1 Introduction

is section, I will give first a short introduction to ultracold atoms and secondly I will give a motivation

and the condition of quantum computation.

1.1 @a Atoms

Ultracold a@is a dominant experime E pparatus that ]@ an analogy to other real physical systems.

®

cooling process can divid, two parts, first by on resonance laser that can cool the atoms up to ~ 10 uK

Moreover, ultracold fermionic systems can ¢ as describe a fermionic physical system with a high pow

experimental toolbox. The atoms are isolated with ultrahigh vacuum from the external environment.

in “°K. The second part oration in a magnetic or optical trap. One of the important tools in such

S is Feshcach resonanc Q e ability to tune the interaction from strongly repulsive to attractive.

1.1.1 Feshbach resonance in cold atoms

One of the main tools in cold atom @riluental is the ability to control the interaction between atoms
using the Feshbach resonance mechanism. T@llow to widely tune the scattering length of the atoms. The
interaction between twg-atqms can describe with a scattering process.

s depends on a single parameter
— the scattering lengt E given by

tan (9
a=— lim —an( 0)
k<l/ro kK
where k@e scattered atom mome@o ml e interaction_range, and &g 1@3 phase shift between @he
incoming and the scattered wave-func | ali atorp I9K), the scattering length is around the van

le Bohr radius. In this case, 1/kpa =~ 0.0 h
is very s co@onding to weakly interaction gas. The scattering length can be tuned from negative to

der Waals atomic range a ~ r9 = 50 — 100aq, where ag

positive make the atoms from attractive to repulsive, respectively.

The key to manipulating the scattering length stems from the coupling between different atomic states with

different, total magnetic m nts. The relative offset eneretween the different state can be tuned via
an external magnetic fiel Q their different magnetic montEZ] (Zeeman shift). ically, the atoms enter
the collision in the lowest energy channels, 1 called open channel. The second

the closed channel and it has a higher energy.

lved channel is called

The relative Zeeman shifts between these two channels can be used to tune the energy of the last bound
state of the close channel into reso with the clo@lannel bound state. As a result, the scattering length

diverges at resonance and is given

a(B) = ap, (1 - BA_—@J (1)

where apg @e backgrm@attering length away from resonance, AB i@: res ce width, and B()@

resonance position. In 10 parameters for Feshbach resonance between the st&d|F = 9/2,my = —9/2)
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and |F =9/2,my = —-7/2) Q
apg = 169.7 a()@: 202.14 (1) G, AB = 6.70(3) G. There is more resonance between other sta t

for other reasons, ant to work in this specific states.

1.1.2 @al dipole trap

When an electric field E oscillating with frequency w, such as the light field, acts on a neutral ator@
induces an electric dipole moment

p=akF

where « @e complex polarizability. Because this electric dipole moment interacts with the light ﬁel

atom has a potential energy of
1

2
Therefor@ potential energy is proportional to the intensityl o< |E|? of the oscillating field. @ng into
account, the frequency ddence of and damping due to spontancous emission, the full expression for the
1]

Udgip = —= (pE) x —Re () |E|?

dipole potential is given
3mc?l
Udip(r) = WI (r)
where T (r) i@a laser beam intensity, I" @e natural line-width, and 6 = w —wp 1 @e frequency detuning
of the laser from the frequency of the optical transition wp ;. The dipole trap can be attractive for red
detuning (§ < 0) or repulsive lue detuning (6 > 0). For the simple case of TEMyy Gaussian mod

depth of the potential is given
Usip(r,2) = ~Us [L = 2(1/w0)’ = (2/25)’]
where wq @ beam waist, 2z, @e Rayleigh r@ and Uy i@: trap depth.
1.2 @ntum computation and simulation

In quantum mechanics, the dimension of the Hilbert space grows exporjjlly with the system size. @
need an order of C™ bytes,

order to present a quantum state with n particles in |d@srcad computatio
where C' is a constant. Therefore, the possibility of ing a calculation of many-body quantum states

becomes an impossible situatig=== classical computing.

To overcome this problem, hs first proposed by Riebaxd Feynman [9] to use a quantum computational
machine (“Quantum Computer”). A quantum computer e to calculate not only simulation of quantum
dynamics but also complex mathematical problems.

For two decades, reseazchers have been trying to implement quantum computation using different plat-
forms. These platforms able to make progress with, but all the systems were limited and they held back

its further development.
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Quantum computer system requirements as stated by D.DiVincenzo [@)uld comply with @nditions:.

e Quantz= state. The quantum state is the storage of the quantum information in a quantum com-

puter refore it needs to be well defined. In quantum computatioﬂ@e state is usually two state
,J0)and |1).These states define the qubit, and the qubit state is defined by

¥) = a|0) + B1)

where o and @omplex numbers. When the qubit is measured, @ the probability of |0¢|2 it will
be in a state |0) and with a probability of |3|? in a state |1), satisfying the relation:

jaf” + 16" = 1

since the probabilities r@ total in sum to one.

e Preparation of the Initial State. The system should have the possibility to prepare the initial state
of the qubit. The initial state is of little importanc we can le operators (?quantum gates”) to

function upon the system, obtain every possible state and use f{ as an initial base for the system.

e Quantum gates. It should be possible to operate the system with a set of operators. The system
should include the possibility of performing on s al of universal unitary operations (“Quantum
Gates” aate is able to act upon a one qubit or two qubit system. There are several types of one
qubit gate uding a Hadamard gate, a phase gate and 7/8 gate. The two qubit gate is C-NOT. In
place of a C-NOT gat an use a vV SW APgate
By using Hadamard, Phas VSW AP gat can obtain any unitary operation of n qubits@‘

taking a cumulative series of these gates.

e Ability to Measure the Result. The@‘i:y to measure the final state of the system is required
for all computation systems. Therefore, e also should be able to measure the final state of the

system (in all qubits).

e System Scalability. System ?hysical resources @\:e, money, etc.) @not scale as X, where X @

some system constant and e number of qubits. This requirement enables the system to become

technically effective.

Another problem that exists in the real world is derence due to undesirable interactions between the

quantum computer and its environment. Therefore, eed to make sure that the time scale of the system
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isolation T7 i@aller then the preparation time of all the operation gat@g\ate.

T
gate < 1

I

To date, attempts @ made to create different physical===tems to meet these requirement@ncluding
optic [20], ion traps [6, 13], quantum dots [15], neutral ain optic trap [27] and superconductivity de-
vices [2]. All of these systems suffer from inherent limitations that prevent them from constituting a perfect
platform for quantum computation. For example, in an ion trap, charged ions can be heated by fluctuating

patch potentials in trap electrodes [28].

@ have developed a new platform of quantum com@ is bases upon ultracold fermi ato@
in an optical microtrap. The basis for these platforms is fact that the system has a fermionic statistic. In
addition, the system of cold atoms can control @interactlon between atoms by using Feshbach resonance.

Furthermore, the depth of the micro-trap, shap d position in space can be controlled dynamically.

2 The new platform of quantum computation

omputation are realized in ot@oposed
computational scheme. The v/SWAP gate was developed by Q onathan Nemirovsky.

2.1 The t

This chapter describes how the five conditions for quant

C@luantum computer is based on two internal energy levels of a 49 m held in a microtrap. @
ch 1) =10,9/2,-9/2) and [1) =p2<9/2, —7/2) with notation |n, F,m)2="lere n@le vibrational state,
F 'Qﬁ total atomic spie==nd i@a projection in 2 direction (set by external magnetic field). an
choose any t ¢ state Q t @an‘c to control the interaction between the ato y means of a Feshbach
resonance @ he Feshbach resonance between my = —9/2 and my = —7/2 E B = 202.14 G. This

tunability is @ g to be important for plementation of the two qubit gate.

2.2 Preparation I@lal State

The requirement of preparation seque is to generate a single atom in a microtrap with the ability to

know the initial state. The system would ast with high repeatability. The system e described in
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more details ir@erimen‘cal system chapter.

2.3 Quantum Gate

To perform a quantum computer, @eed to realize a single qubit gate (Hadamard gate, the phase gate,
7 /8 gate), and the two-qubit gatey/ SWAP in our system.

e Single qubit gate:
Any unitary transformation on a single qubit can be decomposed into a rotation in the Bloch sphere

around some axis 7 by an angle # multiplied by a global phase ¢
U = i i50n

where &n@uli matrices. @an realize this unitary transformation in a cold atom system by coupling
some two-level system to an external eld [1, 16]. The experimental parameters that control the
Bloch sphere rotation are the phase of the RF pulse and the detuning between frequency and the
t ates energy different divided by A.

o /SWAP gate
The v/SWAP is a two qubit gate that@ the states half way, namely,

1 0 0 0
U |0 A1+ (1-4) 0
VERE o La-a) Sa+i) 0
0 0 0 1
with respect to the basi , 415 1140, |11). In Bell state representation, the v SWAP @amge just

the anti-symmetric stat
AT NN T NN
(dl 'U/QT — ulT 2 ) |”L/J> — 1 (dl UQT — U1Td2 ) |¢>

whereas @other states not develop.
To implement the two-qubit v/SWAP gate, we utilize two unique advantages of ultracold atoms.

— Ability to control the interaction between atoms around@‘]bach resonance [5].

— Ability to shape the potential landscape using far off resonance light, controlling the atom tunnel-

ing between two traps [24].


.
Sticky Note
in the Experimental System chapter

Typically, the names of chapters are capitalized, but please check with the guidelines of the publishing body. 

.
Sticky Note
a single-qubit gate and the two-qubit gate .... was used in the proposed system. 

.
Sticky Note
represents the 

.
Sticky Note
This unitary transformation can be realized in 

.
Sticky Note
Please consider defining EM. 

.
Sticky Note
its

.
Sticky Note
two different energy states divided by...

.
Sticky Note
swaps

.
Sticky Note
changes just the anti-...

.
Sticky Note
to 

.
Sticky Note
no other states are developed

.
Sticky Note
two unique advantages of ultracold atoms were utilized.

.
Sticky Note
the 


These@ether with fermionic statistics, are the basis for a new protocol for vSWAP e. This
consider

protocol is original but similar in some aspects to the gate first described in Ref. [12].
two optical microtraps with one atom at each site, with a distance d (t) between them. Using second

quantization formalism and the Fermi-Hubbard model [14], the Hamiltonian is given by

Hyy=J- (77,{«&2 +abay +did, + (Z;Zl) 12U - («a{mdwl + a;&ﬂ;dg)

=J-H;+U-H,

Where J @\e tunneling energy, U r’] site interaction energy, 4; and ﬁj a@\nnihila‘cion and creation
operators of particle 7 in state |t @i d; and cfj a@mihilation and creation operators of particle ¢
in state [{). By t he system parameters U = U; with bach resonance and J = J; with the
distance between the qubits d () and set the gate duratior@he dynamics of the Hamiltonian are
given by

SWAP = exp (—iTlH(Ul, Jl)/h)

The conditions on U; and T@ (see Appendix):

2
2Jh (2n — % hmy/m2 — (2n — &
Ul =4 ( 2) - Tl _ 2]( 2)
m? — (2n — 1)
Where m odd integer and n @'Ay integer. The last parameter, J;, depends on the distance

@een the two qubits, i.e., d (t).

an realize the vVSWAP gate in the following stages

1. @e‘o the tunneling to some value J = J; and the interaction U = 0. @vait for t1 = %

and get the dynamic for the anti-symmetric state [t4) .
(J1T122T - leCiQT) |0) — —i (fleﬁlT + 152“{2Jr> |0>@

while the symmetric states dAl]LuAQT + ledAgf, 1[1T1ZQT, dAltdAgTare stationary.

2. l\@wthe tunneling energy to zero, J = 0, and @ the interaction U = U; for@tion

of to = s a result, the symmetric states @10‘5 change while the ¢ A@e is now
S I AL
—1 (dl uy! + ug'do ) |0> — — (d1 Uy + up'ds ) |0>

3. In last stage repeat on the first stage by setting the tunneling energy J = .J; and turn off the

interaction. We wait t; = ﬁ and the symmetric state ,again, not chang the anti-symmetric


.
Sticky Note
advantages,

.
Sticky Note
Two optical microtraps with one atom at each site with a distance d (t) between them were considered. 

.
Sticky Note
represents

.
Sticky Note
represents the

.
Sticky Note
represent

.
Sticky Note
,

.
Sticky Note
represent

.
Sticky Note
tunning

.
Sticky Note
as 

.
Sticky Note
space

.
Sticky Note
represents an

.
Sticky Note
represents

.
Sticky Note
The ...gate can be realized in the following stages.

.
Sticky Note
The tunneling was set

.
Sticky Note
chose? Please clarify if not.

.
Sticky Note
Then after t1..., the dynamic for the ... state was obtained

.
Sticky Note
.

.
Sticky Note
In addition, the tunneling energy was set to zero, ...

.
Sticky Note
and the interaction

.
Sticky Note
a

.
Sticky Note
was used (please confirm or clarify)

.
Sticky Note
do not change when

.
Sticky Note
space

.
Sticky Note
The last stage repeats the first stage by setting the tunneling energy as ... and turn off the interaction. The waiting time was ..., and the symmetric state, again, did not change

This is another way for presenting the "wait" idea. 

.
Sticky Note
,


state |¢4) is now
At TR VA N TR
— (dl ulT +’U,2Td2 ) |0> — 1 (d1 UQT — uleg ) |0>

As @an see this is the VSWAP gate.

2.4 Detection

After @ﬁnish encoded our atoms, @eed to detect their final state. e detection of a single
assium 40 atom cant done for atoms in lattice with a fluorescence imaging on the cycling transition
[—9/2, —9/2)251/2 — [11/2, —11/2>2P3/2 due to the D transition (1169 nm from the ?P; ) [4].@% last

years, some groups develop a new technique and I will discuss them in (4.3).

2.5 Scalability

The scalability in our scheme is fairly straightforward. The cooling sequence is@e and@ require
any more resources, an can load more micro-trap and create several qubi@he position of each qubit
depends on the angle beam that translates by the objective to a position in the focal plane. The distance

between the trap is given by

6=7f-d

Where d@\e distance between==9 microtraps and f @16 objective focal. One way ontrol dynam-
ically the relative angle 6 is to use Q 1sto-Optic-Deflector (AOD). By placing two AO

direction, we can move the position of the microtraps in the focal plane [#lester2015rapid].

an orthogonal

3 p@iminary results

@ t@ast three years, @ve been an important partner in the development of the first cold-atom
system of Prof. Yoav Sagi group. In this system (which d for other requiremen e check method for
the new apparatus. All the preliminary result (. DHone on the first system that composed of three cells under
ultrahigh vacuum. In the first cell (source), elease ‘K atoms from homemade dispensers. The atoms
are captured by a 2D MOT. On the third axis, there is a mirror with a hole (nozzle) inside the chamber.
The atoms are cooled in two axes and pushed to the second cell by another laser. In the second chamber

(cooling), the oms are captured by a 3D MOT. At this point, the cloud temperature is arm@v 220 pK.
ng a ses cooling on the D; atomic transition, the atomic cloud temperature is reduced
to uK. Next, ﬁtlcally pump the atoms into the states |9/2,9/2) and [9/2.7/2) and @ them to a
QUIC magnetic trap. In this configuration, btain a magnetic trap without magnetic field ﬁ is
ad

important for RF evaporation). Following the evaparation, the temperature is T'/Ty ~ 4.5. Next,
E. to 39.5 um wit er of 6W. The optical trap is

the atoms into a far-off-resonance optical trap that

moved adiabaticlly b bearing stage to the science chamber, tance of around 320 mm. In the science
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Figure 1: (a) picture of the preliminary result system. (b) The final conditions of the atoms Vs. optical
trap cutoff evaporation.

chamber, a second beam c@ng the first one at an angle of 45° with wy = 200 pum. @ly we get ~150,000
atox@r spin state at T/Tp ~ 0.2

3.1 Creating and loading a micro trap

One of the most parts of our system is the ability to create a single atom in ground state hold in optical
micro-trap. In the new system we will need objective with high NA (>0.6). We build a home made objective
with NA=0.3 learn how to load and detect a single atom.

3.1.1 Homemade O tive with NA=0.3

@me our simulation for ray trace and design a homemade objective from @ﬂmerci e se@ble
(1). As shown i E We simulated and found the maximum NA=0.3 with A = 1064 nm. esign and
create a holder from Ultem with a spacer from A
@ he objective was characterized by two jndependent measurements. First, we want to measured the
st wo that we can get with this objective. t

inum that takes out after the lens position was fixed by

reate a Knife ge measurement with resolution of “50

nm (with Michelson interferometer) and get wy = 2.3 ly, We measured the resolution by look
at the resolution target and sured the Point- Sprea Functlon (PSF) @ pinhole. sed a 1951

USAF resolution target and magnification the imaging by 28 on CCD camera. The largest resolution with

this target @4um. E learly see a resolutian of 4.4\mum and even more with a laser wavelength of 770
nm (the original design was for 1064 nm). Y ow know the imaging system magnification and can measure
the PSF from the pinhole of 1.254+0.25pm. Qget NA = 0.24£0.03 for PSF fitting and NA = 0.289+£0.0083

for Modulation Transfer Function calculation (which is the mathematical Fourier transform of the PSF)(:
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Surface Catalog number | Radius [mm] | Distance to | Material
number the next
surface [mm]
1 LC1582 00 3.5 BK7
2 - 38.6 10.92 air
3 LB1901 76.6 4.1 BK7
4 -76.6 10 air
5 LA1608 38.6 4.1 BK7
6 00 2 air
7 LE1234 32.1 3.6 BK7
8 82.2 21 air
9 Vacuum window o0 3.15 Silica
10 o0 - Vacuum

Table 1: Technical detail of the lenses. All the lenses are commercial fromrlabs catalog.

objective final design

157 = 1
l NA=0.30045
10 = ===l EFL= 34.88mm
- d=14.02mm
5= == !
—_ = ] 1
[= = SE 1
E o J
= = e
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Figure 2: (a) Objective ray trace simulation. (b) Picture of the objective after assem
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Figure 3: (a) Calculation of t am waist with e edge technique. (b) MTF requency. The cutoff
frequency is where the MTF is der of the noise.

3.1.2 ;oading a single atom to microtrap

One of the demands of our system is the ability to create a single atom in the ground state. In_decenerate
Fermi gas, the occupation probability for a state with energy E is described by Fermi-Dirac Stat

1
P(E)= — N
exp (ﬁ) +1
where @e chemical potential and T @e temperature. To calculate this probabilit@ can use
p~ Ep = kpTpeser0oere and change the optical trap parameters (Tp“"°"*” and the ground state energy
Ey = hw ) such that

P (Eg) > 0.999

Therefore, @top the optical evaporation with 300,000 atoms in T/Tg ~ 0.4. The open the microtrap
and 71000 atoms and turn off the optical trap. Then we lower the microtrap laser power until we get ~
200 atoms. we add gradient coils that lower the total potential without cl@e the trap frequencies. @
order to load the colder atoms, the trap and the microtrap need to be at the same position. First, ed

efore tective. As a result, t high trap depth and more

volume in the microtrap. As shown i re (5), d the microtrap position by taking @ ption imaging
of the atoms in the microtrap (the rest of @ns are Falling down). In these conditions, ¥ ad 740,000

a power of = 200mW and insert an
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microtrap and optical trap fall

2
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(a) (b)

Opical trap with microtrap

200 300 400 500

Figure 5: et the microtrap positions and take absorption imaging of the atoms clo
release thatraps together and in figure (bl we give a delay of 10 msec between them.
atoms E‘ e trapped in the microtrap @taying at the same position while the rest

atoms. The open the iris and lower the trap depth and scan the trap position with xyz translation stage.
Because the absorption signal of a single atom is low, this method ct be used for measuring less than
4000 atoms. Therefore, the measurements were taken by 3D MOT as described in the following section. In
the microtrap, the atoms lifetime is ~ 26 sec(4).
@buﬂd a single atom detection using 3D
MO @ MOT parameters are different from the
3D MOT in the first cooling stage. exam- i
ple, in order to lgeelive the atoms in 1l area,
the magnetic field Q adient higtand the laser

frequency detuning is smaller.

* NOAvs. time
a*exp(-x/t)

T7=26.15S€C

~

phaton was

collected by lens (f =75 mm) With of 0.17
to OS camera (Andor Zyla 5.5). @ cal-
culate the signal per atom in our system and is

~ 2700 —eunt_ - Upfortunately, the background o . = s o 2
atom sec Vs = Time (sec]

Number of Atoms

scattering photons from the chamber windows is
large (~ 5% per surface o the ability to_de- Figure 4: measurement of the atoms lifetime in the mi-
tected atoms |((Oflimited to ~ 5 atoms. To @ crotrap

come this limit, V@ sert i

one direction - or-

y a ultra-narrow and pass filter th ock the Dy photons and the D;
photons are transited. First, : dd a laser with wavelength of the Q lin found that the signal is
lower for the same number of atom with the same life time (6). hen we add a repump frequency to the

thogonal to imaging axis.
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T T T 1200
i * MOT without D1 i |
T - D1 cooling 1000 | 3
+ D1 cooling + repump =
3R § L
T=23sec s
o T=17.358C %
4 2 F 00
3] w =1.
e 7=1.063 S€cC
400
1l
% -
200 * SNR vs. Exposure time
ok — a*{l-exp(-2*x/t)
0 5 10 15 20 25 30 o ‘ )
Time [sec]
(a)

E)?ﬁosure time (sec

Figure 6: (a) Lifetime in 3D MOT. The 3D MOT on the D is gi
lower the lifetime while the D; repump

MOT lifetime. The data was taken with

(b)
v—=Cifetime of @sec@a D; cooling is
E give the same signal a

he lifetime is iperanse to the regular
osure time of 0.2 sec (b) SNR of the D,

xposure time.

MOT beam, @et almost the same signal then the Dy 3D MOT with a long lif@]e. These new s@ are
increase the SNR (for long life time) and now we can detect a single atom (6).
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3.2 Sensitive RF sp@roscopy [25]

The 3D MOT adds to@sys‘cem a new detection ability of a small nu - of atoms. @ result, we
of this measurement is RF

can create a measurement that requires a small number of atoms detection.
spectroscopy - a measurement of the number of atoms out-coupled by the RF pulse versus itefrequency. From
this measurement, n exact many physical observables. One of them is the contact C measured the

energy change due to the interaction energy between two fermions. At high frequency, contact interactions

in 3D a rise to a power-law scaling of " (v)[22].
Sy
T (l/) — 23/—271_21/
where v @he rf frequency @mit of Er/h
and C is in unit of Nkg, Wh e o o lw ] T Ho‘U‘n‘it‘é‘lrity ‘
—1 L 0% .
total number of atoms and kp EI e Fermi 10 oP °3§$g$¢%m *BEC
. Ny SN oy BCS
k-vector. The total gignal is normal to , .; 4y
1021 S
ffooof(y) = 1/2. In pws work, the sig- _ 3
nal was limited to v 12 E d the sig- z w0l 178
nal of the conta thow up only above b
S S Pt oy N7t

5 Er[26]. Using R ectroscopy scheme 1074 F sl ‘ ‘ ‘
easured up to 150 E@\ich open a -2 0, /kFaz 4

new tool to calibrate the interaction parame- 108 e ‘ - -
) . 10~ 10° 10’ 10?

ter and directly measure the contact tail power v [EF/H]

law.

Figure 7: 1eshapes for three different interaction
@p ] ~ strengths 1/kpa = 0 (unitarity), 1/kpa = 0.49 (BEC),
repared the atoms, as described above, in - apq 1 /k,q = —0.52 (BCS) . Lincar scaling shows that
balance mixture of |1) = |F =9/2,my = —9/2) the data follows a power-law at high frequencies. The
and |2) = |F =9/2,m; = —7/2 ich have Fes- inset shows the power-law exponent extracted by fitting

hbach resonance at B = 202.2 G. The magnetic the tail of each dataset with c;/v™.

field decreased to B1 = 203.4 G at 30 ms and
then after more 8 ms at Bl a 400 us RF square pulse transfer a sm raction of atoms from @3

12) = |3) = |F=9/2,my ==5/2) (~ 47 MHz depend on B1). Still, an’t use a 3D MOT just to
probe |3) state. Therefore, @ransfer the |3) state with MW ramp to |4) = |F =7/2,m; = —3/2)._Due
to their ence in the magnetic moment, the opening of magnetic gradient coils creates anti-tr T

1), |2), |3) states while |4) is trapped. Then @Wait a that ensures that we stay just with |4) and

open the 3DMOT. The signal of the atom @tection wit a 5.5 Andor camera.

@ake a several line-shape with a different interaction strengt@d fit it with a power law function
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L) xcv™™ (7). @ound the results are compatible with 1.5 that show in the theoretical function.

For an attractive force, @an create a Fes-
hbach molecule and measure the banning energy

that given by
(2)

where a@he finite rang@rection of the van

der Waals potential and a e scattering length
(1). A general form of the transition line-shape of

a weakly bound molecule is given by

C v—Ey/h
B2 () _ ) (3)

where © @eaviside step function. ‘@it our

data and get a deviation from the old “°K pa-

I (v) = O Ey/h)

rameters line that syste increasing from the

1

and calibrate the Feshbach resonance parameters
By = 202.15(1) G and A = 6.70(3) G using the
known values and alj = 169.7 ap [8].

Q n conclusion, ave develop a new sensitive
yectroscopy scheme in @

data away from the resonance, whij as unmea-

t our data

sured yet due to the low signal.

of only several atoms.
additio

molecule.

calibrate the Feshbach resonance parameters B A

800 |

600

1 2
v —vg [MHZ]

400

Ep/h [kHz]

200

199 200 201 202

B [Gauss]

197 198
Figure 8: The binding energy of the Feshbach molecule at
different may ic fields close to the Feshbach resonance
(202.2G). tract the binding energy (squares) by
fitting the rf lineshape with the molecular spectral func-
tion given by (3) (inset). The theory of equation (2)
with the Feshbach resonance parameters given in Ref.
[10](By = 202.20 (2)G, A = 7.04 (10)G apg = 174ap)
is a systematic divided from the ex entally
(dotted blue line). 'ﬁt our data to (2) with |

Afit parameters (dashed black line). In addition, |{OfE
the data with a two coupled channels calculation (solid
red line) based on the model of Ref. [23]

old atoms is open a new experimental research that h@nheren‘c a low signal
ply this method to confirm the universal behavior of a conta

potential. In
the bindin gy of the Feshbach

14


.
Sticky Note
The results are compatible with the theoretical function shown in Section 1.5

Please confirm or calrify further. 

.
Sticky Note
a Feshbach molecule was used to measure the banning energy given by

.
Sticky Note
represents

.
Sticky Note
represents

.
Sticky Note
represents the

.
Sticky Note
The data was fitted, showing a deviation from the old

.
Sticky Note
systematically increases

.
Sticky Note
The obtained data was fitted to calibrate 

.
Sticky Note
a new

.
Sticky Note
RF

.
Sticky Note
has

.
Sticky Note
was developed to open

.
Sticky Note
This method was applied to confirm the 

.
Sticky Note
contact-like potential

.
Sticky Note
,

.
Sticky Note
space

.
Sticky Note
were calibrated from

.
Sticky Note
Please confirm you are referring to only one molecult and binding energy. 

.
Sticky Note
The binding energy (squares) were extracted by fitting the RF

.
Sticky Note
experimental

.
Sticky Note
The data was fitted

.
Sticky Note
space

.
Sticky Note
the data was fitted with a two coupled


4 Research Plan

4.1 Dedicated New Experimental Apparatus

From the @experience we have accumulated in our group over the last three years, we can accurately

define the requirements of the new system.

e Short preparation tim

In quantum computation, can’t measure the final state of mixed state with one measureme@or

) = a|0) + ﬂl”@
@gle measurement :@ive with a probability of |o|* for |0) and with pl‘obabiliﬁ ? for [1). As

described in Ref. [13],

the trans, the interaction gate time, ctc.

example, if the state is

ed about 350 experiments for each experimental value, ance between
old atoms system cach cooling stage takes a certain

tim example:

— 3D MOT loading - 2@sec

D1 cooling - 10 msec

— Magnetic evaporation - 20-30 sec

optical evaporation - 3-5 sec

In c@econd apparatus| t described in 123), the preparation time is approximately 70 sec. The
total sequence duration we get in this system for 20 parameters is

350-20-70%6(@

nnot ensure such a long time stability—=£our system due to fluctuation in the magnetic field,
. Q der to make the measurement is a feasible time (less

laboratory temperature, lasers stabilit

than 1 day), we need approximately 8 sec per measurement.

e A good separati etween the atoms source chamber and the science chamber.
The atoms are rel‘Q continually from a dispenser at a temperature of 300K and travel @ll the

vacuum chamber. e able to detect single atom we need to avoid of traveling atoms in the science

area. These atoms shorter the lifetime in the optical trap, and we can not reduce their temperature low
enough. In the first group apparatus, 1sed a three-chamber configuration. In the middle chamber
(“cooling chamber’@ perform all the cooling process include 1etic evaporation that for magnetic
evaporation apparently, this system is not needed. Therefore, @wed one chamber for releasing the

atoms and another chamber to manipulate them.
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e High NA in one axis.

requirement to create a high NA at least on one axi@nade for a number of reasons. First,

Qrder to load a single atom to microtraps, ed to create an optical trap with wy smaller than
1.8 pu scond, for the detection, ave a small number of photons, and we want to collect as much
it possible. Previous work obtains an apparatus with NA=0.86 with an objective i NA=0.6 and
a hemisphere lens on the optical viewport [21]. The working distance in those worllgu-t‘l from
the window therefore all the beam need to be with total reflected angle to this surface. (@ new
work with cesium used with an objective with NA=0.9 . it was placed within the vacuum chamber
[29]. Both niques ich a high NA but@rt a main constraint to the system art we want
to avoid. @:.2), I will describe a new method to use an objective with NA=0.65 which meets our

requirements.

e Avoid reflection photons scattering.
e first group apparatus, we have a science chamber with a small optical window (but with high
NA from 3 axes) and 5% reflection per surface. We suspect that overheating during baking caused the
Reflection coating (AR) to be damaged. As a result, the scattering photons from the windows
surface created a large background in the detection area. To avoid > take one axis with high NA
and all the other windows are n far from the position of the atoms. In additior@ will bake the
®)

vacuum system up to 250C to any damage to the AR coating.

e Ability to perform high magnetic field.
One of the main constraints in our system is the ability to control with high stability the interaction
between spin states. This is done by applying a magnetic field in the position of the atoms. As
shown in@.l), the maanetic field we need for our system is 7202.2+-7 Gauss (non-interaction is
at 209G). Therefore,

decide the coils parameters (radius, distance from the atoms, number of threads). We already perform

eed two coils with Helmholtz configuration and with the chamber geometry

a high stability current control (40 ppm) in our group. The

'@ng all these requirements with our experience we design a_new system constrain two chambers, one
as a source and \é‘nd for cooling and experimental place (9) - apparatus_is one long glass chamber
(“2D chamber”) that@nected to a hexagon chamber (“science chamber”). he system will bake in
order to create an ultra-high vacuum ( ~ 10~ '! torr). In addition, the science chamber be coated by
ﬁEvaporable Getter (NEG) coating @h can improve t cuum. In the 2D chamber, *°K atoms are
released from homemade dispenser with a temperature of j@( Then, the atoms are trapped by a 2D
MOT that creates a str no of cold ato laser beam in the third axis pushes the atoms through a nuzzle

nricted and cooled in the second chamber by a 3D MOT. The 3D

MOT consists of three counter-propagating circularly polarized beams with a retro-reflection configuration

to the science chamber atoms are

containing both cooling and repumping frequencies. The laser light at a wavelength of 767.7 nm for the
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Re-Entrant
optical port

Figure 9: [’] apparatus 3D model. The atoms are rele@and capture in a 2D MOT. In the science
iber we apply a 3D MOT and D1 cooling from a 3 retro-reflection beams (red line). In addition,

a optical trap from 2 far of resun e laser with 6° between them (green line). The detectior
bedIIlb be with 68° from z axis (blue line). @ angle is impotent to RSC detection. In our new apparatu@

we get a working distance between the atom position and the last view port surface ~12.5mm.

cooling and repump is generated from two DBR lasers with tapered amplifiers. Both lasers are offset-locked
relative to a common master laser which is stabilized usinj iiiurated absorption spectroscopy in a vapor cell

containing 3° K. The temperature in 3D MOT is limited d 0 the Doppler limit

h

Ty = ——
D= %kg

where kg @e Boltzmann’s constant, & @P reduced Plank’s constant, and I‘@le natural line-width
[17]. In “°K, the Doppler limit is Tp = 145 uK. The@ create a Gray Molasses cooling on the D1
transition to lower the atom temperature to ~ 15 pK. For the D1 cooling, sed another DBR laser
with a tapered amplifier. The laser is locked on the D1 transition of the 3?K using saturated absorption
spectroscopy (separated system from the D2 transition locking system). The frequency is shifted (7705 MHz)
to the cooling D1 transition in “°K by using OMs. For the @

added a sideband by using@]e-made high-frequency Ele@Optic-Modulator.@h, cooling and re
ST

mp, we used the cooling beam and

are phase locked that is necessary for D1 cooling. Next, ill load the atoms

will be created by 2 laspzeof 50 W at 1064 nm wavelength. This laser needs to be orthogonal with linear
ocus to wp = 250 pm and intergect at an angle of ~ 14° at the center of the 3D

MOT, creating a optical trap with ~ 100 pK depth. Next, @

depth (namely lasei@ower) up to T/T=0.5. The@ will open the optical microtrap beam and load atoms

nto an optical trap

polarization. The laser

ill make evaporation by lowering the optical

to it (more detail i 2) ). Finally, E 1l reduce the microtrap power and open a gradient coil to spill the

atom one by one up to a single atom remain.
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4.2 Microtrap

As shown in lready create in the first system a microtrap by using a homemade objective with
NA=0.3. In the initial numerical calculations of the v'SWAP gate, @ee that the NA have to be large
(>0.8) in order to get a short time scale for the gate. This demand is a result of the aspect ratio between
the radial and the axial frequencies in a Gaussian beam. To apply this deman@ need to design objective
with Hemisphere lens on the vacuum chamber (with very short working distance) or to design it to be in the
vacuum chamber. To avoid building a system that is harmonized only to that without versatility, @ﬁer a
new scheme to overcome this problem with NA~0.65. Optical trap frequencies are depended on the waist wg
in the radial axis and the Raleigh range zp in the longitudinal axis.

1

Vp X —, V, X —

wo ZR
Fot@t\,n NA the aspect ratio is given by NA = wg/zg = V2v./ 7/@ shown in figure 111 the aspect ratio

canDe less then 1.6 with NA>0.85. To overcome this experimentally diﬁi@W@ propose to add a standing

wave in the longitudinal axis. an match the standing wave to the microtrap radigt=equency and by
this to get aspect ratio of ~ 1.1 (which equivalent to NA=1.28). The standing wave be created from
o laser beam 90° from the microtrap longitudinal axis and separated by ~ 6 his will create a 2D

“pancakes” with a distance of ~ 10 um between them (10).

4.3 Single Atom d@:tion

The major open question is how to detect a single atom with spatial and the spin s@esolved. In the
few years, e is a new technique of@;le atoms detection. Each one of them has advantages and
-

disadvantages will explain in this section.

. rescence detection.
ﬂence imaging can’t work in potassium 40 in optical lattice but may work for separated micro

traps. as shown, In litium6, that a fluorescence imagi:@' a single atom can wor t the spatial

n We illuminate the atomic sample from
the side with two counter propagating, horizontally polarized laser beams. an capture the fluores-

width of the signal is ~ 5um [3]. For fluorescence imaging,

cence photons with a high-resolution objective in the orthogonal axis (the same objective that creates
th‘jjrotrap). By inducing a magnetic field, the spin states are resolved. For example, for 204@11e
di t between |—9/2,—9/2)251/2 — \11/2,—11/2>2P3/2 and \—9/2,—7/2>251/2 — |1 2,—9/2)2}73/2

T'. The photon per atom is ~ 60 photon/us. To detect such low photon numbers to a single

photon resolution, EI 1ced a camera with a high quantum eﬂiciency@de’cect as many pl;@i as
possible. Furthermo is necessary that one photon creates a signal above the noise level. ese

reasons we can use a EMCCD (Electron Multiplying Charge-Coupled Device).
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Figure 10: Microtrap @ntial Vs. the second beam power. In the@t figure, V@lculate the potential
con 1an

depth ag==sithout a se (standing wave) beam of a signal Gauss eam with NA=0.65 and power of
2 uW. pen the standing wave beams and short increase the aspect ratio between the Rayleigh range
and wg.

e Ranam SideBand Detection.
Raman sideband cooling was first p@se by WBh=ecland @ in 199@d it ur’: by using lasers and
netic field [19]. By adding a magnetic ﬁe©1e relative energy betweel( vJprational state of two
Zeeman sub-level are s such that the s‘g |F,my), and |F —1,my +1) _, are degenernte (F
the total spin number, my e Zeeman index, and n e vibrational state index). The using
a Raman transitim@ can pump the atom from |F,my) — [F —1, 1),,_;- The cooling cycle
.m@rder to be sure that the

atom p back to the initial state without changing its vibrational index, eed to work in the

is completed by optically pumping the atom back to the initial state

Lamb-Dicke regime [7]. Only recently@ras performed also with 40K [4].

By cooling with Raman sideband technique, an detect the number of atoms at each site due to
ir fluorescence without heating. uorescence rate for single atom is ~ 60 — 80 photom/sec and

@am measure them with the EMCCD camera. The disadvantage of this technique is its incapability

to distinguish between the atoms spin states and the complexity of its experimental system (lasers in

D1 and D2 tra n that include four different frequencies).

e 3D-MOT Detection.
Another way to detect a single atom with high fidelity is to use 3D MOT. Although this is the initial
phase of cooling and heats the atoms to a temperature of T} L@is an easy way to produce of
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photons per atom. The key advantage over other detection schemes is that the observation time and
therefore the number of collected photons can be made almost arbitrarily large. Ultimately, it is only
limited by the lifetime of the MOT, which is mainly determined by collisions with the background

atoms.

4.4 Stern-Gerlach polarizing splitter

In an atomic interferometer, @an use a "beam splitter” that split and recombine two paths. For
example, optieal system, we can use a Polarized Beam Splitter control the light path depending on
polarization. @ur system, we can switch, adiabatically, a single well to a double well by on a
second optical trap next to the first o known example of this is the Stern-Gerlach experiment. This
method is based on non-trapping atomn@e propose a new method, that similar to Stern-Gerlach but, for
a tranned single atom beam splitter.

tart with a single atom in the ground state and a single micro trax = 0. The state of the atom is

®)

[W(t=0))=all)y+8[Mo- The econd microtrap is, adiabatically, sw|w“|on at x = d. At the same time,

a magnetic field, with a gradient , is implemented. The magnetic force at each state is erence
depending on their magnetic moment. Therefore, the state start to oscillate with different frequencies.
After a finite duration T', the states volve to |[v (t =T)) = a[l)y + B 1) -

an use tl@heme to create a detection with spin depended. By adding to each qubi@ew microtrap

to the detection

4.5 +/SWAP Gate

ranslate the spin state to a spatial position.

@ main goal in my Ph.D. is to apply a two-qubit gate in@acold atoms apparatus. @o it we need

to achieve the following goals.
e Build the system and load with high fidelity a single qubit with the same initial conditions.

) oping a single atom spin-resolved detection.

e Control the parameters of the two-qubit gate@ interaction parameter and continuously change the

=

two first goals s explained in the previous two sections. The control on the interaction parameter can
be modified by Feshbach resonance. As shown in (1.1.1), the *°K for our states Feshbach resonance
at 202.16G. To induce such magnetic fiel t can use the gradient coil W@Helmholtz configuration and

increase the current to 110 A. The last parameter is the tunneling energy,

distance between the qubits

proportional to the distance

between the microtraps. As explained in , the two microtraps will induce from a single beam that will
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be divided at different angles (t anslate to position) to seve@icrotraps by AOD. Changing the @
frequencies different in the AOD nce between them. One of the open

e translated inta_a different
questions is how to generate the microtrap trajectory rder to obtain a fast transfer to the gate and the
same state at the end with high fidelity[18].

53 s@mery

In conclugie=o this proposal @ests of creating a quantum computation system wi
ratus. First, eed to build the new apparatus with good conditions. There are still

like:
) @we get enough atoms at low temperature without other cooling states?

. @hich detection method we need to work? @
The sectage @pply a Stern-Gerlach measurement \@our new scheme. Finally, eate av SWAP

gate in system and tune the parameters in order to get high fidelity.

| atoms appa-
e open questions
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