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ABSTRACT

Neutral atom quantum computing platforms depend on precise control and
measurement of atomic qubits to realize high-fidelity operations at scale.
This thesis presents a set of experimental and engineering contributions that
address critical requirements on laser systems and light—atom interactions
for advancing quantum control of cesium atoms.

It details the development of low-noise electronic feedback systems for
laser frequency locking and magnetic field stabilization, engineered to support
stable and low-noise experimental operation. It further introduces the design,
implementation, and noise characterization of narrow-linewidth laser systems
driving Rydberg-level transitions, which underpin high-fidelity two-qubit
gates via the Rydberg blockade mechanism.

The work also establishes the electric quadrupole transition in cesium as
a powerful tool for state-selective, background-free quantum state readout,
achieving a classification fidelity of 0.9993 and an atom survival probability
of 0.991. Additionally, it demonstrates that laser cooling on this transition
effectively reduces post-optical pumping atom temperatures to 5.4 puK.

Collectively, these results advance the frontier of robust, high-performance
control in cesium-based quantum computing and significantly expand the

capabilities of neutral atom architectures.



Part 1

Introduction



1 QUANTUM COMPUTING WITH NEUTRAL CESIUM

Quantum computing is a rapidly growing field that aims to utilize the
fundamentals of quantum mechanics to perform computations that are
ultimately useful for the world. There are many different approaches to
quantum computing, including superconducting qubits [1, 2|, trapped ions [3,
4], quantum dots [5, 6], and neutral atoms [7-10]. While all these approaches
have their own advantages and disadvantages, neutral atoms are particularly
promising due to their long coherence times, scalability, and the general fun
of building a quantum computer out of lasers and individual atoms.

Two major challenges in using the neutral atom approach to quantum
computing are improving the fidelity of quantum gates [11-15] and increasing
the speed of readout [16-19]. This thesis presents my work and the work
of my collaborators on building towards these goals. There are three main
components in this thesis: (1) improving the fidelity of Rydberg blockade
gates through the development of low noise Rydberg lasers, (2) improving
the fidelity and capabilities of quantum state measurement through the
implementation of a non-destructive, background-free readout scheme using
the 6S1/2 — 5Dj5/9 quadrupole interaction, and (3) developing low noise

electronics and systems to accomplish these goals.

1.1 The AQuA Experiment

The AQuA experiment is a neutral atom quantum computing experiment
using Cesium atoms at the University of Wisconsin-Madison. This experi-
ment has published many works on our approach to quantum computing
[10, 20-23], through which the schemes and components of the quantum
computer architecture have been developed and described. Discussing all
of these components, architecture, approaches, etc., is beyond the scope of

this thesis, since it is not the focus of this work. However, this work does



build closely on the design of laser systems required for Rydberg gates and
potential readout schemes, which will be described here.

In particular, the AQuA experiment uses a Rydberg blockade gate [11,
24-26] to perform 2-qubit gates between neutral atoms, necessary for the
implementation of quantum algorithms. This gate works by exciting an
atom into a Rydberg state, where a neighboring atom in close proximity
would experience a perturbative van der waals interaction that shifts the
energy of its Rydberg states. This perturbative potential can be used to
impart a phase shift on the neighboring atom, which can be used to perform
a controlled phase gate.

However, for this to work, the atoms need to be excited into the Rydberg
state. For this, a two-photon excitation is performed, where the 7P; /5 state is
used as the intermediate state before being excited into the 75S; /2 Rydberg
state [10, 22, 24]. These two lasers are at 459 nm (6S;,2 — 7Py /2) and 1040
nm (7Py,2 — 7551 /2). One component of this thesis involves the design and

characterization of these lasers, which is described in Chapter 5.



2 THE 6S;/9 — 5D5/2 QUADRUPOLE INTERACTION
IN CESIUM FOR IMPROVED QUANTUM CONTROL
AND MEASUREMENTS

The primary focus of my work in this thesis is the development of a non-
destructive, background-free readout and cooling scheme using the 6S; /9 —
5D5 /9 quadrupole interaction in Cesium. This interaction is a second order
electric quadrupole interaction, which allows for excitation to the 5Dj /9
state from the 6S; /o state, which is impossible with a standard electric dipole
interaction. From a second-order analysis of the light-atom interaction, the
quadrupole interaction allows for two units of angular momentum to be
exchanged between the atom and the light field.

Because of this second order interaction, it is much weaker than the
standard electric dipole interaction, and as such, doesn’t primarily decay
directly to the 6S;,o state, but rather to the 6Ps/, state first, through
standard electric dipole spontaneous emission. As such, a closed loop cycle
can be implemented where the atom is excited through 6S,,5,F = 4 —
5D5/9, F" =6 — 6P3/2,F' =5 — 6512, F = 4, with the 65,5, F = 3 dark
state being forbidden due to electric dipole selection rules. Section 2.2

describes and analyzes the theory behind this interaction.

2.1 Motivation Behind the Quadrupole

Interaction

The first key point of interest in this interaction is the high pump-depump
ratio introduced because of the decay selection rules and narrow effective
linewidth (y =< 27t x 118 kHz) compared to the hyper-fine splitting (hfs)
of the 5D5 /5 state, (Asps 2, hes = 271 X 126 MHz between the F” =5 and

F” = 6 states). Section 2.4 takes a deep dive into analyzing and calculating



this ratio, finding it to be of the order 1.6 x 107. The primary reason for
the interest in this is the ability to scatter photons along this line while
preventing the information of the atom’s state from being lost by decaying
into the F = 3 dark state.

Another point of interest in this interaction is its capabilities for being
utilized for background-free imaging. Standard imaging of trapped Cesium
atoms is performed using the D2 line at 852nm, 6S; /2, F =4 — 6P3/9, F' =5,
which is a standard electric dipole interaction. In fact, this interaction is
the primary interaction used for laser cooling of the Cesium atoms as well.
However, while imaging, the atoms are illuminated with a large amount
of near-resonant light, which always finds itself making its way into the
EMCCD cameras, causing large amounts of background noise. Since the
6512, F =4 — 5Dj /5, F’ = 6 quadrupole interaction decays through this
state, the photons scattered by the atom will be at a completely different
wavelength (852nm) from the cycling pump light (685nm), which can easily
be filtered out using standard optical band-pass filters. This allows for
a background-free imaging scheme. Background free imaging has been
performed on alkali atom clouds [27-31], as well as with single trapped
atoms|[32]. But these measurements did not also have state-selective readout.

The last key point of interest in this transition is the low Doppler
temperature, which is a consequence of its narrow linewidth, y = 27 x

118 kHz. The Doppler temperature is given by [33]:

hy

Ty =
P oke

(2.1)
where h is the reduced Planck’s constant, kg is the Boltzmann constant,
and 7y is the linewidth of the transition. For our case, this gives a Doppler
temperature of Tp = 3 uK. The Doppler temperature is a laser cooling limit
for a given atomic transition, based on the linewidth of the transition. It

is the temperature where an equilibrium is reached where the cooling rate



becomes equal to the heating rate caused by the linewidth of the transition.
In this thesis, we utilize the 685nm transition to implement improved
laser cooling of the Cs atoms and a non-destructive background-free imaging

scheme that also cools the atoms during the process.

2.2 Modeling the Quadrupole Interaction

The dynamics of the atomic transition 6S;/9,F = 4 — 5S5/2,F = 6 can
be modeled through a quadrupole interaction model. In this model, the
oscillating electric field (E = |E|et®*=®Y{)  interacts with the atom through
the AC Stark Effect (H{ = —d - E = er - E) where d is the electric dipole
moment, e is the electron charge, r is the position vector of the electron, and
i is the polarization vector of the electric field. The interaction Hamiltonian

can be written as:

H = e[E|(r - @)et kTl (2.2)

Here, we can expand the complex exponential of k - r as a series: e!*7) ~
1+ ik - r. In a dipole interaction (E1), this term would be taken to the
Oth order. This enforces angular momentum selection rules such that the
maximal change in angular momentum is 1. However, if we include the
first-order term, we introduce the quadrupole interaction (E2) which makes
the Hamiltonian second order in r, allowing for Ay = 2 transitions. Our AC
Stark Effect becomes:

H =e(r-4)|E/(1+ik-r)e 't (2.3)
with E = e '*t, We can expand (2.3) as

J‘C - j_CEl + :}(EQ (24)



with:

Hey = e|Ele 1 r - §)

E ) . (2.5)
e = TVt e ) r- )
using k = %IA(, where c is the speed of light.
Hep ~1Y°
El 1q (26)
J_CEQ ~ T2Y2q

where Yi4 and Y4 are spherical harmonics of rank 1 and 2, respectively.
The first term, Hgq, is the electric dipole interaction, while the second term,
Hes, is the electric quadrupole interaction.

Selection rules dictate that JHg; cannot excite the 6S;,o — 5Dj /o transi-

tion. Therefore,

(6S12|HI5D5/2) = (6S1/2/He1 + He2l5D5)2) (2.7)
= (651/2|He2/5D52) (2.8)
(2.9)

leaving our Hamiltonian for the quadrupole interaction as:
w|E| _; N
H= e%e_l“’t(r -1)(r- k) (2.10)

Immediately, we can infer that the irreducible spherical tensor component
must be of second order, and there is a second order interaction in r, i.e.
H ~ 12Ysq. For now, we can assume an AC Stark effect perturbation from
an oscillation electric field will couple two atomic states with a Y4 spherical
tensor. The (r - lAc) component is the essential reason why the quadrupole

interaction is feasible.



2.3 Matrix Elements of the Quadrupole

Interaction

To calculate the matrix elements of the quadrupole interaction, we need to

decompose the interaction Hamiltonian:

A

H= e@ei“’t(r 1) (r - k) (2.11)

and more specifically, the term (r-) (r-k), into a radial dependent component
and a spherical tensor component. Using the following relation from [34, 35]

for commuting vectors A, B, A’ B’:

(A-B)A"B)= > (-)A®AK {B®B'kK (2.12)

K=0,1,2

where the q component of the tensor product notation is given by:

A® B}Kq = Z C}(qqA,quAqABqB (2'13)
qA,9dB
with C]quA,qu being the Clebsch-Gordan coefficient. In our case of the

quadrupole interaction, we can write:

c-a)r-k)= > (Do {Lekk (2.14)

K=0,1,2

However, we know that we only care about the K = 2 component since only

the Y4 components will couple the quadrupole interaction. This becomes:
(r-8)(r k) =frorh ek (2.15)

The {t ® 12}2 component is independent of the quantum state, and instead

is just a factor that depends on the polarization and k-vector of the light.



It can be evaluated as:

{L@khg= > CH iqla.Kq, (2.16)
Ju,qx

where g, and qy are the spherical components of the polarization and
k-vector, respectively. However, since there is an inner product with the
{r ® r} component, any terms in {it ® 12}2q that are zero will not contribute
to the interaction since Axq - Bxq/ = dqq’-

The {r ® r}» component can be decomposed to:

2 /4m
{r®rhq :r2\/;1 /?YZq (2.17)

where Yyq is the spherical harmonic of rank 2 and order .

All together, the quadrupole interaction Hamiltonian can be written as:

wlEl ¢ /2 [4Am A
H = eTe t\/; €T2 %YQq{LL@ k}gq (218)

We will revisit this in section 2.4.

2.4 Raman Depumping from Cycling on the

Quadrupole Interaction

In this section we calculate the pump-depump ratio of this cycling transition,
where the dark state is the 6S; /2, F = 3 state. This ratio is an important
figure of merit indicating how many times an average atom will cycle before
being depumped to the dark state.

Although the cycle is perfectly closed, there is a possibility of a Raman
event where the electron is excited to the 5D5 /5, F < 6 state instead of F = 6.
Even if the atom is excited to the 5D5 /o, F = 5 state, it can still decay back
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down to the 6S; /5, F = 4 state, completing the cycle since a decay to the
6P5 /9, F' = 5 state is not forbidden. The branching ratios which govern the
relative rates of these events are calculated in this section to obtain the
pump-depump ratio.

The cycling transition is from the 6S;,,F = 4 — 5D5,0F = 6 which
primarily decays down to the 6P3,o(F” = 5) with a linewidth of y =
21tx 118 kHz, and will only decay directly to the 6S; /oF = 4 via a quadrupole
decay with only a few Hz linewidth (i.e. negligible). The 6P3/5(F” = 5) then
decays to the 6S1/2(F = 4), completing the cycle. Raman events occur if the
photon excites the atom to the F” = 2,3, 4,5 states (with F/ = 1 forbidden).
An illustration of this can be found in figure 2.1.

To obtain the Raman rate, first, we must consider the rate of our atom
exciting to each of the non-cycling F’ states, and proceed to evaluating
the probability that these states do not eventually decay to F = 4. The
summation of each of these rates (down to F = 3) determines the Raman
rate. The cycling rate is simply the rate of the atom exciting to the cycling
F' =6, since it will always decay down to F = 4, summed with the Raman
rates ending in F = 4 (which should hopefully be a small contribution if the
detuning is small).

To this end, a rate vector, rg~, indicating the rate of excitation from

F =4 to F”, will be calculated from the rate equation:

I/Is,eff

T AR+

(2.19)

Where vy is the linewidth, I is the field intensity, I ¢ is the effective
saturation intensity (compensating for the degeneracy of the initial F and
final F” states), and A is the detuning of the oscillating field from the

transition. The effective saturation parameter, I/I ¢¢¢, is evaluated below:

1
I/Is’eff = Z Z I/Is,me,mg,q

Mg.q Me,Mg,q
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Figure 2.1: 6S;/2 — 5D5/2 — 6P3/2 — 65,2 cycling and depumping
diagram. Solid red lines indicate the primary cycling transition. Dashed
red lines indicate paths that lead back to cycling after a Raman event. The
dashed lavender lines indicate the Raman events that lead to the F = 3 state
dark state. Finally, the thin solid orange lines show the decay paths that
may lead back to the F =4 cycling state if a future decay returns there (i.e.
5D5/2F” =5 6P3/2F/ =4 — 651/2]: =4.

which we can write in terms of the Rabi rate and detuning (I/Is = 22/&29)
2 |QF mgyg—F/m |2
I/1g ere = e 2.20
[serr (2F, + 1)(2 + 1) 2 . v? (220
Me, Mg,
o I/Is,c Z ’QFg,mgﬁFg,meP (2 21)
C(2Fg+ D)2k + 1) ] 1Qc? '
Me,Myg,

2102
I/1s,c
cancellation of the reduced matrix element and the radial contributions to

where in the last step, y2 = has been substituted which will allow
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the Rabi frequencies. To this end,

Oy mgsrrme” _ [(Fgs Mg | Hea [FYmene) P (2.22)
Q|2 | <Fg, ME g | Heo |Fg + K, Mg g + K> 2
_ ’ <F97 mF,g | T2Y2,q | Fé'a mF”,e> ’2 (2'23)

’ <Fga mF,g |T2Y272 | Fg + 2; mF,g + 2> ’2

where, as indicated in the previous section, we take kK = 2, since we are
considering quadrupole interactions. We can obtain the second equality,
where we ignore radial contributions (and any other coefficients), because
the radial terms in H do not interact with angular momentum. Now, we
will expand these into reduced matrix elements, and Wigner n-j symbols, to
simplify.

The total angular momentum, F, is an addition of the total electronic
angular momentum, J, and the nuclear spin, I,,. In the case of the states
that we are summing over, | and I,, are the same (i.e., the only non-cycling
states we are considering are all in 5ds,/2, and as such, we must only obtain
an expansion of the angular momentum coupling in terms of J (which is
what is coupled with the perturbation), and I,, (which is orthogonal to the

perturbation)). Thus, we expand:

(_1)2'( F/,my

<17]/7F/Jm£ |r2YK,q 2 1 F,mp, K,

LJ,Fme) = o (LT F [ 72Y |

LJ,F)
(2.24)

(LT F || 7Y || L], F) = ()T /(2F + 1) (2F + 1)

J I F s (2.25)
ST ALY

which is now in terms of a common reduced matrix element, (I, J" | ¥2Y, || L, J).
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Putting it together:

(LY Fmi [©Yoq | L Fome) = (1) 002 aFp1eg o

F,mg,k,q
J T F
AL LT

To fully evaluate the matrix element, this process of decomposing the angular

LJ)

(2.26)

momentum states out of the reduced matrix element can be repeated until
we can evaluate the R/ component, using radial integrals as in [36].
However, we can use this for our purposes of calculating the pump-depump

ratio since it will cancel out Equation (2.23) becomes:

2

Jo T Fg
Q m 7 m 2 2FN 1 ‘{F// K " m 2
ramerim_ AL AL X T (gt [ 2om

|-(1c|2 N 2F9 +3 ]g I Fg Fgmg,x.q
Fg+2 2 Je

And so the effective saturation parameter ratio (sesr/s, using Equation 2.20)

becomes:
2
e e TR
1~ Vlsers (2L +1) Z g [Chima] | F e
Se , é/ S = =
e I/Tsc (2Fg + 3)(2Fg + 1)(2k + 1) I, 1R
Fo+2 2 Je
(2.28)

where the sum of the magnitude squared Clebsch-Gordan coefficients over
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mg and q is unity, such that the total sum is 2F) + 1, leaving:

o 1 F,
B2,
I, 1 F\
Fot2 2 Je

With this, we can acquire a vector representing the rate that the Fg =4

2

(2F/ + 1)
Seff,Fr/S = =
v (2Fg—|—3)(2Fg—|—1)(2K—|—1)

(2.29)

ground state will excite to each of the physically possible F/ =2,3,4,5,6
states.

Now, to get the "Raman" rate and the Cycling rate, lets look at the
probabilities that each of these F/ states decay either into either the Fg =4
(cycling) or Fg = 3 (not cycling, or "Raman"). To this end, the branching
coefficients of each of the states must be calculated. Furthermore, since
there is an intermediate state (J. = 3/2), there will be two sets of branching
coefficients to calculate.

The branching coefficient is simply the magnitude squared of the matrix
element of a rank 1 spherical tensor operator, Ty q (because this will be an
E1 decay) between the two states in question, normalized such that the sum
of branching coefficients from the same state is unity. IL.e., for the decay

Fe,me — Fg,my:

[(Fg, Mg | Tim,—m, ‘Feyme>}2
2
ZFivmj <Fi7mj ’Tlvme*mj |Fe7me>‘

(2.30)

bFe,me—)Fg,mg —

where the sum over i indexes the possible m values for the given j state,
which symbolizes all other possible states (obviously, only the possible states

will have a non-zero matrix element, so this sum is over the possible states).



15

If we combine the degenerate m states, this becomes:

2
Y g qme [(Fgsmg [ Tig [ Fe,me)]

T e K [T [Pl 0
Using (2.26) again, this becomes:
, 2
(2Fg +1) Ty e |CFom 1] {i i ?H
br.F, = ’ 1 (2.32)

Fe,me
Fi,my,1,q

ZF1(2F1 + 1) ij,q,me C

’ 2

Je T Fe
Fo 1 Jg

And as before, the sum over CB coefficients will simply equal 2F, + 1 and

cancel out (if the transition is allowed), and the reduced matrix elements

cancel out since Iy = [, and all J; = J4 are equal.

2

Fg 1 Jg
Je T Fe

2 (2F+1) {Fi ) ]g}

Now, we can define two matrices for these branching coefficients, the
first from the 5D5,o — 7P3,2 and the second for the 7P3,9 — 6S;/2. The

first matrix, will be a 4 by 6 matrix (there are four F, states in 7P3,5 and

2
(2Fy +1)

Fr, = ~ (2.33)

six F{ in 5D5/2), and the second will be 2 by 4 (there are two Fy states
in 6S;/9). These matrices can then be multiplied together to get a total

branching coefficient matrix, for coupling each state in 5D5 /5 down to 6S; /2
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through the two photon process with the intermediate 7P3 /5 state.

3 3
L5 0 00
2 5 11
b5D5/2—>7P3/2: " i i 2 108 ’ (234)
00 5% 20 2 0
7
00 0 155 3 1
13 20
4 12
1012
1 2 3 L 3
10 4 20 10
10 4 20 10
And so our Cycling and Raman rates become:
Trr=1
Trr=2
1 2 3 L 3
T TEi—
<c>: 110 ? 290 170 F/=3 (2.37)
TR 0 0 4 20 10 1 TE/r—4
Trr=5
TF/=6

where the values for rgs come from (2.19) and the values for the saturation
intensities come from (2.29) as a function of the saturation intensity.

These can be evaluated as a function of detuning and/or saturation
intensity, as well as a ratio (rc/rg), Figure 2.2. Additionally, the cycling
rate can be plotted as a function of the detuning and/or saturation intensity,
Figure 2.3.
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rC/rR as a function of detuning (A/y) for a few saturation parameters

rCIR
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Figure 2.2: Logarithmic plot of the cycling rate over the Raman rate as a
function of the detuning, for a few saturation parameters
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rC as a function of saturation parameters, for a few detunings
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Figure 2.3: Logarithmic plot of the cycling rate over the Raman rate as a
function of the detuning, for a few saturation parameters
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3 EXPERIMENTAL APPARATUS AND DESIGN FOR
CREATING QUBITS AND PERFORMING
QUADRUPOLE CONTROL

3.1 The Experimental Apparatus

The experimental setup involves a dual-glass cell vacuum chamber, separated
by a pinhole allowing for a differential pressure, where a Cs dispenser is
placed in the bottom cell and atoms have to travel through a small pinhole
before meeting the ion pump and the upper glass cell where the main
experiment is performed.

This section describes the 2D and 3D Magneto-Optical-Trap (MOT)
systems in detail, and presents the general design and apparatus of the

experiment.

3.1.1 The 2D MOT

The lower cell has a 2D MOT setup with large waist beams and permanent
magnets for creating the quadrupole field. These 2D MOTs are created
using a pair of retro-reflected 852 nm lasers [37, 38]. To get atoms to the
upper chamber, a push-beam (using a sample of the same light for the 2D
MOT beams) blows atoms out of the 2D MOT, through the pinhole, and
into the upper cell. This creates a column of atoms into the upper chamber,
which is used to load a 3D MOT.

The beams for the 2D MOT are composed of —2y detuned 852 nm
light for pumping the 6S;,5,F = 4 — 6P3,5, F' = 5. Since this transition
has a much higher Raman depump rate than the quadrupole transition (as
discussed in 2.4), a repump laser is necessary. This repump laser is locked
to the 6S1/9,F = 3 — 6P3,5, F' = 4, such that atoms depumped into the
ground F = 3 dark state will be pumped back into the F = 4 dark state
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685nm + 852nm MOT beams

z Top-Right
x| Y
Back
Trap and Single-Atom NA =0.55 MOT TOF
Imaging (803nm + 852nm) el Ila Vs Imaging

Bottom-Right

Figure 3.1: 3D MOT Layout for the upper cell. 685 nm and 852 nm beams
are combined to make a make a MOT with diagonal-top/bottom left/right-
beams, as well as a pair of beams for the front and back.

through the 6P3/2,F' =4 — 6512, F = 4 decay channel. These lasers are
combined on a PBS which splits the power between the push beam and the
2D MOT beams, which are then fiber coupled (with a polarization cleanup

stage) to the experiment apparatus.

3.1.2 The 3D MOT

The 3D MOT is setup with 6 independent beams into the square cell.
These include 2 pairs of diagonal beams (top/bottom-left /right) as well as a
front /back pair. Figure 3.1 presents this layout and figure 3.2 is an actual
image of the system. Since the diagonal beams need to make it around the
objective, there is a 50 degree angle-of-incidence (AOI) from the normal of
the glass for these beams. The beams have a waist of 3.2 mm (1/e? radius)
for the diagonal beams and 3.7 mm for the front/back. The beams are
aligned to create a MOT at the center of the glass cell, at an intersection
with the push beam from the 2D MOT glass cell below.

To create the proper polarization of light required for the MOT (o + /—)



Figure 3.2: An image of the upper cell chamber.
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for both wavelengths, achromatic quarter-waveplates are used to rotate the
852 nm and 685 nm light equally. We use protected silver-coated mirrors
instead of dielectric mirrors for their improved achromatic polarization
performance. These quarter-waveplates are placed as close to the cell wall
as possible. However, the cell wall itself is not well coated for 685 nm and
is coated for 852 nm. This causes an unknown chromatically dependent
retardation that can’t be accounted for. The consequences of the effects of
the coating issues are discussed further in 3.2.1.

In order to get the bottom diagonal beams into the cell, mirrors have
to be placed (see Figure 3.1). Unfortunately, waveplates cannot be fit into
this space and they have to be placed before the mirror. This causes some
further issues, preventing ideal circular polarization in the glass cell at the
atoms for the cooling. In the end, the best that we could do was optimize
the waveplates for MOT brightness.

To observe the 3D MOT, an Andor Luca EMCCD camera with a zoom
lens images the atom cloud. This camera has an 852 nm line filter to remove
background light (like the 685 nm light). This camera is able to also take
very short exposure time images (1 ms) allowing for time-of-flight atom
temperature measurements (implemented in section 4.1.3).

A layout for the optics before the cell for the bottom beams can be found
in figure 3.3. Since the beams have to be very close to the main optical
table, this is done on a separate breadboard hanging of the main optical
table. The top beams are combined similarly, but with a vertical breadboard
that is aiming down into the cell. However, in this case, to improve the
independent alignment capabilities of the 685 nm vs 852 nm beams, we add
a pair of PBS’s to first split the 685 nm light, then recombine before adding
with the 852 nm on the dichroic mirror before another PBS.

The front/back 685 nm + 852 nm beam pair is not combined on a
dichroic mirror, and is instead a skewed beam. The angle of incidence of

the 852 nm light is close to normal, but the 685 nm light has an angle
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To Bottom MOT Left/Right

685nm/852nm
Dichroic Mirror

Figure 3.3: Bottom 685 nm+852 nm MOT light combining optics. Lasers
are combined on a dichroic and sent to the bottom mirrors in figure 3.1.

of incidence about 5 degrees from the normal on the x-y plane (see the
coordinate system in figure 3.1).

Each counter-propagating beam has a relative frequency of 1 kHz imposed
with the switching AOMs. This highly reduces standing wave effects in the
beams which improves the MOT stability.

There are a total of 4 fiber launches for the MOT beams for both colors
of light (so 8 total). To improve the intensity stability of the beams each
of these fiber launches has a photodiode with a trans-impedance amplifier
to measure the power of the light for calibration purposes. This voltage is
measured on a National-Instruments analog input card, which is measured
within the experiment cycle. Since there can be erroneous light leakage from
the counter-propagating beams, the analog input measurement cycle for
this calibration stage involves a round-robin approach where each beam is
independently turned on for a brief moment. This occurs every experiment
cycle (i.e. before the MOT is loaded). The feedback of the beam power
measurement error is sent to a set of Thorlabs K10CR1 rotators with L/2
waveplates. These allow for feedback to ensure the power is always at a

specific setpoint, even as the laser systems’ alignment drift.
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Coil drivers (see section 6.2) are used to drive x-y-z shim coils and an
anti-Helmholtz coil, where x is the front-back axis, y is the axis of the
objective, and z is the vertical axis. As such, the diagonal MOT beams are
on the y-z plane and thus not on a directly controllable axis with the coils.
This makes MOT alignments a little more difficult, but still manageable.
The quadrupole magnetic field axis (i.e. anti-Helmholtz axis) is along the

x-axis and therefore does have a dedicated beam for it.

3.1.3 Single Atom Trap Design with Hole Array

Atom trapping is achieved by imaging a mask with holes on it, similar to the
work done in [39]. In our situation, the mask only has an array of 3x3 holes
and the separation between the holes is 1.5 mm. The holes are completely
opaque with a diameter of 200 um.

The laser is an 803 nm laser which is a "blue" Far Off-Resonant Trap
(FORT) laser for the 6S;,» ground state of Cesium, but a "red" trap for
the 6P3 /5 excited state. However, this wavelength is "magic" for atoms in
the 5Dj /9 excited state, meaning that the differential AC stark shift can
between 6S; /2, F = 4 and 5D5 5, F = 6, [mg| = 6 cancel each other out, which
is discussed in much further detail in section 4.3.2 as well as in [40, 41].

As described in [39], the light from the trap has to be imaged into cell
from the mask. This involves setting up an series of "4f" imaged lenses.
Figure 3.4 shows the technical design of this setup. Figure 3.5 shows an
analysis of the trap array by measuring the trap shape on a CCD camera
with 3.45 um pixels. The camera was placed at the final image plane before
the atom image plane, and was used to optimize the position and closure of

the iris for the trap shape.
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Figure 3.4: 4-f Imaging setup for trap array. Distances not to scale. Each
lens is separated from the previous lens (along the beam path) by the sum
of their focal lengths for 4-f imaging.
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Analyzing the trap shape in final image plane

The trap shape fitting in figure 3.5 involved fitting a gaussian potential
(106_2("/“*)2_2(9/%)2) to the global beam profile followed by fitting the hole
in the trap (the subtraction of the fit gaussian intensity from the actual
intensity) to a parabolic function (axx2 + ayy2 — Iinin). Since there is an
objective (f = 22.8mm) and achromat (f = 250mm) between the final
image plane and the atom image plane, a scaling factor of 3.45 um/pixel x
22.8/250 = 0.317 um/pixel is used to scale the horizontal axes of the
subplots to be in the distance scale at the atoms (this assumes that we are
not diffraction limited and the imaging is done perfectly).

The total power of the beam is measured to be 125 mW. Using this, we
can extrapolate the peak intensity of the gaussian beam (I = %, where
o is the 1/e? intensity waist). From the fits, we find o, = 19.6um and
oy = 20.1um. With o = 19.8um (the average), the peak intensity of the
"gaussian beam" is Iy = 0.2mW/um?.

The AC Stark shift on the 6S; /5 ground state from the trap potential
can be calculated from the scalar polarizability of the ground state at 803

nm:

1
AUge = _ZOCSI|8|2 (3.1)

1 21 (3.2)
=——x — )
45t €oC

where sy is the scalar polarizability in SI (not cgs), € is the electric field,
[ is the beam intensity, €, is the vacuum permittivity constant, and c is
the speed of light. In with « in cgs units; as; = 4mepxcgs, equation 3.1
becomes:
AUy, — —2cqsl (3.3)
c
The scalar polarizability of the 6S;,5 ground state of Cs is axcgqs =

—365 x 1072* ¢cm? in the cgs unit system. With this, we can compute the
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Figure 3.5: Analysis of trap shape and size in final image plane before
the atom image plane. The cross-section plot’s horizontal axes are scaled
with a factor of 3.45 * 22.8/250 um/pixel to demonstrate the beam size in
the atom plane. The vertical axes are scaled to normalize the intensity of
the gaussian fit. Top-Left: The raw data measured by the Thorlabs CCD
camera with 3.45 um per pixel. Top-Middle(Right): x/(y) cross-sectional
fits of the normalized intensity (peak intensity is equal to 1). Bottom-Left:
A zoom in of the Top-Left image, centered around the hole in the trap.
Bottom-Middle(Right): x/(y) cross-sectional fits of the gaussian subtracted
trap to a parabolic potential. Functional forms of fits are presented in the
legends of the cross-section plots.
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AC stark shift at the peak intensity (I = 0.2mW/um?) of our 803 nm
trap laser on the ground state to be AUy, = 1.56 * 10727]. We can also
scale this by the Boltzmann constant, which relates the thermal energy of
a particle to the thermal temperature of that particle. With this scaling
factor, we can have an idea for what the maximum temperature is for an
atom trapped in the potential. Performing this scaling gives us a trap depth
of AUy = 113pK.

Since this is the scaling factor at the peak of the gaussian distribution
in figure 3.5, we can also apply this scaling factor to all of the plots in the
figure to determine the potential energy in terms of uK at all points. 3.6
presents this data.

We find that the minimum trap potential is at around 7uK, assuming
that there are no diffraction-limited effects causing an increased offset on
the bottom of the potential. This also indicates that atoms over 106K will

escape the trap.

Calculating the trap frequency from fit

If we model the trap potential as a harmonic oscillator, we can extrapolate

the trap frequency. A harmonic oscillator potential,
1 2.2
Usho = §TTL(,U X (34)

where m is the mass of the Cs atom, w is the angular trap frequency, and x
is the spatial displacement. The cross-sectional parabolic fits shown in figure
3.6 are of the form ax? with a spatial offset for x and a vertical constant
offset. Since the offsets are unimportant for the trap frequency, we can

extrapolate a = mw?/2, or:

w=1/— (3.5)
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Figure 3.6: Trap shape analysis as seen in figure 3.5 but with temperature
scaling in uK for the vertical axis, using the total beam power of 125 mW,
gaussian beam waist of 20 um, and the ground state scalar polarizability of
—365 x 1072* ¢cm? (cgs units) at 803 nm to calibrate.
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From the fits, ay = 38 pK/pm? and a, = 31 pK/pm?. The mass of a
Cs atom is 2.2 x 1072 kg. With this, we can solve for the angular trap
frequency, wy = 69krad/s, w, = 62krad/s. Or in terms of frequency,
fx = 10.9 kHz, fy = 9.9 kHz. These values are experimentally verified in

section 4.2.3.

3.1.4 Imaging single atoms onto the EMCCD

As figure 3.1 indicates, the 852 nm atom florescence and 803 nm are imaged
using the same achromatic high NA objective. This allows for simple
alignment in order to be able to see the single atoms in the cell. As seen in
figure 3.4, there is a dichroic which splits the 852 nm imaged light and 803
nm trap light. The imaging light is magnified by a 75 mm/85 mm telescope
and imaged onto the EMCCD camera. Due to imperfect achromaticity of
the lenses, it is expected for there to be a chromatic spatial shift of the atom
fluorescence image plane and the trap image plane. This can be compensated
for easily, since the placement of the 85 mm lens can be adjusted to image
the right plane.

Unfortunately, the dichroic filter is not placed in a good location of the
optical train. It is very close to an image plane with a very small waist,
which means that the angle of divergence is relatively high. If the light from
the atom has a lum waist (rough estimate based on trap size), then the
size of the atom in that image plane is about 11 um. This gives an angle
of divergence of 8 = %w() = 0.025 rad = 1.5 deg. When this diffracting
beam travels through the dichroic, an astigmatic-like aberration is created
because of the thickness of the dichroic (which is at a 45 deg angle from
the beam k-vector). The axis of the beam that does not see the 45 degree
angle of the dichroic has a different phase accumulation than the axis of the
light that does see the 45 degree angle of incidence. There is also a spherical
aberration caused by the fact that the beam has the 1.5 deg divergence

angle through the flat window. Since the beam component that is further
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from the beam center will have to travel through the dichroic for a longer
distance, it will have an increased phase accumulation than a beam traveling
at the center.

An improvement to the imaging train would be to place the dichroic
in a collimated plane, near the plane directly after the objective. In this
(Fourier) plane, the focal waist is massive, so the beam is "collimated". The
astigmatism caused by the angle of the dichroic would become much less
problematic because the beam is very large. And since the beam has a
very small divergence angle, there would be very little spherical aberration.
Unfortunately, we did not have a dichroic large enough for this, and if we

had used the dichroic we do have, it would have clipped the beam.

3.2 Developing the 685 nm Laser System

The first step in utilizing the quadrupole transition in Cesium is getting
a laser. This section discusses the laser infrastructure design and noise
characterization of the 685 nm laser. Figure 3.7 shows an image of the laser

source for the system, described in section 3.2.2.

3.2.1 685 nm Requirements and Design

The glass cell used for the experiment was unfortunately not coated for 685
nm, and the cell wall transmission is very bad. Table 3.1 presents the cell
wall transmission data, based on measurements performed by shinning 685
nm light through the cell and measuring the amount of light coming out
of the other side. Taking the square root of the total loss ratio is the loss
of a single window, which is the loss to reach the atoms. As indicated, the
front and back axes have very low transmission of around 50%, while the
diagonal axes have a transmission of around 90%. This is the core reason
for why a retro-reflection MOT system isn’t feasible, leading to our 6-beam

approach. The 90% transmission becomes 70% on a the third pass through
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Figure 3.7: 685 nm Laser System from a 15W Sprout pump at 532nm, an
MSquared SolsTiS lasing at 685 nm, and a ULE cavity for locking the laser.

the window for the diagonals, and the 50% transmission becomes 13% for
the front/back. Additionally, since the transmission of the front and back
is so low, a 5 degree angle of incidence was added to the beam to reduce a
cavity effect caused by the normal incidence, resulting in spacial interference
patterns.

The beam waists are also described in the diagram, the resulting esti-
mated peak intensities, and the power of the laser before entering the cell.
As described in section 3.1.2, the 685 nm beams for the top right/left come
from the same fiber, and the bottom right/left also come from the same

fiber. The front and back each come from independent fibers. These fibers
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Table 3.1: 685 nm cell window transmission data measured by square root
of total transmission through whole cell (meaning that the loss per cell wall
was considered constant.) Diagonal beam’s angle of incidence is 50 deg and
front/back is 5 degrees.

Beam Waist (mm) | Transmission (%) | Peak Intensity (W/cm?) | Power before cell (mW)
Front 1.1 51 0.10 7.5

Back 1.1 56 0.10 6.8

Top-Left 0.58 92 0.23 2.6
Bottom-Right 0.58 85 0.47 5.8
Top-Right 0.58 87 0.58 7.0
Bottom-Left 0.58 91 0.31 3.6

Total 1.80

are switched with upstream AOMs (before the fiber) in the 685 nm Injection
Lock Amplification setup (3.2.3).

The powers of the beam exiting the fibers are around 15 mW for the
top and bottom launches, and about 7 mW for the front and back. These
powers are stabilized using a photodiode immediately after the fiber cleanup
polarizer to measure the power of the light, as described in section 3.1.2.
The power is then stabilized using a K10CR1 rotator with an L/2 waveplate,
which is controlled by a National Instruments analog input card. Up to 20
mW are coupled out of the top/bottom fibers, and 10 mW for the front/back,
but this power is brought down to allow for the power stabilizer to have
space to operate.

The design of the 685 nm system first involves a M2 laser system (3.2.2)
which has an SolsTiS laser locked to a ULE cavity. This light is coupled to
the injection lock setup (3.2.3) which amplifies the power through injection
locking. This setup is also responsible for housing the switching AOMs
and the fiber launch and rotating stage systems before being sent to the

experimental apparatus presented in section 3.1.2.
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Figure 3.8: Optical layout of the 685 nm M2 laser system.

3.2.2 685 nm M2 Laser System

The 685 nm laser system is based on a 15 W Sprout laser at 532 nm, which
pumps an MSquared SolsTiS cavity lasing at 685 nm. The amount of power
from the SolsTiS started out at around 600 mW, but has been constantly
degrading over the past many years. As of the time of writing, and a lot
of the data taken, the power is now down to around 300 mW from 15 W
pump, which is just enough to keep the SolsTiS etalon locked.

This is an older SolsTiS, before they added EOMs to the cavity, which
means that the only feedback paths are the two piezos (fast and slow).
Section 5.1.2 discusses the locking scheme used for the 459 nm laser which
also has the more modern, fast EOM feedback path, allowing for a simpler
locking scheme. Section 3.2.4 discusses the electronics and feedback design
for the 685 nm laser locking scheme.

Figure 3.8 shows the optical layout of the 685 nm laser system. After
exiting the SolsTiS, the light is sent through some beam shaping optics. This

then enters a Glan-Taylor polarizer and into an out-of-cavity EOM. This
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EOM is aligned to apply a phase shift to the light, and if properly setup,
can be used to maintain the narrow the spectrum of the laser (see section
3.2.4 for a mathematical analysis of the capabilities of an out of cavity
EOM). This light is then cleaned up in polarization again with another
Glan-Taylor and sent to a few destinations with beam splitters/samplers.
These destinations include the ULE cavity setup, a low power fiber launch
to send about 10 uW of power to the wavemeter, an adjustable fiber launch
to the self-heterodyne setup (more or less power can be sent here to increase
the amount of heterodyne signal), and a fiber launch to the 685 nm injection
lock amplification setup (3.2.3).

The light heading to the ULE cavity includes a double pass AOM for
allowing a frequency offset of the laser from the cavity mode frequency.
The AOM is driven at a 115.1 MHz frequency with a negative first order
diffraction mode. This means that the laser frequency out of the SolsTiS
is 115.1 MHz % 2 = 230.2 MHz higher than the cavity mode. After the
double pass, the light passes through the PDH optics (involving an EOM
modulated at 12 MHz) and is coupled to the cavity. The cavity mode used
is a TEM(; mode and has a PDH feedback based locking scheme described
in section 3.2.4. It is important to ensure that very little power is coupled
into the cavity, since any thermal loss will cause the cavity to heat up. Since
the cavity is in a vacuum cell with large amounts of thermal isolation from
the environment, the cavity does not have a way to dissipate heat either.

There is about 250 mW of power coupled into the fiber to the injection
lock amplification setup. This includes a polarization cleanup stage to align
the polarization of the light to the fiber. However, only 120 mW is coupled
out of the fiber, with each PBS transmission causing a 10% loss (a 19% total
loss), leaving a fiber coupling efficiency of about 70%. There is a K10CR1
rotator with an L./2 waveplate to stabilize the power of the light before the
fiber, but this rotating stage was ultimately never used because it was found

to cause oscillations when run in conjunction with the downstream rotators.
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3.2.3 685 Injection Lock Amplification Setup

This section describes the amplification setup for the 685 nm laser system,
which utilizes injection-locked diodes to increase the amount of power. There
is also a set of switching AOMs to allow for all four channels (front, back, top-
left /right, bottom-left /right) to be independently switched and frequency
shifted. Figure 3.9 shows an image of the setup in action.

As mentioned in section 3.2.2, there are 120 mW of power coupled out of
the fiber (and PBS). There are two injection-locked diodes in the setup, one
for the top left /right and one for the bottom left /right beams. The front and
back beams come directly from the fiber out of the 120 mW of power. Only
5mW are needed for the seed power to the injection-locked diodes [42-44],
but this has to travel through lossy optics and about 7 mW are sent to each
of the injection lock diodes. Since the light coupled to the amplification table
is a very clean gaussian beam (from a single-mode fiber), we can recouple the
light back into a fiber after passing through the AOM switch and K10CR1
rotator stages and polarization cleanup optics. There is a maximum of about
20 mW of power coupled into each of the front and back fibers, since the
seed laser has to be sent to many locations, and travel through an optical
isolator (Tx ~ 80%). So the budget is 120mW x 0.8 = 96mW (optical
isolator loss), from which 14 mW are sent to the injection-locked diodes,
leaving about 80 mW for the front and back fibers, 40 mW for each. With
an AOM diffraction efficiency of up to 70%, and other losses from PBS’s

and lenses, we get 20 mW of power for each of the front and back beams.

Injection-Locked Diode Enclosure and Temperature Control

The injection-locked diodes are HL69001DG@G, made by Ushio. Figure 3.10
shows the lasing wavelength vs. temperature for this diode, taken from
the datasheet. The center wavelength at room temperature is 690 nm,
but allows for a tuning range down to 685 nm with a case temperature
of 0 °C. We decided to give these diodes a try and attempted to build a
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Figure 3.9: A picture of the 685 nm amplification stage in action.
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Figure 3.10: Lasing wavelength vs temperature for the HL69001DG diode
taken from the datasheet. At a case temperature of 0 Celsius, the lasing
wavelength is 685 nm and the center wavelength at room temp is 690nm.

humidity-controlled enclosure for the diode so that the 0 °C temperature
would not cause both condensation and subsequent freezing of water onto
the optics. This enclosure was built by Quinn Meece and the control system
for the temperature and humidity was programmed by Isaac Scott.

The enclosure involved building a small box with active dehumidifier
elements from Rosahl that use a "micro-membrane’ to perform electrolysis
of water molecules passing through. We never really got this system to
work well. While it did reduce the humidity, it never quite met the specs.
But after over-engineering the enclosure, we managed to safely bring the
temperature of the diode mount inside the enclosure to 0 °C while keeping
the dew point at a lower temperature, without condensation forming. This
also involved lowering the temperature of the ambient air in the enclosure,
effectively creating a two-stage cooling scheme.

With the dehumidifier, the humidity inside the enclosure was reduced to

around 30% relative humidity. This means that if the air temperature inside
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Figure 3.11: Dew Point (C) vs air temperature based on the Magnus formula.
Reproduced from Easchiff, Wikimedia Commons, CC BY-SA 4.0; [46].

the box was 15 °C, the dew point would be negative. Figure 3.11 shows the
dew point vs. air temperature based on the Magnus formula [45]. Note that
this figure is reproduced from Easchiff on Wikimedia Commons, licensed
under CC BY-SA 4.0. From the figure, we can see that at an air temperature
of 15 °C and relative humidity of 30%, the dew point is around -5 °C, which
gives enough room to ensure that the diode is safe. Temperature interlocks
were set up to ensure that if the humidity or air temperature were too high
for the diode temperature, the laser temperature would be ramped up to a
safe level.

! However, after building and preparing this entire enclosure, we decided
to just try injection locking the diode at 25 C. And to our surprise and
disappointment for all the effort to prepare this enclosure, the diode injection
worked perfectly at 25 C. So the entire humidity and temperature control

system was never used.

Image reproduced from Easchiff, Dewpoint-RH.svg, Wikimedia Commons, https:
//commons.wikimedia.org/wiki/File:Dewpoint-RH.svg, licensed under CC BY-SA
4.0.
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Laser Diode Injection-Lock setup

The injection-locked diodes run at around 160 mA, giving about 180 mW of
power out of the diode. 200 mW is the absolute maximum output power,
so running at this level improves diode longevity. A 5 mW seed is used
to injection lock the diode, which means we get an amplification factor of
36, or about 1.5 orders of magnitude. The injection-locked stability is very
good, with an injection current lock range of about 3 mA. Some references
that discuss injection locking and other (more complicated) applications
include [47, 48].

The optical train for our injection-locking scheme first involves a PBS
beam splitter to take the 7 mW sample of the seed laser. This sample is
then sent through a beam sampler (for auto-relock, see Section 3.2.3), and
then through a PBS, a 45deg Faraday rotator, and another PBS (rotated at
45deg). This is, indeed, the description of a disassembled Faraday isolator.

The seed light passing through the Faraday isolator is output from
the 45deg PBS, further rotated by a A/2 waveplate, then coupled into the
injection-locked diode, with some beam-shaping optics as well. However,
the light leaving the injection-locked diode enters the Faraday rotator and
gets rejected by the PBS, allowing for a separation of the seed light and
the injection-locked light. This is the key to an injection-locked diode, since
the seed light cannot itself be injection-locked by the injection-locked diode.
(Also, it would be nice for power to be output somehow.)

There is an additional stage of optical isolation after the seed laser fiber
launch, as mentioned before, to further attenuate the injection-locked laser
source from coupling into the seed laser.

After the Faraday and PBS elements, the injection-locked light passes
through a beam sampler (also for the auto-relock scheme, 3.2.3), then to
the switching AOM for that beam path (top or bottom), and coupled to the

fiber with a rotator and polarization cleanup as has been described above.
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685 nm Switching AOMs

The switching AOMs are used to switch the 685 nm light for the front, back,
top-left /right, and bottom-left /right beams. Each of these AOMs are driven
at 147.5 MHz and are also responsible for applying small frequency shifts to
the beam for spectroscopy and dynamic frequency shifts. However, they are
setup in a single-pass configuration, meaning that there is a spatial coupling
to the frequency shift. To mitigate this effect, we place the AOM at the
focus of a f = 100 mm telescope with a 1:1 magnification. As such, when the
AOM applies a k-vector shift to the diffraction order in the "Fourier" plane,
the beam is simply displaced slightly in the image plane. This is better than
the alternative where there is only ever a collimated beam that is deflected
at an angle. In this situation, the beam continues to be displaced as it
propagates to the fiber launch, building up a larger and larger displacement.
A double-pass AOM would be better for the frequency shift and shuttering,
since this would prevent the spatial coupling of the frequency shift, but
there would be a much larger power loss [49].

We align the AOMs at the center frequency of 147.5 MHz, very near the
atomic resonance of the 6S1 /5, F =4 — 5D5 /5, F” = 6 transition, based on
measurements of the ULE cavity’s frequency done by previous members of
the group [50, 51]. With the telescope technique, a 5 MHz frequency shift
(AOM driven at 152.5 MHz), causes a power loss of about 90%. This isn’t a
huge issue because we can still perform power balancing and calibration of
the beams by adjusting the AOM drive power in the DDS. All of the 685 nm
imaging and cooling operations described in this thesis involve calibration
of the DDS power to mitigate the uncalibrated frequency dependent power
loss of the AOMs.

We also apply a relative 1 kHz frequency shift to the top vs bottom
beams and the front vs back beams. This reduces standing wave effects of
the light in the cell without having to use piezo electric actuators to vibrate

the mirrors [52].
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Auto-relocking the injection-locked diode

Re-locking an injection-locked diode is very simple, involving a simple ramp
of the injection current up by about 5 mA, then back down to the nominal
current. A script that re-locks the diode was implemented in Python, which
sends a set of VISA commands to the Arroyo current controller, which
performs this ramp. However, this requires an awareness of an unlock event.
These events are rather rare, but can easily happen if the seed power has
drifted too much, or if the seed laser has been interrupted for a brief instant
(for example, if somebody were to place their hand in the beam path briefly).

To detect an unlock event, an interference measurement of the seed laser
with the injection-locked laser is performed on a simple PICAM CCD camera,
with an image analysis script. To create an interference pattern, a two beam
samplers are placed for the seed laser and the injection-locked laser, similar
to a Michelson interferometer ([53]). These beams are then combined on
the camera with a small angle between them to create a clean interference
pattern. Figure 3.12 shows the interference pattern of the injection-locked
diode with the seed laser on the camera. The left (unlocked) image is washed
out and doesn’t show much of an interference pattern while the right image
(locked), does show a clear interference pattern. The left image does have a
washed out interference pattern, likely caused by some gain of the seed laser
in the injection-locked diode, meaning the diode is running multi-mode. As
the current is ramped up and back down, the interference suddenly hops
into the injected lasing mode.

To analyze the interference pattern, the image is rotated to align the
interference fringes with the y-axis, then a spacial Fourier transform [54, 55]
is performed on the x-axis. Since the spacial frequency of the interference
pattern is primarily dependent on the angle of incidence between two beams
[53], the Fourier transform will have a peak at a specific spacial frequency.
When this special frequency is above a threshold, the diode is considered

to be locked. The camera has a frame rate of 30 Hz, so the analysis can
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Figure 3.12: Interference pattern of the injection-locked diode with the seed
laser on a PICAM CCD camera for the unlocked laser (left) and locked laser
(right). The interference pattern is used to detect an unlock event through
Fourier transform image processing.

be performed at this rate, and when the diode ever becomes unlocked, it

performs the re-locking script mentioned before.

3.2.4 685 nm Locking Scheme

As mentioned many times through this text, the locking scheme of the 685
nm laser to the ULE cavity is a little bit more complex than a standard
locking scheme [56, 57]. The SolsTiS is the resonating cavity of the laser and
has two internal feedback mechanisms for control. As is standard, these two
loops are a fast and a slow piezo loop. As mentioned in section 5.1.2, the
bandwidth of the SolsTiS fast piezo is around 100 kHz, while the slow loop
has a bandwidth of around 50 Hz (but a very large dynamic range). As such,
the fast loop’s responsibility is to narrow the frequency noise of the laser
while the slow loop is responsible for handling the slow drifts caused by the

many environmental effects such as temperature, humidity, and pressure.
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Figure 3.13: Basic feedback system with labels. A setpoint and a measured
process variable are compared to create an error signal. A gain stage acts
on the error signal to create a control variable, which is then applied to
the process. The process then is measured to create the measured process
variable.

For references and labels, figure 3.13 shows a basic feedback system
[58-60]. The setpoint is the voltage offset of the generated PDH signal. The
measured process variable is what is generated from the PDH, which may
have an offset. The error signal is the difference between these two, which
is then amplified by a gain stage (i.e. a PID) to create a control variable.
This control variable is then applied to the process/plant, which in this case
is the laser cavity. The process/plant is then measured again to create the
measured process variable. For a system with two feedback loops (fast and
slow), it is common to use a "double integrator' [60]. But as I lengthily
discuss in section 6.1.4, double integrators are problematic. To this end, I
present a different locking scheme.

Consider another perspective on the purpose of a slow loop: the slow
loop is responsible for maintaining the fast laser lock—to keep the fast loop
control variable integrator from acquiring a DC offset. This framing of the
problem invites a very interesting solution. Instead of feeding the error
signal to the slow loop, we can define a new error signal based on the control
variable of the fast loop. The goal is to drive the fast loop control variable
to zero using an integrator.

This is effectively the same thing as a double integrator, since the
error signal is being integrated twice. However, in this scheme, the second

integration is entirely about maintaining the fast loop and preventing it
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Figure 3.14: Locking scheme for the 685 nm laser. The fast piezo loop is
responsible for stabilizing the laser frequency, while the slow piezo loop
ensures the fast loop remains locked over longer timescales by monitoring
the fast loop control variable after passing through an LPF. The slow loop
is effectively a double integrator, but constructed as a PI loop that drives
the fast loop control variable to zero. There is also an EOM feedback loop
that applies a P-LPF loop to the EOM.

from railing—and it does this without requiring a massive low-frequency
gain coefficient. This means we are not limited by the non-linearities of the
op-amps: specifically, railing, input offset voltages, drifts, etc.

A detailed depiction of the locking scheme for the 685 nm laser is shown
in figure 3.14. To understand this scheme, it is recommended to be familiar
with the QPAL lockbox and its features. See section 6.1 for a full description
of the lockbox. A PDH signal is generated, as standard. This is sent in
parallel to both channels of the QPAL lockbox. For both of these channels,
the generated error signal (this is the measured process variable in figure
3.13) is sent to A-in of both channels. The setpoints are generated on-board

with trim-pots.
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Detailed 685 nm Locking Scheme

Channel 2 (the right channel) of the lockbox is responsible for driving the fast
piezo using both of its feedback paths. This is therefore a PI-LPF + PD-LPF
gain stage, which is not quite the same as a PID, because it bypasses the
nonlinearities of realistic systems introduced by op-amp-based integrators,
proportionals, and derivatives. This design allows for clean and independent
control of the integrator loop and the proportional loop. The integrator
technically has two parameters: a PI corner and a P gain. The same applies
for the PD loop. By separating these (and giving them independent low-pass
filters), it improves the tuning capabilities of the system. This is described
in more detail in the QPAL lockbox section (Section 6.1).

Channel 1 (the left channel) also has two loops utilized, but these are not
connected in this case. Here, the fast loop of the lockbox is fed to the EOM.
As discussed in Section 3.2.4, the EOM can be modeled to intrinsically act
as having a built-in derivative term when applying feedback to the laser. So
in this case, a PI loop would actually become a DP loop (i.e., P — D and
I — P). However, if the integrator is used and only differentiated, then it
is not a good feedback scheme, because there will be nothing to prevent it
from wanting to rail. Thus, the ideal gain term for the EOM is a P-LPF
loop. A derivative would only become a second-order derivative.

It is also important to note that a DC offset on the EOM will have
absolutely no effect on the laser frequency—it will just cause the laser to
have an increased phase offset due to a longer effective path length. As such,
the low-frequency components of the error signal generated in Channel 1 do
not affect this loop.

Channel 1 also has a second loop, which is the PI loop that feeds back to
the slow piezo. As mentioned above, the slow piezo is responsible for keeping
the loop controlling the fast piezo (Channel 2) from railing, by monitoring
the fast piezo control variable. To achieve this, the control variable of
Channel 2 is sent through a 1 Hz low-pass filter (LPF) and then sent to the
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B-in of Channel 1. The setpoint input is intended to combine with the A-in,
so that when the laser is at the lock point, setpoint—A-in = 0. Then, when
the fast piezo control variable is also added in, setpoint — A-in 4 B-in = 0.
This way, the slow piezo is both driving the error signal to zero and driving
the fast piezo control variable to zero. This is the key to the slow loop: to
maintain the fast loop.

This design is great for the longevity of the lock. The lock can survive
overnight drifts, and has remained stable for as long as 36 hours at one
point. However, the dynamic range of the slow loop is always limited, and
eventually, the error signal offset itself drifts, leading to the lock being
lost. This is actually a problem with the PDH generation and the cavity.
Unfortunately for this 685 nm cavity, the window into the cavity is not
optimally coated for 685 nm, so there is an additional cavity: the window
into the ULE cavity itself. This causes a second PDH signal to appear, and
this signal is much more susceptible to environmental drifts. There isn’t
much that can be done about this without rebuilding the ULE cavity.

Another reason the laser drifts is the usage of a very old Sprout pump
laser, which sometimes has increased amounts of noise, requiring the "self-
tuning" mode to be performed every once in a while. In addition, the spatial
mode of the pump laser also drifts, requiring a re-coupling to the SolsTiS

on occasion.

685 nm Self-Heterodyne Measurements

A self-heterodyne system is also prepared to allow for the continuous moni-
toring and optimization of the 685 nm laser noise. See section 5.1.3 for a
description of the self-heterodyne system used for the 459 nm laser, which
is designed similarly to the 685 nm laser, and for the noise fitting performed
here. Figure 3.15 shows the analysis of the 685 nm self-heterodyne data to ex-
trapolate the phase noise of the laser. The white noise is around 8.4 Hz%/Hz.
The servo bumps are at fg = 20. kHz, 04 = 920 Hz, hg = 15 x 10* Hz?/Hz
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Figure 3.15: 685 nm Self-Heterodyne phase noise data, windowed fit, and ex-
trapolated phase noise from the windowed fit. White noise: hy = 8.4 Hz%/Hz.
Fit Servo Bumps at fg = 20. kHz, 04 = 920 Hz, hy = 15 x 10* Hz?/Hz
and fq = 57 kHz, 04 = 5 kHz, hy = 46 Hz?/Hz. More bumps are clearly
seen, but have much less contribution. Analyzed using the same tools and
techniques presented in section 5.1.3.

and fq = 57 kHz, 04 = 5 kHz, hy = 46 Hz?/Hz. More bumps are clearly
seen, but have much less contribution. Since the 685 nm laser is not used
for phase sensitive operations, the only issues that are of primary concern
are servo bumps that are far from the center mode. We do not care if the
laser has a fluctuating Rabi rate or phase accumulation from servo bump
noise because we are not performing Qubit operations with this laser, we are
simply cycling the atoms. As such, the only concerns we have are if there
is heating caused by a servo bump exciting the atoms closer to resonance,

instead of from a red-detuned beam.
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Using an EOM external to the cavity

When an EOM is in a cavity, a DC electric field will cause the laser to
observe a longer phase delay for a round trip through the cavity [61-64].
Thus, a DC signal into a cavity based EOM will cause a DC frequency shift

of the laser, since the frequency w depends on the cavity length, L:

27C
= — 3.6
w =" (3.6)

where c is the speed of light. Thus, if L — L + dL because of the in-cavity
EOM, the frequency changes to

271C 21c dL
"= ~ 1——=— 3.7
T TraT L ( L ) (3.7)

with a first order expansion on dL/L. The frequency shift is proportional to
the change in length of the cavity, or in this case, the effective cavity length.

However, we do not have an EOM in the cavity. Instead, a DC electric
field applied to the EOM will add a DC phase shift to the light passing
through, which does not change the laser frequency. But if we apply a
time-dependent electric field, then the phase shift applied will also be time-
dependent.

Out-of-Cavity EOM as a Derivative Actuator

Lets model the electric field of a laser with
E - e*i[wtka) (38)

with w the frequency, k the wavenumber, t time, and x displacement. To
simplify things, we will be looking at a particular point in space, taking
x to be constant and absorbing its contribution to the ignored complex
coefficient outside of the exponential (hidden inside of "~"). An EOM has
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a linear relationship between the electric field applied and the change in
index of refraction of the crystal [65]. And since the crystal has a constant
length and capacitance, there is a linear relationship between relative phase

accumulation and voltage:

S (t) = (3.9)

where Vg (A) is the voltage required to apply a 7t phase shift for a given
wavelength. This is a number often cited in datasheets. The important
factor here is that there is a linear relationship between the applied voltage
and the relative phase shift of the laser after traveling through the crystal.
A PDH error signal, in the small error linear regime, is a linear relation-
ship between error signal voltage, e(we,,) and frequency error, We,, [56,

57):
e(Werr) ~ Werr (3.10)

Suppose a PID is applied to this signal and sent to the EOM, VEom (Werr) =
PID{e(werr)}. Thus, the phase correction is linear to the frequency error
(instead of the frequency correction being linear to the frequency error).

If we revisit the electric field of our laser, eq 3.8, but now with phase:

E - e*i(wt+5d)(t)) (311)
~ e Hw+3b(1)/t)t (3‘12)

such that
dw(t) = d(t)/t ~ Veom(t)/t (3.13)

This means that, in order to correct a DC frequency error, a linear voltage
ramp has to be applied. This is akin to an integrator. It is the derivative of
the voltage change that causes the frequency of the laser to change.

If, in a time-step dt, there is a laser frequency error accumulation, dWerr
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then, from the PID and EOM, the phase adjustment will become:

de(werr) ~ dwerr (314)
dd ~ PID{de(wery)} ~ PID{dwerr} (3.15)

and the frequency correction in this dt will therefore be:

(Ucor‘it = dd) (316)
_4d¢
Weor = Tt (3.17)
d
= a{PID{dwerr}} (318)
= DPD*dwerr} (3.19)

Where the DPD? is a Derivative-Proportional-Double Derivative resulting
from a Proportional-Integral-Derivative gain, respectively. As such, a PI
loop will become a "DP" loop. However, it is not actually useful to perform
an integrator loop for this. As the integrator accumulates phase, the op-
amps will quickly rail and no longer be able to contribute to applying a
proportional frequency adjustment. The DC accumulation of the integrator
would be completely useless. As such, these external EOMs can be useful
for implementing a derivative loop for high frequency error correction, but

cannot perform proportional or integral gain if a real op-amp is used.

Bandwidth Limitations of the EOM

The actual bandwidth of an EOM can be impressively high, with demon-
strations at bandwidths greater than 10GHz [66, 67]. In our case, the
bandwidth limitation is the electric limitations caused by the capacitance of
the crystal and non-zero output impedance of the lockboxes. The Thorlabs
EO-PM-NR-C1 (which is what was used here) has an input capacitance

of 14pF. This is a negligible contribution compared to the capacitance of
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an RG-58 coaxial cable, which tends to be about 100 pF/m. With a three
meter cable, and the maximum short-circuit current output of the AD8429
being 35mA (see datasheet [68]), the maximum rate the QPAL lockbox can
drive the voltage of the coils, assuming a 2 meter cable, is

I 35 x 107 3A

C = 94 10-12F — 160MV/s
which is greater than the slew rate of 22MV/s (see datasheet). But keep in
mind that if the cable length is greatly increased, then the capacitance will
become higher and may become the limiting factor.

Either way, the Vp; at 685 nm for our EOM is about 220V [69]. With
the 22MV/s speed limit of the lockbox, the maximum phase accumulation
would be 300 krad/s, or 50kHz. It seems pretty clear that this is a major
limitation that I had never considered until I finally did the calculations
in writing this thesis. However, these can easily be fixed and improved by
using a buffer op amp gain stage after the output of the QPAL lockbox.

The AD825 has a open loop bandwidth of 41 MHz, a slew rate of 125
MV /s, and a short-circuit current of 80mA, according to the datasheet [70].
If this op amp was set up to apply a gain of 10, then the effective slew rate
of the QPAL lockbox output can be increased by a factor of 10. With these
numbers, a maximum phase accumulation rate of 27t x 300 kHz could be
reached. Care should be taken to minimize stray capacitance by using high

quality connectors and short cables.
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4 COOLING AND IMAGING CS QUBITS USING THE

QUADRUPOLE INTERACTION

4.1 Implementing Free-Space Second-Stage
Cooling

In this section, I discuss the results of the free-space cooling of the atoms using
the 685 nm laser. This cooling involves 6-axis cooling on the 6S; /2, F = 4 to
5D5 /9, F = 6 transition with red-detuned 685 nm light. This is studied with
and without a quadrupole magnetic field gradient. A brief comparison to
theoretical quadrupole cooling models in [71] is also presented.

This is the beginning to part of the work presented in [36].

4.1.1 685 nm MOT Experimental Sequence

We use the experimental apparatus described throughout section 3.1. We
start by loading a 3D MOT using the 2D MOT and push beam into an 852
nm MOT, with an anti-Helmholtz magnetic field gradient of about 6 G/cm
along the axis of the coils. After loading the atoms into the 852 nm MOT
for about 1000ms, the magnetic field gradient and bias fields are ramped
to the new parameters for the 685 nm MOT cooling stage. The actual
fields depend on if a molasses or MOT is being performed with the 685 nm
light field. In addition, different 685 nm axes can be enabled or disabled
to allow for different types of experiments to be performed. For example,
the experiment sequence for spectroscopy presented in section 4.1.2 involves
enabling just one axis of the 685 nm light for a brief amount of time.
Imaging of the MOT cloud is performed using an Andor Luca EM-Gain
camera with an 852 nm line filter. To image the resulting atom cloud after
the 685 nm cooling phase, the 685 nm light is turned off and the 852 nm

light is turned on, with magnetic fields for creating an optical molasses [33],
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meaning zero gradient and a bias fields zeroing out the magnetic fields at the
atoms. The image of the atoms is typically taken with a 10ms integration
time and is triggered by the HSDIO. This integration time is sometimes
longer or shorter depending on the experiment. The use of molasses fields
makes a less spatially dependent force on the atoms, allowing for images to be
taken without deforming the atom cloud, since the shape of the atom cloud
is an important characteristic of the measurements required for temperature

measurements.

4.1.2 685 nm Free-Space Push Spectroscopy

To perform spectroscopy of the 685 nm light, a single axis of the 685 nm
light is enabled, with the other axes disabled. After the 852 nm MOT has
been loaded, the magnetic fields are quickly ramped to a molasses level, a
single axis of the 685 nm light is turned on for a brief moment, then an
image of the resulting cloud is taken. The closer to resonance the 685 nm
light is, the more the atom cloud is pushed. The force experienced by the
atoms is proportional to the scattering rate [33], which goes as
I s

"= ST Ty (4.1)

where I' = 27y is the natural linewidth of the transition, s = % is the
saturation parameter, and A is the detuning from resonance. However, atom
temperature is a big factor in the detuning and will artificially broaden this
resonance [33]. Regardless, we can still perform a spectroscopy scan and fit
to a gaussian to determine the resonant frequency and effective linewidth.

For each iteration of the spectroscopy, the 852 nm MOT and subsequent
cooling stage is performed twice. The first time, a 1 ms 685 nm push beam
on the front axis is applied. The second time, the atoms are allowed to
free-expand for the same 1 ms duration. After the second atom cloud has

dispersed, a third shot is taken as a background measurement. To analyze
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Figure 4.1: Results of a 685 nm push spectroscopy scan with a 685 nm
cooling phase, fit to a Gaussian. The measured atom temperature after the
cooling phase was 5.4 uK as is discussed in section 4.1.3. The measured
center frequency setting for the AOMs is 147.44MHz and the FWHM is
230kHz.

the data, the background subtracted images are fit to a 2D gaussian, and the
distance between the center of the Guassians is calculated. This measurement
is repeated many times for each frequency setpoint in the spectroscopy. From
basic projectile motion, we know that the displacement is proportional to
the force, which in turn is a function of the detuning. Figure 4.1 shows the
results of a spectroscopy scan of the 685 nm light after a 50 ms 685 nm
MOT cooling phase with a -1.0y detuning (see 4.1.3. The measured atom
temperature after the cooling phase was 5.4 puK.) 4.1.3. During the 685 nm
phase, the repump light is turned off, demonstrating the high pump-depump

ratio, as mentioned in section 2.4 and further investigated in section 4.5.2.
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Figure 4.2: Images of the atom cloud with and without the 685 nm push
beam activated, as well as a subtraction between the two. a) on resonance,
b) off resonance.

Figure 4.2 shows the images of the atom cloud with and without the 685
nm push beam activated, as well as a subtraction between the two for on-
and off-resonant 685 nm light.

This push spectroscopy can also be used to optimize the 685 nm beam
pointing. When on resonance, each beam can be aligned to optimize the

push distance of the atom cloud.

4.1.3 685 nm Free-Space Cooling

With the resonant frequency measured, we can analyze the performance of
the 685 nm cooling with respect to different detunings and magnetic field
gradients. As mentioned above, the 685 nm light is applied after loading the
852 nm MOT. In this section, I present the results of the 685 nm cooling
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with a 1.5 G/cm magnetic field gradient and a 0.25 G/cm magnetic field
gradient (near-PGC). To measure the atom cloud temperature, time-of-flight
(TOF) measurements are performed.

TOF measurements involve dropping all light fields for a amount of time,
dt, after the cooling phase. Then the atoms are caught in the 852 nm optical
molasses field. During this time, the atoms will expand freely as well as fall
under the influence of gravity, which can be used to calibrate the size of the
atom cloud. References [72-74] have discussed this technique in detail and
it has become a common technique for measuring atom cloud temperatures.

The expansion of an atom cloud in free-space can be described by the

following equation:

2\ 212
w0 =N (i) o () )

where f,.(t) is the atom density function of distance T and time t, N is the
total number of atoms, and w,(t) is the radius of the atom cloud at time t.
The radius of the atom cloud can be described by:

4k, Tt?
Wy (t) - Wzo +

- (4.3)

with w,o being the initial gaussian radius of the atom cloud, ki, the Boltz-
mann constant, T the atom cloud temperature, and m the mass of the
atoms.

To measure a temperature, the atom cloud is imaged at a series of
free-expansion time steps after the cooling phase, and each (averaged) point
is fit to a symmetric 2D Gaussian. The Gaussian waist vs. time is then fit to
Equation 4.3 to extract the temperature of the atoms. If the atoms evolve
too far from the center of the image, asymmetric light fields can distort
the shape of the atom cloud during imaging, which can lead to error in the

temperature measurement.
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Figure 4.3: 685 nm MOT atom cloud images for a 1.5 G/cm magnetic field
gradient and a detuning of —1.25T. The time of flight is measured at 0, 3, 6,
9, 12, and 15 ms after the cooling phase. Each image is fit to a symmetric
2D Gaussian, with the x and y cross-sections also shown.

To calibrate the size of a pixel in the image plane of the camera, the cen-
tral location of the atom cloud and its displacement from the initial location
over time is analyzed and fit to a parabola. This is then compared to the
known value of gravity to extrapolate the millimeters-per-pixel calibration.

The time of flight is measured at 0, 3, 6, 9, 12, and 15 ms after the 685
nm cooling phase. Figure 4.3 shows each shot of the atom cloud and its fit to
a 2D Gaussian for these time steps, for a 1.5 G/cm magnetic field gradient
and a detuning of —1.25 I The x and y cross-sections are also shown.
Figure 4.4 plots the measured atom cloud symmetric Gaussian radius vs.
time and includes a fit to Equation 4.3 to extract the temperature. The
measured temperature at these parameters is T = 5.3 uK.

This data is also taken for a series of different detunings. Unfortunately,

too large a detuning causes the atoms to disperse too quickly. Figure 4.5
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Figure 4.4: Measured atom cloud symmetric Gaussian radius vs. time for a
1.5 G/cm magnetic field gradient and a detuning of —1.25T. The points are
fit to Equation 4.3 to extract the temperature of the atom cloud, which is
T =153 uK.

shows the measured temperature of the atom cloud vs. detuning for a
1.5 G/cm and a 0.25 G/cm (near molasses) magnetic field gradient. The
minimum temperature is around —1.25T detuning for both cases and be-
gins to increase drastically for detunings below —1.0T. Performing power
dependence scans is not productive because the MOT cloud disperses very

quickly.

4.1.4 Comparison to Theory

As mentioned before, [71] presents a theoretical framework for the feasibility
and performance of cooling on a quadrupole transition, specifically discussing
the 6S;/2 — 5D5 /9 transition in Cs. This is analyzed as a molasses, not a

MOT, for both 0t—o0~ and lin_Llin polarization schemes. In our case, the
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Figure 4.5: Measured temperature of the atom cloud vs. detuning for a
1.5 G/em and a 0.25 G/cm (near molasses) magnetic field gradient. The
minimum temperature occurs at approximately —1.25T detuning for both
cases and increases drastically for detunings less than —1.0T.

MOT is performed with a theoretically circularly polarized scheme, but the
cell wall is poorly coated, so this is not necessarily maintained.

Figure 4.6 shows the theoretical calculations of the atom cloud tempera-
ture vs. detuning, taken from [71], for a 685 nm quadrupole cooling molasses
plotted against the dimensionless parameter u, defined as

5 Q)2 S

== 2 4.4
v wy 62 +v2/4 77ys (44)

with 0 the detuning, y the natural linewidth of the transition, s = ﬁ
the saturation parameter, and |Q| the Rabi frequency. The figure shows
theoretical results for both polarization schemes. The vertical axes are in

units of the photon recoil energy, hw, = 0.154 uK. The values of u for
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Figure 4.6: Theoretical calculations of the atom cloud temperature vs.
detuning for 685 nm quadrupole cooling molasses, shown as a function of
the dimensionless parameter u = 2%5 = 77%5 for (a) o*—o~ and (b) linLlin
polarization schemes. Figure reproduced from [71]. Vertical axes are in
units of the photon recoil energy, hw, = 0.154 uK. The values of u for
s = 1.7 at detunings —y/2, —y, and —2y are 66, 132, and 264, respectively.

s = 1.7 at detunings —y/2, —y, and —2y are 66, 132, and 264, respectively.

Extrapolating from the plot, the theoretical temperatures at these de-
tunings are approximately 3 uK for —y/2, 4.6 uK for —y, and 11 uK for
—2v (this last value requires extrapolating the trend, as u = 264 is off the
plot). We were unable to run our experiment at —2y because the atom cloud
dispersed too quickly, and reducing the 685 nm laser power significantly
made the atom cloud very difficult to maintain.

At low detuning, the measured atom temperature begins to spike, which
does not match theoretical predictions. I believe this is due to servo bumps
around 50 kHz in the 685 nm laser causing heating of the atoms. If photons
are near resonance, they will heat the atoms instead of cooling them through
the Doppler effect.

Further study of atom temperature and the performance of 685 nm
cooling should be conducted in the future, with more data points and
improved beam control (e.g., better polarization). In addition, it would be

interesting to attempt to capture atoms directly from the 2D MOT into the
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685 nm MOT. When these experiments were performed, the 2D MOT was
not well implemented and barely improved our 3D MOT loading rate. As
a result, the 852 nm MOT was loaded primarily from room-temperature
background gas. If the 2D MOT had been operational at the time, the
atoms would have been colder, and the 685 nm cooling could have been

more effective.

4.1.5 685 nm MOT Atom Cloud Fluorescence

The last experiment performed in free space with the 685 nm light was
to take a picture of a background-free atom cloud by imaging the 852 nm
fluorescence of the atoms while illuminating only with 685 nm light. This
was also performed without using any repump light.

Figure 4.7 presents the background-free atom cloud fluorescence image.
The image exposure time had to be very long to acquire enough photons
on the camera. For this shot, the camera zoom lens had an approximately
2-inch clear aperture and was placed about 20 inches away from the cell.
The size of the pixels in the image is 53 um/pixel, and the image was taken

with a 100 ms exposure time.

4.1.6 685 nm MOT Next Steps

The 685 nm MOT can be a very useful technique for pre-cooling atoms
before trapping them in a trap array. It is easy to cool atoms down to 5 K
in a low-gradient magnetic field, and the atoms can then be cooled directly
into a trap. It would be very interesting to attempt to capture single atoms
directly from the 2D MOT into the 685 nm MOT—and even more so if they
could be transferred into a molasses. With a molasses, the atoms could also
be cooled into a trap array, potentially allowing for loading of single atoms

without destroying existing atoms in the array.
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Figure 4.7: Background-free atom cloud fluorescence image using only 685
nm light. The image exposure time was 100 ms to acquire sufficient photons
on the camera. Pixel size is 53 pm/pixel. No repump light was used for this
image, demonstrating the high pump-depump ratio of the 685 nm light.

Further analysis of 685 nm cooling should be performed, including more
data points and improved beam control (especially polarization). It would
be interesting to attempt even colder temperatures. Improving the spectral
performance of the 685 nm laser would also be beneficial, as servo bumps at
50 kHz can cause heating of the atoms. One possible improvement—discussed
in more detail in Section 7.1—is to set up an injection-lock amplification
stage for light transmitted through the ULE cavity, which could attenuate
the servo bumps due to its narrow linewidth.

In addition, increasing the available power by implementing six injection-
locked diodes—one for each axis—instead of just two could significantly

enhance performance. This would require substantial infrastructure upgrades
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but could allow for up to twice as much 685 nm power, enabling further

study of the dependence of 685 nm cooling performance on laser power.

4.2 Trapping Single Atoms

To trap single atoms in the trap array described in section 3.1.3, a standard
852 nm 3D MOT is loaded (with an improved 2D MOT) for 300ms. This
is followed by enabling the trap light and performing a 5ms PGC cooling
phase. The parameters (frequency, intensity, time, and Bx/y/z shims) were
optimized using the Nelder-Mead optimization algorithm (see [75]) with the
cost function maximizing the amount of photons collected during an extra
long imaging phase. The imaging magnetic fields were optimized similarly.
Finally, an LAC was enabled as an intermediate step to optimize single

atom loading, optimized through a similar cost function.

4.2.1 852 nm Imaging of Single Atoms

Figure 4.8 a presents imaging statistics for 852 nm imaging for single atoms
in the trap array. These images are taken with a —5.6 y detuning, a 70ms
exposure time, and 2.5154¢ of intensity across all 6 beams. The images are
taken with 2x2 charge binning performed on the EMCCD camera before
the analog measurement, and are then digitally binned on the analysis
computer in a 3x3 bin. From the figure, we see a separation of about 250
photoelectrons between the two peaks.

For the data shown in Figure 4.8, a second shot is also taken after
the first, with 685 nm cooling performed in between the two shots (see
Section 4.4). This allows us to determine the probability that the imaging
process heats the atom out of the trap. Figure 4.8(b) shows a scatter plot of
the number of photoelectrons in the first shot vs. the number in the second
shot. Dashed lines on both axes indicate the thresholds used to classify

whether an atom is present.
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Figure 4.8: 852 nm imaging statistics for single atoms in the trap array.
The images are taken with a —5.6y detuning, a 70 ms exposure time, and
a total intensity of 2.5 I, across all six beams. A 2x2 charge binning is
applied on the EMCCD camera before the analog measurement, followed
by a 3x3 digital binning step on the analysis computer. (a) A histogram
of counts for shot 0. (b) A scatter plot where each point represents data
from a single atom shot; the x-axis shows photoelectron counts in the first
shot, and the y-axis shows photoelectron counts in the second shot. The
dashed lines indicate threshold locations used to determine whether an atom
is present or vacant.

Using these thresholds, four types of events can be identified, based on

which quadrant a given point falls into:

Bottom-left quadrant: No atom present in either shot.

o Top-right quadrant: Atom present in both shots.

o Bottom-right quadrant: Atom present in the first shot, but not the
second—Ilikely due to heating out of the trap.

o Top-left quadrant: Atom present in the second shot, but not the
first—should not occur, and would imply that a new atom entered the

trap mid-sequence. This outcome could happen if there were multiple
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atoms in the trap, but in this experiment, only one atom was loaded.

No such cases were observed in this dataset.

The retention rate of this dataset is 96 %, calculated as the fraction of cases
where an atom was present in the second shot given that it was present in
the first.

Not much effort was put into optimizing the 852 nm imaging parameters,
since this imaging beam is primarily used as a diagnostic tool to implement
and monitor 685 nm cooling, imaging, and readout. We are not attempting
to perform high-fidelity quantum operations with this light—our goal was
simply to establish a reliable tool. However, this imaging line is widely used
for cesium atom detection in many other experimental platforms. Significant

work has been done on optimizing imaging fidelity on this line, such as in

[19, 76, 77].

4.2.2 EMCCD Imaging Light Capture Efficiency

These imaging parameters for the data in Figure 4.8 can tell us how many
photons are scattered by the atom in 70ms. Using the scattering rate

equation,
I S

"= s T

where I' = 27t X 5.2 MHz is the natural linewidth of the transition, s = %
is the saturation parameter, and A is the detuning from resonance. For our
imaging parameters, we have A = —5.6 vy, s = 2.5, and I' = 2t x5.2 MHz. In
70ms, this rate gives us a count of 22,000 photons scattered by the atom. Not
all of these photons make it to the camera. There is an estimated optical train
efficiency of 0.8 due to the many optical components and filters. Additionally,
the EMCCD has a datasheet-specified quantum efficiency of 55% at 852 nm,
and the NA = 0.55 of the objective lens gives a collection efficiency of 8.2%.
Together, these give us a total efficiency of 0.8 x 0.55 x 0.082 = 0.036 (3.6%),

supposedly giving us 800 photoelectrons on the camera.
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Since we only see around 250 photoelectrons, this suggests there is an
additional loss of 67%, which is unaccounted for, meaning that the actual
efficiency of photoelectrons reaching the camera from the atom is 1.2%. This
is likely caused by issues due to the imaging train, (see the imaging setup
section for more details, 3.1.4).

However, there could also be issues with the EMCCD camera. For
starters, the EM gain of the camera is supposed to be 1200 at the full gain
setting. However, upon measuring the EM gain by imaging the same MOT
at different EM gain settings, the ratio of counts measured of from the MOT
at the two settings is only a factor of 44.5. According to the datasheet,
the EM gain at the lowest setting should be 4 and at the highest setting
it should be 1200. If we assert that the EM gain at the bottom or our
measured range is indeed 4, then the EM gain at the top range would be 178.
This is the number that we used to calculate the number of photoelectrons
from the camera counts. But since the EM gain is not actually 1200, this
indicates that the camera has degraded in sensitivity, and there could be

other issues with the camera.

4.2.3 Measuring trap frequency

To ensure the trap is working properly and is not being heavily distorted
from diffraction or aberrations, the trap frequency is measured and compared
to the values calculated from the trap shape measurements in section 3.1.3
(fx =10.9 kHz, fy, = 9.9 kHz). The trap shape is not symmetric between
the transverse axes (orthogonal to the k-vector) and the longitudinal axis
and we don’t have any good measurements of the longitudinal trap frequency,
but it is always expected to be less than half of the transverse trap frequency
[39] because the traps are only closed due to the diffraction.

To measure the trap frequency, we utilize the technique in [78, 79]. This
technique involves performing a series of two short trap drops, with an

evolving time delay between the shots. In our implementation, we also apply
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685 nm cooling before the trap drops. The duration of the trap drops are
30us and have a survival rate of about 90%. After the first drop, the atoms
are trapped again for a short amount of time before the second drop. The
time between the two drops is varied from 20us to 90us.

This can be thought of as applying a kick to the atoms with the first
drop, imparting kinetic energy to the atoms. The atoms then oscillate in the
trap, at the trap frequency, and depending on the phase of the oscillation
at the time of the second drop, the probability that the atom will be lost
varies. For example, if at the time of the second drop, the atom is at the
bottom of the trap, it will be less likely to be lost than if it is at the edge.
However, this oscillation occurs at double the trap frequency, since a full
round trip occurs when the atom returns to the original position, not at the
halfway point.

Figure 4.9 shows the results of the trap frequency measurement. The
x-axis is the time between the two drops, and the y-axis is the retention
rate. The data is fit to a sinusoidal function of the form A sin(2wt + ¢),
and the trap frequency, w is directly extracted from the fit (since the fit
includes the factor of 2 in the frequency). The measured trap frequency is
w = 27t x 10.55 kHz, which is very close to our calculated values of 10.9 kHz
and 9.9 kHz. Since these values agree, it indicates that our trap shape is
indeed parabolic (this was our assumption in the calculations) and is not
heavily distorted by diffraction or other aberrations at the bottom of the
potential.

The confirmation of the parabolic trap potential is an important factor

for how we calculate our atom temperatures in section 4.4.1.

4.2.4 Optical Pumping Single Atoms into Qubits

The next tool we develop and implement for our trapped atoms, for the
purpose of measuring the performance of our 685 nm cooling capabilities, is

optical pumping. This is important for measuring the atom temperature
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Figure 4.9: Measured trap frequency from the trap drop technique. The time
delay between two trap drops is scanned to extract the trap frequency. The
data is fit to a sinusoidal function of the form A sin(2wt + ¢), and the trap
frequency, w is directly extracted from the fit (since the fit includes the factor
of 2 in the frequency). The measured trap frequency is w = 27t x 10.55 kHz,
which is very close to our calculated values of 10.9 kHz and 9.9 kHz.

through Ramsey gap time measurements, as discussed in Section 4.4.1. This
section discusses the implementation of optical pumping to prepare the
atoms in the 6S; /2, F = 4, my = 0 state, converting our trapped atoms into
qubits.

To perform optical pumping (OP), we utilize a laser resonant with the
6S1/2,F =4 — 6Py, F' = 4 transition at 895 nm. This laser is linearly
polarized and is applied at about 10° from the normal to the x-axis of the
cell (as seen in Figure 3.1). A 2.6 G magnetic field is applied along the
y-axis (specifically, orthogonal to the OP laser) of the cell and is used to lift

the degeneracy of the mg states.
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Optical Pumping Dark State

The mr = 0 state of the 6S; /2, F = 4 manifold forms a dark state under
linearly polarized light resonant with the 6S;/,5,F = 4 — 6Py,2,F = 4
transition because it does not couple to the 6Py ,5, F' = 4, mp = 0 state.
This is due to the Clebsh-Gordan coefficient C }810 being zero. The key reason
for this zero is through the orthogonality requirements of the total angular
momentum states, |J1, J2; J, my). From the angular momentum selection rules
of an E1 transition (Jo = 1), the possible values of Jare ] =], —1,];,J1 + 1.
Since [J1,1; ], my) = > [J1, my1)|1, my1), and if we only look at the state
where my = my; + my; =0, then [J1,1;],0) = > [J1, my1)|1, —my1). This
sum has three terms: my; = 0,1, —1. The magnitude of coefficients for the

my; = £1 terms must be equal due to symmetry:
(31, Masjo, mal], my) = (=127 (1, —mys o, —mol], —M) (4.5)
which, for mjy =0 and j, = 1:

(1, M1;2, —mul], 0) = (1, —my;jo, —my[],0) for J=j; £1 (4.6)
<j17m1;j27 _mIU’0> = _<j17_m1;j27_m1|]a O> for I = jl (47)

Putting this in a tabular form, this can be visualized as:

J,1;1,—1) A B C
], 0;1,0) D, E, F
J,—1;1,1) A, B, C
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where

A=Cliy, (4.8)
B=CJY, (4.9)
C=Cj %, (4.10)
D =Cjpi% (4.11)
E=Clo10 (4.12)
F=Cloih (4.13)

(4.14)

J.my

are the Clebsch-Gordan coefficients, C117m17127m2, for the different states.

The last condition we impose is the orthogonality condition:
IJ,0;1,0) =1],1;1,—1) x |J,—1;1,1) = [2BC, 0, —2BC] (4.15)

thus, E = 0:
Clo10=0 (4.16)

for all J based on symmetry.

Optical Pumping Results

We optimize the optical pumping (OP) parameters by performing optical
pumping with repump for a long time, about 100 ms. The time it takes
to optically pump is much shorter than this (measured 1/e time is 0.2
ms; see below). The purpose of this is to ensure that the magnetic field
is aligned orthogonally to the k-vector of the OP laser, such that the
6S1/2, F = 4, mf = 0 state is truly dark. If it isn’t, the resonant OP light
will eventually heat the atoms out of the trap. Thus, the optical pumping
can be optimized by maximizing the retention rate between the two shots

(taken before and after the OP phase) as a cost function.
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Another method would be to perform optical pumping with repump for
a short time (say, 5 ms), then disable repump for around 10 ms, then blow
away the atoms in the 6S; /9, F = 4 state with a 6S,,9,F =4 — 6P3/9,F =5
resonant 852 nm blow-away beam (single MOT beam enabled on the +x-
axis). Then optimize by minimizing the retention rate between the two shots
(before and after this operation). This method works by depumping the
atoms from the 6S; /5, F =4, mg = 0 state into the 6S; 2, F = 3 dark state,
which no longer has a repump. This F = 3 state is dark to the blow-away,
but when imaging is done after the blow-away, repump gets re-enabled and
pumps the atoms back into the F = 4 state, allowing for imaging. Thus, if
fewer atoms are present in the second shot, then the OP was successful.

Both methods were used, but the second method is a little more tricky
because there is an additional reason for why no atoms were seen in the
second shot—mnamely, the OP heated the atoms out of the trap while the
repump was on. The first method allows for optimization of the OP without
the risk of unintentional heating and doesn’t require a blow-away beam.
Of course, a blow-away beam is likely already going to be implemented for
future experiments, so the second method is still useful.

Once it is optimized, we can measure the optical pumping rate of the
atoms into the F = 4, mg = 0 state by performing optical pumping with
repump for a variable amount of time. Then, a 7 microwave pulse (see
section 4.2.5) is applied to rotate atoms between the F = 4, m¢ = 0 and
F =3, mr = 0 states. A blow-away beam then heats the atoms in the F =4
state out of the trap, allowing the F = 3, mr = 0 atoms (the atoms that
were successfully optically pumped) to be imaged. A short pulse of repump
light is applied right before the microwave rotation to ensure that there are
no atoms in the F = 3 state. The retention rate tends to follow a decaying
1/e growth curve, which can be fit to extract the optical pumping rate.

The depump rate from the F = 4, mg = 0 dark state by the OP laser is

measured by performing the above "second method" procedure for optimizing
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Figure 4.10: Measured optical pumping (a) and depump (b) rates of the
optical pumping process. The 1/e time of the pumping is 0.2 ms and the
depumping is 80 ms. The ratio of the pump-depump rate is often used as a
figure of merit to determine the quality of the optical pumping. In our case,
this ratio is 400.

the OP, but with a variable amount of time where there is OP light but
no repump. The number of atoms that are depumped (found in the F =4
state) also follows a decaying 1/e growth curve, which can be fit to extract
the depump rate.

Figure 4.10 shows the measured pump (a) and depump (b) rates of the
optical pumping process. We find that the 1/e time of the pumping is
0.2 ms and the depumping is 80 ms. The ratio of the pump-depump rate
is often used as a figure of merit to determine the quality of the optical
pumping. In our case, this ratio is 400, which is very good. Although the
pump time is 0.2 ms, the atoms are pumped for around 1 ms so that all

the atoms are fully pumped into the F = 4, my = 0 state.

4.2.5 Setting up Microwave Qubit Manipulations

With atoms in the F =4, m¢ = 0 state, we now utilize a microwave horn
to drive Rabi oscillations between the F =4, m=0and F=3, mg =0
states. This setup also enables measurement of the Zeeman splitting between

the F =4, mg = 0 and F = 3, my = 1 states, which provides a way to



74

determine the magnitude of our magnetic field gradient.

The microwave horn is mounted just above the cell. Its large aperture
and wide emission pattern make alignment straightforward. To generate
the microwave signal, we use a function generator locked to a 10 MHz GPS
reference to produce a frequency of 9.192631770GHz — 200MHz. A DDS,
also locked to the same GPS reference, generates a tunable 200 MHz signal.
This is mixed with the 8.992631770 GHz signal to produce the desired
9.192631770 GHz microwave tone. The output passes through a band-pass
filter and is amplified by a 3 W compression point amplifier before being
sent to the microwave horn.

The microwave 7t-pulse time is measured to be 45.1 ps and is optimized by
maximizing the retention rate after a microwave 7-pulse. The peak retention
rate observed is 95%, which is approximately the state measurement fidelity
of the 852 nm atom imaging. This 7m-pulse time corresponds to a Rabi
frequency of 11.1 kHz.

The DDS used to generate the 200 MHz signal includes a phase offset
feature, allowing us to apply a fixed, coherent phase shift to the microwave
tone. However, this phase shift must be programmed prior to the experiment
and cannot be changed dynamically within a cycle. A more advanced AWG
designed for coherent control would enable this functionality, but for our

current temperature measurements, a fixed phase is sufficient.

4.3 685 nm Spectroscopy in the 803 nm Trap

We now begin discussion of utilizing the 685 nm transition for interacting
with the trapped atoms. The first step is to perform spectroscopy of the
6S1/2,F = 4 — 5D/, F' = 6 transition for atoms in the 803 nm trap
potential. We already know approximately what the resonance frequency is
based on the push spectroscopy measurements in section 4.1.2, but there

are other effects that can shift the resonance frequency. These include the
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Zeeman effect and the AC Stark shift from the 803 nm trap light.

4.3.1 Zeeman Effect Contribution

The DC Zeeman effect caused by non-zero magnetic fields can cause splitting
of the ground and excited states of the 6S; /2, F =4 — 5D5 /5, F = 6 transition.
The energy shift caused by the magnetic field is given by the Zeeman effect:

AUZ = LLBQFTTLFB (417)

where pg is the Bohr magneton, gr is the Landé factor of the state, mr is
the magnetic quantum number, and B is the magnetic field strength. The
Landé factor for the 6S, /o, F = 4 state is gr = 1/4 and for the 5D5,,F =6
state is gr = 1/2. We can also use the Planck constant h to convert the
energy shift into a frequency shift. For the states of interest, the frequency

shift per magnetic field per my is:

Afgs,  F=1

= 350kHz/G 4.18
hmFB Z/ ( )
Af5D5/2 F:6
———— =T700kHz/G 4.1
meB 700kHz/ (4.19)

This will apply a broadening to the 685 nm transition, with a maximal width
occurring for the 6S; oF =4, mg =4 — 5D5,0F” = 6, mp» = 6 transition,
which would have a magnitude of 2.8 MHz/G. This then is multiplied by
two for the negative my states, giving a total broadening of 5.6 MHz/G
or kHz/mG for the 685 nm transition. Thus, for a broadening equal to
the linewidth, v = 27t x 0.118 MHz, the magnetic field has to be less than
0.02 G.

To minimize the residual magnetic field seen by the atoms, we scan the
applied magnetic field along a single axis while maintaining a relatively large

bias field along an orthogonal axis. Rather than measuring the resonant
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microwave transition frequency directly (which would require repetitive
spectroscopy scans for each field point), we set the microwave frequency
slightly red-detuned from the resonance of the F =4, mr =0 —F =3, my =
1 transition at the current magnetic field. We then apply a calibrated 7-pulse
and monitor the transfer efficiency. As the scanned magnetic field shifts the
transition frequency into resonance, the population transfer is maximized.
This provides an indirect but efficient way to identify the zero-crossing point
along that axis.

If the scan and bias fields are truly orthogonal, this procedure can be
repeated for each axis independently to locate the magnetic zero for all three
directions. The resulting field setpoints can then be combined to extrapolate
a magnetic field zero. However, since a nonzero bias field must be maintained
to lift the degeneracy of the Zeeman levels, the true zero-field condition
cannot be directly measured. Based on the sensitivity of this measurement,
we estimate an upper bound of the magnetic field to be 10 mG, or roughly
60 kHz.

4.3.2 AC Stark Shift on the 685 nm Transition and Magic

condition of 803 nm trap

The other main perturbation on our states is the AC Stark shift on the 685
nm transition caused by the 803 nm trap light. The AC Stark shift has
multiple contributions which can also cause hyperfine splitting through the
vector and tensor components of the AC Stark shift. Since our trap light
is linearly polarized, the vector component of the AC Stark shift is zero
[34, 80]. In this section, we discuss the potential contributions to scalar
components causing a DC shift and tensor components causing hyperfine

mp level splitting.
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As discussed in [34, 80], the scalar and tensor AC Stark shift is given by

(4.20)

1 3m? — F(F+ 1
. = —le (otge = (1 - 30 5T o)

oF2F—1) - F

where € is the electric field amplitude, o3 ¢ is the scalar polarizability, ocTTl]F is
the tensor polarizability, w, is the component of the polarization vector along
the quantization axis, F is the total angular momentum quantum number,
and mg is the magnetic quantum number. In our situation, since the electric
field is linearly polarized and there is no quantization axis, we can take u, = 1.
The scalar polarizability is independent of the magnetic quantum number,
while the tensor polarizability is dependent on the magnetic quantum number
to second order, meaning it causes broadening of the transition.

The value of the scalar and tensor polarizabilities can very easily be

calculated using open source tools, like the Alkali.ne Rydberg Calculator
(ARC) [81], as I've done here:

0T, 65y, = —373 A7 (4.21)
O JF, 5Dy, = 553 A (4.22)
Ongr, 65, = 0 A’ (4.23)
Onyr, 5Dy, = 170 A® (4.24)

with cgs units in cubic Angstroms. With these values, we can calculate a
total polarizability coefficient, oc’ﬁf’]}al(mp), (i.e. the combination of scalar
and scaled tensor polarizabilities) as a function of the magnetic quantum

number mg, such that:
1 2 ,total

Table 4.1 shows the calculated tensor polarizability contribution for a given

5D5/92, F = 6 state mg level with the scaling factor at u, = 1, the state’s
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total polarizability coefficient (0‘;[10]%?5105/2 (mg)), and the difference between
the total polarizability of the 5Dj /5, F/ = 6 state and the scalar polarizability
of the 6S; /5, F = 4 state (which has no tensor contribution). This difference
establishes a magic condition, where the total polarizability of the 5D5 2, F' =
6 state at mg = 6 is almost equal to the scalar polarizability of the 6S; /2, F =

4 state at 803 nm. where each of the polarizabilities is given in cgs units of

m?—F(F ota ota ota
F'=6mp | 2x Sl SR QF(QF(_SU “TTL]F “;]%,51135/2 “;]J[F,QDE,/Q - 0‘%}%,6151/2
0 -108.072 -661.899 -288.225
1 -100.353 -654.180 -280.506
2 -77.194 -631.021 -257.347
3 -38.597 -592.424 -218.750
4 15.439 -538.388 -164.714
5 84.914 -468.913 -95.239
6 169.827 -384.000 -10.326

Table 4.1: Table of calculated polarizabilities at 803 nm for the 5D5 /2, F' =6
state at multiple mg levels. The first column is the magnetic quantum
number mg, the second column is the tensor polarizability contribution with

the scaling factor at u, = 1, the third column is the total polarizability

oc;"]thngm(mp), and the fourth column is the difference between the total

polarizability of the 5D5 /o, F' = 6 state and the 6S; /5, F = 4 state, which
establishes a magic condition. The values are calculated using the Alkali.ne
Rydberg Calculator tool [81].

cubic Angstroms. As can be seen, for mg = 6, there is a magic condition,
where the total polarizability of the 5Dj5/9, F = 6, mf = 6 state is equal to
the scalar polarizability of the 6S; /2, F = 4 state.

To visualize this table further, Figure 4.11 plots the AC stark shift vs.
frequency for the 6S, /2, F = 4 state and the 5Dj /9, F = 6 state around 800nm.
In addition, it plots the total polarizabilities from my = 0 to my = 6 as
dashed lines. As can be seen, at around 803 nm, the total coefficient of the
AC Stark shift at mg = 6 is equal to the ground state scalar polarizability

(as is also indicated in table 4.1).
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Figure 4.11: AC Stark shift for the 6S; /5, F = 4 state and the 5D5/2,F =6

state at 803 nm. The plot shows the scalar polarizability for both states

(solid lines), as well as the total polarizability, “;%%?51135/2’ for each mg level

(dashed lines). The points where 0‘;[101%‘,151135/2 intersects with the 6S; /, are the

magic conditions on the AC-Stark Shift. At 803nm, we have the mg = 6
magic condition.

It is important to note that the tensor polarizability scales with m% (see
equation 4.20). As such, the difference in polarizability between the mg = 6
and mr = 5 states is 85A3, while the difference between the mf = 1 and
mr = 0 states is only 8A3. This is an important feature that we see in 4.3.3
when we perform spectroscopy on the 6S; /2, F =4 — 5Dj /2, F = 6 transition
in the 803 nm trap.

The sign of oc;o]}‘,‘;DS/g — oc;o]tF%lSl/Q for all states is negative, meaning that
the sign of the AC Stark shift is positive (there is an additional negative
sign in equation 4.20 that performs a final inversion). As such, exciting an

atom to the 5D5 /5, F/ = 6, m¢ < 6 requires a higher frequency than to the
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mr = 6 state, and this will scale with the trap light intensity. Meanwhile,
from the magic condition, the mr = 6 state resonance frequency will be the
lowest frequency of all the mg states, and should be independent of the trap

light intensity if the magic condition is indeed valid.

4.3.3 Single Atom - 685 nm Spectroscopy Measurements

Figure 4.12 shows the results of the 685 nm spectroscopy performed on the
6S1/2,F =4 — 5Dj5/9, F/ = 6 transition in the 803 nm trap. The spectroscopy
is performed by scanning the frequency of the 685 nm laser while measuring
the retention rate of the atoms in the trap. The measurements are performed
at the near magnetic field zero discussed in 4.3.1. Since all six 685 nm beams
are aligned for these measurements, these spectroscopy measurements can
and do demonstrate 685 nm cooling.

Three spectroscopy scans are shown, the blue "Full power" scan is per-
formed with the full 125 mW of 803 nm trap light, the orange "1/3 Power"
is performed with 41.7 mW of 803 nm trap light and the lavender "Full
Power - High Background" is performed with a different trap alignment that
had a large amount of background light in the image plane, causing a large
amount of trap shift. As can be seen, there is a strong correlation between
the amount of 803 nm light seen by the trapped atom ("'1/3 Power" < "Full
Power" < "Full Power - High Background") and the broadening of the 685
nm transition.

As is most clearly seen in the difference between the "Full Power - High
Background" and the "1/3 Power" scans, the unperturbed resonant frequency
of the 685 nm transition is at f ~ 148MHz, and appears to converge at that
frequency for all three scans. Furthermore, there appears to be 3 clearly
distinguishable peaks in the "Full Power - High Background", before the
long dip in retention rate. This is consistent with the theory presented in
section 4.3.2, where the mg = 6 state is resonant with the 685 nm laser,

while the my < 6 are resonant at a higher frequency. Furthermore, since
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Figure 4.12: Spectroscopy results for the 6S;/5,F = 4 — 5D5/9,F' = 6
transition in the 803 nm trap. The three scans correspond to different
powers of the 803 nm trap light, demonstrating the effects of the AC Stark
shift on the 685 nm transition. The "Full power" scan is performed with
the full power of the 803 nm trap light, the "1/3 Power" is performed with
41.7 mW of 803 nm trap light and the "Full Power - High Background" is
performed with a different trap that has a larger amount of background
light in the image plane, causing a large amount of trap shift. As can be
seen, there is a strong correlation between the amount of 803 nm light seen
be the trapped atom and the broadening of the 685 nm transition.
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the peaks are not resolved at higher frequency, this is also consistent with
the decreasing relative frequency between each mg level as it approaches
mg = 0, since the spacing scales as m2.

These measurements were taken at multiple times throughout our ex-
periment’s life-cycle, and the actual frequency of the 803 nm was never
really measured or scanned when these measurements were taken. Future
work should involved further investigating the mg level dependence of these
states, as well as empirically demonstrate the magic condition of the 803
nm trap at the mg = 6 state.

Regardless of any magic conditions, these measurements also demonstrate
cooling with the 685 nm beams, as mentioned above. The base retention of
these measurements is about 90% (about 50% for the "Full Power - High
Background") because of a trap drop performed after the heating. This
is done to allow an indication of cooling as well as heating. Thus, if the
retention rate increases, the atoms are being cooled. Clearly, before the
first dip, the atoms are cooled, which is expected for red-detuned traps. We

investigate this next!

4.4 Implementing Trapped Single-Atom Cooling

As seen in section 4.3.3 (and referenced in multiple sections), the 685 nm
quadrupole transition can be used to cool the atom in the trap. To optimize
this 685 nm cooling, the retention rate of the atom after a trap drop is
used as the cost function, with the power balancing, magnetic field bias,
and detuning of the 685 nm beams as the optimization parameters. As
shown in the spectroscopy scans, atoms experience cooling in the trap when
the 685 nm light is red-detuned, and this can be further improved through
the described optimization scheme. Due to the effectiveness of the 685 nm
cooling, it is applied both before the first image and again after the first

image, prior to running the experiment (e.g., the Ramsey experiment).
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This section discusses temperature measurements of the atom in the
trap using two methods: the first is a Ramsey Ty method (section 4.4.1),
and the second is a trap drop method (section 4.4.2).

4.4.1 Measuring atom temperature through T;

The first method we use to measure the atom temperature in the trap is by
measuring the T; time, which is the 1/e decay time of the dephasing between
an atom in the F = 4, mr = 0 state and an atom in the F = 3, mg =0
ground states. As presented in [82], the T time is related to the temperature

of the atom in the trap through the relation:

2h

S, T
Acir B

T, =097 (4.26)
where wny is the hyperfine splitting frequency (wn¢ = 27 x 9.192GHz),
Acyr is the effective detuning of the trap laser taking into account the D1
and D2 lines [83], and kg is the Boltzmann constant. The effective detuning
is given by:

3

1 2
ftrap_fDl ftrap_fDQ

where firqp = 374THz, fp; = 335THz, fpy = 352THz, and so Aessr =
25THz.

To measure the T time, a Ramsey gap time experiment [82] is performed,

At = (4.27)

as described here. After the 685 nm cooling phase, optical pumping is
performed (4.2.4), preparing the qubits in the F = 4, m¢ = 0 ground
state. This is followed by a microwave 7t/2 pulse that rotates the qubits
into a superposition of the F = 4, mg = 0 and F = 3, mg = 0 states,
) = \%(IF =4, mr = 0) + [F =3, mg = 0)). This state then evolves for
a time t, during which the time evolution causes a phase between the two
states, subjected simply to the hfs splitting, wyn¢ = 27t x 9.192 GHz. Thus,
the state at time t is (p(t)) = \%(IF =4, mp = 0) + e F = 3, mp = 0)).
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However, when considering the perturbation caused by the trap potential,
the AC Stark shift (scalar in this case since it is a ground state) changes the
relative energy difference between the two states, since the F =4, mg =0
state has less detuning from the D1/D2 lines than the F = 3, my = 0 state.
As such, the random motion of the qubit from its temperature causes a
random phase accumulation as it traverses the trap potential, leading to
a loss of phase coherence between the two states. It should be noted that
a random phase accumulation can also be caused by magnetic field noise
causing decoherence through a Zeeman effect perturbation, meaning that
these measurements give us an upper limit on the temperature of the atom
in the trap.

As described in [82], the dephasing rate causes a decay in the amplitude
of the Ramsey oscillations as the gap time between a pair of /2 pulses
is increased. As such, we perform a series of Ramsey experiments with
increasing gap times, then fit and measure the 1/e decay time of the
amplitude of the Ramsey oscillations. The fit Ramsey oscillations are found
in Figure 4.13. Each Ramsey oscillation is fit to a cosine function with an
amplitude and phase, %(1 + A cos(d + ¢¢). The amplitude A, is then fit
to a decaying exponential function, Ay = Age~ "2 in figure 4.14. The T;
time is then extracted from the fit, which is found to be T} = 7.6(3)ms.

With the TS time measured, we can use equation 4.26 to extract the
temperature of the atom in the trap. Plugging in the values, we find a
temperature of T = 5.4ukK.

It is important to note that this temperature calculation is both an
upper limit on the temperature, since it is unable to distinguish between the
dephasing caused by a random walk in the trap perturbation (temperature)
and the dephasing caused by the magnetic field noise. Additionally, optical
pumping had to be performed before the Ramsey experiment, which also
causes heating of the atoms. To demonstrate this, we can perform trap drop

temperature measurements, in section 4.4.2.
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Figure 4.13: Fit Ramsey oscillations for varying gap times between 7/2
pulses. The oscillations are fit to a cosine function with an amplitude and
phase, %(1 + At cos(d + ¢). This is then used to extract the T, time by
fitting the amplitude A to a decaying exponential function in figure 4.14.

4.4.2 Performing trap drop temperature measurements

In this section, we discuss the second method used to measure the atom

temperature, the trap drop and recapture measurements [74, 84]. These

measurements can be compared to a Monte-Carlo simulation of the trap

drop and recapture process to extract the atom temperature. The trap drop

and recapture process is performed by dropping the trap light for a short

time, then recapturing the atoms by turning the trap light back on. The

imaging retention rate is then compared to the Monte-Carlo simulation to

extract the atom temperature.
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Figure 4.14: Decay of the Ramsey oscillation amplitude A as a function of
the gap time between 71/2 pulses. The data is fit to a decaying exponential
function, Ay = Age %12, allowing for the extraction of T; = 7.6(3)ms.

This technique also allows us to measure the temperature of the atoms
before and after optical pumping. Since we already know the temperature
of the atoms after optical pumping, we can calibrate the Monte-Carlo
simulation with this temperature.

To perform the Monte-Carlo simulation, we model the trap potential
as a harmonic potential, and iterate through 1000 particles with a random
initial position and velocity based on the Boltzmann distribution at a given
temperature [84]. We use the trap frequencies measured in section 4.2.3
to describe the trap potential. After allowing these particles to evolve, the
atoms are determined to be lost or recapture-able based on their distance

from the center of the trap. From the trap characterization in section 3.1.3,
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the harmonic potential "hole" intersects with the gaussian beam at around
1.7um from the center of the trap. Thus, if a given particle has traveled a
distance greater than 1.7um from the center of the trap, it is considered lost.
The retention rate is then calculated as the ratio of recaptured particles to
total particles for a given time step.

With the parameter of 1.7um max distance, the simulations led to results
that were hotter than the measured temperature from T, measurements (~
8ukK). However, if the maximum distance that the particle is allowed to travel
is 1.4um, then the 5.5uK simulation matches with the T, measurements,
and can give us a measurement for the temperature of the atoms in the
trap before the optical pumping. With this parameter, the temperature
of the atoms in the trap before optical pumping is measured to be around
T = 3.5uK. Figure 4.15 shows the measured retention rate as a function
of the trap drop time, as well as the Monte Carlo simulation results for
different temperatures.

Saying that the maximum distance is 1.4 um instead of 1.7 um is
a questionable assumption and may not be entirely valid. However, the
estimated temperature it yields for the atoms in the trap before optical
pumping is about 2 uK lower, which is consistent with other experiments
involving optical pumping. The rationale for using this calibration is that
when the trap is turned back on, a significant amount of potential energy is
suddenly added to the atoms. This leads to subsequent dynamics in which
atoms traverse the trap potential and may escape due to imperfections in
the trap. While we have confirmed the harmonicity of the trap potential at
low energy (by measuring the trap frequency), the potential deviates from
harmonic as it approaches the trap edges. By calibrating the maximum
allowable distance an atom can travel before being considered "lost" (using
a known atom temperature of 5.4 puK), we can extrapolate an approximate
temperature for the colder atoms prior to optical pumping. Ultimately, we

are interested in determining the temperature difference of the atoms before
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Figure 4.15: Measured retention rate as a function of trap drop time for
685 nm cooling pre- and post-optical pumping, compared with Monte Carlo
simulation results for different temperatures. We find that the temperature of
the atoms in the trap before optical pumping is around 3.5uK by calibrating
the simulation with the T) measurement.

and after optical pumping, and this calibration enables that comparison.
Further investigation into the validity of this assumption is warranted.

This 3.5uK atom temperature is found with a 685 nm detuning of —2.8T",
which had an intensity of I = 1.8 W/cm? and a saturation parameter of
s =2.
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4.5 Imaging and Quantum State Readout

Here we present the results of imaging and non-destructive quantum state
readout of the Cs qubits using the 6S;/9,F = 4 — 5D5/0,F’' = 6 —
6P5/2, F' =5 — 6S; /2, F = 4 cycling transition. As discussed in section 2.4,
the depump rate from the 6S; /o, F = 4 cycling state to the 6S; /2, F = 3 dark
state is very low compared to the cycling rate, allowing for non-destructive
readout of the atomic quantum state. This implementation of imaging is
background-free and allows atoms to be continuously cooled during imaging,
since all six axes can be used to illuminate the atom.

In “destructive” standard neutral Cs qubit experiments [10], the F = 4 vs
F = 3 state is measured by applying a blow-away beam that removes atoms
in the F = 4 state from the trap, followed by imaging the remaining F = 3
atoms with a repump beam. However, this method results in atoms in the
F = 4 state being lost from the trap. Other non-destructive measurement
schemes using 852 nm imaging light involve shelving atoms and using single-
axis imaging fields, but these approaches typically lead to significant atom
heating [23, 85, 86].

The primary drawback of the quadrupole interaction is the narrow
linewidth of the transition, which necessitates a longer exposure time for
imaging. However, a theoretical technique involving stimulated emission
to quench the 5D5/9, F” = 6 — 6P5,5, F' = 5 decay has been proposed as
a way to increase the photon scattering rate [36]. This technique is not
implemented in this work, but presents a promising direction for improving

imaging rates in future experiments.

4.5.1 685 nm Qubit Imaging

The 685 nm imaging is performed very similarly to the 685 nm cooling,
except with slightly less detuning. The experimental cycle involves loading
the atoms into the 803 nm trap followed by 852 nm PGC and LAC, as
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has been described in 4.2. The 685 nm cooling and imaging is performed,
involving a 20ms cooling phase followed by a 200ms imaging phase. The
magnetic fields are held at the same values for both 685 nm imaging and
cooling phases, but the detuning of the 685 nm beams is —2.54I" during
imaging and —2.8I" during cooling.

To measure the imaging fidelity, we assess two key metrics: the classifi-
cation fidelity, which quantifies how reliably we can determine whether a
qubit is in the F = 4 state, and the survival rate, which measures whether
the qubit remains in the F = 4 state after imaging. The experiment consists
of a sequence of ten 685 nm cooling-imaging cycles. FEach cycle includes a 20
ms cooling period followed by image acquisition. The cooling phase serves
two purposes: it allows the EMCCD camera to complete image readout and
data transfer to the computer, and it resets the system for the next mea-
surement cycle. During the cooling phase, we red-detune the 685 nm light
by an additional —30kHz. This decision is based on earlier measurements
showing that the atom temperature is minimized at this detuning, which
helps preserve atom confinement and improves overall fidelity.

The intensity of the imaging light summed across all 6 beams is I =
1.8 W/cm? and the saturation intensity of the 6S; /5, F =4 — 5D5,, F” =6
transition is I;q¢ = 0.879 W/cm?, giving a saturation parameter of s = 2.
Based on the scattering rate equation, we estimate about 6000 photons
scattered by the atom during the 200ms imaging phase, and with the 1.2%
photoelectron collection efficiency measured in section 4.2.2, we expect to
see around 70 photoelectrons of separation between the dark and bright
modes in the EMCCD camera.

Figure 4.16 shows the average shot of the atom using 685 nm imaging.
To determine the photoelectron counts, a 5x5 region of interest (ROI) is used
to measure the photons collected from the atom, which is drawn in the figure.
This atom is abnormally large, and should ideally be composed of a single

pixel. Furthermore, the atom is clearly aberrated with a seeming astigmatic
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Figure 4.16: Average shot of the atom using 685 nm imaging. The 5x5 ROI
used to measure the pixel brightness is with a rectangle. This atom is very
clearly aberrated and much larger than ideal.

shape, which is unfortunately anticipated, as discussed in 3.1.4. Regardless,
since the image is background free (for the most part, as discussed in 4.5.1),
the pixel brightness can be used to determine the number of photoelectrons
seen in the atom and the size of the ROI can be made larger without worrying
about including much background light. On top of this, the camera has a
2x2 binning mode, meaning that the atom signal is spread across a total of
100 EMCCD pixels (10x10 pixels). This should be improved in future work

through the utilization of a much improved imaging train.
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Regardless of the size of the atom, we can analyze the photoelectron
counts and analyze the fidelities of this imaging approach. Figure 4.17 shows
the histogram of the 685 nm imaging data, with each of the 9 shots combined
into a single histogram. The 9 shot sequence was repeated 5000 times. As
can be seen, there are two distinct modes in the histogram, indicating the
presence of a single atom in the F =4 or no atom. As is mentioned before,
there is no repump light enabled at any point in this sequence. A bi-modal
fit is performed on the histogram to determine the ideal threshold point,
based on maximizing the classification fidelity, which is discussed in detail
in section 4.5.1. The figure presents the bimodal fit as a black dashed line,
with the two modes of the fit as blue and green dashed lines. The vertical
red line is the threshold determined by the bimodal fit for all the images.

To see this data in a different perspective that includes information about
retention, figures 4.18 and 4.19 show scatter plots of the imaging data, with
each point representing a pair of counts from two different shots. Figure 4.18
shows the scatter plot of the first shot counts vs. the second shot counts,
while figure 4.19 shows the scatter plots of the first shot counts vs. each of
the counts of the 8 shots after the first shot. These scatter plots are similar
to the scatter plots shown in figure 4.8, but here with the 685 nm imaging.
The horizontal and vertical dashed lines are the threshold determined by
the bimodal fit. The plots also include labels which indicate the loading
rate of the first shot, and the ratio of atoms retained in the given shot with
respect to the first shot.

We can further analyze this retention data by comparing the retention
rate as we continue to image the same atom. Figure 4.20 plots the retention
rates of the data in figure 4.19 vs the shot number. The blue curve presents
the retention rate of the atoms seen in the given shot vs. the first shot,
while the orange curve presents the retention rate of the atoms seen in the
given shot vs. the previous shot. As can be seen, the orange curve has a

very constant retention rate, with an average of 99.1(1)% across all shots.
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Figure 4.17: Logarithmic histogram of the 685 nm imaging data, with each
shot of the 9 images combined into a single histogram, for a total of 45k
points. Histogram is fit to the bi-modal distribution described in section
4.5.1. The black dashed line is the result of the bimodal fit, and the blue and
green dashed lines are the "no atom" and "atom" modes of the fit, separated.
The vertical red line is the location of the threshold determined by the
bimodal fit, which is used to classify the qubit state.

Furthermore, since this retention rate is not decreasing as more shots are
taken, the atoms are not being heated during each subsequent shot. Analysis
of the cause of atom loss through this imaging process is discussed in section
4.5.2.

Characterizing 685 nm Imaging Classification Fidelity

As described in 4.5.1, a threshold needs to be placed to determine if a given
site in a shot either contains an atom or not. This section discusses the
method used to pick the ideal threshold through fitting the histogram to

a bimodal distribution and determines the resulting classification fidelity,
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Figure 4.18: Scatter plot of the 685 nm imaging data, with each point
representing a pair of counts from the first (x-axis) and second (y-axis) shots.
The numerically determined threshold (see 4.5.1) is shown as the dashed
vertical and horizontal lines. This figure is of the same style as figure 4.8.

which follows the method described in [12].

In this work, the bimodal distribution is composed of two separate
distributions which are summed to make the overall distribution. For the
no-atom, or "dark" shot, the distribution used is an exponentially modified
Gaussian distribution. For the atom, or "bright" shot, the distribution used
is a skew-normal distribution. These distributions are weighted by the

relative number of atoms in each distribution before being summed together.
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Figure 4.19: Scatter plots of the 685 nm imaging data, with each frame
presenting an individual shot of the 8 shots after the first shot. The x-axis
of the scatter is the number of photoelectrons seen in the first shot and the
y-axis is the number of photoelectrons seen in the nth shot.
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(4.29)
P(x) = AdarkPaark(x) + (1 — Adark)Porigne (x) (4.30)

where K is the exponential modification factor for the dark distribution,
Odark and Oprignt are the standard deviations of the dark and bright
distributions, pgark and Hprigne are the means of the dark and bright
distributions, o is the skewness of the bright distribution, and A g4,k is the
relative number of atoms in the dark vs. bright distributions. The results
of the fit (black dashed) and the dark (blue) and bright (green) modes are
shown in the histogram figure, 4.17.
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Figure 4.20: Retention rate of the 685 nm imaging data after each shot.
The blue curve presents the total number of atoms retained after each shot
with respect to the first shot, while the orange curve presents the number of
atoms retained for each shot with respect to the number of atoms in the
previous shot. As can be seen, the orange shot has a very constant retention
rate of 99.1(1)% across all shots. This rate is not increasing either, which
indicates that the atoms are not being heated during the repetitive imaging
process.

Now that the distribution is fit, the threshold can be placed by deter-
mining the number of photoelectron counts where the minimum number of
classification errors between the two modes occurs. For a dark shot, the
classification error occurs when a shot’s photoelectron count, n, is classified
as an atom when it is actually a dark shot. As such, we can calculate the
error of this as:

o0

F—c7 dark(n) - AdarkJ dxpdark(x) (431)

n

Since the Pgqrc(Xx) function is normalized, this integral gives the probability

of misclassification a dark shot as a bright shot if the threshold is placed at
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n. Similarly for the bright shot case, where the error instead occurs when a
bright shot is classified as a dark shot:

n

EC, bright (TL) = (1 - Adark)J dXPb'right (X) (432)
0

This integral gives the probability of misclassification a bright shot as a dark
shot if the threshold is placed at n. The total classification error is then the
sum of these two errors:

n

dXPdark(X)+(1_Adark)J dxPprigne(x)  (4.33)
0

(0.¢]

Ee(n) = Adarkj

n

This classification error will have a minimum at the optimal threshold,
Nopt, and the the value of this minimum is the classification error rate.
The classification fidelity is 1 — E.(n), which is the probability of correctly
classifying a shot as either dark or bright given a threshold of n.

To perform these calculations, the SciPy.stats library [87] has many
built-in functions for working with these exact probability distributions,
which can also be used to numerically calculate the integrals in equations
4.31, 4.32, and 4.33. The probability density function (PDF) and cumulative
distribution function (CDF') of the distributions are already programmed in
to the library allowing for quick and easy calculations.

Figure 4.21 (and a zoomed in version, figure 4.22) show the classification
fidelity as a function of the threshold point used for our imaging data
fits. The solid blue line is the classification fidelity for the best-fit bimodal
distribution, while the shaded blue region is the 1-sigma uncertainty region
of the classification fidelity. The dashed red line is the threshold that
maximizes the classification fidelity. To compute the uncertainty region,
bootstrapping was performed, where 1000 samples of the of the bimodal fit
parameters were randomly selected based on their uncertainties, and the
classification fidelity curve was computed for each sample. Then, at each

threshold point, the average and the 1-sigma uncertainty were computed.
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Figure 4.21: Classification fidelity of the 685 nm imaging data as a function
of the threshold point used for the bimodal fit. The solid blue line is the
classification fidelity for the best-fit bimodal distribution, while the shaded
blue region is the 1-sigma uncertainty region of the classification fidelity.
The dashed red line is the threshold that maximizes the classification fidelity,
which is found to be at a photoelectron count of 35.4 photoelectrons. The
classification fidelity is found to be 0.9993(4).

The classification fidelity is found to be 0.9993(4) at a photoelectron count
of 35.4 photoelectrons. This value is used for the classification of the Qubit

state for the retention statistics in section 4.5.1.

Background Light from Trap Array Raman Scattering

In figure 4.16, there is an obvious, yet dim, background light throughout the
image. Although the 685 nm scattering is intrinsically background free, and
there are physical beam shutters in place during the 685 nm experiments,
there still seems to be background light. This light is coming from the 803
nm trap laser. Rather than being 803 nm light, it is indeed 852 nm light
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Figure 4.22: Zoomed in version of figure 4.21, allowing for visualization of
the classification fidelity and uncertainty.

being generated by stimulated Raman scattering in a focused plane of the
trap array, likely in either the glass cell wall or the objective.

Without any 685 nm or 852 nm light entering the optical setup, a 200ms
exposure time image is taken with the EMCCD camera and the number of
photoelectrons and their distribution is counted both for with and without
the 803 nm trap light enabled. In the 5x5 ROI, the standard deviation
of the photoelectron counts is 4 photoelectrons without the trap light and
10 photoelectrons with the trap light on. Since these scale in quadrature,
the standard deviation of the photoelectrons caused by the trap light is 9
photoelectrons. Meanwhile, the standard deviation of the photoelectron
counts for the bright mode was about 20 photoelectrons.

Mitigating the background light caused by the 803 nm trap light can be
achieved by applying an iris in the image plane to block the majority of the
803 nm trap light, since the majority of the trapping potential is not the
large gaussian, but instead the parabolic potential at the center. The light
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in the image plane outside this potential does not contribute to trapping,
and thus can be clipped out. This is a future direction for improving the
685 nm imaging results, allowing the imaging to be faster while maintaining
the high classification fidelity.

4.5.2 685 nm Raman Depump Rate

In this section, we study the sources of F = 4 atom loss during the 685 nm
imaging that lead to the 0.991 retention rate measured in 4.5.1. Since we
know that atoms are not being heated, the primary sources of atom loss are
the Raman depumping rate from the F = 4 state to the F = 3 dark state,
and from the vacuum limited lifetime of the atom trap, independent of the
imaging process.

To measure the contributions of these two sources of loss, we perform
a 685 nm pulse with the imaging detuning and parameters, scanning the
duration of the pulse from 400ms to 5.4s. Since the atoms are scattering light
through this entire pulse, we take an image for the first 200ms of the pulse
and the last 200ms of the pulse (resulting in the minimum time of 400ms),
allowing us to measure the number of atoms lost from the F = 4 state during
the pulse. This is our total loss rate and it needs to be distinguished between
the contributions from the Raman depumping rate vs. the vacuum limited
lifetime loss rate. We know that the atoms that were depumped are now in
the F = 3 state, which we can measure by blowing away the atoms in the
F = 4 state with a blow-away beam, applying a short 852 nm repump pulse
to pump the atoms from F = 3 into F = 4, and perform a final image of the
atoms with the 685 nm light.

Figure 4.23 presents a diagram of this sequence as well as the results
of these measurements. The blue curve presents the total loss ratio of the
atoms, measured at the first shot after the pulse. The red curve presents the
ratio of atoms depumped into the F = 3 state, based on the ratio of atoms

found again in the second shot after the pulse. The orange curve presents
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the difference between the blue and red curves, which is then the ratio of
atoms lost due to the vacuum limited lifetime. Each of these curves are fit
to a 1/e lifetime. We find that the total loss lifetime is 20(1)s, the Raman
depump lifetime is 42(4)s, and the vacuum limited lifetime is 43(5)s.

4.5.3 Paths to Improved Readout with 685 nm Imaging

In 200ms, the loss from depumping is e ~200™s/42s ~ (.42% and the loss from
the vacuum lifetime is e200ms/43s ~ 0.46%. Together, these loss channels
account for the 0.991% retention rate seen in figure 4.20. If more photons
could be collected from the atom or the camera and trap light noise could be
suppressed, the exposure time necessary for the imaging could be reduced.
Both of these loss effects scale linearly with the exposure time (to first order),
so reducing the exposure time by a factor of 2 would also decrease the loss
rate by a factor of 2.

With modern camera systems, the number of photoelectrons required for
a reliable state measurement is around 15 [88]. In our experiment, we are
collecting around 75 photoelectrons per atom. With an improved imaging
scheme, optics, and a modern camera, the exposure time could be reduced
to around 40ms, which would lead to a loss rate of about 0.1% from both

depump and vacuum lifetime, for a retention fidelity of around 99.8%.
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Figure 4.23: Diagram of the 685 nm imaging sequence used to measure the
Raman depump rate and the vacuum limited lifetime of the atoms in the
trap. The blue curve presents the total loss ratio of the atoms, measured
at the first shot after the pulse. The red curve presents the ratio of atoms
depumped into the F = 3 state, based on the ratio of atoms found again in
the second shot after the pulse. The orange curve presents the difference
between the blue and red curves, which is the ratio of atoms lost due to
the vacuum limited lifetime. From fitting these curves, the total loss 1/e
lifetime is 20(1)s, the Raman depump lifetime is 42(4)s, and the vacuum
limited lifetime is 43(5)s.
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5 DEVELOPING LOW NOISE LASERS FOR

RYDBERG GATES

5.1 The 459 nm Rydberg Laser

5.1.1 Architecture of 459 nm Laser System

The 459 nm Rydberg laser was implemented using an MSquared SolsTiS
Ti:Sa bow-tie cavity lasing at 918 nm and an Equinox pump laser, which is
then frequency doubled using an LBO crystal [89] in a bow-tie cavity [90]
down to 459 nm. This architecture involves an 18 W 532nm pump laser, which
pumps the Ti:Sa crystal in the SolsTiS. The bow-tie cavity is tuned with
multiple frequency selection schemes including a Birefringent Filter (BRF),
an etalon, an optical isolator, a fast-+slow pair of piezo-electric actuators
(dubbed "piezo" henceforth), and an electro-optic modulator (EOM).

To narrow and lock the 459 nm light, the scheme involves locking the

Figure 5.1: Image of 459 nm laser system, locked to the SHG cavity.
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918 nm laser, before frequency doubling, through the utilization of a high
finesse Ultra-Low Expansion (ULE) crystal cavity. The cavity is placed in a
ultra-high-vacuum (UHV) can, with an ion pump for maintaining vacuum.
Although UHYV is overkill to mitigate thermal conduction from the crystal
to the vacuum can, ion pumps do not impart vibrations and are thus very
ideal for this application. In addition to this, the vacuum can is temperature
controlled through a thermo-electric coupler (TEC) to maintain a constant
temperature. This effort of maintaining an isolated ULE cavity is to be able
to use it as a frequency reference instead of using a saturated absorption
line or similar.

The FSR of the ULE cavity was measured to be 499.811371 MHz at
960 nm. This means we need the capability to shift the frequency of the
light by up to 500 MHz in order to reach any desired lock point. To this
end, a double-pass acousto-optic modulator (AOM) setup is used to shift
the frequency of the light before entering the cavity. It should be noted
that this requires an AOM with a bandwidth of 250 MHz, which in turn
requires an even higher center frequency. We use a 650 MHz, 225 MHz BW
AOM for this, which has a peak single-pass diffraction efficiency of 50%.
Applying this frequency shift to the light going to the cavity instead of the
light going to the experimental apparatus allows for simple broad tuning of
the light frequency by large amounts without inducing a large cost to the
high intensity required for second-harmonic generation (SHG) in the LBO
crystal. As will be discussed later, an additional double-pass AOM setup is
added for dynamic tuning of the laser frequency after the frequency doubling.
But using the 650 MHz double-pass AOM as a dynamic shifter will not work
since the laser lock would effectively become responsible for maintaining the
frequency shift. Although it easily has the dynamic range capabilities for a
small frequency change, it still is a system with finite bandwidth.

The SHG bow-tie cavity with an LBO crystal inside has a finesse of 140

(when the LBO temperature is incorrect, resulting in no SHG). The beam is
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focused through the LBO crystal using parabolic mirrors. With 500 mW
of 918 nm, we get about 100 mW of 459 nm. The SHG cavity has a piezo
on one of the flat mirrors. A Hénsch-Couillaud (HC) locking scheme [91] is
utilized for locking the cavity length to the laser (since the laser is locked to
the ULE).

After SHG, a "noise-eater" is implemented using an AOM. The light that
passes on to the experiment is the Oth order of the AOM. A photodiode
(PD) measures the intensity of a sample of that light after the noise eater,
and an error signal is generated where the goal is to set the intensity of the
laser power to a constant value that is less than the total power transmitted
through the AOM. The goal is to discard the excess power by modulating
the amplitude of the RF going to the AOM to remove the correct amount of
power from the laser to make the intensity equal to a desired setpoint. Thus,
the error signal is the intensity measured by the PD subtracted by some
constant setpoint intensity. This mechanism allows for random intensity
noise (RIN) stabilization of the Rydberg lasers. Figure 5.2 demonstrates

the effectiveness of this system, with the noise eater on vs. off.

5.1.2 Locking Scheme for the 459 nm Rydberg Laser

To actually lock the laser to the ULE cavity, a Pound-Drever-Hall (PDH)
technique [56] is used to create an error signal with an 80 MHz modulation.
There are three feedback channels (and servo loops) for this MSquared
system: a slow piezo, which has a high dynamic range (> 1 GHz) but a
very low bandwidth (< 50 Hz); a fast piezo, which has a small dynamic
range (100 MHz) and a bandwidth of 100 kHz; and an intra-cavity EOM,
which has a very low dynamic range but a very high bandwidth (10 MHz).
All three of these feedback channels work in unison to change the effective
cavity length of the SolsTiS bow-tie cavity: the piezos change the light’s
path, and the EOM changes the index of refraction, thereby changing the
cavity length.
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Figure 5.2: RIN comparison with the noise eater enabled and disabled for
the 459 nm laser. Units are in Fractional Noise Spectral Density, 1/vHz
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Figure 5.3: 918 Locking Scheme Functional Diagram.
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Since the free-running linewidth of the SolsTiS is < 100 kHz, there is
very little noise at the 10 MHz level, so only a small feedback signal needs
to be applied through the EOM. In addition, an AC-coupled error signal
suffices. The servo utilized in the feedback loop for the high-frequency noise
is a Vescent D2-125 lockbox. This lockbox has an output voltage span of
+10 V and a high bandwidth. This loop involves a PI (no derivative), with a
PI corner at 200 kHz. This allows for increased gain in the 10 kHz-100 kHz
band, reducing the responsibility of the fast piezo in its most fragile range.
A proportional gain is also applied for feedback above 200 kHz. Since the
signal is AC-coupled, there is a gain limit for the integrator.

For the two piezos, a modified Moglabs FSC servo controller (which
has a fast and a slow channel) is used to perform feedback. This feedback
system is designed such that the laser can be locked with just the fast piezo
and the EOM. However, due to the limited dynamic range of the fast piezo,
the DC drifts of the system (thermal, pressure, humidity) will quickly cause
the integrators for the fast piezo to rail (on the order of 5 minutes). Since
the slow loop has a very large dynamic range, it is enabled after the other
loops and therefore assists the fast piezo in obtaining long-term locks. So
this loop is just a proportional loop.

The modification to the Moglabs FSC is to increase the dynamic output
range of the "fast" loop by replacing an internal limiting resistor. In addition,
the dynamic range of the slow-loop integrator is increased as well with a
simple modification.

To increase the output range on the Moglabs FSC, R91, which acts as
an output voltage limiter, must be replaced with a 500 Ohm 0402 package
resistor. The original value of the resistor was measured to be 2.5 kOhms.
Contact Moglabs to confirm this before replacing if you want to undo the
modification on the board. This upgrade will change the range from about
+0.625 V up to about £2 V. It is highly recommended to label the lockboxes

that these changes have been implemented, since this can damage a laser
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diode if plugged back into a standard Moglabs laser unit. See Figure 5.4 for
R91 location.

The slow loop integrators of the Moglabs FSC have an attenuation
stage before being summed with the ramp/offset signals. This is a 200:1
attenuation, which limits the range of the slow output to around £50 mV,
while the total output range with the offset is around 200 mV to 1000 mV.
To decrease this attenuation, R87 (nominally 100 kOhm) must be replaced
with a smaller resistance. A 5 kOhm resistor has given an output range of
4400 mV and should be implemented in most designs with this modification.
Again, label the lockbox with the applied change. See Figure 5.5 for R87
location.

The fast piezo is implemented with a PI gain. The PI corner is placed
at 50 kHz, and the proportional gain is at a low level. To ensure that the
integrator for the fast loop doesn’t beat the integrator for the slow loop (the
slow loop needs to be responsible for the DC drifts), a gain limit is applied
to the fast piezo, which corners off the upper end of the integrator.

Figure 5.3 presents a functional diagram of the locking scheme for the
459 nm Rydberg Laser.
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5.1.3 Measurements of the 459 nm Spectral Noise

The self-heterodyne technique [92] is used to measure the spectral noise of
the 459 nm laser system. We measure the spectral noise of the 918 nm laser,
since there is more power available and this is the laser that is actually being
narrowed.

The 918 nm laser has a permanent self-heterodyne system set up so
that we can have continuous monitoring of the noise performance of the
laser. This is sent to a spectrum analyzer to constantly monitor and fit the
location and amplitude of the servo bumps as well as the white noise. It
then uploads this data to the Origin database server. This server then feeds
information to the system monitoring system for the AQuA experiment.

The self-heterodyne setup was designed by Sam Norrell and was created
using a series of fiber splitters and a fiber-based AOM. The beam is input
into the system through a fiber patch cord butt-coupled to a 50-50 fiber
non-polarizing beam splitter. One path is sent to a 10 km delay fiber, and
the other path is sent to the fiber AOM, which is modulated at 100 MHz and
outputs the first-order beam in a fiber. This beam is then combined with
the 10 km delayed fiber on a 90-10 beam splitter, where the delayed fiber
is combined on the 90% port and the AOM-diffracted path is combined on
the 10% port. This is because the delayed fiber exhibits loss. An issue with
this design is that the polarization of the light traveling through the split
paths may dynamically change due to environmental effects. This can result
in a changing amplitude in the self-heterodyne signal, since polarizations
need to match for a beat note to be created on the diode. An upgrade to
this system would involve a way to rotate the polarization so that it can be

matched between the beams.

Modeling the servo bumps

To analyze and perform the fits for monitoring the noise performance of

the Rydberg lasers from the spectrum of the self-heterodyne, the analysis
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described in [93] is used.
Consider a laser with a pure white frequency noise of amplitude hy

(typically measured in Hz?/Hz):
de - h() (5 1)

The phase noise of such a noise spectrum would be:

ho

- (5.2)

S¢, white(f)

where the simple relation between phase and frequency noise of Sg, = Sg./f?
has been used.
Similarly, we can model a servo bump to be a symmetric gaussian

contribution of peak amplitude, hg, in terms of frequency noise:

Sav, bump(f) =hyg {exp (—%) + exp <—w)] (5.3)

2 2
9 209

and so the phase noise would be:

So. bump(f) = 8 [exp (—M) +exp GM)} (5.4)

f% 203 26?J

To model our lasers, we can consider them to be superpositions of these
noise components, where there is a pure white noise with several sets of

servo bumps.

S¢total = Sgwhite(f) + Z S, i(f) (5.5)
j

where S, j(f) is the j-th servo bump.

Due to the finite time-delay of a self-heterodyne system, a Discrete Fourier
Transform "windowing'-like effect (see, for example, the Blackman-Harris
window: [94]) occurs when measuring the spectrum with this technique,

where a sinusoidal modulation appears. This modulation is caused by points
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in the spectrum where the time-delay, t4, induced has accrued as much
phase as an entire period of an oscillation at a given frequency. As is fully
analyzed and discussed in [93], the actual measured spectrum of a laser with

pure white noise would be:
2hy —4m?hot

ST'. f = — T hota 5 f

) = oy T (f)

o
2+ (27’[]'10)2

{Cos (2mfta) + 20" gin (antd)D (5.6)

And similarly for a servo bump, this would be:

~ dhg . o (f —fq)?
Sl(f) ~ 5(f) + ? Sin (ﬂftd) [exp ( W

+ exp <—%)] (5.7)

9

Fitting the servo bumps

The first step is to normalize the power measured by the spectrum analyzer
by fitting the contribution of the center (highest amplitude) component of
the self-heterodyne spectrum. This has to be done each time because the
power of the laser continuously changes due to polarization drifts in the

fibers. The center of the spectrum is fit to

4
SpO

Sipeak = (2 + m202)5/2 (5.8)
which has a total power of %. This factor is used to normalize the
measured data.

Next, the data is fit to a summation of Eqs. 5.6 and 5.7 for the windowed

white phase noise, Si white, and the j-th windowed servo bump phase noise,
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Sibump j, building off of Eq. 5.5:

Sirit = Stawhite(f) + ) Sipump j(f) (5.9)
j

Note that the delta-function component of S; ,yhite is omitted from the fit
since it isn’t physically measurable with a spectrum analyzer. The SciPy
least squares "curvefit" algorithm is used to perform the fitting [87]. To
reduce noise in the measurement, many measurements of the spectrum are
averaged down for a single shot before the data is fit.

An ansatz for the number of servo bumps and their general location
is used for the servo bump fitting. For each prominent servo bump, an
initial guess is given to the spectrum analysis tool based on where the
bumps have been known to exist. For the 918 nm laser, a successful fit
with initial parameters involving three servo bumps at fy = 6.2 kHz, o4 =
910 Hz, hy = 72 Hz*/Hz, f4 = 51 kHz, o4 = 40 kHz, hy = 1.2 Hz*/Hz,
and fg = 145 kHz, 04 = 5.8 kHz, hgy = 1.1 Hz?/Hz is used, since this
is where previous trial and error of the number of servo bumps and their
locations placed them. The white noise is also initially guessed, with a
similar initial guess assumption (0.5 Hz*/Hz for the 918 nm laser).

Once the accurate strengths (hg), locations (f4), and sizes (og) of the
servo bumps are fit, as well as the white noise amplitude (hy), we extrapolate
the actual phase noise, without the windowing applied by the self-heterodyne
beating mechanism or dark noise of the spectrum analyzer. Equation 5.5 is
used here.

The results of one step of this analysis of the laser phase noise is presented
in figure 5.6. The measured data (blue) is fit to the windowed phase fit
described in Eq. 5.9 (green) and the resulting actual phase noise is presented

based on Eq. 5.5 (orange).
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Figure 5.6: 918 nm Self-Heterodyne phase noise data, windowed fit, and
extrapolated phase noise from the windowed fit. White noise: 0.5 Hz?/Hz.
Fit Servo Bumps at fy = 6.2 kHz,04 = 910 Hz,hy = 72 Hz?/Hz,
fg = 51 kHz,04 = 40 kHz, hy = 1.2 Hz?/Hz, and f4 = 145 kHz, 04 =
5.8 kHz,hy = 1.1 Hz?/Hz.

5.2 The 1040 nm Rydberg Laser

The 1040 nm Rydberg laser is created in a very similar fashion, except there
is no SHG. The gain of the Ti:Sa crystal at this wavelength is much lower
[95], so this laser is much more susceptible to mode hops (see Figure 5.7 for
the gain/emission spectrum of the Ti:Sa crystal).

In addition, there is no double-pass frequency shifter required for the
laser before it is locked to the ULE cavity, since there already is one on the
459 nm laser.

The locking scheme of the 1040 nm is identical to that of the 459 nm,

with the same feedback loops and lockboxes, including modifications.
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Figure 5.7: Ti:Sa absorption and emission spectrum, from [95]. The emission
gain at 1040 nm falls off from the peak gain at 800 nm by almost an order
of magnitude.

5.2.1 RIN of the 1040 nm Rydberg Laser

Since the 1040 nm light is coming directly out of the SolsTiS and is not being
frequency doubled, the intensity noise is small, even without a noise eater.
We did not implement a noise eater for this system. Figure 5.8 presents the
RIN for the 459 nm light (with the noise eater on) vs. the free-running 1040
nm light.

5.2.2 Measurements of the 1040 nm Spectral Noise

The 1040 nm spectral noise is also measured using a dedicated self-heterodyne
system with a similar monitoring setup to the 918 nm laser. Figure 5.9
presents the 1040 nm self-heterodyne spectrum using the same fitting mech-
anism described.

For this laser system, there are only two servo bumps (see the figure).
One of the servo bumps is at fq = 234 kHz and has an amplitude of
hgy =1.7x 10° Hz*/Hz. This servo bump has a much bigger impact than

any of the 918 nm servo bumps because it is at a frequency closer to the
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Figure 5.8: RIN comparison between the 459 nm (with noise eater) and the
1040 nm Rydberg lasers. The free-running noise of the 1040 nm laser is less
than that of the 459 nm laser with the noise eater.

Rabi frequency. Section 5.2.3 briefly describes the effects of this noise.

5.2.3 Sg4v of Rydberg Lasers

With the fit and characterized phase noise, the frequency noise in Hz?/Hz
can easily be presented as well. Figure 5.10 plots the frequency noise of the
two Rydberg lasers based on the fits of the windowed phase noise from the
self-heterodyne measurements. Based on the analysis in [93], we can also
extrapolate the error contribution of this noise for our Rydberg gates.

The white noise level for these lasers is very low compared to the am-
plitude of the servo bumps. The issue with servo bumps is how close they
are in frequency to the Rabi frequency. The single-atom Rabi rate for two
qubit Rydberg gates in the AQuA experiment is 1.7 MHz (see [10]).

Since the white noise levels are very low, the servo bump with the largest
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Figure 5.9: 1040 nm self-heterodyne phase noise data, windowed fit, and
extrapolated phase noise from the windowed fit. White noise: 6.6 Hz?/Hz.
Fit servo bumps at f4 = 69.1 kHz, o4 = 40.6 kHz, hy = 11 Hz*/Hz and
fq =234 kHz, 04 = 1.3 kHz, hy = 1.7 x 10° Hz*/Hz.
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Figure 5.10: The S4+ of both Rydberg lasers based on fitting white noise
and servo bumps to the measured self-heterodyne spectra, following the
analysis found in [93]. See Figures 5.6 and 5.9 for fit parameters.
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Figure 5.11: Figures taken from [93], presenting Rabi error vs. laser noise
parameters for a 27t rotation: a) Rabi error vs. white phase noise, hy. b) Rabi
error vs. servo bump frequency (f, with amplitude of hy = 10*Hz?/Hz. For
both situations, the Rabi frequency used in the simulation is Qq/27m = 1IMHz.
See the reference for more details.

contribution is in the 1040 nm laser at fq = 234 kHz with an amplitude of
1.7 x 10°Hz%/Hz. Figure 5.11 presents the results of [93], demonstrating the
effects of laser frequency noise on the atoms for a 27t Rydberg rotation.
The using the results shown in the figure, the low white noise levels and
fq/(Qo/2m) = 0.14 contribute to the Rabi error by less than 10~% and 10~°
respectively. This informs that the noise of the Rydberg lasers were not the
limiting factor for the 95.5% (SPAM corrected) Bell state achieved [10].

5.3 A small collection of thoughts and

experiences on laser locks

5.3.1 Tuning up a ULE cavity

To tune up the lock from a base state—and this is my general approach for
all laser systems with multiple feedback loops locked to a ULE cavity—is to
first set up a sweep of the laser through the cavity mode. With no feedback,
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there should be a very thin, brief pulse of cavity transmission. To ensure
the right gain sign is applied, attempt a simple high-gain proportional loop.
If the proportional loop can extend this brief cavity pulse, even if it’s noisy,
then you have the right gain sign. Attempt to increase the gain so that
this pulse is extended. There will likely be occasional dips, but the pulse
should ultimately be extendable. This loop will likely look like an integrator
with finite gain or a low-pass filter with a high proportional component.
Derivatives can be useful too, but as the frequency increases, the gain also
increases — at 10 dB per decade. So there must be some sort of second-order
low-pass filter (or a low-pass filter and a finite-gain derivative) to cancel out
this derivative term and apply enough attenuation before the first phase
margin. I find that, in general, this isn’t ever necessary and can be handled
much more simply with just a high proportional term and a low-pass filter.

Once this is done, the next step is to tune up the "medium" loop. The
gain sign can be picked in a similar way to the fast loop, where a high
proportional gain is applied to extend the lock acquisition window through
the ramp. This term can use an integrator, but it should have finite gain (so
that the slow loop can ultimately handle all DC drifts). When the integrator
(if used) is active and the ramp is disabled, this should be able to keep the
laser from coming unlocked for at least a few seconds.

If the laser can last for a few minutes without the integrator railing, this
is a good time to try to optimize the gain and low-pass filter parameters of
both the fast and slow loops. With a self-heterodyne, you can do a great job
optimizing the servo bump performance, but with just the error signal and
cavity transmission, you can try to minimize the noise of the transmission.

Once the proper lock performance is acquired, the slow loop can finally
be implemented. The reason the slow loop is applied last is that it shouldn’t
affect the higher frequency dynamics of the laser spectrum. It should just
be a signal that is driving the integrator (or near-DC component) of the

"medium" loop to zero. This keeps things simple. A very low-frequency low-
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pass filter can even be applied in this stage. An interesting application of this
loop can be found in the 685 nm laser lock discussion earlier (Section 3.2.4).

If a laser comes unlocked shortly after an integrator is applied, the
operator could look into the reason why such a situation is happening. For
example, study the dynamics of the output signals (Does the integrator rail?
Does it oscillate? etc.). Generally, turning down the gain can also lead to
insight.

Ultimately, all laser systems are different and require different forms of
care, love, and attention. This guide is highly pointed toward situations
where there are three feedback paths, with a clear "fast", "medium", "slow'
architecture. The section on the 685 nm laser lock discusses a much more

interesting laser lock, which actually utilizes a derivative loop (Section 3.2.4).

5.3.2 Lasers That Stay Locked

Lasers tend to come unlocked for two primary reasons: adiabatic and sponta-
neous environmental effects. Adiabatic drifts tend to surround temperature,
pressure, and humidity fluctuations, causing the actuators to need to ac-
cumulate a large amount of actuation. Or maybe a ground loop changes
such that an unprotected error signal gets affected. These environmental
effects can also cause mode hops in a laser, which are never going to be
fixable with a lockbox. Passive mitigation of environmental effects is the
first step in having a laser that stays locked. At the same time, ensuring that
the integrator has a large enough dynamic range is also a useful tool. If it
doesn’t, consider a lockbox with a larger-range integrator or a modification.

The other possible reason is spontaneous environmental effects, like
somebody dropping a wrench in the lab. Don’t drop a wrench in the lab.
Locks can be optimized to handle these types of perturbations, but this
generally involves applying more proportional or derivative gain such that

the sudden high-frequency influences can be handled and are not left to an
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unstable lower-frequency loop. But this often leads to servo bumps. Just
because it can survive a wrench doesn’t mean it has been tuned well.

An interesting technique to find the weak points in your spectrum is
using an app on your phone that creates a very quiet sinusoidal tone. If
the frequency of the tone is at one of the phase margins, even a very quite
amplitude can cause an unlock. Anyway, it’s best to optimize a laser for
servo bump performance and not necessarily robustness to a wrench being
dropped. You can tune for either, but they are unlikely to be the same

point.

5.3.3 Auto-Relock for Continuous Operation

An important feature implemented for the AQuA quantum computing
project was auto-relocking of the Rydberg lasers, so that the experiment
could continue to run autonomously overnight. Depending on the laser
system, this is a task that involves utilizing tools and infrastructure outside
of just the lockbox. I will be discussing the auto-relock system implemented
for relocking the 1040 nm Rydberg laser, which involves an MSquared
SolsTiS laser. The auto-relock scheme for the 459 nm system was similar
but includes an extra stage for relocking the SHG cavity. Abraham Scott is
primarily responsible for building and implementing the software for these
systems, while I assisted him in setting up and designing the hardware.

To auto-relock, there needs to be a way of knowing that the system has
become unlocked, a way to find the correct lock point, a way of enabling
and disabling the integrator (see Section 6.1.8 for example), and a way to
apply tuning to the laser’s systems.

The first issue is knowing that the laser has become unlocked. This can’t
be determined simply from the transmission intensity of the ULE cavity,
because a common unlock mode—especially for the 1040 nm laser—involves
switching to a different mode. The 1040 nm laser is normally locked to a

TEMy5 mode but will often hop to a TEMys mode during an unlock event.
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This means that the cavity transmission does not always drop to zero and
may even increase slightly.

One possible solution to this, especially if the mode being locked to is a
TEMg mode, is a well-tuned "edge" detection analog measurement device.
However, if there is a spontaneous and brief unlock event where the laser
ultimately relocks itself within a few milliseconds (e.g., if somebody drops a
wrench, causing the laser to jitter but ultimately re-settle), then this would
produce false positive readings.

As such, while the ULE cavity transmission is indeed digitized (with a
Raspberry Pi-integrated analog-to-digital converter shield) and used in this
auto-relock scheme, it is not the primary detection method for an unlock
event.

Another detection mode used is image analysis of the transmitted light
through the cavity. We already have a Raspberry Pi camera set up to image
the mode while locking. Abraham also wrote an image analysis script that
identifies the TEMy, cavity mode being transmitted (or no mode, if the
laser is unlocked). This software implements contour analysis and similar
tools in Python to analyze the mode.

The last measurement tool is a Moglabs "Compact Wavemeter (MWM),"
which uses diffractive optics, lenses, and a camera to measure the wavelength
of a fiber-coupled laser. This device is highly precise—within 100 MHz
according to the datasheet—but due to many possible environmental effects,
it is not very accurate. As temperature, humidity, and pressure drift, this
device loses its calibration and acquires large, unpredictable systematic errors
that change throughout the day. However, the ULE cavity does not drift.
So, as long as the laser is properly locked, we can continuously calibrate
this device by saving the currently measured frequency as the desired lock
point. This allows us to have 100 MHz resolution on our laser frequency
using a very cheap wavemeter. The wavemeter communicates over Ethernet

with the main Python auto-relocking program, and the aforementioned
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"calibration' is performed in software (i.e., the lock goal is saved in code,
not on-device). This device can also be used to monitor unlock events—if
the frequency suddenly changes, for example. The free spectral range of the
10 cm ULE cavity is Avesg = 57 = 1.5 GHz, so if the laser jumps from one
axial cavity mode to the next while maintaining the same transverse cavity
mode, the laser frequency will have changed by at least 1.5 GHz, which is
easily measurable by this wavemeter, since all environmental drifts occur at
much lower frequencies than an unlock event.

These three analysis modes are used both for detecting an unlock event
and for tuning the laser back to the correct frequency after one. The Python
program constantly monitors these systems to determine whether the laser
is in a proper lock state. Once it detects an error state, it unlocks the
integrators—meaning that the integrator capacitors in the lockboxes are
drained and shorted.

For these Rydberg lasers, as mentioned above, the lockboxes used are
the Moglabs FSC lockboxes. These lockboxes have a lock control input,
which allows the lockbox to independently clear both the fast and slow loop
integrators and hold them there. The GPIO output of the Raspberry Pi is
used to send this signal to the lockbox.

Once the integrators are cleared, the lock point needs to be found again.
The SolsTiS digitizes the signal sent to the slow (and fast) feedback lines
before sending it to the piezos. It is unclear what architecture they use, but
I wouldn’t be surprised if they use a high-voltage DAC and skip the need
for a high-voltage amplifier. Regardless, the "resonator tuner" setting on the
SolsTiS webpage controls the DC offset of the slow piezo voltage (while the
slow input is meant as a fine-tuning input). As such, the laser frequency
can be ramped using the already existing digital interface of the SolsTiS. To
do this, the Python script sends HTML commands to the SolsTiS to scan
the frequency of the lock.

Once the scanning script has found the lock point—based on the cavity
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transmission mode and frequency measured by the wavemeter—the integra-
tor of the fast loop in the Moglabs FSC is re-enabled. There is always a
decent chance that the lock attempt does not succeed, so an immediate check
is performed to see whether the laser successfully locked before enabling
the slow lock as well. If the laser did not successfully lock, it finds the lock
point and tries again. Then it enables the slow loop and performs another
check. Rinse and repeat.

For the 459 nm system with SHG, a very similar scheme is used, but this
time there is no specific transverse mode that needs to be reached, and the
unlock measurement is simply 459 nm power. A scan searches for intensity
again and applies the lock.

One of the primary limitations of this auto-relock scheme is if there is
a mode hop as a result of the unlock event. Mode hops can be a cause for
lasers to unlock, but the SolsTiS architecture tends to be very resilient to
these types of situations as long as it is well coupled with a pump laser.
However, the etalon lock can be lost if the slow piezo is changed at too
high of a rate, so scanning the laser should be performed slowly. If the
laser system in use tends to always mode hop when it unlocks—such as in
a Vexlum or diode laser situation—more complicated scanning procedures

would need to be implemented to find a stable lock point again.
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6 DEVELOPING LOW NOISE ELECTRONIC
SYSTEMS FOR LASER AND CURRENT CONTROL

6.1 The QPAL Lockbox

6.1.1 Design

The QPAL Lockbox is a multi-loop feedback box designed to control and
lock lasers to a feature in an error signal. The design emphasizes an
implementation with useful features such as dual balance-able inputs, an
emphasis on ground loop suppression through instrumentation amplifiers,
low output impedance, interfaceable re-locking, a ramp trigger generator,

and many more features.
The QPAL lockbox is the next in a series that the QPAL group has

Figure 6.1: Image of the populated PCB of a single channel of the QPAL
Lockbox.
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designed, based off of the original famed "JILA Lockbox" which was designed
by John Hall. Though, at this point, the lockbox has taken its own form in
a fully fleshed out implementation.

These lockboxes were designed to be produced for the many lasers and
laser systems around the lab. Once the prototyping stage was completed,
we sent the lockbox design to a company which printed and populated
the PCB using pick-and-place machines, and allowed for easy and quick
implementation of the lockboxes. Unfortunately, the lockboxes (and coil
drivers) suffered greatly from the chip shortages of 2021 and some of the parts
and components were hard to acquire. Due to this, we had to purchase and
populate some of the chips ourselves. Care should be taken to ensure that
any lockbox re-orders are properly vetted before just outright purchasing
the same boards from the vendor (Macrofab).

The latest version of the QPAL Lockbox authored by me is version 1.2.4.
This version utilized the AD8429 instrumentation amplifier (in-amp). The
utilization of this chip is at the core of the QPAL Lockbox’s ground loop
noise suppression. The key idea is that it performs a subtraction of the
ground voltage from the signal voltage applied to the lockbox inputs without
electrical contact between the grounds. Unfortunately, these chips have a
bandwidth limitation of about 1MHz. At the time of design, the AD8429
chips are the highest unitary-gain capable bandwidth in-amps (with other
necessary properties for a lockbox such as voltage range, offsets, etc.).

If we didn’t buffer the inputs in this manner, we could have higher
bandwidth lockboxes. But the design emphasis for these lockboxes is ground
loop mitigation, which drove this approach. If a higher bandwidth lockbox
is desired, usage of a lockbox such as the Moglabs FSC (lower signal peak-
to peak amplitude and less ground loop suppression, but much higher
bandwidth) or the Vescent Lockbox can be used. This lockbox is primarily
intended to drive piezoelectric actuators (such as in an MSquared SolsTiS)

and laser diode current modulation (through interface with a current driver
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Figure 6.2: Schematic diagram of Ch 1 of the QPAL Lockbox.

with a modulation input).

The enclosures that the lockboxes are placed in are also custom manu-
factured and contain two separate PCBs, allowing for fixes to be made to a
broken lockbox without having to take both lockboxes out. In the end, this
was a fruitless endeavor because the entire system needs to be disconnected
to be able to make any modifications. But it makes the PCB cheaper so its
not all bad.

6.1.2 Features

Here we discuss the features and workings of the QPAL Lockbox v1.2.4.
Figure 6.2 is a schematic drawing of Ch. 1 of the front panel of the lockbox
(both channels are functionally identical). At first glance it is a mess of
knobs and settings. There are generally three types of adjustments: rotating

switches (these have multiple sets of resistors/capacitors to choose from,
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allowing for different loop parameters to be implemented, switches, and trim-
pots. Unfortunately, due to the attempts to maximize lockbox performance
and minimize PCB size, the front panel arrangement is a mess and doesn’t
follow a logical placement of control locations.

The lockbox has two loops. A "fast" loop and a "slow" loop. Intrinsically,
these loops are not actually intentionally bandwidth limited (unless a lowpass
filter is enabled) and the name simply has to do with the way the loops
are designed. For the "fast" loop, the architecture involves a Proportional-
Derivative-Lowpass. The "slow" loop involves a Proportional-Integrator-
Double Integrator-Lowpass. The purpose of separating these loops is in case
there are multiple types of feedback actuators in the system. For example,
an MSquared SolsTiS has a stack of both a fast (100kHz BW) and a slow
(50Hz BW) piezo, or an ECDL may have a slow piezo and a fast current
modulation.

But there can also be a desire for a single combined system, where
both fast and slow loops combine together at the very end of the loop.
This opens the door for even more complicated non-linear PID models
to exist, specifically a summation between two PIDs. The lockbox has
a capability to internally perform analog addition of the output of the
"fast" loop to the output of the "slow" loop. This can add for great tuning
power, where a user may want to specifically target high frequency noise
by implementing a low strength PDL (Proportional-Derivative-Lowpass)
loop that has a high bandwidth on the lowpass, while also performing a
stronger PIL (Proportional-Integral-Lowpass) loop for the lower frequencies,
allowing the lockbox to drive the error signal to zero. This summation is
intrinsically still linear, but expands on the PID model, which allows the
user large amounts of control over the system noise due to its versatility
and practicality and ability to bypass the nonlinearities introduced by real
systems. It is also an easy enough model to visualize, similar to first order

perturbation theory.
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rror Signal Offset

Figure 6.3: Input Processing Schematic Portion

The lockbox has three main sections to it: a shared "input" section, a fast
loop, and a slow loop. There are also auxiliary sections such as the power
management and filtering section and the ramp input trigger generator. The

following sections discuss each in detail.

6.1.3 The Input Section

This section is the first section, where the signals enter the lockbox. The
lockbox has two error signal inputs (A and B). As mentioned above, these
inputs are heavily buffered for ground loop error suppression (this mitigates
issues where ground drifts cause an already very small error signal to drift
in offset).

Once buffered, the error signal is either composed of just the A input, or
an analog voltage subtraction A-B (selected by the B enable switch). The
purpose of having this second input can include background light subtraction,
or applying nested integrator loops as demonstrated for the 685nm laser
in section 3.2.4. Another possible use of this channel is to allow for an
externally controlled error offset, which could even be digitally controlled.

Next, the internally generated error signal offset is applied. This is a

constant voltage set manually by the Error Offset CCW 10-turn trim pot
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Figure 6.4: Slow Loop Schematic Portion

in the top left corner of the lockbox channel. This trim pot has a full-scale
voltage range of +/-10V (or 2V per turn), which can be divided down by the
"Full, Full/100, Full/10" switch, depending on the magnitude of the error
signal. This voltage is subtracted from the error signal input generated in
the previous section and is subsequently buffered.

The output of the buffer heads to three locations: a filtered "Input Mon"
output, and the two servo loops. The input monitor output has a selection
for gain and bandwidth, controlling a simple op amp filter loop with gain
and a low pass filter. The gain can be turned to a very large value to allow
for the user to easily see what zero is being driven to, and the low pass filter
can get rid of noise which could make it hard to observe the error signal
zero crossing (possibly from higher order harmonics after an error signal
generated by demodulation). Since the signal is taken at the same point
from the buffered output as the servo loops, this is the error signal seen by

the lockbox integrators.
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6.1.4 The Slow Loop

The slow loop involves a Proportional, Integrator, second Integrator, and
Low pass filter (PIIL). These gains are applied sequentially (in this order).
There is a rotary switch for controlling the operating mode of the slow loop,
"State Selector". This switch has settings of "NF, P, PI, PI4, PII", and
depending on the setting, enables or disables different loops. "NF" stands
for "'no feedback", "P" is proportional, "PI" is a "Proportional-Integral",
"PI+" is a "Proportional-Integral-Integral with limited gain', and "PII" is
a "Proportional Double Integral" (with no limit on the integral gain other
than the open loop gain of the op-amp).

However, it is important to note that this control mode is deprecated.
This switch was implemented for legacy sake, but the best way to implement
this lockbox would be with this switch set to PI followed by using other

switches to enable or disable features.

The feedback mode rotary switch

NF is the "no feedback" mode of this switch. However, for each of these
settings, the lockbox is not actually disabling the loop, rather highly at-
tenuating the particular gain contribution. So even if the switch is set to
NF, there is still proportional feedback, but highly attenuated. To truly
disable the feedback, there is a physical switch which drives the output to
0V through the utilization of a short.

P mode is simply a "proportional” mode, but the integrators are not fully
disabled, simply highly attenuated. It is ultimately not a pure proportional!
(This is the theme. Again, I am not proud of the feature, and the reader
may be asking "why is it implemented", and I can’t remember why I didn’t
just remove it. Just leave it to PI and don’t use it).

PI mode is the main mode that I leave the switch on. It doesn’t disable

the two important loops (P, I) and it disables the unnecessary loops (the
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second integrator). This mode can be turned into a true P mode through
utilization of the "integrator clear" switch (more on this later).

The PI+ and PII modes are similar, where they enable the second
integrator, but to different degrees. To this day, I have never used a second
integrator. The concept of a second order integrator, to my understanding,
is to increase the DC gain with respect to a different feedback loop. It makes
sense in an analytical analysis of multiple PID systems working in unison on
the error signal, in that you can make a particular loop (maybe a loop with
the highest dynamic range, like the slow piezo in an MSquared SolsTiS), be
responsible for the very low frequency component of the error signal.

However, even in the analytical model, this does have a large draw back
where the second order integrator now has a phase shift of 180 degrees, at
all points in the frequency spectrum. All feedback from a second integrator
has the wrong gain sign, which is the epitome of a servo bump. Second
order integrals need to be implemented with large amounts of care, even if
electronic systems were perfect. But, even with this analytical issue with
second order integrators, there is also an issue with the fact that we are
actually implementing these systems with imperfect electronics that don’t
completely follow the linear model of the "ideal op-amp". There are effects
like offset voltages and currents, voltage rails, slew rate, etc. that are very
influential on the capabilities of an op-amp in special regimes of operation.
In the case of second order integrals, the offset voltages and currents are the
primary issue, because a very small DC signal error will propagate through
the integral. An improved implementation of utilizing these lockboxes for
solving this particular concern (of wanting a slow piezo controlling the
DC gain while still utilizing an integrator on the fast piezo) is discussed,

implemented, and demonstrated in the 685nm locking section 3.2.4.
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Using the PI setting as the primary setting

As has been mentioned profusely, the best way to use the lockbox is to set
this switch to PI, and use the linear switches on the lockbox to control the
different states. Namely, to enter "no-feedback", set the "Feedback Control"
switch to off, which shorts out the feedback signal (while still allowing the
ramp and output offset). To disable the integrator, (say, while trying to
lock the laser), simply set the integrator clear switch to "Clr" or "(Clr)"
and the integration capacitors will be shorted using an analog switch (the
parenthetical Clr is a switch notation to indicate that the switch has a spring
in it that will push the state out of that mode unless the user is actively
pushing it up; its a temporary state. This is very useful if the user wants to
quickly re-lock the laser and can’t be bothered to flop it twice). Additionally,
this analog switch has a "de-bouncer" before it, which is a digital circuit
which delays the change of the digital pulse, so that the "shutter" of the
switch change doesn’t cause the integrator to quickly enter and leave and
reenter the integrator mode (which can cause a mode-hop on a laser, which
is often considered "annoying").

The proportional gain level is controlled by the Servo Gain rotary switch.
This switch is labeled in signal dB, indicating how much gain (or attenuation)
is applied to the error signal. After large amounts of usage of this lockbox,
I have determined that a higher level of attenuation would have been nice
to implement, say -30dB instead of +70dB. This would be a good upgrade
for a future revision.

The PI (Hz) rotary switch selects where the PI corner of the integrator
is placed, in Hz. This "corner" in the frequency domain is where the
contribution of the integrator is of equal amplitude to the proportional
contribution. The "INF" means that there is no corner, and the proportional
never meets the integrator. This would be where the user would set it if
they wanted a pure integral for the gain of the lockbox.

Hidden among the fast loop settings, there is a Slow Invert switch, which
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is used to invert the slow signal. This switch has to be placed in the right
setting in order to perform positive or negative feedback, depending on the
physical properties of the controlled system (does a positive voltage push the
error signal in the positive or the negative direction?). It is unfortunately
hidden among the fast loop settings so look sharp.

Next is the 9dB corner rotary switch. This controls the I-I corner, for
when the second integrator is enabled. I've never wanted to use the second
integrator so I haven’t tested this out much.

The last component to the feedback, and one of the most important
components, is the low pass filter at the very end. This is a first order
lowpass filter, implemented with an array of resistors and capacitors, and
a trim pot. The range listed on the rotary switch indicates what the RC
corner of the filter will be if the "Lowpass RC Adjust (CCW)" trim-pot is
fully turned "clockwise" - "counter-clockwise" (for all trim-pots, there is a
"CW'" or "CCW" written, which informs the user which direction increases
the parameter. So in this case, CCW increases the RC corner frequency).
The "INF" setting here disables the low pass. It is only recommended if the
user wants to apply their own external filtering, or if there is intrinsic, clean
filtering in the feedback path after the lockbox. But it should be noted
that the lockbox does not have the cleanest phase performance at its peak
bandwidth, since it is composed of many op-amps and in-amps. A filter is
always necessary for a realistic PID system to mitigate servo bumps at high
frequencies.

There is also a "slow fine gain (CCW)" trim pot. I have mixed feelings
for this thing. It is implemented as an attenuator after the feedback path,
including the integrator. This means that it can limit the full-scale range
of the integrators output, which is a primary avenue for lasers to come
unlocked after large amounts of time (eventually, slow environmental effects
like lab temperature may require a piezo to be actuated at higher and higher

levels, but if the integrators output voltage can’t reach that level, even with
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an external amplifier, then the lockbox will be unable to maintain the lock).
However, it is an important feature to be able to reduce the proportional
fine gain of the lockbox, so this trim pot attenuator is necessary. It is my
recommendation that it be set to the CCW position initially when picking
the servo-gain parameter, and brought down slightly as needed.

You now have a feedback signal. However, to utilize this signal, it is
also useful to apply an offset voltage, or a ramp. This is where the slow
ramp and slow offset knobs come into play. The slow offset knob will add
a voltage from 0V (fully clockwise) to 410V (fully counterclockwise) to
the output signal. This is useful for scanning for cavity modes or atomic
transitions in the error signal. However, the maximum output voltage of all
of the op-amps is limited to about 11V, due to the power line noise cleanup
with regulators (see the power management in 6.1.7). So if an offset voltage
of +10V is applied, the lockbox will have limited dynamic range. Thus, if
this knob is being used on a feedback line that is not intended to control the
global offset of the system (say a fast piezo or a current modulation port),
then rotating the offset knob fully clockwise will disable any offsets.

The "slow ramp CW" knob and "ramp control" are used to control the
ramp that is added to the output of the lockbox. The lockbox does not
internally generate a ramp. This would have required lots of infrastructure
and probably made the lockbox cost twice as much, and be much larger
to allow for enough controls to reasonably create a ramp. Modern lockbox
instrumentation tends to involves digital ramp generators, but I didn’t
want to mix digital ground noise into this lockbox. However, an external
ramp can be inputted, and the input has strong ground noise buffering
to reduce noise from external sources. When a ramp signal with a 0 DC
component is inputted into the Ramp In BNC port, a ramp trigger signal
is outputted (see 6.1.7), and this signal can be added to the output of the
lockbox. The "ramp control" switch shorts the ramp. If it is enabled, there

can also be an attenuation applied to the ramp before adding it into the
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output, controlled by the slow ramp CW knob. The amount of attenuation
applied is infinite (meaning, no signal can pass through) when the knob is
at the full counterclockwise position, and decreases non-linearly (the ramp
amplitude increases) as it is rotated clockwise. This allows the user to ramp
down into a feature in the error signal before activating the integrator. It
is recommended, once locked and the ramp knob is fully counterclockwise,
to set the "ramp control" switch to "oftf" to truly set the attenuation of the
ramp input to infinity.

The ramp input can be used for other features, such as allowing external
control of the output of the lockbox. See the auto-relock section (6.1.8) for
more details.

The last component of the slow loop discussed here is output monitor
port. The "Monitor Mode Select" switch controls the functionality. This
output monitor can be configured to either see the exact voltage being
outputted from the lockbox (when "Post-Offset" is selected), or just before
the offset voltages (ramp and offset) are added in (when "Pre-Offset" is
selected). However, due to the nature of the way the lockbox is implemented,
there is an inversion from the actual output when the Pre-Offset mode is
enabled, meaning that the actual pre-offset voltage is negative of what is
being seen. The monitor output does include the added fast loop output, if
that connection is enabled (and this output is not inverted).

When in doubt, look at the circuit diagram to fully understand what is
happening.

6.1.5 Rectifying the Slow Loop Output

It may be important to ensure that the output of the slow loop is always
a positive voltage. For example, if the lockbox is directly controlling the
voltage into a piezo, then a negative voltage can destroy the device. To
this end, an internal rectification diode can be enabled by moving the J19

jumper from the bottom two pins to the top two pins. This forces all the
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signals to travel through the diode, which means any voltages less than 0.6V
are met with a very high impedance and a 10kOhm resistor ties the output
to OV. The consequence of this is that all positive voltages are reduced by
0.6V. But the "Slow Offset CCW" knob can add this 0.6V back very easily
with half a turn. Unfortunately, the only way to see and access J19 is to
remove the box cover, so it is recommended that the user labels such a
change on the cover. A future improvement can involve adding a hole in
the cover to allow external maintenance of this jumper.

An important consideration is that this rectifier does not rectify any
signals that may have come in through the fast loop. So ensure that the fast
loop is not set to output to the slow loop. And since the label on the front
panel was labeled incorrectly, this means that the switch labeled "Medium
to Slow Out" should be set to "enabled" to ensure that it is actually disabled.
For added clarification, when the "Medium to Slow Out" switch is pointing
upwards, this is enabled and the fast loop output will be added onto the
slow loop output. When it is pointing downwards, it will only output to its

own output.

6.1.6 The Fast Loop

The very first thing to understand about the "fast' loop is that it is sometimes
labeled as a "medium" loop as well. These words are used interchangeably
to describe the same loop, but I will primarily call it the fast loop.

Firstly, there is the rotary switch labeled "Med PD Corner (Hz)". This
allows the user to either disable the derivative entirely or choose where it is
equal in gain to the proportional feedback in the frequency domain. If D off
is selected, the loop will only be proportional.

The next important aspect is the "Fast D Gain Limit (dB)". This rotary
switch is used to determine where the Derivative levels off and becomes
a flat gain in the frequency domain. This is physically implemented by

applying a resistor in series with the derivative capacitor, which is a very
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Figure 6.5: Fast Loop Schematic Portion

clean way of maintaining the linearity of the op-amp. However, this has the
same mathematical effect as applying a first order low-pass filter after the
derivative. This gain limit can be disabled by setting it to "Inf", which will
cause the gain limit to be influenced by the other nonlinearities throughout
the system.

Below the "Fast D Gain Limit" is an unlabeled rotary switch, which is
the course proportional gain setting in signal dB. There is also a medium
fine gain trim pot for applying fine gain control. To apply a gain inversion
(the gain sign), there is the "Med Inverter" switch which is used to select
the inversion setting of the medium loop.

Finally, there is a lowpass filter, with parameters selected by a linear
switch and a trim pot, very similar to the slow loop section. Setting the
linear switch to the middle position completely disables this low pass filter.

The final important part of the fast loop is the "Medium to Slow Out"
switch. The very first thing to know about this switch is that the labels

on the frontpanel are backwards, where the "enabled" and "disabled" labels
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should be swapped. For added clarification, when the "Medium to Slow Out'
switch is pointing upwards, this is enabled and the fast loop output will be
added onto the slow loop output. When it is pointing downwards, it will
only output to its own output. This won’t disable the output from being
sent to the "Med Out" port. However, the signal sent to the slow output
is an inverted signal from this output. If there is a signal rectification, it
is very important to understand that this signal bypasses it. Read section
6.1.5 closely.

Always, when in doubt, take a look at the circuit diagram.

6.1.7 Other Sections

This section discusses the input power filtering and the ramp input trigger
generator.

The input power filtering is performed using passive components (ca-
pacitors and ferrite beads) as well as active components (linear voltage
regulators). The capacitors and ferrite beads allow for energy to be stored
locally on the board, so that when a chip needs it, there doesn’t have to
be a pull leading all the way up to the power supply to acquire the energy
needed.

The voltage regulators are intended to add additional power supply noise
reduction, on top of that already provided by an op amp or in-amp. It
also protects the devices from being supplied a voltage above specifications.
Unless modified, these are +/- 12V regulators (as well as a +5V regulator
for the simple digital circuits on the board).

The other feature discussed in this section is the ramp input trigger
generator. This is a poorly implemented generator, and could really use
some improvements. The idea is that it monitors the ramp input and
creates a TTL signal that is high when the ramp is positive or 0 when the
ramp is negative. This in turn can be plugged into an oscilloscope. This is

implemented using a simple comparator. The primary issue found with this
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implementation is insufficient jitter control. If the ramp signal is noisy as
it passes OV, there might be multiple TTL swaps, which can be annoying
for triggering on the oscilloscope. This can generally be fixed by doing a
high frequency reject on the oscilloscope trigger settings. An improvement
to the lockbox, where a lowpass filter is added to the ramp signal before
the comparator would be able to greatly improve the performance in this

regard.

6.1.8 Auto-Relock Capabilities

This section discusses the auto-relock capabilities of this lockbox. A discus-
sion of an implementation of auto-relocking using other lockboxes (before
this lockbox was developed) is discussed in section 5.3.3.

The QPAL lockbox also has a "Computer Interface" Molex connector
used to allow for TTL signals to change the state of the lockbox. Alongside
controlling the state of the lockbox (not tested for aforementioned reasons),
the primary control here is to be able to enable or disable the integrators,
to allow the user to relock an unlocked laser.

Once a laser has been determined to be unlocked from the desired
setpoint, the first thing that occurs is that the integrators either tend to rail
because a zero in the error signal cannot be found, or a different lock point
is found and the laser is now erroneously locked. To remedy this, the laser
needs to be "unlocked", meaning the integrators need to be disabled. This
can be done manually (with the switch), but the QPAL lockbox also allows
a digital input to override the "unlock" or to enter a "clear" state. Thus, a
high (>2V) TTL signal inputted on the integrator clear in the computer
interface will short the capacitors, allowing the laser to be scanned and
relocked. In order for this to work, the lockbox has to be in the uncleared,
middle, state of the "Integrator Clear" switch.

Now that the laser is unlocked, the ramp input of the lockbox can be used

to scan the offset voltage output to search for the correct error signal. This
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would involve an external system that interfaces with external measurement
devices such as a wave meter and/or cavity transmission modes. See section
5.3.3 for an example of this.

Once the voltage is ramped to the right setpoint, the integrator clear
can be unset and the integrators will resume working to maintain the
laser lock. The offset voltage that was applied at the ramp input can now
be adiabatically ramped down to zero, which will likely have less noise,

depending on the voltage source used.

6.1.9 Future Improvements

There are several areas where the QPAL Lockbox could be improved in future
versions. One key upgrade would be replacing the AD8429 instrumentation
amplifiers with higher-bandwidth alternatives—if and when they become
available—to boost overall responsiveness while still suppressing ground
loops. The front panel could also benefit from a clearer layout and better
labeling to make tuning more intuitive and reduce user error. On the
electronics side, adding a simple low-pass filter to the ramp input trigger
would help cut down on noise and reduce unwanted jitter in the generated
TTL signal. Mechanically, allowing external access to jumpers like J19 (e.g.,
through a panel cutout) would make maintenance easier and faster. Finally,
expanding the servo gain attenuation range (e.g., down to —30dB rather
than topping out at +70dB) would give users more versatile control.
Ultimately, the QPAL lockbox is a very well functioning electronic device
that is actively locking many lasers around the lab. From simple situations
like current modulation in DFB diodes to new Rydberg laser systems. It

has its quirks, but such is the nature of a home-built electronic systems.



Figure 6.6: Image of the frontpanel of the QPAL Coil Driver.

6.2 The QPAL Coil-Driver

6.2.1 Design and Features

The QPAL coil driver is based off of a coil driver design I created during
my undergrad at JILA, which was based off of a design built by the on-staff
electrical engineers. Danny Wendt contributed in the creation and design of
these QPAL coil drivers.

It follows a basic principle where there are two MOSFETS used to drive
or pull current through a coil. The current driven is measured through a
sense-resistor (1 Ohm) and used as a feedback signal to set the right voltage
for the MOSFETs.

To facilitate this, the QPAL coil drivers incorporate over-heat protection,
current monitoring, and two separate setpoint inputs. As a theme for all
electronic work necessary for high fidelity control of systems in the lab,
mitigation of ground loops and noise was an important focus for the coil
drivers.

To this end, there are two power inputs to these drivers, the high current
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lines (+/- VHC, PWRGND) and the analog power lines (+/- Vce, AGND).
The ground of these inputs are not connected anywhere on the board, since
it is understood that the high current "ground" (PWRGND) voltage (with
respect to the analog ground) will be linearly dependent on the amount
of current being drawn through the system, whereas the analog ground
(ANGD) can be considered as the true ground of the system.

To achieve this, an instrumentation amplifier (AD8429) is used to measure
the voltage drop across the sense resistor, and reference that voltage to the
true, analog ground.

There are bandwidth and damping trim pots used to tune the coil driver
to properly drive the current through the inductive coil. Since the coil itself
has a high inductance as well as resistance, a properly tuned feedback system
is important. This feedback model doesn’t really follow a colloquial PID
loop.

The bandwidth term limits the rate that feedback can be applied to the
coils by measuring and filtering the voltage directly before the coil. This
feedback is AC-coupled so it somewhat looks like a derivative term. The
damping term observes the actual current through the coil and is observing
the low frequency response, contributing similar to a proportional-integrator
term in the feedback train. Observing and modeling the circuit diagram can
further help a user understand these behaviors.

Figure 6.7 shows a simplified schematic of the feedback and control
segments just mentioned.

As mentioned before, there are two inputs for the setpoint. These are a
primary setpoint input and a "feedforward" input. These inputted voltages
are buffered with an instrumentation amplifier (AD8429) and have an input
impedance of 1 MOhm. These inputs have different gains and are summed
together. The initial design of the lockbox has the voltage to current gain
set to 0.21 Amps per Volt for the primary input and 0.05 Amps per Volt for

the "feedforward" input.
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Figure 6.7: Feedback Control Schematic of Coil driver

The feedforward input on the coil driver is designed to accept a corrective
current setpoint from an arbitrary waveform generator (AWG), which is
triggered by the AC line voltage. This allows for compensating fluctuations
in the line voltage by applying a small, synchronized correction to further
stabilize the magnetic field near zero. While the coil drivers were designed
with this application in mind, the feedforward input is not required for
standard operation and may be left floating when unused.

The internal architecture of the coil drivers is designed to run up to 2.5A
in a coil that has a resistance on the order of 1 Ohm. Less impedance is
fine. But too much resistance can become an issue for the bipolar MOSFET
architecture. If a higher current draw is desired, the sense resistor can be
reduced in impedance. A further discussion of these limitations is in the
next section, 6.2.2.

Over-temperature protection has also been implemented to ensure that
the MOSFETs in the coil driver do not overheat. The temperature is
measured by a thermistor attached to the MOSFET, and the resistance is
measured and compared to a maximum acceptable resistance. If it overheats,

the system enters a shutdown state that needs to be reset by physically
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pressing the front panel button. With the cooling architecture installed
around the MOSFETSs, the maximum power dissipation they can handle is
around 9W which is further described in the next section, 6.2.2.

Lastly, a monitor port for measuring the temperature of the sense resistor
is added. This can be used to determine if there is a systematic error
introduced by the resistor changing temperature too much. Although
the sense resistor should be picked such that it has a very small thermal
coefficient, there can still be a small systematic effect. This allows for

countering this effect.

6.2.2 Determining Maximum Current Draw

There are three factors that limit the maximum amount of current the coil
drivers can draw. The first is simple, is there enough voltage from the high
current power supply? Given a current, will the voltage drop through the coil
and sense resistor be too high? This can be described with the relationship
Ve > Vsource = Vsense T Veoit = [(Rsense + Reoit) (the minimum voltage
drop through the MOSFET can be pretty small).

The next factor is considering the voltage at the "source' pin of the
MOSFETSs vs the maximum voltage that can be driven at the "gate" pin.
There is an op amp with +/- 10V rails which drives the gate pin. But if
the voltage at the MOSFET source pin is too high, there won’t be a high
enough voltage drop between the gate and source to activate the MOSFET.
This generally has to be up to 3V, but ultimately depends on the actual
MOSFETs and the drain voltage as well (check the part datasheet!).

The last consideration has to do with the overheating of the MOSFETs.
While a larger V¢ can allow for much faster switching speeds of the
coil current, it can also lead to MOSFET overheating. For example, the
maximum amount of power dissipated in the MOSFETSs cannot exceed 9W

before the equilibrium temperature exceeds the overheat temperature. We
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Figure 6.8: MOSFET Power Dissipation for a 1 Ohm coil and 8.5V Vyc.

can calculate the power dissipation in the MOSFET:

Pmosrer = I X VmosreT
=1 X (Viic — Vsense — Veoitl)
=1 X (Viic — I(Rsense — Reoit)
= IVhic — IPRiotar

where Rioiq1 18 the total resistance of the coil and sense resistor and I

is the current being driven. This function is a negative parabola, with a

Vhc

TR We can use this to solve for the maximum
ota

maxima at Ieqk power =

Vi or solve for
4Rtotal,

a maximum supply voltage given a maximum allowed power Vic max =

dissipated power given a Vic and Riotal: Pmax =

2(PimaxRiotar)/?. For a 1 Ohm coil and sense resistor, a 9W maximum
power draw, we would want a maximum Vyc of about 8.5V. Figure 6.8
demonstrates the relationship between power dissipation in the MOSFET

vs current through the coils for this set of parameters.
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Figure 6.9: Current Noise Spectral Density at 1A for the coil driver. The
current noise spectral density is less than 1ppm. The noise below 1kHz
is dominated by the noise of the input signal, including the spikes on the
spectrum.

It is important to note that these calculations are assuming constant
current. What really matters is the average power dissipation over a small
period of time (say, 10 seconds) since 9W is the equilibrium heat dissipation

rate.

6.2.3 Noise Performance

The noise performance of the coil drivers is measured by placing a 1 Hz
low pass filter on a 4.5V source and inserting this into the coil driver, to
drive exactly 1 Amp. The monitor port of the coil driver is plugged into a
spectrum analyzer and the current noise spectral density is measured using
the 1 A/V gain of the sense resistor. Figure 6.9 presents the noise spectral
density of the Coil Driver from 10Hz to 100kHz.

As can be seen in the figure, there are clear spikes at 60Hz, 120Hz, and

180Hz, etc. in this spectrum, caused by AC line noise and its harmonics.
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Ideally, these would be much more suppressed, but are introduced by the
power supply. A quieter power supply would definitely reduce these. The
main points of interest of this spectrum are the broader bumps, at 2kHz

and 30kHz, since these are introduced by the feedback mechanisms.

6.2.4 Future Improvements

The coil drivers work rather well for ~1 Ohm coils and < 3 Amp currents.
But if a user finds themselves outside of this realm, modifications will need
to be made. Generally, for experiments with glass cells, a 1 Ohm coil is
pretty standard, so this isn’t an issue. Modifications can be made to the
existing architecture without having to spend lots of effort in redesign.

If mono-polar current is acceptable (say, a quadrupole magnetic field for
a MOT), larger currents can be acquired with the same analog architecture
by placing the MOSFET after the coils instead of before (meaning Vijc —
Coils - MOSFET — Rgsense — PWRGND). This way, the resistance of
the coils doesn’t matter and there will only be Rgense to offset the source
voltage of the MOSFET.

Another modification, if the user wants to modify the gain of the coil
driver to improve noise performance at the expense of dynamic range,
the sense resistor can be increased. This way, noise on the input will be
attenuated by the gain.

A larger improvement requiring more design effort would be to change
the architecture of the current drivers to use a high current op-amp, such as
the OPA549 instead of manually implementing the MOSFET architecture
by hand. This chip can drive up to 8A CW and has rails within 5V of
Vi at this voltage. This is achieved by proper biasing and control of the

transistors from professional engineering of these types of systems.
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Part 111

Next Steps and Conclusions
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7 NEXT STEPS AND OUTLOOK

This chapter outlines proposed next steps for advancing experiments with
the quadrupole interaction in Cs. These fall into three main categories:
upgrades to the 685 nm laser system, further exploration of quadrupole
cooling performance, and improvements to quadrupole imaging, including
a proposed quenching scheme involving the 6P3/9,F = 5 <+ 5Dj5/9,F = 6

transition [36].

7.1 Upgrades and Future work on the 685 nm

Laser Systems

Most of the upgrades and future work presented in this chapter will require
improvements to the 685 nm laser system. This section discusses potential
upgrades to the laser system that would allow for higher intensity of 685 nm
light at the atoms and better control of the beam polarization and pointing
(sections 7.1.1 and 7.1.2), and improvements to the laser’s spectral noise
(section 7.1.3). Furthermore, as the MSquared laser system continues to
degrade, a new laser source will eventually be required. A replacement laser

system is also discussed in section 7.1.3.

7.1.1 Independent Beam Control for a 685 nm MOT

The 685 nm light is coupled to the experiment apparatus through four fiber
launches, where it is split into a total of six beams, as discussed in section
3.1.2. The front and back beams each have their own fiber launch, while the
top and bottom beam paths each share a single launch that splits between
the left /right diagonals. The beams are combined with the 852 nm beams
on dichroic mirrors and then share achromatic waveplates to create the

required o polarizations.
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This design has major drawbacks. It is difficult to achieve independent
control of the relative beam pointing and polarization for the 685 nm beams.
Furthermore, the glass cell has poor coatings at 685 nm, so the achromatic
waveplates are ineffective due to additional chromatically dependent retar-
dance from the cell. Acquiring a new glass cell with coatings optimized for
685 nm would greatly improve system performance.

Additionally, splitting the beams after the fiber launch halves the avail-
able power for each beam. A productive upgrade would involve implementing
six independent fiber launches (one for each beam) as well as a pair of half-
and quarter-waveplates for each beam before combining with the 852 nm

beam.

7.1.2 Upgrading the 685 nm Injection Lock Amplification
Setup

The proposed upgrade involves using six independent injection-locked diodes
instead of just two. Each diode can provide up to 200 mW of power to an
independent fiber launch. Assuming an isolator efficiency of 80%, AOM
efficiency of 70%, optical train efficiency of 80%, and fiber coupling efficiency
of 60%, we estimate about 54 mW of 685 nm light at the table per launch.
With a 0.7mm radial 1/e? beam waist, this yields a peak intensity of
TW/cm?, or s = 8.5 per beam, for a total of s = 51.

Accounting for 50% reflection losses on the front and back beams, the
top and bottom beam sets would need to be decreased by the same factor
to maintain balance. This still allows for a total of s = 25, significantly
higher than the current s = 2. Realizing this setup would require substantial

infrastructure upgrades.
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7.1.3 Upgrading the 685 nm Source

The current 685 nm source is an aging MSquared SolsTiS laser with at least
ten thousand lasing hours. With increasing difficulty in sourcing a 532 nm
pump laser, a new lockable 685 nm source must be considered.

A 685 nm laser diode in an ECDL configuration is an attractive replace-
ment, using current modulation and a piezo element to lock to the ULE
cavity. Although it produces less power than the MSquared laser, it offers
modularity and replaceability. The plan is to use an HL6750MG laser diode
in an ECDL, coupled to the ULE cavity for PDH locking. The diode has a
maximum output of 50 mW.

The transmission of the light from the ULE cavity has a spectral width
equal to the linewidth of the cavity, since only the resonant light can be
transmitted. With this, the PDH lock can be overdriven to ensure a very
stable lock while preventing servo bumps from reaching the atoms. We can
use the cavity transmission to injection-lock a second diode [64] using as
little as 100 uW of power. This diode acts as a pre-amplifier before feeding
into a six-diode main amplifier stage using HL69001DGs (200 mW each,
5 mW seed required). This method, already demonstrated, offers simple,
stable laser sources and is a promising option for the future of the 685 nm

system.

7.2 Exploration of Quadrupole Cooling

Performance

Further exploration of quadrupole cooling performance has been limited
by laser power constraints. With future upgrades, it would be interesting
to investigate how cooling performance depends on laser power and beam

polarization.
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7.2.1 Loading a 685 nm MOT from a 2D MOT and Push

Beam

The 685 nm MOT is promising for pre-cooling atoms before trap loading.
This work has demonstrated cooling to 5 uK in low-gradient fields and in
traps. With higher 685 nm intensity, it may be possible to capture single
atoms directly from the 2D MOT and push beam into the 685 nm MOT,
enabling steady-state loading.

This approach was briefly attempted but ultimately set aside in favor of
investigating cooling and imaging of single atoms in the trap. In Yb, direct
trapping into narrow-line MOTs has been demonstrated [96]. It remains
an open question whether this can be achieved in Cs. With more power,

revisiting this approach would be very interesting.

7.3 Improving Quadrupole Imaging Performance

Improving Imaging Train

As discussed in , trap light introduces background 803 nm light in the images.
This can be mitigated by reducing 803 nm in the image plane with an iris
and using narrower bandpass filters for 852 nm light. The current setup uses
filters with +£3nm and +0.3nm bandwidths, whereas 852 nm fluorescence
has a linewidth of only 0.01 nm. Narrower filters would significantly reduce
803 nm background.

Focusing the atom light onto fewer pixels (e.g., from 100 to 9) would
also improve SNR. Since 852 nm background light is generated along the
optical path, not in the image plane, it is broadly distributed across the
image. Smaller integration regions reduce background contribution. This
can be achieved by relocating the dichroic mirror to the Fourier plane of

the imaging system, rather than near the image plane as in section 3.1.4.
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Quenching the 5D; /5, Decay for Faster Imaging

Ultimately, for a useful readout scheme, even a 40 ms exposure time is too
long, despite the fact that the scheme is non-destructive and cools the atoms.
Many qubit experiments [88, 97, 98] are actively working toward sub-100
us exposure times. Even if 40 ms were achievable with our 685 nm scheme,
such a delay is not practical for qubit operations.

One promising approach involves quenching the 5D5/5 to 6P3/o decay
using stimulated emission. This technique, discussed in [36], is a future
direction for this work. Using two-sided imaging [10] with two NA=0.7 lenses,
80% optical transmission, and 50% quantum efficiency, a total photoelectron
collection efficiency of 11% is estimated. Scattering 100 photons would yield
about 11 photoelectrons. Simulations suggest that a 60 us exposure could

achieve an imaging fidelity of 0.9995.

7.4 Outlook

The work presented in this thesis demonstrates the practical and conceptual
benefits of using the 685 nm quadrupole transition in cesium for high-fidelity,
background-free imaging and laser cooling. This transition has proven to be
a valuable tool for atomic qubit control and shows strong potential as an
important component in scalable neutral atom qubit arrays.

Further work is needed to fully characterize the transition and understand
its capabilities. With a more powerful and better-controlled laser platform,
it will be possible to probe the detailed dynamics of the interaction and push
performance even further. Improvements to imaging optics, beam shaping,
and control electronics could also expand the range of applications for this
transition within large-scale systems.

In addition to the quadrupole work, this thesis presents a set of tools that
improve experimental stability and control—particularly in the context of

neutral atom gates. These include low-noise feedback systems Rydberg laser
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frequency stabilization and robust and useful electronic systems for feedback
and magnetic field control. Together, these developments build toward the
next generation of neutral atom quantum computers: more stable, more
scalable, and better equipped to meet the fidelity and speed demands of

quantum algorithms.
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