?

Assuming we have N = 10% and # = 3 mm. Then by = ?;—1;’ = 1.6, which is small.
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0.61 18.11.2012 Strontium levels

Ryan checked some possible transitions for three-level schemes. The values found
at http://x-ray.gist.ac.kr/spec/strontiumtable5.htm must be derived from calculated
values of the level energies, which are only approximate. The nist.gov site provides
more accurate data, as listed below.

Term Level T (5s5s) 150 r (5s5p) 1P1 r (5s5p) 3P°0 r (5s5p) 3P°1 r (5s5p) 3P°2 r

(cm-1) (s) (nm) (Hz) (nm) (Hz) (nm) (Hz) (nm) (Hz) (nm) (Hz)

Srl1(251/2)| 45932,0900 Limit

(5s5s) 1S0 0,0000 = = 32mM = = =

(5565) 150 30591,8250 326,884715 1124,432766 3M 614,465073 621,600969 637,215420

(5s5p) 1P1 21698,4520 5,0n 460,862369 32m - 1354,840065 1390,024462 1470,608348

(5s6p) 1P1 34098,4040 293,268858 110k 806,454735 505,538247 510,358491 520,837158

(557p) 1P1 38906,8580 257,024096 240k 581,111348 406,680111 409,793675 416,522394

(4d5p) 1P1 41172,0540 242,883195 513,515681 372,376417 374,985188 380,611513

(5s8p) 1P1 42462,1360 235,503932 481,610103 355,307579 357,681909 362,797431

(4d5s) 1D2 20149,6850 496,285674 - 1714,625308 1771,369043 1904,348389

(4d5p) 1D°2 |  33826,8990 295,622723 824,507870 512,573636 517,529634 528,307955

(5s5d) 1D2 34727,4470 287,956670 767,518907 1,1imM 489,957344 494,483713 504,314359

(Sp5p) 1D2 36960,8420 270,556607 655,205377 14mM 441,631058 445,305210 453,261961

(5s6d) 1D2 39733,0670 251,679539 554,489242 393,459755 396,373452 402,665290

(557d) 1D2 41831,4480 239,054598 496,697064 363,452113 365,936923 371,293061

(558d) 1D2 43021,0580 232,444307 468,985827 348,388950 350,671417 355,586999

(5s6s) 351 29038,7730 344,367167 1362,338241 679,289404 688,021051 707,202175

(5s5p) 3P°0 14317,5070 698,445616 im = = = =

(5s5p) 3P°1 14504,3340 689,449098 7,6k = 53525,454030 = =

(555p) 3P°2 14898,5450 671,206484 (0,15m - 17210,578310 25367,125727 -

(5s6p) 3P°0 33853,4900 295,390520 822,704133 511,875957 516,818408 527,566817

(Ss6p) 3P°1 33868,3170 295,261202 821,701802 511,487759 516,422680 527,154464

(Ss6p) 3P°2 33973,0650 294,350834 814,689636 508,761949 513,644161 524,259588

(5pSp) 3P0 35193,4420 284,143847 741,015740 479,020461 483,346116 492,734701

(5p5p) 3P1 35400,1050 282,485038 729,838947 474,324844 478,565735 487,767760

(SpS5p) 3P2 35674,6370 280,311191 715,502836 468,227707 472,359796 481,322474

(4d5p) 3P°0 37292,0740 268,153496 641,287829 435,263916 438,832460 446,557575

(4d5p) 3P°1 37302,7310 268,076887 640,849859 435,062108 438,627330 446,345161

(4d5p) 3P°2 37336,5910 267,833772 639,462279 434,422152 437,976850 445,671606

(557p) 3P°0 39411,6690 253,731959 564,550189 398,499061 401,488156 407,944740

(557p) 3P°1 39426,4420 253,636887 564,079741 398,264602 401,250167 407,699038

(557p) 3P°2 39457,3830 253,437994 563,096957 397,774436 400,752629 407,185389

(4d5s) 3D1 18159,0400 550,689904 = 2603,127449 2736,198206 3067,018965

(4d5s) 3D2 18218,7840 548,884053 - 2563,263260 2692,188615 3011,831377 53k

(4d5s) 3D3 18319,2610 545,873548 - 2498,904230 2621,282137 2923,364582 12k

(5s5d) 3D1 35006,9080 285,657905 751,401966 483,339271 487,743636 497,305524

(5s5d) 3D2 35021,9890 285,534896 750,551449 482,987210 487,385132 496,932831 2.3M

(5s5d) 3D3 35045,0190 285,347256 749,256344 482,450571 486,838681 496,364773

(4d5p) 30°1 | 36264,1510 275,754422 686,544463 455,650531 459,562688 468,041955

(4d5p) 3D°2 | 36381,7460 274,863114 681,046092 453,222067 457,092457 465,479981

(4d5p) 3D°3 |  36559,4920 273,526777 672,900416 449,600159 453,408677 461,660333

(4d5p) 3F°2 33266,8510 300,599537 864,423850 527,722754 532,977532 544,416017

(4d5p) 3F°3 33589,7090 297,710230 840,953988 518,882067 523,961410 535,012159

(ad5p) 3F°4 | 33919,3150 294,817274 818,272818 510,157022 515,066175 525,741071

(5s6d) 3D1 39685,8656 251,978881 555,944297 394,191842 397,116433 403,432068

(5s6d) 3D2 39690,7951 251,947586 555,791980 394,115259 397,038709 403,351852

(5s6d) 3D3 39703,0986 251,869510 555,412179 393,924245 396,844852 403,151783

Figure 37: (code) Sr levels and transitions.



https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20121111_SrLevels.m
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0.62 11.06.2013 Compensation coils

Calculation of the magnetic field of the compensation coils using a numeric integration
of the Biot-Savart law.

-20 -20

X (cm)

Cloverleaf Coils, realistic shape

o 50
-50 -50

z(cm)

Figure 38: (code) Magnetic field of the compensation coils.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20130611_CompensationField.m
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0.63 28.06.2013 Doppler broadening for stron-
tium

The Doppler cooling limit is given by

h
Tp = —T1.
D kp

2 we can estimate the width of a Doppler broadened line

k@:k\/kBTD:k\/h—F

m m
kv _ Jhk2 _ Jwre
r Vmr VT -

This formula shows that there is a trade-off between advantages and disadvantages of
cooling on a narrow line: On one hand, for w,.. > I' one avoids photon reabsorption
and radiation trapping; on the other hand, Doppler broadening starts to play an
eminent role.

For the blue Sr line we have kpjye®/Tpiue = 0.026. For the red line, kycq¥/Treq =
1.1. This means that, although the temperature of the red MOT is much lower
than that of the blue MOT, spectroscopy in the red line will be affected by Doppler

Using kT = mv

or scaled to I

broadening.
wavelength blue MOT red MOT
linewidth IT'/2m 32 MHz 7.6 kHz
theoretical Doppler limit T 1.5 mK 365 nK
measured temperature T}, 4 mK 10 uK

Doppler width kv/27 @ 461 nm @ Tp 817 kHz 12.7 kHz
Doppler width kv/27 @ 689 nm @ Tp 546 kHz 8.5 kHz
Doppler width kv/2m @ 461 nm @ T,,, 1.3 MHz 67 kHz
Doppler width kv/27 @ 689 nm @ T;, 892 kHz 45 kHz

recoil temperature T}... @ 461 nm 2 uK
recoil temperature T}... @ 689 nm 917 nK
Here, the recoil temperature is calculated via Tj.e. = 2,?:5;?

In order to cool all atoms from the blue MOT into the red MOT, we apply a
triangular frequency modulation to the red MOT light. The question is what is the
best modulation excursion and the best modulation frequency.

1. The modulation excursion should be larger than the Doppler width @ 689 nm,
ie.

AWreq ~ kv,
so the 90% of the Doppler-shifted atoms get in resonance at one point with the
modulated red MOT light.

2. In order to drive transitions, the interaction time At of the red MOT light with
an atom should be longer than a Rabi cycle,

QAL > 7.
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3. The interaction time depends on the resonance width I' = (27) - 7.6 kHz and
the ramp speed, whose duration is T and frequency excursion is Awyed,
At T
T B AWred .

4. The Rabi frequency can be estimated from the red MOT intensity I = 30 mW/ cm?
and the saturation intensity Iy = 3 pW/ch, since

1@
I, or2-

5. Finally, we obtain that the ramp speed should be slower than

r ro r2./21/1,
71! /1 ~ 12 kHz .

< <
AwpedAt  Awpegm kv,
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0.64 21.01.2014 Magnetic trap

Atoms decaying into the (5s55p) 3P, my = 2, g = 3/2 Zeeman state are magnetically
trapped in the MOT magnetic field, 9,B = 20, B = 70 G/cm. The temperature
of the blue MOT is about 5 mK. The depth of the magnetic trap is about 300 G
(see Sec. 29.6.2010), which corresponds to 420 MHz or Uy = 20 mK. Generally, the
temperature equilibrates at a fifth of the trap depth, which is T'= 4 mK.

The magnetic trapping potential can be approximated by U(r) ~ upgym 0, Bv/1? + 422.
With the definition

_ kgT

" usgsms0,B’
the density can be written

TL(I‘) — noer(r)/kBT _ noefx/r2+4z2/f )

The atom number is N = ngV,rr = nodr. For our parameters,
¥~ 6 mm .

252 _
From mw:7* = kT,

/’['BngJaquua
= HBIINIGr Dqua 49
w vV kaT ( )

Upon adiabatic ramping the phase space density p = no)\i p stays constant,

2mh?
Adp =1/ ey (50)

With g; =7/6, my =1,2, T = 5mK, 0, Bgue = 70 G/cm, we get

kT
Fr=———— =46mm . 51
N’BngJaquua ( )
Hence,
t o (OrByua)*? (52)
_ L i3
7 o< (a'r'Bqua) .

For example, ramping from 70 G/cm to 7 G/cm we reduce the temperature from
5 mK to about 1 mK and increase the size from 3 mm to 6 mm. The 29.6.2010 we
estimated a trap depth of about 300 G, which would scale down to 30 G or 2 mK.
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0.65 13.02.2014 Questions to think about

1. Can the Rice excited 86Sr molecular BEC production scheme be implemented with
88Gr provided we put the atoms in an optical lattice.

2. Can we use the strontium intercombination line be used for sideband cooling
in a dipole trap, lattice, or cavity? Ask Celso for help!
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0.66 07.04.2014 Atomic light house effect 2

0.66.1 Optical density of the red MOT
A typical situation for a red MOT is that one of Maryvonne Chalony: N = 2 - 107,

T =4 uK, R =70 um, and by = 50 for the blue transition.

Actually, the optical density should not depend on I'. In practice, however, narrow
transitions are generally dominated by Doppler broadening. For example, at 4 yK the
Doppler broadening of the intercombination line is: kv = k+/kpT/m = (27) 28 kHz.
Even if the temperature is at the Doppler limit Tp = Al'/kp = 365 nK, the Doppler
width still is (27) 8.5 kHz.

To prevent blurring of the light house deflection by the thermal atomic motion, it
is important that the Doppler shift be smaller than the Zeeman shift, ko < RO, B.
In this case, the main effect of the thermal motion is to reduce the optical thickness
of the atomic cloud, by a factor corresponding to the spectral overlap between the
natural linewidth and the Doppler broadened width, bp = boI'/kv = 12.

Note that reducing the optical thickness is always possible by ballistically expanding
the cloud.

0.66.2 Beam divergence

Setting wy = R = 70 pum, we obtain the divergence angle o = A\ /7wy = 0.18°.
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0.67 24.04.2014 Bloch equations for the blue
transition
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0.68 26.04.2014 Resonance fluorescence of the
S-P transitions
The four-level Bloch equations allow to calculate time-evolutions, absorption spectra
and fluorescence spectra, after having specified the Rabi frequency, the laser po-
larization vector, the magnetic field vector and its amplitude: The splitting of the
black:p11 red:p22 green :p33 blue :p44
1 m

=~ 05

NN

—%0 0 20
AT

Figure 39: (code) Absorption spectrum.

absorption spectrum is due to the Zeeman effect. In the shown example, the laser
polarization is chosen such as to drive all transitions.

lack « reen i
black:p, ~red:p, green:p, ~blue:p,

1 1.5
.
i
0.8H, 1|1
AR 1
AT
o by -
] =
< z
ol | Ao [ VY — >
e e v 050
AN VYA
o2f |||
Y
\
|
% 1 2 3 4 5 % 05 1 15 2
It re x107°
1.413210” o x10°
-1.413 . . . 8
-1.413f — 6
Cl
& -1.413f -4
(>
-1.413f — 2t
1M . . . .
0 05 1 1.5 2 % 0 50
s v

It

Figure 40: (code) Time evolution, first and second-order correlation functions, and general-
ized Mollow spectrum.

Calculating the fluorescence spectrum is more complicated.
The question is whether we should plan to measure the fluorescence spectrum for


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20140426_AbsorptionSpectrum.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20140426_FluorSpectrum.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20140426_FluorSpectrum.m

0.68.  26.04.2014 RESONANCE FLUORESCENCE OF THE S-P TRANSITIONSS89

our blue or red strontium MOT and watch out for cooperative modifications of the
Mollow spectrum.
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0.69 07.04.2014 Atomic light house effect 3

0.69.1 Displacing the MOT via radiation pressure

The light house signature could be simplified by applying a strong offset magnetic
field and tuning the probe laser to one of the Zeeman-shifted transitions. If upB >
AT ~ h|A|, the other Zeeman sublevels might be disregarded.

0.69.2 Deflection by the blue MOT

A typical situation for a blue MOT is: N = 1-108, T = 4mK, R = 3mm, b = 70 G/cm
and by = 1. The maximum deflection angle is:

1—V1+ 40202 2ib
0, — aresin —— Yo T 2070 2RBY 600260 .
20072 kol

On a distance of 1 m this angle produces a deflection of 55 ym which can be readily
detected with a quadrant detector.

0.69.3 Beam divergence

Setting wy = R = 3 mm, we obtain the divergence angle ag;, = /7wy = 0.003°.
Hence, the condition to resolve the deflection is
0 ppbwo

1 _— =
< A div Al
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0.70 12.06.2014 Gradient for lighthouse deflec-
tion
0.70.1 What is the impact of the magnetic field?

The question is how to maximize the magnetic field gradient responsible for inducing
the atomic lighthouse deflection.
The Zeeman effect is for J =1,

~ ~ 1 ~ 1 ~ ~
V(B)= —ji-B = _%B(JQCBJC +J,B, + J.B.) = ’%B 5(Bo—iB,)Js + 5(B. +iB,)J + J.B.
B, (B, — iB,) 0
= —up | 75(Bs +iBy) 0 %(Bm —iB,)
0 %(Bx +iBy) B,

gives rise to a level shift, which only depends on the absolute value of the magnetic
field,

(J,ma|V(B),m.) = —E2m.|B .

0.70.2 How to calculate the lighthouse deflection?
The atomic lighthouse-deflected radiation pattern is given by [69],

k B Eeik}or

(k) = id /dgrlp(r/)ﬂ(l)(r’)efik-r' ’

r

where p(r) %e_(lzﬂﬂ*‘zz)/?ﬁ is the atomic density distribution and

- @

Q eiko-r
Wypy = 2o e
B = T sAm T

the local atomic dipole moment. As shown above, the local detuning, A(r) =

%‘B(r)‘, is proportional to the absolute value of the local magnetic field.

0.70.3 What is the shape of the inhomogeneous magnetic
field?

We consider the quadrupole field given by B = b(z,y, —22)7 shifted sideways via a
homogeneous magnetic field, By = Byé,, so that the absolute value is

B = bv/22 +y2 + (22 — Bo/b)? .
The local gradient is then,
x

1
Y

VIB,| =
\/l‘2 + y2 + (22’ - BO/b)2 4z — QBo/b




92 CHAPTER 0. STRONTIUM LATTICES

e may also expand the absolute value of the magnetic field for z,y, z < By/b within

the cloud:
4b
|IBs| ~ Boy/1 — —2z ~ By — 2bz .
By

Choosing the laser detuning Ay = upByo/h,

N
N

, =
: .\\' r ,’
quadrant detector Q.‘l L

MOT beams

MOT coils

Figure 41: (code) Experimental scheme.

_ pemy|B(r)|  ppBy  pp(Bo—2bz)  2upbz
A(r) = Ap + 3 ~— 7 =

= kol'az ,

2,U,Bb
hkol' "

with a = Hence,

QO eikg T QO eiko ‘r

W (py = o _
B0 = T AT T T i 2aks

For the blue Sr line, if we want to detune by |A| = 2T, we have to apply By =
%F ~ 46 G. With an axial gradient of 2b = 70 G/cm, the magnetic field at the edge
of the cloud z, = 3 mm is |B(z.)| — By = 2bz. = 21 G.

0.70.4 What (anti-)Helmholtz currents should be chosen?

The magnetic field generated by our (anti-)Helmholtz coils, R = d, along the symme-
try axis is

8 poNIge, 9 48 poNI,pé, 3

By(z) = ———=——""[14+0(z resp. Bup(z) = ———=—-—"7"""[24+0(2°)].
n(2) =~ IR0 resp. Bun(s) = — o I 0]
Hence, the total field in the case of asymmetric currents, I; 2 = Iy £ I, is
8 Nug

Bioi(2) = Bau(2) + By(z) ¥~ ————=— (621, + 5RIy) .

tot (2) u(2) + Bu(z) 25\/51%2( H H)
We know that for I,y = 35 A and N = 100 the gradient of the magnetic field is

4 NI
op— 8 _HolVlamr _ 7 0

T 955 R2?


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20140624_MotrapScheme.m
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which gives R = 7.35 cm. Finally,

8 NIy
565 R

Hence, to obtain the By = 46 G estimated above, we need Iy =4 A.

= Iy -12.23 G/A .

93
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0.71 08.09.2014 Kuramoto synchronization of
atomic dipoles in clouds

The notion of superradiance is, nowadays, a matter of dispute. A frequently adopted
designation involves a synchronization of the atomic dipole moments to incident light
field [99]. But in this sense, even the Bragg scattering would be a superradiant
process, in fact, this scattering is accelerated by the number of scatterers [101]. Here
we propose to reserve this word, in the original sense of Dicke, for processes due to a
spontaneous self-synchronization of atomic dipole moments due to mutual interaction.

We believe that the spontaneous Kuramoto-type synchronization gives rise to is-
lands of synchronized atomic dipoles. This leads to CARL type forces, which in
turn influences the local density distribution leading to CARL type self-organization
leading to the formation of transverse patterns.

If n» = N/R? is the mean atomic density, the mean distance between two atoms is
d = 7~ Y/3. The mean velocity of the atoms at a given temperature is 7 = VksT/m.
I.e. due to the atomic thermal motion a new realization of the atomic disorder is
realized before a time

Af — d_ ym  Rym
0 al3EgT NV3EgT '

For strontium and N = 10°, 7'~ 4 mK and R = 3 mm, we expect At ~ 100 ys.
Let us now assume a pulsed probe beam with pulse duration At. Its intensity is
related to the Rabi frequency via,

_

1
0'0].—‘

where 09 = 3)\%/2m is the resonant optical cross section. Operating at saturation
intensity s = I', we would expect [ = I, = 85 mW/cmz. In order to resolve the
speckle in a direction orthogonal to EO, we need a detector with a limited aperture
given by a solid angle AQ,. The question is therefore, how many photons are scattered
from the probe beam into this solid angle within time At. For a single atom, we would
expect
nph _ AP‘S At _ UojAQs
hw hw

At saturation and for AQ = 1°x1° = 3-10~* sr, we would expect npp, = FAQ AL ~ 6
photons in 100 us. For N = 10° atoms, we have more photons but also more forward
scattering.

An experiment, where we don’t look for angular resolution, but analyze the time-
dependent fluctuations of the photon number as a function of aperture size seems
feasible with a blue strontium MOT.

2
At = %AQSAt .



0.72. 13.07.2014 LIGHTHOUSE DEFLECTION DETECTION 95

0.72 13.07.2014 Lighthouse deflection detection

To detect the deflection, we propose to use a quadrant detector (PDQ80A, Thorlabs)
for transient signals and a CCD camera for measurements of beam deformations.

PDQS8OA — Thorlabs

e 0Old connector — Hirose connector HS10A-7P-6P (male)

Frontview Pin assignment Cable color
m PIN 1 X-axis: (Q, +Q3) — (@, + Q) Orange
I | PIN 2 y-axis: (Q, + ;) — (0 + Q) Blue
\\@y NE e amosoeoie, e
— PIN 4 +V (+5V to +15V) Red

HIROSE CONNECTOR PHOTODIODE DETAIL

PIN 5 COMMON White
PIN 6 =V (=5Vto—-15V) Yellow

Shielding cable

Front view

* New connector — DB9 connector (female)

5 1
— Same number pattern used é 6 é é 6
- - [ ] L
— Shielding wire is connected to PIN 7 ? ?
I
7

— PINs 8 and 9 not used

Figure 42: (code) Quadrant detector connections.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20140713_QuadrantDetector.m
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0.73 14.07.2014 Lighthouse deflection sequence?

4s s 9 S :
slower coilsx2 B [
slower laser / \
MOT coils B [ 70 G/em 56/cm_
blue MOT i |
green repumper / \
red MOT I 55 L
f=30kHz -
red MOT A A=2.5MHz} A=SMHz | Jﬂ‘v‘ﬂ‘v‘“‘f‘f“f‘f‘f“f‘f‘.‘“‘dW
1=250ms
probe beam i 1l
CCD trigger / M1

Figure 43: (code) Experimental sequence.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20140714_ExperimentalSequence.m
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0.74 15.07.2014 Lighthouse deflection signal

Estimation of the quadrant detector signal

o Azxpy 2P ) ) oo —Azpy 9P
S = Pleft - Pright = / / Weimn /w(z) d:Edy — / / )2672T2/w(z)2d17dy

mw(z
2 V2Az g /w(z) —V2Azp g /w(z)
= 2P w(z) ﬁ/ efxzdxf/ e~ dz
Tw(z)? 2

P V2Az L /w(z) ) —V2AzLn /w(z) 5
/ e ¥ dx —/ e " dx

VE
r

Sl

VI [t (225 )] - YT [1 g et (_@(gfn)u — Perf (L85 .

2
For gaussian beams, w(z)? = w? {1 + ( 2z ) }, so that the signal becomes

2
71'11)0

S = Perf (‘m“”) = Perf V20rn = Perf V20rn ,
wo

wor/1+(Az/7wd)? _ _92 2
” ° Ve ()" + ()

using 0.y = Axppg/z. Provided the deflection angle does not depend strongly on wy,
the argument becomes maximal, when z = zg. Le. for a given z the waist producing

the largest signal is just
[ Az
wo = — .
s

Unfortunately, numerical simulations show that the deflection angle is so small,
that huge Rayleigh lengths zr and observation distances z must be chosen. Chosing a
reasonable distance z = zr = 2 m, we find that wy = 540 pm should be a good choice.

It corresponds to a diffraction angle of 6p = @ 1+ ( )‘22) ~ 0.015°. Assuming a

7\"11}0

deflection angle of 6,y ~ 0.0025°, we then expect a signal of,

S = Perf (ZGLH> = Perf <\/§;LH> zP\/gaLH ~ 0.27P ,

wo D ﬁeD

using the expansion /7 erf(z) = 2z — 223 + L1a® + ...
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x 10~
5 T

—_—0

LH
4+ —80 difﬁraction

1

0 Il \3 Il
10 10 10

w, [um]

Figure 44: (code) Deflection and diffraction angle.

0.75 25.07.2014  Detectability of speckle pat-
terns in a blue Sr MOT

If n = N/R? is the mean atomic density, the mean distance between two atoms is
d = 7~ Y/3. The mean velocity of the atoms at a given temperature is 7 = VksT/m.
I.e. due to the atomic thermal motion a new realization of the atomic disorder is
realized before a time

Af — d  Vm  Rym
v al3\kgT  NY3kgT '

For strontium and N = 10°, T ~ 4 mK and R = 3 mm, we expect At ~ 100 ps.
Let us now assume a pulsed probe beam with pulse duration At. Its intensity is
related to the Rabi frequency via,

_ @

I
UOF

where 09 = 3)\%/2 is the resonant optical cross section. Operating at saturation
intensity s = I', we would expect [ = I, = 85 mW/cmz. In order to resolve the
speckle in a direction orthogonal to Eo, we need a detector with a limited aperture
given by a solid angle AQ2;. The question is therefore, how many photons are scattered
from the probe beam into this solid angle within time At. For a single atom, we would
expect

Uo]AQS
hw hw

At saturation and for AQ = 1° x 1° = 3-10~* sr, we would expect n,, = TAQ;At ~ 6
photons in 100 us. For N = 10° atoms, we have more photons but also more forward
scattering.

QQ
Nph = At = = AQAL .


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20140715_Lighthouse.m

0.75.  25.07.2014 DETECTABILITY OF SPECKLE PATTERNS IN A BLUE SR MOT99

An experiment, where we don’t look for angular resolution, but analyze the time-
dependent fluctuations of the photon number as a function of aperture size seems
feasible with a blue strontium MOT.
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0.76 26.07.2014 Plans for Robin’s stay

e Measurement of the light deflection
e Detectability of speckle patterns in a blue Sr MOT

e Detectability of cooperative effects in resonance fluorescence

Alternative approaches based on homodyne detection

Projects for post-docs and PhD students
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0.77 25.11.2014 Measurement attempt of CBS
in a Sr heatpipe
e combat stray light
e get wedged beam splitter BSW10
e try helicity || helicity and h L h
e do not saturate atoms
e clean old cell and/or make new cell, improve temperature isolation

e can pressure broadening dephase the dipoles?
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0.78 30.12.2014 Measuring CBS in a hot gas:
Some estimations

The starting point of this experiment is the allegation that even a hot atomic cloud
may exhibit coherent backscattering (CBS) provided the incident laser w is tuned far
enough from the atomic resonance, A = w — wy. The elastic (Rayleigh) scattering
then occurs on a time scale so short that the atoms do not move considerably during
the time it take a photon to be scattered at least twice before being reradiated into
backward direction.

0.78.1 What is the minimum detuning?

1. Cold atoms: Without thermal motion we consider the scattering as elastic, if
the photon is bound by an atom for a time shorter than it takes the atom to travel,
accelerated by the photonic recoil over a distance A. If 7 is the time the photon stays
near an atom, the travel distance [ needs to satisfy

hk A
/\>>l:v7'=£7':—7’=wmc7'f7 (53)
m m 21
where wy. is the recoil frequency. Hence,
2
- >> Wrec 9 (54)
-

which is always satisfied for broad transitions, for which on resonance 27/7 =T" and
off resonance 27 /7 = |A|. Hence, there is no minimum detuning for cold atoms.

2. Hot atoms: With thermal motion the scattering as elastic, if the photon is bound
by an atom for a time shorter than it takes the atom to travel, due to thermal motion
over a distance A\. With the mean thermal velocity o = \/kpT/m (which is also the
rms width of the Maxwell velocity distribution), the condition reads,

A> =07 (55)

Hence, if 7 = 27/|A| is the time the photon stays near an atom, the minimum
detuning for CBS is,

|A] > kv . (56)

This means that by tuning the incident laser outside the Doppler-broadened line,
|A] > kv, there may be many atoms with velocities v satisfying |A — kv| > kv and
therefore qualifying for CBS. A problem may, however, occur due to the fact that
the optical cross section for off-resonant scattering is weak and that even a small
amount of atoms with |A — kv| < k¥ and thus having a large optical cross section
may completely dominate and impede CBS.

To check this we calculate the detuning dependent optical density of a Doppler-
broadened hot cloud trying to separate the contributions of atoms with |A —kv| > kv
from those of atoms with |A — kv| < ko.
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0.78.2 Do resonantly scattered photons impede CBS?

We want calculate the optical density of a Doppler-broadened Sr cloud heated to
T = 495°C inside a 15cm long vapor cell as a function of the laser detuning from the
461nm resonance, whose width is I' = (27) 32MHz. The vapor pressure of Sr at this
temperature is P = 4.3 - 1073 mbar (see Sec. 23.6.2013). The rms Doppler width is
kv = (2m) 580 MHz ~ 18T".

The optical cross section for an atom with resonance frequency wg moving with
velocity v and irradiated by a laser beam at frequency w is,

()_671' 2
= k2 4(w —wo — kv)2 + T2

(57)

The one-dimensional Maxwell velocity distribution is,

p(v)dv = | /ﬁe—mvz/%ﬂdv : (58)

which is normalized to 1. The density of the atoms is

P
n(T) = T 10" m=3 . (59)

The optical density is

b(T,w) = Ln(T)(o * p)(d) = Ln(T) /00 o(v)p(v)dv

P [2e—mv 2/2kpT
= Li
k‘BT 27TkBT k‘Q/ (.d wo—k:v) —|—F2 v

0.78.3 Checking the zero temperature limit

At zero temperature (assuming a fixed density n), we may approximate the Gaussian
(respecting its normalization) by a J-distribution:

m —mv?/2kpT
1/ 27rkBTe dv — §(kv)d(kv) . (61)

6 2 61 2
b Ln o(kv)d(k n—ww——m—m——
(0 ) kQ (w Wo — kU) T T2 ( U) ( U) nkz 4(w wo) T T2 5

(62)

which means, that we recover the standard optical density

b(0,w) = Lno(w) . (63)
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0.78.4 Checking the narrow linewidth limit

If the atomic linewidth is very narrow, we may approximate the Lorentzian (respecting
its normalization) by a d-distribution:

w o
7T 4(w — wp — kv)2 + T2

m 6 [ 2 ol
_ —mv*/2kpT _ _
b(T,w) = Ln, | kT B2 /_OO e 5% 8w — wo — kv)d(kv)

m  6r 7l 2 5
=L 2007 omm(w—wo)?/2kpTk” 65
"\ 2rkpT 12 2k (65)

dv = 0(w — wp — kv)d(kv) . (64)

Hence,

On resonance,

m ool
b(T =Lny/ ——— .
(Two) = Imy[5 5157
The fraction I'/2ko can be interpreted as the spectral overlap between the Lorentzian
absorption linewidth and the Maxwell distribution. The Figs. ?7?(a,b) traces the op-
tical density profile in the various limits. The narrow linewidth limit (blue) coincides

with the Voigt profile (green).

(66)

0.78.5 Elastic and inelastic scattering

Let us now separate resonant and Rayleigh scattering by classifying the atoms in
those satisfying |A — kv| < kv and the others. The inelastic optical density would be,

binel(Ta (U) = Ln(T)/ X|w7wofkv\<kﬁa(v)p(v)dv
~ In zﬂX vl < ko e~m(w—w0)*/2kETk (67)
2 2kD |w—wo—kv|<kv
The elastic optical density would be
T 0'0F _ _ 2 /9k L2
bet = b — biner =~ Ln\/gm)(wwokv>kv € m(w=wo)”/2kpT . (68>

The result is shown in Fig. ??(c). It seems that elastically scattered photons represent
a considerable contribution to the optical density at detunings just outside of the
Doppler wings.

0.78.6 CBS angle

We may now calculate the mean free path and the CNS angle. The mean free path
is given by
(69)

b fp = .
P (T, w)

The angle is given by
. T
et = ot = AT (70)
Elp pp kL
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Figure 45: (code) (a) Optical density and (b) absorption for (red) the zero temperature
limit, (blue) the narrow linewidth limit, and (green) the full Voigt profile. (c) Optical
density generated by atoms within (red) and beyond (blue) the Doppler width, and (green)
all atoms. (d) Mean free path, same color code as (c). (e) Angle of the CBS cone, same color
code as (c). (f) Simple model for the back scattered peak intensity. Parameters see text.

0.79 31.12.2014 CBS experiment

We performed an experiment with our 15 cm long hot strontium cell. However, due to
the presence of an argon buffer gas, the estimated active length is rather L..; = 5 cm.
The temperature was set to 7' = 495°C. We irradiated a blue laser with P = 62 yW
of power (at resonance)and the beam diameter wg = 1 mm, so that the intensity was
well below saturation. The laser frequency was tuned to various positions between
+1.8 GHz and the backscattered light was passed through a f100 lens in the focus of
which was placed a CCD camera (see Fig. 77).

We are interested in the angular distribution of the CBS cone. To map this
distribution we image the cone through a lens whose focus lies on the CCD camera.
In this way, all parallel beams are imaged into a single spot and all beams emitted from
a single point into different directions within the cone a are imaged at different points
on the CCD camera at distances fa from the optical axis. For example, a beams
backscattered under an angle of « = 3 mrad hits the CCD camera at a distance
Az = fa ~ 300um from the center. Our CCD camera having 7.5 pym large pixels,
the cone would extend over 40 pixels.

This means that, once the focus is perfectly set, the depth of field of along the
optical axis is infinite. Or in other words, the light collected at Az = 0 contains the
true information of the backscattering (o = 0) independently on the mean free path.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20141230_CBSSimul.m
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https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20141230_CBSSimul.m

106 CHAPTER 0. STRONTIUM LATTICES

black paper

PMF

&

pinhole

m Sr cell < ND
 —)

f75 1250 A2 I

black paper

elastic scattering HO‘/ resonant scattering

Figure 46: (code) Deflection and diffraction angle.

In contrast, any light at |Az| > 0 originates from different angles « depending on
how deep in cloud the scattering atom was located.
The results of our measurement are shown in the Figs. 77.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20141231_CBSScheme.m
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Figure 47: (code) (a) Cut through azimuthally averaged backscattered CCD images taken
at various laser detunings. The z-axis has been rescaled to angle (see text). (b) Same as
(a), but from the backscattered images an image taken off resonance was subtracted before
azimuthal average. (c) Same as (a), but from the backscattered images an image taken
on resonance was subtracted before azimuthal average. (d) Peak height at the center the
azimuthally averaged images (red) obtained from the images (a), (blue) obtained from the
images (b) (green) obtained from the images (c). (e) Total count integrated over 5.5 mrad
using the same color coding as in (d). (f) Total count integrated over 11 mrad using the
same color coding as in (d). (g) First moment of the distribution using the same color coding
as in (d).

0.80 01.01.2015 CBS measurement analysis

The measured curves shown Fig. ??(b) exhibits a narrowing of the angular distribution
for detunings close to the Doppler width. The width of the ”cone” is Aa ~ 3 mrad,
which is compatible with our estimation in figure Fig. ??(e). The amount of light
emitted near o ~ 0 shown in Fig. ??(d) exhibits peaks at the detunings |A| ~ k7,
which agrees with the positions, where the ”elastic” optical density shown in Fig. ??(c)
has its peaks.

0.80.1 Contribution of incoherent scattering

We see from Fig. ?7(d) that the mean free path varies over huge ranges, when we vary
the laser detuning. As long as the mean free path is shorter than the cell, the amount
of incoherently isotropically scattered light is constant and equal to the incident light.
Le. the light power P;,..n collected inside a given backward solid angle is independent
on the laser detuning. To verify this, we may integrate the counts recorded on the
CCD camera, plot the result as a function of A and check whether the curve is flat.
Figs. ?7(d,e) where we integrate over 5.5 mrad, respectively 11 mrad indeed show a
weaker dependence within the detuning range, where Lt < Leeir.
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This is not incompatible with CBS. The CBS light P,;s adds up to the incoherently
scattered light and will have its strongest impact close to the optical axis [within
a < 3 mrad according to Fig. ??(e)]. The larger we chose the integration region, and
consequently the detected solid angle, the more we emphasize incoherent with respect
to elastic scattering.

Fig. 7?(g) illustrates the narrowing of the cone near |A — k%] ~ 0 via a calculation
of the first moment:

Loone PIMage pdpdd
Lone Image pdpdf

(71)

0.80.2 How to compare the data to a model?

Our simplistic model is based the assumption that we can separate the optical densi-
ties of elastically scattering atoms, b.;, and incoherently scattering ones, b;pcon. Let
us now, for a try, assume that the amount of incoherently backscattered light be,

Pineon o< 1 — e_bincoh =-1— e—Lcezz/lmfp ) (72)

The amount of CBS light is only due to a fraction of the elastic optical density, let
us say beps = be /1000, such that

Peps o1 — e bebs — 1 _ g—ber/1000 (73)

Fig. 72(f) plots P(A) = Pineon + Pebs. The curve looks not too different from the one
observed in Fig. ??(d). However, it is clear that we need a more sophisticated model
taking into account, e.g., the anisotropic angular distribution of the CBS light.

We may conclude that, at this stage of the data analysis, our measurement are
not incompatible with CBS. Nevertheless, further verification may be necessary to
eliminate possible experimental artifacts.

0.80.3 Further tests

For instance, we may want to check issues due to finite apertures. Indeed, the imaging
system was optimized for the highest optical density. However, at low optical density
(e.g. at the edges of the Doppler profile) the mean free path may we on the order of
centimeters. The light scattered from atoms which are deep in the cloud (seen along
the optical axis)into an angle o may be clipped at the aperture, which artificially
reduces the count rate around the edges of the Doppler profile. This effect is contrary
to the observed one, provided the focusing was well done. Furthermore, the field of
view considered in our measurement is pretty small, 11 mrad = 0.63°.

Nevertheless, it would be a good idea to measure simultaneously the amount light
transmitted through the cell in order to detect when the condition l,, ¢, < Lcey breaks
down.

Furthermore, it may be interesting to evaluate the width of the cone as a function
of A, thus checking Fig. 7?(e).
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0.81 01.05.2015 CBS halfcone

Jean-Jacques Greffet, Waves in Random Media 3, S65 (1991)
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0.82 11.05.2015 Strontium hollow cathode project

Locking 461nm to hollow cathode, J. Phys. Soc. Japan 81, 034401 (2012)

Blue ray laser should work, arXiv14060409, J. Phys. Chem. Ref. Data, 033103,
201 (2010)

heatpipe construction, Rev. Sci. Instr. 42, 1779 (1971)

Spectroscopy on Sr-hollow cathode, Physica Scripta. 26, 183 (1982)

Feshbach resonances in Sr, PRL 110, 173201 (2013)
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0.83 30.11.2015 Saturation spectroscopy for the
repumper

We consider setting up a saturation spectroscopy for the repumper at 497 nm using
the L = 10 cm long Sr cell heated to T" = 500 K, where the partial pressure o the
strontium is about P = 10! mbar (see Fig. ??. To calculate the Lamb-dip we write
the Maxwell velocity distribution like,

m

7mv2/2k‘BTd
okl v

p(v)dv =

The probe laser intensity is below saturation, such that the optical cross section for
atom moving with velocity v is,

6 2
Agr) = — ——T
o(Bor) = 7 AT + T
The saturation laser has high intensity, 247 = 10l'g;. We calculate the steady-state
population

P66 (A67)

in the ground state of the |6)-|7) transition using optical Bloch equations. Finally, we
obtain the spectrum of the probe laser via,

OD(w) = Ln /fo P66 (Ag7 + kv) o(Ag7r — kv) p(v)dv
and the intensity of the transmitted light via, £~ = e~ 9P.
0.4 1
S 0.2 309
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Figure 48: (code) Saturation spectrum on the repumping transition.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20151130_SaturationSpectrum.m
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0.84 14.12.2015 Green MOT

Viability of green MOT for cooling atoms via molasses cooling.
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Figure 49: (code) Optical pumping.

Paulo tried to run green and blue MOT simultaneously, without seing any impact
of the green laser. We gave up the idea, as the simulations show as well that the leak
of the green is too large.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20151214_SrBlochGreenMOT.m
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0.85 11.01.2016 Reference cavity calibration

On the 24.7.2015 we did the following measurement of the reference cavity’s free
spectral range:

1. The red laser was locked at two different modes (a) e (b) of the reference cavity,
whose frequencies measured with the wavemeter were found to be close to

Vim,a = 434.7848 THz and Vim,p = 434.7788 THz .

The two modes were 4 free spectral ranges (fsr) apart from each other. From this we
derive a first estimation of the fsr,

6fsr - i(ywm,a — Vwrmb) =1.5 GHz .

2. Simultaneously, comparison of the laser frequency with the frequency comb
yielded,

Vica =434.784 786 94 THz  and  vy.p = 434.778 803 79 THz ,

which are 4 modes of the reference cavity away from each other.

3. Finally, we locked the laser to a third mode closer to the strontium line.
Literature claims for the strontium line, vy, = 434.829 121 311 THz. We observe
this line shining the red laser into a blue MOT increasing the master laser frequency
resonant to its cavity by +837 MHz and 4150 MHz. The uncertainty in hitting the
resonance with the red laser coming from the Doppler width of the blue MOT is about
+1 MHz. Hence, the cavity resonance is around,

Vro = 434.828 134 THz

which is 29 modes away from v¢., and 33 modes away from vy.;. le. we have
three measurements of the free spectral range: O0fsra = Vica/(N — 29), Ofsrp =
Vien/(N — 33), and Of4c = Vsrc/N, where N is the mode number of the mode,
which is close to the reference cavity. Now, two treatments are possible:

4a. We treat all measurements as equivalent. Since there can be only one value
for the free spectral range, we vary N minimizing,

X(N) = \/(6fsr,a - 5fsr,b)2 + (6fsr,b - 5fsr,c)2 + (6fsr,c - 6fsr,a)2 .

Doing so we find a minimum at, N = 290 892. We calculate the free spectral range
by,

Ofsr = \/62-” + 0% g0+ 0740 = 1.494 809 531 (3) GHz .

4b. We only consider ther comb measurements, which are more precise. Since
there can be only one value for the free spectral range, we vary N minimizing,

X(N) =1/ (5fsr,a - 6fsr,b)2 .

Doing so we find a minimum at, N = 290 700. We calculate the free spectral range
by,
Spsr = 1/0%,,. 4+ 0%,., = 1.495 796 921 (3) GHz .

fsr,a sr,a
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In this case, we expect the cavity resonance at,
Vspe = NOjpgr = 434.828 164 739 84 THz ,

which is 30 MHz higher than the expected value.
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0.86 28.01.2016 Red light spectrum in blue MOT

Irradiating and scanning the red laser, we observe in the blue MOT fluorescence a clear
dip and two sidebands at about 18 MHz. Where do they come from? Furthermore,
we observe that, during the scan, for a short time, the fluorescence gets higher than
the stationary blue MOT fluorescence. How is that possible.

0.86.1 Sidebands

We suspect that the sidebands are due to the fact that the atomic cloud is not in the
center of the magnetic field, but displaced from the center by an amount

A
Az:h(;B/tuzl.8mm,

where 0B, = 70 G/cm and Aw = 18 MHz. We confirmed this hypothesis by the
following experiment: We displaced the MOT on purpose along the magnetic field
symmetry axis €,, such that the atoms are predominantly in a region with B ~
+B.é.. We then shine the red laser along the z-axis with circular polarization o®
without retroreflection. We find that for the combination +B, and o' the upper
sideband is suppressed, and by either changing the polarization or the moving the
cloud to the other side, the lower sideband is suppressed. This is because the m; = £1
Zeeman state is up(down)-shifted in positive magnetic fields and the other way round
in negative magnetic fields. This observation confirms, that the spitting is due to the
Zeeman effect.

But it also shows that the atomic cloud is not in the center of the magnetic field.
The signal is useful for measuring the temperature and positioning the MOT in the
centre of the magnetic field. Find out the reasons for the displacement and how to
remedy.

0.86.2 Overshooting

When irradiating the red laser, we observe a fluorescence reduction of the blue MOT.
This is understood by a depletion of the ground state population due to excitation
into the 3P, by the red laser. When the red laser is now suddenly switched off, we
observe an enhancement of fluorescence beyond the fluorescence of the blue MOT.
The enhancement decays on the time scale of second. 777
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0.87 01.02.2016 Magnetic field switching

We consider the magnetic coil drive circuit shown in the figure. At time t = —o0
the transistor (IGBT) is closed. Then, at time ¢t = 0 it is opened, a process which is
described by a temporal increase of its resistence, R(t) = £ (1 + tanh £). We know
Reoip = 0.5Q, L =8 mH, 7 =10 pus, and R, = 100 k€.

With N = 100 turns and r = 12 cm, we expect, Ly = 2N ugr = 30uH, while
Rodrigo measures about 8 mH.

0.87.1 1. approach
The diferential equation is,
Uo = LI + Reit] + Ryet()1 .
A solucao numérica pode ser obtida por,
I(t+dt)=T+dt LUy — Ral — R(t)I) .

The induced voltage is Uy, = LI.
However, this does not explain the slow linear decay of the current. Perhaps, the
strong overvoltage Uy, inhibits the proper operation of the IGBT.

0.87.2 2. approach

Let us now assume, that the current I emitted by the power supply is not stopped,
but redirected from the coil to a shunt resistor Rgy,x¢, which is in serie with a capacitor
Csnt, I, = Ic, by opening the FET1 and closing FET2. Then,
I=1I+1I¢
UO - ROI = UL + UR,CO'Ll + Ufet,l = Ufet,2 + UR,shnt + UC,shnt + Ufet,Z
LIy + ReoitIr + Ryenn It = Uy — Ro(I, + Ic)

which gives

Ryerolc + Rlc + ot /cht + Ryetolc = Uy — Ro(IL + IC)

. . . . . R Ry, 1 1
Rierolc + Rlc +C e+ Rperolc = —Ro(Ip + Ic) = —Ro <(LIL - %IL + ZUO — -

and

1
IL(t + dt) =1+ dtz [—R[L — RfetlIL + Uy — Ro(IL + Ic)]

1

Ic(t+dt) =1 +dt
o ) © Rpeto+ R+ Ryer o+ Ro

R
—C_IIC — TO [—RIL — Rfetl.[L + Uy — Ro(IL + I
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Figure 50: (code) Current drive.

0.88 18.05.2016 Blue-ray repumping

The seven-level Bloch equations allow to calculate time-evolutions, absorption spectra
and fluorescence spectra, after having specified the Rabi frequency, the laser polar-
ization vector, the magnetic field vector and its amplitude:

The level excited by the blue-ray laser might have a small decay rate into the 2P,
state. For loading from the magnetic trap this is not a problem, but perhaps for a
continuous blue MOT.

Raul set up the laser in November and saw that it is able to repump. Unfortu-
nately, the laser seems damaged after New Year. We had to buy new diodes. Now,
Michal has setup another ECDL and got it to work at 403.318 nm with up to 4 mW.

The simulation of the figure shows that without repumping, all atoms end up
in the 3P, state within 10 us. When the blue-ray repumper is switched on, this
metastable state is depleted, and most atoms return to the ground state. There are,
however, some atoms (blue dash-dotted line) populating the metastable 3 Py, which is
not depleted.

Tests for the experiment:

1. Blue MOT in steady-state with/out green or blue-ray repumper

2. Blue MOT for a few seconds, then shine irradiate green or blue-ray repumper
watching the rise time (should be quasi instantaneous) and the final fluorescence level
(might be larger for the green repumper)

According to http://physics.nist.gov/cgi-bin/ASD/lines1.pl the intensity of the
repumper lines at 497nm and 403 nm is 120 and 160, respectively. I expect that the
linewidths should scale in a similar way.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20160201_CurrentDrive.m
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Figure 51: (code) Repumping scheme with a leak. The colors correspond to the colors of
the simulations below.

0.89 30.05.2016  Spontaneous emission inhibi-
tion

It is possible to inhibit spontaneous emission by a series of short pulses. However, the
pulse duration must be shorter than the inverse level spacing. On the other, putting
the atom inside a cavity The hamiltonian (not Jaynes-Cummings) for a two-level atom
in a cavity with periodic dispersive phase shift of the upper state is

H =hwoote™ + Q6 + Q6" . (74)
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Figure 52: (code) Repumping with a leak. (a) In the first phase only the blue MOT is
irradiated, in the second phase the blue MOT and the blue-ray repumper. (b) In the first
phase only the blue MOT is irradiated, in the second phase only the blue-ray repumper.

0.90 03.08.2016  Switching on and off Srl

0.90.1 Switch-on sequence

oven chamber 1.8 1078 mbar
science chamber 4.1 10719 mbar
reference cavity 4.0 10~7 mbar
Sr-cell 6.8 10~ mbar
. Turn on chiller, verify green light and water flux, let precool for 10 minutes
Verify currents for Sr-oven (1.7 A) and p-tubes (2.5 A) with inductive Ampéremeter
Open gate valve
. Set Zeeman slower coil current drive from analog to digital at 38 A
. Set MOT coils current drives both to 29 A
7. Switch-on blue MOT laser (325.2516 nm and ... mW at output) and lock the
doubling cavity
8. Activate DigiLock
9. Switch-on green repumper (300.1700 nm ... mW at output), lock the doubling
cavity, and adjust frequency optimizing MOT fluorescence
10. Adjust blue MOT spectroscopy AOM optimizing MOT fluorescence
11. Realign efficiency of Zeeman slower AOM and correct the slower alignment
12. Verify 35 mW before the blue MOT AOM
13. Switch-on red MOT laser
14. Switch on LabView, run Srl-Totalmanualcontrol-v0

1. Verify vacuum pressures:

o Tl W N
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Figure 53: (code) Principle.

15. Calibration data are stored on L:/
16. To start an experimental sequence run L:/Srl/MainProgram/Sr_vOp0.vi

0.90.2 Switch-off sequence

1. Turn off DigiLock (unlock, scan, unconnect)

2. Unlock doubling cavities of blue MOT laser and repumper and switch-off the
respective lasers

3. Unlock red MOT PDH and switch-off the respective laser

4. Set Zeeman slower coil current drive from digital to analog

5. Close gate valve

6. Over week-ends turn down currents for Sr-oven (0.7 A) and p-tubes (1.2 A)
with inductive Amperemeter

7. Turn off chiller, verify green light to be off
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Figure 54: (code) Inhibit of transitions by applying short pulses on a connected strong
transition.
0.91 03.09.2016

MOT switching problems

Checking the idea of operating the blue MOT (N, = 200) and the red MOT with a
separate coils. Simulations show that for the red MOT coils N, = 25 windings on
a single-layer solenoid with R, = 9.7 cm radius, inserted into the center of the blue
MOT coils, and beginning at A, = 5.5 cm axial distance from the trap center and
extending, outwards are enough to produce a 4 G/cm gradient with I, = 12 A. First

we estimate the voltage induced in the red coil when the blue MOT is switched off in
7 =100 ps: The field produced by the blue MOT coil is

tody
B = Ny = 150 G .
27TRb b
It produces a flux through the red MOT coil

polp
= BA, = NyN, 7R, .
¢ 21 Ry, birm
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Switching off this flux linearly in a time interval 7 like I = Iy(1 — ¢/7) induces a
voltage
oo NN, R,

2T R,

With N, = 200, N,. = 15, Ipo = 30 A, and simplifying R, ~ Ry, we get

Uy =—-&=

_ :U/OIbO NbNrRr
2T Ry

U; =

~ 565 V .

PC / DAC

HighFin.
12v 8A

©
blue MOT coil A

blue MOT coil B 2u2

10 Tn
IZuZ
T

10 2u2

Figure 55: (code) Controlling blue and red MOT magnetic fields without homemade PID
servo.

In the past, we tried many circuits for the rapid magnetic field switching, including
PID-controled MOSFETSs and various protection components, such as diodes, Zener
diodes, varistors and Transils. Without success: Either the MOSFETSs burned or
overheated, or we observed huge spikes, noise, and transient oscillations. The problem
is that (1) we want switch the magnetic field to finite non-zero values, and (2) the
inductance is huge (L = 10 mH). I decide to use 2 separare coils for generating
the fields for the blue and red MOT. Both fields will only be switched on and off
completely, thus avoiding operation of the MOSFETSs and at intermediate settings,
where they are particularly stressed. A coil that I made (20 windings, L = 200 pH,
r = 4 cm) could be switched off in 100 us. Paulo made new coils that he placed
directly on the flanges of the viewport. Those needed 3 mH, which shows the huge
impact of eddy currents when the metal is very close to the coils.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20160903_MotCoilDrive.m
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Figure 56: (code) Red MOT layout.

There was the idea to shield the magnetic field from the flanges with a p-metal
layer inserted between the coil and the flange hoping that this would not impact the
magnetic field in the center of the coil. However, some tests we did showed that the
p-metal (even when isolated from the flange and not forming a closed loop) drastically
reduces the magnetic field, while it has almost no impact on the switching speed.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryLattice/PD_Lattice_20160903_MotCoils.m
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0.92 22.08.2018 Transfer cavity for the repumper

We study the impact of a mode hop for a transfer cavity of ¢, = 1.5 GHz changing
its free spectral range from 6, to dfep,

Vref = Nref(sfgr e (N,«ef — I)str .
If, before the mode hop, we had for the repumper frequency,
Vpep = Nrep(sfsr ;

after the hop we’ll have,

~ - N, -1 v _5
re re or
such that,
~ V. — 0
re ST

For vy = ¢/461 nm and v, = 497 nm we expect Vyep — Upep = 109 MHz. For v,y =
¢/689 nm and v,y = 707 nm we expect Vypep — Upep = 38 MHz. For vy = ¢/689nm
and vy = 679 nm we expect Vypep — Urep = 22 MHz.
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0.93 04.09.2018 Reflection from 2D-lattices

Shahmoon et al. [100] propose a 2D-lattice of atoms that act as mirror via cooperative
scattering. The idea is closely linked to our 1D-photonic band gap papers [94, 93]!

Like in our work, [100] assumes frozen atoms (no external degrees of freedom
considered), hence elastic scattering (no recoil shift). Is this realistic considering
strong confinement (Lamb-Dicke regime)? The optical lattice beams are neglected
(no light-shift).

Can the idea be tested with 3D-lattices? The lattice constant should be a < A. We
could make a lattice constant @ = 1064/2 nm = 532 nm and probing with 689 nm =
532 nm/0.772. Can Romain do some calculations?
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0.94 10.09.2018 Pablo Saldanhas negative force
proposal

Just upfront some parameters estimations:

In the Tiibingen experiment we have typically N = 100000 and for 8" Rb, we get
2
g =0, ~56-107°" with the scattering length a; = 110ap. The trap frequency

m

is typically w = (27)100 Hz, such that

15N o\ 25 o\ 3/5
u=(5g) (mw) ~h-1.8 kHz

81 2

can be calculated, as well as

2p
D= o 6.5 um

e w2 x?
¢(r)\/g 29 \/9(1D2>

Gradients of VB = 50 G/cm can easily be realized and switched quickly. Since
the experiment has to be done after the trapping potential has been switched off,
everything needs to go fast. If possible within 1 ms. Within At = 100 us the gradient
can generate a momentum change of

such that

Ap:FAt:uBVBAt:hAk:%~28,

which should be plenty.
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0.95 17.01.2019 2D optical lattice

The atomic cloud has been transferred to a crossed beam dipole trap. What optical
lattices could be interesting? Let’s study a 2D optical lattice made of two identical
retroreflected beams along the z and y-directions,

3rc? T
Ul(r,t) = ngZI(r)
0
2
_ 3me” T 2P [e(_212_2z2)/w36_y2/y§(eiky +eiky)2 +e(_2y2_222)/w36_$2/mg(eikx 4 etk
2w A mwk ’
N 3rc? T' 2P E2x? k% 22 y? x? y? 222
T 2wd A mw? 2 2 wi wi 2% yh Wl
k2 2 k2 2 2 2
oy (1o B 22
2 2 w§

We have A\ = 1064 nm and only consider the strong resonance at 461 nm, whose
linewidth is I" = (27) 30.5 MHz. We assume wo = 10 pym and P = 1 W per beam.
Then,

1272 T 2P
Uy = 7720 ~——5 ~32-107% J=kp-20 mK = h - 484 MHz .
wy A mwg

The trap frequencies are

2 U U
W, = — 20 (27)58 kHz , W =wy =k 20~ (27)1.4 MHz .
wo V m m

That means we are in the well-resolved sideband limit with respect to every direction
of space,

hkidso

Tgso = (27) 7.6 kHz | Wree = 5 = = (2m) 4.7 kHz .

If the beams are not identical and not even elliptical,

3rc® T 2P, 2P,
Ur,t) = 27T 3 A [ Y =22 /wi. o207 il o= /U og2 ky + ——— e~ 27 /Wi o2 /uly oo
Wy TWy Wy TWg Wy
3nc? T { 2P, (1 222 2% g2 2 2) N 2P, (1 222 2y? 22
~ — - - = — k% 2 (1-=-==__ "
2(.08’ A T Wy Wy 3 wgz ng y% TWg 2z Wy w%z w?ﬁy z%{
222 222
~Up (1= Gy = Cy—g — Gk?2? = (k%Y%)
Wi wyz
where,
Uy = 377032 £4 ( 2P, N 2P, ) o= Py, wy, —1¢,.
2w A\ TWeWay — TWyWyy Powy;Wye + Pywg;Way :
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The trap frequencies are now,

wy = k4 / 2ot , wy = ky/ 2oty , Wy = 2\/UO < C; + Cg ) .
m m m \w;, Wy,

One can verify that the old formulae are recovered for P, = P, and wy, = Wyy =
Wyz = Wyg.
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0.96 18.01.2019 2D optical dipole trap

A similar calculation for a running wave dipole trap with the same geometry as in
the last section:

3nc® T
Ulr,t) = ——1
(r.0) = S 5 10)
L N S Sy SSE ¢ S Yo S Sy e Sy
2wg A\ TWy Wyy MWy Wy
3nc® T 2P, 282 222 g2 2P, 29/ 222 x2
=27 A == )t L~ 2
2wy A | TWy Wyg wim wf,z Yr MTWgzWay w?gy w2, TR
222 212 222 222
2U0<1—Cx G G G |
wym Ty Wiy wyz
where,
3rc? T 2P, 2P, P,w, . w
Uo = 3< L —— ) ;o G= LyE_be —1-¢,.
2wy A \TWy Wyg — TWg Wy Prwy wyz + Pywgway

The trap frequencies are now,

e 2 UGy o U0 [ G Cy
Wy = — , Wy = — , Wy = — 5t — .
Wyz m Way m m \w2, w

Wyx:WyZ:6O le

} wo=17um

B S

Wyz=241pum

Figure 57: (code) .
With P, = P, = 3 W and the waists indicated in Fig. 57, one expects,

wy A~ (2m) 753 Hz , wy~(2m)2836Hz , w,~ (2m) 825 Hz.
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0.97 06.02.2019 SWAP MOT

Can the SWAP MOT idea be used to improve the transfer to an optical dipole trap
[76], [74]?

Katori shows [54] that the !Sj-state and the three ®P;-states are Stark-shifted
by different amounts depending on the wavelength of the (linearly polarized) optical
dipole light. Around 822 nm they are equal (magical wavelength). The shifts of
the 3P;-states are different for linearly polarized light driving Am = 0 transitions,
linearly polarized light driving Am = 41 transitions, and circularly polarized light
driving Am = #1 transitions. However, at 1064 nm the shifts of the 3 P;-states are
negligibly small compared to the shift of the !.Sy-state.
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0.98 21.03.2019 Critical temperature

Let us assume a cloud of N = 500000 ultracold 88Sr atoms in a trap characterized
by the harmonic trapping frequencies wr, r, z/27 = 300,300,800 Hz. We measure a
temperature of 7' = 800 nK. What are the features of this cloud?

The critical temperature is given by,

N1/3

Pl = 1503

ho~kp-1.3 uK .

Ultracold ®8Sr density for the case of a Gaussian shape,

N

L 1017 o —3
(277)3/%@272'2 107" em™" .

ng =

The collision rate is,

[kgT
VYell = VNo0 = 2B no 4ma? ~ 343 s71 .
m

If the cloud were condensed, we would expect in the Thomas-Fermi limit,

- V,r r
o) = L VirelE)
g
The chemical potential follows from the normalization condition,
N = n(r)dr .

n(r)>0

In the case of an ellipsoidal harmonic oscillator, Vi, (r, 2) = 2(wir? 4+ w?z?), the
chemical potential is,

_ ([ 15Ng 25 m 2 \2/3 3/5
,u—( 8 ) (5(‘%‘*’2) ) ~ h-61 kHz ,

where g = 4wh%a,/m. The peak density is,

no = |(0)|2 = g ~6.3-10' cm =3 .
The radial size o of the condensate follows from n(rp.,,0) = "(3’0),
Thw = H
w mw?2

T

For a thermal cloud influenced by quantum statistics,

Calculate cloud shape (Thomas-Fermi) for as = —2ap!
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However, the maximum number of atoms imposed by the negative scattering

length as = —2ap is, for the same conditions [90, 28],
Atrp
Nz = 0.575 | ~ 2856 ,

with Atrp = 4/ h/m/djtrp.
Trap depth,
Uy =777

In case of evaporation the equilibrium temperature would be roughly Uy /5.
Interference of two beams crossing under right angle,

Qy ap a,etF% + qpetky
E,(r,t)+E,(r,t) = | B,e¢ | Ege'kx=wt) 4 0 Egetby=wt) — ByeiPveikz
0 5h€i¢" ﬂhei‘b“ eikyEoe—iwt

For example, aj, = 0, B =1, a, =1, B, =1,
eikz
E, (I‘7 t) + :Eh(r7 t) = | eiPveikz Eoefiwt

eiky

For example, aj, = 1, Bre’» =0, a,, = 1, B, = 1,

eikz +6iky
E, (I‘, t) +E;, (I" t) = eidv gikz Eoefi“’t
0
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0.99 25.04.2019 Three-body collisions

Between ground and excited states fine changing collisions and radiative escape are

possible. Between two ground states only hyperfine changing collisions may occur.
The nature of the collision process, whether it is a one- !, two-, or three-body col-

lision, reveals itself via the temporal behavior of trap losses. Using the abbreviation,

)= [ (75)

we can write the loss rates due to inelastic one-, two-, and three-body collisions,
B()YN , K{n)N , L{n*N. (76)

the prefactors depend on the collision velocity (that is, the temperature of the sample)
and atomic parameters (for example, the collision cross section for two-body collisions,
which may itself depend on temperature). Hence, the total number of trapped atoms
evolves according to,

N = —-B(1)N — K(n)N — L(n®>)N | . (77)

Assuming a gaussian density distribution,

N 2 =2
.y —r®)2F
nr) = G ’ (78)
we calculate,
N = —BN—BxN?—B,N* with Brx=—> _ and Br=-—2
- K L K= (4m)3/273 L= 33/2(27)376
(79)

Fig. 58 shows a simulation of Eq. (79).
For condensates in the Thomas-Fermi limit [103] found the following differential
equations for two- and three-body collisions,
N 1 N 1
~ = —GeagN?/5 — — and 5= —LesNA/5 — —. (80)

1By one-body collision we mean collisions with atoms of the background gas.
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Figure 58: (code) Measured decay rate of the ODT. The fits are done assuming 1 and 3-body

decay with No = 3.2 - 10,

B=4s'and B =3-10"1 s71.

0.100 25.04.2019 Cooperative forces on dipole-
trapped strontium clouds
How about redoing Hellmar’s collective force experiments ?

At 1 pK temperature the Doppler width with respect to the transition is about

12 uK.
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0.101 29.08.2019 blue MOT mCBS
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Figure 59: (code)

Figure 60: (code)
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Figure 61: (code)
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Beam propagation through fun-

nel or waveguide

For comparison with the coupled dipole model calculations done by Marcia to check
the Lambert-Beer law for a cloud of atoms arranged in cylinder. Fig. 62 shows a
Fourier optics calculation of a beam propagation through a cylindrical waveguide.
Fig. 63 shows that not only dispersive phase shifts, but also resonant absorption

deforms a phase front.
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Figure 62: (code)
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Figure 63: (code)
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0.103 14.05.2024 Saturation in a slab of Sr atoms

A laser beam focused down to wy &~ 3 um traverses an atomic cloud having the shape
of a thin slab of thickness L ~ 8 um. The mode volume formed by the overlap region
is then,

Vi = ngg ~Tx1.170m3 (81)

One photon in that volume then generates a intensity of

2
hw hw 2 1
I = - —— = W ~1 Lot ————— 2
€oc 250 V m C2 V m 590000 /m P00 ¢ 1 4A2/F2 (8 )

with the saturation intensity Iy,; = 40.6 mW /cm?.

On average, however, we will have less than one photon in the cloud. Considering
the cloud as a cavity, the residence time of a photon in the mode volume will depend
on the cavity’s finesse. We first estimate the refraction index of the cloud from its
density assumed as ng ~ 104 cm™3. The susceptibility is,

3
X= _2ﬁ2(2i1/?+ g 2A(/)f5 +2 (83)
That is, the real part of the refraction index describes a dispersive profile,
Re Netowd = /1 +x =1 +Re X =1 ’\%”1;‘0 ! (84)
w2 2A/T +T/2A
with maximum amplitude,
[PRe Neroua — 1] < 0.25 . (85)

The reflectivity of an interface with sudden change of the refraction index from 1 to
Neloud 18 according to the Fresnel formulas,

1 2
R= (’M) =0.04 . (86)

1 + Necloud

The finesse of the cavity is then at most,

F= ~ 0.65 . 87
1-R (87)
The free spectral range is,
c
Ofsp = — ~ 3THz . 88
fsr =57 z (88)
The cavity intensity decay rate is,
27d sT
Kint = 245" 9 % 1018571 (89)

In a time At = n;ﬁt a photon can perform

~0.3 (90)
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round trips. That is, the intensity enhancement factor is 0.3, which means that the
light is still strongly saturating the cavity.

The number of photon really entering the cavity depends, of course, on the pump
power. For a very low pump power of Pj,pu: = 140pW, we expect inside the cavity

a power of,
F
Pccw = ;Pinput (91)

corresponding to a photon number of

Pca'u o 2Pinput

cav — = ~ 9. 1 -5 ; 2
n Fad o Fioriy 3.7 x 10 (92)

which in turn yields an intracavity intensity of,
Negpl == 0.541 4 . (93)

A Gaussian density profile will further reduce the finesse of the cavity. On the
other hand, the intensity is not expected to be uniform within the slab.
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0.104 24.10.2024 Ground state Hanle effect

In collaboration with Mayerlin we start to develop a model for describing the ground
state Hanle effect in %3Cs, I = I. The system is room temperature gas cell, the
signals are obtained via pump-probe saturation spectroscopy.

Restricting to closed transitions we need only consider Zeeman structure of F' =
3,4 and F’' = 3,4 for the D1 line and F’ = 2,3,4,5 for the D2 line. That is we have

between (2F + 1)(2F’ + 1) = 6 and 20 levels.
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1.1 01.04.2013 Characterizing the ring cavity

The cavity detuning is mostly close to resonance |A.| < 278y, where

C
— —1
6fsr =T. =

is the cavity’s free spectral range (given in real frequency units). Assuminga L = 10cm
round trip length, we have 6 ¢, = 3 GHz. 7. is the round trip time. Assuming a finesse
of F' = 2000 for s-polarization of the long ring cavity, the cavity field decay rate,

1 7"_5fsr

K=T. =%

is k ~ (2m) 750kHz. The intensity decay rate measured by cavity ring-down would
be 2x. Note that k is also the HWHM of the intensity transmission curve.

For the 3Sr 1S, —3 P; intercombination line at A = 689 nm we have the natural
linewidth I' = 27 x 7.6 kHz. The dipole moment is

3meghl’
d=1/ R

Question: Does it make sense to calculate a dipole moment for a transition, which is
not a dipole transition?
For a given cavity, the intracavity power P fixes the intensity

2P
mw?(z)

A 2
672p2/w2(2) and w(z) e wo 1 + <Z2) .
TWg

I(r) =

We define the mode volume via I(0)V,, = [ I(r)dV. Evaluation of the integral over
the Gaussian mode over the length L of the cavity yields

Vin = %ng .

Assuming waists of the mode of w, = w, = 50 um, the ring cavity mode volume is
Vi & 50 pm x50 ym x 10 cm = 0.2 mm3.
1.1.1 Calculating the coupling strength
If we fix the one-photon field amplitude via
I(r) = neocEl(r) ,
where n is the number of photons in the cavity, the energy stored in the cavity is

I 1 2P 2.2 1P 1 o
/60|51(r)|2dV =¢p / ﬂpdpdgz)dz = %/ )e*QP (2 pdpdgdz = — L= 1L nhwdssr

nepe Tw?(z c2 ne 2

£,(0) = 0) |/ 1 2P _\/ 1 Lnhwisey [ hw
YA nege negcmwg  \ nege 2V, V260V,

So
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We get & ~ 9 V/m.
The light power can now be expressed as
2 2Vim

Wy

hw
9 (0) = THSOC&Z(O) = 2Vm6fsrn€0m = 5fsrnhw .

P=

To estimate the cavity pumping rate (how does it depend on phase matching?), we
assume that the power Pj,p,: is measured in transmission. The coefficient n for
resonant pumping of one propagation direction is related to the number n of photons

inside the cavity

772

2
n=|al*= .
| | K2
The intracavity field is resonantly enhanced by the finesse

F 5fsr

O = —Qinput = Uinput -
m P K P

This yields n = ka = ky/I/chw - Vi, = §srQinput = Ofsr\/Linput/chw - Vi,

The atom-field coupling constant (which is HALF the single-photon Rabi fre-

quency) is
&, (0)  [3rTw  [3T0se
RV 2k3V,  V E2w?

g =~ 2m x 142 kHz. Therefore the coupling strength is almost an order of magnitude
larger than the cavity decay rate.

g

1.1.2 Cooperativity in cavities

The detuning of the atomic resonance from the laser frequency is typically A, =
27 x 1000 GHz (2 nm). The single-atom reflection coefficient is

k |Rea|l Kk 67
2

P = Tw? o mw? k3 [2A, +iT = B2uw? 20, + il

r ‘ 6

=

where « is the complex atomic polarizability and A, = wg;p — wo. The resonant
reflection coefficient can be interpreted in terms of a phase shift which depends on
the matching of the optical cross section o = 3A2/27 of the atom and the field mode

cross section,

(&) 6 292

Tw?  KPw? Sper

Bo =

The frequency shift accumulated over one round trip drs-5o gets noticeable if it
exceed the cavity linewidth . From this we get the single-pass optical depth of the
atomic sample multiplied by the cavity finesse, which is a quantity known as the
cooperativity parameter or cavity-to-free space ratio,

5fsrﬂ0 6 o ﬁ

= T T Rw? AL
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The atom sensitivity may be measured in terms of a critical atom number N, which
can be resolved by the system. It goes to infinity as the resonant single-atom reflection
coefficient vanishes, 5y — 0, and converges to zero if 5y — 1:

47 E2w? | 2 4
T = — =

Nt = —4 - - .
" FB " 6F Fg® ¢ 7

The total reflection coeflicient is enhanced by the number of atoms N and the
number of round trip of a photon in a cavity F', which gives off resonance

2
N N NU,

L
> NP Nyt =
k2w? 2/, A, wmw? 0% ko

NFBA =~ NF

where we defined the single photon light-shift far-off resonance
2
~ 9
Up = AL

and the single photon Rayleigh scattering rate

g°T
Yo I
A

1.1.3 Collective cooperativity

While the strong coupling regime of CQED requires > 1 with a single atom, collec-
tive cooperativity is attained with N atoms if Nn > 1 [15, 23]. Then the ensemble
couples to the mode as a single ”"superatom” with a coupling strength increased to
gn = g1V N. This can be seen easily by setting up the Jaynes-Cummings Hamiltonian
for two atoms and a light mode and assuming indistinguishable which of the atoms
is excited by going to Dicke states.

1.14 Saturation parameter in cavities
The optical single photon saturation parameter is given
2

-9
$= T2
Hence, the number of photons that drives the system to saturation is

2 I k?w? 1

Mt T 92 T 56 25

We see that there is a symmetry between n and s, or between N... and ns.
The regime Nn > 1 denotes collective behavior of N atoms in the same way
as ns > 1 means saturation. While n only depends on the phase matching of the
atomic antenna and the cavity, s also depends on the cavity mode volume and the
natural decay rate.
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1.2 02.04.2013 Intracavity metrology and gravime-
try

Conventional frequency standards are based on a double servo loop. A laser oscilla-
tor is simultaneously locked to high finesse cavity, which provides good short term
stability, and to a narrow atomic resonance, which provides good long term stability.
The goal of our project is to study a new approach consisting in combining the servo
loops by directly inserting the atoms in the cavity. This idea is the base for our CNPq
project (english version) for the development of a gravitational sensor.

(a) controle ( b)

cavidade de referéncia

K ] cavidade de referéncia
oscilador oscilador
laser laser [ /\ ] )
/A\ 0 ressonéncia atdmica

ressonéncia atdmica

controle confrole

Figure 1.1: (code) Left: conventional concept. Right: New concept.

Possible starting point for theoretical investigations: [70, 78].


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130402_IntracavityMetrology.m
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1.3 04.04.2013 Total setup

Vision of a complete setup aiming at cooling 8*Sr clouds to quantum degenerate
temperatures inside a vertical optical ring cavity, letting the atoms perform Bloch os-
cillations in a 1D optical lattice generated by two intersecting laser beams at 1064 nm
and observing the influence of the atomic acceleration on the ring cavity modes.

461 nm 1064 nm
=

Figure 1.2: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130404_TotalSetup.m
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1.4 05.04.2013 Ring cavity laser setup at 689 nm

Exciting the narrow intercombination line of strontium atoms in free space requires,
except for the light necessary to operate the red MOT, a pump laser beam v, whose
frequency can be detuned precisely from the atomic resonance vg,. If the atom-field
interaction is to occur inside a cavity, the cavity mode must also be controlled. A
possible scheme for this is shown in the figure:

NHinterface H PC ‘ fon=8GHz Jfaom=150 MHz N

Vprb Vst Vsi| Vmot|Vpmp=Vsr

Rde&Schwrz <
synthesizer 3

synthesizer ‘é

A |
Vref

fors=850 MHz _fnoa=110 MHz

DTC Dcc

l pleed

Figure 1.3: (code)

If we want to control the detuning of the laser which is pumping the ring cavity,
we need a second independent probe laser, vprp,, which is locked to a ring cavity mode
and to which the pump laser, vy, is phase-locked with an offset frequency, fsy,. In
order to prevent the probe laser from being too close to the atomic transition, vg,, it is
tuned close to another longitudinal mode of the ring cavity, distant by 25[5; or 35{;;,


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130405_SrSetup.m
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and this distant cavity mode is locked via a Pound-Drever-Hall servo controlling a
piezo mounted to the ring cavity to the probe laser vy,.,. The pump laser v, and
the original cavity mode are, in contrast, close to the atomic transition. In summary,
we have:

Vst = Vref = Nre ﬂf;; Pound-Drever-Hall to the stable reference ca
Vsto = Vmst + fofs injection lock on a frequency-shifted laser be
Vmot = Vstv + fmod control of the light for the red MOT

Vprb = Vsly — fsyn PLL lock on a frequency-shifted laser beam
Vrng = Vprp = ng(;ffl; Pound-Drever-Hall lock of the ring cavity
Vpmp = Vslo + faom control of the light pumping the ring cavity
Ay = Vpmp — VSr = Vpef + fofs + faom — Vsr = 0 detuning between pump light and atomic tra
A¢ = Vpmp — Vrng = fsyn + faom =0 detuning between pump light and ring cavity

The detuning A, of the pump laser from vg, is controlled via the AOM f,r,, while
the detuning A, of the pump laser from v,.,4 is controlled via a synthesizer.
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1.5 05.04.2013  Step-up transformer

1.5.1 Self-resonant step-up transformer from a 50 €) rf source
providing 0.5 W of f,, =4.6 MHz

The sidebands are generated with an EOM, which typically needs to be driven by
up t0 Ugom = 500 V sine modulation amplitude. The capacity of the EOM to about
Ceom = 82 pF. The modulation frequency is set to w = (27)20 MHz. We generate
the high voltage via a capacitively driven transformer as shown in the figure. for the
driving loop we can write:

Ugen = Upe™t = — Lol + RiT + o / Idt ,

where the voltage Uy = 15 V available from the source generates a current

Uy 1
— = R; +iwL, —
+ iwLep + #wCon

Iy

neglecting the impact of the EOM loop.

Ceom

Figure 1.4: (code) Step-up transformer.

Assuming a short coupling coil with N¢,; turns and radius 7, the magnetic field

can be calculated via!
— MONcplI
2r ’

The flux through the secondary coil with area A and N;,q turns is now

B

d = N;,sBA .
The induced voltage is
. /Lolol'weth
Uind =-P=- zndTA =~ erm )
so that its amplitude is
Ho 1wlUy
U; don—N‘ d——TT " .
in n 2 Rz + ZOJchl + iWécpl
MoNcsz.

1For a long coil it would be B = ;
cp


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130405_PDHTransformer.m
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To maximize the induced voltage we chose C,p; tal que

1 N2 A
w=-——"  with chl:’m%pl.

\V chl Ccpl

We chose N;,qA tal que

1 . po Ny, 44
W= —=— with Ljpg = —124¢ |
\% LindCeom d l
1.5.2 Dimensioning

Choosing A = 772 with r ~ 1.35 cm, | =~ 5.5 cm, and N, ~ 14, we get pretty close to
w = (27) 20 MHz. Uy = 15 V.

1.5.3 Phase modulator specifications

Transmission (measured without/with polarizing beam splitter cube)

Extinction (measured with VIS continuous laser beam between crossed polarizers)
>1:250

Wavefront deformation (@ 633 nm): < \/4

Bandwidth (3 dB): 100 MHz

Capacity: 82 pF

Max. continuous voltage: 800 V
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1.6 05.04.2013 Ideas for projects
Tasks:
e Construct an ECDL laser at 688 nm for the strontium dimpel trap.
e Construct electronic feedback loops for stabilizing lasers and ring cavity.

— Construct a GHz PLL offset lock for an ECDL reference laser to the master
laser.

— Construct a PDH servo loop for locking the cavity to the reference laser.
e Construct a low finesse ring cavity:

— Decide geometry, finesse, order the curved mirror at the Oficina Optica
Find UHV suitable piezos and buy them

Calculate free spectral range d ¢4, finesse F', waist wg, phase and impedance
matching of the cavity

Calculate decay width &, coupling strength ¢, saturation photon number
s, cooperativity n

— Calculate heating rate for a reference laser detuned by v, — w, = 2d4,
from atomic resonance.

e Design chamber and mechanical parts of the cavity.

— Design support for the resonator and give the design to the Oficina Mecanica.
— Design Zeeman slower or 2D MOT, Sr dispensers, etc..

— buy cylindrical lenses, glas cell, Sr dispensers, ion pumps
e Other tasks.
— install 2nd interface board

Paulo will design the ring cavity.

Mike will design the chamber and the ring cavity support.

Faisah will work simultaneously on the realization and stabilization of a ring cavity
on the 689 nm DL pro and on the vacuum system for the MOT (coils) and the 2D
MOT (or Zeeman slower).

Philippe and Daniel start assembling an ECDL.

Projects for Leticia / Vitor: resonant coils for 500 V modulation
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1.7 12.04.2013 Tentative time line for the ring
cavity project
e Stable laser at 689 nm until end of 2013
e Second vacuum system for a MOT until end of 2013

e Signal from Sr in ring cavity mid of 2014
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1.8 16.04.2013 Designing the ECDL

We want to construct a stable ECDL in Littrow configuration. Various plans are
available [86, 4, 48, 65, ?]. Daniel Steck provides a complete design for a very stable

Figure 1.5: (code)

Figure 1.6: (code)


http://atomoptics.uoregon.edu/unilaser/
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130416_ECDLRicci.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130416_ECDLPicture.m
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-
[20 Wiz qvartz ! 3
[adapter [SM-SMS0+ MiniCircuits 4 |uss 5,95 | UsS. 3,80
adapter [SF-SF50+ 4 | UsS 4,95 | USS. 19,80
20 MHz bandpass filter PIF-21.4+ 4 | Uss 17,20 | USS ,80
[ mixer RDP-1+ 4 | uss 20,70 | USS 2,80
mirer RoP-2 4 [uss 33,20 Uss 2,50
mixer RAYV-1T 4 |uss 74,95 | Uss. 299,80 |
mixer [SRA-2000+ 4 [Uss 23,95 [ USS 95,80 |
attenuator [ToAT-3610+ [MiniCircuits 4 |Uss 64,25 | USS. 257,80 |
attenuator TOAT-51020+ [ MiniCircuits 4 | uss 4,45 | USS 257,
directional coupler TDC-10-1 M cuit 2 | UsS ) uss. 40,
power splitter PSCQ-2-21.4 4 | USss X uss. 72}
[power splitter PSC2-11 4 | Uss A uss. 147,
amplifier MAN-1 8 | USS X uss. 145,
amplifier AD829 4 | Uuss X uss.
synthesizer 0
current contral bec 110/0.58 [Toptica o [EUR___ 108000
temperature contral bTc 110 300 [Toptica 0 [EUR 108000
e I Toneina bptica | 1 [Uss 300000
Optics parts
achromat for IR |AC254-100-B-ML |Thorlabs 1 |uss 103,00 | US$
achromat for It AC254-200 ML [Thorlabs 1 [uss 103,00 Us$
achromat for IR |AC254-300-8-ML |Thorlabs 1 | Uss 103,00 [ US$
polarizing beamsplitter 10mm size PBS102 |Thorlabs 4 [ uss 174,00 | USS
order 1/2 Waveplte 670nm _|WPHOSM-670 [Thorlabs 2 [uss 410,00 [ Us$
mounted zero order 1/4 Waveplate 670nm___|WPQO5M-670 |Thorlabs 2 | Uuss 410,00 | USS.
Fitachilaser diode @689nm HL6750MG [Thortabs 2 [uss 95,75 [ Uss
[Hitachi laser diode @689nm HL6738MG |Thorlabs 6 | USS 55,10 | USS
Fos02 [Thortabs 2 [uss 73,50 Uss
FDS010 |Thorlabs 2 | Uss 42,10 | USS.
Fos100 [thortabs 2 [uss 13,10 Uss
igh-speed InGaAs photodiode FGAL0 [Thorlabs 2 [Uss 158,10 | USS
[anamorphic prism Ps8718 [Thorlabs_ 1 [uss 150,36 | USS.
free space solator 1030660V [Thorlabs 1 Tuss
collimation tube LT230P-B |Thorlabs 1 |Uss 115,00 SS.
temperature transducer |AD590 |Thorlabs 3 | uss 13,30 | USS
1/4"-100 Polaris hex adjuster for vacuum P255B100V_ |Thorlabs 2 |uss 25,00 | USS. New Focus ~ 9376-K
e |AEOS05DO08F | Thorlabs 2 | Uss 130,80 [ USS Noliac NAC2003 (SCMAP02)
piezoelectric and manual actuator PE4 |Thorlabs 1 | Uss 479,60 | USS.
aspheric fiber port coupler PAF-X-5-B |Thorlabs 1 |uss 428,40 | USS. Oz HPUC-23A
PoABGS [Thortabs 0 [Uss 309800 Uss
[DC blocking filter 78535 |Thorlabs 0 | uss 96,90 | USS.
peltier Farnell 0 | Uss 99,00 | USS. - |taird 56460-501
rating [Richardson 2 [uss 200,00 | US$. 400,00
uss. 6.214,56
[cispensers I To [
windows I [0 Juss
[recntrant windows I o [er

UsS __ 9.40036

Figure 1.7: (code) Purchase list for the ring cavity project

1.8.1 Dimensioning the grating
The Bragg condition yields:

d(sina+sin 5) = mA .

In Littrow configuration the first order is back-reflected into the direction of incidence
and the zeroth order is reflected: o = 8 = 0pg, so that

2dsinfg = 689 nm .

Hence, for a grating with d = 2000 lines/mm, we expect g = 43°.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130411_Compras.m

1.9. 16.04.2013 MEETING WITH DANIEL 155

1.9 16.04.2013 Meeting with Daniel

We decide to start the construction of an ECDL, perhaps based on the Steck design.
Mike will look into the details of the drawings and components. Daniel has some
Peltier coolers and 1200 grooves gratings.

Daniel will initiate the construction of a current and a temperature stabilization for
the ECDL. He will also look into the assembling of a 9 GHz photodetector providing
enough signal to be demodulated with a local oscillator by a mixer.

Philippe will look into the realization of the electronics of the PLL and the PDH.
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1.10 26.04.2013 Dimensioning the ring cavity

When dimensioning the ring cavity, we have to consider a. the cavity enhancement
(impedance matching), b. the Gaussian geometry and stability (phase matching),
c. the cavity configuration, d. the mode structure, e. the characteristic parameters
(coupling strength, cooperativity, resolution).

-

Figure 1.8: (code) Possible schemes for a ring cavity.

1.10.1 Impedance matching

We base ourselves on the formulae given in Kruse’s PhD thesis [59] for a three-mirror
ring cavity with two high reflectors characterized by their reflection Rp,., transmission
Thr, and absorption Ay, = 1 =T}, — Ry, and one input coupler, A, =1 =T, — Rep.
The cavity enhancement factor is

Icav _ 4Tcp(1 - Atot)

IO (Atot + Tcp)2 ’

where A;,; is the sum of all cavity losses not resulting from transmission through the
input coupler, i.e. Ayt = 2(Thy + Anr) + Acp. The enhancement factor exhibit a
maximum varying Ty, which lies at Ty, = A¢ot.

Our oficina éptica specifies as the maximum feasible reflection Ry, = 99.7% and
losses of about A = 0.1% for every mirror. Hence, the total losses are A;,; ~ 0.7%,
and the best reflection for the input coupling would be at T, = 99.2%. The calculated

finesse is then
6 /R2
F = =671.

1-3 R%WRW

Same calculations for a four-mirror ring cavity, Aot = 3(Thr + Anr) + Acp yield a
total loss of Az = 1%, and a best reflection for the input coupling of T, = 98.9%.
The calculated finesse is then

1.10.2 Geometry of bow-tie cavity with 2 curved and 2 plane
mirrors

We first consider a vertical four-mirror ring cavity with 30 cm round-trip length
pumped by a 2D MOT. The mirrors will have diameters ¢ = 7.75 mm and thickness


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130426_RingcavitySchemes.m
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Figure 1.9: (code)

d = 4 mm. Standard curvatures are p = 50 mm and p = 100 mm. We discard the
latter one, as it will yield too large waists.

Based on the sketch geometry, chosing the distance between the parallel beams to
be y = 8 mm, we calculate the stability diagram of the ring cavity. Starting from the
location of the atomic cloud, the round-trip transfer matrix is given by [85]

A B\ (1 a/2 1 0 1 b+c+d 1 0\ /1 a/2

¢ p)~\o 1)\-2/p 1)\0 1 —2/p 1)\0 1)
where b = d = \/(a/2+4¢/2)? +y2. The radius of curvature is different for the
sagittal and tangential plane

p
8]
cos 5

ps = , Pt =pCos .

The waist at the atomic location follows as

<>\>1/2 |B|1/2
wo = | — .
T [1—%(D—|—A)2]1/4

The calculation shows, that a distance between the curved mirrors of ¢ = 85 mm
and ¢ = 75 mm between the plane mirrors seems reasonable. It yields waists of
wps = 30.3 pm and wp; = 28.8 um, respectively.

For mode matching an incoupled beam it is also important to know the size of the
second waist. It is calculated in the same manner:

(& 5)-6 ") G D6 DG D6 )


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130426_RingcavitySupport.m
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Figure 1.10: (code)

The waist at the atomic location follows as

(}\)1/2 |B|1/2
wg = | — - 11
m [1_§(D+A)2}

We find wps = woy = 129 pm.
1.10.3 Construction of the cavity

Setting the location of the atomic cloud as origin, the coordinates where the intra-
cavity laser beam hits the mirrors are given by

o (—425 S (425 L (375 < (315
=00 () e (V) o= ()

Hence, the round trip of the laser beam is decribed by the vectors,
L . /85 - o o [-80
i=8—-A= b=C-B=

-~ 4 (T5 - . 4 (=80
D-C= =A-D .

The angle between incidence and reflection is

c

—@-d 180° 85 - 80 .
v = arccos = arccos =5.7°.

ad 4 851/ (4854 175)° + &2



https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130426_RingcavityHousing.m

1.10. 26.04.2013 DIMENSIONING THE RING CAVITY 159

The vertical projection of the mirrors forms rectangles, the corners of which are given

by
- d 4
M = = .
() (%)
At their respective locations and rotations, the corners can be calculated via

. - cosg sing\ (+d
Acorners =A+ < SiHQQ Ccos Z) (:tgf)) ’

2 2

The round trip length and the free spectral range are

L = a+b+c+d = 85—1—75—1—\/(%85 +175)° 482 =3208mm , Gpy = % =0.9351 GHz .

All units are in mm.

Figure 1.11: (code)

Note that due to the curved surface of the mirrors, the distance is slightly larger
by x =p—1/p?— (%)2 = 0.15 mm.

1.10.4 Mode structure

Some notes on the ring cavity mode structure.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130426_Ringcavity.m
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1.10.5

Knowing the waists and the cavity length we can now calculate other parameters,
such as the mode volume,

Characteristic parameters for F' = 625

L 27 pw(z) L L Az 2 1
V= / / / rdrdé¢dz = 7r/ w(z)de = wwswt/ 1+ ( > dz = mwewi L |1+ =
o Jo 0 0 0 TWws Wt 3
Sinced our cavity has two waists, we obtain
2
1/ A8 \? b d 1 [ A
V = 2nww e |14 - (22 omig e L (A = 9.1mm?.
2 3 \ mwswy 2 3\ mwswy

. 2 2 . . .
Using wyee = %, the cavity field decay width is
5fsr
k=L = 924 9w,ee ~ (27) 100 kHz .
2F
The coupling strength is
3rlw
91 =1\ 73 = 0.24wec = 0.01K =~ (27) 1 kHz .
K3V
200 6.5 40
— 150 6 30
= D e
~ 100 55 £20
S N
= 50 s e 5 10
— - .
% 55 60 65 70 30 55 60 65 70 % 55 60 65 70
a (mm) a (mm) a (mm)
28 2.5
A =689 nm
2% 2 ¢=65mm
g ‘&F 15 p=50mm
o m,eJ2n=4kHZ
24 ’ I/2n = 7.6 kHz
F= 150000
22 0g
50 55 60 65 70 0 55 60 65 70
a (mm) a (mm)
8.5 6 0.06
8 4 0.04
< g L
£75 £ 2 N 002
7 0 0
5% 55 60 65 70 %0 55 60 65 70 0055 55 60 65 70
a (mm) a (mm) a (mm)

Figure 1.12: (code) Figures of merit of a long cavity in zigzag configuration with 2 curved
and 2 plane mirrors.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130426_RingcalcsZigzag.m
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1.10.6 Characteristic parameters for F' = 150000
The cavity field decay width is

6 ST
K= 2fF = 0.1wpee ~ (27) 500 Hz .

The coupling strength is

3nl
g = \/;TT‘;J = 0.24wpe. = 2.3k ~ (27) 1 kHz .

This shows that, while we are safely in the resolved photonic recoil regime, we are
pretty far from the strong coupling regime. If we want to reach the strong coupling
regime on the 7.6 kHz line, we’ll have to reduce the size of our ring cavity to the limit
of what is practically viable (or chose a mHz linewidth).
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1.11 29.04.2013 Meeting with Celso and James

James presented preliminary calculations for an optical transistor with cascadibity
option. He assumes a two-level atom coupled to a bad cavity and finds bistable be-
havior in the parameter regime: N = 1000, np, = 1000, g1 = 0.01x, I" = (27) 7.6 kHz.
This is close to what is planned experimentally with a low finesse cavity.

Philippe presented the above considerations of how to design the ring cavity.

With the goal of getting closer to the strong coupling regime, we try other ring
cavity geometries. The approach of using 3 or 4 curved mirror does not seem to pay
off, neither in 3 nor in 4-mirror configurations. On the other hand, a small 3-mirror
cavity seems to work. We get barely into the strong coupling regime at the price of

150 8 5
E 100 6 -
£ ) e € E3
- 8§, £
gg» o - s 2
2 1
Q Q Q
10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35
a (mm) a (mm) a (mm)
8 15
A =689 nm
—6 o=45°
N
I & 10 p=50mm
=, &
~ 0red/2T = 4 kHzZ
& X 10% (F= > 5 O/
EP) I/2n=7.6kHz
F=150000
Q Q
10 15 20 25 30 35 10 15 20 25 30 35
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8 8 3
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® [ L 2
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s 5 5
2 X103 (F=40( 2 x 105 (F=400)
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Figure 1.13: (code) Figures of merit of a short cavity in triangular configuration with 2
curved and 1 plane mirrors.

leaving the resolved photonic recoil regime, which however, could be recovered with
better mirrors. So we decide to construct two cavities, a small triangular ring cavity,
which is optimized for strong coupling and a long zigzag-shaped ring cavity, which is
optimized for high resolution.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130429_RingcalcsTriangle.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130429_RingcalcsTriangle.m
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Figure 1.14: (code) Figures of merit of a short cavity in zigzag configuration with 2 curved

and 2 plane mirrors.

1.12

22.07.2013

Simplified locking scheme


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130429_RingcalcsZigzag.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130429_RingcalcsZigzag.m
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Figure 1.15: (code)

1.13 25.07.2013 Magnetic fields of the MOTs

Characterization of the main MOT coils: With the planned vacuum chamber we
will be able to realize rectangular MOT coil shapes with inner radii R, = 34 mm
and R, = 38 mm and distance from the MOT center A, = 13 mm. Assuming
that the current-carrying cross section is 26 x 26 mm?, the mean radii and distances
are: R, = 47 mm, R, = 51 mm, and A, = 26 mm. From this, integration of the
Biot-Savart law yields:
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Figure 1.16: (code)

The 2D-MOT will be operated with permanent magnets: ”Kyle’s calculations”.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130719_CavityLockingScheme.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130721_MotCoils.m
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1.14 20.08.2013 Final test cavity design

We will realize a rectangular three mirror ring cavity with the following data:

transition wavelength A =689 nm
base length of the triangle a =1.6 cm
cavity round trip length L=a(l+2) =3.8 cm
cavity mode volume 1% =0.5 mm
free spectral range Ofsr = T =7.7611 GHz
radius of curvature of the high reflectors p =50 mm
reflection of the high reflector Ry, =99.9 %
reflection of the in coupler Ri. =99.7 %
finesse F = mBiRie) D jggo

T (R R,0)1/3
transition linewidth r =(2m)7.6 kHz
cavity linewidth K= 5%‘" =(2m)328 kHz
recoil shift Wree = B =(27)4 kHz
coupling strength g1 = \/%8082 =(2m)8.7 kHz

We will load the cavity mode with N = 10* to 10° strontium atoms at a tem-
perature of about T' = 1 pK. The cavity mode waist at the atomic location will be
wo = 70 pm. The size of the thermal atomic cloud depends on the temperature, but
can be made to fit into the waist.

Figure 1.17: (code)

What effects can we study in this parameter regime? 1. Bistability and all-optical
switching?
2. Bloch oscillations?


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20130820_Ringcavity.m
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1.15 21.10.2013 Current PDH setup

Current setup as realized by Faizah:

BNC runs from one lab
to the other such that
the power output of the
fibre can be optimised if
it ever falls in intensity

ygyeto
— O\
|

Figure 1.18: (code)

Needed urgently, work is held up by not having them:
- 20MHz photodetector
- Current driver for ECDL

Needed by end of next week, otherwise work will be held up:
- 20MHz amplifier with low gain or the possibility of attenuating
- PID servo-lock - start by testing the one we have in the lab

- Temperature driver for ECDL

Won’t be needed for at least 2 weeks:
- Piezo driver for ECDL
- 1GHz photodetector, Ruben to test his laser (could be the 8GHz below)
- 8GHz photodetector, for PLL lock
- Mixer for 8GHz


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20131021_PDHProgress.m
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1.16 06.01.2014 Progress on the PDH servo

In the last few days I tried to lock the Steck laser #2 to a test cavity using the EOM.
The helical resonator and the EOM work nicely. A clear PDH signal is visible. The
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Figure 1.19: (code)

piezo is working fine.

I tried to close the PDH feedback loop. It worked, but not very nicely.

reasons are

1. transverse modes of the confocal cavity distorting the PDH signal;

2. the lack of a phase shifter allowing to adjust the PDH signal shape;
3. the very low bandwidth limited by the cavity piezo.

Likely

To remedy we now have to design a fast locking circuit controlling the laser current


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140106_PDHProgress.m
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via a loop filter and the piezo of the cavity (or the one of the ECDL) via a PID lock

box.

I designed such an electronics including the a layout for a printed board (frontside,
backside, and components, see LaborElectronics). But as I am no expert, I would
appreciate if a real expert could check and eventually improve. I ordered the com-
ponents from MiniCircuits, but it will take 2 months before they arrive. Anyway,
it would be good if LIEPO could already prepare the boards, so that we can start
testing some things.

Cable plug rear views
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Diode bottom view
Cathode-grounded case : POS Toptica
1: PD cathode
2: common ground
3:1D anode
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AD590 bottom view
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Figure 1.20: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140106_Diodeconnections.m
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1.17 12.01.2014 Progress on the PDH servo 2

T aligned the second Steck laser such as to prepare for a beat frequency measurement.
I also set up a loop filter trying for the PDH servo. But without success, yet.

20Hz D DTC || bcc DTC

<
<
mod. in

mod. in +——
)
Q
Q

temp. in
heating out

current out
heating out
current out

temp. in

loop filter
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Figure 1.21: (code)

Actual problems:

. Steck laser #2 threshold is poorly aligned;
. Steck laser #1 collimation is bad;

Steck laser #2 piezo may have problem,;

Things urgently needed:

1x current drive for the Steck laser #2;
1x temperature control for Steck laser #1;
1x 8GHz photodetector;


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140112_PDHProgress.m
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4. MiniCircuits parts for the PDH and the PLL (e.g. phase shifter).
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1.18 13.01.2014 Fast photodetector

I assembled a detector with the Thorlabs diode FDS02. Junction capacitance C; =
1 pF, sensitivity n = 0.5 A/W, load resistance Ry, = 50 2. With these parameters
a P = 100 uW light power fluctuation should give a V; = PnRy = 2.5 mV signal.
The bandwidth is fp = m = 3GHz. Using a bias voltage it might be possible
to reduce the junction capacitance and increase the bandwidth.

Check detector:
1. DC signal;
2. modulated laser current.

Check laser current modulation:
1. couple AC signal and look for sidebands;
2. check protection circuit.

Design Pl-servo for piezo.
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1.19 21.02.2014 Steck protection circuit

Steck’s protection circuit is composed of a low pass filter with two capacitors and a
ferrite, and a Schottky diode. The low pass filter cuts off frequency components above
160 kHz. After Sharaf took out the 100 nF capacitor, the transfer function becomes
much flatter until 20 MHz.

amplitude (dBm)

0 5 10 15 20
frequency (MHz)

Figure 1.22: (code)

The AD590 produces a current. At a load of 1 kHz is shows the absolute temper-
ature in K/mV.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140222_ProtectionCircuit.m
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1.20 21.02.2014 Thorlabs protection circuit

o~y e
T VY Y VY

ey

amplitude (dBm)

4 . . . .
50 5 10 15 20 25
frequency (MHz)
Figure 1.23: (code)
10
0 .

-10F
€
fos]
2 20}
3
S
£ -sof
g
M

|

%% 5 10 15 20 25 30
frequency (MHz)

Figure 1.24: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140311_ThorLabsBiasT.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140312_ThorLabsBiasSV.m
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Figure 1.25: (code)

1.21 01.04.2014 Organizing our ring cavity col-
laborations
e Nice: cooperative scattering in free space (disorder, Anderson localization, sub-

radiance,...)

e Milano / Strathclyde: emphasis on atomic motion, classical light, good & bad
cavities (Bloch oscillations, CARL, subrecoil resolution,...)

e Birmingham / Nottingham: emphasis on technical aspects, bad cavities (Bloch
oscillations, gravimetry, metrology,...)

e UFSCAR: emphasis on internal degrees of freedom & CQED (strontium inter-
combination line, three-level systems, EIT, entanglement, subradiance...)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140312_ThorLabsBiasSV2.m
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1.22 12.06.2014 AlvaSource dispensers

We've got 2 AlvaTec dispensers type AS-5-Sr-500-F, meaning that the recipient of the
dispenser has d = 5 mm diameter, m = 500 mg of Sr-mass, and ¢ = m/160 mg/cm =
3.1 cm of length.

Later, we purchased AS-3-Sr-500-F, meaning that the recipient of the dispenser
has d = 3 mm diameter, m = 50 mg of Sr-mass, and ¢ = m/60 mg/cm = .83 cm of
length.
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1.23 25.06.2014 Laser diode connections

Using the homebuilt current and temperature control together with the Thorlabs
bias-T we realize the following connection cdable:

Cable plug rear views

mod in ————— current temperature piezo

Diode bottom view Thorlabs bias-T
Cathode-grounded case : POS Toptica
1: PD cathode
2: common ground
3:1D anode

m - ;
4 3 2

AD590 bottom view

L ved

2:

3: green
black

Figure 1.26: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140625_Diodeconnections.m
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1.24 04.11.2014  Strategical planning

What experiment should we start constructing? Element, lasers, chamber? Construct
rubidium cell or rubidium surface MOT experiment.

The mirror of the surface MOT would be nanostructured, metamaterial with thin
alternating Ag and TiOy layers and nanoslits.

What are our questions? Strong coupling or high cooperativity? What to sense?
Where exactly can atoms do the difference?
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1.25 04.11.2014 Natal meeting

1.25.1 Peter’s offer

We set up Rb experiment, he gives us his chip.

1.25.2 Carlos Farina

Levin 2010

Eberlein 2011, atoms between two layers evanescent waves may reduce atom-atom
interaction, is this Feshbach tuning? or dipole force tuning?

Kort-Kamp 2013, cloaking microsphere for atoms

1.25.3 Maxim
PRA 84, 043802 (2011) PRA 91, 043835 (2015)

1.25.4 Francisco Intravaia

consider doped ZnOs for lowering plasmonic losses
other wavelengths (blue) for Au
holes in layers for getting repulsive forces, in water, control Casimir-Polder?
are surfaces good anyway (To strongly interacting with atoms)

1.25.5 Christian Koller

design of their science chamber? 2D MOT?
Membranes?

1.25.6 Yeshpal

Strontium
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1.26 25.01.2015 Wastl’s visit

1.26.1 People exchange and research proposals to DFG-FAPESP
and PVE CNPq/CAPES

Wastl will send his old DFG proposal: Shall we use it or make a new one?

e Send David to Sao Carlos with a DAAD grant in autumn for writing his thesis.
We help him to interprete his data on spatially resolved light intensity mea-
surements using a nano tip in optical lattices or MOTs. Will it be possible
to perform lifetime measurements (sub- or superradiance?) and compare them
with coupled-dipoles model (CDM) simulations?

e Compare Philip’s master thesis (radiation trapping in the saturate limit) with
CDM simulations.

1.26.2 Subradiant CARL

Can we interprete the red and blue CARL threshold measurements in terms of sub-
or superradiance. Hannah’s 2-atom model looks similar to the DeVoe and Brewer
two-ion experiment. Is it possible to reshape the classical CARL equation into a
decay equation containing I' or I'rqyieign, Which then could be explained as sub- oder
superradiant?

1.26.3 Si chip cell

Construct glas cells with bonded Si chip supporting a metamaterial to the cell wall.

e Can we include Joao’s detectors at the bottom side oft the metamaterial? Or
rather use a translational APD?

e Which element to use? Rb at 780nm or 420nm? Yb, Iodine or what?

1.26.4 Optical cooling in evanescent waves

Is it possible to cool atoms in quasi-resonant evanescent waves near surfaces? One
could imagine a scheme like in figure 1 with far-blue detuned evanescent waves and
near-red detuned evanescent light. What is the capture velocity, the cooling rate?

1.26.5 Relationship between coupling strength and density
of states

We need to understand better the relationship between coupling strength and density
of states (numbers of modes, Purcell factor)? An acceleration of the decay is NOT
the same as Purcell enhancement! There are 2 paradigms:

e Is a cooperativity enhancement by mode number enhancement possible? Or
does it rather rely on phase matching and stronger coupling (CQED)?
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e A mode number enhancement & la Ben Hur reduces I', but does not increase
cooperativity.

While (b) does not favor backaction, (a) does! What we are aiming at is rather a

reduction in the transverse density of states in order to create 2D photonic waveguide.

1.26.6 Model to describe backaction

Which model to use to describe backaction: 1. Finite elements simulation of the
light fields (Ben Hur): Is the inclusion of backaction possible or already inherent?
How to quantify the amount of backaction? 2. FDTD (John): similar to Ben Hur 3.
CDM (Romain): Is it possible to simulate metamaterials (e < 0, u < 0) in gases? 4.
Coupled Maxwell and Bloch equation (Sukharev)

1.26.7 Realizing a 2D light scattering geometry

How to realize a 2D light scattering geometry? First one needs to create 2D atomic
clouds, f.ex. using bichromatic evanescent waves. Second one needs to impede the
emission of light in transverse directions. This could be done in various ways:

e plasmonic (or evanescent) fields
e closely stacked mirrors

e closely stacked dielectrics with evanescent fields (in glas cells or BEC?)

1.26.8 Sebastian’s proposal

Shall we recycle part of Sebastian’s proposal?
Motivation

e study of disorder, Bose glass, quasi crystals for matter wave propagation

e BEC in subwavelength disordered potentials
Innovation:

e evanescent waves optical lattice for BEC with plasmonic structuring of disorder
potentials

localization of matter waves in a photonic bandgap cavity

Bloch oscillations in an evanescent waves optical lattice:

— if we can make small lattice constants, can we afford higher temperatures

— how to read out the oscillations?
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1.27 14.11.2015 Laser sword project

Cooperation with Leonardo (EESC) and xx (UNICAMP) on continuous Bessel beam
superpositions. Propose to adapt Rb apparatus to fit their atomic guiding ideas.

I offer: lab space, equipment, post-doc and PhD grants. They have to provide
man power, otherwise the project is not viable.

Questions:

e literature: who has already worked on atoms in Bessel beams? Verkerk

e what is the advantage? rigid walls versus Gaussian beams? non-harmonic
potentials?

e wavelength, intensity, spectral purity, close or far from resonance, red or blue-
detuned, choice of atom, typical dimensions?

e necessary equipment: lasers, lenses, polarization optics, CCD camera?
Equipment needed:

e Optical table & infrastructure (rack, electricity)

> 200 mW laser at 780nm (TA PRO from Toptica) and > 20 mW laser as
repumper (DL 100 L DFB)

NIR optics

Rb cell

Agilent power supply for MOT and CCD camera & computer control
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1.28 29.07.2014 Progress on the PDH servo 3

Frontpanel layout for the Pound-Drever-Hall servo:

¢)
PDH lock

O fordiodelaser O +-15V

PDin piezo out PD monitor @
loop filter lock error monitor
fa

-
gain phase

lock
int

Figure 1.27: (code)

Circuit diagram. The optical layout is shown at 06.01.2014:
Board layout:


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140729_PDH_Frontpanel.m

1.29. 11.12.2014 RING CAVITY COUPLING
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Figure 1.28: (code)

1.29 11.12.2014 Ring cavity coupling

Reflectivities of the DoroTek ring cavity mirrors at 690 nm:

o Ry = 0.9997
o Ryp = 0.9992

Rics = 0.9974

Ricp =0.9974
This gives the finesses: Fy = 2942 and F), = 2242.

Comparison of calculated and measured ring cavity modes.

183


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140729_PDH_Circuit.m
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Pound-Drever-Hall for diode laser  connexions

detector for diode laser connexions

Figure 1.29: (code)

1.30 04.04.2015 Relevant data for the patent
application

1.30.1 Ring cavity dimensions

We will realize a rectangular three mirror ring cavity with the following data:


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20140729_PDH_Board.m
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Figure 1.30: (code)
transition wavelength A = 689 nm
cavity round trip length L = 3.8 cm
cavity mode volume 1% = 0.5 mm
free spectral range Ofsr = T = 7.7611 GHz
radius of curvature of the high reflectors p = 50 mm
reflection of the high reflector Ry s =99.97 %
reflection of the high reflector Rirp =99.92 %
reflection of the in coupler Ri. =99.74 %
finesse F= TR = 1882
(R, Ri) 1/

transition linewidth r = (2m)7.6 kHz
cavity linewidth ) = dor = (27)328 kHz

coupling strength

g1 =4/ 3231:{'})0 S0S2 = (27’(’)87 kHz

cavity mode waist at the atomic location wy =70 pm
We will load the cavity mode with N = 10* to 10° strontium atoms at a temper-
ature of about T'=1 pK.

1.30.2

We want the vertical optical lattice with two laser beams at Ay = 532 nm intersecting
under an angle of ¢ = 101°. Under this angle the periodicity of the optical lattice
is half the wavelength of the intercombination transition Aggg/2 = 344.5 nm whose
recoil shift is,

Laser power for the vertical optical lattice

hk?
— =(27) 48 kHz .
m

Wree =

The dominating resonance for the dipole force is at Ag7 = 461 nm. In order to
observe the predicted mode-locking effect [94] we assume a depth of the optical lattice
potential of W;(0) ~ 3.2fw,.. Using [47], we calculate the dipole potential via,

2r 1
W) = 3meLy61

I(r) )

3
2w461 Wq — W461


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20141211_TransverseRingmodes.m
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with the maximum intensity,
2P

3 -
Wy

1(0) =
Hence, shooting for a waist of wg = 500 pm,

37T62F461 1 2P
3 2
2Wig1 W4 — Wil TW;

= 3.2hwrec -

Resolving for power,

P =32hw “iﬁlw?i(w —wer) A LT W
- 9. rec302r461 d 461) ~ L. .
1.30.3 Laser power for cavity pump laser

In order to observe the predicted mode-locking effect [94] we assume a depth of the
optical lattice potential of Uy ~ 0.04hw,.,

_ 9% _ 1 g8 35 Lasol

Uy = = .
T UA T aA B\ 21 hweso
Resolving for intensity,
2 2 ho.)ggg 4A 2
I =U§+m — .
3AGgo L'eso g

The waist of the cavity is wg = 70 um. Hence, the power is,

2
g

Pcav = 9
To achieve this power, the cavity must be pumped with,

PCG.'U
Pymp = 1% ~ 0.1 nW .

We have about 30 photons,

Pcav = |a|2hw689 * 5fsr ~ 0.17 nW .
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1.31 05.05.2015 Questions to the Menlo system

1.31.1 Direct PDH locking of a ring cavity to the frequency
comb
The Photonic crystal fiber delivers P = 80 mW in the range between A; = 600 nm

and A2 = 900 nm with Arv = 250 MHz mode spacing. Assuming a homogeneous
power distribution, we expect per mode

PA
Prode = oo =120 nW .
prib v

e fiber from/to DL pro

e use Falk to stabilize Steck laser
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1.32 05.06.2015 Operating the fs-comb 1

I got the fs-comb to work locking the CEO and the RRE to the 10 MHz reference.
The optical beats yield 20 dB using the Agilent spectrum analyzer.

I found that all the electronics needs to be turned on before the comb-control
software be started. Otherwise, there are error messages and the software won’t
start.

Probably the linewidth of the lasers is not sufficient for a locking to the comb:
Daniel’s laser’s beat with the comb has Av = 5 MHz. Hence, the comb is narrower
and hence the beat’s linewidth with the optical lasers is due to the lasers: DL-pro
free-running Av =~ 10 MHz, DL-pro locked to cavity Av ~ 10 MHz, Steck’s ECDL
free-running DL Av ~ 20 MHz.

Figure 1.31: (code)

1.32.1 CEO
Mix
Aw = 2nw, + 2wy — mw, —wp = (2n — M)wy + wo -

Now we filter the lowest component. If wg < 250 MHz then 2n = m gives the lowest
frequency component.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20150605_Comb.m
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1.32.2 Update from 11.06.2015

The comb electronics made a strange noise, like an exploding capacitor. The CEO
was totally noisy for some time, and then worked again normally. However, there is
a strange smell coming from the rack (like a burned capacitor).
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1.33 02.07.2015 Operating the fs-comb 2

Found nice Comb-DLpro beat signal (25 dB, 1 MHz width probably due to acoustic
noise). It is necessary to reduce the sideband modulation as much as possible. The
DLpro settings were sideband mod %3, gain x5, cavity transmission 3.5 V @ 10 k2.
It might be a problem that the sideband modulation frequency of 20 MHz is equal to
the offset beat frequency.

1.33.1 Measuring a laser frequency

The repetition rate is
frep = $(980 MHz + fgq5) = 245 MHz + % faqs -
The frequency of a laser is

fcw = nfrep + cheo + fbeat
Freo = 20 MHz
few <0 or >0,

i.e. the signs of fe.e, and fpeqr can be positive or negative. The sign of fyeqt can
be determined as follows: We lock frep and feeo and watch freq+ on the spectrum
analyzer. If, when increasing the repetition rate via fy4s, the beat frequency fpeq: rises
(diminishes), then fo, < feomp (few > feomp), S0 that we have to use frear = —|foeat]
(foeat = | foeat|) in the above equation.

To determine the sign of the carrier envelope offset f..,, we consider the case
few < feomp- We unlock fee, and watch fee, and freq: on the spectrum analyzer.
If now, when increasing f.., via the output voltage of the SYNCRO-CEO or the
computer control increases (reduces) the beat frequency fpeqt, the comb moves toward
higher (lower) frequencies, so that we have to use feeo = 20 MHz (feeo = —20 MHz)
in the above equation. In the case feu, > feoms the behavior in inverted.

1.33.2 Calculating the cavity fsr

The idea of making an absolute measurement of a continuous laser frequency fe..,
using the comb is based on the equation

fcw = ﬁfrep + 2fceo + fbeat with Afcw = Afbeat )
where 7 = int(n + 0.5) is an integer number and

n = fwm - 2fceo - fbeat with An — Afwm + Afbeat

frep frep frep

is estimated from a wavemeter measurement,

fwm :l:Afwm .
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However, for this to hold, we need a reasonably precise wavemeter, A fym < frep,
capable of resolving the comb frequency spacing,

~ ) - 2 -
fcw = nfrep + 2fceo + fbeat = round (fu = J{CGO fbeat) f'rep + 2fceo + fbeat
rep

Afow > frep i An>1  and  Afey =Afpeas  if An<1.

If this is not at hand, we may measure the beat signal between the DLpro and the
comb for two sufficiently different settings k = 1,2 of the repetition rate,

fwm = nkf'r‘ep,k + cheo,k + fbeat,k .

1.33.3 Reducing the mode number uncertainty

How can we reduce the uncertainty for 5?7 One way could be, to measure ny for two
different repetion rates, since we know that for m = ns — n; holds Am < 1, so that
we can assume ng — Ny

fcw - 2fceo,2 - fbeat,? _ fcw - 2fceo,1 - fbeat,l
frep,Q frep,l

ng — M1 =TnNg — Ny =

)

from which we derive
(ﬁQ - ﬁl)fr@p,lfr@pﬁ + fTep,l(cheo,2 + fbeat,2) - frep,2(2fceo,1 + fbeat,l)

f =
v frep,l - frep,Q
— 2
with Afew = Frep.2 A fpeat + Jrepa A freat = &Aﬁ,wt =~ 2000C
frep,l - frep,2 frep,l - frep,2 |frep,1 - frep,2|
which is too large.
However, we can determine the difference
_ _ fcw - 2fceo,2 - fbeat,Q _ nlfrep,l + 2fceo,1 + fbeat,l - 2fceo,2 - fbeat,Q
m=ng —n| = —ny = -m
frep,Z frep,Z
_ frep,l +2fceo,1 + fbeat,l - 2fceo,2 - fbeat,Q
=m | ———-1)+
frep,Z frep,Q

between the mode numbers with negligible error,

Am = (frep’l — 1) Ang < 1.

rep,2

This allows us to minimize the difference

5fcw = |fcw,17fcw,2| = (ﬁl+5T~L)frep,1+2fceo,l+fbeat,l*(ﬁ2+6ﬁ)frcp,272fce0,27fbeat,2 = (frep,lffr

with respect to variation of an integer number dn. Obviously, for this to work we
need that the resolution be larger than the uncertainty, 0 o, > Afew, i-€.

(f'r‘ep,l - frep,Z)(Sﬁ > Afbeat
for all on = 1,2, ... Hence,

frep,l - frep,Z > Afbeat .

Note, that for the actual linewidth of the DLpro, A fyeq: =~ 1 MHz, implying | faas1 —
fads,2| >4 MHz.
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1.33.4 The right procedure

STRONTIUM CAVITIES

1. Lock DLpro to cavity and measure its wavelength with a wavemeter,

fom  with  Afum = 100 MHz .

2. Watch the beat signal between DLpro and comb for two sufficiently different
settings k = 1,2 of the repetition rate, determine the signs of feeor and freqt,r, and

calculate,
fwm - 2fceo — fbeat

frep

3. Calculate the laser frequency differences,

N, = round (

) frep + cheo + fbeat .

0 few = [(N1 + 67) frep1 + 2fceo,1 + foeat,i — (2 + 07) frep2 — 2feeo,2 — foeat,2]
for a set of on = .., —2,—1,0,+1,4+2, .., pick the minimum ¢ f.,,(éng) == 0, obtain,
few = (A1 + 67R) frep,1 + 2fceo,1 + foeat,1 -
4. Lock the DLpro to the next mode and repeat the procedures (1-4) finding f/,,.

The reference cavity fsr is
5fsr = féw - fcw = Vcw/N )

where N = int(N + 0.5) is an integer number.

5. We compare to the strontium line, which is at fy,,, = 434.829121311 THz.

1.33.5 Procedure
1. Lock DLpro to ref. cavity (a) & read wavemeter

2. Set fads,1a = 20 MHz and read beat frequency
3. Vary fads1a /" via the DDS

4. Unlock CEO and vary |feeo| /* via the SYNCRO

5. Set fads,1a = 20.4 MHz and read beat frequency
6. Vary fadsia /* via the DDS

7. Unlock CEO and vary feeo| / via the SYNCRO

8. Lock DLpro to ref. cavity mode (b) & repeat (1-7)

15. Run MATLAB routine

|fbeat,1| B MHz

if |fbeat,1| /‘ then fbeat = _|fbeat|
else |fbeat,1| \,4 then fbeat = +|fbeat|
if fbeat < 0 and |fbeat,1| /‘ then fceo :
if fbeat < 0 and |fbeat,1| \( then fceo ;
if fbeat >0 and |fbeat,1| /‘ then fceo :
if fbeat > 0 and |fbeat,1| \,1 then fceo -

|fbeat,2| B TIPSOy MHz

if |fbeat,2| /‘ then fbeat = _|fbeat|
else |fbeat,2| \( then fbeat = +|fbeat|
if fbeat < 0 and |fbeat,2| /‘ then fceo -
if fbeat < 0 and |fbeat,2| \1 then fceo :
if fbeat > 0 and |fbeat,2| /‘ then fceo :
if fbeat > 0 and |fbeat,2| \1 then fceo ;
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1.33.6

Vwm

(1) fads
fceo,l
fbeat,l
ni

Vew,1

(2)  fads,z2
fceo,2

fbeat,Q
n2

fcu),2

Vwm,2 — Vwm,1

N

6fsr

Vsr

29070308 74, — vy
2907026fs7‘ — Vsy

1.33.7

First measurement

(a)
434.7848 THz

20 MHz

+20 MHz

—3.087 MHz
1739139
434784786.913 MHz

20.1 MHz

+20 MHz

+22.848 MHz
1738965
434784786.973 MHz

1495787000 Hz
290672.928 Hz
1495786629.453 Hz

434829121.311 MHz

539.2300033750 MHz
—956.5566260625 MHz

Error estimation

OPERATING THE FS-COMB 2

(b)
434.7788 THz

20 MHz

+20 MHz

+13.826 MHz
1739114
434778803.826 MHz

20.1 MHz

+20 MHz

+40.239 MHz
1738940
434778803.764 MHz

290668.928 Hz
1495786629.448 Hz

193

(c)
434.7833 THz

20 MHz

+20 MHz

—17.522 MHz
1739130
434782532.478 MHz

20.1 MHz

+20 MHz

+27.261 MHz
1738940
434782541.161 MHz

The largest error arises from the width of the beat signal, A fyeq; >~ 1 MHz.



194 CHAPTER 1. STRONTIUM CAVITIES

1.34 12.07.2015 List of projects
1.34.1 Srl

1. Half cone on blue MOT

2. Reference cavity calibration with comb

Green MOT

- W

Blue ray repumping

o

Atomic lighthouse
Sub-shot-noise spectroscopy
Lamb shift detection on the blue line in a red MOT (lock 922nm to comb)

(CBS in a hot Sr vapor, not prioritary)

© ® N o

(Mie resonances, not possible with Gaussian clouds)

1.34.2 Sr2
e BAL injection

e Vacuum chamber with indium-sealed windows
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1.35 24.07.2015 Measuring the telecom laser
with the comb

Rainer Blatt recommends FALC and DLpro. We should buy supercavity for 698 nm.
Why is the DLPro linewidth beat with comb so large? Check 1550 nm beat
linewidth! Put DLpro beat signal to Srl lab and try enhancing stability!
Vwm 1550 THz

(1) faas 19MHz
fceo +20 MHZ
foeat +76 MHz
n 6206209
Vew 1550000813.75 MHz

(2)  faas 20MHz
fceo +20 MHZ
fbeat +103 MHz
n 6200002
few 1550000643 MHz

(3)  faas 21MHz
feeo +20 MHz
fbeat +25 MHz
n 6193809
few  1550000767.25 MHz
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1.36 26.07.2016  Side-of-filter locking project 1

The goal of this project is to frequency-lock two lasers with a 7.76 GHz offset [87, 27].
See also LabOptics script for phase-locking of two lasers. The side-of-filter locking

ZX-10-2-98-S+

SLP-300+

SHP-200+

51 51 470 33
L=

Ki B
hp ¢ 7x-102-98-5+
Bj

S
«
@
«
@
s
&
3
w
b

*

KSIV

Figure 1.32: (code)

scheme basically consists locking the frequency of a slave laser to a master, while
regulating the phase slip to a constant value. It is thus very different from a phase-
lock.

The slave laser, which is characterized by its time-dependent frequency wg, (),
is to be stabilized to a reference laser with frequency wy.s. Neglecting the phase for
now, the beat frequency on the photodetector can thus be written,

Uq(t) = cos[(wsto — wrep)t] -
When demodulated with the local oscillator €2;,, the signal becomes,
Uz (t) = cos[(wsiy — wref)t] cos(Qot + 90°)
= % sin[(wsip — wrf)t — Quot] — % sinf(wsiy — wr )t + Qiot] .

Let us now assume that the frequency difference wsy, (t) — wyy be positive and not
very far from €2, so that a low pass filter will block the second sine term,

Ulp(t) ~ %sin[wslv (t) — Wref — Qlo]t ,

It seems clear, that when closing the feedback loop, a stationary situation can only
be reached, when Uy, (t) = 0 for all times, which implies Aw = €,.

In order to simulate the feedback loop in the time domain, we must convolute the
time signal Uj,(t) with the transfer function of the servo Ko,

Wi () X Uer (t) = (Kgpp * Up) (1) .

To do this, in the following, we first find the transfer function K., in the frequency
domain for the case of the ”side-of-filter locking technique” with a high-pass filtered


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160724_SideOfFilterScheme.m
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(arb. units)

-40 7

e

-6
% 100 150 200
f (MHz)

S(h

Figure 1.33: (code) Transfer functions converted from Watts to dB using P[db] = 101g %

and P[W] = 10719P1/10 . 1 mw,

branch of f;, = 160 MHz. The lowest order high-pass filter would be Ky, = ﬁ,
but the MiniCircuit filter (SHP-200+) has, in fact, a much steeper cut-off slope and
need to be characterized by measurement (as done in Fig. 1.33). The transfer func-
tion is obtained as the difference between two branches, one with the other without
high-pass filter. Both branches are rectified separately by means of fast diodes with
opposite polarities, smoothed to DC by identical low-pass filters K;, and subtracted.
This is how the error signal is obtained.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160724_SideOfFilter.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160724_SideOfFilter.m
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1.37 28.07.2016 Birefringence of the ring cavity

The resonance frequencies of the s-polarized and the p-polarized modes of our ring
cavity are very close, as calculated on 11.12.2014 for a finesse of F' = 2000. In fact
they are actually overlapping.

PD2
PD1

Laser

A2= B

@ -2

Figure 1.34: (code)

This leads to a birefringence used in the famous Hénsch-Couillaud locking scheme.
The detector signal in the scheme shown in the figure may calculated via a concate-
nation of the Jones matrices for a A/2-plate, the reflective response of the ring cavity,
another \/2-plate, and finally a polarizing beam splitter,

—2miw/8 poptids

EN\ (10 cosf —sinf W ‘0 cos
E,) \0 0)\—sinf cosp 0 1e 2mie/0sertion —sina

1—
1—Rpe 2miw/5+i%p

—e —e . .
_ | TR cos acos 3 + Wsmasmﬂ By .
0

o
N

signal (arb. units)
o

ho
o

0 50
o (MHz)

Figure 1.35: (code)

Calculating |E,|? as a function of the laser frequency w reproduces the observed
curves.

—sin o
Cos o

)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160728_CavityBirefringenceScheme.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160728_CavityBirefringence.m
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1.38 02.08.2016 Ring cavity caracterization 1

Raul measured the free spectral range to be: 075 = (8.23 +0.02) GHz.

1.38.1 New theoretical project

We want to use an adjacent ring cavity mode as a nearly commensurate optical lattice
for Bloch oscillations. Evaluate the impact on the coupled Bloch-CARL dynamics!

For a cavity mode waist at the atomic location of wg = 70 um, an input power
of Py, = 10uW, and a finesse of F = 2000, we expect an intracavity intensity of
I = 2P — 9600 W/cm®, and,

TWRWE

dipole trap depth @ 689 nm Udip = %ﬁ =24kHz = 1.1 uK
Raleigh scattering rate Laip = Wi:%,i?I (27751”)2 =0.02s7!
commensurability length leom = (sfﬁ = 3.6 cm

CARL depth for Bloch oscillations  Up;p, = 0.04w;ec = 0.1 kHz

lattice depth for Bloch oscillations ~ Wgip = 3.2wpec = 15.1 kHz

dipole trap depth @ 461 nm Ugip = “‘:22461[ ! = 1.1kHz = 0.05 uK

2wyig; w461 —We89
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1.39 30.08.2016 MOT coils design

While having a good optical access the designed chamber does not easily permit
accommodating the MOT coils along an optical axis of the MOT. Various simulations
of the MOT fields have shown that a weird angle has to be chosen for the axis of the
MOT coils, so that they cannot be close to the chamber requiring higher currents and
water cooling.

Figure 1.36: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160830_RingcavityMainChamber.m
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Figure 1.37: (code)

1.40 31.08.2016 New chamber design

In order to solve the MOT problem we consider redesigning the chamber. The goal is
to use HighFinesse power supplies or at least minimize the switch-off problems due to
excessive inductance. The objective must be to limit the inductance to L = 100 pH.
We need to buy new vacuum components for about US$10000.

Feasability of optical dipole trap: In order to match the cavity mode periodicity
Asr = 689 nm, the optical standing wave created by two beams intersecting under an
angle 8 need to have the wavelength

Adip = Asrsin(5/2) .

Furthermore, it must be red-detuned to the strong transition at 461 nm.

constraint B/2  Agip [nm]
optical access given 17° 201
optical access given  25° 291
stable trapping 42° 461
stable trapping 45.1° 488
stable trapping 50.6° 532
2nd order 20.7° 488
2nd order 22.2° 520
2nd order 22.7° 532

The table shows, that standard Bloch-CARL is NOT feasible with the new setup.
However, 2nd order Bragg scattering may be possible, i.e. the lattice for the Bloch
oscillations has twice the lattice constant of the CARL resonant wavelength s,


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160830_RingcavityResoTriangle.m
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Figure 1.38: (code)

1.41 01.09.2016 New MOT coils design

Choosing N = 28 and for the design shown in the figure we estimate an inductance of
L = 72 uH not taking into account eddy currents. Using pcy, = 2-1078 Q we estimate
a total resistance of R = 0.04 Q. The required gradient of 70 G/cm is reached with

40 A.
We still need to estimate the heat production and dissipation...


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160831_RingcavityMain.m
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14mm

45mm 8mm

71mm

Figure 1.39: (code)

1.42 06.09.2016 Bloch-CARL on a higher har-
monic?

The standard Bloch-CARL equations were,

89515 h? 0%(x,t ) i w9k Wo .
wét ) _ = %% — ihUp [a(t)e? ™0™ — a*(t)e 2% o (z, t) — mgzp(z,t) + 570 sin(bk

T = Nty / [, 1) Pe 2% d(2kow) + (16 — K)at) |

or in the moving frame,
op ih [0 2imgt
o am (ax :
foe}

ot
The parameter b = 1, 2 stands for the periodicity of the applied standing wave poten-
tial. Inserting the expansion 1) = \/% >, Cu(t)eb™ o we obtain

>2 ,QZ B UO [aezikgr —ae —2zkox] ’l; ( bikox _ e—bikox) 'I,Z

— NU, / (|26~ 2407 4(2koz) + (16 — K)o

aC, 2mgt ) )
at bmkow — ZOJT Zebmkox <b + ;;;g ) Cn . UO Z (ae(2+bn)zkgm _ a*e(—2+bn)zkow) Cn

8a NU * ’L n—om— T
5= 0;/0 O etbn=bm=2koz gk 2) 4 (i6 — k)
and
oC, mat\ 2 "
ot <b’I’L + . gt) Cn — UO(O‘Cn72/b -« Cn+2/b) - %(Cnfl/l} - CnJrl/b)
da

> —NUOZC Clon_ay5 + (0 — K)o .


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160901_MotCoilDesign.m
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Figure 1.40: (code)

For b = 2 we recover the old Bloch-CARL equations, for b = 1 we obtain,

oC, ) mat | 2 .
at = —Wy (n + Qhkgt) Cn - UO(OCCn72 — Cn+2) — %(Cn,1 — C’n+1)

Oa NUG Y CuCr_y + (i6 — K)or .

ot


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160901_MotCoils.m

1.43. 28.09.2016 RING CAVITY ALIGNEMENT 205

1.43 28.09.2016 Ring cavity alignement

The incidence angle seems to be 42° instead of 45°. We need to check carefully the
optical access in the vacuum chamber!

I checked (substituting the reference cavity by a semitransparent mirror, that
with the following setup we can stabilize two lasers simultaneously to the cavity by

separating their polarizations in such a way that each PDH detector only receives the
signal from one of the lasers.

DCin
o temp. out
8,3‘ heat in :
O currentin

S
S
a
D

_g. AC in

—

Resonator

27

e 2

Figure 1.41: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20160929_RefCavityLocking.m
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1.44 04.10.2016 Wavemeter readings
transition frequency [THz] WS30 readings wavenumber vacuum [cm ™|
461 nm 650.503 226 325.251 85 15 372.7139
497 nm 603.285 674 301.642 88 16 575.8950
689 nm (master) 434.828 994 434.828 15 22 997.5464
689 nm (slave) 434.828 95
403 nm 743.252 960 743. 13 454.3695
679 nm 441.332 451 441. 22 658.6555

Toptica current drive settings. ”pos” is chosen for cathode-grounded laser diodes
(the — pin is connected to the case); "neg” is chosen for anode-grounded laser diodes
(the + pin is connected to the case). Our homebuilt drives only work for "neg”:

laser diode polarity

461 nm (Sr2) ? pos

461 nm (slave) Nichia NDBA116T  not grounded, pos chosen, needs up to 500 mA
461 nm (slave) Nichia NDB7675 ?

403 nm Sanyo DL5146 pos
679 nm Hitachi HL6738MG 7, pos chosen
689 nm (master Srl) 7 neg
689 nm (slave Srl) Hitachi HL6738MG 7, pos chosen
689 nm (master Sr2) 7 pos

(

689 nm (master Sr2) ? pos
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1.45 10.10.2016 2D MOT alignement

Is it possible to run the 2D MOT with a single beam?

Figure 1.42: (code)

We evacuate the chamber and align the optics in double-pass retroreflection. Al-
though we do not bake, the vacuum gauge and the 2l ion pump indicates pressures far
below 10~® mbar. It seems that the strontium acts like a getter. We observe strong
fluorescence.

The operation of the Sr dispenser poses some problems, as they seems to coat
the windows. A big blob (probably indium) has deposited inside the chamber. The
dispenser should have been mounted upside down according to the Alvatec manual.
We decide to vent the 2D-MOT chamber with Argon and to replace and clean the
windows 1 by 1. It worked and we can see fluorescence again.

1.45.1 Blue laser locking

We have problems with the saturation spectroscopy on the strontium cell. After vari-
ous tests with different AOM modulation parameters, lock-in amplifiers, Digil.ock and
LIR, we come to the conclusion that applying the modulation to the AOM is a BAD
idea: Modulation amplitudes which are sufficient for the 33 MHz broad line neces-
sarily result in huge AM modulation dramatically overwhelming the FM modulation
and spoiling the error signal.

Either go back to directly modulate the laser or apply sidebands and do FM
spectroscopy. Unfortunately, the sidebands generated by the Toptica SHG are not
available in the blue (20 MHz modulation, {5 MHz linewidth). Changing the modu-
lation frequency to its lower limit 12 MHz completely distorts the error signal.

1.45.2 22.11.2016 The 2D MOT works

Between 650.5027 THz and 650.5050 THz (measured with the WS6 wavemeter) we see
fluorescence from atom ejected by the dispenser run at 4.0 A. Around 650.5039 THz
we see a tiny very frequency-dependent spot close to the center of the chamber. Should
be at 650.5032260 THz. Remember that all isotopes are within 300 MHz.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20161010_2DMotOptic.m
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1.45.3 25.11.2016 Problem

The windows are coated again. We need to redesign the chamber to prevent this.
Perhaps an oven would be better?
The necessary modifications are

e insert baffles or mount the windows on extensions
e place the dispenser upside down

e place an additional window (instead of the current blind flange) for monitoring
fluorescence

e increase the size of the hole for differential vacuum
Possible modifications are

e use Ar buffer gas for the heatpipe

e 2D MOT with repumper?
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1.46 14.11.2016 Round table with John, Tiago
and Romain

Establish analogy between cavity and HMMs:

- Consider dispersion in w (e.g., increasing the finesse of a cavity) and k (e.g., in-
creasing the degeneracy of transverse modes in a cavity). What is the difference with
respect to Q, I and k7

- What is the analogy of the resonant behavior of the cavity in an HMM, the layer
thickness of the HMM stacks?

What are the conditions for backaction, limited sizes of the structures supporting
the optical modes?

Anti-Casimir?

Anti-Purcell, cloaking

Using atoms to measure HMM rather than vice versa?

What is it that we want to measure? Forces, fields, presence of atoms?

PRL 117, 203003 (2016)

Topological structures?
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1.47 18.11.2016 Round table with John, Tiago

and Romain

We decide to define our research line in agreement with realistic experimental objec-

tives.

This means:

We give up the idea of controlling the atomic position, as this requires ultracold
atoms and the possibility to control strong Casimir-Polder forces at distances
below 1 pm. Nevertheless, we will think about ways (evtl. in cooperation with
Francois Impens from UFRJ) to control the Casimir-Polder forces (e.g., by spe-
cial types of metamaterials or nanostructured surface geometries).

This implies that we give up the idea of sensing the internal or the motional
state of individual atoms. Instead, we will now aim sensing density distributions.
Hence, we need spatial resolution. For example, we consider fiber nanotips
sticked into MOTs or dipole-trapped atomic clouds or (nano-)fibers traversing
atomic clouds.

Apart from the atomic density distribution, we want to measure the spatial
light distribution inside optically pumped clouds. A correlation between both,
density and light intensity distributions, may allow to reconstruct the spatial
distribution of optical modes and evtl. identify localization effects, local syn-
chronization of atomic dipoles, photon bubbles, etc..

1.47.1 Strategy for measuring light modes:

1.

Pump an atomic cloud resonantly (MOT) and stick the end of a fiber into the
cloud at position r along the axis &, that collects the radiation &, - E(r, k).

Use our coupled dipoles model to calculate the local light field distribution in a
MOT, E(r, k).

Figure 1.43: (code) Artist’s view of a fiber nano tip sensing light modes within an atomic

cloud.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20161118_Fibernanotip1.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20161118_Fibernanotip1.m
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1.47.2 Strategy 1 for measuring atomic density distribu-
tions:

1. Stick into the cloud at position r the end of a nanostructured fiber tip pumped
with off-resonant light at 1064 nm.

2. Detect in the far field the light scattered off the fiber nanotip due to the presence
of atoms with external detectors.

1.47.3 Strategy 2 for measuring atomic density distribu-
tions:

1. Fabricate nanostructured fiber tip (e.g., ring-shaped slit irradiated from behind
with radially polarized light plus central cone and circular reflecting wall, the
whole structure attached to the end of a fiber, check feasability!)

2. Excite the atoms resonantly and detect the light collected by the fiber.

3. Instead of using nanofabricated slits, we may think of applying HMM-like layers
to the walls of the fiber (photonic crystal fiber) or to the walls of the cone formed
by a fiber tip to manipulate the Purcell factor.

_ cold atoms

MOT coils &
laser beams

fiber with
nanotip

Figure 1.44: (code) Probing cold atoms with fiber nano tips.

1.47.4 Other comments:

In a MOT we have densities below 10! /cm?® corresponding to mean interatomic

distances of 1 um. In optical dipole traps one might reach [PRL81,69(1998)] n <

10*2/em3, in condensates n < 10'3/ecm3. Hence, there is no need to make very small

tips. On the contrary, it is more interesting to increase the probing mode volume.
Work for Tiago:

e Extend his spherical calculations to cylindrical geometries?


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20161118_Fibernanotip2.m
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e Can he calculate the impact of an atom on a (coated) sphere excited by an
evanescent wave (or plasmon) at 1064 nm? Will the mode volume be deformed?
Will the sphere radiate at 1064 nm?

e How to involve Ben-Hur? Can we define a common (theoretical) project with
Ben-Hur, John, Romain and Tiago?
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1.48 07.12.2016 Vacuum considerations

The 2 mm diameter aperture for differential pumping seems quite small for ajusting
the 2D-MOT atomic beam. In order to decide whether we can increase it, we estimate
the reachable vacuum based on our calculations for the Srl experiment from 28.1.2011:

Outgasing of the science chamber : Estimating the volume of the science cham-
ber to Viu, ~ 0.2 1 and the surface to Fip;, =~ 200 cm?, we estimate an outgassing rate
of,

Qout = Ry Fepp =7 X 107! mbar l/s ,

where Ry = 0.3 x 1072 mbar 1/(s cm®) is the outgassing rate of 316 steel after
2 weeks bake out at 250°.

Flow rate through the connecting tube : The differential pumping tube has a
diameter of D, = 2 mm and a length of L; = 3.5 cm. Hence, the impedance is,

11\ ! 4 Ly \ '
S == +—=—] = =7-10"21/s,
tub <SA * ST) (mng * vag) /s

where ¥ = 120 m/s is the mean velocity of room temperature atoms. Assuming a
background pressure in the 2D-MOT chamber of Pyg = 10~® mbar, the flow rate now
becomes,

Qtub = PaaStup = 7-107'% mbar 1/s .

Quintessence: This is an order of magnitude larger than the outgassing rate. Hence,
increasing the aperture diameter is a risk! Or we have to improve the 2D-MOT
vacuum by an order of magnitude.

Pressure in the chamber : The pressure in the chamber P.;; results from an
equilibrium between the feeding and the pumping,
mep = Qout + Qtub . (11)
Let us assume that the full pumping speed of a Sy, = 40 1/s ion pump is available.
Then,
Py = 2ot Qb 810719 wmbar (1.2)
Spmp

Quintessence: We need to improve the pumping rate by one order of magnitude.
Note, however, that titanium sublimation pumps or nonevaporable getter pumps can
yield pumping rates of 1000 1/s!
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1.49 03.01.2017 Project light localization in a
glass surface

Figure 1.45: (code) Scheme for the experiment.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180103_LaserPrismSetup.m
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1.50 02.03.2017  Laser-controlled SrO desorp-
tion

An important advantage of 2D-MOT's over Zeeman slowers is their feature to preselect
the desired Sr isotope. But both share the inconvenience of being fed from hot atom
sources, i.e., oven or dispensers.

The Birmingham group seems to have found an alternative way of putting cold Sr
atoms into the vacuum. We plan to test their proposal [57] to check whether it might
be suitable for heatpipes or even to feed the 2D-MOT of Sr2.

Typical flux for 49K is 5-10% s71.
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10.03.2017
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Side-of-filter locking project 2

The locking circuit works for the first time using the FALC slow branch (correction
signal going via the backbone to the SC110 unit). It is very easy and stays locked at
172 MHz, but the beat frequency fluctuates within 10 MHz. Certainly the PID need

some adjustments.

1000 4
800 4
600
400 4

200

-200

Error Signal (mV)

-400
800
800 4

-1000

Frequency (MHz)

Figure 1.46: (code)

A direct PLL, connecting the mixer output to the FALC did not work, although
the error signal was visible. Is the laser noise too strong? Do we need a loop filter?

To fine-tune the filter we plan to make a PLL locking a VCO to the Luff syn-

thesizer, simplifying the scheme of day 26.07.2016. The PID could be designed in a
similar way as for the intensity stabilization.

VCO: ZX95-6840C-S+
~

r

N
=

Uer
1 51 470 33
51 n 1n
| Em = I in
Kif 51 s a0 3

Figure 1.47: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20170310_SideOfFilterLP.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20170310_SideOfFilterScheme.m
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1.51.1 Update from 10.04.2017

The Luff synthesizer does not work! In fact it never worked reliably, but only spo-
radically. Can we send it back? Buy a Rohde&Schwarz at 8 GHz? For Camila we
have to downgrade using a 4 GHz VCO and a 5 GHz synthesizer borrowed from the

BECs.
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1.52 16.03.2017 Cat eye laser project

1.52.1 Alignment

The alignment is done with a pair of a = 2° wedged, 2mm thick, AR-coated sub-
strates. With the refraction index nggx7 = 1.5243 at 461 nm and ngg7; = 1.5134 at
689 nm, we expect a deviation angle of arcsin(npgg7sina) ~ 3° after the first wedge
and between 0° and 6° after the second wedge. If the laser beam is originally aligned
to the z-axis, n;, = &, and 6; 2 are the rotation angles of the wedges, then

arcsin(npg k7 sin a)(cos 61 — cos )

Nyt = | arcsin(npgr sina)(sin @y + sin 0)
1

1.52.2 Tuning

Wavelength tuneability of the interference filter:

sin? 0

A= Mnas — -
Tery

With nepr ~ 2 and 6 = 6° for A\pq, = 706 nm, we expect the following tuning curve.

710

705}

[©2 N @) BN |
o O o
o 01 O

wavelebgth (nm)

o)}
[o¢]
(21

680f

675 . - -
0 10 20 30 40
angle ()

Figure 1.48: (code)

Typical dimensions for the interference filter are L = 0.5 mm, n,.p = 1.45,


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20170316_CateyeTuning.m

1.52. 16.03.2017 CAT EYE LASER PROJECT

Tiotar = 90%, AX = 0.3 nm. With this

c cAN
o= ———— =200GHz 2r = —- =190 GH
Ji 2Ly ’ /2 A? ’

)
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1.53 28.03.2017 Sr2 reference cavity

I mounted the ATFilms supercavity and evacuated it to 2.3-10~7 mbar using the 10 1
ion getter pump.

The supercavity is specified for a finesse of at least F' = 250000. The transmission
of the cavity mirrors has been measured to be T = 0.0005%. Using F' = 7{‘!5 we can
estimate the reflection of the mirrors R ~ 1 — & = 0.999988 and an absorption of
S=1—R-T =0.0007%.

Using the Airy formula

— _iw/‘sfsr
ETefl((S) _ El (\/El (R + T)e )

1 _ Re—iw/éfST.

We may estimate the reflected intensity on resonance

RS?
Liesi(0) = |Erep1(0)? = B2, ——
£1(0) = [Eresi(0)] " T R
and the contrast of the reflection dip
Iin — I7'€fl(0) RS?
— 2 =1 - ———— ~0.66 .
Iin(0) (1-R)?

This is the best constrast that we may expect. In fact, I measured a contrast of only
0.4. The reason for this is probably imperfect mode matching of the injected beam.

~ 100 100
0\0 —_
= 2
g S
S S
3 50 £ 50
5 g
IS o
S g
=
0 A 0
-2 0 2 -2 0 2
Phase (m) x 107 Phase (n) x 107

Figure 1.49: (code)

The supercavity is d = 10 cm long, has one flat mirror (p; = 00) and a curved one
with po = 500 mm radius of curvature,

A2p2 py —d d A2

4 1

- — 2 (py—d)d
w1 72 p1—dp1+p2—d 7r2(p2 )

1/4
689109\
— wy = [() (0.5—0.1) -0.1] =209.44 pm .

™



https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20170328_AiryFormula.m
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Also,

A2p2 py—d d A2 pid
w%: /2)2/)1 — 2 P2
™™ pp—dpi+p2—d 2 py—d

alon? sz 1/4
:>w2:l(689 10 )0.5 0.1] 23416 .

T 0.5-0.1

Figure 1.50: (code)

Locking the laser to the supercavity I observe fluctuations in the transmission well
below K = 10%. From this we can give a course estimation of the laser linewidth.
Using the lorentzian approximation of the Airy formula near resonance,

(r:/2)?

It’f‘(A) ~ Iznm s


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20170322_Supercavity1.m
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we get from,
Iin - Itr
— < K
T <
that

A
— < VK
s < ,

where k is the FWHM of the intensity transmission profile and related to the finesse
via,
2md for
"TTF
Hence, laser linewidth is Aw < 950 Hz.

~ (2m) 6 kHz .
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1.54 28.03.2017 Point grey camera
Type: Chameleon CMLN-13S2M

SN: 11445230

Pixelnumber: 1296 x 964 Pixelsize: 3.75 pm

Software: FlyCap2
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1.55 04.04.2017 Reference cavity finesse

I measured a cavity decay time of 20 us. This corresponds to a finesse of F' =
27 erm = 188000. The finesse being lower than the guaranteed specification, we also
expect a larger FWHM transmission linewidth,

6 sr
K/(2m) = } = 7961.6 kHz ,

corresponding to a reflection of R = 1 — % = 0.999983. Given a transmission of
T = 0.000005, the losses are

S=1-T—-R=11.7 ppm .

1=2.0662e-005 A=2.7341
T

.
1 2
chi? = 0.29352 x10°

Figure 1.51: (code)

The pressure in the reference cavity chamber is now at 1.3 - 10~7 mbar.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20170404_ReferenceCavityFinesse.m
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1.56 05.04.2017 Reference cavity locking

Valentin and me did a beat frequency measurement between the Srl injection locked
red slave laser and the Sr2 laser. Both DLpro were PDH-locked to their respective
reference cavities. The Srl slave laser was tuned via the synthesizer (4832 MHz)
and the +110 MHz AOM to the Sr line. The beat frequency was found at 382 MHz,
increasing the Sr2 laser frequency would reduce the beat frequency.

Hence, the resonance frequency of the supercavity at room temperature around
689 nm has to be (832 — 382) MHz above the Srl reference cavity. It also has to be
(382 + 110) MHz below the Sr line.

The width of the beat signal, found to be below 1 kHz, is due to 1) the emission
band with of the Srl and the Sr2 laser, 2) the tightness of the injection lock, 3) the
noise of the synthesizer driving the 832 MHz AOM, and 4) acoustic noise coupling to
the optical fiber.

Setting the modulation frequency of the PDH of both lasers to different values
(17.1 and 19.6 MHz) I was able to lock both lasers simultaneously to the same
(or different) supercavity modes. The beat frequency of both lasers was found at
1.496 772 5 GHz and exhibited < 1 kHz linewidth. This is a summary of the reference
frequencies available at the Sr labs:

v, = 434.829121311 THz

Veav.sr1 = 434.828164739 THz

8per.gr1 = 1.495796921 GHz

Veav.§r2 = Veav.sr1 — (832 + 110) MHz = 434.828614 (10) THz
Veav.sr2 = Vsy — (382 + 110) MHz = 434.828629 (10) THz
1.4967725 (10) GHz .

6fsr,S’r2

Vre/SrI
O 51 1.495 797 GHz

Y]

————————————ht———>
960 MHz 536 MHz

482 MHz 1014 MHz
Msr
O 5= 1.496 711 GHz

v

{ VrefSr2

Figure 1.52: (code)

From these data we may estimate the mode number of the cavity,

N = ZeawSr2990510.8 .
(sfsr,SrQ


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20170405_ReferenceCavityLength.m
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The uncertainty is,

N
5fsr,Sr2

ON

aVcav,SrZ

ON
85]‘57‘,37‘2

AN =

A6f87',ST'2 + ‘

AVC@'U,STQ =~ A(str,STQ ~0.2.
The fsr uncertainty is in the 7-th digit and therefore dominates the light frequency
uncertainty which is in the 8-th digit.

Actually, the cavity is a room temperature T;.,0r, = 22°C. The thermal expansion
coefficient of ULE between 5 and 35°C is @ = LAALT ~ 1078 K~!. Hence, the cavity
can vary up to

AI/C(I'U
AT

The cavity will be heated to about T,.., = 37°C, where « is expected to cross zero.
Hence, the resonance frequency may shift up to,

= QWegp ~ 4.3 MHz K1 .

AVeqy = 4.3 MHz K™ (Troom — Thero) ~ 64.5 MHz .
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1.57 11.04.2017 Stabilizing the phase of a stand-
ing wave in a ring cavity

Shaking atoms around in a standing wave can heat them up. Here is a scheme to
prevent phase and intensity fluctuations:

Figure 1.53: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20170411_CavityLockingScheme.m
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1.58 12.04.2017 Operating the frequency comb
3

1.58.1 Using the SYNCRO to phase-lock the two DLpros.

I installed the LLE3 SYNCRO device to try to phase-lock the two red lasers. The
comb electronics made a strange noise, like an exploding capacitor. Same thing as on
11.06.2015. The strange smell seems to be coming from the piezo unit (like a burned
capacitor).

The phase locking idea seems to work more or less: the lasers are locked at 20 MHz,
but the beat signal looks 10 MHz broad! Try PDH-locking one laser to the supercavity.
Try mixing up the difference signal 8 GHz!

| bcc

Figure 1.54: (code)

1.58.2 Switching on the comb

I did not manage to lock the RRE, while CEO lock work nicely. Is it configured to
be locked by a laser.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20170412_SynchroPhaselock.m
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There is a high voltage between the grounds of the comb and the 10 MHz reference
signal. Ask Daniel whether this is normal.

1. Switch on computer, oscillator, amplifiers, DDS and everything else, start comb
control software.
2. Adjust CEO phase plate looking at the analyzer (peak needs to be close to 20 MHz)
and the scope (the ramps should be flat), lock the CEO.
3. Adjust RRE.
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1.59 20.10.2017 Supercavity modes 1

Heating the supercavity with 1 A for about 3 h I reach the final temperature of 33°C.
The thermistor has a resistance of 7.097 kHz at this temperature. Resistance varia-
tions of AR = 0.01 Q correspond to temperature shifts of AT = 0.035°C. According
to the SLS specsheet a temperature variation of AT = 3°C causes a beat frequency
variation of 1 MHz.

69 T2c=3300]

Beat Frequency [MHz]

T T T 1
24 27 30 33 36 39 42 45

Cavity Temperature [°C]

Figure 1.55: (code) Temperature calibration curve of the ULE spacer.

At T = 33°C the chamber pressure rises to 2.4 - 107 mbar. I use I = 0.7 A to
maintain the cavity at this temperature.

60

50

10t

0 5 10 15 20 25 30
R (k)

Figure 1.56: (code) Temperature calibration curve of the thermistors.

Measuring the cavity modes with the wavemeter I get at Ipeqting = 0.63 A and


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20171020_SupercavityULE.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20171020_SupercavityThermistor.m

1.59.

R=7.07kQ and p=1.4-10"" mbar,

20.10.2017 SUPERCAVITY MODES 1

434.82555 THz
434.82705 THz
434.82854 THz
434.83004 THz

VSr2,refcav =

434.83154 THz

434.83303 THz
434.83453 THz
434.83603 THz

231

Hence, the fsr is 1.5 GHz and the nearest mode to the Sr resonance at viiom =
434.829 121 311 THz is at vgr2refcar = 434.828 52 THz, which is about 600 MHz

below.
heating voltage 3.83 V
heating current 0.63 A
temperature 7.18 Q
pressure 1.3-10~7 mbar
wavemeter VSrl,refcav
wavemeter VSr2,refcav
beat VSrirefcav — VSr2,refcav
red MOT Vatom — VSrl,refcav
Hence Vatom — VSr2,refcav

= 434.82889 THz
= 434.82854 THz
= 345.6 MHz
= +150 THz
= 4495 MHz

We already did the measurement on 05.04.2017 and found:

beat
Hence

VSrl,refcav — VSr2,refcav

Vatom — VSr2,refcav

= 478 MHz
= 1482 MHz

We repeated the measurement on 22.08.2018 and found:

heating voltage 4V

heating current 0.7 A

temperature 7.01 Q

pressure 1.7-10~7 mbar

beat VSriyrefcav — VSr2,refcav
Hence Vatom — VSr2,refeav

= 339.1 MHz
= +490 MHz

Note that only the last measurement is reliable, because the red laser has been

calibrated to the red MOT. We repeated the measurement on 19.09.2018 and found:

heating voltage 4V

heating current 0.7 A

temperature 7.01 Q

pressure 1.9-10~7 mbar
wavemeter VSr2,refcav

Sr1-AOMs Vatom — VSri,refeav
beat VSr2.refcav — VSrl,refcav
Hence Vatom — VSr2,refcav

= 434.82857 MHz

=2 x399.8 MHz + 150 MHz
= +464 MHz

= $484.8 MHz
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1.60 22.11.2017 Digital temperature stabiliza-
tion of the supercavity

LIEPO has built a current drive. Using the NI USB6001 board I set up the follow-
ing temperature stabilization scheme and tested it with a heating resistance and a
thermistor: The servo signal U, is calculated from the error signal U, as:

.——| current driver i -

U

Figure 1.57: (code) Block diagram of the digital temperature stabilization of the supercavity.

100
Userv (t) = Uoff + ApropUerr(t) + Aintg Z 6_(t_kti/100) Uegrr (t — k:ti/IOO) R
k=1

where U, sy is a possible offset voltage, Aprop the proportional gain, A;,¢q the inte-
grator gain, and ¢; the integrator time constant.

Possible next step: check whether it is possible to use an Arduino to do the same
job.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180101_SupercavityTstabilization.m
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1.61 23.11.2017 Ruben’s thesis

Is the coherence time during Bloch oscillations dramatically increased by the cavity 7

- smart: traveling retroreflected wave, how come?

merit of cavity as filter for off-resonant photons

We have optical access under 5/2 = 18..25°: To obtain a commensurate lattice,
we would need a UV laser: 291nm = 689nm sin(25°). 532nm = 689nm sin(50.6°) is
not accessible.

The capability of making Bragg pulses is advantageous, e.g. for velocity purifica-
tion. But such pulses can be made with arbitrary lattice periods. E.g., using lasers
10 GHz away from 461nm collinear to the cavity’s vertical axis provided the power is
strong.

Check our gravimeter for (low frequency) gravitational wave detection capability!
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1.62 01.12.2017 Red laser system

In order to reproduce the Bloch-CARL dynamics simulated in LPL and Opt Exp, we
have to provide,

0,0
Uy = % ~ 0.04w,
k=7

(S:

Where to operate the Bloch lattice, and where the CARL?

Scan efalon

ot

+80 MHz

Froi
{1
(DBlo:

+80.1 MHz

A
0

+80 MHz

%?
110MHz 8.23GHz )
synthesizer synthesizer

Figure 1.58: (code) Red laser system.

=]



https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20171201_RedLaserSystem.m
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1.63 02.01.2018 Cat-eye and Littrow ECDL &
role of AR-coating

Narrowband filters turn out to be very expensive (see SemRock, Laseroptik, Newport
for 632.8nm, etc.). On the other hand, gratings are cheap, and we have a lot of them.
For this reason I designed a Littrow-type ECDL laser partially compatible with the
cat-eye design.

Figure 1.59: (code)

We have a problem with increasing the red MOT laser light: Tapered amplifiers
at 689 nm have a limited lifetime and are expensive (Toptica BoosTApro 20000Eur,
Eagleyard 2000Eur). AR-coated laserdiodes (Eagleyard, Ondax) also cost 1000EUR
and have low emission powers (15 mW). Thorlabs laserdiodes have no AR-coating
and spread over 10 nm. Maybe we can AR-coat them at home.

I gave a HL6738MG laser diode to Marcos from the Optics Workshop to apply an
AR-coating. I characterize the I-P curve with/out coating. Without AR~coating I
find a threshold of I = 47 mA, a slope efficiency of 0.75 mW/mA, and a maximum
power at 97 mA of 35.1 mW in agreement with the datasheet. Optical feedback from
a 500 lines grating reduces the threshold to 39 mA.
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Figure 1.60: (code)

I was able to pull a 685.1 nm laser diode at 25 C and 90 mA to 689.26 nm. This
will be more difficult injecting another laser beam, because mode matching will be
not as good. Redo the same tests with an AR-diode.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180102_ECDL.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180103_LaserDiodeGaincurve.m
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1.64 17.01.2018 Red-MOT modulation

function ‘ - -
PC £ 8.23GHz | |Agilent D
CEEEL ‘ £ synthesizer spectr.analyzer ) .

rectifier|

voltage-controlled 5..0 V| J‘

;5 kHz

Figure 1.61: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180117_RedMOTModulation.m
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1.65 25.01.2018 Digital PLL for laser offset lock-
ing
Works just great! I measured an upper limit of 10 Hz uncertainty at a beat frequency

of 2.97 GHz. The lock is extremely stable. Consult Meas.Sci.Technol. 20, 055302
(2009).

8.23GHz Agilent
synthesizer specir.analyzer

250MHZ

Lo [N1]N2 EVAL-ADF4007

FALC

5 @ gain
3 [rn/reset

:5 “;

2 e

Resonator
4\

=

5

| 5

v
M2 300

Figure 1.62: (code)

Characterization measurements:

1. Record beat spectrum at various resolution bandwidths & spans; 40 dB above
noise, but there are sidebands at 90 kHz and 200 kHz and broad wings around 300 kHz;

2. Impact of modulation sidebands: no discernible impact;

3. Watch error signal on scope and spectrum analyzer; applying to the R&S a
5 kHz square frequency modulation with fgz., = 100 kHz deviation, we observe a
6.4 MHz = 64 - f4e, frequency excursion of the spectrum analyzer. The error signal


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180117_FunctionalBlockDiagram.m
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monitor shows 30 us long impulse response after optimizing the FALC. This means
that the servo is able to handle a 6.4 MHz jump within 30 us.
4. Lock 1 laser to supercavity and use the second to resolve the cavity bandwidth.
5. Tuning range tested between 1..3 GHz.

I found the next TEMyg mode at 45.15829 MHz corresponding to 1.445065 GHz

fsr. This value agrees with the measurement from 5.4.2017. The width of the spectrum
is 4 kHz corresponding to a finesse of F' = md s, /(27 5 kHz) = 185000.

|

i

1

o o
(o) o]
‘ ;

I
IS
T

tramission (arb. units)

o
N
H\_k

Figure 1.63: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180320_DPLL.m
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1.66 25.05.2018 Relative trap depth with re-
spect to 461 and 689nm

Consider the Sr atom with the cooling transition at A4s; = 461 nm with the linewidth
Ty61/2m = 30.5 MHz and the clock transition at A\gsg = 689 nm with the linewidth
Dgso/2m = 7.6 kHz. At what frequency does the dipolar force induced by the clock
transition overrule that of cooling transition? At what frequency does the Rayleigh
scattering rate at the clock transition overrule that of cooling transition?

The dipolar force and the scattering rate are proportional to

_ 9
A

9

U
0 Az

respectively vy =T

where the coupling strength is given by,

dEl . 37‘(’8th fuw
= — h = E = .
g1 ” wit d= ] K and 1=/ SeqV

With this, the dipolar forces behave like,

2 3
Uoeso 91689 Daast  L1'689W5 461 Wa,689 + Aa 689 — Wa,461

- - >1
3 3 ,
Uoae1 97461 Daess  Tae1wy gsg A 689

yielding Ag ¢39 < (2m) 179 GHz. The scattering rates behave like,

2 2 2 3 2

70,689 Tes9 97,689 Aa,461 . F689wa,461 (wa,689 + Ag 689 — wa,461)
= 2 2 ~ T2 3 2

Yo,a61  L'a61 97 461 Dieso  'd61Wa 680 AZ 689

>1,

yielding Ag gs9 < (27) 98 GHz.

3 9
@ 5 x 10 ® 1 x 10
= =
k3 =
£ £05
S \ &
-5 0
400 -200 0 400 -200 0
A (GHz) A (GHz)

Figure 1.64: (code) (a) Single-photon light shifts and (b) Rayleigh scattering rates for (red)
the cooling and (blue) the clock transition.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180525_DipolarForces.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180525_DipolarForces.m
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1.67 01.06.2018 Purifying Bragg pulses

The atomic cloud can be ’'cooled’ by velocity-selective w-Bragg pulses. The Bragg

" . Ao .
condition requests Kjp,., sin 8~ kdin, OF Agip = =22 . In practive, we have boundar
q g B} D> D B 1% s y
sin 5
2

conditions:
e limited optical access: § = 0...28°
e stay within first Brillouin zone? g = 0...2hkggg

e stay close to atomic resonances? Ap-y >~ 689 nm or even 461 nm
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1.68 13.06.2018 Bessel beam project

Based on [105] we could make a 1 mK deep hollow beam:
_3wAT I
B 2w3 A kB ’
And the scattering rate,
_ 3rc? T2 wi
2w A2

With I’ = (27) 30.5 MHz, I = 1 W/cm®, and A = (27) 1.5 GHz.

20
-40

-60

800 1000

-2 0 2

Figure 1.65: (code) Simulation of a Bessel beam with one axicon (base angle a = 0.5°,
refraction index n,y = 1.51) located at z = 50 mm and one lens (focal length f = 200 mm)
located at z = 290 mm. Figure (a) shows the intensity distribution I(z,y = 0,z) in dB in
the y = 0 plane; (b) is a radial cut of the intensity distribution I(z,y,z = 500 mm); and (c)
shows the optical potential U(x,y = 0,z = 500 mm) along the y = 0 and z = 500 mm line.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180613_BesselBeams.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180613_BesselBeams.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180613_BesselBeams.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180613_BesselBeams.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180613_BesselBeams.m
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1.69 03.09.2018 Ring cavity characterization 2

Parameters of the Sao Carlos ring cavity interacting with 33Sr on its 7.6 kHz inter-
combination line:

transition wavelength A = 689 nm
cavity round trip length L = 3.6 cm
cavity mode volume 1% = 0.5 mm
mode waist at location of atoms w =70 pm

free spectral range Ofsr = T = (8.2£0.02) GHz
radius of curvature of the high reflectors p = 50 mm
reflection of the high reflectors Ry, =99.9 %
reflection of the (plane) incoupler R;. =99.7 %
finesse under s-polarization F= % = 1900
measured finesse under p-polarization F B ~ 500
transition linewidth r =(2m)7.6 kHz
cavity linewidth k= dor =(2m)690 kHz
recoil shift Wree = % =(2m)4 kHz
coupling strength g1 = 3’,;5“;’0 s0s2  =(2m)8.7 kHz
current number of atoms N =10°

current temperature T =10 mK
current size of atomic cloud T =1 mm
aimed temperature T =1uK

size of atomic cloud @ 1 pK 7 =100 pm

high reflector R=99.9%

incoupler R=99.7% atoms

high reflector R=99.9%

Figure 1.66: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20180903_Ringcavity.m
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1.70 30.10.2018 Red MOT frequency compari-
son

In Srl they found the red MOT at:
VSr1,slv = Vatom — 150 MHz — 2.8 MHz .

When the Sr2 master laser is locked to its supercavity, we observe a beat between it
and the Srl laser at,

Vsr2,mst — VSrl,slv = —334.04 MHz .
We shine into the Sr2 red MOT the frequency,

VSr2 redMOT = VSr2,mst+2-200 MHz+-80 MHz = 416, —150 MHz—2.8 MHz—334.04 MHz4-2-200 MI
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1.71 21.01.2019 Operation of the Sr2 experi-

1.

10.
11.

ment
Ti:Sapphire:

e switch on Sprout by turning the key and pushing the button;
e turn on Notebook, open html://192.168.1.222, user:main password:main;

e power should be ~ 0.7, press ’start’;

adjust etalon to right frequency, press etalon 'Lock’ (TiSa is locked);
e press 'OneShot’, wait for 'Manual’;
e ECD lock (doublingcavity)

Spectroscopy:

e switch on Agilent power supply (output should be set to 15.5 A);
e turn on CameraComputer, run Toptica Digilock software;

e open & connect TiSa module, scan on, modulation on, lock to extremum
Magnetic trap coils:

e turn on ControlComputer, open and run LabView routine, update values
e turn chiller in Srl Lab;

e turn on Delta power supply, press 'unlock’ then ’output on’ (output should
be 9.08 A)

turn on dispensers at 6.6 A

check and readjust fiber couplings
turn on power supply for shutters
Repumpers:

e switch on Toptica upper power supply channel Nol for the 707 nm;
e tune to resonance (wavemeter channel No4) using piezo;
e switch on Toptica lower power supply channel No2 for the 679 nm;

e tune to resonance using piezo
optimize 2D-MOT alignment with blocked Zeeman beams
run ActiveXChameleon (write file pics to directory)
activate Python camera program: run Cam shortcut (reads file pics to directory)

activate SrControl program
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1.72 21.01.2019 Gaseous metamaterials?

Is it possible to design gases with hyperbolic dispersion relation in analogy to hyper-
bolic metamaterials?

We know it’s possible to have ¢, < 0 and u, < 0, even simultaneously. We also
know that hyperbolic metamaterials do not need to be inhomogeneous on large scales,
e.g. a disordered ensemble of tiny metal rods (or disks) all aligned to an axis can be
hyperbolic. If we can break symmetry on the atomic level, e.g. via strong magnetic
fields, can we arrange for non-isotropic €7

Lattices can enhance cooperativity within photonic band edges, just like cavities?
Can lattices break isotropy of n(r)?

mp(r)
2 2
:1—7:1 =
Opor _ 6T —1
€0 kg 2A/F+i
N Qpo
e 1= _ 7# -~ Eapol
r Xe Nl — Y ¢
1% 350 0
Qpol Xe _ﬂé}-—l

€0 %(1+%)_N€T+2'
Questions:
1. Simulation via coupled dipoles?
2. Negative refraction link to birefringence?
3. Link to light house effect?

4. Imagine we could make a 1D-lattice with alternating sign of e. What would be
its properties?

5. What are the properties of a material with an imaginary refractive index n =
Vvep with p=1and e = —1.

The goal of the following paragraph is to estimate the maximum susceptibility
variation on the strong blue transition in strontium. We assume the two-level system
drawn in Fig. 1.67, the resonance condition could be modulated, e.g. via the light-shift
induced by a far red-detuned optical lattice.

The stationary Bloch equations for a two-level system are solved by,

1

paz(00) T2 —1Q, 101, B 0
pr2(0) | = — _5912 —%Fu + iAo 0 %,912
p21(00) 382 0 —1T15 —iAgs —i,
-0
le 12

—’iF12 + 2A12

= 2 2 2
4A7, + 205, + T T+ 271
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(a) (b)
2) = (5s5p) 'Py 13) = (5s5p) *P;
Qi [P 2
. 461nm [2)=(5s5p) Py
689nm
[1y=(55)* 1Sy [1)=(55)* 1S,
Figure 1.67: (code)
The susceptibility is,
Ndo Nldio|*  Nldio|* Qua(—il12 4 2A15)

X VeoEn ™ ™ Veohd "' = VeohQ 4A2, + 202, + T2,

With the dipole moment of the strong blue transition, dio = /3weohl'461/ ki’m Ry
2.5-107%% and densities of about N/V = 108, we estimate,

Nldqo|?
O= |d12]

~7.1-10°.
Vc‘?oh

With the dipole moment of the intercombination line dis = +/3meghl'ggg /kgsg =~
7.4-1073! and densities of about N/V = 108, we estimate,

Now,

The IR-laser can easily induce Stark shifts of U = % = —(27)30 MHz, which we
take into account via a modulation of the ground-state energy:

2(A12 — Uo Sin2 kz) 9
2

Re x =C <
XU (AL, — Upsin® k)2 + 202, 1 12,


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20190121_HyperbolicGasScheme.m
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1.73 22.01.2019 EIT Susceptibility?

The following estimations aim at verifying, whether high susceptibility modulations
may be achieved in EIT systems, and whether it may be enhanced by collective
interaction with light fields.

We consider the strontium level system drawn in Fig. 77.

The stationary Bloch equations for a three-level system are solved by,

P22 —T2 —Tas 0 —%Qm %Qm 0 0 %Qgg —5923
P33 a3 —I'i3 0 0 0 0 *%ng %QQg
p12 —i8212 —%Qm —Ai2 0 %st 0 0 0
P21 _ ing %le 0 —AIQ 0 —%st 0 0
pis | 0 0 %Q23 0 —Ai3 0 —%Qm 0
P31 0 0 0 — 503 0 —Als 0 101
P23 %923 —%QQB 0 0 —%912 0 —A23 0
P32 —%Qgg %ng 0 0 0 %Qm 0 —A33

If we suppose very large detuning, Ao > 0, the excited state populations will be
small, pas, p33 >~ 0. The Bloch equations then simplify to,

. 1 .
P12 —Ap 50 0 5
pi3| == | 3828 —Aiz —500 0
P23 0 —502  —As 0
Qs 1(03, + 4A15003)
= —Ao3Q2
Q35 A 12 + 4A120A 13003 + Q3503 1, P
5182128203

In the case of the strontium cascade system of Fig. 7?7, we have I'13 < I'19 < T'ag,
such that A1y = iA12+ 3T 12, A1z = iA12— iAoz + 5 (T12+T23) ~ i(A12 — Agg)+ 5T23,
and A23 = iAgg + %(Flg + F13 + F23) >~ iAgg + %Fgg. The susceptibility on the lower
transition is,
o Nd12 - N‘d12|2
X= V€0E12 p21 = VE()hQ p21 -

With the dipole moment of the intercombination line dis = \/3meohlsso/kigy =~
7.4-1073! and densities of about N/V = 10!, we estimate,

N|dy2|?
C= ~ 593 .
Vth

Hence,
_ ¢
X = szl .

Fig. 7?7 seems to show that high densities are necessary if one aims at y ~ +1.

In the strontium cascade system the upper level is not stable and can decay into
very metastable states. While this will not impact the population decay rate I'og, it
will increase the coherence decay rate, such that Aj3 = iAo —iA23+%(I‘12 +TD93+4T34)
and A23 = iAgg + %(Flg + F13 + F23 + F34).

-1
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5 %107
1 -
=
> 0
c
1t
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Qo3/Ta3

Figure 1.68: (code)

1.74 22.01.2019 CARL with EIT 1

An interesting question is now, what impact EIT would have on CARL? There is a
number of open questions:

e The adiabatic elimination cannot be made as easily!
e CARL on a metastable ground state?

e Can the upper transition used to control the CARL dynamics or to induce
friction? The upper transition induces a light-shift and simultaneously shifts
the phase of the lower transition.

We assume the CARL with an additional field driving an upper (cascade EIT)
transition. The Hamiltonian is given by Eq. (44.4) of the Quantummechanics script,
with the following amendments,

H= Hatom + Hatomfeit + Hca'uity + Hatomfcavity + Hlaserfcavity
+

Hatom = —wi00" — w2€+é_ + ﬁ

Hautom—ecit = Q<§+ +h.c,

where 6 = [1)(2]| and ¢ = |2)(3|. The CARL equations follow from the Heisenberg
equations for the quantum degrees of freedom a4, &, p, and the components of the
atomic Bloch vector g. As long as the internal dynamics is fast, we can still adi-
abatically eliminate it. However, if the lasers fulfill resonance conditions, such as
Ao = Agg, there are other time constants entering the dynamics.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20190122_EITSusceptibility.m
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It is easy to see that, defining

0 I'is 0 —ignt  ig® 0 0 0 0
0 —F12 F23 igZT —igE 0 0 %Qgg —%Qgg
0 0 —TI'o3 0 0 0 0 *%Qgg %Qgg
—ig=t  igXt 0 —A1o 0 Q93 0 0 0
L= igs  —ig® 0 0 —A%, 0 —1Q93 0 0
0 0 0 1093 0 A3 0 —ig>t 0
0 0 0 0 —iQy 0 —Ag 0 igs
0 103 —240 0 0  —igxt 0 —Aos 0
0 —53 23 0 0 0 gy 0 — A3,
with
Y =e*a, +eFa_ (1.3)
Ap =il + 1T,
Az = iAi3 + L1(Tog + Tas)
Aoz = iAoz + 2(T12 4 Tag + Taq) .
the new equations of motion are:
ay = (=K 4 iA )G+ — igproe™™ 41y (1.4)
p=Lp
Z=p/m

p= ighk&(die‘ik‘% —al e*®) + ce. .
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1.75 25.01.2019 Probe sequence

Server
J f ,
SrControl \ CcdControl write read DataAnalys:

té(ogﬂ}g]ure USB / send images
e
NI 6723 ccb

A

4M>AOMS & shutters

probe light

| —
NI 6723 NI 6259

Rohde&Schwarz

Figure 1.69: (code)



https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20190125_ProbeSequence.m
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1.76 06.11.2019 Red MOT modulation

<> 35kHz
—1.2MHz M/\M/H
—8MHz
150ms

Ptot
10mW = 100%

30%

Figure 1.70: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20191106_redMOTmodulation.m
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Blue to red MOT switching

. . t
+5V
N2
1k|
AND |HEF40818l
TTL blue MOT
-
TTL red MOT
MBR4045WT
MBRA0ASWT
MOSFET SCT2080 (1220 V-44 A) MOSFET|SCT3]
pairs df suppressfon diodes

Agilent [

080 (1220 V-44 A)

High|Finesse

2 x 2 mH|

ES

uadrupole coils

Figure 1.71: (code)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20191107_CoilSwitchingCircuit.m
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1.78 06.01.2020 Push beam acceleration
The force exerted by the push beam is given by,

F = hkLpsp (1.5)
where the scattering rate is,

o _6m 2 Lan
Psh = T2 UANZ 1202 12 hw

(1.6)

If the push beam is on resonance, but the atom is moving with velocity v, then
A = kv. If the push beam is week, Q2 ~ 0. We obtain a differential equation,

r? Ipsh _ 67TIpsh r?

6

Fw)=mv=hk——-— = . 1.7
(W) =mb =k 2 T2 b~ ck? 4207 1 TP (17)

It can be solved by,

v 0 6L I
/0 (4k*v? + T?)dv :/O m’;ﬁdt, (1.8)
that is,
1 7L, 12

1}8 + 47]{727)0 = W 0 - (19)
Setting Ppsp, = 0.1(0.01) mW and wy = 1 mm, we get with Iz, = QP’“;" the

TI"LUO
following curves for the position s of the atoms and their velocity v as a function of
time. For comparison the figures also show the transfer due to thermal motion of the

atoms along the horizontal axis:
[kgT
Vthrm = \| — - (1.10)
m

During the transfer time the atom will suffer a gravitational sag,

Zsag = gtz . (1.11)

Fig. 1.72(d) demonstrates that, without push beam, the gravitational sag is way too
large to allow for transfer.
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Figure 1.72: (code) (a-c) Position, instantaneous velocity, and acceleration along the optical
axis. Blue solid curves: push beam transfer with P,sn, = 0.1 mW. Blue dash-dotted curves:
push beam transfer with Pps, = 0.01 mW. Red solid curves: thermal atoms transfer with
Pysp = 0 mW. (d) Gravitational sag perpendicular to the optical axis.

1.79 27.02.2020 Maxwell-Boltzmann distribu-
tion in blue MOT

Calculated for wy, = (27) 100 Hz, N = 2-10°% and T = 3 mK and 10 mK using the

formula,

n(E) = Ze—E/’fBT(hi; : (1.12)

3
hwir
where Z = N (m) .

30
14 x10

0 20 - 40 60 80 100
T (mK)

Figure 1.73: (code) Maxwell-Boltzmann distribution in blue MOT.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20200106_PushBeamAcceleration.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20200106_PushBeamAcceleration.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20200106_PushBeamAcceleration.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20200106_PushBeamAcceleration.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20200227_MBdistributionBlueMOT.m
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The curves demonstrate the importance of pre-cooling the blue MOT.
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1.80 13.03.2020 Adjusting the beam diameter
for the Bessel beam

Imaging by a lens in Gaussian optics is described by the following equations,

d d k 2
<2_1)“’1:(1_1>“’2: 1_< w1w2> _ (1.13)
f wa ! w1 4f
Note, that the ray optics results are recovered for £ — 0. Spatial filtering by an
a = 100 pm pinhole generates a Gaussian beam with waist,

2a
=— =14 1.14
w1 1.38 5 pm ( )

which we want to transform into a beam with we = 500 pm. Using a f = 500 mm
lens, we have to choose the distances according to d; = 523 mm and do = 770 mm.

3000

2500

£ 2000
g
=
1500
o~
e
EE L —
T N —
500 /M,V,',;t
s
——
0
0 200 400 600 800 1000
f (mm)

Figure 1.74: (code) Adjusting the beam diameter for the Bessel beam.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20200313_BeamTransformation.m
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1.81 19.08.2020 CARL with EIT 2

Continuing on Sec. 77: How to calculate the CARL and radiation pressure forces
from the coupled Bloch-CARL equations?
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1.82 31.08.2020 Gravimeters

Common units for measuring gravity are: 1 uGal = 10~% cm/ s =109 g. Current
gravimeters are distinguished as absolute and relative gravimeters. While absolute
gravimeters tend to measure the attractive force exerted by a heavy body with the
highest possible accuracy, relative gravimeters only aim at detecting variations of this
force.

Gravimeters can also be classified by the underlying technique. Classical gravime-
ters are based on Newton’s mechanics, quantum gravimeters exploit quantum effects
(superconductivity, atomic matter waves).

gravimeter type | sensitivity drift accuracy | cycles
g/VHz g/day | g s
0O-length mech. spring (Lacoste-Romberg) | rel. | 10710 3-1078 | bad 15
liquid He superconducting ideal-spring rel. < 10712 2-10719 | bad 15
opt. interferom. free-falling corner-cube abs. | 5-1078 0 2-107° 10
commercial atom interferometer [71] abs. | 5-107% 0 1-1079 | 2
cold atom interferometer abs. | 4-107° 0 3-107° 1.3
Bloch oscillations [39] abs. | 5-107%/10s | 0 good
Bloch oscillations [20] abs. | 2-1077/300s | 0 10-7

As an example: a mass of 10 t at a distance of 1 m generates a gravitational
acceleration of,

ag = P 6,67-1077 /s’ = 6.810°° g = 6.67 nGal .

[39] measured 4000 oscillations with frequency vy = 574 Hz in 7 s.

[84] achieved 50 to 100 measurement per second with sensitivities below 1 ug/v Hz
aiming at 10 ng/v Hz.
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1.83 26.02.2021 Heterodyne probing of Bloch-
CARL oscillations

The recoil shift and the Bloch oscillation frequency are, respectively,
hk? mg
w. = — 14 = — .
rec m ) blo 2k

With this we calculate for the gravitation-induced Bloch oscillations in a strontium
gravimeter a Lamb-Dicke parameter of

Wree hk? hk
Mblo = =4/——=24.
2TVhe 2m Tmg

The modulation index is,

k 2 rec
U o e _op2 ~125.

kzo = =
0 2TVhe 2TV,
Hence, the continued fractions method is NOT applicable. In contrast, the cavity
linewidth does not matter.

The CARL equations of motion modified to account for the periodic vibration of
the atom, are,

dy = (—k +1A, —Up)ay — WUpeT2Hkz0 Sing’””“’ta; +nt

w being the vibration frequency and kzy the modulation excursion. The results of the
simulation are exhibited in Fig. 1.75.

0

0
0.5 1 0 0.5 1 -200 0 200 -10 0
Vot Vpiot f/vbio I/ Vo

Figure 1.75: (code) (a) Photon number and (b) phase shift of the cavity in response to
a modulated atomic position. The chosen parameters are kzo = 12.5, k = (27) 440kHz,
Vo = T45Hz, ny = 2900k, Uy = —k. The initial photon number is |af> = |n/k>. (c)
Spectrum recorded behind a cavity mirror with the transmittivity t,,.. The spectrum is
obtained as the Fourier transform of the g")(7) correlation function of the transmitted field
Eout = thr€"®® Eeqy, where e is a fixed phase factor depending on the mirror position a.

Here, we want to calculate the heterodyne signal of the transmitted signal with a
local oscillator frequency-shifted by an amount w,,q.

10
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Mixing the transmitted signal with a local oscillator Ej,e“T*ma)t we obtain the
heterodyned signal,
S = |Ecarl€1Wt + Eloez(w+de)t|2
= |Ecarl‘2 + |-Elo|2 + (EcarlEl*oeilNMdt + E:arlEloezwmdt)
= |Eca7'l‘2 + |Elo|2 + 2|EloHEcarl| COS(wmd - AUJ)t .

Now, demodulating this signal simultaneously with the modulation signals cos(wmat+
@) and sin(wmat + ¢), we get,

Ue = S coswmat = |Ejo|| Eeart| cos Awt + oscillating terms
Us = Ssinwpat = |Eiol||Ecart] sin Awt 4 oscillating terms |

where the oscillating terms can be filtered by a low-pass. Finally,

U2+ U2 U,
B = YEAUE A= U

|Elo| Uc
That is,

U2+U2 U
FEeori = |ECaTl|ezAwt — V=Zec T 7s jarctan gy
|Elo‘

Therefore, we can monitor the complex CARL amplitude in real time. This allows us
to calculate the (1) (1) correlation function and the emission spectrum.

Until now we did not take into account the backaction of atomic motion on the
Bloch beams. Find a regime where Bloch is strong while CARL is weak. We take the
equations of [94], remove the external potential, but consider the dynamics of both
counterpropagating modes,

a,_ wae
dt”  2mdz?
Gt = —(k +1A. —Wo)ax + NUpar / [2e 27 d(2kz) + g .

Wk Y — o (afa_e®™ ™ —aia* e )y — mazy

With the unitary transformation ¢ = ,lZ)elmazt /n’ we derive,
d ~ K2 d A2 )
Zh&qﬁ = —% (dz + ZW;ia ) w . ZUQ(O[j_Oé_emkz . O¢+Oét€72lkz)w

G = —(k +1A. —WUp)axr + NUpax / [h|2e=2*=d(2kz) + 1
and with the mode expansion ¢ = \/% >, cn(t)e?™ # we obtain,

. 2
Cn = —41Wree(n + Vpiot)“cn + Up(apal ey — @ a_cp_1)

ay = —(k +1A. —p)axr + NUpax Z Ch_1en F N1t .

n
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1.84 02.03.2021 Parameter regimes for Bloch

oscillations and CARL 1

In this section we will investigate in which regimes of experimental parameters sig-
natures Bloch oscillations and CARL dynamics may be expected. We distinguish
between, on one hand, parameters that are fixed, such as atomic constants (atomic
mass m, transition wavelengths A, and decay rates I') or invariable parameters deter-
mined by the geometry of the ring cavity (free spectral range d¢,,, mode volume V,
finesse I, and mirror reflectivities R). Other parameters are tunable (frequency de-
tuning A, and powers of the lasers P, pumping the two counterpropagating modes
of the ring cavity) or fluctuate from shot to shot with an experimental run (atom
number N and temperature T of the cloud interacting with the cavity).

input parameters

atomic constants

cavity constants

tunable parameters

fluctuating parameters

m = 88u
Wesy
g9

§fsr
Wo

Fs, Fp
th

Aq
Py

N
T

These parameters are the ’'input’ for the derivation of other quantities which are
characteristic for the atom-cavity interaction and which follow from the following
relationships:

derived parameters
atomic parameters | cavity parameters | cavity fields atom cavity interactions
212 2P
Wree = hQTI:L V= WLw% I = ﬂ,w:g g1 = \/3]:31—“7
AT S5s ’ 2 93 Ly}
TDoppler = Rs,p = ZF:;, Pj: = M(strai UO = TL , Yo = Agl
_ 2m%chl’ _ PP _ g4
Lot = 7123)\63 Cdip - (\/H_i_\/i)g T= H—%
Vblo = g7% Ne = Kot 5= 1%
Pirns .
Pcav,:l: = 1t_R}f r= w;:C
Qcav =T Iin
- 2
‘vbip = ;Zﬁzi‘]
Wazx, Wrad, Wiat
1.84.1 Conditions for Bloch oscillations
The adiabatic rapid passage (ARP) condition for the observability of Bloch oscillations
is [79, 94],
2
16vpi0 (VO dip)
K ’ <1. 1.15)
W’I"SC hwrec (

For the strontium line Aggg we have 16vp,/wree = 0.398, so that, defining a 'Bloch

7
parameter’,

Eblo =

Vo, dip

g

Tec

(1.16)
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the dipole trap depth needs to satisfy,
0.631 < epo < 1. (1.17)

For Bloch oscillations we consider equal field amplitudes, a4 = a_, so that the
above condition can be rewritten,
_ 44Uy 492 n

gblo = = —_— = 1
wT@C wT@C A(l

, (1.18)

with n = a4 |? the photon number.

1.84.2 CARL

On the other hand, CARL works best for a collective mode-mode coupling strength
of [60] 2:3,

NU, Ng? 1
ol = = - <1,
Ferl K K Ay ™
1.84.3 Experimental schemes

We may think of different experimental configurations for studying Bloch-CARL in-
terplay, three of them will be discussed in the following:

(I) In the simulations [94] the light beams destined to generate the standing wave,
in which the atoms should undergo Bloch oscillations, were irradiated from the side
crossing the ring cavity mode. When the light beams intersect under an angle (3, in
order to fulfill the Bragg condition for a given lattice constant, the frequency of light
beams must be tuned accordingly,

Night = Aiae sin & . (1.19)

For angles 8 < 180° the Bragg condition implies Ajjght < Aja¢- On the other hand,
we want to probe the Bloch oscillations via CARL, which only works sufficiently close
to an atomic resonance, A\jq: >~ Agrom- Hence, for large angles S the frequency of the
light beams must be tuned far into the blue side of the atomic resonance.

For strong atomic resonances, such as the D, line in rubidium or the 461 nm
transition in strontium, this is certainly a viable solution [94]. However (for other
reasons), we opted for the narrow 689nm transition in strontium, for which this
experimental configuration is not realistic. Indeed, the 689 nm transition is so weak,
that as soon as we tune an exciting laser beam more than 200 GHz away from it, the
461 nm transition will complete dominate the atomic dynamics. Hence, in the Bragg
condition (1.19),

Wiat = Wiight SN 5 (1.20)

2In practice, however, the atoms will not be perfectly bunched. That is, the effective atom number
N may be much smaller. Also, the bunching depends on the depth of the dipole potential such that
the CARL strength also depends on the temperature and on the number of photons |a|?, after all.
3The more correct formula would be,

Uo = g%Aa )
A2 T2

but |Aq| > T is always well satisfied.
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we need wiight — Wigr > 200 GHz, that is,

Wiat

b= 2aresin ) 200 Gz

= 180° — 0.25° . (1.21)

In other words, no Bloch oscillations can be observed via CARL on the narrow transi-
tion, unless 5 ~ 180°. This led us to envisage another configuration, where the lattice
beams would be anti-parallel and collinear with the CARL beams,

Wiat = Wiight = Wes9 - (1.22)

(IT) If all beams are collinear, they must we supported by cavity modes, i.e. they
must be resonant. Let us now, based on the relationships (1.15) to (1.18) evaluation
the best set of parameters for combined Boch and CARL dynamics. Assuming an
atom number of N = 100000, we want to express both parameters ey, and e, as
a function of the experimentally tunable parameters A, and P = nhwdy,, and plot
them in a two-dimensional graph, as done in Fig. 1.76.

7

V-7 7~
27 N
......AA »

- -~

Figure 1.76: (code) CARL and Bloch parameters as a function of photon number and
detuning. The fixed parameters are: « = (2m) 440kHz, wyee = (27) 4.8kHz, and g1 =
(27) 9.1kHz.

The optimum condition is reached for £,y = 1 = €p;,. The first condition which
implies,

N 2
Ay = "I (27)2.4MHz . (1.23)
K
The second condition implies, inserting the first condition,
w Nw
=A== — =35 1.24
" 4¢% 4K ’ (124)

meaning that Bloch oscillations should be observed when 35 photons, or equivalently
P =160nW of power circulate in the ring cavity.

Both conditions are difficult to realize, because A, is extremely small (within
the cavity linewidth) and so low powers are difficult to control in view of the large
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cavity enhancement factor. With the present cavity it seems impossible to drive
Bloch oscillations and CARL simultaneously. Nevertheless, we still may study the
two dynamics separately:

(ITa) For CARL, we note that it can be observed for €., ~ 0.1 relaxing somewhat
the condition (1.22). However, care must be take to avoid strong intracavity powers,
as these would induce considerable power broadening, which could easily exceed the
detuning.

(IIb) For Bloch, instead of using extremely weak intracavity powers, we could tune
the lasers far from resonance, i.e. at least several 4 GHz.

(Ilc) Note also, that both of the above equations scale with x~1, so that higher
finesses of the cavity would considerably ease the situation. Anyhow, the goal has
always been to replace the ring cavity mirrors by supermirrors.

(III) Another strategy may consist in operating CARL and Bloch at different
frequencies, Ag pio > dg,cri, violating weakly the Bragg condition (1.22). We could
run the Bloch laser with low but reasonable intracavity power on a cavity mode at
v, —4.2 GHz and the CARL laser (phase-locked to the Bloch laser) on another cavity
mode at v, — 200 MHz. In this case, we need to evaluate the consequences of the
Bragg condition violation!

1.84.4 Parameters for simulations

The simulations performed by [94] assumed Rb atoms driven on their Ds-line with
the following set of parameters (Wo = Vi aip ),

N = 40000 (1.25)
Wy
=— =20
=0,
Ublo = 0.035
K = 160wW;ec
Uy = 0.04w,ec - (1.26)

Translated into our figures of merit, we deduce,

i N
Yodiv _ 39 and  epy = 200

Tec

Eblo = =10. (1.27)
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1.85 30.05.2021 Phosphoretic traps

Zhiyong Gong et al., Optical configurations for photophoretic trap of single particles
in air [DOI]

B. Redding et al., Optical trap for both transparent and absorbing particles in air
using a single shaped laser beam [DOI]


http://doi.org/10.1063/1.4963842
http://doi.org/10.1364/OL.40.002798
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1.86 01.06.2021 Supernarrow clock transitions

While the 1 Sy-3 Py transition is weakly allowed in 87Sr, it seems to be strictly forbidden
in ®8Sr. Nevertheless, it can be driven when a magnetic field is applied [96, 109, 52].
The magnetic field admixes the 3P; level, whose decay is weakly allowed. According
to [109], the Rabi frequency is,

Qeos = aST\ﬁ\B\ cosf ,

where 6 is the angle between the B-field and the laser polarization and ag, = 2 -
198 Hz/TvmW cm2. I checked that we can readily make B = 200 G with our MOT
coils in Helmholtz configuration with 9 A, and intracavity we easily get intensities
higher than 2kW /cm?, yielding,

9698 ~ (27() 1kHz .

This Rabi frequency is still small [52], the problem being that the saturation broad-
ening is generally well below the Doppler width. At this intensity, we have on the
18y-3 P, transition a Rabi frequency of,

32 T 4
QGSQ = gﬂrﬁgg ~ 27 -140MHz = 1.6 - 10 Y689 -

With the fine structure splitting,
Afs = Wes9y — We9s ~ (27T‘)5.6 THz 5

we can calculate the coupling matrix element,
~ 2m-40MHz |,

and finally, the decay width,

02.,/4 4+ Q2
Y698 = Vasg% ~ 2m1.5 pHz = Qg9s /67 - 108 .
fs

1.86.1 Single-photon matter wave interferometry

The possibility of Rabi cycling (absorption and stimulated emission) on an optical

transition without spontaneous emission opens possibilities for gravitational wave

detection [122, 46] and gravity gradient measurements. While two-photon transitions

are always afflicted by laser phase noise. One-photon transitions are immune.
Questions:

e Is it possible to have Bloch oscillations with a single laser? Does the absence of
spontaneous emission allows us to do CARL on resonance?

e The occurrence of gravitational waves generated by supernovae seems not pre-
dictable. So a matter wave detector would have to run continuously!

e Higher-order Bragg interferometers are not possible with single-photon pro-
cesses!



1.86. 01.06.2021 SUPERNARROW CLOCK TRANSITIONS 267

E

p

Figure 1.77: (code) .

1.86.2 Superradiant enhancement

Supernarrow clock transitions might be superradiantly excited in high finesse cavities.
Questions:
- working in ring cavity? would expect some mode competition between coun-
terpropagating modes, each one fighting for who may use the inversion for gain! -
working on 7.6 kHz line? - how to pump? via blue transition? making a reservoir in

the 3P2?
T
kz’):k\/ki
m

For T'= 2uK,
kv
5 = ~1 -1
vy = 1 ~ 180000
Svpp 180

T~ 2r 7600 o

We are safely in the Markovian regime I't,.; < 1. Low-@Q regime of CQED. How
about if we superradiantly enhance I'?


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20210729_OnePhotonInterferometry.m
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1.87 15.07.2021 Sr in a ring cavity near reso-
nance

(5s6s) 3S 4

679 nm

689 nm

Figure 1.78: (code) .

Consider Sr 689nm and 679nm cascade system with I'ggg/2n = 7.6kHz and
Tg79/2m = 2MHz. The repumper transition is driven off resonance. Assuming
Agrg = 10079 and Qg79 = ['g79, the time required for a m-pulse is,

4T A
t= e

=100 ps .

For the Sr 689 nm and 698 nm V system, we have actually,
k/2m = 440kHz
F689/27T = 7.6kHz F698/27T = 0.1mHz
9689/27T = 9.1kHz 9698/27T = 1.1Hz
S689 — 1.4 S698 — 11000
Tﬁgg =0.02 T698 =1.1
K > geso = L'esg K > gegs > Lo


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20210715_SrGates.m
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1.88 21.08.2021 Bragg spectroscopy on Sr 1

Momentum state squeezing is predicted to allow for sub-standard quantum limit reso-
lution in Ramsey-Bordé interferometers [92]. Salvi et al. propose to generate coherent
momentum state superpositions whose population imbalance is then determined by a
ring cavity-assisted quantum non-demolition measurement based on a Pound-Drever-
Hall type scheme (see Physics, Exc. 44.3.8.6).

1.88.1 Realization of Bragg pulses

We have at our disposal the main ingredients to implement this proposal: ultracold
strontium atoms and a ring cavity. Only missing is a pair of Raman beams allowing
for controlled Bragg diffraction. Unlike proposed in [92] we will not (easily) be able
to use counterpropagating Raman beams, but our chambers has two unused ports
proving a 30° have access to the ring cavity mode (see Kimball Flange Multiplexer
MCF275-FlgMplxr-Cr1A5). Hence, we can realize 60° Bragg angles. Considering the
blue MOT transition for Bragg diffraction, the momentum transfer will be,

Ap 2hl€461 sin % 2/\689 R
= = sin{5 = 1.5,
hkgso hksgo A461

which is above the recoil limit, but we could also do multi-photon higher-order Bragg

diffraction. Note also, that using the red MOT transition we would have hﬁ;; - =1

(a) (b) E (c) E

Au

44— o O+H4AD —Pp

Bragg beams
Qr=T1/t
atoms . <ﬁ +<

AE < 16710

AE < 4Tiwyee Al
k-

O+A®

2q
Figure 1.79: (code) Bragg scattering scheme.

What do we need? We would need a Toptica DLproHP and an AOM shifting the
frequencies of the Bragg beams by,

Aw ~0..Wyee -

I propose to have Henrique set up Bragg lasers.
Some estimations: At T' = 800nK the Doppler broadening of the thermal cloud at
689nm is,

kgT
kﬁgg’L—) = k@gg % ~ k6898.7 mm/s = (27T) 12.6kHz .


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20210823_ThermalBragg.m
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The recoil velocity is,

Hence, v.e. < ©. The recoil shift is,

~ (27) 4.8kHz .

2
_ hk689
Wrec,689 = 9

Assuming a Bragg angle of 6, the momentum transfer is,
Ap = 2hq = 2hk4e; sing .
and the energy transfer,

2hq)? 2 2
( hq> < ( hk689) = 4hwrec 689 -
2m 2m ’

AE =

The power broadening of the Raman transition is,

019
= .
R A,

If we limit the pulse length to 7 = 50us, the Raman Rabi frequency for a w-pulse
must be,
Qp =~ ~ (2r) 10kHz .
T

1.88.2 Simulation of Bragg scattering for ultracold thermal
clouds
As a proof of principle we could start repeating some of the experiments of [11, 32,

68]. The optimum parameters for strontium (detuning, pulse length, power) can be
estimated from simulations as done in [32] (see Physics, Sec. 51.2.2).

-8
@ 310 (b) 1
g 2
8
F1
0
1 0 1 2 3 0 0.5 1
k./q wT /27

Figure 1.80: (code) (a) Distribution of momentum classes in the direction of k. after irradia-
tion of a 27 Bragg pulse. The width of the structure is determined by the power broadening
of the Raman transition. (b) Temporal evolution of the populations of the momentum states
0 and 2g.
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Figure 1.81: (code) Same as above in the Raman-Nath regime with 4 momentum states.

1.88.3 Cooling by velocity-selection

There are various ways of reducing the width of the velocity distribution [79]. E.g. we
could apply a Bragg pulse long enough to diffract a narrow velocity distribution, but
short enough to prevent thermal expansion. The diffracted atoms could be shelved
on a metastable level, while the non-diffracted atoms could be removed by a resonant

laser pulse.

(a) E 1p, (b) (c)
——A, — —
O+A® —Pp 4— o
AEA
1SO 0 k- 0 ke

Figure 1.82: (code) (a) Distribution of momentum classes in the direction of k. after irradia-
tion of a 2w Bragg pulse. The width of the structure is determined by the power broadening
of the Raman transition. (b) Temporal evolution of the populations of the momentum states

0 and 2gq.

1.88.4 Raman sideband cooling

Resolved sideband cooling requires to confine the atoms in a tight potential, e.g. a 1D

lattice [Bishof, thesis, University of Colorado at Boulder (2014)]. This lattice must,

however be operated at the magic wavelength. Perhaps, Raman sideband cooling?
In contrast, Bragg diffraction velocity selection could be done on free atoms.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20210823_ThermalBraggKapitza.m
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1.89 22.08.2021 Ring cavity frequency-shift be-
tween s and p-polarization
How to represent the Bloch oscillation dynamics on a Bloch sphere?

What happens with uniformly propagating standing waves? Asymmetric Brioullin
zone?
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1.90 26.08.2021 Ring cavity frequency-shift be-
tween s and p-polarization

Dalila observes 4 GHz frequency shift between the TEMy of s and p-polarization.
This would mean that the p-polarization penetrates by half a wavelength into the

mirrors, which seems quite a lot.
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1.91 22.11.2021 Mirror backscattering in the
ring cavity

Dalila measured the light power leaking through both ring cavity modes when only one
direction is pumped (input power: 2 mW and coupling efficiency 50%). When pumped
from below the transmission of the pumped mode through a HR mirror is roughly
Pl = 20 uW. When pumped from above the transmission of the backscattered light

through the same HR mirror is roughly Per nW, that is,

pt
% ~ (.0001 ,
P

and hence,
o

3
oy

As expected (because of the lower finesse of our cavity), the values are a bit lower than
what we found in Tiibingen [58]. There we got Us < 0.034x and the value depended
strongly on the cavity length.

=~ (0.01.

0.18

016 /) A
Soulf |
A /\"’s

0.12} | v

0.1

0 2 4 6
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Figure 1.83: (code) Typical expected frequency-dependence of the power ratio.

The CARL equations for symmetric pumping are,

by = —kay —1(Ure 2% 4 Use 2722 4 Use™ 230 41,
a_ = —ka_ —(Upe? 1 4 Upe® 2 4 Uze® )y +1_ .
In steady-state and pumping from below the mode 041 = %, we get,
al Z(Ulesz:zl T Upe2tkz2 Ugezsz3)
i n |

Alternatively, we may pump from above the other mode at = "7‘ Then we get,

ﬁ - ,L(Ule—szzl +U2e—2zk22 +U36—2zk23) B (Oét)*)*
ot K (al ,
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and consequently,

ii _ U1€2zkz1 +U2€2zkz2 +U3€2’Lk)23 2 _ ii
PI K Pt

So, we should expect exactly the same ratio.
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1.92 12.12.2021 Heating in the ring cavity

Dalila found that resonant light, A, = 0 = A, coupled into the cavity heats up the
red MOT. When she blocked the cavity light, no heating is observed. Is this heating
really caused by the cavity mode? Or could it be caused by stray light coming from
reflections at some interface (which we observed earlier)?

Let us first remember the saturation intensity of the red transition, I, = 3 yW/cm?,
and the recoil energy, hw,c. = h?/2mA? ~ kp230nK. Assuming a stray light intensity
of Istray = 100W/ em? < I, a course estimation of the resonant heating rate gives,

AEstray 32 I? Lstray ,  3hA T N
d e o IAT Y 2P F T2 e 2me2n Y 1L3K/s
which could well explain Dalila’s observation.

On the other hand, pumping the ring cavity with P;,, = 1 mW power with n = 50%
coupling efficiency and assuming a finesse of F' = 1000 we generate an intracavity
power of,

Poyy = nF Py, ~ 500W .

We found earlier that this yields a transmitted power of Pyrqns = tinPeay =~ 20mW,
from which we determine t;, ~ 0.00004. The intensity at the waist is then I.,, =
2Pcav/7rw(2) ~ 6.5kW/cm?. Assuming non-resonant light, A, = A, = 400000 ~
(27) 3 GHz, using the same formula for the heating rate, I estimate,

dE.,, 3h\ T2 r
~ Teowv— ~1.3K/s ,
Gt = ome Az vy 13K/

or,
dEstray/dt 4A2 Istray
dBeqy/dt — T2I.4,
We learn two things from these estimations: (1) stray light will generate huge
heating on resonance: STAY AWAY FROM RESONANCE; (2) at large detunings
the cavity-induced heating rate is still many orders of magnitude larger than the on-
resonance heating rate caused by stray light. For CARL we will need to tune further
away and reduce the intracavity power.
For the above values, the saturation parameter is,

s 202 1 65108
TayI 0 T T

~1.

s =22-107,

2~ I.. 3-10-6

and the power broadening,

T 2.2 10°
O=T,/2 =1,/ ~ (2m) 7.6 %tz | 2220 (0m) 250 ML
2 Mot 2

Hence, in order to avoid heating, we need to tune further away than |A| > Q.
The following tests could be done:

e tune laser to resonance, A, = 0, and compare the heatings for the cavity on
and off resonance AC(;)O;

e tune the laser away from resonance, |A,| > 100000, and search for the cavity
mode volume.
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1.93 21.12.2021 Vacuum Rabi splitting

According to [27] we expect (see Physics Script, Exc. 42.2.6.8),

K2

T =
| =1 + g1V N/ (v —18) 2

for the transmission spectrum of the ring cavity. In our case, A, = A, ¢1/27 =
9.1kHz, T'/27 = 7.6kHz, /2 = 690kHz, and N = 1..10°. Using the scheme of

DPLL
Vimw
3
vs.=—4 GHz 80 MHz

A

2x 200 MHz
| < |

Vs,

i
<] =L
modulation ramp transmission spectra showing

normal mode splitting as a
function of v,,, and v,,

Resonator

Figure 1.84: (code) .
Fig. 1.84 observe the transmitted intensity as a function of v;,¢, Vpmw, and N.

(b)

Figure 1.85: (code) .


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20211221_NormalModeScheme.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20211221_NormalModeSplitting.m
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1.94 13.01.2022 Parameter regimes for Bloch
oscillations and CARL 2

Dalila managed to hold N = 100000 atoms in the ring cavity standing wave at tem-
peratures of uK for times as long as 400 ms with the laser detuning A, = (27) 4 GHz
and the intracavity laser powers Peyy 4 = Peogo,— = 1 W.

We can now envisage searching for Bloch oscillations, at first concentrating on
signatures in absorption images. However, the dipole trap depth is currently way to
deep, as revealed by the above estimations. Logical next steps would be:

1. Measure the trap lifetime, i.e. take curves of N, Thor, Ty as a function of ¢y,
for various detunings A, and intracavity powers Pi. Note that oscillations
that may appear in the curves could result from w, and w;q;. In this case their
frequency should depend on A, and Py.

2. Optimization: Evtl. rotate the camera in order to represent gravity along the
vertical axis of the screen.

3. Observe the stability of the cavity lattice potential: Fluctuations of the trans-
mitted light of each mode, as well as their interference. If stability turns out to
be an issue we will need to design a new monolithic coupling mount for both
cavity directions.

4. Calibrate the intracavity powers via the light transmitted through the HR-
mirrors, find also alternative (complementary) ways. One possible way may
be to send a short red MOT pulse with blue-tuned frequency into the dipole
trap. Note that full red MOT power corresponds to 2700/, that is, Q =
'/2700/2 ~ (27) 0.28 MHz.

5. Reduce the intracavity powers as much as possible and check out the limit for
stable PDH-locking.

6. At the lowest possible power increase the detuning until the potential depth is
on the order of the recoil frequency, nUy =~ w,.... Here, we may search for Bloch
oscillations.

7. CARL comes later! It will probably turn out necessary to lock the cavity far
away and drive Bloch + CARL weakly near resonance. How to separate the
beams? By heterodyning?
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1.95 19.01.2022 Summary of ring cavity esti-
mations

1.95.1 Cavity finesse

The cavity consists of two highly reflecting mirrors with the measured reflectivities
Rprs = 99.85% and Ry, = 99.71% for the two polarizations under an angle of
incidence of av = 22.5° and one incoupler with the measured reflectivities R;. s =
99.69% and R;., = 96.72% for the two polarizations under an angle of incidence of
B = 45° 4. With this, we expect a finesse of

F W(R%Lr,nRiC,n)l/(S 1.2
L (R2 Ric,n)1/3 (1.28)

hr,n

with n = s, p, yielding F = 1546 and F), = 241. We measured, however, the finesses
Fy =1200 and F, = 500. The mean reflectivities,

Ry = (B}, Rien)/? ~ 1 - % (1.29)
corresponding to these finesses are R, = 99.738% and R, = 99.374%. As the finesse
measurements are more precise than the reflectivity measurements, we will use them
iP the following to recalibrate the input coupler reflectivities according to R, =
R%/R%r’n, yielding R;. s = 99.51% and R;. s = 98.71%. The cavity linewidth is now
obtained as,

_ 5fsr

2F, "’

giving ks /27 = 3.43MHz and k, /27 = 8.23 MHz.

(1.30)

Rn

1.95.2 Cavity geometry

We measured a free spectral range of 65 = 8.23 GHz, which corresponds to a round

trip length of the cavity of
c
L

= 1.31
— (131)
yielding L = 3.64 cm. The radii of curvature of the spherical highly reflecting cavity
mirrors are p = 50mm, while the incoupler mirror is plane. Under the angle of
incidence «, the mirror effective radius of curvature perpendicular to the ring cavity
plane, p, and the effective radius of curvature parallel to the plane, pj;, modify to,

pL = P respectively  p| = pcosa . (1.32)

cos
With this we calculate the waists of the cavity mode. We denote by a the distance
between the high reflecting mirrors and b the distance between each high reflecting
mirror and the incoupler. For symmetry reasons, it is clear that there must be two

4Note that the reflectivities specified by the seller are much higher: Rprs = 99.97% and Ry p =
99.92% under an angle of incidence of o = 22.5° and R;. s = 99.74% and R;cp = 99.74% under an
angle of incidence of 8 = 45°.
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waists of the cavity mode. One waist, wq_,, (m = L, ||) is in free space halfway between
the high reflecting mirrors, and we calculate it with the help of the propagation matrix
M for a round-trip beginning at the waist position,

M= ((1) af) <_2}pm (1)> <(1) 21b) <—2}pm (1)> G G{Q)

A M
W =< 689) My : (1.33)
™ \/1—i(M22+M11)

yielding wo1 = 70 um and wq| = 67 pm, such that wo = , /W, Two | = 68.5 pm. The

other waist ws,, is on the incoupler plane mirror, and we calculate it with the help of
the propagation matrix IV for a round-trip beginning at the plane mirror,

=0 96 DG 96 )
W = <Afg> Ji- }J(JJV\:! +Nu) -

yielding we1 = 64 um and wy = 60 um, such that wy = | /s Tws | = 62 um.
The mode volume of the cavity is obtained by integrating over the entire mode

via the condition, I(0)V = [ I(r)d®r,
1+< A689 @ >2/3 1+( Aesgb )2/3 7
2mwo, Lwo, | 2mws, | Wy,
(1.35)

giving V' = 0.5 mm?. In fact, this value is well approximated by,

V = mwo, 1wy, ja + wwg,sz,HQb

V ~rwil (1.36)

which is the expression we will use from now on.

1.95.3 Atom number and temperature

Important experimental parameters are the number of atoms trapped by the mode of
the ring cavity and their temperature. These parameters vary from shot to shot, but
typical values are N = 10° and 7' = 1 uK.

1.95.4 Coupling strength
With Agg9 = 689 nm, we calculate,

hk?
Wree = % (1 37)

giving wye./2m = 4.78 kHz. With the linewidth, T'/27 = 7.6kHz, we calculate the

coupling strength,
3nTw
=1/ 1.38
91 B3V ( )
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to be g1 /27 = 8.8 kHz. The cooperativity is,

2

91
T, = 1.39
T (1.39)
yielding in the high finesse case T4 = 0.02. The single-photon saturation is,
2
g
5= 1?12 (1.40)
yielding s = 1.4. The single-photon light-shift far from resonance is,
2
91
Uy=-—. 1.41
0= A (1.41)

For example, assuming a detuning of the laser from the strontium resonance of A, =
27 200 MHz and an atom number of N = 10°, we expect NUy ~ 0.076x. The Rayleigh
scattering rate is,

2
gil’
Yo = (142)
AZ
yielding for the same values Nvg ~ 2.9 - 10~ %x.
1.95.5 Gain by resonant enhancement of the intracavity field

The strength of the atom-field interaction depends on the intensities of the intracavity
light fields, that is, the number of photons circulating in the cavity is an important
parameter, which we must know with maximum precision. For example, the ratio
between injected and circulating light powers will allow us to determine the pump
rate 1, which is an essential parameter for CARL. To measure the intracavity power
P, we can (a) use the atoms themselves as a probe, (b) measure the light injected
into the cavity by one mirror and transmitted through another mirror when the cavity
is in resonance, or (c) measure the light reflected from the mirror through which the
light is injected. In this section we will discuss the methods (b) and (c¢) using the
Airy formulas as starting point.

(b) We call Py, the power provided to pump the cavity and begin calculating the
cavity field amplitude assuming plane waves,

E. —FE. t (=12 i )nezk(nL+x) — M (1.43)
cav inblic . hr'ic 1 +7"%”,T'ic€lkL ’

which is the well-known Airy formula. From this, in resonance, kL = 7(2n — 1), the
enhancement factor of the cavity becomes,
Teoy _ |Eca'u‘2 _ t?c T;

= = = 1.44
Lo 1Bl T omry

G=

exploiting the abbreviation (1.29), that is R* = R} R;.. Noting that for the given
finesses (1.28) the mean reflection R is fixed, we may also express the gain as a
function of Rp, only,

G=—— e (1.45)
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Inserting the reflectivities given at the beginning, we obtain the gains G, = 318 and

G, = 147.
Similarly,
E = Eintictn ezka Z(_T2 s )neznkL — B ticthrelka (1 46)
trns inliclhr : hr'ic i +74;2”~7“icelkL ) ’
yielding,
Itrns |Etrns|2 t2 t%l TicThr
= = e r = — = GT oy 147
Iin |Ezn|2 (1 _ Th'r'rlC)Z (1 _ R3/2)2 h ( )
such that,
I ™ms
It— =Ty | (1.48)

Therefore, we may simply deduce the intracavity power from the light transmitted
through a high-reflecting mirror. We just need to know the mirror transmission
Th-. Inserting the reflectivities given at the beginning, we obtain the power ratios,
T, =678 and T, ' = 348.

( ) An alternatlve way consists in measuring the light power missing in the light
reflected from the input coupler. To estimate this, we again start from the Airy-

formulas,

2.2 Z 2 knL tieri e
Erﬁfl = Ein | Tic + ticrhr (_,rhr’ric)neZ " = Ein <Tic + W) ’

(1.49)

n

2
Irefl ‘Erefl|2 t2 TR 2 T’ithr
_ =|rie——"3"—) =Rie |1 - ————%—~ . 1.50
lin | Ein|? - TipTic * Tic (1 - R3/2) ( )

Energy conservation requires,

Irefl 2Itrns
=1- =1—-2GTh,|. 1.51
Iin Izn ¢ " ( ° )

We can measure I}”“S and ””
in

and calculate their ratio which, once the finesse
(and therefore R) are known, only depends on Ry,

Lept (R, —R3)?
Itv"ns (R}QLT - Rg)(l - th) '

(1.52)

I.e. measuring this ratio, we should be able to calculate Ry, and all the other mirror
quantities. The dependencies of G, Thy, Itrns, Irefi, and Irepi/Iirns are exhibited in
Fig. 1.86. Note, that for a certain reflection Ry, no light is reflected. This corresponds
to perfect impedance-matching °

5In order to obtain a rough estimation of the gain in terms of the finesse, we approximate the
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Figure 1.86: (code) (a) Gain G (solid lines) and output coupling 1/T}, (dash-dotted lines)
as a function of the HR mirror reflection Rp,.. Blue curves refer to s-polarization and
green curves to p-polarization. (b) Transmitted (solid lines) and reflected (dash-dotted lines)
intensities. The sum of both yields the total injected intensity (dots) according to Eq. (1.51).
(c) Ratio of transmitted and reflected intensities.

1.95.6 Photon number and pump rate

Once we have determined the gain, the intracavity photon number is easy to calculate

from P P

2 cav 3

oLt = =G . 1.53

ot | St~ 5o (1.53)

For the gain G = 200, assuming P;, = 100 uW, we estimate, |a | ~ 8.2-10° photons.
In steady state, a4+ = 0, we may derive the pump rate from,

N = k|lay| . (1.54)
finesse for high reflectivities (1.29) by,
R~1-— T .
F

Inserting this into equation (1.52) and expanding in terms of w/F,

G~ T =T (£)2+
T (- =—n/F)3/2)? T\ 3

Now, we can make (at least) two hypothesis about the degradation of the mirrors:
(1) All mirrors degraded such as to yield the same reflectivity, Tjc =1 — Rje ~1— R~ % Then we
calculate the gain due to resonant enhancement as,

G~ ar s
9
The gains obtained from this formula are not too different from the exact results obtained from the
complete formula: Gs ~ 200 and G} ~ 70.
(2) Alternatively, we could suppose that the high reflectors are still good and only the incoupler
degraded, that is, 7}, = 1. Then, to maintain the same (measured) finesse, we must have T;. =

1-Rie=1-R¥~1-(1- %)3 ~ 3%. Then we calculate the gain due to resonant enhancement

as,
4F

o
The gains obtained from this formula are not too different from the exact results obtained from the
complete formula: G = 500 and G}, ~ 200.

Gl


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220124_GainCalibration.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220124_GainCalibration.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220124_GainCalibration.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220124_GainCalibration.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220124_GainCalibration.m
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1.95.7 Intensity in the free space focus

The Airy formulas (1.47) were derived under the assumption of plane waves, but in
fact the light field are Gaussian beams,

2Pcav 202 Jw?(2)
= — woiz 1.
Icav(p> Z) 7Tw2(z)e ( 55)
with
(2) 1+ re \' (1.56)
w(z) = - . )
o Twd

In the case of perfect mode-matching, the beam diameters at z = 0 just in front and
just behind the incoupler are the same, such that,

Icav(p7 O) _ Peay
Iin(p,0) P;

=G, (1.57)

such that we may simply replace P, = GP;, in Eq. (1.55). Close to the free space
focus wy, we may approximate the intensity distribution by,

2P
Lean(p, ) = —Sgtem 20" /wo=="/2k (1.58)
TWG

where 2 = mw?/\ is the Rayleigh range.

1.95.8 Impact of blue transition

The depth of the optical potential caused by the clock transition dominates the one
caused by the cooling transition for detunings from the clock transition inferior to
A/2m < 200 GHz (see Labbook, Strontium cavities, 25.05.2018). As we plan to work
much closer to the clock transition, we may thus safely disregard the blue transition.

1.95.9 Dipole trap depth for one-sided pumping

With the intensity calculated in (1.58), we can now estimate the dipolar trap depth
and the Rayleigh scattering rate for a given detuning [see script on Electrodynamics,
Eq. (20.130) and Labbook, Strontium cavities, 02.08.2016],

371'02 PGSQ
Vdip(p,Z) = 2(.4}3 A
a

3mc? T2
Icav(pv Z) and h’ysct(pa Z) = ﬁlcav(pa Z) . (159)
2w3 A2

We will now estimate the potential depth and the trap oscillation frequencies for the
lowest bound state by a harmonic approximation for the spatial intensity distribution
considering single-sided pumping of the ring cavity. The case of double-sided but
asymmetric pumping of the two counterpropagating cavity modes will be treated in
the next section.

We expect for the dipole potential in the case of one-sided pumping (see Physics
Script: Sec. 46.3.2),

3mc® Togo 2Preav
th.p(r):Votdipe(*lrzﬁf)/wé722/% with |V OMC 2689 £lc

= 1.
Adip o A mwd | (1.60)
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yielding,

T T

2 [ Voa 2 | Vo.ai
WI _“ 0,dip and UJZ _ £ 0,dip
wo m ZR m

(1.61)

With the detuning and intracavity laser powers used by Dalila, A, /27 = —4 GHz and
Py cav = 1W, we find,

V! /ha~83MHz = kg 0.4mK 1.62
0,dip

and w!/2r~2Hz and w]/27~900Hz .

1.95.10 Dipole trap depth for double-sided pumping

In the case of two-sided pumping the dipole potential in a ring cavity becomes,

2
e”’“z I+,cav(pv Z) + e_lkz I*vc‘w(p’ Z)

where /I1 o £F is the electric field amplitude. Exploiting the formulas (1.31),
(1.36), (1.38), (1.41), and (1.53), we find,

Vi o 37TC2F689

aip(t) = 557 A, (1.63)

2 2
T _ 3me F689 2 —2 2/w2 1kz —ikz
Vin) = 558, 7z TV Pran €TV P o (1.64)
— hUOe—2p2/wg |e1,kza+ + 6_Zkza, |2
_ hU067202/“’g (6721]620(104_ + 62“62044,_01*_ + |a+|2 + |a_|2) )
Writing ay = |at|e®™?, we get,
Vi (r) = hUoe /0 (2]a || cos(2kz + 26) + ey [* + |a— |?) (1.65)
ST ARUe 20" /v cos?(kz + ¢) .
Finally,
—9,2 /a2 -
Vdiip(r) = Voi,dipe 207/w5 o082 % (1.66)
with
V$ o 371'02 FGSQ 2(\/Pcav7+ + \/PCCL’U,f)Q N 37702 F689 8\/ Pcav,+Pca'u,f (1 67)
0,dip 2wg A mu% o 2w8’ A 7rw(2)05w ’ '
where we introduced the standing wave contrast,
4,/ Py P_
Cow = * (1.68)

Py + /P~

In the limit of symmetric pumping we can simply set P, = P_ and Cs, = 1. The

dipole trap depth is related to the single-photon light shift via, V0$dip = 4|ay |*Up.
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Similarly to the one-sided pumping case, a harmonic approximation for the spatial
intensity distribution yields the oscillation frequencies,

Vi)idlp T VEJidip
wo m and wlat =k W . (169)

ot =

T

With the detuning and intracavity laser powers used by Dalila,

Vi iy = h 66.4MHz = kp 3.2mK (1.70)
and  w!/2m ~2550Hz  and  wpa /27 ~ 800kHz .

1.95.11 Bloch force

The relative strength of the Bloch oscillations and the CARL dynamics is charac-
terized by the depth of the respective potentials. Let us first analyze the potentials

separately based on the above calculations for the dipole potentials Vdiip7 which will
now be renamed into V4, respectively, V.,;. First Bloch.
The Bloch oscillation frequency is calculated via,
mg
== 1.71
Vblo 2hk |’ ( )

yielding vy, = 745 Hz.

The figure of merit for the occurrence of Bloch oscillations is the adiabatic rapid
passage (ARP) condition (see LabBook 2.3.2021), according to which the dipolar
standing wave potential should only support a single bound state [79, 94],

1 2
16w Vo.dip
: 1. 1.72
wrec << ( hwrec << ( )
For the strontium line Aggg we have 1614, /wree = 0.398, so that, defining a 'Bloch
parameter’,
_ O ,dip O ,dip
Eblo = “ =1/ y 1.73
b Fu‘ulat Tec ( )
the dipole trap depth needs to satisfy 0.631 < &, < 1.
The simulations carried out in [94] assumed ©,
Upio = 0.035wpec (= 0.025wyec)
K = 160wpec (= 110wpec)
ayg = 20 = 7
N (=7 (1.74)
Voaip = 3-2Wrec (=7
Uy = 0.008wpee =5-10"%x (= ?)

2
6Note that the parameter Upsaring = 94151’ = Z—on is defined differently in [94].
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The values in brackets are realized in our experiment, those with question mark can
be tuned via A, and Py cq0-

For the detuning and intracavity laser powers currently used by Dalila we expect
€hlo ~ 42, meaning that the pump power generating the Bloch lattice is orders of
magnitude to high. Actually, at A,/27r = —4GHz a detuning Py o, ~ 150 uW
would be required in order to reach ey, &~ 1 and Py .4 =~ 450 pW in order to reach
the value used in Marina’s simulations.

1.95.12 Heating

Heating is due to spontaneous emission, i.e.,

hyset = hyolog [* . (1.75)

1.95.13 CARL force and saturation broadening

The CARL coupling strength is given by the collectively enhanced single-photon light
shift,

NUy

Eerl =

(1.76)

With the atom number estimated to N = 100000, in order to reach e..; =~ 1, we need
to tune the laser to A, /27 &~ 2.3 MHz. This detuning is within the cavity linewidth.
The saturation power in the ring cavity is,

2
Wy I

Psat = B sat ~ 22nW . (177)

If we request saturation broadening not to exceed the cavity linewidth, we need,

1—‘689 Icav
O=— < K. 1.78
2 Isat ( )
Hence,
2

2K
P.,., < () P = 17.6 mW . (1.79)

s

1.95.14 Measured CARL signals

As already derived in (1.48), the portion of the intracavity light power leaking through
a high-reflecting mirror is,
Pirns = Thr Peav - (180)

To estimate the amplitude of the CARL signal, we have a look at the classical CARL
equations,

6t = —kay — o Z e~ 2kTi L, (1.81)
J

mi; = 20hkUp(apa® e — ol a_e 7).
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When the pump laser is locked to the ring cavity (or vice versa), we have ay = 1 /k.
An upper bound for the probe beam power generated by CARL can be estimated
assuming steady state, &_ = 0, and perfect bunching, y e~ 2% — N. Then,

ZNUQ

o = — oy . (1.82)

Hence, the intracavity probe beam power is,

NUy

2
P cap = |a—Phwd s = ( ) Py cav = 2Py cav | - (1.83)

Of course, the real signal will be lower. For example, using the power (1.79) and the
mirror reflection R = 99.97%, we expect Pypns < 5.3 uW.
The CARL parameter is defined as,

3 nNU§

2
8wrec

(1.84)

For Marina’s simulations we used, p3,,,..,, = 3200. For Dalila’s parameters, p3, ., =

1.95.15 Laser locking
Also interesting is the optical density

—N (y0 +2Up)

D =
© 5fsr

; (1.85)

giving rise to a small phase shift (imaginary part) and an even smaller absorption
(real part). Note, however, that these values are to be multiplied with the cavity gain
G.

At A, = —(27) 200MHz, the cavity resonance is shifted due to the refraction
index generated by the atomic cloud by an amount (see Labbook, Strontium cavities,
30.10.2018),

NUy=—-N(2r) 0.42Hz = —8.2kHz , (1.86)

Hence, when the pump laser is locked to a ring cavity resonance, its frequency will
be w = NUj + we.

1.95.16 Quantum CARL simulations

The quantum CARL simulations are done with the following set of equations,

. N+ *
_ = —ko_ + Uy~ ~ _ 1.87
& Ka_ +1 OK;CmC +1+7 ( )

. 2 N+~ ~
Cy = —dwrec(V + Vpiot)“cy — zUo?(a_cyH +a’c,_1),

where the ratio between the Bloch and CARL coupling strength is given by,

W, - —210
7;) - ”67 . (1.88)
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1.95.17 Normal mode splitting

Normal mode splitting is observed when a resonance of the ring cavity is tuned to
the atomic transition, w. = w,, by varying the laser frequency. To calculate the
transmission spectrum observed by ramping the pump laser while monitoring the
light power leaking through one of the high reflectors, we solve the CARL equation
(1.66)(i) in steady-state assuming perfect bunching, >, e~ 2%%i = N, and one-sided
pumping, 17— = 0 [27],

ay = N+ el (1.89)
K =10 + 5705 m
The transmission is given by,
2 272 2
r<+A
T, = B A, . (1.90)
I (KT + g3 — AcAg)? + (TA: + KAL)

Fig. ?? shows cavity transmission spectra. Defining A, = A./k and A, = A, /T and
using the definition (1.40) of the cooperativity, we can also write,

T, = . (1.91)

Keeping the laser at a fixed frequency w (so that A, is constant) and varying the
cavity length A., we obtain from (1.90),

T,  OA2 9T,
0N, 9N, OA2
5} K2A2 + K212
“OAZ AL+ (K2 4+ T2 —2¢%)A2 + (kI + ¢2)?

0= (1.92)

=2A

The solution of this equation,

A2 = T2+ gy /202 4 g3 + 24T, (1.93)

is plotted in Fig. ??(c) as a black line. For cases of very narrow atomic resonances,
k> I', we may simplify,

A2~ 463 1+ \/1+ (1.94)

where N+ = 4/7 is the critical atom number and T the cooperativity (1.40).

The following table summarizes the invariable experimental constants:
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transition wavelength
cavity round trip length
cavity mode volume

cavity mode free space waist
free spectral range
curvature of high reflectors
reflection of high reflector
reflection of in coupler
finesse

supposed resonant gains
transmission at HR mirror
transition linewidth

cavity linewidth

recoil shift

1-photon coupling strength
cooperativity

1-photon saturation
resolvability of recoil shift
Bloch frequency

Bloch ratio
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A = 689nm

L =3.64cm

V = 0.50 mm?3
wy = 68.5 um
Ofsr = 8.23 GHz
p = 50mm

Rhr.s = 99.85%, Rpppp = 99.71%
Rics = 99.51%, Ric, = 98.71%
F, = 1200, F, = 500
G, =318, G, = 147

T, =678, T, =348
I'/2m = 7.6kHz

ks/2m = 3.43MHz, k,/27 = 8.23 MHz
Wree/2m = 4.78 kHz

g91/27 = 8.9kHz

T =0.02

s=1.4

Ks/wree = 110 (160)

Uplo = 745 Hz

Ubto/wree = 0.025 (0.035)

The following table summarizes the ranges for experimental input parameters:

atoms trapped

N = 0...100000

laser detuning from atom A,/27 = 0...6 GHz

intracavity powers

Py o =0...1W

The following table summarizes characteristic parameters for particular choices of
the experimental input parameters (N = 100000, A, /27 = —200 GHz, Py cqp = 1 W):

1-photon light shift

1-photon scattering per atom

collective coupling

CARL pump power
intracavity photon number
pump rate

dipole trap depth
scattering rate

leaking pump beam power
leaking probe beam power
CARL ratio

Bloch lattice depth

Bloch beam pump power
normal mode splitting

Uy = —(27)0.42 Hz

Yo = (27)0.016 mHz
NUy/ks = —0.011

Pi, = 100 uW

|a+\2 =7 200 000
n=3-10%;

Vdip = h3.5MHz = k3167 pK
Vset = 830 S_:l

P+,leak =6 HW

P_eqr = 1.350W

Vert /wree = 0.025 (0.04)
Wo/wree = 0.007 (0.007)
Pin,blo =1nW

Agn/ks =24

The values in parenthesis are those assumed in [94].
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1.96 21.01.2022 Phase-modulation of the cav-
ity standing wave

In order to measure the dipole trap depth we could phase modulate the standing wave
in the ring cavity, e.g. by passing the probe beam through an EOM. The atom-cavity
system should respond to this by parametric heating, which can be simulated using
the CARL equations,

a_ = —kag — Z e~ 2kzi g | 4 petdosinwmoat (1.95)
J
pj = 2hkUpay (a_e 272 — o* e?'F27) |

For the strontium intercombination line, using the parameters of 13.1.2022, that
Dalila can provide experimentally, N = 10°, T' = 1uK, A,/2r = —200MHz, and
P, =1W, we estimate the lattice secular frequency and the center-of-mass frequency,

2NUy (A, — 2NUy)

Wiat = V/ 4wrec|a+|2UO and  Wem = Wiat V 1—puny with uy = W2 1 (Ac — 2NU0)2 )

(1.96)

yielding wjqt /27 = 1.7559 MHz and wep, /27 = 1.7555 MHz.

The simulation is done by iterating the CARL equations for some time (xt) and
then evaluating (i) the maximum oscillation amplitude of the center-of-mass position
of the atomic and (ii) the oscillation amplitude of the difference of the field amplitudes
(Jos | = la—]?).

7 3
@ 400 () 15 10 (© 9.2 1Y
9
300 10
N & ~_ g8
= | |
=} 3 ~ 3
200 |5 ‘ + 8.6
= o @
= + +
S 3 A\ S 84
9 100 0 S—
8.2
0 ‘“ﬂAl -5 8 == —
1 2 3 4 1 2 3 4 1 2 3 4
Winod, / Wiat Wimod / Wiat Winod / Wiat

Figure 1.87: (code) .
The peak observed in |a.|? + |a_|? comes from the fact that the pump laser is
locked to the cavity. It is not observed for symmetric pumping of ay and low NUj.

The phase does show a dispersive frequency-dependence 0(w) if n ~ k. If the
pumping is too strong, n > k, the phase does not exhibit any resonant enhancement.
Even though the phase-oscillations are suppressed as wg is increased beyond &, the
atomic center-of-mass motion is excited, when the secular resonance, wy = Wepm, is
met. The other modes wy are not excited. Also the power-imbalance of the beams
|ai|? — |a_|? always has a strong resonant enhancement.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220121_PhononResonance.m
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The simulations have been done for the two situations that 1. the laser not being
locked to the cavity resonance, but fixed to A, = 0, and 2. the laser being locked to
the cavity resonance, which means A, = (1 + N7} > e %% |)\NUy ~ 2NUy. This
second case is shown in the blue curves in Figs. 1.87(a) to (d). The simulation exactly
reproduces the expected deviation of the resonance frequency wey,, from the secular
frequency wq (?77). Obviously, at A, ~ 2NU, the shift of the CoM mode can not be
observed via its resonant enhancement. We can excite the CoM, but at the unshifted

frequency wg. At A, ~ 0 where the shift occurs, we can not lock the laser 7.

"It would also be interesting to calculate the resonance maxima as a function of w to see if the
finite cavity bandwidth has an influence on atomic response!
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1.97 15.02.2022  Excitation blockade and spin-
squeezing using a cavity

Spin-squeezing of atomic ensembles is a way of overcoming the standard quantum
limit and approaching the Heisenberg limit in ultrahigh resolution spectroscopy [35,
119, 14, 7, 43, 62, 98, 92, 44, 55, 21, 12, 26].

Here, we study spin-squeezing of a collection of three-level atoms [1)-|2)-]3) in
cascade configuration, as illustrated in Fig. 1.88(a). The atoms interact with a linear
cavity tuned quasi-resonant to the upper |2)-|3) transition. In certain regimes con-
trolled by parameters of the upper transitions, we observe excitation blockade on the
lower transition, similar to what is observed in dense clouds of Rydberg atoms. With
respect to Rydberg blockade systems our proposal has the advantage of generating
uniform coupling between all atoms located in the mode volume of the cavity. This
is particularly true, when ring cavities are used.

For the sake of concreteness we may have in mind the strontium level scheme
1) = 1Sy, [2) = (5s5p)®Py, and |3) = (5s65)3S; with the respective transition
wavelength Aj2 = 689nm and A\y3 = 688 nm and the decay widths I'15/27 = 7.6 kHz
and F23/27T = 4MHz.

@ P B o

» p2oNU,

)

Figure 1.88: (code) (a) Level scheme and driven transitions. (b) Stationary cavity field
intensity as a function of the population }_; Tr po? of level [2).


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220215_Cavity3Scheme.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220215_Cavity3Scheme.m
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1.98 16.03.2022 Bloch oscillations in a tilted
waveguide

Within the Rayleigh length, the potential generated by the cavity fields is,

Utat (1) ~ er(_2z2_2y2)/w36_22/z‘% Pyt P+ QWCOS bz (1.97)
P.+P +2/P,P_
222 2y? 22 PyP_ 2.2
~Up |1 -5 -2 - - YT kPt (1.98)
( wi  wg oz (/Py+P)?

We see that the dimensions become separable only near the bottom of the potential,
where the harmonic expansion works. In this case, a tilted gravity force,

Ugro(r) = mgzcosa+ mgzsina , (1.99)
maintains separability.

Obviously, the harmonic expansion is not possible for the description of Bloch
oscillations. Maybe an expansion into Wannier functions would help.
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1.99 29.03.2022  Water resonances perturbing

the lock of doubling cavity

v461/2/c = 10849.226 cm™
vi,o0/c = 10849.303 cm™
v461/2 — vu,0 = 2.3 GHz plus Doppler broadening

22 27 lines

H,O

-1 -1 2
(cm ™ mol~ cm”)
NS
D

log, , intensity
)
]

-29 | ‘ ‘ ‘ ‘ ‘ ‘

I I
10848.5 10849 10849.5
wavenumber (cm'l)

Figure 1.89: (code) Water resonances.

T
10850


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220329_WaterResonances.m
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1.100 12.04.2022 Cavity-driven double resonance
in Sr

We consider the strontium level scheme [1) = 1S, [2) = (5sbp)3P;, and |3) =

(5s56s)3S; with the respective transition wavelength A\j2 = 689 nm and \y; = 688 nm

and the decay widths v12/27 = 7.6 kHz and ~s3/2m = 4 MHz.

1y
Figure 1.90: (code) Double resonance in Sr.

In the quest for Bloch oscillations Dalila uses a detuning of Ai5/27r = 4 GHz.
Interestingly, the dipole potential generated on the two transitions are the similar,

Vo.di Tes9 A 7.6 kHz 920 GH:
Do S PR ’ 2044 (1.100)
Vo,dip,css L'egs Aggg  4MHz 4 GHz

The question is now, what are possible consequences and/or opportunities!

1. Keep in mind that, at large detunings, excited state population are really small,
p33 K p22 < p11!

2. Is it a way to overcome light-shift? Disregarding degeneracies of the levels and
neglecting all other energy levels, we might set the detuning to,

T
A689 = Aﬁgg% ~ —1.7 GHZ . (1101)
689

However, the periodicities of the light-shift potentials are not exactly commen-
surate.

3. Discuss the relationship to the magical wavelength (Raul and Pablo already did
some calculations).

4. Discuss possible impacts for Bloch oscillations and/or CARL.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220412_SrDoubleResonance.m
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5. Verify that, without atomic motion, the Hamiltonian for the three-level system

is,
H=—m(a—a')—AcaTa—A,S+ga(a1S12+58210) — AySsz+gy(af Sa+Ss0a) -
(1.102)
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1.101 14.04.2022 Tasks for Bruno, Claudio and
Gustavo

Claudio:
1. First priority learn from Dalila everything you can!!!

2. Calculate stability of new cavity with bow-tie design taking account of all bound-
ary conditions (see 24.4.2013).

Design new cavity for alternative use as linear or ring cavity!
Verifications: Consider a bow-tie cavity with 2 spherical mirrors. Is it possible to
use it simultaneously as a (non-confocal, non-concentrical) linear cavity?

| |

Figure 1.91: (code) New cavity design.

Sections to study in the Labbook/Cavity:

Labbook 26.4.2013

Labbook 14.4.2022

Matlab-file: LB_Cavity_20220414_RingcavityStability.m
e Tex-file: LB_Cavity_20220414_RingcavityStability.tex

Sections to study in the Electrodynamics script:

e Sec. 7.4.1.2


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220414_RingCavity.m
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e Exc. 7.4.4.4

Sections to study in the Quantummechanics script:

e Sec. 3.5-8: Harmonic oscillator,

e Sec. 5.2: Bloch oscillations,

e Sec. 14: Bloch equations,

e Sec. 15.1-2: Jaynes-Cummings model,

e Sec. 18.2: Optical forces,

e Sec. 20: Cavities & atoms,

e Sec. 21.1-3: Correlated atoms & Dicke model,
e Sec. 22.1-2: CARL,

e Sec. 22.4: Quantized CARL.

Bruno & Gustavo:

1. Find out whether Bloch oscillation interferometry may benefit from spin-squeezing.

2. Find out the impact of CARL probing at a wavelength differing from Ap,.
Influence on accuracy of inertial force measurement? Heating or cooling?

Aa,blo = (277—)5fsr + Aa,carl
Aa,,blo - Aa,carl (27T)6fsr

= ~1.9x%x107°
Aa,blo Weg9
Whlo
Agyro = o
C
h2 A o A car 2
AEgin = (Bau 5 Geart) ~ (2rh)1.7 x 107 Hz .
m

3. Long term: Set up Bragg lasers and implement them in the experiment.
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1.102 15.05.2022 Stability of a bow-tie ring cav-
ity

Stability of a bow-tie ring cavity with d = 18 mm length and two flat and two curved

mirrors as a function of the mirror curvature.

0.2

0.15}
g
= oal

wo

0.05

0 20 40 60 80 100
p mm

Figure 1.92: (code) Stability of a bow-tie ring cavity.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220414_RingcavityStability.m
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1.103 20.04.2022 Bloch signal simulation

The limits of the first Brillouin zone are given by,

i hk
pf;k =41 or Yori = T

. 1.103
mttof ( )

The atomic velocities are distributed according to a Maxwell-Boltzmann distribution,

kT
Ayi = Grtropy| = (1.104)

where (i is a random number. The center of the Maxwell-Boltzmann distribution is,
=% Ay (1.105)
k

We fake a Bloch oscillation signal via,

Y= Yori - [2mod(vpot, 1) — 1] . (1.106)

50 )

0.1 0.102 0.104 75 76 77 78
t (ms) Uplot

Figure 1.93: (code) Type of signal expected in SI-units (left) and scaled units (right). The
yellow area denotes the first Brillouin zone, the gray crosses are randomly chosen individual
atoms moving at velocities within a Maxwell-Boltzmann distribution at 7' = 1 uK, the blue
dots are expected Bloch oscillations, and the black dots for no Bloch oscillations.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220420_BlochSignalSimulation.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220420_BlochSignalSimulation.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220420_BlochSignalSimulation.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220420_BlochSignalSimulation.m
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1.104

21.04.2022 Impact of phase noise on Bragg
reflection

Phase noise can inhibit transitions. This can be checked with simple two-level Bloch
equations,

0 0 10 !

: 0 0 10 —10Q

p(t) =eMip(0)  with M=| | , 2 2 . (1.107)
10 0 -ir+p 0
0 20 0 1

The Rabi frequency is just the coupling strength 2 = Uy. We assume a finite fluctu-

ation bandwidth £, which introduces a decay of the coherence. As seen in the figure,
the transition is not complete in the presence of phase noise.

DN
14 0 1

Im pyo
Re p12

Figure 1.94: (code) The parameters chosen are Q) = wye. and 3/27 = 0,1,2kHz.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220421_PhaseNoise.m
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1.105 09.06.2022 Normal-mode splitting reloaded

The stationary solution of the Maxwell-Bloch equations yields, without any approxi-
mation, the following transmission of the cavity,

g A+ A) (1.108)
(KD + g% — AAL)2 + (TA +KA,)? '

RO

Ui

T =

The same formula can be derived from the coupled atom-cavity equations under
adiabatic elimination of the excited state and empirical reintroduction of spontaneous
emission (see script QuantumMechanics, Excs. 19.2.6.9 and 19.2.6.10),

Gy = [k — 0+ 1 (Ac — Up)]ax — (v + zUo)eﬂ’kzoq + 1+, (1.109)
with ) )
. 910 - g1l
Uy = Ao and vy = AT (1.110)

These are exactly the CARL equations except for the fact that here we assume fixed
atomic positions and consider the stationary solution. For I' < &, g, we can simplify,

A7

la|* = (1.111)

(g2 —ACAG)2+KJ2A2 '
N a

0 0
(Ac—Aa)/"i (Ac_Aa)/"c

Figure 1.95: (code) The parameters chosen are x/2/m = 3.9MHz and N = 10*...10°.

Formula (1.111) holds for a motionless cloud of atoms not subject to perturba-
tions leading to line shifts, such as light-shifts experienced by atoms trapped in a
dipole potential or to Doppler shifts due to atomic motion. In reality, however, the
atoms are subject to inhomogeneous broadenings, because they can be heated due
to spontaneous emission during the scan and because the are trapped in a standing
light wave. At low temperatures around 7' = 2 uK the Doppler broadening is on the
order of kv/2m = A\~1\/kgT/m =~ 20kHz, and thus negligible. On the other hand,
the Stark shift may be considerable, so that we need to discuss the effect.

Let us call wg, the frequency of the unperturbed strontium line. Trapped atoms
are subject to Stark shift, which means, w, = ws, + Agtark, Or Ag = Agr — Agiark- In
the experiment, the cavity frequency is maintained fixed at w. = wg, + Agpy, where


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220609_NormalModes.m
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Agpy can be fixed via the DPLL. Hence, A, = Ag, — Agpy, and therefore Eq. (1.111)
becomes,

UQ(AST - Asta7'k)2
[9]2\] - (AST - Adpll)(AS'r‘ - Astark)]2 + ﬁz(AST - Astafr‘k)2
(1.112)
Assuming that Agpy = 0 and x and ¢; are known, and supposing that all atoms are
exposed to the same Stark shift, the formula (1.112) would allows us to fit the atom
number N and the pump rate 7.
However, the atoms could be distributed in the trapping potential, which would
lead to an inhomogeneous broadening. Let us assume a Boltzmann distribution,

T (Asy) = |af? =

Q(Astark) = ]{;BT(lferijgdip/kBT) e—(Udz‘p—ﬁAsmrk)/kBT 7 (1113)

normalized such that,
U,iip/h
N :/ Q(Astark)dAstark . (1114)
0

The signal now is,

Ud,;p/h
TT‘(AST‘):/ |a‘2Q(Astark)dAsta7‘k . (1115)
0

Now, Ugip and T are additional fit parameters.

1

~ 05}

-5 0 5
(AC — Agr)/lﬁ:

Figure 1.96: (code) (blue) Normal-mode spectrum with uniform Stark shift. (black) Boltz-
mann distribution of the atoms trapped inside the cavity standing wave. (red) Normal-mode
spectrum with inhomogeneous Stark shift of Boltzmann-distributed atoms. The parameters
chosen are x/2/m = 3.9MHz, g1 /27 = 9.1kHz, T = 50 uK, Ugip = h - 2MHz, N = 10°, and
Agpy = 0.

Note, that the fact that the potential is truncated does not allow for thermal
equilibrium. However, if Ug;, > xpT and the atoms are deep at the bottom of the
potential, we can set £ = Ugip — hAgqr1 and approximate,

0(Dstark) = ho(E) = fpe P/EsT (1.116)


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220618_NormalModesStark.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220618_NormalModesStark.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220618_NormalModesStark.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220618_NormalModesStark.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220618_NormalModesStark.m
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and -
T.-(As,) :/ la?8(E)dE = (Ja)® * 0)(Asy) (1.117)
0

If the curve is asymmetric, use the formula (1.109) and additionally fit A,. The
detuning A, will be a function of the intracavity light power because of the Stark
shift. Thus, measuring A, = A,(n) we should be able to calibrate the intracavity

power.
1 Ry
"? -

A

: 9

~ 05} + ‘:

* ++

-10 -5 0

AC — ASr (MHZ)

Figure 1.97: (code) (blue) .


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20220619_NormalModesFit.m
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1.106 18.06.2022 CARL reloaded

The CARL coupling parameter is,

NU, N ¢iAs g%
ko Kk A2ZET2 T RA,

=0.01...0.1 .

With g% /k =~ (27)2 MHz obtained from the normal-mode splitting we need to tune
A, = (27)20...200 MHz.
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1.107 23.08.2022 Normal-mode splitting in a
ring cavity
In the quantum mechanics script we show that for |a.|? < 1 the stationary solution

of the equations of motion for an atom interacting with the counterpropagating modes
of a ring cavity is given by,

e[k + 50 — 1(Ac — Uo)] = n— (0 + Wo)e>**
[k 4+ — u(Ac = Up)]? = (0 +1Uo)? 7

oy =

where Uy = g?A, /(A2 +T?) ~ g% /A,.

Now, assuming v9 = 0, we get for anti-symmetric pumping, n_ = n4 and kz =
/2,
o — R — Z(AC — 2U())
T (A - Do) + 08
2
a4 - 1
nel o REHAZ
That is, the transmission profile is a Lorentzian.
For symmetric pumping, n— = n4 and kz =0,
K — 1A,
« =
T WA =T+ 7
2
a4 - 1
ne | K24 (A.—2Up)2 "
2
Setting A, = A, we find from 0 = ﬁc 3—1 a minimum at A, = 0 and two maxima
at A, = v/2g. This is the usual normal mode splitting for a ring cavity.
For uni-directional pumping, n— = 0,
Kk —1(A. — Up)
Q4 =14
[k — (A, — Up)]* + U2
O‘i 2 - I€2 + (AC - U(])2
I [k2 — A(A, —20)]2 + 4k2(A. - U)2

That is, the transmission profile is a more complicated and may exhibit up to three
peaks.
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1.108 28.02.2023 Bragg spectroscopy on Sr 2

See also 21.8.2021. The saturation intensity observed in the normal-mode spectra
seems lower than expected. Could this be due to Doppler broadening? The estimated
Doppler width at T'= 1 uK is,

@:l\/k@lfdlllkHZ .
2T A m

_3 -3 -3
@) 4 x 10 o) 4 x10 ©) 4 x 10
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Figure 1.98: (code) Ramsey-Bordé pulse sequence.

ize T Wi Vi
In order to realize 5 Ramsey pulses, we have,

™

0.0 20,0
5= and  Qp= 1272 d —

= an s =
4AR Fggg

Setting Ap = 500l¢g9 ~ (27) 3.75 MHz,

%Ar  22Ap 2
T TR _ZSTOR S 67ms .

TR T Oy s T2y s

Assuming € 2 = 100l'¢g9, we find s = 20000, so that 7 = 6.7 us.

1.108.1 Questions

Criticality on the duration of the pulses and the free intervals.

1.108.2 Step-by-step procedure
e Bragg spectroscopy without gravity. Tune the cavity to A, = —1000T".

e Provide two laser beams with frequency separations v, —v_ = 2?52 ~ (2m) 19 kHz.
e Trap < 1 uK cold atoms in a standing wave potential (or not).

e Pump counterpropagating cavity modes with the lasers v; making m-pulses.

Distinguish velocity classes +hk.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20230228_ThermalBraggGravity689.m
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1.109 29.07.2024 Next measurements for Sr 2

1.109.1 Study inhomogeneous broadening mechanisms

Inhomogeneous broadening mechanisms, such as the Stark shift of atoms trapped in
the dipole potential or Doppler-broadening may affect the normal mode spectra.

Asymmetries in the spectra can have various origins. (a) Heating of the atoms
during the scan can remove atoms from the cavity mode volume thus changing the
number of atoms interacting with the cavity. (b) The thermal cloud trapped in the
dipolar potential occupies a finite region of space which leads to an inhomogeneous
Stark shift which, in the spectrum, can be accounted for via a convolution with
a Boltzmann distribution. (c) If the magnetic field at the atomic location is not
completely compensated the spectrum is additionally split by the Zeeman effect. A
way around this can be to apply a magnetic field sufficient strong that the Zeeman
splitting exceeds the NMS by far, or oriented in a direction parallel to the polarization
of the probe light, so that only Am ; = 0 transition are driven.

1.109.2 Hysteresis in the bistable regime

The bistability causes a hysteresis upon ramping experimental parameters. Obviously,
the hysteresis depends on the ramping speed and disappears below saturation as seen
in Fig. 1.99.

(&) 6000 (b) 6000
4000 4000 +
@ L
+ +
S S
2000 2000
0 ‘/\- 0 ‘/\_
-4 -3 -2 -1 0 -4 -3 -2 -1 0
Aa/’€ Aa/li

Figure 1.99: (code) Time-evolution of the intracavity photon number upon ramping the
pump laser back and forth with total scan durations (a) 1ms and (b) 100ms. The red
curves are for 7y = 50k and the blue curves for ny = 100k. The parameters are those
specified in the text.

1.109.3 Theoretical tasks

e Check and discuss frustrated ladder excitation picture, destructive interference
of excitation paths? Redraw the complete level scheme [43] emphasizing that,
without cavity, all levels are resolved in principal, since I' < g.

e Simulate emission spectrum using the code of [16, 81] for superradiant lasers.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20240729_Hysteresis.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20240729_Hysteresis.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20240729_Hysteresis.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20240729_Hysteresis.m
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Once expanded on a basis, the classically non-linear equations of motion lin-
earize (otherwise linear algebra wouldn’t work for quantum mechanics). That
means, that the non-linear bistability must correspond to a quantum picture of
transitions and coherences between discrete quantum or photon number states.
Find out whether the non-linear dynamics leads to some non-trivial quantum
correlations. E.g. check whether the spectra can be understood in terms of col-
lective two-photon absorption by the cloud followed by emission of photons at
both of the normal-mode frequencies.

1.109.4 To dos

Homodyne detection, Daniel: PLL

State of 688 nm laser? Insist on 403 nm and 679 nm lasers!
Pulse sequences?

Fridays for studies?

Sr2 purchases from Tematico and BraQIT: Bragg laser, supermirrors, amplifiers,

Short-term projects: Ramsey pulse sequence instead Bloch, quenching of bista-
bility, heterodyne cavity signal, new cavity holder, ...

Long term projects / Research lines: Metrological gain via quantum correlations
— quantum sensing; Matter wave interferometry; Superradiant lasing

Raul on magic wavelength calculation

Power broadening on the strontium clock transition: Assuming Aggs = 698 nm,
Pgos = (2m)1 mHz, P = 1mW, and wg = 100 pm, we expect,

Q= J(wo)hwiof ~ (27) 2kHz
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1.110 31.07.2024 Spin-squeezing witnesses

In the bad cavity limit (& o SL) the light mode might be photon-squeezed. How to
measure, how to calculate?
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1.111 05.08.2024 Bistability quenching via cou-
pling to a third level

Coupling the upper level of the 7.6 kHz transition via a 4 MHz broad resonance to an
excited state can reduce saturation.

0.04

100 0 100

-5 -100 -5 -100
A]Q/Flz AIZ/PH

Ag3/Ta3 A3 /T3

Figure 1.100: (code) Populations p22 and p33 as a function of detunings for the Rabi fre-
quencies Q12/T'12 = 5 and Q23/T'23 = 0.5.

The bistability is induced by saturation, but it also depends on the collective
cooperativity. That means, we manipulate the onset of bistability via N.

\a+\2
oo
DO = O OO

2

lg Ty 3 les,

Figure 1.101: (code) See Fig. 8 of [88].


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20240805_Quenching.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20240805_Quenching.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20240805_SaturatedCooperativity.m
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1.112 13.08.2024 Finding the 698 nm transition
using the supercavity

From data tables we know,

Veso = 434.829121311 THz
Veos = 429.2280664180083 THz .

From the beat between adjacent reference cavity modes, we can determine a first
guess for the free spectral range with a precision limited by the cavity line width
k = (2m) 7.5kHz,

drsr = 1.445065(7.5) GHz .

The cavity mode which is closest to the vggg line is at,
Veaw,689 = V69 — AVaom 689 = Nesolfsr

where
AVAOM,689 = 495 MHz

determined by measurement on a red MOT. Hence,

cav - A
Nego = Veav,689 _ V689 VAOM,689 — 300905.93 ,

5fsr 6fsr

which is close to -

An error of 1 in the counting of Nggg would correspond to Adss, = % ~ 5kHz,

which is on the same order as k confirming that the beat frequency determination of
drsr is insufficient. Now, recalibrating the free spectral range,

_ Veav,689

Spar = = 1445066304 GHz .

689

Trusting this free spectral range, at the clock transition,

Neog = % — 297030.28 ,

which is close to -
Nﬁgg ~ 297030 .

Thus - ~
Avaom,e98 = Ve9s — OfsrNegs = 409.4 MHz .

To double-check it would be good to verify at other wavelengths 679nm < A <
707 nm, that the corresponding wavemeter reading vy, when the laser is resonant with
a supercavity mode, satisfies approximately,

=—— = integer .
5fsr
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1.113 14.08.2024  Phase shifts of the supercav-
ity

Dielectric mirrors have frequency-dependent phase shifts [63], which can be quite
large.

1 0.1
0.05
< 0.5 L 0
-0.05
0 -0.1
600 650 700 750 600 650 700 750
A (nm) A (nm)

Figure 1.102: (code) Reflection and phase shift of a supercavity.

The question is, whether these phase shifts will lead to a frequency-dependent
value of the free spectral range once the mirrors are used in a cavity. To get a
feeling for the importance of this effect, we make a simple model of our supercavity

((Sf(fr) = 1.5 GHz), treating the supermirrors as stacks of dielectric layers (Niayers = 15,
ny = 2.4, ng = 1.5, dy = da = 353nm). The overall absorption losses are assumed to
sum up to 1076, Fig. 1.103(left) shows a zoom on a cavity reflection spectrum close

to a resonance. The width is about 8 kHz.

1 1
& 0.5 & 0.5 ~—
0 0
-10 0 10 -1000 0 1000
v (kHZ) V/5f5r

Figure 1.103: (code) Reflection and phase shift of a supercavity.

Fig. 1.103(right) shows cavity reflections evaluated at frequencies v = N ((5(0) +

fsr

5f(slr)), where the correction term accounting for phase shifts in the dielectric mirrors

was adjusted to 5&) = 30.395kHz. With the corrected value the stays constant over
more than 500 modes with a precision well below the cavity linewidth. Nevertheless,
it may not be possible to transfer the precision of ¢, to far away frequencies, such
as from 689 nm to 698 nm.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20240814_MultiHR.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20240814_PhaseFSR.m
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1.114 03.09.2024  Sub- and superradiance in a
cavity

When the atoms trapped in an are excited from the side by a coherent laser pulse,
their emission into the cavity mode is suppressed by destructive interference between
light emitted from atoms trapped in adjacent antinodes [51, 13]. A first idea for
theoretical modeling can be to generalize the Hamiltonian (12) of [88] for N/2 atoms
being located at z; = 0 and NN/2 atoms located at z; = Aja/2. Furthermore, the
atoms must be driven be a classical laser field independently on their location,

_ QA+ 4 oA
Hatom:aser = 5(0']' + 0; ) -

The equations of motion (14) for the atoms to not change, but Eq. (15) for the field
gets an extra term,

ar = (1A — K)ay —ngU; —|—ng0; .
i J

In this perfectly ordered case, the sums cancel each other, and the counter-propagating
modes decouple.
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1.115 05.10.2024 Heterodyne signals from the

bistability
Beat between local oscillator n.e™*? and cavity transmission on resonance,
Nt 1
O+ =" NT _
K1+ 2(14s1n)

x 2/,.2
K
5= Ptay = et |74 1{71
k L+ 2(14s1n)

Au/k
A,k

-20 0 20 -20 0 20
Aca///f’ Aca/l’{,

Im a,

arctan o arctan

20 Rz 20 e

A./k

Aca/"i Aca/ﬂ

Figure 1.104: (code) Avoided crossing phase.

Apparently, the phase of the intracavity light is locked to the pump.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20241005_AvoidedCrossingPhase.m
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Figure 1.105: (code) Avoided crossing phase.

1.116 05.10.2024 Driven-dissipative spin-squeezing

The model shown in [88] does not eliminate the cavity, but if we do assuming & = 0, we
derive exactly the equations of [61, 104]. Assuming additionally S =0, the solutions
and the bistability curves are identicall Hence, we believe that our experiment is
well described by their theory! Unfortunately, the cavity light field does not provide
spin-squeezing witnesses, since CRSS states emit coherent light [61, 104].

1.116.1 Discussion with Efi Shahmoon

Note that single atom decay via backscattering into the cavity can be larger than

outside the cavity I';.
What is the impact of timed Dicke state dynamics? Should be OK in forward

direction.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20241005_BistableRegime.m
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1.117 05.11.2024 Coherent excitation of the 686 nm
transition

The CRSS are squeezed in polar direction so their projection onto the equatorial
plane is not squeezed. In contrast, squeezing in equatorial direction might result in
light squeezing. So, how about switching off the cavity field, rotating the atoms, and
measure squeezed light? So check whether this is viable, we need to estimate some
experimental parameters, such as switch-off time, Rabi pulse power, and spontaneous
and superradiant decay rate at A, =0 = A,, i.e. between the normal modes.

1.117.1 Experimental implementation of rotations about ar-
bitrary axes

Changing the phase of a driving field can be experimentally challenging in case of
an optical transition. Changing w for a given time causes a precession of the Bloch
vector, while changing wy rotates the coordinate system of the Bloch sphere. The
bottom-line is that, if one can resolve Ramsey fringes, then one can try to rotate the
Bloch vector in the equatorial plane about an arbitrary axes.

2us  Ramsey sequence

AOM 689nm
AOM 688nm
imaging of 1S, imaging of 3P,
probe ]
CCD trigger

repumping back to 3P,

repumper 679+707nm

Figure 1.106: (code) Experimental sequence.

The question is then, whether we can do coherent manipulation of the 7.5kHz
transition. In other words, can we do Rabi pulses or resolve Ramsey fringes? And
how to monitor them?

A possible technique for measuring population inversion is to shelve the atoms
transferred to the 3P; state by optically pumping them into the 3P, state, using with
Gustavo’s laser at 688nm. Then imaging the remaining atoms in the 'Sy. Then
repumping the atoms back to the P;, letting them decay to the >P;, and finally
imaging them, as well.

In the lab we need first to try pulse sequences using the NI-board; first dry (without
atoms) on an oscilloscope and checking the laser beams with photodetectors; then on
the red MOT, then on cavity, then Rabi 7/2 pulse followed by shelving.

Just to give an example, let us consider Ramsey pulses of duration 7q = 2 us,
which is shorter than the spontaneous decay time,

1
Tsp:@zﬂps.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20241103_ExperimentalSequence.m
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The Rabi frequency required for 7/2 pulses is,

Q=-" ~125kHz .
27—R

Providing this Rabi frequency requires a saturation parameter of s = 202 /T'? = 555
and, hence, an intensity of,

I = sl ~ 6.7mVV/cm2

with the saturation intensity Ig.; ~ 1.6 uW/cmz.

1

—— Doppler profile
——Ramsey fringes

22
<
ot

LW

-100 -50 0 50 100
AJT

Figure 1.107: (code) Ramsey fringes with spontaneous emission (I'/2r = 7.5kHz) and
Doppler broadening (T' = 1 pK).

At a temperature of T = 1uK the atomic cloud is Doppler-broadened by an
amount,
2 kBT

—— ~ 21kHz .

kv =
689 nm m

Thus, in order to resolve Ramsey fringes, the precession time is limited to,
m
™7 < — X 23us .
kv

Fig. 1.107 shows Ramsey fringes with spontaneous emission and Doppler broadening
(T =1 uK). Otherwise, one might try photon echo pulse sequences.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20241107_RamseyFringes.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20241107_RamseyFringes.m
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1.118 08.10.2024 Transfer of correlations be-
tween transitions

Optical pumping will certainly destroy quantum correlations, but StiRAP maybe not.
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1.119 13.11.2024  Shelving laser 1

Hybrid Bloch and rate equation for 7 levels: |[1) = 1Sy, |2) = 1Py, |3), [4) = 3P,
|5) = 3Py, |6) = 3Py, and |7). The |1) —|2) — |5) system is treated as a three-level
system separately from the [4) —|7), |5) —|7), and |6) — |7) systems, which are treated
as decoupled two-level systems.

This holds when 212, Q15, Q47, Q57, and Qg7 are driven, but NOT simultaneously.

1

P11

P22

P33

—Pu

o —

20.5¢F P66
$ 0.5

As7/Ts7

Figure 1.108: (code) Scanning the shelving laser.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20241113_SrShelving_Scan.m
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1.120 16.12.2024  Shelving laser 2

Gustavo and Claudio aligned a probe beam of up to P = 2mW power and about
w = 470 um waist to the red MOT. The maximum intensity is therefore,

2P
I==— ~560mW/cm’ .
Tw

The saturation parameter is,

202 21 3N _

2 = %Fr — ahel 1.89 x 10

and the maximum pulse area for pulse durations of 7 = 1 us,

Q T
T 2 xus,
T T 2

which should be sufficient, but without a lot of margin.

Hybrid Bloch and rate equation for 3 levels: |1) = 1S, |2) = 1Py, and |3) = 3P,.
The |1) — |2) system is treated as a two-level system separately from the |1) — |2)
and |2) — |3) systems, which are treated as decoupled two-level systems. Either {212
is coherently driven or Ra3 or R3; are incoherently pumped,

0 T2 Rz %Qm —%Qm P11
0 —T'2 — Ras 0 =512 52 P22
0 Ros —R31 0 0 P33
582 — 52 0 1Ay — 3T12 — L Ras — LRy 0 p12
*%Qm %912 0 0 —1A12 — %Rzzs - %331 P21
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Figure 1.109: (code) Time sequence for a Rabi experiment with three pulses: (1) only the
probe laser Q12 is 'on’, (2) only the shelving laser Ra3 is ’on’, (3) only the repumping laser
R31 is on.

1.121 13.1.2025 Rabi pulsing

After a Rabi pulse the population should oscillate. The subsequent two figures rep-
resent simulations of the ground state population after Rabi pulses on the 689 nm
transition of variable Rabi frequency €2, pulse duration 7, detuning A, and laser
emission bandwidth S. The noise observed in experimental measurements of Rabi

1 A
—A=0r
—A=80I"
—A =160T"
205}
O L L L
0 2 4 6
Qr/m

Figure 1.110: (code) Power-dependence of the ground state population with 7 = 1us, 51 =
(27m) 10kH z.

oscillations seems not to be due to laser phase noise, which should be negligible in
comparison to power broadening. On the other hand, inhomogeneous broadening
could be a reason.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20241113_SrShelvingSimplified_Time.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20241113_SrShelvingSimplified_Time.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20241113_SrShelvingSimplified_Time.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250113_SrRabiPulsing.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250113_SrRabiPulsing.m
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Figure 1.111: (code) Detuning-dependence of the ground state population with 7 = 1 us,
51 = (27) 10k H .

1.122 18.2.2025 Timing of the SrControl pro-
gram 1

1.122.1 Problem

What is the benefit that one may expect from pseudo-clock triggering?

Rough estimation of the number of data points assuming a long MOT phase
of ~ 3s and mostly short time periods of ~ 1s in total. This means that, assuming
maximum resolution, we must transfer to the NI AO6723 board (4s)/(20 pus) = 200000
data points in a non-clocked fashion. That is, by providing trigger pulses only when
things are happening (either switches or ramps), we gain roughly a factor of 4.

For the NI MF6259 board the total duration of periods where devices are ramped is
about ~ 400 ms requiring, together with the negligible number of pulses, (0.4s)/(1 ps) ~
400000 non-clocked data points.

We currently use two analog output channels of the fast board AOO and AOL.
The outputs AO1 and AO2 are not operational for unknown reasons. The problem
with analog output channels, apart from their insufficient number, is that preloaded
(analog or digital) waveforms cannot be triggered by a single trigger signal.

The Matlab command
addTriggerConnection(s, ’external’, ’MF6259/PFI8’,’StartTrigger’) yields an
error message when previously digital channels have been added via
addDigitalChannel(s, ’MF6259°, ’Port0/Linel’,’OutputOnly’) but not when ana-
log channels have been added via
addAnalogQutputChannel (s, ’MF6259°, [0 1],’Voltage’).

1.122.2 Solution

According to the NI-PCI6259 manual (page 6-2) a solution could be to trigger an
analog input channel, which in turn triggers a digital output channel:


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250113_SrRabiSpectra.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250113_SrRabiSpectra.m
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addClockConnection(s, ’External’,’Dev1/PFI9’,’ScanClock’)

1.122.3 Questions

Do we need separate pseudo-clock signals for both boards?

1.122.4 Quintessence

LabScript seems incompatible with Matlab, there are no drivers around generating
pseudo-clock signals for Raspberry Pie or Arduino.

At Sr2 we have in the past been able to generate very nice curves (even nicer than
Srl). Hence, there is no pint in giving up the basic rule: 'Never change a winning
team.’” Any initiative to change the control program at the present stage is nothing
else than a displacement activity.
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1.123 26.2.2025 Timing of the SrControl pro-
gram 2

The figure below quantifies the delay in experimental runs due to data processing
by the computer. Note that we observe exactly same timing with the NI boards
disconnected!

0.02

0.02
0.02
50
0.02
0.02
56.545

Figure 1.112: (code) Timing panel of the with SrControl software.

10 + lab computer :
lab computer fitted
—~ o office computer
=z —— office computer fitted
g 5)
(&)
+~

0 2 4 6

teot  (s)
Figure 1.113: (code) Timing with SrControl software of various computers. The abscissa is
the total time duration of the SrControl sequence. Varied is the MOT duration tmet, while

the remaining sequences are kept constant at t,s¢ = 790 ms. The ordinate is the time delay
temp measured between two subsequent data points.

The fitted curves assumes an angular coefficient of 1.2 and an offset of 1.05s. The
conclusions are:

e the data transfer to the NI board take NO TIME;


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250226_SrControlPanel.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250226_SrControlTiming.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250226_SrControlTiming.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250226_SrControlTiming.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250226_SrControlTiming.m
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e Matlab take very little time to compile big matrices (the 1.2 factor);

e 1.05s are required to do the rest, such as read out pictures (no done in the tests)
and write them with all data to the HardDisk;

e the timing seems not to depend on the size of matrix loaded to the MF6259
board.
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1.124 28.2.2025 Problems with the Sr2 data ac-
quisition system

In Srl1 the MF6259 board is connected via TWO cables to TWO buffer boards. In
Sr2 the MF6259 board is connected only via ONE cables to ONE buffer board! No
surprise that the analog channels 2 and 3 do not work!

At Sr2 we only have the MF6259 BNC-panels, the AO6723 panels are missing.

At Sr2 the Alx BNC-connections of the MF6259 ports are missing on the panel,
and the AO connections of the AO6723 ports are wired to the existing MF6259 panel.
At Srl many of the analog input ports MF6259 AI0..31 are used! What for?

Alx ports are probably needed for triggering digital waveforms. Can we configure
PFI ports instead?

In Srl the channels freqout, ctr0, and ctrl of the AO6723 board are wired
to the BNC panel, but not in Sr2! I provisionally connected them to unused BNC
connectors of the MF6259 board.

Figure 1.114: Connectors panel at Srl and Sr2.

Different boards may be directly connected by RTSI (Real-Time System Integra-
tion) cables. This is not done in Srl nor Sr2! This serves, e.g. to synchronize triggers
and clocks.

Figure 1.115: .
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1.125 5.3.2025 Shelving laser 3

The Rabi laser has power up to Prp, < 3mW and waist w = 500 um. Hence, its
intensity is,
2P
I=—5= 7.6mW /cm?

Tw

corresponding at 689 nm and with oy = % to a Rabi frequency of,

0= U(A)%F ~ (2m)2.7MHz .

Note, that the Clebsch-Gordans are all,
(6 wlm)1
0 m|m
Hence, for pulse durations of At =1 us we get,
QAL
— <54.

Which is roughly what is observed in experiment.

1.125.1 3-level simulations

For modeling we use the Liouvillean (see also Sec.5.11.2024),

0 r 0 10 -5
0 —I' — Rany Rrep _% %Q
M= 0 Ryny _Rrep 0 0
10 —10Q 0 —3(T+ Ruep + Reny) +1A 0
-0 a 0 0 —5 (T + Ruep + Rony) — 1A

and solve the reduced time-dependent hybrid Bloch-rate equations,

p(t) = eMOtToFeMshvtshveMOtwaieMR,abtRabp(O) .

Here, we don’t use repumpers, R.ep, = 0.
The simulation shows that:

e the Rabi pulse duration should not be too long, tgap < 5 us;
e detuning is critical on the few I level;

e shelving pulse durations tg,, > 1 us are necessary.

The same simulation but for a Ramsey sequence, see Fig. 1.117.

ﬁ(t) _ eMotToF eMshvtshv eMOtwaieMRabtRab eMotRmy eMRabtRab ﬁ(o) )
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1 1
£05 505
——tpa = 115
——tpa = 10 us
tray = 30 us
0 0
0 5 10 0 5 10
Qiotpap/™ Yot pay/ T

Figure 1.116: (code) Experimental sequence with Rabi, shelving, and probe pulse. The
length of the Rabi pulse trap is varied, after that come a delay time of {4, = 5 ps, a shelving
pulse of tsny = 1ps, and a time-of-flight delay ttor = 5ms. The Rabi laser is (left) on
resonance, (right) detuned by 10T

1 1
205 205
Y —
——trmy = 10 s
——tRmy = 20 us
0 0
0 5 10 0 5 10
Ql2tRmy/7T QIQtRmy/ﬂ—

Figure 1.117: (code) Experimental sequence with two Ramsey pulses, shelving, and probe
pulse. The time between the Ramsey pulses trap is varied, the pulse lengths are Tra, = 2 us,
after that come a delay time of tqiy = 5 ps, a shelving pulse of tsny = 1 s, and a time-of-flight
delay ttor = 5ms. The Rabi laser is (left) on resonance, (right) detuned by 10T".

Spectra are also interesting, see Fig. 1.118.

We experimentally observe an oscillation in the center-of-mass of the cloud of
about As = 35 um after tT,pbms time-of-flight synchronous with the Rabi oscilla-
tions, which could be momentum states separated by 1 photon recoil:

As

Umeas = —
sin attoR

~ 8.5mm/s and  Vestm & — &~ 6.6mm/s |
m
where o = 55° is the angle between the Rabi and the imaging beam.

The sequence is illustrated Fig.1.119.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250305_SrShelvingSimplified_Time.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250305_SrShelvingSimplified_Time.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250305_SrShelvingSimplified_Time.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250305_SrShelvingSimplified_Time.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250305_SrShelvingSimplified_Ramsey.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250305_SrShelvingSimplified_Ramsey.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250305_SrShelvingSimplified_Ramsey.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250305_SrShelvingSimplified_Ramsey.m

1.125. 5.3.2025 SHELVING LASER 3 331

1 1
st = = =
g 0.5 505
——tpay =5ps , Qra = (27) 100 kHz ——lRmy =D s
——tray =10ps , Qpw = (27) 50kHz ——tgmy = 10 s
——tray = 50 s, Qpay = (27) 10kHz ——tRmy = 20 s
0 0
-50 0 50 -50 0 50
AT AT

Figure 1.118: (code) (left) Rabi spectra and (right) Ramsey spectra.

Ramsey sequence

Rabi 689nm

shelving 688nm

probe

tl ab lRah ls}v tpr

>
tRmy twai oot

Figure 1.119: (code) Experimental sequence with Ramsey, shelving, and probe pulses.

1.125.2 5-level simulations

The simulation can be extended to include all three Zeeman levels of the 3P; state
with the equation exhibited in Fig.1.120. with the abbreviations,

Figure 1.120: (code) 5 levels Bloch equations.

Tge =T , Fem =T , for g=1,e=2,..,4,m=5,
Yij = 2B + Zkzlj(rik + i)
Age = Age + Azeceman
Aem = Aern + AZeeman
Agm = Aem — Age
Aij = 575 + 10y
1 2 2 2

7 _ : 2 _ 1 1 s
5012 = 7sin” , 5813 = 5 cos” « , 5014 = 7sin” .

Fig. 1.120 shows calculated curves.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250305_SrShelvingSimplified_Spectra.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250305_ExperimentalSequence.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250310_Sr5BlochMatrix.m
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NV v \VA
0.5
0 et e Nl AL e M|\ e
-200 0 200
ANTYART:

Figure 1.121: (code) Rabi spectra.

1.126 11.3.2025 Timing of the SrControl pro-
gram 3

The problem is now resolved using a 1 MHz clock generated on the CLK-channel using
the command addCounterOutputChannel (s, ’A06723°,’ctr0’, ’PulseGeneration’)
switched by an analog output channel of the same AO6723 board. This gated pulse
train then clocks the MF6259 board via the PFI8-channel using the
addClockConnection(s, ’external’, ’MF6259/PFI8’,’ScanClock’). The advantage
is that both boards are then perfectly gated, see Fig. 1.122.

blue MOT 461 qo0 [

blue MOT power AN

B-field strength

repump 679+707 f |

red MOT 689 I |

red MOT power e

comp coil |

cavity hl

probe

Tmaging of 1S, Tmaging of 37,

CCD trigger

ramp trigger 0025 f |

1MHz clock [nnAanannAIAnOAADAnAIAAOAnAnOAIAADADANANIANONODANANIAADADDANAAAARADDAOAATAARADDA

sample clock

red MOT ramp a00

ramp al

Ramsey sequence
Rabi pulses 689  Port0/Lina 0. G |

to 3P
shelve 688 Port 0 /Line 1

t0 3P

repump 679+707 Port0/line2

Figure 1.122: (code) Experimental sequence.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250310_Sr5BlochRabi.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250311_SrControlTiming.m
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We currently use an rf-switch, which is an overkill. A logical AND would do per-
fectly.

I also tried to set an initial delay to the counter via c1k0.InitialDelay=2, but

the delay is limited on the AO6723 by the condition,

o ctr.MaxCount
InitialDelay < ———MMM— ,
ctr.TimeBase

yielding in our case,

InitialDelay < —0MHZ o
paratteray = J67r7o1s © 0%

which is insufficient as compared to the duration of the MOT.
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1.127 11.8.2025 Dicke phase transition in free
clouds

A Dicke phase transition may also be expected in free clouds if the saturation param-
eter exceeds a critical value, s > s., where

202
Sec = ﬁ

Hence,

b

R

where in free space space we may set the finesse to F' = 1.

Se = F?
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1.128 12.8.2025 Bragg scattering on lattice 1

Interesting effects may occur when every second site is populated [42, 24]. This can
be achieved with two Bragg lasers intersecting at the location of the cloud under an
angle of = 60°,

I ™  Abrg . Abrg A
- - . ﬁ 2 . ﬁ - . ﬁ - . 60°w rg
Kt Ksin 5 apsing  2sing  2singTegs

For example, we may choose Apre = 689nm. In this case the optical potential must be
calculated from the detuning to the red of the intercombination line. Alternatively,
we could use our new laser at Ap,; = 813nm intersecting at 72.3°. In this case the
optical potential must be calculated from the detuning to the 461 nm transition.

Figure 1.123: (code) Scheme of the setup.

The tolerance for the intersection angle for perfect commensurability of the lattice
period with the strontium resonance is given by,

ad Abrg €08 53 d2 5¢
Ad=|—|AB = Iore T 2 AB < — =\ . ST )
‘8,8 & 4sin® 11 B 7 bra
For g = 60° we expect,
Abrg s 6689 0tsx ~
Ap < SR = et = 11 x 10 rad
V689 ernizé% ¢

The structure factor for the optical lattice has been derived,

1Ngd (k,—koz
Sk, (k) = o 1—e ( ’ )e(kz*ka)Uf/Qe(ky*kOy)03/26(kz*ka)Uﬁ/Q
0 N e_ld(kz_koz) — 1

ni 1 —cos Ng(k, — koZ)de(kaOm)
N2 1 —cos(k, — ko.)d

Here, we assume d = 27 /kq and

‘73e(ky*kOy)Ufe(kz*ka)Ug

S, (K)|* =

cos 60° COS (v
ko = k'() 0 and k= ko 0

sin 60° sin o


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250814_BlochCarl_Scheme.m

336 CHAPTER 1. STRONTIUM CAVITIES

Not surprisingly, we find that Bragg scattering into the axis of the optical lattice
is NOT cooperatively enhanced, except for perpendicular incidence. However, for
perpendicular incidence the large radial extend of the atomic clouds suppresses Bragg
scattering even along the axis (see [102]).

90 400
120 60 -200
300
150 20 30
-100
140 .
g
180 0 = 0
]
100
210 330
240 300 200
270

200 -100 0 100 200
z  (um)

Figure 1.124: (code) (a) Structure factor for 60° incidence. (b) Optical lattice formed by
the Bragg lasers.

Maybe we could study Bloch oscillations in the tight binding limit [24] looking at
the reflection signal?

1.128.1 Optical potential shape

Let us now calculate the intensity distribution of two intersecting lasers with equal
powers and waists. Generalizing the formula for one laser propagating along the

z-axis,

I(r) = 2P2 |ef(12+y2)/w§ efz2/2z12361kz 2

TWG

to two arbitrary directions k., we get,

2
I(r) 2 Ze_(kiXr)z/k2w§e_(ki"‘)2/2k22?%ezki~r
+

9


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250814_StructureArray.m
https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250814_StructureArray.m
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where zr = Tw2 /X is the Rayleigh range. For kg = k&, we recover old result. Now,
cos 3/
set we choose k4 = k 0 with 8/ = g, so that,
+sin 3’
ki -r=kxcos + kzsinf
(ki -1)% = k222 cos® B/ + k%22 sin? B’ + K2z zsin 8
Fkysin 3’
ky xr= | Lkxsinf — kzcos '
ky cos 3/
(ke x 1)? = k%y? + k%2%sin® B + k?2% cos® B/ F k®zzsin B .
Inserted into the intensity distribution, we get,

I(I’) — 2P2 e—2(m sin 8’ Jwo)?—(x cos B’/ZR)26—2(y/wo)ze—2(z cos B’ Jwp)2—(zsin B’ /zr)? %
Wy

2

x Z ez sin B(l/w%—l/Qz%)ezk(ac cos B'£zsin B’)

+

Because typically wg < zgr, we may simplify to,

2

I(I‘) woLzR 2P o2 sin6'/w0)2e—2(y/w0)26—2(z cos B Jwo)? Z etz sinﬂ/wge:tzkz sin B’
Tw3 <
On the optical axis ¢ =0 =y,
4P g
1(0,0,z2) = —26_2(“%’8 /w0)* cos kzsin B’ .
Twg
Setting 8’ = 30°,
/_apno 4P
I(r) =3 — e™3%" /25 cog % .
TW
1.128.2 Optical potential depth
The maximum intensity is always,
4P
IO - )
TW
and the optical potential depth is given by
3nc? T 3nc? T 4P
Ul(r) ~ —1I Uy~ ——— .
(r) 2w3 A () ’ 0 2w A mwk
For Aprg = 689nm, I' = (2m)30 MHz, A = 2 — 21 — (27)215 THz, P =

10mW, and wg = 100 pm we get,
Up ~ kg 0.2uK = h5.6kHz .
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For A\prg = 689nm, I' = (27)7.4kHz, A = (27)4 GHz, P = 10mW, and wy = 100 pm
we get,

Uy~ kp3.5uK =h74kHz .
For Aprg = 813nm, I' = (27)30 MHz, A = ;2r< — 2rc — (27)282THz, P =
100 mW, and wg = 100 um we get,

Uy ~ k3.3 uK = h7T0kHz .
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1.129 21.8.2025 Bragg scattering on lattice 2

In the experiment we will superpose the Bragg optical lattice (BOL) with the optical
dipole potential supported by the cavity mode. If the cavity is pumped from one
side, we obtain additional lattices formed by interference with each of the Bragg laser
beams. If the cavity is pumped from both sides, we obtain another optical lattice
along the optical lattice (COL).

Whether the cavity beams and the Bragg beams interfere depends on their polar-
izations. Assuming that all beams propagate within the y = 0 plane, the polarizations
of every laser can be parametrized by a single angle o; between the polarization vector
€ and the y-axis. We then may use the previous formula generalized to more incident
beams,

kz/ko . éz sin (67
2P
I(r) = Z o cos a;
k;/ko - &, sina;

e—(k¢ xr)? /k2w? —(k;r)? /2k% 2%, +ik; T4ap;

)
i

where the index ¢ marks the individual beams with their respective powers P;, waists
w;, wavevectors k;, polarization angles k;, and phase shifts ;.

Figure 1.125: (code) Optical lattice formed by the Bragg lasers together with the cavity
modes.

The result is a complicated array whose periodicity (Abrg O Abrg/2) depends on
the relative phase shifts of the lasers. Note that this can be mitigated by proper
choice of polarizations or detunings: When the polarizations of the lasers generating
the BOL and the COL are perpendicular, they don not interfere and the total lattice
is oriented along the cavity axis.


https://www.ifsc.usp.br/~strontium/Publication/Scripts/Figures/PhilippeDiaryCavity/PD_Cavity_20250821_StructurePolarizations.m
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