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Quantum Sensors

® Superconducting Devices

SQUIDs
Transition Edge Sensors (TES)
Superconducting Nanowire Single-Photon Detector (SNSPD)

@ Spin based (Nitrogen-vacancy centre based diamonds -> NV
diamond)

® Atomic clocks
® Optomechanical sensors
® Metamaterials
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Thermal Noise

hiw > kgT

T Freq

1 K 20.8 GHz
100 mK | 2.08 GHz
50 mK 1.04 GH?
20mK | 416.7 MHz
10 mK | 208.4 MHz

Typical,

Josephson Junction ~ (4 — 6) GHz,

Resonator ~ (5 — 9) GHz.

Anisotropy = a| = (E> - E1) - (E; - Ep) <400 MHz.

Signal frequency must be 1 decade higher than the thermal noise
frequency.
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Niels Bohr Institute, Copenhagen.
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Transition Edge Sensors (TES)
Detects: photon

® SCUBA 2 @ James Clark Maxwell Telescope, Maunakea Hawai'i
with 5120 elements at 450 pwm and 850 um.

@ Cryogenic Dark Matter Search Experiment (Super-CDMS)
@ Detection of Low Energy proton generated in the neutron beta decay.

Wavelength resolution Adrpwyy = fleEFWHM/h(.-
System detection efficiency ~ 60% at 0.8 eV for Ti/Au TES 8 x 8 um?>.

TIFR Quantum Devices and Quantum Info Feb 10, 2024 5/51



Transition Edge Sensors (TES)

X-ray photons

TES : Voltage biased Superconduct-
ing thin film based X-ray detector ::

Absorber thermal equilibrium calorimeter.

T Weak thermal ik A single photon deposits
SEEEE— energy E to absorber (heat
capacity C)

Heat sink

-~ Ry Ro _ OlogR _ 0JlogR
R(T,I)—R0+04T05T+ﬁl()6l a= ﬂ_along

dlog T
ologT |,

TES Energy resolution AE o |4kpT3<
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Transition Edge Sensors (TES)

X-ray photons

TES : Voltage biased Superconduct-
ing thin film based X-ray detector ::

Ghsoiber thermal equilibrium calorimeter.

Weak thermal link

Thermometer Energy gets converted to
Heat

Heat sink

R(T.I) = Ry + 26T + pRos1 o= 28| p = ek

dlogT I dlog! T

TES Energy resolution AE o |4kpT3<
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Transition Edge Sensors (TES)

X-ray photons
TES : Voltage biased Superconduct-

ing thin film based X-ray detector ::

Absorber thermal equilibrium calorimeter.

Weak thermal link Temperature rise is propor-
Thermometer .
I— tional to heat that changes

resistance of TES

Heat sink

_ OlogR _ 0JlogR
~ dlogT ﬂ_ dlog! T

R R
R(T,I) =Ry + ar—géT +ﬁ7?(51

1
TES Energy resolution AE o |4kpT3<
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Transition Edge Sensors (TES)

TES : Voltage biased Superconduct-
X-ray photons ing thin film based X-ray detector ::
thermal equilibrium calorimeter.

Absorber

Change of resistance

changes current through
Weak thermal link .
Thermometer resistor

Heat sink — monitor current through
TES using S QUID ammeter.

dlogR dlogR
R(T, D)= Ry +af2oT + 61 o= 327 p=5%

~ dlogT dlog! T

I

TES Energy resolution AE o |4kpT3<
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Transition Edge Sensors (TES)

250 um pitch 125 pm pitch
(a)

20x20 hydra array  40x40 hydra array
125 um pitch 250 pm pitch

50K pixel LYNX  mi-

crocalorimeter  array
GSFC/NASA.

Readout technology:

Time domain multiplexing (TDM).
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Transition Edge Sensors (TES)

250 um pitch 125 pm pitch
(a)

20x20 hydra array  40x40 hydra array
125 um pitch 250 pm pitch

50K pixel LYNX  mi-

crocalorimeter  array
GSFC/NASA.

Readout technology:

Low Frequency domain multiplexing (FDM).
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Transition Edge Sensors (TES)

250 um pitch 125 pm pitch
(a)

20x20 hydra array  40x40 hydra array
125 um pitch 250 pm pitch

50K pixel LYNX  mi-

crocalorimeter  array
GSFC/NASA.

Readout technology:

Microwave (GHz) multiplexing (uMUX).
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at




WMAAEF
BARC

Transition Edge Sensors (TES)

250 pum pitch 125 um pitch

(a)

20620 hydra array  40x40 hydra array
125 um pitch 250 m pitch

50K pixel LYNX mi-
crocalorimeter array at
GSFC/NASA.

19cmx 15cm

Readout technology:

#MUX is most promising that uses RF SQUID with CPW resonator coupled to
Traveling Wave Parametric Amplifier (TWPA)
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Superconducting Nanowire Single Photon Detector
(SNSPD)

Detected: Single Photon, single electron, «, 8

Timing: Typ. 15 ps timing zitter

TIFR Quantum Devices and Quantum Info Feb 10, 2024 8/51
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e The superconducting nanowire maintained well below 7' is DC biased
just below I...
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e When a photon is absorbed by the SNSPD a small resistive hotspot
is created.
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Bias current | < I

0

Superconductivity i Y Fhoton absorption
recovered |

o
v High current density

0=

Enlarged hotspot

T,
\
~
e
Resistive barrier - Hotspot

e The supercurrent is forced to flow along the periphery of the hotspot.
Since the NbN nanowires are narrow, the local current density around
the hotspot increases, exceeding the superconducting critical current
density J..
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e |t leads to the formation of a resistive barrier across the width of the
nanowire
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Bias current | < Ie

0

Superconductivity 11 Y Fhoton absorption
recovered |

—
=
=0=

0=

Enlarged hotspot

Resistive barrier Hotspot

High current density

e Joule heating (via the DC bias) aids the growth of resistive region
along the axis of the nanowire until the current flow is blocked and the
bias current is shunted by the external circuit.
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Bias current | < Ie

0

Superconductivity i Y Fhoton absorption
recovered !

=0=

—o=

Enlarged hotspot

Resistive barrier Hotspot

High current density

e This allows the resistive region to subside and the wire becomes fully
superconducting again. The bias current through the nanowire returns
to the original value.
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0
Superconductivity i \ Photon absorption
recovered | [

— =

Resistive barrier

Hotspot
High current density

o=

Enlarged hotspot

= _C

a
o=

(T.-T,)+P@®)  Cp% =S (T.-T,)- (T, - To)

o=

R(T.) = R, (1 + exp (_4%))—1

P(1): absorbed rad. power, 7._,: avg. elec-phonon interac. time, 7.,: time of phonon
escape from superconductor to substrate, R,: normal state resistance.
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SNSPD

he meande

8. Chip con
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Quantum Sensing Examples

Detection of Low Energy proton generated in the neutron
beta decay using Transition Edgeg Sensor (TES).

e 4 pixels array - Ti/Au bilayer
- Silicon Nitride membrane - Si
wafer

o AE ~ 30 eV for 500 eV

e (Nuclear Instruments and
Methods in Physics Research
A, 559, (2006) 573-575)

Temporature (K

TIFR Quantum Devices and Quantum Info Feb 10, 2024 11/51
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High Energy Proton Bombardment having energy (54 MeV to
280 MeV) at Proton Irradiation Facility, PSI on DC SQUIDS.

Relevant physical and electrical properties of the three SQUID sensors.

ATTRIBUTE SQUID I SQUID II SQUID III
Josephson Junction
Area (m?) 6.1x10712  Jaxi0712 7.1x10712
Silicon Substrate <100> <111> <100>
Crystal Orientation
Junction Type Nb/AIO/Nb | Nb/NbOx/Pb | Nb/AIO/Nb
InAu

SQUID Loop Area 0.36 1.3 2.1
(mmz)
SQUID Hole Area
(mmg) 2.5x1073 0.14 0.017
Loop Material and PbInAu Nb 300 Nb
Thickness (nm) 550 PbInAu 430 | 120
SQUID Critical Current | 18.1 38 10
(HA)
Carrier Material Sapphire Sapphire Fiberglass
B Field at SQUID (uT) | 0.2 40 0.2

Q De

e Proton bombardment with 10*
to 107 p/cm?/s

e Squid voltage output in both
open loop AND flux-locked
loop.

e (IEEE Transactions on Ap-
plied Superconductivity, 5, Is-
sue: 2, June 1995)



WMAAEF
BARC

Quantum Sensing Examples

Single particle detection with superconducting nanowire
(SNSPD).

e 500 um long, 100 nm wide, 5 nm thick meandering over 10 um
diameter NbT'iN (T. ~ 12 K) nanowire disk.

e Operating temperature 4.2 K.

e Saturation count rate 200 M Hz.

e (AIP Advances 2, 032124 (2012))
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frame
Quantum Sensing Examples

First detection of 120 GeV protons with S NS PD.

TIFR

o Timing Zitter ~ 10 ps - pixel size 10 um

e SNSPD as charged particle detector with
hiw > 2A =2 meV

o Timing difference between plastic scintillators
and nano wire.

e Optimal position using MWPC2 and SNS PD
(+ plastic scintillator)

e (CPAD Workshop 2023@SLAC reported by S
Lee and Whitney Armstrong)

Quantum Devices and Quantum Info Feb 10, 2024 14/51
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Superconducting sensors

in macroscopic scale

—
[ Superconductor }

o~

Quantum phenomenon

Condensate of electrons
bound in pairs (Cooper Pairs)

Vix)
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Superconducting sensors : JJ

Motion of center-of-mass of the electrons (Ginzberg-Landau Order Param-
eter)

o 2F
“F/' = \/n,-e’”"’) Where, ¢/(7, t) = (ﬁ(?) - TFI
c ‘ ‘ i
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Superconducting sensors : JJ

Motion of center-of-mass of the electrons (Ginzberg-Landau Order Param-
eter) .
¥y = ymget " where, ¢(71) = ¢(7) -
(9\{11 alPZ

lhw = E]l{ll + K\PQ and lhw = El\{Jz +K\Pl

2ER
—
h

Let V be applied voltage.




Superconducting sensors : JJ

Motion of center-of-mass of the electrons (Ginzberg-Landau Order Param-
eter)

o 2F
“F/' = \/n,-e’”"’) Where, (]5/(7, t) = (ﬁ(?) - —Fl
c ‘ ‘ i

=
OV AP
iha—t' - E,¥, +k¥, and iha—tz = E,'V, + k¥,

Let V be applied voltage.

Assuming same Cooper pair flows through n; =n;, = n




Superconducting sensors : JJ

Motion of center-of-mass of the electrons (Ginzberg-Landau Order Param-
eter)

o 2F
“F/' = \/n,-e’”"’) Where, (]5/(7, t) = (ﬁ(?) - TFI
c ‘ ‘ i

OV AP
iha—t' - E,¥, +k¥, and iha—tz = E,'V, + k¥,

Let V be applied voltage.
/= 2)0111 a _2)('9112
T T

Assuming same Cooper pair flows through n; =n;, = n

D=2 = 45 sing =(sing): ¢ =1 -

h de
Also |V = ——
m
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Frequency f

2
I = 1.sin(p) = I, sin (900 + o Vt) = I.sin (cpo + t)
0

Voltage Controlled Oscillator

Here, ®g=h/(2e)=2.067x10~'> Wb = 2.067 mV.ps = Magnetic flux Quantum.
K; =1 =(2¢)/h = 483.6 MHz/uV = Josephson Constant

(I)”

Quantum Devices and Quantum Info Feb 10, 2024 18/51



JJ — SQUID

Superconducting QUantum Interference Device (DC / AC)

O = Dy + LI

d*®  1do @
O = == = Jp [P
d? R dr ““( d Do)

‘qu) 1 do D - (I)(\f

()
C 7 2 =0
P et sm( nd)())+ =

(@)

= wanx |28 %
ey R »‘\

Josephon Junction

DC SQUID Groupe Physique Mesoscopique, Magmm;,g. m’mmmmg
LPS, Orsay * tng
® = ®(r) —» SQUID induces:
Liowar = 1. (lossless ) + 1,5 (Ohmic)
DO, = Dy + Dy cos(wt)

I Josephson junction N\ Superconducting film
RF SQUID (single JJ) arXiv:1902.02158v1
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WMAAEF
BARC

iy
Superconducting phase,qﬁ

Nonlinearity

Transmon

- -m2 0 T
Superconducting phase.:lﬁx
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JJ : cQED
NOW: I £=1 cos d¢
e dr ¥

dt
q)() d(p (D() 1 d(

27 I.cos ¢ E

dl ®,
i @-

P I.cos g




JJ : cQED
Now @ = (Ising) = 2 = I, cos g
ey dr

(D() d(p (D() 1 dl
and (V)= —— =|— =
21 dt 2n 1. cos ¢ dt

d[ D
o, V=L—
Tdt . 27 1. COS @

Energy stored in JJ =
d Oyl (¢
deth f(] sin tp)( 0 “”) r_Lf sin gdg
2w 0

Dyl
€ = —= (1 —cosg) = E,-(l—cosgo):E_,-<p2/2—E_,-<p4/4!+...

Josephson Energy

> typically: I, ~ | mA —> E;~3x 1071° J ~2 eV ~ T ~ 23800 K

Quantum Devices and Quantum Info Feb 10, 2024
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= 1C;V? = ﬁ = 1C;¢* and V=

V——gbandQ CV=-
_2

¢ i
\2C; ,/2L_,-)+2 L.C;

1
= |hw, (a a+ ) Lﬁ 10,0 (if 2—|eve|)}

and

Quantum Devices and Quantum Info Feb 10, 2024
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Ladder operators and ZPF

Physically, variances in the ground state quantum fluctuation.

¢zpr = (01$*10) and Qzpr = (0] O |0)

Quantum Devices and Quantum Info Feb 10, 2024 23/51



Ground state wave function: cQED

Let ground state wave function be |).

alo (¢, Q) = 0.
~ .. 0
¢ =] lh@

A I in 9 i L) .
g = |— |- == ag =
Ty hwq[ J2C,; 09 w/2L_,-¢] ¢

#?
N T 12
dg |¢om> =0, or, |¢0¢> = Cye “zrr

Q2

ag |pog) = 0, or, |gog) = Cye *%rr

Normalised ground state 7( @, & )
@

ldo (¢, Q)) = ————¢ \*%pr *

ZPF ZPF
Fluctuation is inherent in the state to be measured.
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Modeling JJ

Ej=%% E =3 where, Cz = C;+C;

H = 4E, (n—ng) — Ejcos¢ where, 1= —i%

Charge Dispersion for energy level m:
Em = Em(ng = 1/2) - E (n}, - O)

\/SE—E(&‘&+ ) (T+ )
S0, €, = —E; + JE.E; (m+ )—E—z( 6m+3)

Absolute Anharmonicity
Ay = Em+1,m - Em,m—l = _E(‘: Emn = Em - En

One can check Hamiltonian property numerically

Quantum Devices and Quantum Info Feb 10, 2024 25/51



Modeling JJ

—Ep)

(E,—EglIEy

Let E,/E, = 1.0. Eo/h=5GHz  Leth=I
Eo = BE.E; = \8+E.*E, = 5GHz.

— E.=1.77 GHzand E; = 1.77 GHz.

@ ~ -E. = =1.771 GHz

Quantum Devices and Quantum Info Feb 10, 2024




Modeling JJ

Let E//E( =10.0. Eyi1/h=5 GHz Let h=1
Eo = \8E.Ej = V8% E.+10* E. = 5 GHz.

= E.=559 MHzand E; = 5.59 GHz.

ay ~-E. = -559 MHz

Quantum Devices and Quantum Info Feb 10, 2024
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Resonators

(a SA: Semiconductor-
Air Interface

MA: Metal -
Air Interface

MS: Metal -
Substrate
Interface

Planar qubit | | CPW resonator

e ‘ . -

TSV resonator

Appl. Phys. Lett, 123, 154004,
(2023)
TSV: Through superconducting vias

PRX Quantum, 3, 020312, (2022).

Quantum Devices and Quantum Info Feb 10, 2024 28/51



JJ resonator system

dt =y + FHepw + Hin

Hiy = —d.E where d « (c* +07)and E o @+ &'%')

a1 U .
or,%:hwq(&’&+2) + hw,,(b'm 2) + hg (ot +o7)(a+a")

~ 1 U | o
or, # = Ehwq(r: + Tw, (b'b+ 2) + hg((r+&+&‘(r’)

Important Parameters:
1/4
Detuning = A = w, - w,, Dispersive shift = y=g2/A o (E‘,-/E(.) / .

Quantum Devices and Quantum Info Feb 10, 2024 29/51



WMAAEF
BARC

Resonators: 2D:Halfwave
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Resonators: 3D : Cylindrical
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Analysis: Lumped Parameter

Zlatko Minev et al arXiv:2103.10344v1,
quant-ph, 18 Mar 2021
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Quantum Device Design

Superconducting circuits

Qubit Hilbert space

Quantum Hamiltonian
analysis

Electromagnetic analysis

Physical layout

Quantum Devices and Quantum Info Feb 10, 2024 33/51



Conceptually JJ energy may be decomposed as

€j(ej) = E; (1 — cos 90,/‘) = €jiin(@j) + €jnp))

€jlin = %Ej (801)2

€jnl = Ej Z Cijp (‘;Dj)p

p=3

EDPP! for even P
Cip =
P 0 foroddp

Quantum Devices and Quantum Info Feb 10, 2024



#t = 5‘5)/1'” + ggnl

N 2 1 . . .
Hiin = %EM+Z 5Ej<p5 = Z hwpa),a, — FE simulation for mode m
J

m

a,, is the m™ mode amplitude (annihilation op).

m

¢m are real-valued ZPF of mode m at junction j

Quantum Devices and Quantum Info Feb 10, 2024



Energy Participation Ratio (EPR)

EPR = Fraction of total inductive energy stored in the junction.

Inductive energy stored in junction;
Inductive energy stored in modem

Pmj =

1 ~
<nm| : EEJ¢% |nm>

B g, .
(Myml zHlin )

hwl”

2
¢mj = DPmj 2_E]

0< Pmj <1

Quantum Devices and Quantum Info Feb 10, 2024
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Quantum Information
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States: Classical Information

Assume system X : stores INFORMATION
If X is a set of playing cards, possible states are { s, ®, ¢, &}

Let |@) has 1 in the entry corresponding to a in ®. Then, {a| be the
row vector.

If ={s, ¥, ¢, &} then each entity (Basis vector) can be described as
1 0 0 0 0

0 1
W=l 1ew=|,

0

1

1
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Quantum States

@ A Quantum state encapsulates all the information of the system
being represented by either column or row vector.

® Quantum states may exist in superposition i.e. simultaneous
combination of different states.

® Quantum states must be normalised so that sum of probabilities of
all possible outcome after measuring the state situation is 1.

Key features of Quantum Operators
@ Observable (Physical quantity) in QM is a special Operator (A) which
is self-adjoint to yield real eigenvalue.
® A is Hermitian. A" = A. (y|A|¢) = (4| A jy)* — (A) = (y|Ay) : REAL.
® In QC, gates are Unitary operators: A~' = AT,

® Aly) = e|y) Eigenstate & Eigenvalue

Quantum Devices and Quantum Info Feb 10, 2024 39/51



BITS: TWO state system

0 &1

Computation is possible with any system with finite set of discrete
and stable states with controlled transitions between them.

TIFR Quantum Devices and Quantum Info Feb 10, 2024 40/51
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BITS: TWO state system

=) = -

Formally Qubit state is UNIT VECTOR in
C? as.

|
[0y + A1) '“”‘(ﬂ)’
where,

10)

@|0) - A1)

Two Qubits example:

o0 [00) + coy [01) + ¢10 [10) + ¢y [11)

Quantum Devices and Quantum Info Feb 10, 2024 40/51
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Superposition of States.

In general, |y) = a|0) +B]|1).
@ and B are complex numbers such that |of* + |8° =

TIFR

Quantum Devices and Quantum Info
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) 1 +2i
Let us consider |y) = 3 |0) —

1 +2i
O)=—= and (liy) =

TIFR Quantum Devices and Quantum Info Feb 10, 2024 41/51
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Quantum Information

2) [0Y+¢€'? sin(6/2) |1)

Qubit basis vector:

o]l

[0) +14[1)

o)+ 1| i Decoherence time:
7 T'1 = (Decay constant) time for relaxation
T2 = (Decay constant) time for dephasing

TIFR Quantum Devices and Quantum Info Feb 10, 2024 42/51



Superposition of states:

I 1
l+) = —10) + —I1) =
2

v

| 1 =
|—>=—|0>——|1>=( f%]

v 5

1 3 2 1
It I¢) = 710y + 7 11) and [y} = 210) + 2 |1)

If  and ¢ are independent, then

1 1 1 1
[m) = @) @iy = 2 00) &= < 019+ 2 [10) 5 2 (11

Quantum Devices and Quantum Info Feb 10, 2024



Quantum Entanglement

Two subatomic particles gets (non-classically) linked to each other so that
their state remains the same even if they are distant away.

Entanglement happens when the system is in superposition of more than
one state.

Despite their vast separation, a change induced in one will affect the other.

In 1964, John Bell stated that such changes can be induced and occur
instantaneously, even if the particles are very far apart.

Quantum Devices and Quantum Info Feb 10, 2024 44/51
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N
B

4PHOTON
EXPRESS

ALICE RANDOMLY CHOOSES
HOW TO MEASURE THE

POLARIZATION OF HER PHOTON
(AND DOESN'T TELL BOB).

TIFR

SPOOKY ACTION AT A DISTANCE

BOB ALSO RANDOMLY EHOOSES ALICE AND BOB REALIZE THAT THE
A WAY TO MEASURI RESULTS OF THEIR MEASUREMENTS
POLARIZATION OF HIS PHDTON ARE CORRELATED, BECAUSE THE
(AND DOESN'T TELL ALICE). PHOTONS--EVEN FAR APART--

ARE STILL INTIMATELY LINKED --

THAT IS, ENTANGLED.

T7 N

% .,uunmxm‘\»
oo = o000t

Quantum Devices and Quantum Info Feb 10, 2024 45/51



Superposition :: Entanglement

1 i 1 i
Let, |z} = 5100) + > [01) = > ]10) = 7 [11)

- (\%IO% % |1>)®(% |0y + \%IU)

This is an example of Product State.

Can we write (% |00) + % 11 l>) as (o) ® [¥)).
Then (0l¢) (1) = (011 (I¢) ® [y)) = 0

= either (O|¢p) = 0 and/or (1j¢) =0

But (0[¢) (Oly) = (00]¢p ® vr) =
Similarly, (1|¢) (Liy) = (11| ® t//> = i

Therefore, Quantum state vector ( 7 |00) + —= |1 1)) is NOT a product state but AN
ENTANGLED STATE.

Quantum Devices and Quantum Info Feb 10, 2024 46/51



Bell states are 4 states those can be created from two maximally entangled qubits.

[00) + |11)
—
100y —[11) |11>

o) -
o) -

|\I_,+> — |0]>+|]0>

|01) —10)

)=
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Quantum Teleportation

— Circuit description

Q

[b)
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Measurement

e Measurement is not a Gate as it is not reversible.
e Outcome of Measurement of Quantum state is Classical state.

1 1
Quantum state = |[+) = — |0) + —|1)

vV

Measurement:

Probability (Outcome is 0) = (0]+)* =

Probability (Outcome is 1) = (1]+)? =
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e Unitary :: Reversible.

Identity Gate

Pauli (X, Y, Z) Gates
Controlled Gates
Phase shift Gate
Hadamard Gate
Swap Gate

TIFR
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Quantum Computing with QISKIT

Install: Install QISKIT : python -m pip install giskit[all] (after
updating “pip”).

Build: Design and develop quantum circuits with primitives
and advanced methods like dynamic circuits and mid-circuit
measurements.

Transpile: Compile to optimize your circuits to run efficiently
on hardware, with varying degrees of error awareness.

Verify: Validate and evaluate your quantum circuits.

Run: Run on QISKIT hardware with job configuration options
such as sessions.
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