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Quantum Interferometry

Ensemble of atoms

Create a superposition
Separate components
Accumulate a relative phase
Recombine

Imprint phase on measurement
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Atomic Fountain Interferometer
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Atomic Fountain Interferometer
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Atomic Fountain Interferometer
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Atomic Fountain Interferometer — Robustness

(a) Rabi scheme contrast
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Atomic Fountain Interferometer — Rapid Adiabatic Passage (RAP)
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Atomic Fountain Interferometer — Robustness RAP

(a) Rabi scheme contrast (b) RAP scheme contrast
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Atomic Fountain Interferometer — Optimal Control (OCT)
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Atomic Fountain Interferometer — Optimal Control (OCT)
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Atomic Fountain Interferometer — Optimal Control (OCT)

population
(a) (b)
0.0
‘C}CT oct
Q(b): RAP \ / RAP RAP \ / RAP
11 | P | 0 L L
10 “\ i 0 /2 3
9 I 1 \l phase kick: ¢ m ||” ||||"“” phase kick ¢
8 H \
g 0 " " 5 g W
g/ r 1
g 5[ I ] : 11 11
2 4 Il ] ! ] L]
g 3 o 1]
£ 2f I ¢ O lll
g 1
0
-1
-2
cA =R BRI N S B P B I R
0 100 200 300 400 500 600 700 800

time (1/wy)

— Goerz, Kasevich, Malinovsky. Atoms 11, 36 (2023)

https://michaelgoerz.net 6/32



Optimal Control Techniques for Quantum Interferometry

Atomic Fountain Interferometer — Robustness OCT

(@) Rabi scheme contrast (b) RAP scheme contrast (c) Optimized scheme contrast
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JuliaQuantumControl

JuliaQuantumControl
( Julia Framework for Quantum Optimal Control

Ax a2 followers & https:/jjuliaquantumcontrol.github.i...

(D Overview [] Repositories 18 () Discussions ] Projects @ Packages A& People 3

README . md
A Julia Framework for Quantum Optimal Control.

docs stable

The JuliaQuantumControl organization collects packages implementing a comprehensive collection of methods of open-loop
quantum optimal control.

Quantum optimal control theory attempts to steer a quantum system in some desired way by finding optimal control
parameters or control fields inside the system Hamiltonian or Liouvillian. Typical control tasks are the preparation of a specific
quantum state or the realization of a logical gate in a quantum computer. Thus, quantum control theory is a critical part of
realizing quantum technologies, at the lowest level. Numerical methods of open-loop quantum control (methods that do not
involve measurement feedback from a physical quantum device) such as Krotov's method and GRAPE address the control
problem by simulating the dynamics of the system and then iteratively improving the value of a functional that encodes the
desired outcome.

The packages in JuliaQuantumControl that implement specific individual methods should be used via the high-level package

https://michaelgoerz.net
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Why Julia?

m Performance — compiles to low-level machine code (matches Fortran)
m Flexibility — multiple dispatch, ecosystem

m Expressiveness — clean syntax, unicode, notebook environment
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JuliaQuantumControl

JuliaQuantumControl

Julia Framework for Quantum Optimal Control

€

(M Overview [ Repositories 18 ) Discussions [ Projects @ Packages A& People 3

Ax a2 followers & https:/jjuliaquantumcontrol.github.i...

People

\ g
A Julia Framework for Quantum Optimal Control. bﬁ@
Top languages

Design Principle
Maximum performance and composability through abstract interfaces

quantum state or the realization of a logical gate in a quantum computer. Thus, quantum control theory is a critical part of
realizing quantum technologies, at the lowest level. Numerical methods of open-loop quantum control (methods that do not .

involve measurement feedback from a physical quantum device) such as Krotov's method and GRAPE address the control ptimal trol  quant
problem by simulating the dynamics of the system and then iteratively improving the value of a functional that encodes the

desired outcome.

README . md

julia  quantum  grape

The packages in JuliaQuantumControl that implement specific individual methods should be used via the high-level package
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Optimization Functional

QuantumControl.jl

QuantumControl.jl is a Julia framework for quantum dynamics and control.

Quantum optimal control [1-8] attempts to steer a quantum system in some desired way by finding optimal
control parameters or control fields inside the system Hamiltonian or Liouvillian. Typical control tasks are the
preparation of a specific quantum state or the realization of a logical gate in a quantum computer ("pulse level
control"). Thus, quantum control theory is a critical part of realizing quantum technologies at the lowest level.
Numerical methods of open-loop quantum control (methods that do not involve measurement feedback from a
physical quantum device) such as Krotov's method [9-14] and GRAPE [15, 16] address the control problem by
simulating the dynamics of the system and then iteratively improving the value of a functional that encodes the
desired outcome.

Functional — Mathematically, the control problem is the minimization of a functional of the form

Ia®) = 2QU@D + 2 Y [ a@@)d+nY [ alwm)d,
1 V0 k70

=L({a()}) =%({IZx()})
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Control Problem and Trajectories
V QuantumControl.ControlProblem — Type
A full control problem with multiple trajectories.

L]

kwargs...

The trajectories are alist of Trajectory instances, each defining an initial state and a dynamical generator
for the evolution of that state. Usually, the trajectory will also include a target state (see Trajectory)and
possibly a weight. The trajectories may also be given together with tlist as a mandatory keyword
argument.

The tlist is the time grid on which the time evolution of the initial states of each trajectory should be
propagated. It may also be given as a (mandatory) keyword argument.

The remaining kwargs are keyword arguments that are passed directly to the optimal control method. These
typically include e.g. the optimization functional.
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Control Problem and Trajectories

V QuantumControl.Trajectory — Type

Description of a state's time evolution.

Trajectory( L]
initial_state,

target_state=nothing,
weight=1.0,
kwargs...

describes the time evolution of the initial_state under a time-dependent dynamical generator (e.g., a
Hamiltonian or Liouvillian).

Trajectories are central to quantum control problems: an optimization functional depends on the result of
propagating one or more trajectories. For example, when optimizing for a quantum gate, the optimization
considers the trajectories of all logical basis states.

In addition to the initial_state and generator, a Trajectory may include data relevant to the
propagation and to evaluating a particular optimization functional. Most functionals have the notion of a

https://michaelgoerz.net 12/32
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Dynamical Generators

= Glossary 0O v & ~

Generator — Dynamical generator (Hamiltonian / Liouvillian) for the time evolution of a state, i.e., the right-
hand-side of the equation of motion (up to a factor of 4) such that |¥(t + dt)) = e "*#%|W(¢t)) in the
infinitesimal limit. We use the symbols G, H, or L, depending on the context (general, Hamiltonian, Liouvillian).

Examples for supported forms a Hamiltonian are the following, from the most general case to simplest and most
common case of linear controls,

drift term control term
= "fy + Y B{e®)y) (61)
1
control amplitude
~ A~ —_———
H=Hy+ Y a{e(t)} t)H (G2)
l
' control function
~ ~ ~~ .
H=Hy+Y at) H (G3)

i control operator

In Eq. (G1), fIO is the Drift Term (which may be zero) and each term under the sum over [ is a Control Term. Each
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Dynamical Generators

V QuantumPropagators.Interfaces.check_generator — Function
Check the dynamical generator for propagating state over tlist.

@test check_generator( ®
generator; state, tlist,
for_pwc=true, for_time_continuous=false,
for_expval=true, for_parameterization=false,
atol=le-14, quiet=false)

verifies the given generator:

e get_controls(generator) must be defined and return a tuple

all controls returned by get_controls(generator) must pass check_control
e substitute(generator, replacements) must be defined

o If generator is a Generator instance, all elements of generator.amplitudes must pass
check_amplitude with for_parameterization.

If for_pwc (default):

e op = evaluate(generator, tlist, n) must return a valid operator (check_operator), with forwarded
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Optimization schemes

(a) GRAPE
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Propagators

V QuantumPropagators.AbstractPropagator — Type

Abstract base type for all Propagator objects.
All Propagator objects must be instantiated via init_prop and implement the following interface.
Properties

o state (read-only): The current quantum state in the propagation

e tlist (read-only): The time grid for the propagation

¢ t (read-only): The time at which state is defined. An element of tlist.

e parameters: parameters that determine the dynamics. The structure of the parameters depends on the
concrete Propagator type (i.e., the propagation method). Mutating the parameters affects subsequent
propagation steps.

e backward: Boolean flag to indicate whether the propagation moves forward or backward in time

¢ inplace: Boolean flag to indicate whether propagator.state is modified in-place or is recreated by
every call of prop_step! or set_state!. With inplace=false, the propagator should generally avoid in-
place operations, such as calls to QuantumPropagators.Controls.evaluate!.

Concrete Propagator types may have additional properties or fields, but these should be considered private.

https://michaelgoerz.net 15 /32
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Propagators

every call of prop_step! or set_state!. With inplace=false, the propagator should generally avoid in-
place operations, such as calls to QuantumPropagators.Controls.evaluate!.
Concrete Propagator types may have additional properties or fields, but these should be considered private.

Methods

e reinit_prop! — reset the propagator to a new initial state at the beginning of the time grid (or the end,
for backward propagation)

e prop_step! - advance the propagator by one step forward (or backward) on the time grid.

e set_state! — safely mutate the current quantum state of the propagation. Note that directly mutating
the state property is not safe. However, ¥ = propagator.state; foo_mutate!(¥), set_state!
(propagator, ¥) for some mutating function foo_mutate! is guaranteed to be safe and efficient for
both in-place and not-in-place propagators.

e set_t! — safely mutate the current time (propagator.t), snapping to the values of tlist.
See also
e PiecewisePropagator — specialization of AbstractPropagator for piecewise propagation methods.

e PUWCPropagator — specialization of PiecewisePropagator for piecewise-constant propagation mef

https://michaelgoerz.net 15 /32
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DifferentialEquations.jl: Efficient Differential Equation Solving in Julia OGitHub & & A~

DifferentialEquations.jl: Efficient Differential Equation
Solving in Julia

This is a suite for numerically solving differential equations written in Julia and available for use in Julia, Python, and
R. The purpose of this package is to supply efficient Julia implementations of solvers for various differential
equations. Equations within the realm of this package include:

Discrete equations (function maps, discrete stochastic (Gillespie/Markov) simulations)
Ordinary differential equations (ODEs)

Split and Partitioned ODEs (Symplectic integrators, IMEX Methods)

Stochastic ordinary differential equations (SODEs or SDEs)

Stochastic differential-algebraic equations (SDAES)

Random differential equations (RODEs or RDESs)

Differential algebraic equations (DAEs)

Delay differential equations (DDEs)

Neutral, retarded, and algebraic delay differential equations (NDDEs, RDDEs, and DDAES)
Stochastic delay differential equations (SDDEs)
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Rotating Tractor Interferometer

(b) V(r, 6; z=0)

(a) V(r, z; 6=1/8)

(c) V(r; 8, z=0) (d) V(B; r=R, z=0)
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— Dash, Goerz et al. AVS Quantum Sci. 6, 014407 (2023)
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Rotating Tractor Interferometer

h? 92

He(0,1) = =517 503 + Vocos (m(6 + ¢+(1))

~ h? 02

. 0
In co-moving frame: Hy(t) = ~o5N 502 + Vg cos (mb) — /hwi(t)%

— Dash, Goerz et al. AVS Quantum Sci. 6, 014407 (2023)
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Project-Specific Data Structures

] o Rotating TAI Implementation

struct SplitGenerator
T # (potentially) time-dependent
V # time-dependent
to_p!::Function
to_x!::Function

end

function get_controls(gen::SplitGenerator)
if !isnothing(gen.T) && !isnothing(gen.V)

return (get_controls(gen.T)..., get_controls(gen.V)...

elseif isnothing(gen.T) && !isnothing(gen.V)
return get_controls(gen.V)
elseif !isnothing(gen.T) && isnothing(gen.V

struct SplitOperator{TT,TV}
T::TT
Vi:TV

to_p!::Function # coord to momentum

to_x!::Function # momentum to coord

function SplitOperator(T, V, to_p!, to_x!)
T::Union{Nothing,Diagonal{Float64,Vector{Float64}}}
V::Union{Nothing,Diagonal{Float64,Vector{Float64}}}
# ishermitian depends on these type-asserts
new{typeof (T),typeof (V)3}(T, V, to_p!, to_x!)

end
end

rotating_tai.jl

flunction LinearAlgebra.mul!(C, A::SplitOperator, B, a, B)
#]C) =B |CYy+a A |BY=(B|CY+al |B)) +aT |B)
mul!(C, A.V, B, a, B)

A.to_p!(B)
A.to_p!(C)
mul!(C, A.T, B, a, true)
A.to_x!(B)
A.to_x!(C)
return C
end

N 8% 1 38/444: 1) “o rotating_tai.jl

https://michaelgoerz.net
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Adiabatic Dynamics of Rotating TAIl

t=0ms

— Dash, Goerz et al. AVS Quantum Sci. 6, 014407 (2023)
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Adiabatic Dynamics of Rotating TAI
t =300 ms

lab frame position moving frame position

100 200 300

lab frame momentum  moving frame momentum

93 =
wp sin? (’%) 0<t<t gsg < ﬁ 4(3)1
w(t) = 4§ wo tr <t<tr+tiop o - l
wcos” (5) Tot<e<T SR 0 e

— Dash, Goerz et al. AVS Quantum Sci. 6, 014407 (2023)
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Interferometric Response of Rotating TAI

4mQA R? [T
Adg = mh L A= | (e
0
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1 1 ; 1 cosA® Ao
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|ct | 5 £ 5Re |ne — lc_| 5 5 sm(2>

n=(V_(0, T)|V, (0, T)) =1 if adiabatic
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Interferometric Response of Rotating TAI
Ads — 4mQA
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Non-Adiabatic Dynamics of Rotating TAI

Separation Fidelity [(W(t,)|Wig)|?
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Non-Adiabatic Dynamics of Rotating TAI
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Non-Adiabatic Dynamics of Rotating TAI

lab frame position moving frame position
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Rotating TAI Control Problem

wopt(t) O S t < tr
w(t) = { wWo t <t<t+ tioop
Wopt(t') T—1t<t<T

Find wopt(t) for short t, so that

V0, t=0) = Vg (0, t = t;)

where |Wiz) = ground state of moving potential
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Optimization with QuantumControl.jl

2023-05-17_OCT_tr=150us_V0=0.2MHz_R=26um_w=50T1tps.ipynb E
File Edit View Run Kernel Tabs Settings Help
B+ X T@ [ » m C » Code v O sit Interface Julia1.85 O
objective = Objective(
initial_state=INITIAL_STATE,

o target_state=TARGET_STATE, F- 3
generator=set_guided_control(HAMILTONIAN, TIME_GRID)
)3

IP 8w = get_controls(objective.generator)[1];

0.

k-]

Last executed at 2023-06-04 15:27:22 in 71ims

problem = ControlProblem(;

objectives=[objective], tlist=TIME_GRID,

J_T=J_T_sm, prop_method=:splitprop, verbose=false,
» pulse_options=IdDict(&w => Dict(:lambda_a => 1e6, :update_shape => t -> 1.8)),

check_convergence=res -> begin ((res.J_T < 1e-8) & (res.converged = true) && (res.message = "J_T < 1878")) ¢
)3

Last executed at 2023-06-04 15:27:22 in 284ms

res = @optimize_or_load("./data/$NAME. jld2", problem; method=:krotov, iter_stop=4080, force=true)
Last executed at 2023-06-04 15:28:04 in 42.53s

I [40]:

iter. T Jga(t)dt J AT AJ secs
2] 6.48e-01 0.00e+00 6.48e-01 n/a n/a 0.9
1 6.38e-01 4.99e-683 6.43e-01 -1.01e-62 -5.09e-83 5.3
2 6.27e-01 5.13e-03 6.33e-01 -1.04e-02 -5.23e-83 0.1
3 6.17e-01 5.28e-083 6.22e-01 -1.087e-62 -5.38e-83 0.1
4 6.06e-01 5.42e-03 6.11e-01 -1.09e-62 -5.53e-83 0.1
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Optimization with QuantumControl.jl

—  2023-05-17_OCT_tr=150us_V0=0.2MHz_R=26um_w=501ps.ipynb
File Edit View Run Kernel Tabs Settings Help
B+ X T@ [ » m C » Code v O sit Interface Julia1.85 O
objective = Objective(
initial_state=INITIAL_STATE,

o target_state=TARGET_STATE, F- 3
generator=set_guided_control(HAMILTONIAN, TIME_GRID)

k-]

IP 8w = get_controls(objective.generator)[1];

» Wopt (t) = w(t) + S(t)ow(t)

I [40]:

res = @optimize_or_load("./data/$NAME. jld2", problem; method=:krotov, iter_stop=4080, force=true)
Last executed at 2023-06-04 15:28:04 in 42.53s

iter. T Jga(t)dt J AT AJ secs
2] 6.48e-01 0.00e+00 6.48e-01 n/a n/a 0.9
1 6.38e-01 4.99e-683 6.43e-01 -1.01e-02 -5.89e-63 5.3
2 6.27e-01 5.13e-03 6.33e-01 -1.04e-02 -5.23e-83 0.1
3 6.17e-01 5.28e-083 6.22e-01 -1.087e-62 -5.38e-83 0.1
4 6.06e-01 5.42e-083 6.11e-01 -1.09e-62 -5.53e-83 0.1
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IP

Optimal Control Techniques for Quantum Interferometry
Optimization with QuantumControl.jl

2023-05-17_OCT_tr=150us_V0=0.2MHz_R=26um_w=50T1tps.ipynb

File Edit View Run Kernel Tabs Settings Help

a8+ K,I—D O » = C » Makdownv O et Interface Julia1.8.5 O ac
plot!(; xlabel="time (us)", ylabel="w (m/sec)")

Last executed at 2023-06-06 19:25:30 in 437ms

200
_. 100
o
[
o
E
3 ol

-100

. . .

.
0 50 100 150
time (us)
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lab frame position

Optimal Control Techniques for Quantum Interferometry

Optimized Dynamics or Rotating TAI

moving frame position lab frame position moving frame position

2 .t,— 150 ps ; 2 9. Oxm. = 150 ps ;
= 4 066 | = + : ;
E 28 T E 25
[en} 0 i 0 0
< - . ! < -
~ o It s ~
0 \ 200.15 O \ 1 199 [200.15 0 200.15 0 \ 1 199 {200.15
0.00 9 9 0.009 N 11 11
0 op— | o< opE—] o<>—
0 0.15 0 0.15 200 200.15 0 0.15 0.15 200 200.15

lab frame momentum

moving frame momentum  lab frame momentum  moving frame momentum

e 121 8 8 BT 25 @7, 274 2747
O premz ofed ] 0< 0/ e R : 0<><> NS
0 0.15 200 200.15 0 0.15 200 20C,15 0 0.15 200 0.15 200 200.15
12175/ 2% g ,J 1211 \,« 821,
) ' T @ 50 1k
= 23 /OB 23
s 0 : = Oy : 0
b H b 3 &
e | L : :
0 1 199 20015 0 1 199 200.15 0 1 199 200.15 199 200.15
time (ms) time (ms) time (ms) t|me (ms)

https://michaelgoerz.net
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Optimized Dynamics or Rotating TAI

lab frame position moving frame position
2 9.0%% = 150 ps ;
= ¥ s s
— optimized - unoptimized E 0 2-8
)
< = ! |
M g IF "
0 200.15 0 \ 1 199 {200.15
0.009 N 11 11
— K K
0 0.15 0.15 200 200.15
0.0 1.8 _23.6 lab frame momentum  moving frame momentum
Q (107n/s) 25277 ] 252 fw® 274 2747—
) o—c OI>—'- 0-<><> 0
A(DS — 4mQA A — R_ . 107T ZOC, 200 200.15
ho 2 =
S~
= 9
5> 1 cosAd .o (A z
lc_P=2- =20 —sin? (=2 = | ,
2 2 2 : : /1
1 199 200.15 199 200.15
time (ms) t|me (ms)

https://michaelgoerz.net 23/32



Optimal Control Techniques for Quantum Interferometry

Nuclear Spin Gyroscope

_ “N nuclear spin levels Polarization Readout
l—’ﬂ— L P S B Laser N ||
/ rw WA () (T2),, (B).,

v¥e i RFI()
494MHz | f, Y (TUN2) (TN2),,
il * e i  RF2()
\Y
Im=-1] V¥ l
+

[m, = +1) {2288 Q200

= P |m, = 0) _
“m, = 1V ba ' —
L : —_— i

B=0 B=480G B=0 B=480G V=0

— Adapted from Fig 2 of Jarmola et. al. Sci. Adv. 7, eabl3840 (2021)

https://michaelgoerz.net
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NV Center Hamiltonian with Crosstalk

0) ) 0 Qr o
Ap A H=1Q(t) w Q(t)
J As 0 Q) wi—ws

§|--*- o

wi | _ (7

. s Q(t) = Qu(t) cos (wpt + () + o )
=1 + Qu(t) cos (wst + () + 6
+1)
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NV Center Hamiltonian with Crosstalk

|0) )
nd A -z Solt) 0
S S A Hrwa = | Q1 0(t) A Qo,-1(t)
I e 0 QL 4
w1
Ws
Wp | |
-1 Ql,O(t) = Qp2(t)e’.¢g) + Qsz(t)eid)g/)e—iwpst
w12
Qx(t) _..00 () o .
[+1) QO,—l(t) = 52( )e_"z’p + p2()6—1¢5 e~ iwpst
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NV Center Hamiltonian with Crosstalk

@kwdef struct RamseyHamiltonian

"Single-photon detuning"
A::Float64 = 0.0

"Two-Photon detuning"

5::Float64 = 0.0

"Scaling factor for field envelopes"
u::Floatéd = 1.0

"Time before free time evolution"
T1::Float64

"""The frequency ‘‘w_{ps} = w_p - w_s‘' at which the crossta
the Hamiltonian oscillate. If zero (default), no cross-talk
account"""

Wps ::Float64d = 0.0

"Phase offset of the
¢p1::Floatéd = 0.0

pump field before the free time evoluti

"Phase offset of the
¢p2::Float6d = 0.0

pump field after the free time evolutio

"Phase offset of the Stokes field before the free time evolu

¢s 1::Float6d = 0.0

"Phase offset of the
¢ 2::Float64 = 0.0

Stokes field after the free time evolut

function _evaluate(
H::RamseyHamiltonian,

t::Float64,
Q. re::Float64,
Q. im::Float64,
Qore::Float64,
Qpim: :Float64,
)
@unpack A, 3, M, T1, Gpsy Goay Pozy Gsay G2 = H
07 = (t = T1) 2 exp(il % dp1) : exp(i % Pp2)
02 = (t=Ta) 2 exp(i % doa) : exp(i * dn2)
Q; =(Qre + 1 % Qim)
Q =(Qre + 1 % Q.im)
Q1o = (M / 2) % Q1 % 0y
Qo-1 = (M / 2) » Q' % 0,' # note the complex conjugate
if wes # 0.0

# fast-oscillating cross-talk terms
Qo += (U / 2) % Q2 % 0y % exp(-ixw,,*t)
Qo-1 += (M / 2) % Q1" % 01" % exp(-Lxw,.*t)

end
#!format: off
Beturn @SMatrix ComplexF64[
-8/2 Q10
Qlu' A Qo- 1
0 Qo.1' 8/2
#!format: on

s/nv_ramsey_hamiltonian.jl

https://michaelgoerz.net
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Parameterized Pulses

— 2024-09-17_SpectrumOCT_PhaseControl_TanhParam.ipynb
File Edit View Run Kernel Tabs Settings Help

8 + XDOO » ® C » Cde v O st

Julia1103 O = %

[19]: | Qpre_guess = ParameterizedAmplitude(

O t — shape_p_guess(t), tlist, shape = update_shape,
parameterization=TanhParameterization(-30kHz, 30kHz),
parameterize=true

)s

Qpim_guess = ParameterizedAmplitude(

t — 0.0, tlist, shape = update_shape,
parameterization=TanhParameterization(-30kHz, 30kHz),
parameterize=true

» )3

QsTe_guess = ParameterizedAmplitude(
t — shape_s_guess(t), tlist, shape = update_shape,
parameterization=TanhParameterization(-30kHz, 30kHz),
parameterize=true

)il

Qsim_guess = ParameterizedAmplitude(
t — 0.0, tlist, shape = update_shape,
parameterization=TanhParameterization(-30kHz, 30kHz),
parameterize=true

)3

plot(tlist ./ ps, discretize(Array(Qpre_guess), tlist) ./ kHz; label = "Q,")

plot!(tlist ./ ps, discretize(Array(Qsre_guess), tlist) ./ kHz, label = "Qs")

vline! ([T, 2T] ./ ps; color = "black", 1ls = :dash, label = "")
plot!(; xlabel = "time (ps)", ylabel = "amplitude (kHz)")

simple @D 1 5 & Julia110.3Idle Mode: Edit

https://michaelgoerz.net

[CREONNAESE A |
-

Last executed at 2024-10-28 07:56:00 in 301ms|

Last executed at 2024-10-28 07:56:02 in 1.61s

@ Ln15,Col3 2024-09-17_SpectrumOCT_PhaseControl_TanhParam.ipynb 0 [3
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E Tutorials Pulse Parametrization for Krotov's Method

Parametrizations »

Symmetric Bounded Controls

0.5

-0.5

https://michaelgoerz.net

==Tanh
~Logistic(k=1)
~Logistic(k=4)

0.5

1.0

9€/ou

Optimal Control Techniques for Quantum Interferometry

Parameterized Pulses

0O z & ~
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Population Response Signal

= population response spectrum of population response
1.00 : -
< ‘ u\ [ f ) Jd] unoptimized
5 ' ‘ c 0.20
£ 075 \ ‘U m :
o 2 0.15
> © —u=1.0 — u=0.8
%0'50 l\ \ \ l\ € 0.10 —u=09 —p=05
a ’ m ‘ [ \ g .
(]
£ 0-25 £ 0.05
= 2
© o.oo )
S 1360 1365 1370 1375 1380 1385 0 1 2 3 4 5
time of flight T (ms) frequency (MHz)
LTI Lt A S Laser 7
'y m, = B @+ RGE= e
I Y () (T2)., ().,
sl oy V<—I‘> : RF1 (f) T m |
i[a04mnz f, g/"\e: (Th2). (TtA2),,
5 \"Vn _ i f, ° RF2 () | |
s=-1) ' v . .
; H | =-1n| ¥ J_ H
: .
= |m, AV ¥ fnu’_m_

B=0 B=~480G -iB=0 B=480G vV#0 ' .....
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Population Response Signal

= population response spectrum of population response
g 100 ! A ! fi ) ‘ N @ unoptimized
c \ 1 Al '€ o0.20
S 075 \h i H( \ J \h M ﬂll 5
2 ‘ \w ‘ ‘ \ | £015 1.0 0.8
2 0.50 \ ok TRl TTRES
— u=0.9 — p=05
S i” {' ” ( l i \ ‘ ( l‘ Il\ \' ‘J il \ £ 0.10 u "
(]
£ 0-25 W £ 0.05
= 9]
®© 0 oo &
£ "1.360 1.365 1.370 1.375 1.380  1.385 0 1 2 3 4 5
time of flight T (ms) frequency (MHz)

Jr({|Wur(T)}) = Y IFFT([Po(7; t)]) — FFT([Po(7: 1o = 1)])]

%
Make spectrum for any p look like spectrum for yu =1
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NV Center Optimization Problem

—  2024-09-10_FullSchemePropagationWithCallback.ipynb
File Edit View Run Kernel Tabs Settings Help
B+ XE [ » 8 C » Code ~v O gt Julia 1103 O = 9%
trajectories = vec([
o begin &
H = ham(; tlist, p, Qpre, Qpim, Qste, Qsim, Gp2=(wWp*T), ®s2=(ws*T), crosstalk)
if use_prop_callback

P prop_callback = FreeTimeEvolutionCallback(H; t)
Trajectory(¥e, H; prop_callback)
else
= Trajectory(¥o, H)
end
* I for (t, p) in Iterators.product(t_vals, p_vals) I
)
if _return == :trajectories
return trajectories
end

function J_T_spectrum(¥, trajectories; kwargs...)
Jr{IWur(THY) = D IFFT([Po(7: )]) — FET([Po(ri p = 1)])|
w

Make spectrum for any p look like spectrum for u =1

end

simpe @D 1 M 5 & Julia1.10.3|Idle Mode: Command @ Ln1,Col1 2024-09-10_f fonWithCallback.ipynb 0 [\
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NV Center Optimization Problem

—  2024-09-10_FullSchemePropagationWithCallback.ipynb
File Edit View Run Kernel Tabs Settings Help

B+ XMO [ » B C » Code v O gt Wia1103 O =g

trajectories = vec([

o begin &
H = ham(; tlist, p, Qpre, Qpim, Qste, Qsimf dp2=(wp*T), ®s2=(ws*T)l crosstalk)
if use_prop_callback

P prop_callback = FreeTimeEvolutionCallback(H; t)
Trajectory(¥e, H; prop_callback)
else
= Trajectory(Ye, H)
end
» end
for (t, p) in Iterators.product(t_vals, p_vals)
i)
if _return == :trajectories
return trajectories
end

function J_T_spectrum(¥, trajectories; kwargs...)

Q,(t) 0 Qu(t) 0 .
Ql,O(t) = %el(bp L %el(ﬁs e_’wpst

Absorb phase difference in RF pulse

return norm(spec - spect_target)
end

simpe @D 1 M 5 & Julia1.10.3|Idle Mode: Command @ Ln1,Col1 2024-09-10_f fonWithCallback.ipynb 0 [\
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NV Center Optimization Problem

—  2024-09-10_FullSchemePropagationWithCallback.ipynb
File Edit View Run Kernel Tabs Settings Help

B+ XE [ » 8 C » Code ~v O gt Julia 1103 O = 9%
trajectories = vec([
o begin &
H = ham(; tlist, p, Qpre, Qpim, Qste, Qsim, Gp2=(wWp*T), ®s2=(ws*T), crosstalk)
if
P prop_callback = FreeTimeEvolutionCallback(H; t)
Trajectory(¥e, H; prop_callback)
el
= Trajectory(¥o, H)
end
end
*»
for (t, p) in Iterators.product(t_vals, p_vals)
i)
if _return == :trajectories
return trajectories
end
function J_T_spectrum(¥, trajectories; kwargs...)
Jr{IVur (T)Y) = D IFFT([Po(r: m)]) — FFT([Po(r; u = 1)])]
%
Make spectrum for any p look like spectrum for u =1
end
simpe @D 1 M 5 & Julia1.10.3|Idle Mode: Command @ Ln1,Col1 2024-09-10_f fonWithCallback.ipynb 0 [\
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NV Center Optimization Problem

—  2024-09-10_FullSchemePropagationWithCallback.ipynb
File Edit View Run Kernel Tabs Settings Help

B+ XMO [ » B C » Code v O gt Julia1103 O =

k-
trajectories = vec([
o begin &
& Jr{IYur (TH) = D IFFT([Po(r: m)]) = FFT([Po(ri p = 1))
= =
» Make spectrum for any p look like spectrum for =1
i)
if _return == :trajectories
return trajectories
end
function J_T_spectrum(¥, trajectories; kwargs...)
M = length(u_vals)
N = length(t_vals)
spec = zeros(N)
for m = 1:M
states = collect(W[((m-1)*N+1):mxN])
pop@ = [abs2(¥[2]) for ¥ in states]
spec = spec .+ (abs2.(FFTW.fft(pop@)) ./ M)
end
return norm(spec - spect_target)
end
simple @D 1 A &F Julia 1.10.3 [ Tdle Mode: Command @ Ln1,Col1 2024-09-10_f fonWithCallback.ipynb 0 [\
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Semi-automatic differentiation

dJr Automatic Differentiation:

Vir = (9?; evaluate Jt inside AD framework

https://michaelgoerz.net 29/32



Optimal Control Techniques for Quantum Interferometry

Semi-automatic differentiation

o ({vi(T)))

Vir e,

Use a chain rule to split the gradient into
m a numerically expensive but analytic part

m a non-analytic but computationally cheap part

— Goerz, Carrasco, Malinovsky. Quantum 6, 871 (2022)

https://michaelgoerz.net 29/32



Optimal Control Techniques for Quantum Interferometry

Semi-automatic differentiation

V) = aJT({wk( T)}) (@ backward-prop of extended state/gradient
T 36n/ (=1 (i71) (1;1) =D
1 €INg
— 2Re Z oJr 9 |wk(T)> (@@”/(t\)@ /@/(t\)g\ (T)
- O (T ) Xk Xk (t1 Xk (1 Xk
|5 2NT)), - Oen . B
- = b Pk Uy (t1) e Uy (ta) U (T)
= 2Re Z 86,, <Xk(T)|wk( T)> l(; 1) El(;'—l) El(il—l) ;;V 1)
L k - T

@ forward-prop and storage with guess

— Goerz, Carrasco, Malinovsky. Quantum 6, 871 (2022)
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NV Center Optimized Pulses

2024-09-17_SpectrumOCT_PhaseControl_TanhParam.ipynb

File Edit View Run Kernel Tabs Settings Help
- B + X T [ » m C » Code v O st Julia1103 O = %
[71]: | plot(tlist ./ ps, abs.(Qp-opt) ./ kHz; label = " mArY &F 0
o plot!(tlist ./ ps, abs.(Qs_opt) ./ kHz; label = "0,") &
vline! ([T, 2T] ./ ps; color = "black", 1s = :dash, label = "")
plot!(; xlabel = "time (ps)", ylabel = "amplitude (kHz)", legend=:topright)
IP Last executed at 2024-10-28 09:29:51 in 93ms
[71]1:
30 Q
—Q
* z
< 20t
o
°
3
E=]
a
£ 10
©
[ L . L
0 20 40 60
time (us)
plot(tlist ./ ps, angle.(Qp-opt) ./ m; label = "arg(Qy)")
plot!(tlist ./ ps, angle.(Qs_opt) ./ m; label = "arg(Qs)")
vline! ([T, 2T] ./ ps; color = "black", 1ls = :dash, label = ""
plot!(; xlabel = "time (ps)", ylabel = "phase (m)", legen
Last executed at 2024-10-28 09:29:03 in 8ms
simple @D 1 5 4 Julia1.10.3Idle Mode: Edit @ Ln2,Col 35 2024-09-17_SpectrumOCT_PhaseControl_TanhParam.ipynb 0 [\

https://michaelgoerz.net

30/32



Optimal Control Techniques for Quantum Interferometry

NV Center Optimized Pulses

— 2024-09-17_SpectrumOCT_PhaseControl_TanhParam.ipynb
File Edit View Run Kernel Tabs Settings Help

= a + S(mlf’: ) » m C » Code v G: git . Julia1103 O = 4
V 1 1
| :
-
o [ L ! . L \
0 20 40 60
IP time (us)
= [70]: plot(tlist ./ ps, angle.(Qp-opt) ./ m; label = "arg(Q,)") A
plot!(tlist ./ ps, angle.(Qs_opt) ./ m; label = "arg(Qs)")
vline! ([T, 2T] ./ ps; color = "black", 1ls = :dash, label = "")
» plot!(; xlabel = "time (ps)", ylabel = "phase (m)", legend=:topright)
Last executed at 2024-10-28 09:29:03 in 80ms
[701: 10|
M —— arg(Qs)
arg(Q:)
05
E
2 oor _\
©
<
=
-05
-0, L L L
[ 20 40 60
time (ps)
simple @D 1 5 4 Julia1.10.3Idle Mode: Command @ Ln4, Col 26 2024-09-17_SpectrumOCT_PhaseControl_TanhParam.ipynb 0 [\
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Optimized Signal Spectrum

=) population response spectrum of population response

= 1.00 : -

< i \ ! i i t A unoptimized

8 Gl 0 A wy bl >°

S o075 i 1‘ \ { | w ﬂ ‘ _

3 ‘\ 5015 1.0 0.8

8‘0'50 ‘ 2 1209 — peos

a '” ‘ u‘ ( \ l” \ J ‘\ £ 0.10 : -

®o. 25 =

£ + 0.05

= 9]

— [oR

© ]

§_ 1.360 1.365 1.370 1.375 1.380 1.385 0 1 2 3 4 5
1.00 17 \ =

£ m 2 optimized

5 i €020

= 0.75 2

L = 0.15

2050 T

Q g 0.10

¥ 0.25 =

g0 + 0.05

b= 9]

s | | 2 LA

@© 0.00 o

S 1360 1365 1370 1375 1380 1385 0 1 2 3 4 5

time of flight T (ms) frequency (MHz)
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Conclusion

m Quantum Interferometry Implementations

m Atomic Fountain Interferometer: robust momentum space transfer
m Rotating Tractor Interferometer: non-adiabatic phase space transport
m Nuclear Spin Gyroscope: “double quantum” control, spectral optimization

ARL Berkeley Michigan Stanford

Vladimir Malinovsky 5 Andrey Jarmola V4 Georg Raithel

1, Mark Kasevich

Tim Kovachy
Remy Notermans
Chris Overstreet
Peter Asenbaum

Sebastian Carrasco Sean Lourette

| Bineet Dash

w‘f)

Jablr Chathanathil Alisher Duspayev
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Conclusion

m Quantum Interferometry Implementations

m Atomic Fountain Interferometer: robust momentum space transfer
m Rotating Tractor Interferometer: non-adiabatic phase space transport
m Nuclear Spin Gyroscope: “double quantum” control, spectral optimization

m QuantumControl.jl Framework

m Define control problems in terms of “trajectories”

m Define dynamics in terms of “generators” and stateful “propagators”
m Separate “control amplitudes* from actual “controls”

m Efficient project-specific data structures through multiple dispatch

Thank You!
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Gradients of parametrized pulses

I Hit) o ... 0 H®O@)\ 7
du ‘\Uk> A~ A O
L Sl 0 A ... 0 HO@) |
= exp —i'T/ : : dt 0
auN ‘Wk) ° 0 0 ... At AM(¢) vy
Ufwy) i o 0 .. 0 Aw /) |NF

with A(0)(£) = 240

— "“GOAT": Machnes et al. Phys. Rev. Lett. 120, 150401 (2018)
https://github.com/JuliaQuantumControl/QuantumGradientGenerators.jl
39/32
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