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Abstract

Novel Methods in Trapped-Ion Quantum Computing: Single-Photon-Sensitive
Time-Resolving Camera, Sympathetic Cooling, and Qutrit

Liudmila Zhukas

Chair of the Supervisory Committee:
Associate Professor Boris Blinov
Department of Physics

Qubit state detection and ion imaging is an important part of quantum computation. Here
we demonstrate the use of Tpx3cam, a novel single-photon sensitive camera, in trapped
ion experiments. We perform detection of the multiple-qubit state as well as observation
of micromotion in a linear ion chain. We show the possibility to use this camera to study
collective effects in quantum jumps.

Another part of this thesis is dedicated to studying sympathetic cooling of the radial
ion motion in a linear RF trap in mixed barium-ytterbium chains. In this case, barium ions
are Doppler-cooled, while ytterbium ions are cooled through their interaction with the cold
barium ions. We study the mechanics of the cooling and demonstrate efficient sympathetic
cooling of all radial normal modes for the trap aspect ratio of approximately 2.9. Utilizing
some of the hardware used for studying sympathetic cooling, we discuss the possibility to

realize quantum simulations 38Ba™.
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GLOSSARY

AOM: Acousto-optic modulator. When the RF signal is sent to the AOM, it creates a

standing or running acoustic wave to diffract the laser beam.

SPAOM: Single pass acousto-optic modulator. The laser beam propagates once through

the AOM.

DPAOM: Double pass acousto-optic modulator. The laser beam propagates twice through

the AOM.

PID CONTROLLER: Proportional, Integral, Differential Controller with three terms pro-

portional to the input error signal, its integral, and derivative.

PMT: Photomultiplier Tube. Photon detection device that utilises photoelectron ampli-

fication.

RF: Radio Frequency.

FWHM: Full width at half maximum.

PBS: Polarizing beam splitter.

NA: Numerical aperture.

ECDL: External cavity diode laser.

EMCCD: Electron multiplying charge coupled device.

Ccw: Continuous wave.



ZEMAX: Optics simulation software.

HWP: Half wave plate.

QWP: Quarter wave plate.

ROI: Region of interest.
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Chapter 1

MOTION OF TRAPPED IONS AND LASER COOLING

This chapter describes relevant experimental techniques to trap ions and cool them for
better confinement and further operations. In the first section, a general concept of trapped
charged particle motion in an electromagnetic potential is given. Next, the mechanism of
Doppler and sub-Doppler cooling and their necessity for certain applications are discussed.

Finally, a concept of collective motion of trapped multi-species ion chains is described.
1.1 Quadrupole Ion Trap

A charged particle can be localized by using electromagnetic field. However, this problem
turns out to be more difficult since Earnshaw’s theorem proves that the charged particle
cannot be in stable equilibrium when acted by electrostatic forces. This will be shown in
the next few paragraphs.

In the case of a stable equilibrium, it is necessary for the restoring force F; to act in the

direction opposite to the particle’s displacement:

To construct this potential, we choose electric field due to the stronger interaction with
a charged particle than magnetic field. Thus, it leads us to F = —qV ¢, where q is the
charge of the particle and ¢ is electric potential. Because we state the linearity of the force

F; above, the potential ¢ must take a form:

¢ = Az* + By* + Cz%* A, B,C > 0. (1.2)

Recalling the Laplace equation A¢ = 0 and requiring the stability of this system, we get
A+ B+ C = 0. This contradicts the statement above: A, B,C > 0; thus, it is not possible

to construct static electric potential to localize a charged particle.



Since the static potential does not provide a stable equilibrium, the dynamic potential is
considered. In constructing the desired potential, one can impose a symmetry requirement.
Since A+ B+ C =0, C = —(A+ B). Assuming equal strength of electric field in x and y

directions, A = B, the potential take this form:

o= A(:z:2 +y? - 222). (1.3)

Here we can see the cylindrical symmetry; along the z-axis ¢(—xz) = ¢(z) and ¢(—y) =
¢(y). Taking into account our previous assumption about the necessity of the dynamical
potential, A — A(t) and, A(t) is assumed periodic. Define R? = 22 4 32. The dynamics
of this potential is shown in Figure 1.1. This illustrates how the stability of the charged
particle can be achieved in the periodic potential; in Figure 1.1 a) and b) the restoring force
and the force that pushes the particle away from the center alternate. Hence, by choosing
the right period T, the charged particle can be stabilized in the finite region of this potential.

The invention of this type of ion trap belongs to Wolfgang Paul [84], and had led to
the Nobel prize in physics shared with Hans Dehmelt and Norman Ramsey in 1989. Over
time, the design of the ion traps has changed, but the main principle remained the same.
Initially, designing hyperbolic electrodes to produce quadruople field were assumed to be
necessary. Nowadays, cylindrical electrodes are commonly used for the ease of fabrication.
The conventional linear (assuming cylindrical symmetry) trap represents four symmetrically
placed cylindrical electrodes to confine ions in the radial direction and two electrodes with
static potential (end caps) to confine ions in the axial direction. One diagonal pair of
cylindrical electrodes is grounded, and the other pair is connected to the periodic potential.
A common design of the linear trap is presented in Figure 1.2. This trap design will be the
central element of this thesis.

Referring to this trap design, we can list crucial parameters and the final form of the
potential. The potential can be uniquely defined by the characteristics of the internal
dimension of the trap Ry, the amplitude of time-dependent part of the potential Vi, its
frequency €2, the static potential U, applied to the diagonal rods, and geometric factor k

of the trap. Considering all mentioned above, we get:



Figure 1.1: Graphical representation (a ‘snapshot’) of a periodical ‘saddle’ potential ¢ =
A(t)(R? — 22?), where R? = 2% + y%. The Blue arrow corresponds to the restoring force,
and the red arrow represents the force pushing the particle away from the center. a) The
snapshot at t = 0. A recess in the middle is the region of a charged particle localization.
However, one can see that it is not a region of stability; the restoring force is not present in
all directions. b) On the second ‘snapshot’, one can see this potential after half of period

T. In this configuration, the restoring direction is reversed compared to a).



End cap

Figure 1.2: A schematic representation of a four-rod linear trap design containing three
ions placed along the trap axis (dashed line). Static potentials (‘+’) are applied to the
two end cap electrodes along the trap axis, which confine ions in the axial direction. Two
opposite rods are grounded (‘GND’), while the oscillating potential is applied to the other
two (‘RF’). A schematic drawing of the quadrupole electric field lines is shown on the left

side.

Usq + VRFCOS(Qt)

2492, 1.4
oz G+ y) (14)

Orr =k

The electric potential due to the dc electrodes at the center of the linear trap is:

Upc
22(2]

dpc = o (222 — (2% + 7). (1.5)

where Uy, is the dc voltage applied to both needles, « is a geometrical constant, and zg

is the minimum distance along the z-axis from the trap center to the end cap needles.

1.2 Ion Motion In the Linear Paul Trap

In the previous section, we derived the time-dependent potential to hold ions in the trap.

Now, we will describe the motion of ions in such a potential. Recall F= —qVo(z,y, z,1):

. k
B 5 (Usq + VRrCos(Qt))x + (q—O;UDC)x =0. (1.6)
mRO mZO



qk qo
i = 3 (Usq + VrrCos(Q))y + (——Upc)y = 0. (1.7)
0 0
5 200, _y, (1.8)
mZO

The equation of motion decomposes into separate equations for each coordinate, and
it can be solved separately. The equation of motion in the z-direction (see equation 1.8)
results in a simple harmonic motion with the frequency w? = %. Most of the focus
of this work will be on the radial motion. Reasons for this will be discussed later. For
now, let’s consider radial motion in the x-direction and omit Uy, for simplicity. The motion
along the x-axis and the y-axis will be different when Uy, is applied. The equation along

the x-axis can be transformed to the canonical Mathieu equation, where all parameters are

dimensionless [3]:

e 92¢,Cos(27))z = 0 (1.9)
w—i—(%—i— qzCos(27))x =0, .
where
T =Qt/2,
_ 2qkVRE
9z = TRIQ2 (1.10)
o — _4anDC
T 2392

The general solution to Mathieu’s equation is rather complex and represents an infinite
series of hypergeometric functions weighted with polynomials. However, taking the lowest

order, yields:

2(t) = 2oCos(BQL)[1 — %cos(m)], (1.11)

where

B=1la,+ % (1.12)
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Figure 1.3: Tllustration of the one-dimensional ion motion in a linear Paul trap. For this
demonstration the deviation from the trap center g = 10, a, = 0.0001 and ¢, = 0.1.
The trap frequency, €1, is 18 MHz, and the secular frequency, w,, is 1.28 MHz. Overall
period of this motion corresponds to the secular motion, whereas the small ‘perturbations’
corresponds to the micromotion that happens exactly with trap frequency €). Note that the

amplitude of the micromotion increases as an ion moves away from the trap null (x=0).

Typically, a; << ¢> << 1. Hence, 3Q represents a slower motion in comparison with
motion at frequency €; it is called the secular motion with frequency w, = @ The
amplitude of the fast motion happening with frequency Q is suppressed by the factor %
and, thus, it is called the micromotion. In Figure 1.3 one can see an illustration of ion’s
motion in the x-direction. If time averaging is considered, then the fast oscillating term

corresponding to the micromotion can be ignored. In this case, ion moves in x-direction as

if it is located in a pseudo-harmonic potential:

1
Vix) = 5mw§x2 (1.13)

In quantum computing with trapped ions, most protocols utilize secular motion. For



example, it can be used for the information transfer from one ion to another [61] or to
implement sideband cooling [35]. For most applications using trapped ions, micromotion
needs to be minimized. In fact, minimizing the amplitude of secular motion reduces the
amplitude of micromotion to a certain limit [13]. This can be achieved by reducing ion’s
overall kinetic energy through cooling. However, there are two scenarios where the amplitude
of the micromotion increases. One of them is the ion being pushed away from the trap center
by, for example, a stray electric field from the charged rods (similar to Figure 1.3). And
the second one is the phase difference between the RF signals applied to the trap rods [13].
More details about the micromotion, methods of its detection, and compensation will be
given in the next chapters.

To conclude this section, I would like to emphasize why linear trap geometry is so
commonly used. First of all, it is the possibility to optically address each ion in a linear
chain. Second, it is the relative simplicity of micromotion minimization since all ions can
be moved simultaneously to the trap RF null, unlike, for example, in a trap with the two-

dimensional or three-dimensional trap geometry [54].
1.3 Doppler Cooling

As we discussed earlier, when exposed to the trap potential, ions undergo periodic motion.
In a typical setup, when charged particles are trapped, their velocity is about a few hundred
meters per second. The amplitude of the thermal motion is of order 200 pym for a typical
trap. In order to reduce the kinetic energy and optically resolve the trapped ions, they need
to be cooled.

The first stage of reducing trapped ions’ kinetic energy is the Doppler cooling process [19].
This method requires resonant coupling of the atomic levels with the electromagnetic field.
The atomic transitions used are typically dipole-allowed and cycling. The latter requirement
implies the repeatability and continuity of the ‘ground-to-excited’ and ‘excited-to-ground’
transitions with a small probability of decay or off-resonance pumping ion to a different
atomic level. Although it is possible to find ions that meet such requirements, see as an
example [33, 11], in most cases repump laser beam is still required. By addressing more

atomic transitions, we move away from the convenient two-levels system, and the description



of the transitions requires more complicated approaches, which will be discussed later. For
now, I would like to focus on the two-level system.

The Doppler cooling method is based on the imbalance in the light scattering forces for
a moving ion that arises from the Doppler shift. In the reference frame of the moving ion,
the frequency of applied oscillating electric field has a detuning of A’ = A — kv, where v
is the velocity of the ion and A is detuning of the field from the atomic resonance in the
lab frame. When the field is red-detuned, the ion scatters more frequently with kv > 0,
and vice versa. Since the spontaneous emission is isotropic, the enhanced absorption in one
direction results in more recoil energy transfer to the ion when it moves toward the beam;
hence, the net momentum gain is negative. Working with the neutral atoms, two counter-
propagating beams with the same detuning would be sufficient to localize an atom in one
dimension, and six beams are necessary to localize the atom in all three dimensions. In the
case of trapped ions, only one beam would be sufficient since the restoring force of the trap
always returns ions to the condition kv > 0. The only requirement is for the cooling laser
to have a wave-vector component along all three trap axes.

The time-averaged force acting on ions due to the scattering of photons from the applied

laser field in case of the dipole transition is:

sI'/2

= A 1.14

T 14s+(22)2 (1.14)

I choose 3¥Bat 6281/2 — 62P1/2 transition. Here, s is the saturation parameter, s = IL,

0
where [ is intensity of the applied laser beam, I is the saturation intensity, Iy = gr)\}éc = 20

pW/mm?, and I' = 27 x 15MHz is the natural linewidth of selected transition.
The resulting force acting on the ion, in the case where the Doppler shift is small

compared to v, is:

Fiot :FS(A_krU)_Ftrap%
OF.

~ Fy(w—wp) — kv—2 — Frpgp & 1.15
(w —wo) Vay  Firap (1.15)
OF,
~ —k .
v@w

Where Fyrap is the force acting on the ion by the trap electric field and/or neighboring



ions when the ion is displaced from the equilibrium position. Since the displacement is in
order of nm, this force is negligible.

Next, let’s discuss the minimum temperature that can be achieved with the Doppler
cooling method. In one scenario, the minimum temperature is limited by external heating,
which is common for chip-scale surface electrode traps where ions locate very close to the
trap surface [17]. Considering the trap geometry we work with, where the ion-electrode
distances are large, the limitation is caused by the randomness of spontaneous emission,
which we ignored by time-averaging the scattering force (see equation 1.14). By equating
two competing terms, one related to the random walk of the velocity and another one rep-
resenting the Doppler cooling force (see equation 1.15); the resulting minimum temperature

is reached at the optimal detuning A = g:

Al
knTp = = (1.16)

1.8.1 Doppler-Cooling and Optical Pumping of 138 Ba™

In this section, I would like to talk about Ba™ cooling. This particular ion is noticeable
due to its photon emission spectra that lie in the visible range, such as transition at 493
nm. Visible range is more efficient for most available fiber optics and detectors. This makes
Ba' ions good candidates as communication qubits [6, 27]. In addition to its convenient,
visible spectra, 3"Ba™ or, as it was recently introduced, **Bat are good candidates as
informational species [113, 33]. Finally, 13¥Bat is used with '"'Yb*, the ‘clock’ qubit, for
sympathetic cooling, which was extensively studied in this work. Here, the atomic structure
of 1¥¥Bat is discussed.

The essential set of ®®Bat atomic levels for Doppler cooling is illustrated in Figure
1.4. The primary cooling transition is 2S; /5 — *Py5 line at 493 nm (blue). The excited
state 2P 1 has a strong branching ratio of ~ 1 to 3 to decay to the 2Dj /2 atomic level, so
it is necessary to drive the 2D3/2 — 2P1/2 650 nm transition (red). Since both of these
transitions address the same excited state, the strong interference between these two states

can be observed. Previously, we came up to the conclusion that the optimal detuning for
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Figure 1.4: 3®Ba™ atomic level diagram that includes all necessary transitions for the
Doppler cooling. Sub-levels for S,P and D atomic levels indicate first order Zeeman splitting
due to the applied external magnetic filed, m; indicates the z-axis projection of the total

angular momentum for each sub-level.

a two-level system is I'/2, but this can no longer be applied in this case. In order to find
optimal cooling parameters, all states addressed by the cooling and the repump lasers need
to be considered. Ideally, this includes all Zeeman sub-levels, which leads to a total of eight

states.

Initially, let’s assume only the 493 nm transition, ignoring the Zeeman splitting, as well
as the direction of laser propagation and polarization - this will give us an estimate of a

minimum temperature. It is convenient to represent ion’s temperature or kinetic energy in

m172:h£

3 5 = hwn. Here, v is the ion’s

terms of the average motional occupation number 7:
average velocity, I' is the natural linewidth for the selected transition, and w is the secular
trap frequency. Assuming I' = 27215 MHz for 493 nm transition and w = 1.7 MHz, the

minimum temperature of the Doppler cooled ion is:
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e~ 10 (1.17)

2w

Next, let’s consider the three-level system including 2S; /2 ’p, /2, and 2D, /2 atomic levels
and ignore the Zeeman splitting. Assume |1) state corresponds to 2S; /2, |2) sate corresponds

to 2Py 9, |3) sate corresponds to ?Dj /5, where states [1), [2) and [3) form the basis:

1 0 0
1) = [o|,2)=[1]13)= |0 (1.18)
0 0 1
Then the part of Hamiltonian that represents the levels Hatomic takes the form:
R o ) 3
Hotomic = T Hatomicl = Z hwn|n> <n| (119)
n=0
Where n =1, 2, 3, and hw,, corresponds to the energy of the state n.
I=1){1]+[2)(2] + [3)(3] (1.20)

For more convenience, this Hamiltonian can be written in the matrix form. Setting

energy of the state |2) equal zero, the Hamiltonian takes the following form:

W1 — Wy 0 0
f{atomic =h 0 0 0 (121)
0 0 wg—wsy

The second part of the Hamiltonian, I:Imt, represents interaction with the electromag-

netic field. Since all transitions are dipole-allowed, the Hamiltonian is:

~

=D F (1.22)

where E is the incident electric field operator and D is the dipole moment operator.
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Three atomic levels are coupled with two laser fields. As it was mentioned above,
493 nm light (blue) drives the transition between the states |1) and |2) while 650 nm
light (red) couples states |2) and |3). Ideally, we can use a representation for quantized
electromagnetic field and take into account states of photons. However, there is no need
for it because the state of the laser electric field is not strongly affected by losing a single
photon. Moreover, here we are not interested in monitoring the states of the photons.

Hence, classical representation for the monochromatic electric field is sufficient:

E(t) = €E,e™! (1.23)

Where €is electric field polarization, F, is electric field amplitude, and w is a frequency
of either 650 or 493 nm light, define these frequencies as w, and wy, respectively. Note that

we omit complex-conjugated term in the equation for convenience.

Define Dis and ﬁgg, Ey and E,, ¢ and €, as dipole moments, electric field amplitudes,

*

and polarisations for 493 and 650 nm transitions respectively. Knowing that D;; = D,

H;,,; becomes:

0 EbDézEb ettt 0

Hint =h ng§2Eb e—iwbt 0 E}D;;),E,- e_iwrt (124)
0 aﬁ%sEr plwrt 0

Finaﬂy, Hiot = Hatomic + Hing:
_ &D12By iwyt
W] — Wy 5 e 0

Htot -5 E‘bDézEb e—iwbt 0 aD;SET e—iwrt (125)

0 €rﬁ§3ET ciwrt W3 — W

It is convenient to further rewrite f[tot in terms of the Rabi-frequency since it can be
measured in an experiment. Note that values of the Rabi frequencies are real. Define the

Rabi frequencies 0 and 2, as:
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_ &D1E,
YT h
) (1.26)
0. — grDZSET
" h

It is more convenient to move into a frame rotating at the laser frequency. Applied

unitary operator Up(t) is:

et 00

o _“qatomict

U(t)y=e = 0 1 0 (1.27)
0 0 et

Omitting the fast oscillating terms, the Hj in the rotating frame becomes:

A T
. . . A L dUy (¢
Hy = Ul (t) Hyo (8) Up (£) — iR Sit( ) _
wp — (wl — wg) %g 0 (1.28)
_ Q Q.
= 2 0 >
0 % wr — (w3 — wo)
Define the blue and red laser detunings:
wp — (w1 —w2) = Ay
(1.29)

wy — (w3 —wa2) = A,

To complete this model, spontaneous emission needs to be introduced.

Population decays from state |2) to sate |1) and from state |2) to sate |3) (we ignore
the |3) to |1) decay since the >Ds 5 state’s lifetime is ~80 s.). This decay process can be
treated using previously defined state vectors and a non-Hermitian Hamiltonian. Hence,
the transition to density matrix p needs to be made where the diagonal terms describe
the probability to be in the state, whereas the off-diagonal elements relate to relaxation
(called ‘coherence’ terms). The evolution of the density matrix elements is described by the
Liouville equation:

dp_ @

o = 3o pl = 5 Y CLCup+ pCIC, — 201 pCn (1.30)

n

1
2
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where

(1.31)

n=1,2,3
Operators C,, form off-diagonal terms in the same basis that describe dissipative pro-
cesses. In our case this is a decay to the lower states |1) and |3), and the decoherence

through the finite bandwidth of applied laser radiation:

Co1 = /Ta1|1)(2]

Cas = /T23]3)(2|
(1.32)

= /Ty[1)(1]

Cr = VT, [3)(3|

Under the previous consideration to move into the rotating frame (Eq. 1.27), the density

matrix needs to be transformed:

pr = Uo(t)p(t)U (¢) (1.33)

Next, pr, Hj, and C,, are plugged in 1.30. In order to get all components of the density
matrix, set of linear differential equations need to be solved. An example of the evolution of
the diagonal component of the density matrix is in Figure 1.5. The system was initialized
in the ground S5 state so p11[0] = 1, p22[0] = 0, p33[0] = 0, and only 493 nm radiation
was applied.

To obtain the fluorescence intensity versus the detuning of one of the lasers, we need to
find one component of the density matrix, p22. The population pso can be calculated from

the steady-state solutions. Then the average rate of emitted photons:

Ntot = Nb + Nr
Ny = T21p20 (1.34)

N; = T'a3p22
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Figure 1.5: Evolution of the density matrix diagonal components when the ion was ini-
tialized in the ground S-state with only 493 nm light applied. Selected parameters are:
sp=1,A,=0,A, =0,I', =0, = 0. It is obvious from this Figure that the steady-state

solution can be reached in less than 1 us.
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The saturation parameter determines the intensity at which a substantial amount of
population is pumped to the excited state. Thus, it is convenient to represent the Rabi-

frequency in terms of the saturation parameters related to the laser power s; or s,.:

Sp,
Dy, = 2r I3} (1.35)

One notable feature in the spectrum appears when A, = Ay. In this condition the ion

is in the superposition of states |1) and |3) whereas state |2) is not populated (p22 = 0).

Hence, there is no fluorescence from the ion. The steady-state solution (dpy/dt = 0) for the

density matrix under this condition would be:

Qg Qbﬂ'r'
02+02 2,2 4+Q,2
Pd = 0 0 0 (1.36)
Q% Q2
Q2+Q2 Q7402

This phenomenon is common for A systems and has the name ‘dark resonance’ because
no fluorescence is observed in this case. The perfect condition where the ion is in the
superposition of states |1) and |3) so that pa2 = 0 does not happen in reality due to non-
zero linewidths of the 650 and 493 nm lasers. The larger these linewidths are, the less
deep these ‘dark resonances’ become. All possible attempts should be taken to avoid this
resonance since it reduces the efficiency of Doppler cooling. Fortunately, this is doable since
either of the laser frequencies can be tuned to avoid A, = Ap. In addition, turning on a
small magnetic field (~1Gauss) helps to avoid the resonance. Experimental observations of
the ‘dark resonance’ while scanning frequencies of both lasers were done on our setup and
are described in detail here [93].

In order to simplify the expression for pss and to plot the number of emitted photons
versus the detuning of the blue laser, assume the red laser frequency is set exactly at the
resonance between |2) and |3). There is a noticeable decrease of photon emission when
Ap = 0, and both saturation parameters are equal to 1. In this case some population is
trapped into the lower level |1) (p11 ~ 1) leaving the middle level |3) and upper levels |2) less
populated, see Figure 1.6. If the power of the blue laser is increased so that s, = 5, the ‘dark

resonance’ become more prominent, see Figure 1.7. Moreover, it significantly broadens the
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Figure 1.6: Number of 493 nm photons (see equation 1.34) collected with 1% efficiency
with acquisition time of 50 ms versus detuning of the blue laser A from the |2)-|1) reso-
nance taking steady-state solution for pss. Red laser is set on resonance with |2) and |3).
Saturation parameters are: s = 1, s, = 1. I'g; = 15.1 MHz/27 and I'y3 = 5.3 MHz/2m, T'y,
=T, =0.
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Figure 1.7: Number of 493 nm photons (see equation 1.34) collected with 1% efficiency
with acquisition time of 50 ms versus detuning of the blue laser A, from the |2)-|1) reso-
nance taking steady-state solution for pas. Red laser is set on resonance with |2) and |3).
Saturation parameters are: s = 5, s, = 1. I'yy = 15.1 MHz/27 and I'y3 = 5.3 MHz/27, '
=TI, =0.
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Figure 1.8: Number of 493 nm photons (see equation 1.34) collected with 1% efficiency
with acquisition time of 50 ms versus detuning of the blue laser A from the |2)-|1) reso-
nance taking steady-state solution for pss. Red laser is set on resonance with |2) and |3).
Saturation parameters are: s, = 1, s, = 5. I'gy = 15.1 MHz/27 and I'y3 = 5.3 MHz/2m, T'y,
=T, =0.
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curve and makes cooling less efficient. On the other hand, leaving s, = 1 and increasing
power of the 650 nm red laser (s, = 5) leads to a more narrow dark resonance peak as well
as higher fluorescence rate and the possibility to perform more efficient cooling, see Figure
1.7. So, practically, it is better to keep 650 nm laser a few times higher than the power of
493 nm laser while maintaining s, < 10 to avoid power broadening. For efficient cooling,

the 493 nm laser needs to stay ~20-30 MHz lower than the resonance.

1.4 Lamb-Dicke Regime and Resolving Motional Sidebands

As was discussed in the previous two chapters, ions can be Doppler cooled with the red-
detuned lasers. Ions undergo macro-motion in a 3-dimensional harmonic potential. In each
of these three directions, the ion vibrates at a different frequency (generally), determined by
the strength of the potential. In this section, for simplicity, we only consider one dimension
out of three.

During the cooling process, the kinetic energy transferred to an ion by absorption or
emission of a photon with frequency w,, is called the recoil energy Ej..:

R2k?

Eree = —— (1.37)
2m

Where k = wge./c and m is the mass of the ion.

The Lamb-Dicke parameter 7 is defined as the ratio between the rms size of the ground

state wavefunction of the ion in the tap 1/(0[r2|0) = \/h/2mwse. and the wavelength Ao of

light, wsec is the secular trap frequency (see section 1.2):

Vh/2msee (1.38)

= )\0/271’
If the ion is not in the ground state, but in the state |n) of the harmonic oscillator, then

equation 1.38 is modified to:

In this work, we aim for 7,, < 1 to be able to implement resolved sideband spectroscopy

with narrow 1762 nm laser light. If n, < 1, in ion’s reference frame the laser light is
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Figure 1.9: Illustration of the tensor product of a two-level atomic structure and the

motional states in a linear harmonic trap. Here, wse. is the secular trap frequency, and weq

is the resonant frequency.

modulated with trap frequency w;. In the case of weak confinement i.e. w; << resonance
light linewidth I', these sidebands are not resolved. However, if w; >> I, then by scanning
the frequency of the resonance light, a motional sideband can be resolved.

At this point, it is important to recall that the resulting state of the ion in a trap
is a tensor product of the two-level internal atomic structure and the motional states,
as illustrated in figure 1.9. Hence, atomic transitions can happen together with motional
transitions. However, as we will show later, lowering the Lamb-Dickie parameter to n, << 1
imposes restrictions on the motional transitions.

The ‘bare’ Hamiltonian Hy of a single trapped ion consist of two terms, a term that
represents the harmonic trap potential and a term that represents the internal atomic two-
level structure:

1 Tweg

I;IO = hwsec(dT& + 5) + 9 o (140)

where @' and @ are raising and lowering operators (also called the creation and anni-

hilation operators) acting on the motional ion states, ey is splitting between |e) and |g)
atomic levels, and &, is the Pauli matrix.

With an oscillating electric field applied along the x-axis, the interaction Hamiltonian
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ﬁ[ 1s:

H; = —qxE,Cos(wt — kr) (1.41)

Where Ej is an amplitude, w is the oscillating frequency of the electric field, k£ is the
wave-vector, x is the ion’s displacement from the x=0 (in the case when no field is present)
along the x-axis, and r is a coordinate in the direction of the propagating vector k.

Rewriting this in |e), |g) complete basis gives:

Hr = —q(|€) (9] (ellg) + lg) el{glle)) Cos(wt — kr) (1.42)

Note that (e|(g| and |g){e| are the raising 64 and lowering &_ operators, and the matrix

elements with the x in it relate to the Rabi frequency €2

(glexEple)
o = Wiertole)
h

The ion’s coordinate r along the propagating vector k can be expressed in terms of a'

(1.43)

and a:

Hr = Q64 4 6_]|Cos(wt — kr) =

= —hQ[64 +6_]Cos (wt —k i (a+ &T)> = (1.44)

2MWsgee

—hQ

2
Assuming n << 1 and performing Taylor-expansion of the exponents, while keeping the

o4 + U,][ei[Wt_"(&+&T)} + e—i[‘*’t—n(&-FﬁT)]]

lowest order terms, we get:

. 7o) . , . , . .
H[ ~ 5 [0’+ 4 O__H(ezwt 4 efzwt) _ in&(ezwt _ efzwt) _ indT(ezwt _ efzwt)] (145)

From the expression 1.45 one can see that if n << 1, the atomic states change is

associated with either no motional state change An = 0, or with An = +1. The first
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transition is called the ‘carrier’, the An = —1 transition is called ‘red sideband’, and An =
+1 is called ‘blue sideband’. On the spectrum, the red and blue sidebands are equidistant
from the carrier such that ]wc‘”’”e’" — wﬁfgﬂ = wgee. One can scan the frequency of the laser
to locate the carries and both sidebands; this is called motional spectroscopy. We work
in the regime n << 1 to study ions’ collective motion and to perform the optical qubit
operations.

The wavelength we aim to use to perform ion’s motional spectroscopy is A\g = 1762 nm.

One can estimate what n is needed to reach n << 1. Taking that the probability P, of

being in vibrations state n obeys Maxwell-Boltzmann distribution:

nm nhwsec
Pn: 1 n 6_ kT —
1+n(l+n)"
(1.46)
1 A

T lra(lta)r”
Where the system has an average energy (E), kp is the Boltzmann constant, and we

define n as average motional occupation number:

<E> = ka = Nhwsee (147)

Now using equations 1.39, 1.38 and assuming that Hiﬁ ~ 1 since the Doppler-cooling

limited nn ~ 10, we get the following condition:

U/ R
l—i—ﬁ/o Vnendn << 1 (1.48)

or

@ﬁm <<1 (1.49)
1+n

Taking wgee = 1.5 MHz, A\g = 1.72 pm, the resulting condition applying to 7 is:

n << 500 (1.50)
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This means that even with just the Doppler cooling, we are well within the Lamb-Dicke

limit.

1.5 Collective radial motion of different ion species in a linear harmonic trap

When several ions are trapped, they undergo collective motion that can be described clas-
sically. In this work, we are interested in transverse or radial motion, which is discussed in
this section. Nevertheless, a similar approach can be repeated for the axial motion. The
only differences are the weaker confinement and the stronger Coulomb interaction along the

trap axis.

For simplicity, we will focus on describing the motion of two ions: a '3¥Ba™ ion and a
171Yb+ jon; this can be solved analytically. First, let’s write down the kinetic energy in one

transverse direction of motion:

m1a'71 77”L2:i32
Kt = )
2 2

(1.51)

Where mq, mo are masses of the selected ions, x1,xo are the displacements of the first

and the second ions along the selected direction of motion (x was selected in this case).

The potential energy of the ions due to the transverse field Uy:

mlw%ac% mgngg e
ti o=
2 2 ’?”1 — 7“2‘

Uy = (1.52)
Where w; 2 are the secular motional frequencies of ion 1 and 2 in the transverse direction
X, 71,73 are ion’s positions. Since k is the characteristic of the potential (transverse) both
ions move in, k = mjwd = mow3.
The next step is the Taylor series expansion of Coulomb interaction from equation 1.52.

Assuming that the separation between ion (~ 10um) along z-axis z; — z2 is much larger

than the displacement along the x-axis, and e = 1:
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The Lagrange equations are:
dor oL _
dtoq;  Oq
L=K,—U, (1.54)
qi = 1,22

We assume that the ions are at the fixed equilibrium positions along the z-axis. The

potential energy U; due to motion along z-axis is:

k22 k22 e
Ul _ 1 2

1.55
2 2 |2:1 — 22| ( )

Where k; is is the characteristic of the potential (longitudinal) both ions move in, and
k; = miw?, where w is the motional frequency along the z-axis of the ion 1.

One can find the equilibrium position along z- and x-axes by minimizing U; and Uy:

oU;
8.’&
o,

aZi =0

The equilibrium positions along the x-axis are: z§{ = 0, z§ = 0. he equilibrium positions

along z-axis are: zf{ = —(1/2]{:12)2/3 = —(1/2m%w4)2/3, 25 = (1/2m%w4)2/3.

=0

(1.56)

Then the Lagrangian equation for the radial motion transforms into:
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When applying results from 1.56, the final equations are:
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(1.58)

This can be solved by finding the eigenvectros with corresponding eigenstates w, (b = %,
a:wf—w;, andc:“’;)z
4ba2 —

Wyl,2 = 9

These solutions correspond to two modes: ‘in phase’ and ‘out of phase’. Each component
of the eigenvector indicates the involvement of one of two ions in the particular mode’s
motion. Taking w; = 1.5 MHz, w = 0.7 MHz, Figure 1.10 shows eigenvalues versus the ion
mass ratio.
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Figure 1.10: Eigenfrequencies corresponding to the transverse direction of motion assuming

w = 0.7 MHz, w; = 1.5 MHz.

The corresponding sets of eigenvectors versus b are shown in Figures 1.12 and 1.11

for the in phase and the out of phase motional modes. One can see the trend here; with
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Figure 1.11: Eigenvector components corresponding to the in phase mode, w = 0.7 MHz,
wy = 1.5 MHz. The blue and yellow curves correspond to the amplitudes of motion of the

ion 1 and ion 2.

b decreasing, the difference between the motional amplitudes of two ions increases. For
example, in Figure 1.11 at b = 0.2, the motional amplitude of ion two equals =~0.025,
whereas motional amplitude of ion one equals ~1, which means that ion two is hardly

involved in the motion.

In case of b = 1, when the two ions have equal masses, they are equally involved in the
motion; for the in phase mode the amplitudes are equal to (%, %) and for the out of phase

motion they are (-; ——). One can see that even small deviation of b from unity causes

V2 V2
ion to be less coupled to the motional modes. For 13¥Ba™ and '"'Yb*, b ~ 0.8, which leads

to (0.9;0.4) in case of the in phase mode.

The analytical approach demonstrated in this section is only valid for two particles.
In the case of three or more ions, a numerical approach needs to be implemented. Also,
considering the transverse direction of motion in a linear trap, the numbers of modes grow

as 2N, where N is the number of ions, which presents a challenge for motional spectroscopy
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Figure 1.12: Eigenvector components corresponding to the out of phase mode, w = 0.7

MHz, w; = 1.5 MHz. The blue and yellow curves correspond to the amplitudes of motion

for the ion 1 and ion 2.

of hundreds of ions since the spectrum becomes crowded.
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Chapter 2

EXPERIMENTAL SETUP AND TECHNIQUES

2.1 Linear RF Trap

The geometry of the ion trap used in this work looks similar to Figure 1.2. The distance
between the end-cap needles is 6 mm, whereas the distance between the rods is approxi-
mately 800 pum. The diameter of the rods is about 400 pum. All mentioned components
are made of tungsten. The voltage can be supplied to each rod and each end-cap needle
separately to position ions relative to the RF null (for micromotion compensation [119])
and to move the ion chain axially. These elements are connected to the power supplies by
an 8-pins vacuum feed-through. The RF signal amplitude applied to the pair of diagonal
rods is about 600 V. All four rods can be connected to the DC power supplies to have more
degree of freedom to control ions’ position relative to the trap axis. Typical DC voltage
applied to the rods to compensate ion’s micromotion in this trap does not exceed 500 mV'.
In order to avoid the RF leakage to the DC power supply, low-pass filters (=1 MHz) are
used. For axial confinement, the voltage in the range of 50-400V can be applied to the
end-cap needles. Note that due to the end-cap needles axial misalignment, the change of
applied voltage leads to the ion chain axial displacement.

The trap is located inside a vacuum chamber and kept under ultra-high vacuum =~ 10~
torr with a constantly running ion pump and an ion gauge to monitor the pressure. The
titanium sublimation pump is also a part of the vacuum system; it is used occasionally
(once every couple of months) to remove noble gases. More detailed information about the
ion vacuum system can be found in my predecessors’ theses [66, 21].

In order to supply a high-voltage radio-frequency signal to the trap, we use a helical
RF resonator [29]. This can be seen as a shielded inductor that operates at a certain
resonance frequency. For our application, this frequency is in the range of ~10-20 MHz.

The helical resonator mainly serves to match the load of the standard 50 2 impedance of an
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RF amplifier and as a band-pass filter. In this work, the quality factor Q of the resonator
was ~150 with a resonance frequency of 18.256 MHz. Note that adding/removing low-pass
filters or grounding trap rods affects the resonance frequency. More information about this
specific helical resonator can be found here [109].

In this work, the direction of the magnetic field matters. Generally, if no magnetic
field is applied, it is still possible to trap ions due to the presence of Earth’s magnetic field
of =~ 0.5 Gauss. However, the magnetic field defines a certain quantization axis, which is
important for state initialization and spectroscopy. In this work, the magnetic field should
be aligned with the 493 nm laser cooling beam, so the main magnetic coil (~ 40 turns) is
placed at 45° to the trap axis along with the cooling and repump laser beams. The other two
magnetic coils are used to compensate all magnetic field components that are not aligned
with the quantization axis; all three magnetic field vectors are nearly orthogonal. The
second magnetic coil (= 15 turns) is placed on the top view-port of the vacuum chamber,
and the third one (= 15 turns) is on the view-port at 90° to the first one. All of these coils
are connected to the independent DC current supplies. The magnetic field produced at the

trap center is ~ 3 Gauss.
2.2 Ionization and Isotope Selection

In order to trap ions, first, we need to produce a neutral atomic beam. This is done
by resistively heating a small stainless steel tube that contains a sample of metallic bar-
ium/ytterbium. A high DC current is applied to the oven that heats the tube to a high
enough temperature to emit neutral atoms at the desired rate. In this work, we load both
Ba™ and Yb" ions in the same trap. Typical current applied to the Ba oven should not
exceed 11-12 A, whereas for the Yb oven, it should not exceed 7-8 A. Higher applied current
can cause oven connections failure. For loading ions one-by-one, the applied current should
be 2-3 A lower than listed above. When the current source is on and the oven reaches its
highest temperature, a slight spike in the pressure reading can be noticed, but it should
go back to its initial reading in a minute. A typical rate of ion trapping depends on many
factors, not just the intensity of ions flux. If incoming laser beams are aligned optimally,

the rate of about ten ions per minute can be achieved at the upper bound of the oven
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current. My predecessor, Tomasz Sakrejda, has done all hard work on Ba and Yb neutral
atom sources construction; the detailed procedure is well-described here [66, 93].

When sufficient atomic flux is achieved, the next step is ionization. Our research goal
requires the possibility to select isotopes. There are many possible ways to remove an
electron from the outer atomic shell [56]; two of these methods can be seen in Figure 2.1
that provide isotope selectivity. The method utilizing 337 nm radiation should be avoided
if one works with surface-electrode chip-scale trap since electromagnetic radiation below
400 nm can cause ionization of material surrounding ion [43]. This ionization leads to an
undesirable stray electric field that causes problems when the ion is =100 ym away from
the trap surface. However, this is not an issue in a macroscopic linear RF trap, and the
combination of 791 and 337 nm beams has been successfully used for years to ionize Ba
atoms.

The 337 nm wavelength is generated by a Stanford NL100 nitrogen pulsed laser with a
pulse length of 3.5 ns and an average power of 3 mW. This is a relatively powerful laser that
is used to ‘strip’ the electron from the 6s6p ! P state. The repetition rate of these pulses can
be adjusted to find a balance between fast ionization and minimization of trap component
exposure to UV radiation. An output laser beam has an uneven shape and is about 1 cm in
diameter. It is tightly focused by a 25 cm plano-convex lens such that the resulting beam
size is comparable to the end-cap needle tip. The maximum possible repetition rate of the
laser emission is 20 Hz, whereas the typically applied repetition rate is 5 Hz. Note that long
UV exposure still causes a noticeable stray field that can affect laser cooling. It is better to
wait and let this stray field decay before collecting data.

The 791 nm laser in this double-stage ionization process ensures isotope selectivity. The
791 nm radiation is generated by a home-made ECDL and provides tunability of ~10MHz.
The spectrum of some semiconductor laser diode can have a dispersion of a few nm [4], which
is equivalent to hundreds of GHz range and, hence, the diode itself cannot provide isotope
selectivity without additional frequency filtering. Moreover, adjusting the current and/or
the temperature of the laser diode directly does not grant fine frequency adjustment. The
required tunability can be achieved by extending the diode laser internal cavity by adding

an additional frequency-selective element such as a diffraction grating. In this scheme, a
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Figure 2.1: The outer electrons states of Ba atom for different ionization schemes discussed
in details here [56]. 337, 450, and 791 nm laser emission wavelengths are used to address

these transitions.
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part of the light is diffracted back to the diode to create an extended cavity between the
grating and back facet of the diode. In our setup, we use the Littrow configuration [45],
where the diffraction grating can be rotated for fine frequency tuning. The grating provides
optical feedback to the laser diode chip. In order to perform fine frequency tuning, the
rotation of the diffraction grating is performed by a PZT.

The illustration for frequency selectivity can be seen in Figure 2.2. Intrinsic semiconduc-
tor dispersion leads to the broadest gain profile, whereas the external cavity, as expected,
has narrower features. The grating serves as a ‘sinc-shape’ frequency filter to select less
than THz range from a periodic gain profile. More details on the origin of this gain profile
can be found here [72]. A single-mode operation can be achieved, and it is limited by the
selectivity of the external cavity. It is clear that several external cavity modes can have
similar gain, which leads to the laser jumping from one cavity mode to another. This is
what we often see while working with our 791 nm ECDL. A ‘coarse’ frequency adjustment
can be made by changing the external cavity mode frequencies or the semiconductor profile
central frequency in favor of the desired external cavity mode. This can be done in various
ways that will be described later.

The ECDL setup for 791 nm light emission consists of several components: the diode
laser (Thorlabs L785P090, single-mode 785 nm diode) mounted in a collimating tube, an
aspherical collimator (=6 mm), a diffraction grating, and a PZT. The grating is attached
to a mount, which provides vertical and horizontal grating adjustment. The diode emits an
elliptical shape beam, a small ‘notch’ on the diode indicates the junction plane of the laser
diode. The collimated beam goes onto the diffraction grating, the 1st order diffracted beam
(reference) is directed back to the laser diode, whereas the Oth order diffracted beam is the
resulting ECDL output, which is about 80 milliwatts for this particular diode. As one may
notice, an initial laser diode central frequency is far off from the desired value. This is not an
issue since the diodes have a variation in central frequency + 3nm; thus, one with the lowest
central frequency can be selected. The additional ‘coarse’ frequency adjustment to get 791
emission can be made by changing the laser diode temperature in the range from room
temperature to 70°C (maximum temperature allowed) without affecting optical alignment.

This changes the internal cavity frequency profile. We use LDT-5525B 24W Thermoelectric
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Figure 2.2: Comparison of the diode cavity and the extended cavity gain profiles for a
780 nm diode. For comparison, the selectivity of the diffraction grating (with/without AR
coating) is presented. In this example, the grating has 1800 grooves/mm, the extended

cavity length is 15 cm, and the internal diode cavity is 0.25 mm long [94].
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diode current of 70 mA. The operating temperature of 785 nm diode can go up to 70°C so

it provides the tuning range of a dozen of nm. However, not all components of the setup

can handle such high temperatures.
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Temperature Controller, Newport, that is used for the laser’s temperature stabilization; it
is typically set at 30°C for the currently used diode. The typical temperature dependence is
illustrated in Figure 2.3. Another frequency adjustment is performed by the diode’s current
control. I found that the current tuning does not provide enough range for the ‘coarse’
frequency adjustment, and it is not reliable for the fine frequency tuning. The only effect
from modest current tuning is increasing/decreasing of the output power. Hence, I usually
try to keep the current near the optimal operating current value, which is 120 mA. Finally,
fine frequency adjustment ~ 10 MHz can be made by the PZT voltage ranging from 0 to 100
V, provided by the piezo controller. Technically, to ensure the frequency stability during
the ionization process, the 791 nm ECDL can be locked to a low-finesse cavity, but I found
that the 791 nm ECDL itself performs well. It does not drift significantly in short time
intervals (= seconds) nor in the interval of the whole trapping process (& seconds to 10
min), so there is no need to additionally frequency-stabilizing it. Typically, one milliwatt
and a few hundred-micron beam size are enough for efficient ionization. Most of the lasers in
the lab are either home-made or Toptica Littrow-configuration ECDLs, so they have similar
operating and adjustment procedures.

Loading rates for different Ba isotopes are listed in Figure 2.4, which is taken from [99].
The highest loading rate of 3¥Ba* is associated with its highest natural abundance of
about 71.7%. Luckily, the 3®Ba™ has the lowest resonance frequency of the 6s2 'S —
6s6p>P transition. By red-detuning the 791 nm ECDL from its resonance transition, the
loading rate of the other isotopes can be neglected, and '3¥Ba® can be trapped solely.
The second most abundant isotope that can be trapped with such a scheme is Bat, its
natural abundance is 7.8%. It is unlikely to trap it unless 791 nm frequency is far off from
the resonance. ¥Bat isotopes appear as dark or very dim spots among the bright '3¥Ba™
ions.

Finally, trapping Yb requires a similar scheme (see Figure 2.5). A few milliwatts home-
made 399 nm ECDL ensures isotope selectivity, whereas the 337 nm nitrogen laser from the
Ba ionization scheme goes for the second stage of the ionization process. In order to reduce
the stray field buildup in the trap, a few milliwatts of the 369 nm ECDL (Toptica) for Yb™

cooling can be used for the second ionization step instead. In this work, we load "'Yb¥.
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Figure 2.5: The outer electrons states of Yb atom for two different ionization schemes [56].

337, 369, and 399 nm laser emission wavelengths are used to address these transitions.
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For the ytterbium isotopes, natural abundance is quite similar for '"'Ybt-1"6Yb* so the
frequency of isotope-selective laser has to be well-tuned to chosen isotope resonance, which

is possible with the presented ionization technique.
2.3 Laser Cooling

In this section, I would like to describe the 38 Ba™ Doppler-cooling procedure and outline
the scheme of related setup. As was discussed in Section 1.3.1, Doppler cooling 3®Ba™
requires two laser beams. The 493 nm laser beam provides the cooling force and, due to
strong cycling transition, leads to efficient photon scattering. 493 nm photons resonantly
scattered by the ions are then collected by the optical system (microscope). Due to the
high likelihood of decaying to the 5D3/, state, whose lifetime is about 80 seconds, the 650
nm laser, called the ‘repump’ laser, is used to return the ion back to the cooling cycle.
The presence of repump laser and, as a consequence, the third involved transition makes
the cooling more complicated. However, as was shown in Section 1.3.1, with the proper
detunings and powers of both 650 and 493 nm lasers, temperature of 13®Bat can be brought
very close to the Doppler limit.

The required fine frequency adjustments can be achieved with ECDLs, whose working
principle has been described in Section 2.2. We use 650.7 nm and 986.7 nm Toptica ECDLs
with ~100 mW output power. Half of the 650 and 986 nm laser power is sent to the
double-pass AOM systems setup and then to the corresponding optical cavities for frequency
stabilization (see Section 2.5). Then, 986.7 and 650.7 nm are sent to the single-pass AOM
systems, where the 1st order diffracted beams are sent to the trap, and non-deflected beams
are sent to the wavemeter for the frequency reading. Hence, it is important to subtract
AOM’s modulation frequency to be able to get reliable wavelength reading. Both beams
can be turned on/off by switching the RF signal applied to the SPAOM by using TTL RF
switches. The on/off switch time is less than 1us and is suitable for most of our purposes.
After single-pass AOM, the 986.7 laser beam is sent to the frequency-doubling waveguide
based on potassium niobate crystal K NbOs that produces the 493.4 nm light. It is important
to keep the frequency-doubling crystal at a certain temperature (T = 32.6°) to maximize

the output of the 493.4 nm light. Then, the 493.4 and 650.7 nm beams are combined using
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a dichroic mirror and coupled to the same single-mode optical fiber. A 15 cm plano-convex
lens is used to focus collimated 493.4 and 650.7 nm beams to the trap center. The maximum
power that can be sent to the trap is 30 pW and 200 pW for 493.4 and 650.7 nm light,
respectively. It is mostly limited by the efficiency of coupling to the single-mode fiber, and,
in the case of 493.4 nm, it is limited by the output power of the frequency-doubling crystal.

The outline of our setup is shown in Figure 2.6. Both the 650 and the 986 nm beams
first go through the optical isolators to avoid reflected beams going back to the laser diodes.
Then they go through the anamorphic prism pairs to make the beam’s shape circular.
Next, HWPs are used to adjust the ratio of the power going to the DPAOMs and to
the trap/wavemeter through PBSs that create two beam paths. Beams that go through
DPAOMSs are physically separated from the incident beams in the plane perpendicular to
the optical table. It allows to pick off the double-passed beams with mirrors (M1 and M2)
and send them to the Cavity 1 (650 nm) or Cavity 2 (986 nm). Note that M1 and M2 are set
lower in the plane perpendicular to the optical table relative to the beams incoming from the
diode lasers. In order to convert 986 nm into 493 nm, the 986 nm goes through the doubling
crystal. After passing SPAOM and the doubling crystal, 650 and 493 beams are combined
and sent to the trap. Here we omitted some optical elements related to polarization for
efficient optical pumping; that will be discussed in the next section.

In this work, we do not Doppler cool ytterbium ions. However, we have a setup for
Doppler cooling 7Y bt ions; this includes a Toptica 369 nm ECDL for cooling as well as a

home-made 935 nm ECDL for repump.
2.4 Wavelength Meter and Frequency Calibration

The ability to perform accurate frequency measurements is crucial for working with atomic
systems. In ion trapping, frequency reading is required at all stages, such as ionization,
cooling, and qubit operations. Here we perform frequency measurements with a High Finesse
WS7-60 wavelength meter. It has an absolute accuracy of 60 MHz and a high measurement
speed to constantly monitor frequencies of CW lasers such as 791, 650, and 986 nm. One
laser at a time can be monitored, but it is relatively easy and fast to switch between channels.

When ions need to be trapped and cooled during a long run of data taking, the waveme-
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Figure 2.6: The outline of 986 and 650 nm lasers setup. Note that M1 and M2 are set
lower in the plane perpendicular to the optical table relative to the beams incoming from

the diode lasers.
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ter performance might be important. It is known that parameters such as temperature,
humidity, etc., affect the wavemeter reading due to their effect on the optics the wavelength
meter is made of. We have a day-to-day room temperature fluctuation of about 1°C due
to the daily shut down of the AC system in the building. The internal wavemeter’s tem-
perature controlling unit is not capable of properly stabilizing the temperature; eventually,
the wavemeter adapts to the room temperature. We performed a set of measurements to
indicate how the change of room temperature affects the reading short-term. A stable HeNe
laser (632.8 nm) from a Burleigh WA-1650 wavelength meter was plugged into our WS7-60
wavelength meter. The HeNe laser frequency had been monitored while the inner WS7-60
wavemeter temperature reading was being taken. The internal temperature stabilization
was turned off. The data has been collected for 50 minutes; see Figure 2.7. The overall
temperature change was 0.7°C, while the frequency reading difference between the maxi-
mum and the minimum value was 75 MHz. This deviation of HeNe frequency is within the
wavemeter’s accuracy.

It is not necessary to get accurate measurements of atomic transition frequencies, but it
is crucial to maintain a reliable reference for day-to-day operations. Usually, trapping ions
and monitoring ionization, cooling, and repump laser frequencies are the best way to keep
track of the long-term change (if there is any) and establish references. If the readings seem
to be way off, it is likely that some wavemeter parameters need adjustment. This can be
done by re-calibration. The wavemeter measurements strongly rely on applied calibration,
which is done with a stable, high-accuracy HeNe laser or any atomic reference. In Prof.
Subhadeep Gupta’s lab, Yb transition frequencies can be used as a reference. In a vapor
cell, Yb 1Sy —! P; transitions can be addressed with 399 nm light, and the frequency of
399 nm laser can be fine-tuned for each isotope. Some portion of 399 nm light with known
frequency tuned to the transition of selected Yb isotope [28] is sent to WS7-60 wavelength
meter, and the calibration is performed. The stable HeNe laser from the Burleigh WA-
1650 wavemeter can be used for calibration as well. Note that changing the calibration
wavelength will change the WS7 frequency reading somewhat. Hence, it is better to use the
same calibration wavelength.

In conclusion, it is realistic to use the WS7-60 wavelength meter for the CW laser
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Figure 2.7: Continuous measurements of a stable HeNe laser wavelength over 50 min while
the internal wavelength meter’s temperature stabilizer was turned off. The ‘spike’ on the

graph corresponds to the short system shut down and was excluded from the analysis.

frequency reading. It has shown good performance even without internal temperature sta-

bilization, and it is possible to have reliable references for 493, 650, and 791 nm frequencies

over a long period of time.
2.5 System for Cooling and Repump Lasers Frequency Stabilization

As described above, the wavelength meter provides reliable frequency measurements. How-
ever, its accuracy is not enough for any kind of frequency stabilization of the cooling or

repump laser since the addressed transition linewidth is typically < ~100 MHz. The cool-



44

ing or repump outputs themselves have good short-term stability, but data-taking can take
more than a few hours, and the central frequencies of the laser drift ~100 MHz during
this time period. This can significantly affect the Doppler cooling efficiency as well as ion’s
fluorescence rate.

In order to stabilize frequencies of the 493 and 650 nm lasers, we use low-finesse optical
cavities as references. The reason for choosing low-finesse over mid- or high-finesse is relative
simplicity to couple light into such cavities. Moreover, the broad cavity ‘fringes’ of the
transmission signal make the side-of-the-fringe lock procedure easier. Of course, we do not
aim to narrow the laser spectrum but rather to maintain the same central frequencies for
the period of data taking.

Part of the 986 and 650 nm beams are sent to the reference cavities. We aim to use the
cavity’s longitudinal modes and monitor the transmitted signal (see Figure 2.6). This signal
from the cavity depends on the wavelength of the incident beam; the transmitted signal has
a peak when an integer number of wavelength fits within the length of the cavity L (standing
waves). The two cavities are made of concave dielectric-coated mirrors separated by ~8 cm.
These mirrors have non-zero curvatures (R; and Rs for the first and the second mirrors,

respectively), so the resonance condition becomes [86]:

Vonm = 5= <5+71T(m—|—n+1)+0051 <\/<1 - };) <1 - é))) (2.1)

Where s, m, and n are the mode numbers that can take only positive integer values,

and c is the speed of light. R; 2 can be positive/negative for concave/convex mirrors. The
Vsnm are the only frequencies that can exist inside the resonator.

The longitudinal, or TEMyy modes occur when m = n = 0. This happens when the
wavefronts of the incident Gaussian beam match with the mirror surfaces, and the beam is
aligned to the optical axis of the cavity. In this case, the beam profile of the transmitted
signal is a Gaussian shape as well. The frequency separation between two adjacent TEMgq

modes vy and vgy10p is called the free spectral range of the resonator:

VFSR = Vs+1,0,0 — Vs,0,0 (2.2)
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The finesse of the resonator characterizes its performance. The higher the finesse, the
narrower the peaks are and the higher the frequency resolution. Define I'"WHM 55 the full
width at half maximum of each cavity peak. Finesse F depends on the reflectively r of the

mirrors; for two mirrors with identical reflectively:

/T VFSR
= 1—, TFWHM (2:3)

Parameters of the optical cavity listed above are sufficient to design the resonator with
chosen finesse for different types of laser locking techniques and purposes. In our case, the
finesse of the 986 nm cavity is ~ 20 with FSR = 1.5 GHz and T*WHM ~ 75 MHz. The
986 nm cavity transmission as a function of the laser frequency is shown in Figure 2.8. The
laser frequency is scanned over the 1.5 GHz range by modulating the PZT voltage in the
laser.

The main function of the laser-lock system is to provide the output signal to, in our
case, the PZT or any other transducer that controls the diode laser parameters. In the case
when the frequency is a controlled parameter, the output of the laser-lock system forces the
diode laser output frequency to the desired value regardless of any external perturbations.
The difference between the actual frequency and the desired frequency is called the error
signal. The PID parameters of the laser-lock system regulate the response based on the
input error signal.

There are two methods to lock the laser using an optical cavity transmission peak as
a reference; the side-of-fringe and the top-of-fringe locking methods. The side-of-fringe
locking method uses the slope on either side of the transmission peak (negative or positive
slope), such that frequency fluctuations cause amplitude fluctuations on the photodetector
and, respectively, the error signal changes. Assuming that the laser-lock system responds
fast enough to any perturbation, the only limitation is the minimum achievable error signal,
which is determined by the internal electric noise, background light, etc. In this work, we
use the side-fringe locking method with one of the Toptica PID modules, PID-100, to lock
the 986 nm laser. The schematic of the setup is shown in Figure 2.9. Some portion of the

laser power is sent to the DPAOM and to the cavity. The transmitted signal from the cavity
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Figure 2.8: The 986 nm cavity transmission as a function of the 986 nm laser frequency. Pe-

riodic modulation of 986 nm diode’s piezo voltage resulting in frequency sweep of ~1.5 GHz.

This corresponds to the cavity FSR since one can see transmitted patterns reproducing.
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Figure 2.9: Schematic representation of the 986 nm laser-lock system for the side-of-

fringe method. The laser is sent through DPAOM for fine frequency adjustment without
disturbing the beam path. Then the beam is coupled to the cavity, where the transmission
signal is observed with the photodetector. From the photodetector, the signal is sent to
the oscilloscope for monitoring, as well as to the PID regulator to produce the error signal.
There is an internal connection between the PID regulator module and the Scan control
module so that the resulting control signal is sent directly to the laser PZT - this is a benefit

from using products from the same company.

is monitored with the Thorlabs PDA55 photodetector. This signal is sent to the oscilloscope
for monitoring and to the Toptica PID regulator input (‘Photo detect’). The error signal
can be monitored (‘Monitor out’) and minimized by adjusting PID parameters and set point
as well as the slope on the transmission peak. Fine frequency adjustments can be made by
changing the modulation frequency sent to the DPAOM without changing coupling to the
cavity. Both the 650 and 986 nm cavities are located in the vacuum chamber under ~1 torr
(see Figure 2.6) and are temperature stabilized. A similar side-of-fringe locking method is
used for the 650 nm laser with a New Focus LB1005 High-Speed Servo Controller instead
of the Toptica PID-100 regulator.

The locking bandwidth of the current system can be estimated using the information
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about the transmission peak one locks to and the resulting minimum error signal. In our
case, the minimum error signal (AA) is ~400 mV whether the pk-pk amplitude of the
transmission peak is 1.2 V (A), and its linewidth is ~75 MHz (Aw). Hence, the resulting
locking bandwidth is (Aw,):

Aw AA
Aw, = 7“’7 ~7.5 MHz (2.4)

Note that by adjusting the DPAOM frequency, the cavity temperature, laser power, sign
of the slope, or by locking to another transmission line, the ‘local’ slope corresponding to
the lock points can change drastically. This significantly affects the performance of the side-
of-fringe locking method. For all future experiments, I suggest moving to another method.

The top-of-fringe locking method doesn’t have any of the issues described above since
the error signal is not susceptible to the laser amplitude noise. It requires superimposing RF
modulation current onto the laser diode DC-supply current. This can be done by installing
a Bias-T PCB to the diode. By directly modulation diode current and an additional PD
detector module (Toptica), the top-of-fringe locking method can be applied. The scheme
is illustrated in Figure 2.10. PD detector outputs 20 MHz sidebands to the Bias-T and
results in desired phase modulation. The top-of-fringe locking method is more robust than

the side-of-fringe method, especially in the case of the cavity temperature drift.

2.6 Optical System for Ion Imaging and Improving Image Quality

When ions are trapped and cooled, they undergo strong cycling transitions and emit photons
at the rate of ~ 107/s (see Section 1.3.1 for details). These photons can be collected, and
a diffraction-limited image of an ion can be obtained. In most of my work, I needed to
spatially resolve the image of the trapped ions. For this case, I used either EMCCD or
TimePix3Cam single-photon sensitive camera. When the image of trapped ions is spatially
resolved, one can select the ROI where each ion is located to detect each ion qubit state.
State-dependent fluorescence is used to detect trapped-ion qubit state. It relies on
a standard ‘bright/dark’ discrimination procedure that requires collecting photons from

chosen ROI. Typically, photons are collected in a defined time interval called acquisition or
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Figure 2.10: Schematic representation of the 986 nm laser-lock system for top-of-fringe

method. The laser beam is sent through DPAOM for fine frequency adjustment without
disturbing the beam path. Then the beam is coupled to the cavity, where the reflected
signal is observed with the photodetector. From the photodetector, the signal is sent to
the oscilloscope for monitoring as well as to the PD detector to produce the error signal.
Toptica PD detector has an oscillator with 20 MHz output that is applied to Bias-T for
phase modulation. The error signal is then sent to the PID regulator. There is an internal

connection between all listed Toptica modules.
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integration time. In the next few paragraphs, we will discuss the optical setup for photon

collection from ions(s) and issues I have been facing with the image quality.

In this work, the optical system consists of 6 main components: a vacuum view-port, an
objective lens, an adjustable aperture, a doublet lens, an interference filter, and a detection
system. The most recent setup is shown schematically in Figure 4.8. For the detection, the
TimePix3Cam camera with the intensifier was used. Instead of this camera, the PMT or
EMCCD can be placed. In this setup, fluorescence from ions passing through the vacuum
viewport is collected by the objective lens, through the adjustable aperture, and further
magnified by the doublet lens. A 493 nm interference filter is used to reduce the background.
Finally, the 493 nm fluorescence is imaged onto the detection system. This system acts as
a microscope; the magnification of the ions’ image can be varied by changing the doublet
lens focal length or by changing the position of the detection system. The first stage of
this microscope consists of the objective lens, and the rest of it is referred to as the second
stage. The objective lens is the main stage for collecting photons. We use an objective
camera lens: a 50 mm Nikon lens with a numerical aperture of 0.20. The second stage has
an adjustable aperture to filter out stray light. Then, there is and a home-built 25 mm

doublet lens. The total magnification of the system is approximately 45.

The performance of the optical system is important to discriminate each ion qubit state
with low error. The main parameters contributing to the optical system performance
are collection efficiency and the optical crosstalk between ions. To minimize the optical
crosstalk, the image quality needs to be improved so that the image of the ions is close to

the diffraction-limited performance.

2.6.1 Diffraction Limit

Even if no aberration is present, the ion image has the minimum size due to the diffraction
on the spherical aperture. These diffraction patterns are spherically symmetrical and their
radial size is determined by the NA of the microscope aperture. The diffraction pattern

irradiance I(r) in the case of a uniformly illuminated circular aperture is:
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where f/# is the ratio of the system’s focal length to the diameter of the entrance
aperture, A is the wavelength of the incident monochromatic light, A is the total incident
power, jo is the Oth order Bessel function, and r is the radial distance from the center of the
diffraction patterns. Because of the spherical symmetry, this problem can be represented

as one-dimensional.

The diffraction patterns in the case of a diffraction-limited image for the optical system
described above are presented in Figure 2.11. The diffraction pattern between two the
zero-intensity regions is known as the Airy disk. In the case of a perfect optical system,
the amount of energy contained within the ~2um diameter Airy disk in the object plane
is about 84%. Optical crosstalk between neighboring ions can be calculated as the power
‘leaking’ from one ion to the ROI corresponding to the neighboring ion divided by the total
power ‘stored’ in this ROL. If the spacing between ions is 5um and the selected ROI centered

at ion’s position is 2x2 pm?, resulting optical crosstalk from one neighboring ion is 0.06%.

In reality, irradiation beyond the Airy disk becomes significant due to the imperfection
and aberrations of the optical system and/or optical alignment, which leads to the larger

crosstalk.

2.6.2 Spherical Aberration, Defocus, and Coma

Initially, experiments on ion’s state discrimination were conducted with a single plano-
convex lens with NA of 0.2 as the first stage of the microscope. The main problem with
this setup is the low image quality due to the spherical aberration caused by the singlet lens
and, hence, high optical crosstalk. A typical image of the ions with this setup can be found
here [93]. It is easier to produce a spherical shape lens, but the further away the incident
beam is from the center of the lens, the more it ‘bends’ and deviates from the optical axis.
It can be shown that the radial deviation € of a ray entering the lens with the radius of

curvature of R, parallel to the optical axis, is:
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Figure 2.11: Diffraction patterns (1D) of a circular aperture (f/# is 1.8) for wavelength of
493 nm and the total incident power of 1000. The magnification of the optical system is 45.



93

h3

~ (2.6)

€

Where h is the, height the ray is hitting the lens. An important note here is that the
transverse aberration scales with %?;. This implies that increasing the diameter of the lens
increases the effect of spherical aberration. One can notice the effect of spherical aberration
by observing relative asymmetry of the right defocus image vs. the left defocus image.

Technically, this problem can be solved by decreasing the NA of the lens by, for example,
placing a smaller aperture in front of it. There were a few attempts to do that, and the
results are shown in Figure 2.12. However, this significantly reduces the collection efficiency,
which affects the detection fidelity and forces us to increase the acquisition time for the state
readout. Another solution is to use a high a NA aspherical lens. An aspherical lens with
NA of 0.1 one that is suitable for our system (available for purchase from Thorlabs) has
a very narrow working distance range (~1mm) and requires a shorter distance (~40mm)
between the viewport and the trap for adequate operation.

The next common problem with the ion image is the coma. The coma occurs when some
of the optical elements are off-axis. A distinctive feature of the coma is image elongation
in one direction, similar to the images shown in Figure 2.12 (A). In order to properly align
the optical system and minimize the coma, I disconnected the second and the first stage of
the microscope setup to add an extra degree of freedom to place all elements on the same
optical axis. In order to adjust the angle, the objective lens mount can be tilted as well;
this and the translation of the first stage relative to the second one helps with ‘merging’ the
optical axes.

It is important to understand how the diffraction patterns change in the case of spherical
aberration and defocus. Apart from visual recognition of the flaws in the optical setup, this
helps to perform a quantitative analysis. The wavefront emerging from the lens/system of
lenses is rather complex. However, a well-assembled setup has only a few noticeable well-
recognized patterns corresponding to different types of aberrations. Mathematically, this
can be described as a wavefront expansion as the power series in the four coordinates, such

as the two exit aperture coordinates and the two paraxial image coordinates. Considering
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Figure 2.12: Ion(s) image with a single plano-convex lens [93]. A) Image of two ions
representing severe spherical aberration and coma. B) Image of one ion when a smaller
aperture was placed on the top of the vacuum chamber’s viewport in front of the objective
lens. The coma was reduced as well by moving the second stage of the microscope relative

to the first stage.

rotational symmetry about the axis of the light propagation, this expansion takes a form
stated by Welford in 1974 [107]. Normalized polar coordinates are used to rewrite the wave-
front expansion. Defocus and spherical aberration are spherically symmetric aberrations
corresponding to ~ p? and p* terms in this expansion, where p is the position on the aper-
ture. Coefficients Wy and Wy in front of p? and p* terms represent the severity of the
aberration and the defocus. In case of these types of aberration, the irradiance (Eq. 2.5)

transforms into:

2

Am 1 ) Tr
I(r) = NE(FAR /O S(p)jo <0, A(f/#)p> pdp | (2.7)
Where
S(p) = exp |:22)7\T (W040,04 + W020p2):| . (2.8)

Here, p is a normalized radial coordinate that is equal to 1 at the edge of the aperture,



95

Irradiance
10004
. — W020=0
W020 = 0.3A
6p0 — W020 = 0.5
— W020 = A
0 —— W020 = 151
bo — W020 = 2.5A
—4 2 Hm

Figure 2.13: Irradiance in the presence of defocus.

r = /22 + y?2 is the radial image coordinate, A is the total power, the rest of the parameters

were defined previously.

In figures 2.13 and 2.14 one can see the effect of defocus and spherical aberration on the
ion’s image quality. The redistribution of the irradiance over the larger area leads to higher
crosstalk between ions and, consequently, to the low ion’s state detection fidelity. The effect
is more pronounced when two of these optical system’s flaws come into play. As an example,
in figure 2.15 one can see the combined effect of 0.3\ defocus and 0.4\ spherical aberration;
the irradiance at the center of the image is more than ten times smaller than in the pure

diffraction-limited case.

After somewhat successful attempts to compensate spherical aberration and coma with
the methods described above and trying to achieve the best focus, the result can be seen
in figure 2.16. This is not the diffraction-limited case, but the qubit state readout can still
be performed with reasonable integration time and high fidelity, see Sections 3 and 4.1.

In order to understand what stands in our way to diffraction-limited image, I decided to
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Figure 2.14: Irradiance in the presence of spherical aberration.

simulate the imaging optics and look at the output image of the point source. It turned out

that Zeemax is a great tool to do this; the next paragraph is dedicated to it.

2.6.3 Zeemax for Optimizing Imaging Setup

Zemax is software that helps us simulate the impact of each optical element on the final
ion’s image. Customized optical elements can be placed in Zemax’s optical system layout.
In figure 2.17 one can see a two-stage microscope comprised of a double-Gauss objective
lens and a doublet secondary lens. Zemax traces rays from point sources to the image plane.

First of all, we tried to reproduce the simplest case of aberration. We introduced point
sources that are off-axis, which ideally should lead to coma. The offset was ~0.5 ym. The
location of the rays on the image plane can show how the position of the point source
can affect the image, see Figure 2.18. A good indicator of the quality of the point source
image, in this case, would be an RMS image spot size. Using optimization in Zemax, one

can customize the optical setup to achieve the smallest image spot size (or other chosen
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Figure 2.15: Irradiance in the presence of spherical aberration (0.4)\) and defocus (0.3)).
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Figure 2.16: Top: the 1D profile of the ion image surrounded by neighboring ions using
TimePix3Cam camera (0.9 pixel = 1 micron). Blue and Orange curves correspond to the
data and Gaussian fit, respectively. Bottom: image of the ion. The diffraction patterns can
be seen, but the first disk is larger in size than in the diffraction limited case, see figure

2.11.
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parameters). Optimization in Zemax means minimizing the so-called Merit function. The
Merit function takes a set of variables (distances between objects, lens curvatures, and
thickness, etc.) and returns a real, non-negative number. The smaller the number returned
by the merit function, the better the system meets the goal. Finding a suitable optical
system design depends in large part on how well the merit function is set up. In our work,
we mostly used the ‘spot size’ merit function for the optimization.

Another common parameter to quantify the performance of the imaging system is the
Strehl ratio. In the case of a truly diffraction-limited image, the Strehl ratio is 1. An
optical system with a Strehl ratio larger than 0.8 is considered to be diffraction-limited.
We tried to optimize this parameter; however, it turned out that our computation time
exceeds limits even for a small number of optical objects. What we did instead of it is
demonstrating how the point source displacement affects the Strehl ratio, see figure 2.19. In
this figure, we consider a double-Gaussian lens with NA of 0.18 and no viewport; the image
stays diffraction-limited at the displacement close to 0.3 mm. However, if the viewport
glass is present, this number reduces to less than 0.02 mm. This observation tells us that
the glass viewport drastically affects the quality of the image. Moreover, introducing more
complexity to the optical layout to get closer to the real setup may enhance this effect.
There may be no possibility to meet such constraints while aligning the optical system.
Perhaps the effect of the viewport and the restraint it creates can be compensated. Zemax

would be a perfect tool to study this further.
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Figure 2.17: Current optical system layout in Zeemax. Five objects presented here: a point
source (an ion), viewport glass, a double-Gauss lens (consists of multiple elements), an iris,

and a doublet lens. Credits: Kurt Delegard.
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Figure 2.18: The location of the rays from the point source on the image plane. The top
left figure demonstrates a point source being on the optical axis. The top right and bottom
figures represent the point source offset by =0.5 pm from the optical axis along different

axes, which leads to image distortion related to coma. Credits: Kurt Delegard.
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Figure 2.19: Strehl ratio vs. the point source displacement off the optical axis. The
diffraction-limited case (Strehl ratio > 0.8) is 0.3 mm with NA = 0.18 (see vertical red line)

and no glass viewport in front of the first stage microscope objective.
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Chapter 3

SYMPATHETIC COOLING OF MIXED-SPECIES BA-YB ION CHAIN

3.1 Motivation

The biggest challenge for trapped-ion-based platform is scalability. Currently, there are
two approaches to address this issue. One of them is a modular trap architecture where
all ion-trap modules are connected via photonic links [75]. Another approach limits the
quantum interactions to multiple small ion crystals in a cryogenic surface trap and in-
cludes physical splitting and rearranging those crystal into new crystals, where further
interaction occurs [37]. Both of these methods require mixed-species chain because single
species trapped ion quantum processors run into several difficulties. First, most high-fidelity
Coulomb gates with ions require to keep the ions to be cold [25]. This is not possible with
a single species during the crystal transport from the ‘state preparation’ trap module to
the ‘readout’ module because cooling of these species will interfere with the information en-
coded in the qubit. Similar issue occurs when photonic link interferes with the information
stored in the the neighboring qubits. For example, in some architectures, Bell-measurement
schemes are used for entanglement between separate ion traps [73, 75]. These schemes
involve repeated excitation of some of the ions in the chain with intense, resonant laser
pulses, which leads to decoherence of the neighboring ions. To avoid these complications,
mixed-species chains of the trapped ions can be used [20]. In a mixed-species scheme,
one ion type can be used as the “utility” species, while the other as the “logic” species.
The former is used for cooling the entire ion chain and establishing the remote entan-

glement, and the latter is used for the quantum information storage and manipulation.

Same-element mixed species schemes using differing isotopes have been proposed [91,
100, 15], but off-resonant scattering of the cooling laser light by the logic species is signifi-

cant [36], so using different elements is preferable [39]. However, if species of two different
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elements are used, the large mass difference can cause the normal mode couplings to be-
come small. This effect has been demonstrated in Section 1.5 on the example of two ions
with different masses. Repeating this procedure in the case of more Ba and Yb ions lead
to the same trend. Weak coupling of the normal modes impairs sympathetic cooling and
entanglement swapping [112]. Barium (Ba) and ytterbium (Yb) atomic ions represent a
promising choice of the “utility” /“logic” ion pair. Their relative mass difference is fairly
small at approximately 25%. However, as shown in [112] and in Section 1.5, even this small
mass difference is sufficient to potentially significantly reduce the radial mode coupling.

Thus, a careful experimental study of the regimes that influence modes’ coupling is justified.

For scaling to larger trapped ion quantum processors, radial modes are preferred to axial
modes for local gates [69, 118]. Using these modes offers several advantages: higher fre-
quencies allow faster gate speeds, performing operations with lasers perpendicular to the ion
chain axis makes it easier to address single ions, and gate infidelity due to the ions’ thermal
motion is reduced by a factor up to ( 5—2)6, where the w, is the radial center-of-mass (COM)
mode frequency, and w, is the the axial COM mode frequency [12].
Unfortunately, in the case of mixed species chains radial modes’ coupling is small for
typical trapping parameters due to the species’ mass difference [112]. This coupling can
be characterized by the largest eigenvector component for each species in a given mode,
max(f;;), where f;; is the eigenvector component of the jth ion in the ith mode. The

coupling is important for cooling, as the rate of sympathetic cooling scales as max(f;;) [59].

In this chapter, I demonstrate efficient sympathetic cooling and good radial vibrational
mode coupling in four-ion barium-ytterbium ion chains confined in a linear RF trap [38].
Analytical approach for four ions chain presents difficulty, but measuring four ions chain
temperature using one of the ion as a thermometer, is doable. We use the barium ion as
a thermometer and as a coolant ion and we find that the coupling for each normal mode
depends strongly on the trap aspect ratio. In the strongly coupled case, the measured mode
temperatures are consistent with the Doppler cooling limit, while in the weakly coupled

case they are one to two orders of magnitude higher.
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3.2 Theory

In the mixed-species ion chain only one ion species undergoes direct laser cooling operations.
The second species is cooled by the collective motion of the whole chain. Thus, sufficiently
strong coupling of the second species ions to all normal modes of motion is necessary for
efficient sympathetic cooling. The strength of the ions’ coupling to the motional modes is
characterized by the normal modes vectors’ components, which can be numerically calcu-
lated. The cooling rates of each radial mode of our mixed barium-ytterbium ion chain may
be calculated analogously to [112]. For Doppler cooling, the cooling rate of the ith mode is:

dE; 1
= hk? cos® H— z; Biwy s (3.1)

dt | eool Io (1+ 1)1+ (2A)1)2)?

where k is the wavevector, 6 is the angle between the wavevector and the mode axis, 1
and Iy are the laser and saturation intensities, A is the detuning, I' is the linewidth, z; is
the normal mode amplitude, and w; is the secular frequency for that mode.

The average occupation number for each radial mode can then be determined from a
steady-state equilibrium condition between the heating and cooling mechanisms. When ex-
ternal heating is low and photon recoil dominates, the Doppler limit might be achieved. The
estimated heating rate of a single ion 7 due to the absorption and emission of the 493 nm
photon is of order 10° quanta/second for the secular trap frequency of 1 MHz. The measured
external heating rate of a single ion in our trap when cooling lasers are shuttered is of order
2500 quanta/second, which is smaller than diffusion heating.
In the opposite case when external heating due to random electric field fluctuations of
the patch potential on the trap electrodes dominates [92], photon heating can be neglected.
Ignoring a summation over the eigenvector components which is of order unity for our chains
of up to 4 ions, the temperature limit for a given radial mode can be written in terms of

the normal mode occupation number as:

2 2
e — e CSET(L+ (AT + 1/10)

3.2
By 1685 |AlR2wik? cos? 0 I /1y (32)

where S is the spectral noise density in the trap at the ion site, and ¢ is the charge of

a single ion [112].
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In our experiments we extract chains’ radial motional occupation numbers by measur-
ing the strength of the An = 1 radial motional sidebands of Ba™ narrow 65, /2 — 5D52
“shelving” transition near 1762 nm (see Figure 3.1), relative to the strength of the carrier
transition. The Rabi frequency €2;; for the An = 1 sideband of ith normal mode for the jth

ion in the chain is:

Qij = \/Tmﬁijmﬁj, (33)

where n; is the radial motional occupation number for the 7th mode, 7; is the Lamb-Dicke
parameter, and ; is the carrier Rabi frequency (we allow for spatial dependence of the
carrier Rabi frequency due to variation in the laser’s beam intesity). Each ordering of ions
has a different normal mode decomposition, with both different eigenvectors and different
frequencies, so a particular order is maintained for the full duration of an experiment.

To extract the average occupation numbers of different radial modes in the ion chain of
N ions, we calculate the transition probability P; for ion j using the Rabi frequency from
eqn. 3.3, and sum over over both the full occupation number distribution and over all radial

normal modes in the spectrum. Assuming a thermal state, we have:

2N oo ng
1 ﬁi ¢ .. 92
B=Y > <n . 1) Sin?(2/2), (3.4

i=1 n;=0

where n; is the given mode’s average occupation number and ¢ is the 1762 nm laser
exposure time.

To estimate normal mode occupation numbers, we calculate the vibrational mode struc-
ture of our chains. We numerically calculate the normal mode frequencies and eigenvectors
for each unique ordering of the ions in the chain. To find the radial normal modes frequen-
cies we first consider only the axial direction (z-axis). We minimize the potential energy of
the ions to find the equilibrium ion positions in axial direction assuming z and y position
of the chain to be zero. One might worry about incorrectly restricting the chain to one
dimension, but we can observe and avoid the zig-zag transition in our calculation because
it is marked by the softening of the lowest transverse vibrational mode to zero frequency.

Once we find the equilibrium positions, we expand the full trap potential around these
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Figure 3.1: (Color online) Ba™ energy level diagram. The 493 nm fluorescence from the
ions is imaged onto the EMCCD camera. The ion decays from the 6P/, excited state to
the 5D3/5 metastable state with a branching fraction of 0.25, and the 650 nm is used to
quickly repump from this long-lived state. The 1762 nm laser coherently drives the ion into
the 5Dy, state where it is “shelved” and does not participate in the cooling cycle. The

614 nm laser is used to quickly de-shelve the ion.

equilibrium ion positions to find the normal mode frequencies and eigenvector magnitudes.

An example of the numerical calculation for the eigenvector magnitudes as a function of
the trap aspect ratio in a chain of two barium and two ytterbium ions is shown in Figure3.2.
Here the chain order is Ba-Yb-Ba-Yb (BYBY), and we plot the eigenvector magnitudes for
the second barium ion z-direction (see Figure 3.2,a). The strong dependence of the normal
mode coupling on the trap aspect ratio can be seen. The eigenvector magnitudes approach
0.5 (which, for a four-ion chain, corresponds to the maximum coupling) when aspect ratio

decreases. The same trend is seen for ytterbium ions. The table in Figure 3.2,b summarizes
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the eigenvector magnitudes of the first ytterbium ion and the second barium ion in the
BYBY ordering for the trap aspect ratios of 2.9 and 5.5. These numerical results lead to the
important conclusion: better coupling can be achieved by lowering trap aspect ratio. Thus,

measuring radial mode occupation numbers at different trap aspect ratios is of interest.
3.3 Apparatus, and Experimental Procedure for Motional Spectroscopy

The mixed species chain measurements are carried out in a linear RF trap similar to that
described in [32]. Species-selective photoionization techniques are used to load both 3%Ba*
and '"™Yb*, where barium is Doppler cooled on the 65, /2 — 6P /5 transition with a 986 nm
Extended Cavity Diode Laser (ECDL) frequency doubled to produce 493 nm light. The
6P /5 level decays to the metastable 5D3 /5 level with a branching ratio of 0.25, so a 650 nm
ECDL is used to pump the population out of this state. An applied 5 gauss magnetic field
prevents the creation of dark states. All relevant transitions and energy levels of Ba™ are
shown in Figure 3.1. Ytterbium is not directly laser-cooled, but sympathetically cooled by
Coulomb interactions with the cold barium ions in the chain.

All temperature measurements are performed on barium ions using a 1762 nm fiber
laser (Koheras Adjustik) stabilized to a Zerodur-spaced reference optical cavity with a free
spectral range of 500 MHz and finesse of 1000. A complete description of the apparatus can
be found in [32, 109].

While the short-term linewidth of the 1762 nm laser is of order 100 Hz [77], slow fre-
quency drifts result in a 5 kHz linewidth. This is consistent with the locking system being
incapable of stabilizing the laser frequency to better than a few kHz, while the laser itself
has a narrow linewidth. Our frequency scans take tens of minutes to a few hours and are
thus broadened, so features separated by <15 kHz are not well resolved.

The 1762 nm laser is aligned perpendicular to the trap z-axis, and at roughly 45 degrees
to the z- and y-axes. Thus, only the radial sidebands are present in the frequency scans.
The laser is focused to a 30 pm Gaussian spot size centered at the ion chain, driving all
ions with comparable Rabi frequencies. Polarization control of the 493 nm cooling laser
beam with a Pockel’s cell is used to optically pump barium ions to the same 65}/, Zeeman

state at the start of each run. After the 1762 nm laser exposure, we detect the state of each
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Eigenvector component magnitude

2.5 3.0 35 4.0 4.5 5.0 5.5 6.0 6.5

Trap aspect ratio

b) Aspect ratio of 5.5 | Aspect ratio of 2.9
Ba Yb Ba Yb

Mode 1 0.1006 | 0.9921 | 0.3572 | 0.9069

Mode 2 0.0933 | 0.0048 | 0.2903 | 0.2449

Mode 3 0.9712 | 0.0847 | 0.8163 | 0.1869

Mode 4 0.1947 | 0.0926 | 0.3491 | 0.2873

Figure 3.2: (a) Eigenvector components of the second Ba*t ion in the BYBY chain in all
four radial modes along the x principal axis of the trap. The left cutoff is the edge of
the zig-zag transition. The two normal modes with larger eigenvectors (two upper lines)
couple more strongly to the motion of the lighter Ba ions, while the two normal modes with
smaller eigenvectors (two lower lines) couple weakly. As the trap aspect ratio decreases,
eigenvector magnitudes with values lower than 0.5 increase and those with values higher
than 0.5 decrease. (b) Eigenvector magnitudes of the first ytterbium and the second barium
ions for all four radial modes in z-direction at the aspect ratios of 5.5 and 2.9. All four ions

are in the same BYBY configuration.
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barium ion simultaneously with an Electron-Multiplied Charge-Coupled Device (EMCCD)
camera (Andor Luca) by imaging light scattered by the ions on the cooling transition. If the
6512 — 5Dj55 transition took place, then the ion appears dark; otherwise the ion appears
bright. At the end of each experimental run, a short pulse of 614 nm laser light from a
frequency-doubled ECDL near 1228 nm returns the barium ions to the ground state. While
changing trap aspect ratio we keep axial trapping potential constant and vary RF-potential.

We use LabVIEW in order to integrate all hardware devices presented in this work. RF
TTL switches are used for the fast control of the SPAOMs located on the path of each laser
beam. All TTL switches are connected to the digital ports of the NI-PXI machine. The
outputs on these ports are controlled by users through the LabVIEW interface. RIGOL
Arbitrary waveform generator’s signal in the frequency range of ~ 80-90 MHz is sent to the
SPAOM on the beam path of 1762 nm laser. Frequency scan of 1762 nm to find the carrier
and/or sidebands of 65/ — 5D,y transitions can be performed by changing the output
RIGOL frequency. After passing SPAOM, the 1st order 1762 nm laser beam is fiber-coupled
and sent to the trap. The beam needs to be tightly focused; this can be achieved by using
the beam expander and 15 cm plano-convex lens. With the following setup, I got about 1
mW of laser power with the beam size of ~40um is at the trap center.

The experimental sequence is as follows. We Doppler cool the barium ions with the
493 nm and 650 nm lasers for approximately 50 ms with the Pockel’s cell turned to 60 V.
Then we discharge the Pockel’s cell to circularly polarize the 493 nm laser. The switching
time of the Pockel’s cell is approximately 1 ms, so we wait for 5 ms to ensure full optical
pumping. The 493 nm and 650 nm laser beams are then extinguished successively, and a
1762 nm pulse is applied. Afterward, the 493 nm, 650 nm, and Pockel’s cell are turned on
for 50 ms to read out the states of the barium ions. The readout fidelity is limited due
to the optical crosstalk between neighboring ions; in this experiments with 50 ms readout
time it is 97.8%. After the readout is performed, 614 nm laser pulse with the duration
of 5 ms is applied to de-shelve the ion(s). The experiment is repeated, varying either the
frequency of the 1762 nm during sideband scans, or the duration of the pulse during Rabi
flop experiments. Detailed pulse sequence of Pockel cell, 650 and 493 nm lasers prior to

applying 1762 nm laser pulse is shown in Figure 3.3.
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Figure 3.3: Experimental sequence controlled by RF TTL switches. Prior to this sequence
Pockel cell is turned off for 5 ms while 650 and 493 nm lasers are on to ensure full optical
pumping. To avoid broadening of the Si/, — 5Dj5/, transition, 493 and 650 nm lasers are
turned off before applying 1762 nm laser pulse. The red laser stays on 5 us longer to avoid
the ion being shelved in the 5D3/, state. In this case 1762 nm laser pulse is 35 us long
that corresponds to Pi/2 pulse of one of the 65 /2 — 5Ds5 /5 transitions. This experimental

sequence is then followed by the readout and de-shelving with applying 614 nm laser.
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During the experiment the chain sometimes spontaneously reorders, due to either back-
ground gas collisions or high chain temperature. When we detect reordering, we discard the
experimental cycle and re-establish the chain order by performing melting and crystalliza-

tion cycles induced by shuttering and unshuttering the Doppler cooling lasers.
3.4 Results

We perform weak excitation sideband scans over all radial modes of all possible configu-
rations of two barium and two ytterbium ions. The results are summarized in Figure 3.4.
The normal mode decompositions are used to generate the data fits, as the peak frequencies
are the frequencies of the radial eigenmodes, and the relative peak amplitudes on different
ions are given by the eigenvector components and the average occupation numbers (see eqn.
3.4). The 1762 nm carrier Rabi frequency at each ion position is measured in a separate
experiment by performing the carrier Rabi flops with a chain of four barium ions. The
Doppler limit for the secular frequency modes between 0.5-0.9 MHz corresponds to an n of
16 — 30 for a '38Bat. The peak sizes are proportional to the associated @’s, the eigenvec-
tor component 3;;’s, and the exposure time, which is not displayed in the Figure, but is
adjusted to stay in the weak excitation regime. In the bottom scan, a squeeze potential is
applied to the trap’s RF rods, which pushes the radial mode frequencies apart and changes
the eigenvector component sizes along the two axes.

The data from our earlier experiments (which can be found in [109] and are not shown
in Figure 3.4) indicated the 7 to be 50 to 2000 times higher than the Doppler limited 7 for
some of the normal modes, which meant that chains under those conditions could not be
used successfully for sympathetic cooling or inter-species quantum logic gates. Analysis of
that data revealed a correlation [109] between the maximum eigenvector component of the
cooled ion species and the measured n. Noting the correlation, we searched for trap and
chain configurations for which the eigenvector components would be large for the cooled
species in all modes. Using the numerical normal mode structure calculation tool described
in the theory section, we found that lowering the trap aspect ratio from 5.5 (used in [109])
to 2.9 increases the normal mode eigenvector component values above the expected 0.05

“threshold ”value regardless of chain ordering. Some chain orderings were found to be
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Figure 3.4: 1762 nm laser scans showing An = 1 sideband transitions. Two sets of radial

mode peaks are present in each scan. Bold font is used to indicate which Ba™ in the chain

the spectrum was taken from. Radial mode occupation numbers are extracted from the peak

amplitudes. The vertical lines indicate the calculated frequencies of the normal modes, and

the associated radial mode occupation numbers are printed close by. The error bars on the

measured occupation numbers are statistical.
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better cooled than the others. For example, in the BYYB configuration, the maximum
eigenvector component is at least 30% lower than the maximum eigenvector component in
any other configuration.

We summarize our measurements of the radial mode 7 as a function of the maximum
eigenvector component for both the old set [109] with trap aspect ratio of 5.5 and the new
set of data with trap aspect ratio of 2.9 in Figure 3.5. We find very large reduction in 7 for
maximum eigenvector component above approximately 0.05. These values of 7 correspond
to normal mode temperatures between the Doppler limit for a single trapped barium ion and
about 40 times that Doppler limit. These values are consistent with the technical difficulties
of achieving the Doppler cooling limit in a lambda system such as Ba™ [55]. At low intensi-
ties of the cooling and repump lasers, the rate of heating from residual micromotion balances
the cooling rate well above the Doppler limit, while at high intensities the combination of
power broadening and interference effects between the cooling and the repump transitions
causes the minimum temperature to also increase well above the Doppler limit. In order

to achieve Lamb-Dicke regime for many ions system additional EIT cooling is suggested. [68]

3.5 Conclusions

We studied the sympathetic cooling of barium-ytterbium chains in a linear RF trap in which
only barium is directly laser cooled. We found that reducing the aspect ratio of the trap
reduced the measured ion temperature in all normal modes. The ion chain has been cooled
from a factor of 50 to 2000 the Doppler limit (well outside the Lamb-Dicke regime) to within
a factor of 1 to 40 the Doppler limit, which is consistent with the cooling limitations in our
setup. Our measurements show that the radial normal mode temperature is strongly depen-
dent on the size of the maximum normal mode component of the cooled species. We con-
clude that in order to achieve efficient sympathetic cooling and interspecies quantum logic

gates using radial vibrational modes, harmonic traps with lower aspect ratios are desirable.

The next step for accurate study of Ba-Yb sympathetic cooling will be the separation

of the cooling and the ‘probe’ species. As it was discussed previously, Ba ions underwent
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Figure 3.5: The n values vs maximum eigenvector component. The normal mode occupation
number shows threshold-like behavior. All new data in the eigenvector component range
Bi; > 0.05, shown in black, were taken at an aspect ratio of 2.9 except for the last set of
data in Figure 3.4 corresponding to the Ba-Ba-Yb-Yb configuration. Data in the range
Bi; < 0.05, shown in blue, are taken from [109] and are not presented in Figure 3.4. These
data do not have uncertainty displayed because the measured temperatures are outside the

Lamb-Dicke regime.
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Doppler cooling and served as an indicator of the chain temperature. Optical pumping,
shelving and state detection while performing Doppler cooling of Ba ions can lead to a
chain heating so it should be minimized or avoided. In the future sets of experiments, these

roles can be separated since we have necessary equipment for Yb Doppler cooling.
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Chapter 4

DIRECT OBSERVATION OF TRAPPED ION MICROMOTION AND
MULTI-QUBITS STATE DETECTION WITH A TIMEPIX3CAM
SINGLE-PHOTON SENSITIVE CAMERA

In this chapter we demonstrate the use of Tpx3cam, a novel single-photon sensitive
camera, in trapped ion experiments. We perform detection of multiple-qubit state as well

as observation of micromotion in a linear ion chain.

4.0.1  Direct observation of trapped ion micromotion

The motion of trapped ions in radiofrequency (RF) traps can be described as a superpo-
sition of a slower harmonic motion, called the secular motion, and a faster, driven motion
at the frequency of the applied electric field, called micromotion. Excess micromotion may
lead to significant frequency modulation of the laser light interacting with the ions, reduc-
ing the efficiency of laser cooling [24] and quantum logic gates [41]. Second-order Doppler
shifts caused by micromotion can adversely affect trapped ion clocks [57]. Thus, detection,
monitoring, and compensation of excess micromotion is crucial for high-precision applica-
tions such as quantum computing and frequency standards. Micromotion detection and
compensation is especially important in chip-scale surface-electrode ion traps because the
ions are close to the trap surfaces and, thus, are more susceptible to the stray DC electric
fields that shift the trapping position away from the RF null and cause excess micromotion.

Several techniques for micromotion detection have been developed, including the photon
correlation technique and micromotion sideband spectroscopy [13, 102], high-finesse optical
cavity [23], and parametric resonance detection [51]. All methods for micromotion detec-
tion listed above are indirect, require additional optical setup, and typically rely on ion
fluorescence rate or spectrum changes caused by the ion motion. Another technique [57]
provides stroboscopic micromotion measurements of multiple ions with an intensified CCD

camera using a specially designed pulse generator for imagining synchronized with the trap
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RF source. This method offers approximately 10 ns time resolution, limited by the trigger
pulse duration, and thus, it may not provide enough positional data in the case of lower

trap frequencies.

Here the direct observation of the trapped ion micromotion is presented using a time-
resolving, single-photon sensitive camera that provides both fluorescence and position data
for each ion on a nanosecond time scale. With this technique, both the micromotion ampli-
tude and phase for each ion in the crystal can be measured individually. This can provide
information about the tilts and shifts of the ion chain from the null of the radiofrequency
quadrupole potential in a linear trap. The high spatial resolution makes this method suit-
able for micromotion studies in more complex ion configurations, including two-dimensional
geometries [54]. Another advantage of this method is its simplicity: no additional equip-
ment, such as time-to-digital converters (TDCs) or high-finesse cavities are required, and

no modulation of the trap voltages or lasers is necessary.

4.0.2  Experimental Setup and Methods

In this section the experimental setup and methods are described in detail. This includes

the linear RF trap and the Timepix3 fast camera used for measurement.

An 8-ion chain of Ba™ ions is stored and Doppler-cooled in a “five-rod” linear RF
trap [32], schematically shown in Figure 4.1a. The ions are laser cooled on the 65; /2=
6P /o transition near 493 nm, a process which produces the fluorescent photons used in
the measurement of micromotion. The cooling laser is directed at 45 degrees to the axis
of the trap. A 650 nm laser is used to repump ions from the long-lived 5D3,, metastable
state. The ion fluorescence is collected by a lens with numerical aperture of 0.20 along the
direction perpendicular to both the trap axis and the cooling laser. The trap RF frequency
is Q = 27 -18.2516 MHz at approximately 400 Vpp applied to the pair of the trap rods
labelled “RF” in the Figure la. A “squeeze” voltage of 6 V is applied to the other pair of rods
(labelled “DC” in Figure 1a) to lift the secular frequency degeneracy. The endcap electrodes
are at 130 V, resulting in trap secular frequencies (wy,wy,w,) = 27(1.27,0.98,0.25) MHz.
Adjustable DC bias voltages may be applied to any of the trap rods to intentionally shift the
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ions away from the RF null and induce micromotion, or to compensate excess micromotion
as the ions are shifted toward the RF null.

The ions are imaged with a single-photon sensitive camera, Tpx3Cam [40, 117, 1], with
high spatial and temporal resolution. Figure 4.1b shows the image of eight Ba™ ions in
the trap as a two-dimensional distribution of their positions measured by the camera. The
camera technology allows direct position detection of single photons on a time scale that
is much faster than the 54.79 ns period of the ion micromotion. Multiple photon source
position measurements taken over the period of micromotion provide displacement data for
individual ions to be analyzed and mapped. Fitting position data for each ion over time to
a sinusoidal function gives a direct estimate of the ion micromotion amplitude and phase.

The Tpx3Cam camera has an optical sensor with high quantum efficiency (QE) [78]
which is bump-bonded to Timepix3 [87], a readout chip with 256x256 pixels of 55x55 pm?.
The electronics in each pixel process incoming signals to measure their time of arrival (ToA)
if a predefined threshold with 1.56 ns precision is crossed. The information about time-over-
threshold (ToT) is stored together with ToA as time codes in a memory inside the pixel.
The ToT information is related to the deposited energy in each pixel. The Timepix3 readout
is data driven so the signal storage and readout proceed only after the pixel signal exceeds
the threshold. The pixel dead time is 475 ns + ToT allowing for multi-hit functionality in
each pixel, independent from the other pixels. The SPIDR readout system supports fast,
80 Mpix/sec bandwidth [104].

The camera was calibrated to equalize the response of all pixels by adjusting the indi-
vidual pixel thresholds. After this procedure, the effective threshold to fast light flashes is
600 — 800 photons per pixel, depending on the wavelength. A small (=~ 0.1%) number of
hot pixels were masked, i.e. pre-programmed in Timepix3 to stay inactive during the data
collection. This prevents saturating the readout bandwidth with useless data since the pixel
deadtime is only a few microseconds.

The camera can also accept and time stamp an external pulse, independently of the
Timepix3 operation. In our experiments, these pulses were produced by a generator with
frequency of about 100 kHz providing an additional time reference for registered photons.

The granularity of the time-stamping for the external pulses is 0.26 ns.
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view from
camera

Figure 4.1: (a) Diagram of the experimental setup with ions in a linear RF trap formed by
four rods and two needle endcap electrodes. DC bias voltages may be applied to any of the
four rods to compensate the micromotion. The cooling laser (red arrow) is applied at 45
degrees to the trap axis and the ion string is imaged from above. (b) Image of eight Ba™
ions taken with the Tpx3Cam camera over a 20 s integration period. The ion brightness
variation is due to the Doppler cooling beam profile. The distance between the middle ions

is approximately 5 pm.
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For the single photon operation, the signal is amplified with the addition of an image
intensifier. The image intensifier is a vacuum device comprised of a photocathode followed
by a micro-channel plate (MCP) and fast scintillator P47. The hi-QE-green photocathode
in the intensifier (Photonis [2]) has QE of about 20% at 493 nm and dark count rate of about
200 Hz over the full area (18 mm diameter). The MCP in the intensifier has an improved
detection efficiency close to 100%. The intensifier is packaged with an integrated power
supply and relay optics to project the light flashes from the intensifier output window
directly on to the optical sensor in the camera. Similar configurations of the intensified
Tpx3Cam were used previously for trapped ion imaging [120], characterization of quantum
networks [50, 80], quantum target detection [116, 101], single photon counting [81] and

lifetime imaging [97] studies.

4.0.8  Analysis

This section provides information on the offline post-processing of the data.

After sorting data by time, the pixels are grouped into “clusters” using a recursive
algorithm. Clusters are small collections of pixels adjacent to each other that were triggered
within a predefined time window of 300 ns. Each cluster corresponds to an individual
photon. Since all hit pixels measure ToA and ToT independently and provide the position
information, it can be used for centroiding to determine the coordinates of single photons.
The ToT information is used to form a weighted average, giving an estimate of the x, y
coordinates for the incoming single photon. The timing of the photon is estimated by
using the recorded ToA of the pixel with the largest ToT in the cluster. The above ToA is
then adjusted for the so-called time-walk, an effect caused by the variable pixel electronics
time response, which depends on the amplitude of the input signal [103, 117]. With this
correction a 2 ns time resolution (rms) has been previously achieved for single photons [50].

Data was collected for 300 seconds. The average photon detection rate per ion is ap-
proximately 1000/s; however, due to the nonuniform cooling laser beam profile, the emission

rate varies between the ions.

The photon emission rate for ions in a trap oscillates with the RF period because of
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the varying Doppler shift as the velocity of the ions change with respect to the laser beam
due to micromotion. During data collection, external reference signals were provided to the
camera by a pulse generator that was running synchronously with the trap RF, generating
a pulse every 185th RF period, at a rate of approximately 100 kHz. This time reference was
used to measure the oscillations by forming the time difference between the photon emission
time and reference signal. Figure 4.2a shows the distribution of the time differences for the
whole period of the reference pulses, 10,136 ns, and Figure 4.2b shows it for a subset of
nine oscillations. The oscillations are well described by a periodic function with period of
54.79 ns, which is exactly the period of the trap RF.

There are 185 fluorescence rate oscillations during the 10,136 ns cycle of the reference
pulse. To sum the statistics in all oscillations, the distribution from Figure 4.2a was folded
into a single oscillation accounting for the measured period of 54.79 ns. This provides a
composite distribution of the ion fluorescence rate during a single micromotion cycle, shown
in Figure 4.2c. It represents the probability of the fluorescence during a single RF cycle, and
can be correlated with the measured position of the ions to determine the ion micromotion
since the ion position time dependence is already measured.

Time-stamping of photons and external pulses is performed independently from each
other during data collection, and the analysis described above is done offline during post-
processing. The same time information for the ions would be accessible from the individual
pixel time-stamps so a similar analysis could have been done without any need of external
pulses. However, it is an efficient technique to accumulate the time difference statistics
without prior knowledge of the oscillation frequency. It allows to determine the oscillation

period promptly, in real time, and can be used for fast online monitoring of the micromotion.

4.0.4 Results

The presented optical setup allows imaging of ion motion in the plane perpendicular to
the camera direction of view, spanned by the axis of the trap and the radial direction
perpendicular to the optical axis of the camera. No significant micromotion was observed

along the trap axis (see figure 4.3), since in this trap the RF field is mostly radial near
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Figure 4.2: (a) Distribution of the time difference between the fluorescent photons and the
periodic external signal for the whole period of 10,136 ns. (b) Zoomed-in section of the same
distribution for a subset of nine oscillations. The oscillations are well described with a sine
function with a period of 54.79 ns (red line), which is exactly the period of the trap RF.
(c) Time distribution of the entire data set in (a) after applying the data folding procedure
over the oscillation period as described in the text. The resulting distribution represents

the probability of a photon emission during the micromotion period.
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the trap center. All further presented results correspond to ion motion along the radial
direction. The measurement of the ion positions was performed by time-slicing the full
oscillation period into multiple bins (“snapshots”) and determining the ion coordinates in
each time bin. As an example, Figure 4.4a shows such snapshots of the sixth ion from Figure
4.1b during the full period of the micromotion oscillation. Here six images are separated by
9 ns, and the image statistics corresponds to a 3 ns time integration at the time stamp of
the bin. Both the displacement of the ion and the modulation of its fluorescence due to the
Doppler shift are clearly visible. In the Supplemental Material at the “snapshot” of 8 ions
at 30 ns from of the 54.79 ns micromotion period as well as the animation of both the ions’
displacements and fluorescence modulation due to the Doppler shift are provided. Figure
4.4b shows the measured y-position of the sixth ion as a function of the time in 3 ns bins.

The data is well described by a sinusoidal function
y = Asin[27(t + t9)/T] (4.1)

with a period T' = 54.79 ns, amplitude A = 0.37+0.03 pm and time offset £y = 1.0+0.4 ns.
The time offset is proportional to the phase of the micromotion. The period was determined
as described in Section ‘Analysis’ while the amplitude and phase are fits to the data.

The amplitudes and time offsets for all eight ions in the crystal are determined by
performing the analysis individually for each ion. The results are shown in Figure 4.5.
All ions have similar values for amplitude and time offset, which agree well within the
measurement uncertainties, implying their near identical micromotion. This indicates that
the ion chain was shifted from the RF null of the trap without a tilt, as expected in our
setup. An animation of the micromotion dynamics of the entire 8-ion chain is provided in
the Supplemental Material by using ion chain snapshots.

By applying compensation DC voltage to the trap rods (Figure 4.1a), the ion position
along one of the radial axes can be shifted either toward or away from the trap RF null
and, thus, can increase or decrease the micromotion amplitude in this direction. Figure
4.6 shows the micromotion of the sixth ion for two cases: without any DC compensation
voltage (0V) and with 0.44V, which corresponds to 550 V/m, applied to one of the trap

rods. In the latter case there is a considerable reduction of the micromotion amplitude from
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Figure 4.3: Correlations between ion’s fluorescence, it’s coordinate (pixels) and time (ns)
within the RF period of 54.7 ns along the radial and the axial trap axes. Red line is used
as a guide to demonstrate correlation between time and ion’s position. There is correlation
between ion’s position along radial axis and time, and no such correlation for the axial

position.
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Figure 4.4: Direct observation of the ion micromotion. a) Snapshots of the sixth ion during

micromotion oscillation in six time bins separated by 9 ns each. The shown statistics

corresponds to 3 ns time integration around the midpoint of the bin. b) Position of the

sixth ion over time. The data is shown in red dots; the error bars come from fitting the ion

image to a Gaussian function. The dashed green line is a sinusoidal fit to the data with a

period T' = 54.79 ns, amplitude A = 0.37 + 0.03 pm and time offset ¢ty = 1.0 = 0.4 ns.
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Figure 4.6: The micromotion of the sixth ion without the DC compensation voltage (red
dots with green dashed line fit) and with 0.44V, which corresponds to DC electric field of
550 V/m, applied (blue dots with red dashed line fit). The error bars are smaller than the

dot size.

0.37 + 0.03 pm to 0.07 & 0.03 um. There is also a 7 pm displacement of the ion position

caused by the applied voltage due to the changed electrostatic field configuration.

In addition to using the position information for micromotion measurement, time his-
tograms like in Figure 4.2c provide velocity information for each ion through the Doppler-
shifted scattering rate. As ions undergo micromotion, the component of their velocity along
the direction of the incident laser beam causes the frequency of the laser to be Doppler
shifted in the reference frame of the ions proportional to the instantaneous velocity. The
red-detuned Doppler cooling laser becomes less (more) detuned from the atomic resonance
as the ion moves toward (away from) the laser, resulting in the increase (decrease) of the
photon scattering rate [13]. This modulation provides an independent way to estimate the

component of micromotion along the direction of the laser beam, which can be used to
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estimate ion micromotion. This well-known technique has previously been implemented in
many experiments by time-correlating single photons detected by a photomultiplier tube
(PMT) with the RF phase using a TDC [13, 89]. However, the PMT lacks spatial resolution
so the old method only works for single ions. With the spatial resolution of the Tpx3Cam,
precision determination of every ion’s micromotion should be possible but here we limit our

discussion to the novel direct micromotion detection technique.

Both techniques rely on the excellent time resolution of the camera, however the direct
measurement technique also relies on the precise reconstruction of ion positions, so it requires
good coordinate resolution of the camera and a diffraction limited optical system with high

light collection efficiency and low aberrations.

To investigate the limits of the presented technique, we estimate the minimum ion dis-
placement that is possible to measure with this method. This provides the minimum de-
tectable micromotion amplitude, which, in turn, can be used to calculate the minimum
detectable stray DC electric field for any trap geometry, since it depends only on the spatial
resolution of the camera. In this work, the upper limit of the spatial resolution can be
estimated using the value of the standard deviation of the measured micromotion ampli-
tude, which is about 50 nm. We believe that this limit could be improved by increasing the
photon collection time, as well as by improving the quality of the ion image with a higher

N.A. imaging optics.

4.0.5 Conclusions

This paper demonstrates the direct simultaneous measurement of the micromotion of eight
ions in a linear RF trap using a single photon sensitive camera with nanosecond timing
resolution that provides both time and position measurements for each detected photon.
Amplitudes and time offsets of each ion’s micromotion were determined and found to be
consistent with a translation of the linear ion crystal away from the RF nodal line. Excess
micromotion compensation was demonstrated to below 0.1ym. The new technique does
not require prior knowledge of the cooling laser parameters or addressing narrow atomic

transitions. No special modifications of the trap, lasers or imaging apparatus is necessary,
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since the same Tpx3Cam camera used in this work to observe the micromotion is also used
as the regular imaging tool for setting up the trap, and can also be used as a fast and
sensitive detector for high-fidelity trapped ion qubit state readout [120]. In conjunction
with a high numerical aperture objective lens, this method may be used to detect the
micromotion component along the direction parallel to the imaging axis by analyzing the
ion image defocusing [42], thus providing a full 3-dimensional picture of the micromotion.
This technique is also applicable to more complex ion configurations such as two-dimensional

ion crystals.

4.1 Multi-qubits State with a TimePix3Cam Single Photon Sensitive Camera

Trapped ions are among the most promising candidates for practical quantum computing
due to a combination of unique properties, including very long coherence times, high fidelity
qubit state initialization, manipulation and detection, and prospects for scaling up [74, 14].
State-dependent fluorescence is used to detect trapped ion qubit state. It relies on the
existence of a cycling transition, which includes one of the qubit states (called the “bright”
state) and excludes the other (the “dark” state) [108]. A single ion scatters a large number
of photons when in the bright state, which are collected and detected. An ion in the dark
state does not scatter any photons. Simple discrimination between of the number of detected
photons provides single-shot measurement of the qubit state. Scaling up the trapped ion
system requires counting the number of photons individually for each ion. Thus, an optical
system and a photon-counting detector with sufficient spatial resolution is necessary.
Fidelity of multi-qubit state detection in a trapped ion chain depends on the integration
time, photon collection efficiency, performance of the optical system, instrumental noise, and
detection crosstalk. Single ion qubit state detection fidelity of up to 0.99971(3) has been
demonstrated in ¥3Bat using a photomultiplier tube (PMT) [22]. Simultaneous detection
of multiple ions requires spatially-resolving detectors. Electron-multiplying charge-coupled
device (EMCCD) cameras are commonly used [8, 76]. A single “°Ca™ qubit readout er-
ror as low as 0.9(3)x10~* using an EMCCD was demonstrated, limited by the 1.168(7) s
spontaneous emission life time of the qubit [18]. Similar camera has been used to measure

the state of a 53-ion qubit register [114] with nearly 0.99 single-qubit detection efficiency.
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However, the serial interface of a CCD camera is slow. Segmented multi-anode PMTs offer
fast, on-demand detection with some degree of spatial resolution. However, due to crosstalk
between the PMT channels, multi-qubit state detection fidelity is lower than the product of
the single-qubit fidelities. For example [71], a single-qubit detection fidelity of 0.994 was ob-
served in a 5-qubit system using a segmented PMT, while the 5-qubit state detection fidelity
was only 0.957, which is noticeably lower than 0.970 expected from the independent error
model. To lower the crosstalk, superconducting nanowire single photon detectors (SNSPDs)
have been used for state detection of two ions [26] with average qubit state detection time
of 11 us and average fidelity of 0.99931(6). However, scaling up the number of SNSPDs to

tens and hundreds is challenging.

Here we demonstrate simultaneous detection of four 38Ba™ ion qubits. The qubit is
spanned by the 657/, ground state and the 5D5/, metastable state (spontaneous emission
life time 7 = 31.2(0.9) s [7]) of the ions. Ion detection was done with a time-stamping,
single-photon-sensitive camera Tpx3Cam [40, 79, 119]. The camera has a high quantum ef-
ficiency (QE) back-side illuminated optical sensor [78], bump-bonded to the Timepix3 [87],
an application-specific integrated circuit with 256x256 pixels measuring 55x55 pm? each.
Electronics in each pixel processes the incoming signals to measure their time of arrival
(ToA) for hits that cross a predefined threshold with 1.56 ns temporal granulation. In-
formation about time-over-threshold (ToT), which is related to the deposited energy in
each pixel, is stored together with ToA as time codes in a memory inside the pixel. The
Timepix3 operation is data-driven, with pixel dead time of only 475 ns + ToT allowing for

independent multi-hit functionality for each pixel with 80 Mpix/sec total bandwidth.

4.1.1 Apparatus

For the single photon operation, the signal is amplified using a Cricket’™ adapter with
integrated image intensifier and relay optics to project light flashes from the intensifier
output window directly on the optical sensor of the camera. The image intensifier is a
vacuum device comprised of a photocathode followed by a micro-channel plate (MCP) and

fast scintillator P47. The hi-QE-green photocathode in the intensifier has QE of about 20%
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at 493 nm. The MCP in the intensifier had an improved detection efficiency close to 100%.
Similar configurations of the intensified Tpx3Cam were used before for characterization of
quantum networks [50, 80], quantum target detection [116, 101], single photon counting [81]

and for lifetime imaging [97].

After ordering in time, pixels are grouped into “clusters” using a recursive algorithm [117].
Clusters are small collections of adjacent pixels within a predefined 300 ns time window.
Since all hit pixels measure ToA and ToT independently and provide position information,
they can be used for centroiding to determine the coordinates of single photons. ToT in-
formation is used for the weighted average, giving an estimate of the x and y coordinates
for the incoming single photon. The timing of the photon is estimated by using ToA of
the pixel with the largest ToT in the cluster. This ToA is then adjusted for the so-called
time-walk, an effect caused by the variable pixel electronics time response, which depends

on the amplitude of the input signal [103, 117].

The 4-ion chain of 13¥Ba™ was stored in a “five-rod” linear RF trap [?]. To Doppler-cool
ions, 657/3 — 6P /5 transition near 493 nm was used. A 650 nm laser repumped ions from
the long-lived 5D3/, metastable state. A 1762 nm fiber laser was used to coherently drive
the 651/ — 5D5/5 quadrupole transition, which is the qubit transition in this experiment
[110]. In this work, 5D5/, and 65/, are referred to as the dark and the bright states,
respectively. The ion does not couple to the cooling/repump lasers when in the 5Dj /5 state,
so no fluorescence is detected; when in the 65/, state, the ion scatters ~ 107 photons/s.

Relevant energy levels and transitions in *®Ba* are shown in Figure 4.7(b).

The optical system is shown schematically in Figure 4.7(a). It consists of an objective
lens (50 mm Nikon lens with numerical aperture 0.20), an adjustable aperture to filter out
stray light, and a secondary lens (home-built 25 mm doublet). A 493 nm interference filter
suppressed the background light. The magnification of the system is approximately 45, and

its collection efficiency is approximately 1.3%.



93

Tpx3Cam
Intensifier

Interference filter

Doublet lens
—/— Adjustable aperture

Objective lens

= Vacuum view-port

lon

Figure 4.7: Optical setup: fluorescence from ions passing through the vacuum view-port is
collected by the objective lens, through the adjustable aperture and further magnified by
the doublet lens. An 493 nm interference filter is used to reduce the background. Finally,
the 493 nm fluorescence is imaged onto the intensifier, which is connected to the Tpx3Cam

camera.
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Figure 4.8: Image of 4 laser-cooled '*®Bat ions in a linear trap taken with an intensified
Tpx3Cam camera, with a typical time sequence of all 4 ions undergoing quantum jumps

shown directly below. The ion separation is approximately 10um.
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Figure 4.9:

The bright and dark state histograms for the second ion from the left for
two integration times. The probability to register a certain number of photons during the

integration interval is plotted versus the number of photons, separately for dark and bright

qubit states. The dashed curves are Poissonian fits to the data.

4.1.2  Analysis

We use threshold analysis method [18, 58] to calculate the qubit state detection error. We
count the number of detected photons for each ion during a set time interval called the
integration time, with n; being the number of photons for the bright state and ng for the
dark state. ng and n; are random variables whose probability distribution functions (PDF)
are well approximated Poisson distribution. The threshold method is based on setting a
specific value ny,., such that if the number of detected photons is greater than ny,, then the
ion state is bright, while if the number is lower than ny., then the ion state is dark. The
optimal value of ny, is near the intersection of dark state and bright state PDFs, where the
value of the state detection error reaches its minimum. The detection error is defined as
(eq + €)/2, where €4 is the probability to misidentify a dark state as bright and ¢, is the

probability to misidentify the bright state as dark.

Data was collected with frequency and intensity of the 493 nm and 650 nm lasers set
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to efficiently Doppler-cool the ions. The top panel in Figure 4.8(a) shows an image of four
138Bat ions in the bright state. The 1762 nm laser was turned on at a low intensity, such
that the ions underwent quantum jumps between the bright and dark states at a rate of
approximately 1 per second or less. Note that due to slight misalignment of the 1762 nm
laser beam the rate of quantum jumps was different for the four ions, as is evident from
Figure 4.8(a), where the rate is greater for the leftmost ion. This difference, however, does
not affect the results presented in this work.

Analysis was performed on several data sets of four ions undergoing the quantum jumps,
amounting to 12 hours in total. We performed data post-selection to identify the state of
each ion, making use of individual photon detection with reliable time of arrival. Time delays
between the detected photons differ significantly between the dark and bright ion states.
For this experimental setup, the average time between photons is approximately 0.5 ms for
the bright state and 3.5 ms for dark state. Transitions between states can be identified by
an increase or decrease of time delays between the detected photons. We set two temporal
thresholds for identifying the transitions. If the time delay between two consecutive photons
exceeds the upper threshold, the ion is in the dark state; if the time between consecutive
photons is less than the lower threshold, the ion is in the bright state. Time delays that
lie between the two thresholds do not provide enough certainty of the ion state and are
excluded from analysis. A qubit transition has occurred in between the detection of two
photons if the time delays of each photon lie on either side of the established thresholds. To
confirm that a transition has indeed occurred, we check that the time delays for the next
three photons after the detected transition correspond to the expected qubit state. If the
time delay between any of the three consecutive photons appears to be between the two
thresholds, the following dark or bright qubit state period is also excluded from the analysis.
Time periods corresponding to the dark and the bright ion state were then evenly divided
into time intervals equal to the desired integration time. Only periods that contain multiple
integration time intervals were used in the analysis. During the time interval selection we
specified that the neighbouring ions must be in the bright state to maximize the negative
effect of the optical crosstalk and estimate the upper bound of the qubit state detection

error.
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After selecting the time intervals of the dark and bright states, we plotted the his-
tograms for different integration times and obtained corresponding PDFs. In Figure 4.9,
the bright /dark state histograms for the second ion from the left are plotted for 5 ms and
30 ms integration times. Only the photons detected within the 9x9 pixels square region
of interest (ROI) were used. The size of the ROI was chosen to maximize the photon
counts while minimizing the optical crosstalk. For each integration time, at least 5x10%
time intervals were used for each ion.

There is a small but non-zero probability of spontaneous decay from the 5D5/, dark state
to the bright state during the integration time. This probability increases with increasing
integration time, which could affect the overall detection fidelity if the photon number

discrimination method is used. In presence of decay the dark state PDF becomes:

tin: I'(1 1) —TI'(n 1
P(n,ng) + LA n+ 1) = T@gn+ 1) (4.2)

T T ny — Ng

T — tint

Pd =

where n is the number of photons, P(n,n4) is the unperturbed Poisson distribution, 7 and
np are the average numbers of detected photons, I'(7gp,n + 1) is the gamma distribution
function, and ¢;y,; is the integration time. For the 30 ms integration time the decay probabil-
ity is 0.00096, which would lead to an additional error of ~ 4 x 107% to incorrectly identify
the dark state as bright. Since we selected pure bright/dark state intervals, the possibility
of spontaneous emission occurring during the integration time is excluded in our estimation
of the bright/dark state discrimination error. We separately calculate the qubit state detec-
tion error due to spontaneous emission and add it to the bright/dark state discrimination
error.

There are multiple possible sources of the erroneous photon counts for an ion in the
dark state, including the laser scattered from the trap surface, the intensifier dark counts,
and optical/instrumental crosstalk. We found that the influence from the first two sources
was negligible since the spatially uniform background/dark count rate was below 1 count/s
within the ROIL. Optical crosstalk was significant, with approximately 5.5% of the fluores-
cence of a bright ion falling into the ROI of the neighboring ion in the chain. Due to the

astigmatism of the optical system, there is a slight variation of the crosstalk due to the
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left neighboring ion compared to the right neighboring ion for each ion in the chain. This
crosstalk leads to an increase in the average number of photon counts for the dark state
histograms when the neighboring ions are in the bright state. Optical crosstalk leads to
the broadening of the dark state histogram and increases the detection error. We estimate
that in the case of the diffraction-limited optics, the corresponding light leakage would be
0.4%. Optical crosstalk can be significantly reduced by using optics with higher numerical
aperture; for example, in [26] a diffraction-limited objective lens with numerical aperture of
0.6 was used. A higher numerical aperture optics both reduces the size of the Airy patterns
leading to a lower optical crosstalk, and increases the total collection efficiency.

The instrumental crosstalk is caused by MCP afterpulsing in the intensifier of the camera.
Electron avalanches in the MCP could result in the secondary electrons or ions producing
independent hits in the vicinity of the primary hit [83, 82]. The time difference between the
main hit and the afterpulse is small, so we can easily identify these cases as pairs of photons
detected at the same time, looking at the time delay between photons detected from two
neighboring bright ions. Figure 4.10 shows the time difference distributions between such

photon detection events for two different time ranges.

The probability of detecting a fake hit due to the MCP afterpulses of 0.15% was de-
termined from the data by estimating the number of events in the peak at AT = 0 and
normalizing it to the total number of registered photons. Since all the detected photons
have time-stamps, this source of crosstalk can be removed by ignoring hits at the dark ion
location in a 50 ns window around the time when another photon was registered at the
neighboring bright ion location. In our case, the contribution of this crosstalk source is
very small, at the level of only about 0.7 photons/s on average, and we did not apply this

post-selection in our analysis.

4.1.83  Results

The summary of the single qubit state detection error for the second ion from the left is
plotted as a function of the integration time in Figure 4.11. The data follow the expected

trend for discriminating two random variables with Poisson distributions. The dark/bright
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Figure 4.10: Time difference distribution for two time ranges, £0.2 ms (a) and £50 ns (b).
The peak at AT = 0, which corresponds to the MCP afterpulses, is fit to a Gaussian with

a width o = 4.2 ns.
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Figure 4.11: Detection errors as a function of integration time. Solid squares (circles)
represent the data for the bright (dark) state discrimination errors. The optimal threshold
value ny, is set by calculating where two Poisson curves corresponding to dark/bright ion
states cross by extrapolating the curves, and rounding this value to an integer. The error
bars are calculated by setting the threshold to n;.£1. Horizontal offset of £+ 0.5 ms between
dark and bright detection errors was introduced for clarity. The dashed line is the error
due to the 5D5 /5 spontaneous decay, calculated using Eq. 1. The combined error, shown in
open circles, is the qubit state detection error that takes into account the bright/dark state

discrimination error and the error due to spontaneous emission.
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state errors are somewhat different due to the choice of ny.. The average of the two errors
is used to calculate the qubit state detection error for each ion. The fidelity of detection of
the N-qubit state is calculated as a product of the single qubit fidelities II(1 — ¢;), where ¢;
is the detection error of the ¢-th ion.

The average bright/dark state discrimination error at 30 ms integration time varies be-
tween 7(6) x 10~? for the outer two ions, where the optical crosstalk is lower, and 5.8(3.8) x10~7
for the inner ions. The additional error due to the qubit spontaneous emission is 5.4(0.4)x 1076
for the outer qubits and 3(1)x107% for the inner ones, the difference being due to the dif-
ferent values of ny.. The single qubit state detection error averaged over all four qubits is

4.2(1.5) ppm, and the total detection error for the 4-qubit state is 17(2) ppm.

4.1.4 Conclusions

In summary, we demonstrated simultaneous detection of four *¥Ba¥ ion qubits in a lin-
ear chain achieving a qubit state detection error of 4.2(1.5) ppm for a single ion in the
presence of bright neighbouring ions with a 30 ms detection time, considerably improving
previous results. The detection error of the four-qubit state was 17(2) ppm. The qubit
state detection fidelity is limited by the lifetime of the 5Dj5 /5 qubit state, which for barium
ion is approximately 32 s, by far the longest of all ion qubit candidates, making it suitable
for the highest qubit state detection fidelity. Further reduction of the detection error can
be achieved by improving the collection efficiency of the optical system and reducing the
crosstalk between neighboring ions. We conclude that the fast time-stamping camera used
in the experiments offers a straightforward route for scaling up the number of simultaneously
detected qubits in a linear ion chain. It can be increased to about 30 qubits in the present
linear configuration with 10-pixel spacing between the ions, and to 60 qubits with reduced
optical magnification giving a 5-pixel ion spacing. In the two-dimensional trap setup [54],
the number of simultaneously detected qubits can easily be a few hundred. Even with a few
kHz photon detection rate per ion, the total photon rate will still be below the maximum
allowed rate of about 107 photons/s. The camera data can be promptly analysed in real

time providing input for the error correction algorithms.
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Chapter 5

ONGOING RESEARCH PROJECTS

5.1 Interaction Effect On Quantum Jump Rate In Linear Ion Chain

The collective effect of superradiance was first studied by Dicke in 1954 [31] and implies the
coherence of absorption and emission of electromagnetic radiation for a group of atoms. The
necessary condition for the superradiance phenomenon is a small inter-atomic distance; the
inter-atomic distance has to be comparable to the wavelength of light. Superradiance has
been observed for atomic clouds, for example, here [88] as well as for two 2 Ba™ ions [30].

A few experimental groups studied the collective behavior in trapped atomic ions. Some
of these groups reported no observation of collective effect on lifetime or quantum jump rate
of ions [34, 52, 53]. On the other hand, some groups have reported observations of enhanced
quantum jumps rate [95, 16]. The Dicke super- and sub-radiance was observed in a case
of 2 Ba™ ions, where the inter-atomic distance was to be comparable to the wavelength of
light [30]. In some reported results, however, the inter-atomic distance was much larger
than the wavelength of light, which cannot be explained by the theory of superradiance.

In this work, we study the collective effect on quantum jump rate in a linear ion chain
paying attention to such experimental details as the quantum jump rate of individual ions,
the number of ions, and the ion-ion separation relative to the relevant atomic transition
wavelength.

We use single-photon sensitive camera TimePix3Cam, which was described in details
in Sections 4.1 and 4.0.1. We believe that based on the difference of neighboring photons’
arrival time (Dt), we can distinguish dark/bright state of an ion and find the exact moment
when the ion undergoes a quantum jump. A similar technique has already been applied
here [120]. An illustration of state determination of individual ion is shown in figure 5.1.
Quantum jump rate can be determined as the number of dark-bright and bright dark tran-

sitions divided by the total time of the experiment. I believe that this is the only apparatus
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that provides the necessary time resolution and has a spatial resolution to determine the

moment of the quantum jumps for each ion in the chain.
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Figure 5.1: Representation of identified locations of quantum jumps. Blue shaded regions
represent the dark state which does not fluoresce 493 nm photons. Red Shaded regions
represent the brights state which fluoresces 493 nm light relatively quickly. Dt represents

time interval between arriving photons.Credits: Sarah Edwards and Maverick Millican.

An important part of the analysis is setting a time threshold to distinguish between
dark and bright ion states. By analyzing the distribution of Dt values individually for
the ions in a data set, a threshold can be established that acts as a guide for identifying
the state of the ion. It is shown (see figure 5.2) that the time difference distribution fits
closely to an exponential distribution function, as expected. It was chosen to define the
Dt threshold for state identification at the 2o point of the exponential fit. This statistical
value was determined because of the trend seen that the collected data begins to differ from
the exponential fit consistently at this 20 point. The deviation from the exponential fit
is explained by the ion’s dark state. In this state, no 493 nm photons are emitted, and
therefore larger Dt values are observed when the ion is excited to this state.

I have taken data of multiple ions undergoing quantum jumps. The number of ions
varies from two to ten, and the distance between them was in the range of ~3 to 10 pum
whether the wavelength of chosen transition is 1.72 um. A few datasets were taken with

various average quantum jump rates. After careful analysis, we found out that slower initial

20
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Figure 5.2: Histogram of time separation between photon hits from a single ion in the chain
on a logarithmic plot. The dark shaded region represents the 20 integration point which
generally describes the point of divergence from the exponential fit and has been chosen
as the threshold between the ground and excited states. The orange line describes the

exponential fit to the data. Credits: Maverick Millican.

quantum jumps (/1/sec) are preferable due to the ease of state determination and various
available methods to do it (see details in 4.1). Currently, we are at the stage of careful data
analysis, where for each data set with the various number of ions and the ion-ion distance,
the data taking time was more than 60 minutes. This allows us to have ~ 3600 trials to
obtain the necessary statistical significance. 1 believe the results of this work will help to

shed the light on the collective effect happening (or not happening) in the linear ion chain.

5.2 Qutrit

Toward the end of my Ph.D., I started working on the realization of the qutrit in 3®Ba™t.

We choose two states of 65/ and any of the states from the 5Dj5/5 manifold to span the
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qutrit. Qutrit operational basis will consist of 0,0, and o, operators between S and D
states. The setup will be similar to one described in chapter 3 except a radio-frequency
pulse, or multiple pulses will be added to the pulse sequence.

The first step toward qutrit demonstration would be an evaluation of the individual
performance of the operations between two of the S-states (S — S transitions) and between
S and D states (S — D transitions). S — S transitions occur between two of the Zeeman
levels whose degeneracy is lifted by an external magnetic field. Previously, it was demon-
strated [109] that the coherence of these transitions does not decay with time as intensely as
it does in the case of the optical S — D transition. The coherence of the Zeeman transition
is determined by the stability of the external magnetic field that splits the S-levels.

My recent goal was to check and, if necessary, improve the coherence time of the S — D
optical transitions. A simple test for this is varying the duration of the 1762 nm laser
pulse and observing the shelving probability. Ideally, this should be a sinusoidal curve, but
we will observe the decay of contrast due to either non-zero ion temperature or frequency
instability of the 1762 nm laser.

The contrast of the Rabi oscillation of the 651/,—5D5/2 is related to the coherence of
these transitions. This limits the depth of the circuit that can be implemented using qutrit.
Currently, the coherence can be improved by building a stronger trap, sending more RF

power to the current trap, or performing sub-Doppler cooling.
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Chapter 6
SUMMARY AND OUTLOOK

In this thesis, I have demonstrated multiple finished research projects, including studying
the mechanics of sympathetic cooling and its efficiency in a linear harmonic trap, utilizing
TimePix3Cam single-photon sensitive camera for high fidelity detection of qubit register
and micromotion detection. Obtained information about trap parameters for efficient sym-
pathetic cooling can be utilized for designing harmonic traps in such places as Honeywell
and IonQ. There, the same Ba-Yb ion species are used. TimePix3Cam single-photon sen-
sitive camera appeared to be novel for ion trappers. Due to its low instrumental noise,
we demonstrated the highest readout fidelity of the trapped ion qubit register. For all fu-
ture projects utilizing '3¥Ba™t as qubit species and its 651/2—5D5,5 transition to span a
qubit, it is beneficial to use this camera. Due to the excellent spatial and time resolution
of TimePix3Cam, we directly observed the micromotion of 8 ions in a linear trap. This
method can be easily scaled to the larger number of ions and applied to non-linear trap

geometries.
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