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Some planetary science in the next decade

Origins, Worlds, and Life: Decadal survey

 The National Academies published a decadal survey “Origins, Worlds, and
Life: A Decadal Strategy for Planetary Science and Astrobiology 2023-2032"

* The survey identifies 12 priority questions for planetary science: e ey oo et

e (Q1: Evolution of the protoplanetary disk
- Origins

 (Q5:Solid body interiors and surfaces

5 W Id Artist conception of how a rocky planet forms.
o r s Credit: NASA/JPL-Caltech

 (Q7: Giant planet structure and evolution

 Q10: Dynamic Habitability
" Life

ENCELADUS

° 1 2 . EXO |a nets . Cassini image of Enceladus plume. lllustration of Cassini detection of
Q p d AI I t he mes Credit: NASA/JPL/Space Science organic compounds in Enceladus’
Institute plumes. Credit: NASA/JPL-Caltech
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Quantum technologies for planetary science

Planetary Sciences Division summary of quantum technology investments
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Specific measurement/Science Application

“Deep Space Atomic Clock: Veritas TDO”

DSAC uses two types of cold traps to isolate mercury ions from wall collisions and excites quantized energy state

transitions to create a clock that is significantly less sensitive to variations in environmental radiation,
temperature, and magnetic fields. This ultra-stable operation will improve the accuracy of on-board navigation,
and gravity and radio science measurements.

“Atomic Drag-Free Accelerometer for Non-Gravitational Forces in Radiometric Orbit Determination and
Planetary Science”

Uses free-fall atomic particles as proof masses and quantum wave interference for inertial force measurements
to measure planetary gravity measurements through radiometric orbit determination.

“Optically Pumped Solid-State Quantum Magnetometer (OPUS-MAGNM)”
Optically active, spin-carrying quantum centers in wide-bandgap semiconductors are used to measure external
magnetic fields to provide a low-SWAP means to map planetary fields.

“Hybrid Radio Frequency and Magneto-Inductive Transceiver for Europa Sub-lce Communications”
Uses SQUID receiver to detect weak magnetic fields for communication through thick ice.

“Superconducting Gravity Gradiometer for Planetary Dynamics”
Motion of floating test masses measured using SQUID detectors to increase sensitivity; Objective is to probe
planetary interiors from crust to core.

“Lunar Super Low-Frequency Atomic Seismometer”

Employs atomic test masses as the inertial reference frame and atom interferometry for displacement
measurements. The application is an orbiter atomic drag-free reference instrument for planetary gravity
measurements.

“Terahertz heterodyne spectral imager of planets and comets”
Development of a tunable antenna-coupled terahertz mixer by exploring the inter-subband transition in a 40nm
GaAs/AlGaAs quantum well heterostructure.

Solicitation yr

STMD

MatlSSE-20

PICASSO-20

COLDTech-20

MatISSE-18

DALI-18

PICASSO-18

Quantum networks for space-based distributed quantum sensing: Perspectives on planetary science applications




Part Il:

SPACE-BASED QUANTUM NETWORKS FOR HIGH
RESOLUTION GEODESY AND VLBI

Your Title Here



Space-based guantum networks

Potential applications for planetary science

Atomic Clocks

Long Baseline Interferometry ; , : Benefits: High accuracy global timing
Quantum Communications Links for Future

NASA Exploration o system. High resolution imaging of

' celestial gravitation fields. Location of
gravimetric sources, such as underground
caverns.

Benefits: High resolution exo-solar
imaging of celestial bodies and surfaces

Milky

/OGLE-ZO‘I 4-BLG-0124L

Microlensing
Exoplanets

Our Solar System

Map of Exoplanets found in our galaxy — artist concept.

Credit: NASA/JPL-Caltech Variations in thickness of Mars Crust

from gravitational pull on orbiters.
Credit: NASA/GSFC/Scientific
Visualization Studio
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Gravity field mapping and geodesy

GRACE and GRAIL

Topographic map  Gravimetric map

e Gravity field measured via distance between two
polar-orbiting satellites.

GRACE:
* Altitude 500 km / Separation 220 km
* Resolution 300 km
* K-band ranging ~1 um
 Sensitivity ~1 mGal (107° - g)

Credit:
NASA/GSFC/JPL/
Colorado School of
Mines/MIT

S-band link ::::«:::ro i GRAIL data
GRAIL: i s — dike model
e Altitude 22-55 km / Separation 175-220 km S

* Resolution 4.5 km - 13 km
 Ka-band ranging to 0.1 um

e Sensitivity <1 mGal

. . e " : 150 -100 50 0 50 100 150
GRACE-FO Laser Ranging = Higher sensitivity o E R S SR Distance (km)

Better acceleromete rs = H |gher I"eSO|UtI0n Credit: NASA/JPL Credit: NASA/JPL-Caltech/CSM
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National Aeronautics and Space Administration

Long-baseline optical interferometers are just
reaching minimum resolution required for study of
exoplanetary systems

The Navy Precision Optical Interferometer (NPOI) has
outlined a plan for 2020-2030 to achieve multi-km
baselines capable of imaging protoplanetary disks

The European Southern Observatory’s Very Large
Telescope (VLT) array reported the first direct
detection of an exoplanet by optical interferometry,
separating light from the exoplanet from that of its
central star for spectroscopic analysis

Illustration of a protoplanetary disk surrounding a central star.
Credit: NASA/JPL-Caltech

Radio interferometer image of protoplanetary
disk. An optical array of the same size could
yield 600x the resolution. Credit: S. Andrews
(Harvard-Smithsonian CfA), ALMA
(ESO/NAOJ/NRAO)

¢ = Bksin®@

¢s = B(ksind + 3) >§
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Space-based guantum networks

Fundamental resources for quantum metrology

Resource Constraint

The total action AS of the process Sensitivity

AS = AE - At = Ap - Ax
b = AS/h

bs

The total number of quanta N

bs @

Yes

limits # bits locating ¢ € [0,27].

National Aeronautics and Space Administration

_AS 0.2
Qb—?E[ ’ T[]

Governs how sensitive the system is to
AE, At, Ap, or Ax.

Precision

\/ # indep.probes

Ag N

T

“Shot noise”
“Quantum Projection Noise”
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Space-based guantum networks

Fundamental resources for quantum metrology

VLBI

(N) « 1

S

Resource Constraint
Ax

The total action AS of the process Sensitivity

AS = AE - At = Ap - Ax
b = AS/h

bs

The total number of quanta N

bs @

Yes

limits # bits locating ¢ € [0,27].

National Aeronautics and Space Administration

N\

Quanta limited
by source flux

Ap/h
{_A_\
¢ = Bksinf

AS Sensitivity limited
¢ =—€ [0;27T] by (phase stable)

h baseline

| O) | 1) Angular resolution
8 € [0,21/B]
& ksinf € [0,2m/B]

< sinf € [0,4/B]

¢5 = B(ksing + &) \ﬂ cos?(B&/2)
) sin(85/2)

Governs how sensitive the system is to
AE, At, Ap, or Ax.

Precision

\/ # indep.probes
N

Ag

T

“Shot noise”
“Quantum Projection Noise”
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Space-based guantum networks

Fundamental resources for quantum metrology

(N) « 1

N VLB

Resource Constraint

The total action AS of the process Sensitivity
AS = AE - At = Ap - Ax

¢ = AS/h EE
h

Governs how sensitive the system is to
AE, At, Ap, or Ax.

¢ = [0,2m]

bs

The total number of quanta N Precision

# indep. b
Agb ~ \/ lnaep.probes
No T N

“Shot noise”
“Quantum Projection Noise”

bs

Yes

limits # bits locating ¢ € [0,27x].

National Aeronautics and Space Administration

N\

Quanta limited
by source flux

| 0) | 1) Angular resolution
8 € [0,21/B]
& ksinf € [0,2m/B]

< sinf € [0,4/B]

\ﬂ cos?(B6&/2)
>Q sin?(BS/2)

Sensitivity limited
by (phase stable)
baseline

¢s = B(ksinf + §)

Quanta limited by
collision broadening

Sensitivity limited
by (LO stable) At

Optical atomic clock

lution ti AE/h F luti

\; oy \:\,TT/ Deturing 5 € [020/T]
le) ¢ =T

I > o o - D cos?(T8/2)

AE S== >< ><

e *—o—o - - - g *—o in? 6 2

|g> — |g)N - D Sin (T / )
¢s = T(Aw + 8)

/2 T /2 t

v

Local oscillator Aw + 6 u
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Geodesy using quantum networks of clocks

Comparison to satellite ranging

Satellite Ranging-Based Gravimetry

p = inter-satellite range vector

Non-gravitational
Gravitational accelerations (on-board
accelerations accelerometers)
L

p=p-(g2—9g1) +p (a; —ay)

1
12 2
Ranging/ + E (‘lpl _ ,0 l)

Measurement

Centrifugal term (requires
orbital positions, e.g. GNSS)

GRACE Resolution: 300 km to ~1 mGal
GRAIL Resolution: 5 km to ~1 mGal

Standard Quantum Limit: ~70 um - nGal
(for 220 kg at 1 km/s via Ag > (h/m13)1/?)

Practical limit is isolation of non-gravitational
accelerations = 1-10 second integration time
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Geodesy using quantum networks of clocks

Comparison to satellite ranging

Satellite Ranging-Based Gravimetry

p = inter-satellite range vector

Non-gravitational

Gravitational accelerations (on-board
accelerations accelerometers)
p=p (g2—91)+p (az —ay)
/‘ 1
12 -2
Ranging + R (lpl _ ,0 )
Measurement p . Y )

Centrifugal term (requires
orbital positions, e.g. GNSS)

GRACE Resolution: 300 km to ~1 mGal
GRAIL Resolution: 5 km to ~1 mGal

Standard Quantum Limit: ~70 um - nGal
(for 220 kg at 1 km/s via Ag > (h/m13)1/?)

Practical limit is isolation of non-gravitational
accelerations = 1-10 second integration time

National Aeronautics and Space Administration

Relativistic Gravimetry
IAU metric: g, = Ny + (2P /c?)6,, + 0(c2)

3-velocity in coordinate
Gravitational time (requires orbital
Satellite clock potential positions, e.g. GNSS)

!

dr? = (-1+ % + %) dr?

f dTO .

—_— =4 do ler <«—— Requires two-way
Referen_ceclock(e_-g- — o drt pp frequency transfer
geostationary orbit)

Direct recovery of gravitational potential ® (instead of
gravitational acceleration g) relegates non-gravitational
accelerations to smaller order error d?7/dt?.

Comparison to highly stable ‘master’ clock f is needed

Needs velocity determination < 107° m/s and
clock stability < 10718 s (Mayrhofer and Pail, 2012)
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Geodesy using quantum networks of clocks

Enhanced interferometry with GHZ states

Local Quantum Correlations
|o o v @) e o )
10)[0) -+ 10) + [1)[1) -+ |1)
|

N N
—
¢ ¢ = Té cos?(T6/2)
_ ) _ D |€) 00 ® r : 2 . ! R )
. No
|0)|0) - |0) Yes IAG) ...."
+ Phase accumulates |g) 0040, |g)N D

N times faster sin? (T5/2)
Aw —§ Aw —§6

M) |1) — T 10 t
¢ D /2 | | /2
No

But only 1 bit (parity) to Yes
locate ¢ in [0,27/N] \

— cos2(NT8/2) |0dd){0dd]|
+ sin?(NT&8/2) |Even){Even| ...
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Geodesy using quantum networks of clocks

Enhanced interferometry with GHZ states

Local Quantum Correlations

|o o v @) e o )

10)[0) -+ 10) + [1)[1) -+ |1)
|

N N

Yes

10[0) -+ 0)
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/N times faster

:
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e™M?[1)[1) - |1)
locate ¢ in [0,27/N] \

@
— cos2(NT8/2) |0dd){0dd]|
+ sin?(NT&8/2) |Even){Even| ...
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C—
= cosz(T(?/Z)
s >< . ><
| ) 0050
7 |9>N sin (T5/2)
Aw — 3§
— m T t
/2 I /2 >

Quantum networks for space-based dis

Nonlocal Correlations (Entanglement)
o o - @)oo o w)
10)10) -+ [0) + [1)|1) -~ |1)

M M

+
elPm|1)
" P
= |0)]0) -+ |0) + ! (P1F+Pm)|1)|1) .-+ |1)
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™

Again, onI! one bit (parity)
to locate ¢ in [0, 21T/ M|

Center-of-mass (COM) phase
accumulates M times faster
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Geodesy using quantum networks of clocks

Enhanced interferometry with GHZ states

Local Quantum Correlations
E B o R

0)10) 10} + [1)]1) - |1)
N N
?
1010}~ 10) L

_|_

Phase accumulates
/N times faster

e™M?[1)[1) 1)

»

:

But only 1 bit (parity) to Yes

locate ¢ in [0,27/N] \

— cos2(NT8/2) |0dd){0dd]|
+ sin?(NT&8/2) |Even){Even| ...
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= cos? (T5/2)

-

><‘ ‘><

sin (T§/2)
)

N=1000 atoms
Network Type A9 and M=25 nodes
Single Sr Clock 1/\/N ~ 10—18
Classical network I —-19
1/N/MN 2-10
Quantum network 1/MN ._10—21

Quantum networks for space-based dis

Nonlocal Correlations (Entanglement)

E Ao w e w)
10)10) ++10) + [1)I1) -+ |1)
M M

ei¢M|1>
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™

Again, onI! one bit (parity)
to locate ¢ in [0, 21T/ M|

Center-of-mass (COM) phase
accumulates M times faster
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Geodesy using quantum networks of clocks

Quantum processing for entangled clock networks

Adapted from: Komar, P, Kessler, E., Bishof, M. et al. A quantum network of clocks. Nature Phys 10, 582-587 (2014) Node 1 (Center)
Each satellite contains a local oscillator (LO) and N atomic clock qubits. @ AL (D
\—'—l
|¢2>1 |l/JN)1
|lp1>1

4 A 4 A

[¥1)2 cee [Y1)m
[¥2)2 =+ |Pn)2 [Y2)m - [Yndu

Establishing a network of entangled clocks requires both high-

111 w — b, 111 W — 0y
rate entanglement distribution and quantum processing. K[U ALl (D / K[U jied (D /

Node 2 Node M
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Geodesy using quantum networks of clocks

Quantum processing for entangled clock networks

Adapted from: Kémar, P., Kessler, E., Bishof, M. et al. A quantum network of clocks. Nature Phys 10, 582-587 (2014) Node 1 (Center)
Each satellite contains a local oscillator (LO) and N atomic clock qubits. ﬂ) AL (D
ope . . \—'—‘
1. AnGHZstate |0); ++- [0)y + [1)1 --- [1)y of M auxiliary qubits |a); is [2)1 -+ |
distributed from a central node. 1)1

[¥1)2 cee [Y1)m
[¥2)2 =+ |Pn)2 [Y2)m - [Yndu

Establishing a network of entangled clocks requires both high-

111 w — b, 111 W — 0y
rate entanglement distribution and quantum processing. K[U ALl (D / K[U jied (D /

Node 2 Node M
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Geodesy using quantum networks of clocks

Quantum processing for entangled clock networks

Adapted from: Kdmar, P., Kessler, E., Bishof, M. et al. A quantum network of clocks. Nature Phys 10, 582-587 (2014) Node 1 (Center)
Each satellite contains a local oscillator (LO) and N atomic clock qubits. (:U AL (D
g . . \—'—‘
1. AnGHZstate |0); ++- [0)y + [1)1 --- [1)y of M auxiliary qubits |a); is [2)1 -+ |
distributed from a central node.
2. Results of Bell state measurements at each node are exchanged over W),
classical links to transfer the auxiliary GHZ state to a GHZ state consisting of —
the first clock qubit [1;); at each node j. N w—&

la)u
I
BSM BSM

|
1)z e

|lp2>2 |1/)N>2 |¢2>M th)M

Establishing a network of entangled clocks requires both high-

111 w — b, 111 W — 0y
rate entanglement distribution and quantum processing. K[U ALl (D / K[U jied (D /

Node 2 Node M
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Geodesy using quantum networks of clocks

Quantum processing for entangled clock networks

Adapted from: Komar, P, Kessler, E., Bishof, M. et al. A quantum network of clocks. Nature Phys 10, 582-587 (2014) Node 1 (Center)
Each satellite contains a local oscillator (LO) and N atomic clock qubits. ﬂ) AL (D
g . . \—'—‘
1. AnGHZstate |0); ++- [0)y + [1)1 --- [1)y of M auxiliary qubits |a); is [2)1 -+ |
distributed from a central node. ;\ %\
O S
2. Results of Bell state measurements at each node are exchanged over B |¢1>:
classical links to transfer the auxiliary GHZ state to a GHZ state consisting of —
the first clock qubit [1;); at each node j.

3. This entanglement is extended to the other clock qubits at each node via
CNOT gates with the first clock qubit [1);.

Establishing a network of entangled clocks requires both high-

111 w — b, 111 W — 0y
rate entanglement distribution and quantum processing. K[U ALl (D / K[U jied (D /

Node 2 Node M
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Geodesy using quantum networks of clocks

Quantum processing for entangled clock networks

Adapted from: Komar, P, Kessler, E., Bishof, M. et al. A quantum network of clocks. Nature Phys 10, 582-587 (2014) Node 1 (Center)

—
|¢2>1 |¢N)1

Each satellite contains a local oscillator (LO) and N atomic clock qubits.

1. AnGHZstate |0); ++- [0)y + [1)1 --- [1)y of M auxiliary qubits |a); is
distributed from a central node.

2. Results of Bell state measurements at each node are exchanged over
classical links to transfer the auxiliary GHZ state to a GHZ state consisting of
the first clock qubit [1;); at each node j.

3. This entanglement is extended to the other clock qubits at each node via
CNOT gates with the first clock qubit [1);.

4. The clock qubits are interrogated by each LO yielding a parity measurement
p; at each node sent classically to a center node where the center-of-mass

(COM) detuning & is determined.

|lp2>2 |1/)N>2 |¢2>M th)M

Establishing a network of entangled clocks requires both high-

e w— &, T [ — O
rate entanglement distribution and quantum processing. K[U ALl (D / K[U jied (D /

Node 2 Node M
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Geodesy using quantum networks of clocks

Quantum processing for entangled clock networks

Adapted from: Komar, P, Kessler, E., Bishof, M. et al. A quantum network of clocks. Nature Phys 10, 582-587 (2014) Node 1 (Center)

—
|¢2>1 |¢N)1

Each satellite contains a local oscillator (LO) and N atomic clock qubits.

1. AnGHZstate |0); ++- [0)y + [1)1 --- [1)y of M auxiliary qubits |a); is
distributed from a central node.

2. Results of Bell state measurements at each node are exchanged over
classical links to transfer the auxiliary GHZ state to a GHZ state consisting of
the first clock qubit [1;); at each node j.

3. This entanglement is extended to the other clock qubits at each node via
CNOT gates with the first clock qubit [1);.

4. The clock qubits are interrogated by each LO yielding a parity measurement
p; at each node sent classically to a center node where the center-of-mass

(COM) detuning & is determined.

5. Each node sends the LO field to the center via phase-stable links. The center
node synthesizes the COM frequency and distributes the stabilized clock
signal back to each node via individual error signals &;.

[Y2)2 -+ |¥w)2 [Y2)m - [Yndu
I—‘—\

|

Establishing a network of entangled clocks requires both high-

e w— &, T [ — O
rate entanglement distribution and quantum processing. K[U ALl (D / K[U jied (D /

Node 2 Node M
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Geodesy using quantum networks of clocks

Scaling of guantum networks

10° ;
Example: M=25 nodes with N = 1000 atoms
\: ahdard
3 3 s
“ o 27
8 10 .
AS  |N=1000 atoms 8 .
NSRS e and M=25 nodes g o O@%@
| lock 18 g 10 = %
Single Sr Cloc 1 /‘N ~ 10~ 3 ' ;
= ] “
/ S )
Classical network ~2.1071° >
1/vMN s | <
Quantum network ~ 10—21 10° 102 10* 108 108
1/ MN Quantum network scale M N
(total quanta in correlated state)

It remains to be seen how real quantum networks will scale

Significant potential gains depending on the governing “Moore’s law” of quantum networks
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Optical VLBI using quantum networks

Optical VLBI for studying exoplanetary systems

Angular resolution

AO ~ — 20 prad
B I

Very Large Telescope Interferometer (VLTI): N—
anetary disk Image Y

B — 130 m VLT SPHERE instrument.

Credit: ESO/J. de Boer et al.
AB ~ 0.01 urad

Center for High Angular Resolution 0.2 prad
Astronomy (CHARA):

B =330m
VLTI reconstructed view
AQ ~ O 001 [ll'ad of the surface of Antares.

Credit: ESO/K. Ohnaka

Event Horizon Telescope (EHT):

A~ 1.3 mm < 0.0001 prad
B ~ 10,000 km

A6 ~ 0.0001 urad

Artist conception of HR8799e, the first

exoplanet directly detected by optical

interferometry. Credit: ESO/L. Cal¢ada
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Optical VLBI using quantum networks

Quantum teleportation for extending baselines

Direct detection optical baselines limited by signal losses

&\!

¢ = Bksinf

Lossy phase-stable path

J;D
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Optical VLBI using quantum networks

Quantum teleportation for extending baselines

Direct detection optical baselines limited by signal losses Heterodyne detection limited by /ocal shot noise

CORRELATOR
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Optical VLBI using quantum networks

Quantum teleportation for extending baselines

Direct detection optical baselines limited by signal losses Heterodyne detection limited by /ocal shot noise Non-local interference using quantum repeaters to eliminate
baseline losses (Gottesman, Jennewein, and Croke, 2012)

11)]0) |1)

C
L

¢ = Bksinf

0)11)

SPD = Single-photon detector

Lossy phase-stable path

D SPO =Single-photon oscillator
CORRELATOR QR =Quantum repeater
SPD SPD
Baseline optical losses and local shot noise can be overcome using quantum repeaters o el k@ D
. ase-stable lin
to share entangled states to produce non-local interference. o8| | ar | cansitink | am o
. . . . . Quantum Link
« Problem: Requires very high-rate entanglement distribution 11)10) + |0)| 1)
. . |Time-tag| ......................... ||k ......................... Time-tag
Entangled photon rate ~ Optical system bandwidth —_— Classicaltin ._,_.I—l
X Quantum teleportation . .
(one photon per time-frequency mode) Bell state ., Direct-detection
measurement © (Non-local interference)
Distribution rate can be reduced with more sophisticated quantum processing/memory. Adapted from D. Gottesman, T. Jennewein, and S. Croke Phys. Rev. Lett. 109, 2012
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Summary

- Priorities in planetary science are big questions requiring the most demanding
technology which is not limited only to fundamental physics

- Once systems are engineered to hard constraints in quantum resources (i.e. the
standard quantum limit), quantum networks enable orders of magnitude improvement

- Like gravitational wave astronomy, high resolution geodesy and optical telescopy provide
examples which may soon reach the limits accessible to classical systems

- In contrast to metrology with continuous-variable states (e.g. squeezed states, LIGO),
the most ambitious applications of discrete-variable quantum networks demand
sophisticated quantum processing

- Nevertheless, for resource-limited applications quantum networks may open new
regimes of study throughout Earth science, planetary science, and astrophysics
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