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Abstract

Novel Ion Traps for Enhanced Fluorescence Collections and Single Photon Sources
Based on Barium Ions

Gang Shu

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

Efficient ion-photon interface is critical for ion-photon and ion-ion entanglement genera-
tion, which are the fundamental building blocks for loophole-free Bell inequality violation
tests based on ion qubits, and for the quantum computer architecture based on ion-photon
networks. As one approach to address the problem, the feasibility of integrating reflective
optics into ion trap to increase free-space photon interception is studied. The development
and operation of two novel ion traps are demonstrated: one integrates a spherical mirror
with a linear quadrapole trap, and the other combines the optical surface with the RF
electrode. The possibility of using aspherical optics to improve ion images is studied and
partially implemented. A continuously excited single photon source based on 38 Ba™ ion is

demonstrated and calibrated. Methods of scaling up current design are also discussed.
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Chapter 1

BACKGROUND AND MOTIVATIONS

1.1 Introduction to Quantum Computation

Quantum computation is a relatively young field with a history of less than 30 years since
it was first mentioned by Richard Feynman[1]. The Deutch’s Algorithm[2, 3] was probably
the first algorithm to illustrate its unique power of parallelism. Both theoretical and exper-
imental activities surged after the discovery of the Shor algorithm[4], which factorizes big
numbers at speeds exponentially faster than the best known classical algorithms. Although
it is unclear whether efficient classical imitations of these quantum algorithms are possible, it
is believed that quantum mechanic’s unique properties of superposition and entanglement
should bring additional computational power over classical physics: it is still not known
whether this power will be strong enough to conquer the NP-complete problems|[5].

In a typical computer, information is represented and processed in binary form because
it is the simplest nontrival system. A corresponding two level physical system has to be
found as a physical representation. Processing of the information should be fast, efficient
and fault-tolerant, as is possible in conventional semiconductor electronics. Other systems
such as light pulses and molecules can also be employed at higher expense and complexity,
but all of them share the same operational principle based on classical physics. At a time
that is more than 100 years after the revolutionary discovery of quantum mechanics, it is
hard to believe that people still dwell on classical physics for computation. Maybe there is
too much room above the bottom|[6] for Moore’s Law to be valid for decades before we are
forced to look into quantum computation. Fortunately, as quantum mechanics can explain
all classical physics, a quantum computer can efficiently solve all problems current computers
are good at. But just as the adjustment from classical physics to quantum mechanics can
be counter-intuitive, so may be the shift to quantum computation.

Quantum computation is based on the qubit, the quantum counterpart of a classical bit.
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Figure 1.1: The possible realm of quantum computation power. PSPACE: problems can
be solved with limited resources. NP: problems with solutions can be efficiently verified.
P: problems can be solved by classical computers in polynomial time. BQP: problems can
be solved by quantum computer in polynomial time. NP complete: an equivalent problem
set believed to have super-polynomial complexity. Note that "to solve” here has different
meanings. For P, NP and PSPACE;, it means to get a correct answer with certainty, while
for BQP, it means to get a correct answer with high probability [7].



The most significant differences between a qubit and a classical bit are the measurement
and superposition. Quantum systems do not have a definite state until the measurement
happens, which collapses the quantum system into one of the measurement operator’s eigen-
states with the eigenvalue as the result. In the simplest example of superposition, both 1
and 0 can be coherently encoded into a single qubit at the same time. Quantum operations
handle the qubits in a coherent way so that each component follows its own evolution. This
brings in the intrinsic parallelism of quantum computation and there is no counterpart in
the classical physics.

More than 15 years have passed since the first efficient quantum algorithm was discovered
[4], but except for a handful of new practical algorithms[2, 8], there are few breakthroughs.
This may be easy to understand because human beings are classical animals and it is
simply anti-intuitive for classical brains to think quantum mechanically. This gap may
be much bigger than that between a human brain and a classical Turning machine. The
highly developed classical computation technology implies that it may not be necessary to
transfer our simple daily calculations that are already very efficiently implemented on a
PC to a quantum computer, just as there is no need to use quantum physics to replace
all the classical physics in the everyday life. A quantum computer may eventually appear
as a special device to crack some of the most difficult problems. On the other hand, as
people dive deeper into the quantum world, the classical computers quickly become useless
for simulations. Using well controlled quantum system (such as a quantum computer) to
simulate other, unknown quantum systems may prove extremely useful[9, 10].

From the practical perspective, building a quantum computer requires a few ”simple”
steps, known as the Divincenzo criteria[ll]: First, a good qubit carrier is needed. Any
two level quantum system that can be efficiently controlled, measured and scaled up is
a good qubit candidate. They include superconductor Josephson junctions[12], trapped
ions/atoms[13, 14, 15], quantum dots[16], nuclear magnetic resonance[17] and photons[18].
Second, a universal gate set is necessary. One of the simplest sets consists a two-qubit
CNOT gate and single qubit rotations and it has already been realized in several qubit
systems[19, 20, 21, 22]. Lastly, a reliable scheme to scale up and build realistic computing

device is necessary. Optimists expect to see practical quantum computer with a decade.



1.2 Quantum Computation Architectures with Trapped Ions

Trapped ion system is believed to be the most promising one among the qubit candidates,
because it fulfills all the DiVincenzo implementation requirements and all the fundamental

building blocks of a quantum computer have already been realized in this system.

A single atom or an atomic ion is a very simple quantum system. Trapped ions are
well isolated from the environment, so they enjoy long coherence times[23] as compared to
many other quantum system. Two of the ion’s electron states are chosen as the qubit levels.
According to the transition’s energy range, qubits can be divided into optical, whose energy
splitting is at an optical frequency, and hyperfine, whose transition is in the RF range. Ion
qubits are either alkline earth metal or similar elements because after single ionization, they
have a simple hydrogen-like electron structure with a closed shell plus one free electron. The

following table lists the common transitions of several ion species that may be suitable for

qubits.

Element S1/2-Prja3se (nm) | Pyjg3/9-D3jasso (nm) | S1/9-D3ya 53 (nm) | Other
9Be*t 313/313

24/25Mg+ 279/280

40/43 v+ 393/397 854/850/866 729/732

88/87 gyt 408/422 1033/1004 674/687

137/138 B+ 455/495 614/585.5/650 1762/2052
Zn* 202.6,/206

103 gt 214.5/226.5

Hgt 164,194

171/173y p+ 369.5 435.5 935.2

The basic qubit operations include state initialization and detection, single qubit rota-
tions, and two qubit gates. The initialization of ion qubits is normally done with optical
pumping, which can be accomplished with very high fidelity[24]. Here the selectivity af-
forded by the light’s polarization or frequency direct the electron population to one specific

level. Detection can be done by selectively shelving one of the qubit states out of the



fluorescence cycle and observing the ”quantum jump” [25]. Single qubit rotations can be
realized by either optical or RF Rabi flop or the stimulated Raman transition. The two-
qubit gates[26, 27, 20] can be implemented with the help of the Coulomb interaction of the
ions, through the normal modes of the trap oscillation.

The coherence time of the ion qubit is typically between hundreds of ms and many
seconds [23], during which thousands of gate operations can be carried out. Ion qubits
already integrate the best flying qubit, photons, into their optical transitions, thus they
enjoy a very fast quantum channel for remote communication.

Currently, the setup for even a single ion qubit is much larger than the vacuum tubes
used in early computers or the first transistor, and it is hopeless to imagine adding hundreds
of such setups up to a working system. There are multiple proposals to realize an ion trap
quantum computer. The earliest, by Cirac and Zoller, is based on ions confined in a single
linear trap[26]. But practically, as the number of ions increases, motional modes become
denser than laser resolution. It is also difficult to keep so many ions in a straight line. A more
recent proposal by Kielpihski, Monroe and Wineland [28], is called the ”Quantum CCD”,
where multiple ions are trapped in different zones of a multiplexed trap and shuttled around
by biasing the DC electrode array. Quantum information is encoded in ions’ internal energy
levels which are well isolated from their motion. Qubit operations are done by moving the
specific ions to the interaction zone, where lasers can either change ion’s internal states
to carry out single qubit rotations or couple ions’ internal states with their oscillation
modes for multi-qubit gates. This scheme requires accurate control over large numbers of
electrodes. Current state-of-the-art technology can achieve ion shuttling with a success rate
of 99.9999% (with surface traps developed by Sandia National Lab). After shuttling, the
ions need to be cooled down, and this can be done by shaping the shuttling electric field or
by sympathetic cooling with other ion species[29, 30].

We can estimate the potential computational speed of this scheme. Suppose both the
single qubit rotations and the two qubit gate can be done in 107% s; the shuttling speed
is ~ 1 m/s. The distance between the interaction zone and storage zone is of order of
1 mm. We also assume that the initialization and the readout are done offline, and that

each operation consists of moving two qubit together, performing two single qubit rotations



and one two-qubit gate operation. If there are n qubits in the storage zone, to move any
two of them together require O(n) shuttlings. So the unit operation time is O(n) x 1073 s.
Tons can be divided into small clusters to keep the shuttling time for local operations small,
but shuttling between clusters may need additional time to cover a longer distance.
Another scheme for scaling up quantum computer is based on ion-photon networks[31,
32, 33, 34, 35, 21]. Instead of shuttling massive particles around at a slow speed, photons,
the flying qubits, build the quantum channel for two remote ions. The ion-photon interface
is probabilistic, so each operation has to be carried out more than once before it is definitely
completed. Compared with the QCCD scheme, this scheme eliminates the need for mechan-
ically moving ions at the price of a (much) smaller than unity success rate. By dividing
qubits into small groups connected with photons, a combination of the two schemes can
take advantage of former’s high fidelity and the latter’s near independence of distance. In
my thesis, I will mainly discuss our effort to develop novel ion traps for efficient ion-photon

interface.

1.3 Ion Photon Entanglement and Ion-Ion Entanglement

Another unique feature of quantum mechanics is entanglement. It is built on the foundation
of quantum superposition and shows a profound difference between classical and quantum
physics. It appears to violate the local realism which scientists have believed to be essential
for a long time [38]. Entangled states are states that can not be decomposed into a product

of single qubit states. For two qubits, there are four maximally entangled states (Bell

states):

|00 > +|11 >

> = — 1.1

| Boo 72 (1.1)
|01 > +[10 >

> = — 1.2

| Bot 7 (1.2)
|00 > —|11 >

|B10 NG (1.3)
01> —[10 >

|B11 NG (1.4)

There first three are symmetric and the last is asymmetric under exchange. They form a

complete basis set for two qubit states.



Entanglement can arise from a combination of superposition and conservation laws.
Physics laws such as momentum conservation, angular momentum conservation, energy
conservation and particle number conservation set a restriction on undetermined state pa-
rameters, thus resulting in entanglement. The conservation laws arise from the symmetry as
multiple qubits locally interacting with each other. Even if they are separated afterwards,
the relation still holds. This spatial independence of entanglement can be utilized for tasks
such as superdense coding[36] and teleportation[37].

The clearest example of entanglement’s non-classical nature is the violation of Bell in-
equality by entangled systems. The Bell inequality describes the following situation: two
physical systems are distributed to two places, A and B, for measurements. At each lo-
cation, two different measurements (M, , M,, and M;,, Ms,), both with results of +1, are

carried out randomly. Consider the average of following expression:
x = Meq, (My, + My,) + Mgy, (M, — My,) (1.5)

One of the (M, £ Mp,) terms will be zero, thus |z| = 2. When averaged over a random
sample of different kinds of the measurements, | < My, (Mp, + My,) + Ma,(Mp, — My,) >
| < 2. The hidden assumption here is that all the measurements are local, so that one
measurement will not affect the other. The measurements are ”real”, which means the values
of M,,, My, are set in prior to the measurements and are not changed by measurements [38].
But quantum mechanics says the opposite, before measurement the result is undecided and
if the A and B are entangled, the two states can affect each other. For example, prepare the
two qubits in one of the entangled states |Soo >. Choose the measurements to be oz, ,0x,
and (—oz, —0x,)/V2, (02, — 0x,)/V2}. Repeating the calculation for quantum states, we
have

1
< My, (My, + My,) + Mag(My, — My,) >=4 x — = 2/2 > 2 (1.6)

V2

The entangled state violates the Bell inequality! Therefore quantum mechanics is not
local realistic. A violation of the Bell inequality is often used as a proof of entanglement.

The two qubits can be of different species, for instance, one is an atom (or ion) and the
other is a photon. The entanglement can be generated via a spontaneous decay from an

excited state of the atom or ion that can proceed via multiple channels[39]. If there are



two equal probability channels, corresponding to red and blue photons, then the photon
energy(color) is entangled with the ion qubit states, so |¢ >= %(ll,r > +]0,b >), where
the numbers 1,0 represent the ion qubit state and b and r represent photon color. If we have
two identical ions and they are excited at the same time, two identical entangled states are
generated. The overall state of four qubits (two ions and two photons) can be expanded

and rewritten in the photons’ Bell basis:

1
> = S(|Lir1 > +{00,b1 >) (12,72 > +]02, b2 >)

1
- §(|117 12,T1,T2 > +|017 12,b1,7”2 > +|117027T17b2 > +|01;027b1ab2 >)

1
= ——((|111y > 410709 > > 4+(1119 > —|0709 > > +
2\/5((| 112 10102 >)|5oo (11112 10102 >)|B10

(0112 > +[1102 >)|Bo1 > +(]1102 > —|0112 >)|S11 >)

If we can project the photons into one of the Bell states, the two ions will be entangled
to the corresponding Bell state. This mathematical manipulation has significant physical
meaning: Ions that never meet each other can be entangled via photons! The photon
correlation measurement can be done with a beam splitter and two detectors. The function

of a beam splitter can be seen as a rotation in the photon number space[40]:
In >q m >p— e v |n >, jm >, (1.7)

where m,n is the numbers of identical photons entering each port and J,, = —i(aTb—ab™)/2,
with a and b the annihilation operators and a™, b" the creation operators for the two modes

entering the two ports; 6 is 7 - R, the reflectivity. For 1 photon, the rotation is:

|0 >4 [1>y cos Rm/2  sin Rm/2 |0 >4 |1 > (1.8)
|1 >, 10> —sin Rw/2  cos Rr/2 |1 >4 10 > .
For 2 photons, the rotation is:
|0 >4 (2 > 1/2(1 +cos Rr) 1/v2sinRr  1/2(1 — cos Rr) |0 >4 ]2 >
1>,|1>, | =| -1/V2sinRr cos R 1/v/2sin Rr 11>, (1>
12 >, 10 >y 1/2(1 —cos Rt) —1/v/2sin Rt 1/2(1 + cos Rr) 12 >, (0 >y

(1.9)



AOuTa  |1,1> OuTa  -1,1>
INa INa
\ | -
ouTb . OUTb
[1,1> INb |1,1> INb
OuTa |02 AAOUTa 20>
INa INa

OUTb

|1,1> [1,1> INb

Figure 1.2: Different input and output modes for a beam splitter with two identical photons.

For the simple situation of 50/50 beam splitter (Fig. 1.2) , if there are two identical
photons entering into port a and b at the same time, they will exit from the same port. Of
the four Bell states, both |Bypo > and |B1p > have two identical photons entering the two
ports, so only one detector will register photons. The situation for |Sy; > and |B1; > is a
little complicated and to see that clearly, the state after the beam splitter can be written

as:

1
1Borjin > = 575 ((10>a +]0>p) (|1 >a —[1 >p) £ ([1 >0 +[1>5)(|0 >0 —[0 >p))

2V2

1
= ——=(|01 >4 £]10 >4 —|01 >} £|10 >y

2v/2

=10 >4 [1>p 4|0 >p |1 >4 £(]1 >5 [0 >4 —|1 >4 [0 >3))

The first four terms represent two photons emerging from the same port. These single port
events correspond to ion states that can not be distinguished from each other, so the ion
pair is in a mixed states that may not be entangled. The last four terms are critical. For
Bo1, they cancel each other, so there are no other events. For 311, there are dual ports events
|0 >, |1 >, —|1 >4 |0 >p, which project the state to the antisymmetric entangled state.

Ideally, the entanglement generation probability is 12.5%. But practically there are many
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factors that significantly reduce the efficiency. The ions can be excited at almost 100% with
ultra fast pulses, but when they decay, they may have more paths than two. Photons due
to these unwanted decay branches can be filtered out at the price of lower single photon
generation efficiency. Collection efficiency of the radiated photons can be really low, about
a percent for the current experiment. Coupling the photons into an optical fiber may lose
another 80%. Additional optics like beam splitters, filters, lenses and so on may lose even
more. Finally, the detectors’ quantum efficiency (typically photon multiplier tubes, PMT)
is only ~ 10% — 20%, far from perfect. There are two sets of ion-photon pairs, so every
loss small term is squared. This may result in a really inefficient generation of the ion-ion
entanglement. The current state-of-the-art experiment can generate one entanglement in
about 10 minutes with the experiment running at a rate of tens of kHz[41]. There is plenty
of room for improvement, for example, by using high quantum efficiency single-photon
detectors. The fluorescence collection can also be greatly improved with better optics and
specially developed ion traps. This is one of the motivations of my thesis: develop a trap
that can easily implement an efficient fluorescence collection scheme, so that ion-photon

entanglement and photon-connected ion network become practical.
1.4 Loophole-free Bell Inequality Violation

The other goal of our future experiments is a loophole-free Bell inequality test. Although
a number of recent Bell inequality violation experiments rebut the various hidden variable
theories, there are "loopholes” of information exchange and selective sampling[42]. The first
of these refers to two measurements that are not far enough apart in space, and may be
connected via unknown channels. This can be clearly seen in Fig. 1.3: Suppose A and B
possess two entangled qubits. They should independently rotate and measure their own
qubits, which means that one’s qubit rotation (time ¢,) and measurement (time t,,) should
occur outside the backward light cone of the other’s measurement; that is, the distance
between the two qubits must be larger than ¢ x (¢, + t,,). Also, the measurement must
occur after the entanglement is established, so that there is no chance of post-selection.
The second loophole is due to the low detection efficiency, where the result may be a

selective (i.e. unfair) sample of the original distribution, and can not represent the physical
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truth. These loopholes have individually been closed, the latter by long distance entangle-
ment of photons[43] , while the former by high efficiency atomic ion detection [44]. Ton-ion
entanglement via photons such as what we aim for, can combine the advantages of both,
and close both loopholes.

In the previous ion-ion entanglement experiment [41], The UV transition of Yb" are
highly attenuated by the optical fiber, therefore it is difficult to set up a separation distance
large enough to close the locality loophole. But barium ions’ optical transitions fall in
the visible and infrared spectrum and such photons can be transmitted for relatively long
distance (10% m) with tolerable attenuation (<30 dB/km). Suppose we have two identical
ion traps separated from each other by 1 mile, and two ultra-fast lasers synchronized with
each other to excite the ions at the same time. The ions are then randomly rotated and
detected. The photons travel through equal lengths of single-mode optical fiber to a beam
splitter and project the ions into an entangled state by measurement. The coincident
measurements results are saved for later data discrimination. The time allowed for the
measurements is ~ 5 x 1079 s, which is enough for ultrafast excitation (~ 100s fs)+decay(~
10 ns)+rotation(~ 1 us)+shelving for detection(~ 1 ps). The second loop-hole is closed
then by detecting the ion state in ~ 3 ps, a hard, but feasible feat.
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Figure 1.3: Time constraints for a loophole-free Bell experiment with remote entangled ion
qubits (the figure is from [45]): Single photons are emitted at E4 and Ep. The projection
measurement D; entangles the remote ions. The choice of measurement at both sides must
be done after the entanglement is setup (outside the backward lightcone of D;). The choice of
measurement (C'4 and Cg)must be done out of the backward lightcone of the measurement
event at the other side (Dp and D 4), so that no information can be transmitted about the
measurement base choice and the measurement results
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Figure 1.4: Loop hole free Bell inequality violation experiment with two Ba™ qubits. Two
identical trap and laser setups at two locations 1.5 km apart. The control computer triggers
two synchronized ultrafast pulses to generate ion-photon entanglement at both sites. The
photons go through the same length of optical fiber to reach the beam splitter. The control
computer records the coincident PMT events and triggers the two qubit measurement com-
puters to carry out the ion qubit rotations and measurements at the same time on each site.
Timestamps from a GPS satellite are saved for all the actions for later data discrimination.
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Chapter 2
PAUL TRAP FUNDAMENTAL

Electromagnetism is the only fundamental interaction suitable for controlling an atomic
scale system, not only because it has sufficient strength and long range, but also because it
has a huge spectral diversity so that atom trapping and internal state manipulation can be
done without interference.

Trapping potentials for atoms or ions are normally generated by appropriate spatial
distributions of electric or magnetic fields. For example, an atom’s internal energy levels
can be altered by an AC electric field or a magnetic field, so that the spatial distribution
of such fields can be mapped into atomic potential energy. The strength of the trapping
potentials generated by these methods is not very strong, at most a small fraction of the
typical atomic transition energy scale (~ a few eV), which is too weak for long time trapping.

The other, more direct way is to take advantage of the charge carried by the atom (ion)
and exert force on it. Charged particles can feel the Coulumb force and the Lorentz force.
Paul traps[46] and Penning traps are based on combinations these two forces. In ion trap
quantum computation, we mainly use Paul trap.

Trapping charged particles with electric field in free space is rather tricky because it
is impossible to form a static potential well while satisfying the Laplace equation, which
requires that the sum of the second order derivatives of the field to be zero at every point.
This means that the field cannot increase in every direction; rather it must decrease in some
direction, which will be the escape path for the ion. But suppose when the ion is escaping
along that direction, before it succeeds, we reverse the field direction. Then the ion will be
bounced back and won’t escape.

A simple solution of Poisson equation satisfying our requirement can be expressed as:
O =222 12 =222 2% 42 (2.1)

It looks like a saddle as shown as in Fig 2.1.
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Figure 2.1: A saddle-shaped potential field formed by ® = 222 — 72

This kind of saddle field can be generated by hyperbolic electrodes conformal to the
shape of Fig. 2.2. But this field only confines in two dimensions. There are multiple ways
to form a full spatial confinement: we can rotate the electrodes around one of the two
symmetry axes or lengthen them along the z axis and use additional ”end cap” electrodes
to confine the z direction. We use both schemes to construct ion traps. The motion of ions
in a rotating saddle-shaped potential field can be expressed by the following equations:

Iri @
>  Md?

(U+VcosQt)r; =0 (2.2)

where r; (i = z,y,z) are the Cartesian coordinates of the ion, Q and M are the electric
charge and mass of the ion, U is the static potential, V is the RF voltage amplitude, €2 is
the oscillation frequency, and for above field, ¢, , = 1,c, = —2.

The equations can be written into the standard form of Mathieu’s equation using di-

mensionless parameters a;, = —%, Qry = %, a, = %, qz = — 1\;?2‘62' Then:
dQTi - -
o (a; —2¢; cosQ)r; =0,i =x,y,2 (2.3)

The coefficient of r; is a periodic function, so according to Floquet’s theorem, the solution

can be expressed as:

r(t) = e Vg(t,a,q) (2.4)
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Figure 2.2: Radial contour plot of a saddle-shaped field

A stable solution requires that p is imaginary. This restricts parameters a and ¢ to special
stability zones, as illustrated in Fig. 2.3.

The ion motion in an ideal Paul trap can be divided into two kinds: a slow oscillation
with large amplitude called the secular motion and a small oscillation with the driving RF
frequency called the micromotion. However, if there is any displacement between the DC
minimal and RF pseudo potential minimum, large-amplitude driven motion occurs called
the excess micromotion. By creating an additional DC voltage via biasing electrodes, this
excess micromotion can be partially or fully compensated[47]. This is an important factor
to consider during trap design.

Linear quadrapole traps have simple structure and deep trap potential. They are ideal
for trapping single ions or 1 D ion crystals. The basic configuration of such a trap is shown
as Fig. 2.6. Four round rods create a two-dimensional RF trap. One pair of the diagonal
rods is connected to RF signal, the other pair is grounded. The two needles connected to
a positive voltage (for positive charges) act as the end caps to confine the ion in the axial
direction. Micromotion compensation can be done by adding DC voltage directly to the

four RF rods.
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Figure 2.3: The stable zones of radial (left, blue area) and axial (right, red area) Mathieu’s
equations.
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Figure 2.4: The parameters of our ion trap fall into the first overlapped stable zone of radial
and axial Mathieu’s equations.
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Figure 2.5: One dimensional secular motion corresponding to different ¢ and ¢ in the first
stable zone.

Figure 2.6: A linear quadrapole trap. The trapping field in the radial direction is generated
by connecting one diagonal pair of rods to RF and the other pair to ground. The confine-
ment along the axial direction is achieved with two positive-biased end caps. All four rod
electrodes can be individually biased with DC voltage for micromotion compensation.
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Chapter 3

COOLING AND TRAPPING OF BARIUM IONS

As mentioned in chapter I, Ba™ has all of its important transitions in visible or infrared
range. Coherent light sources at these wavelengths are easy to acquire and the photons are
less attenuated in different forms of wave-guides, especially single-mode optical fibers. That

second fact is the main reason for choosing barium ions for remote entanglement experiment.
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Figure 3.1: "Ba*t energy levels. *®Ba™ has similar energy levels without the hyperfine
splittings.
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The energy level diagram of 137 Ba* is shown in Fig. 3.1. The even isotope 3 Ba* has
simpler structure due to the absence of nuclear spin, and the qubits may be formed by the
Zeeman levels of the 65 pground state or between the Sy /; and the metastable Dy /5 state.
The odd isotope, " Bat, has a much more complicated level structure. We can use the
hyperfine splitting of the 65, /5 state as the qubit, or the same optical qubit scheme as the

even isotope.

We now describe in detail multiple possible qubit schemes based on different barium
isotopes. Fig. 3.2 shows one possible 37 Ba™ hyperfine qubit scheme[48]. The ion is cooled
with modulated 493 nm and 650 nm lasers to avoid optical pumping into any hyperfine
levels. The qubit is chosen to be |F' =2, mp =2 > and |F = 1, mp = 1 > hyperfine levels
of 6S1/5. The initialization is done with a oT polarized 493 nm laser beam to optically
pump the ion into |F = 2,mp = 2 > state. Qubit rotation is carried out by microwave
at 8.037 GHz. A small B-field (a few Gauss) breaks the degeneracy of the hyperfine levels
so that a narrow-band 1762 nm laser (bandwidth~ 10 kHz) can discriminate each Zeeman
level. The readout is done by selectively shelving one of the qubit states to 5D5/ state.
With the same narrow band laser, 65 /o and 5D5 /5 can also form a optical qubit. The qubit
rotation is achieved by timed pulses of the 1762 laser, and the readout is done via quantum
jumps[25].

Fig.3.3 shows another hyperfine qubit scheme which is useful for ion-photon entangle-
ment. The qubit is chosen as 655 [F'=2,mp =0>=[0> and |[F' = 1,mp =0>= |1 >.
The initialization is done with a m-polarized 493 nm light, and the population accumulates
to |F = 2,mp = 0 > state. Both the qubit rotation and the readout are the same as
with the previous scheme. For ion-photon entanglement, the qubit state can be coherently
driven, to one of the 6P/, hyperfine levels with an ultrafast laser pulse which is much
shorter than the excited state lifetime. The ion decays back and generates a single photon
with frequency entangled with the final ion’s state, so that the combined ion-photon wave

function |¢ > can be written as:

|¢p >= cos 0|0 > +sinf|1 >
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Figure 3.2: The [F =2,m =2 > and |F' = 1,m = 1 > of 65} 5 hyperfine levels are chosen
as the qubit. The qubit is initialized to |F = 2,m = 2 > with ¢ polarized 493 nm light.
The qubit rotation is achieved with 8.04 GHz microwave signal. The readout is done by a
narrow band 1762 nm laser (linewidth~ 10 kH z) selectively shelving one of the two qubit
states into 5D5/, state out of the fluorescence cycle (6S1/2 ¢ 6P )2 <> 5D3/2).
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— COSG|6P1/2,F:2,7TL:0>+Si1'19|6P1/2,F:1,m:0>
— cos0|0,v > +sinf|0,v +8GHz >
To ensure that only 7 polarized photons are collected, a linear polarizer can be used to

filter out the o* decays. This reduces the entanglement generation efficiency, but increase

the entangled state fidelity.
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Figure 3.3: The |F = 2,m = 0 > and |F = 1,m = 0 > of ¥"Ba™’s 651 /2 hyperfine
splittings are chosen as the qubit states. The qubit can be initialized to |F = 2,m =
0 > state with 7 polarized light in resonance with 65,5, F' = 1 <> 6P, F = 2 and
651 /2, F' = 2 <+ 6Py, F' = 2 transitions. Both the single qubit rotation and readout are
the same as scheme 1. To generate a single photon entangled with the ion qubit state, a m
polarized ultrafast pulse coherently drives the ion to 6P, domain. When the ion decays,
it decays with same branch ratio to the two m=0 qubit states and generates a single m

polarized photon with its frequency entangled with the qubit state. Photons with circular
polarizations can be suppressed by polarizers.

A simpler Zeeman qubit scheme can be realized with *® Bat with m; = +1/2 >= |1 >
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and |m; = —1/2 >= |0 >. By applying a medium-size magnetic field (10~100 Gauss), the
ground state levels are split by tens of MHz. Circularly polarized light can optically pump
the ion into one Zeeman level and initialize the qubit. A linear 493 nm short pulse excites
the ion to 6P/, state (or 455nm to 6P3/,) and it decays back to ground state entangling

the photon polarization (|H > or |V >) with the qubit state:

|¢p >= cos 6|0 > +sinf|1l >

—> COS 0|6P1/2,mj— 1/2 > +Sin9\6P1/27mj:+1/2 >

= c0s0|0,H > +sinf|1,V >

The ion qubit state rotation can be done by timed RF, and readout by state-selective

shelving.

3.1 Laser Setup and Frequency Stabilization

Barium ions are cooled by a 493 nm laser and repumped by a 650 nm laser. For the odd
isotope, side-bands have to be added to both lasers to prevent optical pumping. The 493 nm
light is generated from an frequency doubled external cavity diode laser (ECDL) and the red
is directly from an ECDL. Sidebands are added to the cooling lasers individually through
an EOM (493 nm) and a direct modulation of the diode current (650 nm).

The red and green lasers are combined with a dichroic mirror and coupled in to a single-
mode fiber for mode cleaning and transmission. At the trap’s side, the light out of the fiber
is collimated and focused with an achromatic lens into the trap. A typical beam waist at
the trapping center is ~ 50 pum.

To lock the laser frequency, various schemes have been used in our lab at different times
and occasions. The 493 nm laser was initially locked to a Tes vapor cell, and the 650 nm to
an I cell. Due to the operational fragility of these systems, we turned to a lock scheme based
on a Highfinesse WS7 wavelength meter. The error signal is calculated from the digitized
laser frequency. A PID loop then generates the feedback and turns it into voltage with an
8 channel 12 bit DAC. For an ECDL with typical frequency tuning range of 20 GHz/5V

the smallest frequency step directly by the DAC is then less than 5 MHz. Finer step can
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Figure 3.4: The ground state of ¥®Ba* can be split into two Zeeman levels tens of MHz
apart with a reasonably strong B field, and they can be used as a qubit. The initialization is
done with a circular polarized 493 nm light and the qubit rotation can be done by modulating
the B field at the resonance frequency. The detection is the same as 37 Ba™t qubit schemes.
Ton-photon entanglement can be generated by applying a linear polarized 493 nm ultrafast
pulse to coherently drive the ion from 65} /3 domain to 6P/ domain. When it decays, it
generates a single photon with its polarization entangled with the ion qubit state.
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Figure 3.5: The 493 nm cooling laser is from a frequency doubled ECDL. The 8.037 GHz
sideband is added to the carrier frequency with an EOM. The 650 nm repumping laser can
be directly modulated with a bias-T to get necessary sidebands. Both lasers are combined
with a dichroic mirror and coupled into a single-mode fiber.

be achieved with a simple voltage divider. A computer-controlled fiber switch enables the
wavelength meter to read and lock of multiple lasers.

This lock scheme has the advantages of being flexible and robust. It can easily implement
various locking schemes such as adaptive feedback and auto re-lock. The limitations are
also obvious: poor precision and low bandwidth. The bottle-neck of the bandwidth is the
wavelength meter’s measurement time, which is at least 1 ms. The speed of other steps can
be pushed well beyond this limit easily. For example, the DACs require at most 24 bits
data which can be sent in 48 clock cycles with a 1 MHz clock. The numerical and logic
calculations take no more than a few microseconds for any current PC.

The wavelength meter has a RMS precision of 60 MHz. The reading errors can be
divided into two categories, one is generated by interferometer’s measurement mechanism.
This error show up as shot to shot noise. Except for averaging the wavelength meter’s

readings at the price of even lower locking speed there is no good way to avoid it.

The other error source is common for any interferometer system: temperature and pres-
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Figure 3.6: Data flow of a wavelength meter based laser frequency lock program: Multiple
lasers are connected to the wavelength meter via a fiber switch. The lock program switches
and locks the different channels. A frequency stabilized HeNe laser is used to constantly
check to correct measurement drifts. Parameters such as exposure time, locking time and
PID setup can be set via an internet interface, so that multiple remote users may share the
lock. The colorful lines are optical paths and the black lines are digital paths.
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Figure 3.7: Interface of the lock program: 7 different lasers are locked or monitored in turn.

sure drifts. Both of them are continuous, slowly changing parameters and they have to be
corrected by a frequency standard. We use a stabilized HeNe laser as our reference. It has
a short time stability of 2 MHz and long term drift of less than 10 MHz per month. By
constantly checking the HeNe laser’s frequency, the wavelength meter should be free of slow
drift due to the environment. To further reduce the dispersion due to temperature fluctua-
tion, we put the wavelength meter in a insulating box temperature stabilized to 214+0.1 °C.
However, we notice that the wavelength meter reading constantly gives jumps by as much
as 100 MHz (Fig.3.8). The jumps are discrete, which can hardly be connected to any con-
tinuous variables. One thing comes to our attention is that the wavelength meter measures
the interferometer’s internal temperature and its reading is digitalized and discrete. By
plotting the reading error against the temperature reading, we find they are perfectly linear

correlated (Fig.3.9)!

One reasonable explanation is that the wavelength meter corrects its frequency reading
according to a digital thermal sensor’s plausible temperature measurements with some linear

formula:
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Figure 3.8: Measured HeNe laser frequency and the wavelength meter’s internal temperature
drift.
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Figure 3.9: Linear correlation between the jumps of frequency reading and temperature
reading. They can be fit into a line: Af = —7.9798 x 1078 4 4.9346 x 10 °AT.
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faisplay(t) = finternat(t) + corTin(t), (3.1)
where ¢, is the correction coefficient, ¢ is time and T,,(t) is the measured temperature.
The sensor frequently gives wrong readings and these errors are propagated by the

correction algorithm . For example, an error AT in temperature measurement will result
in frequency error c..AT. For our locking scheme, suppose the wavelength meter measures

the HeNe laser at time ¢3. The calibration information can be expressed as:

fHeNe = 5fdrift(t0)+fdisplay(t0)

= 5fdrift (t(]) + finternal (tO) + Cchm (tO)a

where frene is a constant representing the HeNe laser frequency, and d fg,i7(t) represents
the slow drift due to temperature, pressure and all other slowly changing parameters that is
corrected by the HeNe laser. It can be treated as a constant for tens of seconds: 6 farir:(to) =

O fari ft(t1)- Then the wavelength meter measures another laser at a time ¢;:

frezzlfreq = 6fdrift(t1)+fdisplay(t1)

= 6fd7‘ift(t0) + finternal(tl) + Cchm(tl)-

Here, finternai can be treated as a continuous variable after averaging as mentioned before.
The only fast changing quantity is T,,,(¢1). By reading it in real time, we can ”anti correct”
it:

Jrealfreq = O farifi(to) + finternat(t1) + cerTin(to) + cer(Tm(t1) — Tin(to)) (3.2)
This "anti correct” trick can get rid of those abnormal jumps, but it can not improve the
precision. With all these efforts, the lock can reach a precision of £10 MHz. This is good
enough for ion trapping and non-spectroscopy experiments.

In order to have better short-term frequency stability, we built low thermal expansion
Fabry-Perot cavities to lock both lasers. These cavities have many resonance lines of different
modes and it is easy to lock the lasers to reference lines within 420 MHz of the desired
frequency. When the cavity are placed in a vacuum chamber and temperature stabilized to
1 mK, the frequencies have a short term stability better than 1 MHz. The long term drift is

still corrected by the wavelength meter with HeHe laser or by maximizing ions’ fluorescence.
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3.2 Trap and Imaging Systems

To achieve a reasonable storage time, the trap chamber has to stay at utra high vacuum
(UHV) all the time. The vacuum system usually consists of a 20 1/s ion pump and a
Titanium sublimation pump. The ion pump is constantly on to keep the pressure below
10710 torr. An ion gauge is used to monitor the pressure. The Ti-sublimation pump is run
occasionally to pump out residue gases.

The trap chamber has multiple view ports for optical access. Fused silica windows are
used to allow the transmission of the UV light for photoionization. Electric and RF signals
are fed in via UHV electrical feed-throughs.

The trapping RF signal is generated with a HP 8640 function generator and then am-
plified to up to 10 W. A helical resonator[49] with a typical Q factor of a few hundred is
used to impedance-match the signal. These resonators are made of copper to achieve high
Q. They get warm at high RF power and the copper easily gets oxidized. We periodically
clean the resonators with dilute HCI solution to maintain a reasonably high Q. To avoid the
high power RF signal leaking to other electronics connected to the chamber, all the other
pins of the feed-through are filtered with low pass m-filter network. The filters are made of
small surface mounted components to allow dense arrangement close to the chamber. The
attenuation of RF is greater than 30 dB in these filters.

To generate barium ions, a small ceramic oven filled with barium metal is placed in the
vacuum chamber. It is heated up by running current through a tungsten wire wrapped
around it. Before normal operation, the oven has to be "flashed” with high current to
”activate” barium by removing possible oxide. The oven normally runs at a dark-red to
orange-hot state with a current between 0.8 and 1.3 A. Its effect on pressure diminishes
with time.

Different ionization schemes have been tried. They include: electron gun, UV lamp,
and photoionization. The electron gun has low efficiency and complicated setup, and was
deserted at the very beginning. The barium deposited on the tungsten trap structure has
very low work function so that photo-electrons can be excited by broad band UV light from

a cold cathode deuterium lamp. The electrons are accelerated by the RF field and ionize
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barium atoms. This scheme has a good efficiency and large ionization area. It is especially
suitable for initial trapping. The drawback is its high light background levels and charging
up of insulators due to the scattered UV light. The latter may even move the trap center
out of the laser beam waist.

The finest scheme so far is resonant photoionization[50]. The barium atom can be first
excited to the 3Py state with a 791 nm laser and then ionized by 337.1 nm UV photons from
a N» laser. The 1Sy to 2P, transition is narrow, which is ideal for isotope selectivity. We
use an ECDL to generate a few mW of 791 nm light. Even with the Doppler broadening,
this ionization scheme still has a reasonable isotope selectivity. To maximize this selectivity,
the 791 nm beam should be pointed perpendicular to the barium atomic beam to avoid first

order Doppler broadening. This is a factor that we should bear in mind in trap building.
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Figure 3.10: 791 nm laser ionization rates on even (left) and odd (right) isotopes (Figures
from [50, 51])

The loading rate can be controlled by the pulsing frequency of the Ny laser. It is set
very low (~ 1 Hz) to ensure loading single ions with high probability.

To assist the alignment of the optics and directly image ions, we use electron multiplying
charge coupled device(EMCCD) cameras. A flipper mirror switches the ion fluorescence
between the camera and the PMT. The two different cameras we used are iXon”™ 885 and
Luca”™  both from Andor Inc. The iXon has a back illuminated EMCCD with a quantum
efficiency of ~ 90%. It can be cooled down to -90°C and the image noise is relatively low

for most of the applications. The Luca has a less efficient 65% EMCCD and it can only
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be cooled to —20°C. The image is thus very noisy due to the longer exposure time and
higher working temperature. A careful look at those Luca images tells that the noise is a
combination of constant and random bright spots. This high spatial frequency noises can be
largely eliminated with a median filter, which replaces each pixel’s count with the average of
the 9 counts in the 3 x 3 square patch covering it. The processed image looks much quieter

and cleaner, as illustrated in Fig 3.11.

Figure 3.11: A median filter helps reduce the image noise.

We developed a program to control these cameras. It implements the filter and other
useful functions such as aperture photon counting. The program’s logical structure is shown
in Fig. 3.12.

The filter and other data processing are CPU intensive operations. A single thread
program structure freezes the interface and other LabView VIs frequently and is especially
bad for some time-critical tasks, such as hardware timed PMT counting. To avoid this, we
put all the heavy calculations into a stand alone thread, separated from the user interface
and other LabView threads. To increase the data throughput, a circular buffer is allocated
for the filter operation, so that data processing and visualization can run in parallel. The
program’s interface is based on LabView (Fig. 3.13) and the working thread is written in

C++ for higher efficiency.
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Figure 3.12: Work flow of the EMCCD camera controller program: the data acquiring and

processing are done asynchronously in a stand alone working thread. The main control loop
reads the processed data and carries out photon counting, visualization and file handling.

filtered image

image file handling

apertured photon counts

Intensity profile

Figure 3.13: The user interface of the camera control program.
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Chapter 4

NOVEL TRAP I, A LINEAR TRAP WITH AN INTEGRATED
SPHERICAL MIRROR

To increase the florescence collection efficiency from trapped atomic systems, multiple
approaches are available. The most common one is using large numerical aperture (NA)
micro-objectives[52], which employ either large-diameter customized optics placed outside
the vacuum camber or smaller aspherical optical piece inside the chamber[53, 54]. The first
choice is notorious for its expense and difficult fabrication. The second one lacks flexibility
and may be detrimental to ion trapping. Theoretically both setups may achieve a NA as
high as 1, but practically it is very difficult and only a small fraction of the solid angle is
used.

Another very promising approach is Cavity QED[55, 56]. Ions’ radiation pattern can be
compressed along the cavity axis which will greatly increase the effective solid angle. This

can be expressed as:

2C .
Q = 20+1,w2th
2
c .9
Ky

where £ is the loss of the cavity, 7 is the atomic decay rate, g is the coupling constant between
the atom and the cavity field and C' is called cooperativity parameter. For cavity assisted
photon generation, s has to be much smaller than g to avoid reabsorbing the photons by
the ion, while g >> 7 to get a large solid angle. g is inversely proportional to the squre root
of field volume, therefore efficient photon collection requires a small cavity. This results in
a small trap open to dielectric mirrors close-by. Small traps usually mean higher heating
rate[57], and the dielectric proximity is not preferable for ions either. Efforts are made in
this direction(e.g. [58, 59, 60]) though there is yet no trapped ion CQED system working in
strong coupling regime. In my opinion, a reasonable scheme to integrate a cavity with an

ion trap has to separate the ion loading zone and the QED zone in order to minimize the
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Figure 4.1: Two typical setups for large NA refractive micro-objectives: The first one uses
large-diameter complex optics outside the vacuum chamber to achieve larger solid angle. It
is very expensive to make such systems. the second one uses an in-chamber optics (normally
aspherical) close to the source to achieve a large solid angle. The exposure of trapped ions
to nearby dielectric may be detrimental for trapping.
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Figure 4.2: A reflective optics setup. The reflector sits in the vacuum, close to the trap.
Normally the reflective surface is made of metal, therefore there will be little effect on
trapping. For different reflector shapes, as few as one small size customized refractive optics
is necessary to correct the image aberration.

possible charging up effect on the cavity mirrors (similar to [61]). Once trapped, ions can
be transferred into the cavity with minimal trapping RF signal. One can expect this kind

of solution would be based on MEMS technology, which is beyond our ability here so far.

We choose a third approach, that of metallic reflective optics. Using reflectors to increase
the fluorescence collection efficiency is not a new idea[62], but it was seldom emphasized in
imaging. For remote entanglement experiments based on single trapped ions, much tighter
requirements are placed on the spatial mode of the fluorescence. The reflective optics may
simplify the optical system and have smaller effect on trapping. A parabola is the ideal
reflector for point source imaging as it has no spherical aberrations for point source at the
focus [63, 64, 65]. A "stylus” trap has already been developed for a precision parabola at
NIST[66]. But machining a deep parabola is beyond our ability either, therefore we turn
to spherical mirrors. The current and following chapter are dedicated to our attempts to

integrate reflective spherical optics into an ion trap.
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Figure 4.3: An ion trap combined with an optical cavity by Monroe Group at U. Mary-
land/JQI. The ion trap is a pair of needles; the cavity mirrors are above and below.

4.1 The Construction and Performance of the Trap

To prove this concept, we build a test trap based on a mature linear quadrapole trap
scheme[67, 68]. The trap structure is shown in Fig. 4.4. A metallic mirror is placed under
the trap to collect ion fluorescence. The 17 diameter mirror is pulled from Edmond Optics
catalog (Stock No. NT43-464). The curvature radius is 20 mm, and the mirror is placed
10 mm away from the ion to collimate the fluorescence. To fit the mirror into the trap
frame, it is ground into an 18 x 18 mm square. An aluminum holder supports the mirror
from below. The holder is precisely machined with one circular mirror housing in the center,
and two knife edges tightly to fit in the trap frame. The mirror’s vertical position is set by
the holder, and its tilting angle is set by springs and set screws on the trap frame. Ideally
the mirror intercepts 2.72 sr or 21.6% of the solid angle spanned by a point source at its
focus.

The mirror surface is made of protected aluminum and it is grounded via a side clamp to
avoid the accumulation of residual charge. To evaluate the effect from the induced surface
charge distribution to a trapped ion, we study a simple model of a quadrapole trap near

an infinite flat ideal conductor. We calculate the deviation of the ion due to the presence
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SECTION G-G

Figure 4.4: Integration of a metallic spherical mirror into a working linear trap. A 25.4 mm
mirror is ground into a 18 x 18 mm square and attached by a precisely machined aluminum
holder to a linear quadrapole trap from underneath. The mirror has a curvature radius of
20 mm, the trap center is 10 mm away from the vertex, at the focus of the spherical mirror.
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of the conductor surface. As shown in Fig. 4.5, when the conducting surface is more than
4 mm away, the effect is smaller than the optical diffraction limit (~ 1 um). Though the
distance between the trap and the conducting plane is not much smaller than the curvature
radius, this simulation is still valid because the shielding due to the four rods reduces the
effect. The possible ion position shift can be compensated by applying DC voltage to the
rods. This simulation is consistent with our observations: the trap captures ions and keeps
them for long time. The existence of the mirror does not bring noticeable difference from a

bare linear quadrapole trap. Ions can stay for days, even with no laser cooling.
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Distance between trapping center
and curvature center (mm)

Figure 4.5: The ion’s deviation due to the existence of an infinite flat ideal conductor. When
the conductor is more than 4 mm away, the difference can not be optically resolved

The alignment of the end cap needles is done with the assistance of a measurement
microscope. The scope has a ring light source concentric with its objective. Centering
the image of the ring guarantees that the mirrors optical axis coincides with that of the
microscope. The needle tips are ~1 mm away from the optical axis so that the focal point

is half way between the tips.
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Two barium ovens are installed, pointing perpendicular to the trap axis. The ovens
are first spot-welded in place, and then small barium chunks are loaded in an inert atmo-
sphere (N3 gas). To avoid contamination of the mirror, the ovens are shielded with a thin
stainless steel plate with small apertures. The trap is baked under vacuum at 195°C' for two
weeks, and it reaches a pressure of 8 x 107! torr within a month after the bake out. Fig. 4.6
is a photo of a single ion trapped in the mirror trap. The ion’s fluorescence is maximized
with a very low amount of cooling laser power so that we can see an ion in the background
of the whole trap. The picture is taken with a micro objective at a magnification smaller

than 1. Other than being fun, this image aids further alignment with the mirror.

Figure 4.6: A single *®Ba* ion in the mirror trap. With a near resonance laser light at
very low power, both the trap electrodes and the mirror can be clearly seen in the picture.

4.2 Direct Imaging with the Mirror

Normally the ion fluorescence is collected with a two-stage microscope shown in Fig. 4.7.
The first stage is a infinity corrected micro objective with 0.1 NA. The second stage is an
25 mm achromatic doublet. The overall magnification is between 50 and 120.

Though not ideal, the mirror itself is an imaging optics. The ion is close to its focus, so
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Figure 4.7: Two different optical setups for ion imaging: (a) the normal one use a 0.1 NA
micro-objective for the first stage magnification. The second stage is a 25 mm focal length
doublet. The magnification of the microscope is between 50 and 100. (b) the mirror can
directly image the ion. The magnification of this setup is about 40.

the image should be along the symmetry axis and extended for a long range. It is found
about 40 cm above the trap and 5 cm off the main optical axis. The ion image, shown in
Fig. 4.8 is quite bright compared with that of a microscope. A summation of the EMCCD’s
pixel counts shows that the mirror collects more than 7.5 times more photons than that by

the 0.1 NA microscope.

Although the background is high, the ion image still has a very high contrast ratio.
Beside spherical aberration, serious coma can be seen from the picture and it indicates that
the ion is off the main optical axis. The possible cause for this may be the misalignment of
the end caps, and the asymmetric contact potential due to the uneven deposition of barium
on the tungsten rods and needles. Though the ion image is far from good, we are able to

resolve two ions ~ 10 um away (Fig. 4.9).

The bright image in the picture is actually formed by the paraxial rays reflected by the
central portion of the overall mirror surface. Marginal rays form rings with their diameter
larger than the censor or are too dispersive to show up. Photons in this mode can hardly be
used for any entanglement experiment, even in free space. We have to correct the enormous

spherical aberration of the spherical mirror to fully utilize its power.
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Figure 4.8: A single ion imaged with the mirror and the ordinary micro objective (insert).
The image by the micro objective is faint but it reaches the diffraction limit as evidenced
by the Airy ring. The image by the mirror is much brighter, but has serious aberrations.
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Figure 4.9: The mirror (right) can resolve two ions about 10 pm apart. Left is the image
of the same ion pair formed by the diffraction limited micro objective setup.
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4.3 Image Correction for the Spherical Mirror

Efficiently coupling the ion fluorescence into a single-mode fiber (e.g. Nufern 460HP with a
core size ~ 3 um) requires a diffraction limited imaging of single ions. When the ion is close
to the main optical axis, its image aberration is dominated by spherical aberration, which is
intrinsically large for a spherical mirror. To correct this aberration with a reasonable number
of spherical refractive surfaces is very difficult, normally what people do is use another
negative spherical mirror to compensate it (Cassegraiz system), but this is impossible for
our trap setup. We learn a lesson from the Schmidt corrector, another widely adopted
scheme in reflective telescopes and cameras. It follows a simple principle: an aspherical
corrector is added that makes the spherical mirror look like a parabolic mirror to a parallel
ray bundle. The original purpose of Schmidt corrector is to increase the view field of the
reflective telescope system, and its shape is based on one important assumption that the
corrector only perturbs the rays slightly, so each ray maintains its parallel direction while its
eigonal is increased by the corresponding corrector thickness. The corrector can be placed
anywhere along the optical axis as long as the rays don’t intersect with each other. This
can be easily satisfied by low focal ratio systems like astronomy telescopes and cameras.
But the requirement of our reflective system is a as large as possible focal ratio. The Baker
camera is a corrector system with similar purpose, but it requires another reflective element

close to the focal point, which is exactly what we try to avoid.

We can follow the corrector’s principle that diverges the parallel ray bundle to com-
pensate the mirror’s on-axis spherical aberration. Instead of using an approximation, we
directly trace each ray and numerically calculate the corrector shape. Still, we need to avoid
ray crossing, therefore the corrector has to be as close as possible to the ion, but further
than the focal point. Our mirror’s curvature center is 20 mm away from the vertex, right
outside the top window of the vacuum chamber. So the corrector has to sit right on the top

window.
The problem is well within the ray optics regime, and geometrical ray tracing works.
Assuming that the ion is on the main optical axis and we only need to consider the meridian

rays, the 3D geometry reduces to a 2D one. The problem can be described as following:
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the rays start from the ion, gets reflected by the mirror and go through the top window.
The corrector bends them in such a way that the rays’ outgoing slope is proportional to the
distance from the main optical axis, in other words, forming a concentric ray bundle. This
condition can be expressed as:

Y

5 tan 6 (4.1)

where 0z is the distance between the reference plane and the focus, y is the distance between
the main optical axis and the intersection point of the ray and the reference plane, and 6
is a constant. For the special case of collimated rays, # = 0. Suppose that the ray hits the
corrector’s aspheric surface at (x,y) of the meridian plane with angle 5 to the x axis. Then
the tangent of the surface collimating the ray at (z,y) can be expressed as:

21 cost

where ng and n; are refractive indexes of air and corrector material and ¢ is the ray’s incident
angle from from corrector to air. The curve can be approximated with a piecewise straight
sections. First, we trace a ray bundle {rg,r1,79,...,7,} to the vertex of the aspherical
surface (z¢,0). Then calculate the surface tangent for each ray: {6o,61,0;...0,}, where 6 is
obviously zero. Segment s,, starts from (x,, y,) with slope tan 6,, and intersect with 7,41 at
(Tn+1,Yn+1). The aspherical surface can be calculated recursively from the central ray to
the most marginal ray. The n connected segments approach the exact curve from outside.

By shifting the index, we can have another segment series approaching from inside:

Sn  (Tny Yn) = (Tnt1, Yns1)Qtan b, 49 (4.3)

Averaging the inside and outside shapes gives us a closer approximation than the original
two. This can be seen from the following estimation.

The accurate curve can be expressed as

sely) = [ K(y)dy
k(y) = tanf(y)

The piecewise curve can be expressed as

Tout = YK (Ui)(yit1 — i)
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Figure 4.10: The corrector shape can be calculated with ray tracing. When the number
of rays increases, the piecewise curves approach the desired shape. With different initial
slopes, the piecewise curve approaches the shape from either outside or inside.

Tin = > K" (i) (yi — vie1)

The averaged curve is
=Y K (yew) Wir1 — yi-1)/2 (4.4)
The maximum difference between the piecewise curve and the exact curve is

Yi+1

SO Ry — K g i~ vin)l/2
< 0 C(Yit1 — yi-1)?/2

= nC(D/n)*/2~C"/n

ox

IN

where C,C" and D are constants. The maximum deviation, normally at the far end from
the main optical axis, is 0(%). By choosing a large enough n, the deviation can be controlled
to less than the wavelength.

To evaluate the effectiveness of the corrector, we carry out simulations with OSLO, an
optics modeling software. The numerical curve can be fit into a tenth order polynomial. The
setup is shown in Fig. 4.12, with an infinity corrected micro objective being used to focus
the collimated beam, and Fig. 4.13 shows the points spread function for this setup. Our
main concerns are the image quality and the image system’s tolerance to defocussing, tilting

and the deformation of the mirror shape. The results are compared with a parabolic mirror

with the same diameter and NA. After correction, the spherical mirror’s on-axis spherical
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Figure 4.11: As the segment number increases, the two piecewise curves approach each
other fast. By tracing more than 1000 rays, the error is smaller than the wavelength.

aberration is removed and the ion image reaches the diffraction limit. Both the parabolic
mirror and the corrected spherical mirror are vulnerable to defocusings and tiltings, as can
be seen in Fig. 4.14. The corrector doesn’t help with this. Another practical factor is the
mirror’s quality. Our mirror is an inexpensive, imprecise optics piece and its radius has a
tolerance of +2%. We simulate the simplest kind of deformation by assuming the shape is
still spherical but of a different radius. The result shows that even a 1% radius difference
will make the spot size two order of magnitude higher than the diffraction limit.

VeI microscope objective

mirror corrector

Figure 4.12: Simulation setup to evaluate the corrector’s performance
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Figure 4.13: The point spread function of the corrected spherical mirror imaging system

We make a few prototype correctors out of clear acrylic plastic to test the compensation.
The shapes are numerically calculated and turned into a Solidworks file for a CNC lathe
machine. A clear 1” acrylic rod is first machined into the shape at a precision of 1.27 um
and then hand polished to optical grade. The polishing procedure is done in multiple steps:
first, we apply a series of optical fiber polishing sand paper with roughness from 10 um
to 1 pm, then finish with a 0.1 pm alumina powder. The finished correctors are shown in

Fig. 4.15.

The prototype is placed directly on the vacuum chamber’s top window with a little water
(n=1.33714) in between. Besides as an index-matching medium between acrylic (n=1.49691)
and the fused silica window (n=1.462722)[69], water also serves as a grounding path for the
corrector’s surface charge, which would otherwise push the trapped ion away from the
cooling beam. We use the Luca EMCCD camera to study the ion image and compare it
with the same setup but without the corrector. Fig. 4.16 shows that the corrected image is
much brighter than the uncorrected one. The corrector partially compensates the spherical
aberration and collect more light to the focal point. Without it, the marginal rays miss
the camera sensor, thus reduces the brightness of the ion image. Both images have a full

width half maximum of order 10 pum, which is much larger than the mode size of a typical
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Figure 4.14: Simulations comparing the tolerance of the spherical mirror and an equivalent
parabola mirror: (a) tolerance to ion defocusing; (b) tolerance to mirror tilting; (c) tolerance
to mirror shape deviation. As any precision optical system, both reflectors suffer from
misalignment.
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Figure 4.15: The section of a corrector and prototypes made of acrylic.
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single-mode fiber. A numerical calculation of the overlap between the images and the fiber
mode shows that the coupling efficiency would be 4% without the corrector and 8% with

the corrector. Though both are far from ideal, the gain due to the corrector is obvious.

4.4 Single Photon Generation by Continuous Excitation

In chapter 3, a few ion-photon entanglement generation schemes based on 3® Ba™t are listed.
All of them require ultrafast laser excitation. The generated photons have the same color as
the driving pulses, which may bring large background in absence of effective spacial filtering.
The 615 nm or the 650 nm photons can also be collected by turning off the corresponding re-
pumping laser during ultrafast laser pulses. Their lower branching ratio[70] will reduce the
photon generation rate, but the excitation pulses can be filtered out by interference filters.
Both 5D states have more complicate levels, which may further reduce the ion-photon
entangled state generation efficiency and increase the qubit state detection difficulty.

Beside pulse excitation, single photons can also be generated by continuous excitations.
Because the photons are emitted in a much longer time span, it is more difficult to synchro-
nize multiple sources to produce photons indistinguishable in the arriving time and spatial
span[71]. This makes remote ion entanglement generation using CW light impractical. But,
as a discrete fluorescence source, it can serve as a calibrator for our optics.

For simplicity, we choose the cooling cycle as the single photon generator, so that no
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Figure 4.16: Single ion images formed by the spherical mirror without (a) and with (c) the
corrector. The corresponding zoom-in intensity profile plots (Y=0) are shown in (b) and

(d)
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Figure 4.17: Single photon generation by continuously exciting a single trapped *®* Ba™ ion:
the ion is pumped to 5D3/; state with 493 nm light and generates a single 493 nm photon
when pumped back to 65, state with the 650 nm repumping light. An interference filter
is placed in front of the detector allowing only the 493 nm single photons to go through.

change is necessary for the existing setup. As shown in Fig. 4.17, the sequence is to first
optically pump the ion in the 5D3/, metastable state by turning off the red re-pumping
laser while leaving the green cooling laser on. Then we turn off the green laser and turn on
the red laser. The ion will be pumped back to the ground state while generating a single
493 nm photon. The single photons generated this way have a very different color from
the 650 nm laser, so the background will be relatively small even without serious spatial

filtering.

The main challenge here is to detect the single photon. In order to reduce the background
light, PMT dark count and random noise due to cosmic rays, the detection window is set
as short as possible, while keeping it long enough for the 6P/, — 65}/ decay to happen.
Suppose the red laser saturates the 5D3 /5 transition. Then the ion will decay to the ground
state within a few 6Py lifetimes, or tens of nanoseconds. It would be desirable to use a
longer time to accommodate for possible laser frequency and power drifts. The shortest
electronic pulse that can be generated with our National Instrument PCle 6530 card is

100 ns (with its default 10 MHz onboard clock), therefor all the control patterns are in the
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units of 100 ns.

The digital control signal pattern is shown in Fig. 4.18. It contains a 300 ns cooling
pulse with both green and red lasers on, 300 ns of green optical pumping, a 500 ns long
delay to avoid green laser switching noise due to impedance mismatching, and a 500 ns red
repumping with a same length PMT gating window shifted by 100 ns. Another 400 ns delay
is inserted to avoid possible overlap that may be generated by electronic jitter and different
time delays. The pattern can be repeated 1 million times in less than 3 seconds, which is a
very short time for possible cooling laser frequency drift.

To generate the high speed signal and store the 2 million data point (both start and
stop PMT counts for each round), hardware timing is implemented. As shown in Fig. 4.19,
the digital pattern is first set up and stored in the main memory of the computer. Once
committed, it is transfered into the board via a DMA channel and clocked out to the
corresponding digital outputs. The counter is set to buffered counting mode, in which it
is counting the source all the time, but only registers the number into the on-board buffer
when there is a rising edge at its gate input. The data memory block is transfered back to

the computer’s main memory through DMA channel too (4.19).
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Figure 4.18: The digital pattern to generate and detect single photons: the PMT is gated
to avoid 493 nm scattering light during the cooling and optical pumping.

The raw data is an array of 2 million 32bit integers, in which the odd index correspond

to the start counts and the even index correspond to end counts. Once acquired, the data
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Figure 4.19: Digital pattern generation: 1 million cycles of the digital pattern in Fig. 4.18
is formed in the main memory and transfered to the NI card’s on board buffer via a DMA
channel. The pattern is clocked out at 10 MHz. The 2 million PMT readings are stored in
the buffer and transfered back to the main memory with another DMA channel.
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is processed into raw counts with a poll counting listing individual numbers of the photon
events from 0 to 9. Each run consists of two individual measurements. The first one runs
with the same pattern except for the red re-pumping, thus generating no single photons for
background subtraction. The second one is with the red re-pumping turned on. A typical

set of data is shown in the table below.

No. of Photons || Background Events | Raw Events | Effective Counts
0 998015 994834 N/A
1 1969 5137 3168
2 16 29 N/A
3 0 0 0
4 0 0 0
5 0 0 0
6 0 0 0
7 0 0 0
8 0 0 0
9 0 0 0

The background is mainly from the PMT dark counts and background light scattering.
Because the PMT counting windows is short, the probability of multiple events is very small
and we can simply veto them. The difference single events between the two runs are the

single photons.

The physical mechanism of the single photon generation guarantees that it is impossible
to have multiple 493 nm photons at each excitation. To verify this we still carry out
a correlation measurement to prove it[72]. We switch the EMCCD camera for another
identical PMT module and perform a ¢(®) measurement to show the anti-correlation of the
two PMT counts at zero time delay. Though the signal is very noisy (Fig. 4.20), we can
still see that at time 0 there are fewer photons registered, consistent with the background,

which is a proof that we have a single photon source.
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Figure 4.20: Single photon correlation measurement: Since a single photon can not be split,
only one PMT register at the same time and the zero time delay the amplitude is lower.
The period of the peaks is the time of the excitation cycle.

4.5 Calibration of the Spherical Mirror

To evaluate the performance of the mirror, we carry out two quantitative calibrations|73].
The scheme [74] is straightforward: A constant point source’s brightness is measured through
different, known NA optics and the source intensity is calibrated by fitting the measurement
into the relationship between solid angle and measured intensity. Then an unknown optics
NA can be estimated by the light it intercepts. For our microscope setup (Fig. 4.21), it is
easy to add a calibrated iris in front of the objective to control the aperture, thus the NA.

The most direct light source is a saturated fluorescence of a single barium ion. When
the laser frequency is stabilized, the ion’s fluorescence intensity can be treated as constant.
Figure 4.22 shows the PMT counts vs solid angle. A detailed description of the losses in

the optical path will be discussed later. The fit is:

C

ot /0.05s = 0.4787 + 17494.74780) (4.5)

where Q is the solid angle. The corresponding fluorescence intensity is 1.27 x 107 /second.
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Figure 4.21: Optical setup for single photon source characterization: The ion is imaged with
the spherical mirror and then focused by an infinity corrected micro-objective and further
magnified with a singlet lens. A 492 nm interference filter only allows 493 nm photons to
pass. A non polarized 50/50 beam splitter sends half of the photons to the PMT and half
to the EMCCD camera for alignment. The camera is replaced with an identical PMT to
run the photon correlation measurement.
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Figure 4.22: For a constant intensity point light source, the PMT count has a linear relation
with the solid angle. By fitting the counts of a few setups with known solid angles, the
intensity of the source can be calculated.

Using the fluorescence collected by the mirror, we can calculate the solid angle to be 1.24 +
0.12 sr for the corrected image and 1.03 £+ 0.11 sr for the direct image, respectively.

Another light source option is the previously described continuously excited single pho-
ton source. Compared with direct fluorescence measurement, the single photon source has
little dependence on the laser frequency drift, ion micromotion and other environmental
effect. The optical pumping times for both transitions are much longer than their saturated
transition period therefore small changes in continuous parameters can hardly affect the
single photon generation. This is analogous to the comparison between analog and digital
electronic signals, where the former suffers greatly from all kind of continuously changing
parameters, while the latter is discrete and clean. But the challenge transfers from the
source side to the detection side, because it is more difficult and much noisier to detect
single photons.

The PMT counts of single photons can be expressed as:

C =Co+n = Co+nQIs + Ig) (4.6)
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where Cj is the PMT’s dark counts (~ 60 per 1 million excitations), 7 is the overall efficiency
to detect single photons from the ion, §2 is the fractional solid angle of photon interception,
I, is the intensity of the single photon source in the unit of photons per experimental
cycle, and I, is the background count. By taking two measurements and subtracting the
background, both the dark count and the background are canceled. We get the photon
count solely from the ion:

Cion = UQIS = ntnpthIs (47)

where the overall efficiency 7 is the product of 7, the optical system throughput, and 7,m¢,
the quantum efficiency of the PMT (12.7 + 1.0%). With five anti-reflection (AR) coated
BKY7 lenses (approximately 0.6% loss per surface), one AR coated fused silica view port
(1.0% loss per surface) and one 492 nm interference filter (53.1% loss), we have 7, = 0.432
and n = 0.065. Using these numbers and the measured PMT counts for different NA values,
we have I; = 0.976(4+0.024 — 0.106), which is consistent with unity, as expected (Fig. 4.23).
The error is dominated by the uncertainty of the PMT quantum efficiency.
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0 T T T T
0.000 0.002 0.004 0.006 0.008 0.010

Fractional Solid Angle

Figure 4.23: The ion is excited to generate single photons. The intensity can be measured
with same scheme as for the fluorescence source.

We then repeat the experiment using the mirror with the corrector and get 4350 + 91
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single photons per 105 excitation cycles (statistical uncertainty), corresponding to about
0.43% raw photon detection efficiency, or 3.4% throughput to the PMT. Using Equation 2
and taking into account additional losses (aluminum mirror reflectivity loss of 9% and
the uncoated corrector throughput loss of about 8.9%) we find an effective solid angle of
1.24 + 0.13 sr (combining statistical and equipment uncertainty). Without the corrector,
the count is 3981 % 74 photons per 10° cycles, and the effective solid angle is 1.02 4 0.11 sr
(note that only the mirror reflectivity loss is included here). Fig. 4.24 shows the relative
scale of these numbers. We can clearly see the collection efficiency boost due to the mirror

and the corrector.
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Figure 4.24: Solid angle improvement due to the spherical mirror. The blue dot is the PMT
counts with the mirror, and the green dot is the counts with the mirror and corrector. The
corrector helps to increase the counts further by reducing the spherical aberration, which
otherwise causes the photons to miss the PMT sensor.

The estimation we did in the beginning of this chapter shows that the mirror should
have an solid angle of 2.72 sr, more than twice of what we measured. The reason for this
can be seen by the analysis the light blockage by the trap rods (see Fig. 4.25). The lower

two rods of the linear trap actually block about 1.27 sr between the ion and the mirror;
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when the photons are reflected back, the trap blocks another 4.3%. Taking this geometric
factor into account, the effective solid angle is 1.39 sr, corresponding to a NA of 0.63, which
is consistent with the measurements. Fig. 4.25(b) shows clearly the shadows cast by the

trap structure on a defocused ion image.

(a) (b)

Solid angle blocked
by the trap

lon

Spherical Mirror [ /%52 _jﬁl'-g

Figure 4.25: The two electrodes at the bottom block almost 50% of the photons (a). This
can be seen from the shadow in a defocused ion image in (b).

4.6 Conclusion

In this chapter, we described a metallic spherical mirror integrated into a linear quadrapole
trap which collects over 10% of the fluorescence from a trapped ion. We tested the idea
of reducing the mirror’s spherical aberration by using a customized aspherical corrector.
These techniques gave us a record fluorescence collection efficiency in single ion trapping,
although we didn’t yet reach the ultimate goal of coupling fluorescence into a single-mode
fiber. The lessons from the current trap can be summarized in the following aspects. First, a
better method for precise optics alignment in vacuum is necessary. We need either a fancier
trap or a better alignment mechanism. Second, the linear trap’s structure is not suitable
for large solid angle fluorescence collection and it has to be modified to avoid significant
photon blocking. In the next chapter, we will discuss our effort of developing a new trap to

address these issues.
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Chapter 5

NOVEL TRAP II, THE "TACK” TRAP

5.1 Paul Trap Mutations

To solve the problems mentioned at the end of the last chapter, we designed and built a
trap with a totally different structure. Before we go into the detail of its construction, it
would be instructive to have an overview of the Paul trap design logic.

From Chapter II, we know the basic principle of an ion trap. The very heart of a Paul
trap is a flopping saddle-shaped electric field. An ideal two-dimensional saddle-shaped field
can be formed with 4 hyperbolic electrodes showed in the upper-left corner of Fig. 5.1.
Practically, for objects as small as laser-cooled ions, only the field near the trap center is
important. So it is not necessary to use exact shape electrodes in most of the situation,
and almost arbitrary electrode shapes can be used as long as they are symmetric around
the trapping point. To form a 3-D confining field, the 2-d structure can be revolved and
extended along its symmetry axis. The most widely used linear quadrapole trap is formed by
extension along the axial direction. The 3-D hyperbolic trap can be formed by rotating the
electrodes around the symmetry axis through the GND electrodes. If we switch the polarity
of the ring and end caps, it still generate a trapping potential. For both situations, the GND
electrodes can be omitted since there’s always ground at infinity. This generates the ring
trap and needle trap with very simple structure. Minimizing the electrode number and size
makes for more spatial access for optics such as lenses and cavities. Further rearranging the
linear electrodes can ultimately lead to a flat trap[75], which is suitable for mass fabrication
favored by current MEMS technologies.

We follow this logic to find a trap structure meeting our purposes. First, we would like a
rotationally-symmetric system, because it is easier to implement precise self-alignment for
optics in such a structure. Self-alignment means that the optics should be integrated into a

trap system so that no mechanical alignment is necessary after the trap is built. Direct use
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Figure 5.1: Paul trap mutations. The shapes of the electrodes are deformed for easy fabri-
cation and large optical access. A linear trap is formed by extending the electrodes along
the central axis. A ring trap is formed by omitting the GND electrodes and revolving along
the central line of the RF electrodes. A needle trap is formed by revolving the RF electrodes
along their axis. Surface trap can be formed by rearranging the linear trap and flattening
the electrodes.
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of the optical surface as the trap electrodes is the simplest answer. Second, in order to have
a large optical access with no photon blocking, the trap structure has to be open. We start
from a ring-needle trap in Fig. 5.8 and deform the ring into a curved surface with a hole in
the center. We then remove one of the ground needles and replace it with a ring to have
a large optical access. The other needle is left there to define the trapping position. Now
a new trap is formed: it uses a rotationally symmetric optical surface as the RF electrode
and a needle plus a ring as the ground. It meets all our requirements. With the shiny metal
mirror and the needle, it looks like a paper tack, and that is where the name comes from.
To study different optical configurations, we also make the central needle movable so that
the ion may sit at the desire place. Additional electrodes around the trap can be used to
compensate small misalignments and micromotion.

Different optical surfaces can be used for the RF electrode, as long as they are symmetric
about the optical axis (Fig. 5.3). Curved surfaces such as sphere, parabola and ellipse have
their respective advantages. Spherical mirror is simple and easy for both the macro and
micro fabrication; parabolic mirror produces perfect image quality and can achieve a solid
angle close to 4w, though it is difficult to make in both the macro- or micro- size. The
elliptical mirror combines the merits of both the spherical and the parabolic mirror: it can
form ideal image (on its other focus), and it is relatively easy to fabricate on large scale.
Fresnel mirrors and round grating can also be use to form a planar structure; more detail

will be discussed in chapter 7.
5.2 ”Tack” Trap Construction

We now describe the actual design, simulation and assembling of the "tack” trap. To lower
the cost and reduce the lead time, we base our design on a standard aluminum-coated
spherical mirror by Edmond Optics. It has a curvature radius of 4 mm and a diameter of
6 mm. The reason to choose such a small mirror is that the geometric aberration pattern
will shrink proportionally. The mirror can intercept 40% of the light from a evenly radiating
point source located on the focus of the mirror (2 mm away from the vertex), corresponding
to a NA of 0.977. A hole is drilled at the bottom of the mirror to fit the needle electrode.

This is done on a lathe to ensure concentricity. The smallest diamond drill we are able to
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A “standard” ring needle trap Deform the ring into Remove the top needle
around curved mirror

S-S | O
ww

Add a ground ring Add biasing electrodes

Figure 5.2: Design flow of the "tack” trap: start from a ring-needle trap; deform the ring
into a rotational optical surface; replace one of the GND electrodes with a GND ring; add
bias electrodes for micro motion compensation.
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Figure 5.3: Static electric field in an parabolic (a) and elliptical (b) "tack” trap. The saddle
point always exists if a rotationally symmetric surface is used.

find is 0.75 mm corresponding to 2.5% of the surface. This is the only loss due to the trap
structure. Fig. 5.4 shows four of such mirrors sitting on a U.S. penny to give a concept of

their small size.

The next important component is the needle electrode. We choose a @ 0.02” tungsten rod
and sharpened it by electrolytic etching. The tungsten rod is connected to a positive voltage
and dipped into a 2 mol/l KOH solution. Another electrode is emerged in the solution and
connected to the negative terminal. The current is maintained around 5~20 mA for a
reasonable etching speed and voltage. To etch out the tapered shape, the needle is slowly
pulled out of the solution by a stepper motor-driven micrometer. The etching procedure
can be programmed in advance and carried out by computer to form different sharpness
and shapes. For our purpose, the requirements are that the needle should be as symmetric
as possible; the tapered side should be steep enough so that the needle itself will not block
the photons from the ion, but the tip should be dull enough so that the ion would not be
too close to it (Fig. 5.5). Note that electrolytic etching can easily make very fine tips of the

order of hundreds of nm, which would be too sharp for our application because it would
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Figure 5.4: 4 small drilled mirrors on a U.S. penny.

generate a very strong field which traps the ion very close to the tip and increases the laser

scattering as shown in Fig. 5.5.

A few things can be done to make the etching as symmetric as possible. We use a
cylindrically symmetric negative electrode and put the rod being etched right in the center
so that the electric field is more or less symmetric. The bubbles are easily formed on the
rod surface that can change the local conductivity. This breaks the etching balance and
makes the surface rough and the tip to point to one direction. Therefore we put a metal
mesh between the positive and the negative electrodes to protect the needle and agitate the
solution constantly so that the concentration of the electrolyte is kept uniform. A smooth
rounded tip can be made by etching twice, where the first etching generates the sharp taper,

and the second a round needle tip.

To house the mirror and the needle to a Kimball Physics MCF450-SO2008 vacuum
chamber, a precision aluminum structure is made, shown in Fig. 5.6. The round mirror

pocket and the needle mounting hole are carefully machined to be concentric and tightly
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Figure 5.5: Different needle shapes. Left: the needle is very sharp and generates a very
strong field. The ion is pulled too close to the needle and the tip scatters a lot of the cooling
laser light. Middle: The needle is too dull and it blocks the fluorescence from the ion. Right:
the correct shape of the needle combines the round tip and steep slope to avoid both the
strong scattering and the photon blocking.
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Figure 5.6: The mirror holder is precisely machined from an aluminum block. A pocket is
bored for the mirror to keep it concentric with the needle hole.

fit one specific mirror to ensure the alignment. The hole for the needle has a diameter of
0.0217, slightly bigger than the tungsten rod. The two ear-like structures on either side of
the frame support the multiple electrode layers, and the barium ovens: The apertures are
made to collimate barium atomic beam. Mounting holes are drilled around the mirror to
hold the supporting rods.

To keep the needle aligned and straight, a needle guide (Fig. 5.7) is machined to match
the frame from its bottom. The diameter of the long guiding hole has to be enlarged
(0.052”) for easy machining. A ceramic tube with the same outside diameter as the
guiding hole and inside diameter as that of the tungsten rod is placed between the needle
and the guide to allow the needle to move smoothly along the ceramic tube. The guide is
screwed to the bottom of the trap frame along two dowel pins to ensure the precision.

Fig. 5.8 shows the detailed structure of the trap. Four ()0.06” alumina rods are fixed by
#3 — 56 screws to the four mounting holes. They are the guiding beams for the electrodes.
The mirror is placed in the pocket. A 0.75” x 0.75” x 0.0125” stainless steel plate with a
(¥0.25” round hole in the center is pushed against the mirror. The mirror’s metal surface is

electronically connected with the RF signal through this plate. Four alumina spacers with
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Figure 5.7: The cross section of the needle guide. It keeps the needle vertical and moving
smoothly.

four stainless steel ring electrodes sit above the RF plate along the guide beams. The four
ring electrodes will be separately connected to DC voltages to compensate ion micromotion
and to correct ion misplacement. The needle guide with the alumina tube is screwed from
the bottom. Another hollow stainless steel plate is laid on top of the spacers and used as the
ground electrode. Finally, a 0.03” thick stainless plate clamps down the whole structure.
The top clamp presses both the ground plate and the RF plate tightly so that they deform
slightly from a perfect circle, which removes the degeneracy of the trapping potential in the
horizontal plane.

The trap structure is mounted into the vacuum chamber with two groove grabbers.
There are eight side viewports on the chamber. The two along the long axis of the trap
structure are used for electrical feed-through, and the other six are the view ports for optical
access. The oven is then placed on one side of the trap. The barium beam is collimated
by the small aperture to avoid coating nearby electrodes, especially the mirror. The fully
assembled trap is shown in Fig. 5.9.

The needle is attached to a UHV-compatible linear actuator with a moving range of 1”.

Fig. 5.10 shows an overview of the vacuum system. To make the system compact, the main
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Figure 5.8: Construction of the "tack” trap. The mirror is pressed by a stainless steel plate
into the pocket on the aluminum frame. The RF signal is connected to the mirror surface
via the plate. Four electrodes are around the mirror. Above them is the ground plate. Ions
will be trapped between these two plates, near the needle tip.



71

Optical
Access (up) 791nm
lonization

Cooling
N: Laser

ﬁ

Electrodes
&
Oven

Pump (down)

Figure 5.9: Port assignment of the trap chamber: The narrow band 791 nm ionization laser
is perpendicular to the barium oven axis. The cooling lasers are tilted by 4° off the plane
to cool the ion motion along the optical axis.
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Figure 5.10: The overview of the "tack” trap vacuum system.
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chamber is mounted vertically. It sits on a 4 way-cross between the pumps and an ion gauge,
which gives us a more accurate pressure reading and better pumping. The most challenging
part of vacuum system assembly is to attach the trap chamber to the system. The actuator
with the needle mounted on the top is already in place and the chamber weighing more
than 7 1b has to be installed with the needle going through the thin alumina tube. Multiple
needles have been bent or destroyed before eventual success.

Barium is highly active in air, so we have to load it in an inert gas. The oven is
modularized and attached to the chamber via a groove grabber. The new trap’s structure
allows a much smaller room for oven installation and we have to load the oven before it is
fixed to the chamber. The alignment is also very critical, a few degrees of misalignment
would result in failure to load ions (This did happened at the first attempt, and we had to
open the vacuum and reinstalled the oven.). This sophisticated operation requires a longer
time, and the original Ny protection scheme we used to employ doesn’t work well. Noticing
that pure barium doesn’t interact with C'Os, we usese it instead. The trap only needs to
sit in a tank instead of a sealed chamber because the COs is so heavy that it can displace
the air and retain in the tank . This gives us huge convenience for hand operation. A CO9
bath can be easily generated by putting dry ice on the tank floor. In less than a minute,
it displaces the air completely. C'O4 gives us enough time (more than half an hour, limited
only by the amount of dry ice) to load the oven module, install it in the trap chamber and
carefully align it.

After oven installation, the vacuum system is sealed and pumped down with a turbo-
molecular pump, during which we run the oven at ~2 A for about 30 minutes to bake out
the possible barium oxide and other dirt. The whole trap is then heated up to ~ 195°C
and baked out for two weeks, during which a 225 1/s ion pump lowers the pressure from
107® torr to 10~7 torr. During the bake out, the turbo pump is frequently turned on to
pump gases such as Hy out of the system. The pressure saturates at around 1 x 10~7 torr
at 195°C'. Considering the complex structure and the distance between the gauge and the
pump, this pressure is reasonable. After the bake out, the Ti-sublimation pump is run for a
few times to get rid of the water on its own filaments. We run the oven hot again before we

close the valve to the big ion pump and separate the vacuum system from external pump.
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The small, 20 1/s ion pump is then turned on to further pump down the closed system. In
the following weeks, the Ti-sublimation pump is frequently run, and the system pressure

goes down to about 10710 torr.

5.3 Electrostatic Field Simulations

To predict the ions position in the trap, we use FreeFem++ software package to simulate
the static electric field created by the trap. The program is a 2-d differential equation solver,
so we start with the Poisson equation in cylindrical coordinates and reduce it into a 2-d

problem. The variational form of the Poisson equation is:

+ — — ——dxdy=0 (5.1)

/avau Bvau_vau
s Ordx  Oydy xox

where u(z,y) is the potential field to solve and v(x,y) is an arbitrary function differentiable
to second order. The boundary conditions are set according to the electrodes’ connection.
The top, bottom and left boundaries of the calculation zone are set to ground and the right
boundary is free. An example of the resulting field is shown in Fig. 5.11:

The result, after symmetrization about the right boundary, can be numerically fit into

a quadratic function.
u(r,y) = 0.12r2—0.22y2+7.9x 10 0ry—3.9%x 1071 7r4+5.4x 10 3y+1.4x10~4(V/mm) (5.2)

Except for the first two terms, others are much smaller, and are ignored in the following
calculations. The field shows a weak trap along the radial direction and a stronger, asym-
metric trap along the axial direction as shown in Fig. 5.12. The trapping depth of the
ponderomotive pseudopotential can be evaluated as:

QV?

U= meae

(5.3)

where () and M are the charge and mass of the particle, V' is the RF field’s voltage amplitude
on the mirror, € is the RF frequency and d is a geometric parameter, here corresponding
to the reciprocal of the square root of the quadratic coefficients. A 20 MHz, 400 V RF
signal on the electrode corresponds to a trapping depth of 0.2 eV, which is about an order

of magnitude higher than the thermal energy at room temperature (~ 0.01 V). In the
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Figure 5.12: Numerical fit of the "tack” trap’s saddle-shaped field: the field along the radial
direction is symmetric and weaker than that along the axial direction. The field along axial
direction is asymmetric. It is steeper on the side near the needle.
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experiment, when connected to a helical resonator, the RF resonates at 23 MHz with a Q
factor of a few hundred. The maximum input RF power is ~6 to 8 W, which corresponds

to about 400 V on the trap.
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Figure 5.13: Simulated ion-needle distance at different needle positions

A very important structure of this new trap is its movable needle. We hope that the
ion will follow the needle tip position to sit at desire place for imaging. To estimate the
distance between the ion and tip, we calculated the trapping positions for different needle
positions. Fig. 5.13 shows that in a large range, the ion is about half mm away from the

needle tip.
5.4 ‘'Trap Performance

After two weeks of trying, it traps at last. The ions are found 0.5461 mm away from the
needle tip. The measured secular frequency is 0.37 MHz in the radial direction and 0.6 MHz
along the axial direction with ~ 3 W of RF at 23 MHz. Large ion crystals (Fig. 5.15) can
be loaded with high barium oven temperature. The radial direction is almost degenerate, so
when the crystal is rotationally symmetric, the ions tend to rotate. When the degeneracy

is broken, the ion images are sharp. Single ions can be loaded with lower oven current
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(~1.32 A) and ionization UV laser repetition rate (~0.5 Hz). When moving the actuator,

the trapped ion(s) can follow the needle. The distance between the tip and the ion is almost

a constant, as can be seen in Fig. 5.14.
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Figure 5.14: Measured trapping positions at different needle positions.

5.5 Correction Optics Design

1000

1500

The "tack” trap’s small mirror gives us a chance to see both the image and the spherical

aberration on the camera. The paraxial portion of the mirror forms a decent image which

can resolve ions ~ 10 um apart (Figs. 5.15 and 5.16). But beyond that, the spherical

aberration is huge, which is seen as large rings in Fig. 5.16. By adding up photon counts

on each pixel of the camera, the intensity distribution can be estimated. The full aberated

image has a count of ~ 30000, while the central bright spot has a count of only about 4000.

To fully utilize the mirror surface and generate diffraction-limited image, we need an

aspherical element. The "tack” trap’s smaller configuration requires different correcting

scheme than in the first trap. Its 4 mm focal length leaves no room for a Schmidt-like

correction plate as we did before. If the ion is located at the focal point of the mirror, the
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Figure 5.15: Images of ion crystals: Top ones are taken with the microscope and bottom
ones are taken with the mirror.
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Figure 5.16: A picture showing large spherical aberration formed by the ”tack” trap mirror:
The central bright spots are resolved individual ion images formed by the paraxial portion
of the mirror and they only contain about one-seventh of the overall counts. The bright
region within the ring is formed by the mirror’s marginal portion.
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rays intersect with each other before any possible correction. One way to avoid this is to
put the ion further away from the focal point, so that an intermediate image is formed first,

and then an aspherical piece is used to collimate the ion’s image (Fig. 5.17).

Figure 5.17: Corrector setup for the ”"tack” trap. The mirror of the ”tack” trap is too small
to apply any collimation corrector. Instead, the ion will be place at a position further than
the focal point and is imaged first by the spherical mirror. The light from the ion image
is then collimated with an aspherical piece, which also compensates the huge spherical
aberration.

Normal aspherical lens shapes are calculated for a point source with no spherical aberra-
tion, while for the ion image by the spherical mirror with such a high NA, the aberration is
huge, and it must be compensated with customized optics. We can use the same segment-
fitting method as before to calculate the shape. Practically, we used the Eigonal method
[76] to derived the shape. We only need a small modification to realize this on the base
of the former program. When tracing each rays recursively, we use a variable to store the
optical path during the current propagation and add to the former value. Then each run
of the ray tracing will give us all the former information plus the optical path. By ordering
the optical paths of different rays to be equal to the one along the main optical axis, the
coordinates of those points on the corrector surface can be solved. Once a large number
of points are calculated and joined, they form a smooth line with deviation less than the
optical wavelength. Fig. 5.18 shows the simulated performance of the corrector and its

dependence on various misalignments.
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Figure 5.18: The ”tack” trap’s optical tolerance to defocusing, tilting and mirror deforma-

tion.
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Figure 5.19: The lens shape calculations are carried out for two different materials, acrylic
and polycarbonate.

5.6 Preliminary Results

To test the aspherical lens, we make a few prototypes out of the two materials: acrylic
and polycarbonate. Acrylic is soft and has a higher water absorption rate. It is very
easy to polish and scratch. Polycarbonate is ideal for plastic optics but the polishing is
challenging. Since the two materials have different retraction indexes, two corrector shapes
are derived, shown in Fig. 5.19. With our prior experience, the polishing procedure is
improved by omitting the sandpaper pre-polishing to avoid scratching the surface of the
flat side. Instead, we mix the 0.1 um alumina powder with water and paste it on a fine
fabric cloth stretched on a flat glass. The alumina powder in the cloth evenly contacts the
flat surface and there is no sharp point to scratch it. The convex surfaces are polished on
a lathe. The central part of the curved surfaces can not be polished well, but this is not a
serious problem for us because there are almost no light rays through there. The finished

correctors are shown in Fig. 5.20.

Fig. 5.21 shows the ion(s) image acquired with the optical setup in Fig. 5.17. The
EMCCD camera is placed at the focal point of the micro-objective. Compared with the
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Figure 5.20: Polished aspherical acrylic (vertical) and polycarbonate (horizontal) lenses.

images directly formed by the mirror (Fig. 5.16), the big ring disappeared and most of
the light is concentrated in a very small area. The spot size is of order of 100 pwm, much
bigger than the diffraction limit. Considering that there are more than 4 different degrees
of freedom(the ion’s position, the corrector’s position and tilting angles, and the distant
between the micro objective and the camera) that haven’t been optimized, this image is
consistent with our simulation (Fig. 5.18), where very small deviations (~0.1 mm) will result
in image spot size above 0.1 mm. One noticeable improvement from our last trap is that the
coma of the image is not significant, which indicates the self aligning design is beneficial.
As our next step, we will add another magnification stage to get better image resolution.
This will enable us to fine tune the optical setup to have a smaller spot size. Hopefully we
can get close to the diffraction limit and couple a reasonable fraction of light into a single-

mode optical fiber.
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Figure 5.21: Contours and spot profiles of ion images formed with corrector. A and B: a
bright ion crystal; C and D: a small number (possibly single) of ions. There is no obvi-
ous coma in both images. The large ring due to enormous spherical aberration is almost
completely eliminated by the corrector.



85

Chapter 6

SCALING UP AND DOWN

In this chapter, we study the possibility of scaling down the size of the ”tack” trap for
scaling up the number of traps on a chip. From optics perspective, smaller devices are
preferred because all the aberrations due to geometric factors are scaled down with the size,
and the images approach the diffraction limit eventually. But if the trap is too small, the
Johnson noise from the trapping electrodes will heat up the ions [57]. A reasonable size for
micro trap is of the order of 10 to 100 wm. Current MEMS technology works very well at
this scale, therefore such optical structures may be added on a micro-fabricated trap. I will
first discuss a brute-force approach to minimizing the tack structure, and then a possibility

to flatten it.

6.1 Fabrication of ”Tack” Trap Components

One of the reason that we choose a spherical mirror instead of a parabolic mirror is its
scalability. There are multiple ways to fabricate micron-scale spherical mirrors, whereas
few technology exists for parabolas.

Spherical surfaces can be fabricated by anisotropic etching with KOH [77, 78]. Fig. 6.1
shows the outline of the procedure. The silicon layer is masked by a round SiO2 mask of
diameter D and etched by KOH. The etching stops at the four < 111 > planes leaving a
pyramid pit with depth of D/v/2. Then the oxide is removed and the bare silicon continues
to be etched by KOH. The pit will finally be etched out leaving a smooth curved surface
of roughness 10 to 30 nm (or less than A/10 for 493 nm light). The method has excellent
surface quality and a maximum NA of about 0.2, which is a bit small.

Deep spherical surface can also be fabricated by isotropic etching. The process is illus-
trated in Fig. 6.2. The silicon substrate is first masked with a round Si0O3 hole and etched

in HNO3 4+ HCI solution with agitation. The shape can be controlled by the etching time
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Figure 6.1: Curved mirror fabrication by KOH etching (The figure is from 6.2). First,
a notch is etched with a round mask on the silicon substrate(not shown here), then the
mask is removed and the silicon is further etched until the notch disappears and the surface
becomes smooth.

and the concentration of the acid. The surface smoothness can be as good as 6 nm, and the

NA may approach 1.

My personal favorite is the templated self-assembly electroplating method[79]. The
difficulty of mirror fabrication is etching a curved surface out of a plane, because most
etching methods are only good at precise 2D structure etching. The extra dimension means
either the shape approximation or the need for extra masks and etching steps. Fig. 6.3 shows
the concept of the templated self-assembly electroplating method. A silicone substrate is
masked and a pocket is etched. The sidewalls of the pocket are coated with a thin layer of
metal for electric connection. A spherical bead is added; it falls into the pocket due to the
gravitational force. The base and bead are electroplated in an electrolyte bath. A spherical
mirror forms in the space between the pocket and the mold. This method avoids concave
etching by using a convex template. The latter is much easier to fabricate and polish. For
example, small glass beads can be produced controllably by melting an optical fiber tip by

high power laser. The shape and roughness of the electroplated surface totally depend on
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Figure 6.2: Curved mirror fabrication by HNOs + HC! etching. First, the silicon substrate
is masked with a round hole (a). Then the substrate is etched with HNOs+ HC'L solution
with agitation (b). The enchant attacks the substrate in all direction, leaving an almost
spherical shape. Finally, the mask is removed when the etching is done.

that of the mold. If we use elliptical beads instead of the spherical ones, the solid angle
can be easily made larger than 27 sr and the aberration on the other focal point can be
completely eliminated with no additional optics. Sadly, parabolic molds seem unrealistic.
Micro-fabricating the needle is a different challenge. It can be fabricated, for example,
with the method developed in [80] and illustrated in Fig. 6.4. With DRIE (Deep Reactive
Ion Etching) process, high-aspect ratio pillars can be formed. To avoid a negative profile
on a high-aspect ratio pillar, finer protection pillars are patterned around the main pillar
to collimate the ion beam. An additional RIE (Reactive Ion Etching) process follows to

sharpen the central pillar into a needle while the protecting thin pillars are etched away.

6.2 An Vision for a Micro-fabricated ”Tack” Trap

Here I combine the technologies mentioned in previous section to form a micro fabricated
trap design. The micro trap includes the following components: a spherical mirror with
curvature radius of 200 um and aperture radius of 150 um; a needle through the mirror

vertex reaching at half the mirror radius; four electrodes 100 wm above the mirror. It
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Figure 6.3: Micro spherical mirror fabrication by molding and electroplating. The silicon
substrate is masked and dry etched to form a deep pocket with same diameter as the
spherical mold (a). The mask is removed and the bottom of the pocket is coated with
metal as electric path for plating (b). The spherical mold falls into the hole accomplishing
the self-assembly (c). Metal accumulates between the ball and the substrate during the
electroplating. The shape and smoothness of the metal surface is totally defined by that of
the mold. After electroplating, the mold is removed (d).
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is difficult to combine a sharp needle together with a smooth surface, therefore we would
fabricate the needles and the mirrors separately, and assemble them afterwards. The binding
procedure will not be prohibitively difficult because the sizes of the needles and the mirrors
are around order of 0.1 mm, big enough for macro precision alignment equipment.

First we fabricate the needle plate with high aspect ratio etching. It starts with a 500 ym
thick p-type conducting silicon. A 20 pm thick polyamide is deposited and patterned as the
insulator between the metallic electrodes and the p-doped silicon substrate. A thin layer
of metal is deposited and patterned. Another layer of polyamide is deposited to cover the
metal traces. The needle will sit on a metal pad after etching. We then pattern the other
side of the silicon with 12 pum thick positive photoresist, and follow with a two-hour DRIE
process to form a pillar group leaving a thin layer of silicon. The needle is then formed by
the RIE process and the thin silicon layer is etched off. The height of the needle should be
less than 500 pm.

Then we use the self-assembly template electroplating method to fabricate the mirror.
The procedure (Fig. 6.5) starts with a silicon substrate of 350 pum thickness. A thin layer (1
to 2 um) of silicon oxide is deposited and patterned for RIE. The pattern includes a pocket
structure (a 400 x 400 pm square), an aperture for needle (040 pm) and access paths for
electroplating. The RIE procedure will etch to the depth of 200 um. We keep the oxide
layer and evaporate on a thin layer (0.5 um) of metal (Au or Pt). Then the metal layer
is patterned to form 4 biasing electrodes. We immerse the finished structure into Au™ ion
electrolyte with optical-grade polished beads of 400 um diameter. The beads will fall into
the guides and form a template for electroplating. By finely controlling the electroplating
current and time, a layer of 200 um of metal is deposited in the gap between the bead and
substrate. The whole process is finished with beads removed from the guide structure.

Once both pieces are ready, we can bind them together to form a mirror trap (Fig. 6.6).
This mirror trap will offer us a fractional solid angle of ~ 0.4 (i.e.~ 1.67 sr). To reduce
the Johnson noise, the trap should possibly be operated in low temperature. A 10 MHz to
20 MHz RF signal with amplitude of about 20 V (or higher, only limited by the breakdown
voltage between the mirror surface and the needle) added between the mirror and the needle

will generate a trapping field with similar depth (~0.1 eV) as the macro trap we have built
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Figure 6.4: High aspect ratio needle etching. (a,b): patterns to form a metal electrode
sandwiched by polyside. (c): cross section before DRIE procedure: a 500 um doped silicon
is combined with the electric plates; (d): cross section after DRIE: a thick beam is protected
by several thin beams around; (e): further RIE to form the needle: the thin beams are etched
away while the thick beam is etched into a tapered shape.
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Figure 6.5: Fabrication of the micro ”tack” trap’s mirror electrode. (a): The oxide layer is
deposited as both the RIE mask and the insulator layer. (b): RIE etches the silicon to form
the mold guide, the needle aperture and optical access. (c): The electrodes are deposited
and patterned. (d): The mode is added and the mirror surface is electroplated. (e): The
mirror is finished with removing the mode.
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and tested. The 4 electrodes on the isolation layer can be grounded to deepen the trapping
potential and to shield the ion from the environment . The ion’s position can be fine tuned

by biasing the 4 electrodes’ DC voltages.

Figure 6.6: Final assembly of the micro fabricated mirror trap.

6.3 A Planar Design

If the mirror/needle structure can be flattened into a 2D surface, the fabrication procedure
can be further simplified, and it would be easier to integrate the surface trap with the
standard surface linear trap so that ions can be moved in and out of the mirror region if
necessary. Conceptually this is not difficult, for it is similar to a Fresnel lens except for
that it is mirror. Suppose the focal point is a distance d above the plane. Then a series of
concentric rings focusing the collimated beam to the focal point is fabricated, as shown in
Fig. 6.7(a). The shape of each ring is a small segment of parabola which can be expressed

as:

,r.2

a? = 4dp(y + e (6.1)

where p = 2(d + Vd® + 4r?), d is the focal length and 7 is the distance from the mirror
center to the inner edge of the ring. Each ring has to be etched (or deposited) with multiple
steps to form small (< \), discrete steps. Finally, the surface is coated with Au or Al to
be reflective and conductive. Following the trap mutation logic in chapter 5, we can fit the
trap electrodes on the same plane. The three electrodes from center to rim are ground, RF
and ground (Fig. 6.7(b,c)). This can be done with lithography quite easily. A trap of this

kind can give us nearly 27 sr solid angle.
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Figure 6.7: A planar trap with a Fresnel mirror (a). The electrode pattern for a circular
planar trap (b), and its field contour (c). The red represents RF and the blue represent
ground. Ions can be transfered through the linear planar trap to the center.
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Conclusion

Fluorescence detection is a major channel to probe atomic systems. However, the ef-
ficiency of this process has not been quite so important until the advent of trapped ion
and atom quantum computing, especially for probabilistic entanglement scheme for single
trapped ions. The latter is a beautiful tool to transfer quantum information between mas-
sive particles and flying photons. Long distance entanglement of massive particles has never
been so "easy”. We built two different traps to address this issue. The feasibility of our
approach has been well proven by both traps. With the first trap’s experience, practical
factors were considered in the development of our second trap. Once the single-mode fiber
coupling is achieved, we will be poised to do the first loophole-free Bell inequality violation
experiment.

Looking ahead, trapping ions strongly coupled with a high finesse optical cavity may
be the ultimate solution for ion-photon interface. I believe it depends on a successful
combination of traps and optics, in the same spirit in our ”tack” trap design. It won’t be
too long before micro traps are integrated with light sources and detectors, which would

eventually realize the practical quantum computation.
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