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JPL Trapped lon Clock Overview
Key Performance Features:

« 106-107 199Hg* trapped ions
« No wall collisions, high Q microwave line

Controller Detection
<+ |ight system
 Buffer gas cooled to ~300K
» Multi-pole ion trap — lower systematics
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199Hg lon Clock Development Timeline
40.5 GHz transition in 199Hg+, optically pumped with 202Hg+ discharge lamp, buffer gas cooled

\\\\\\\\ \\\\\\\\\ e
F., . | 5th FSM -12 I 11 lIlIIII 11 lI;]]IL 1 1 |||?u€/n1 1 Illllll 11 lIlIIII IR 111 i1l
r— Ii 10 T

1993 7x10/TY2 | |ong term drifts < 2x10716/day.

1 1 IIIIIII
L T lIIIIII

1996 2 x 104/T%2 advanced LOs: €SO, H-masers

1999 Multi-pole ion trap reduction of 2" Order Doppler Shift

2006 High temp bake-out -> sealed getter pump
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QO Dpsac Mission
2008 Compensated Multi-pole: UTC quality timekeeping with a single clock

DSAC Payload
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2010GPSIII MAFS: 50W total power demonstrated.

2011 high bake sealed operation demonstrated
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2010-16 Ultra-stable multipole ion trap reference clock
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2016-present - Miniature clock development: 1 liter (next talk)
2019-2021 DSAC operates in LEO

2022 DSAC-2 — Low 30W, long-life concept for NASA & DoD
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Successful launch, June 25, 2019
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Some Primary Physics Package Subsystems

Titanium Vacuum Tube
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DSAC Demonstration Unit

Mercury UV Lamp Testing

Quadrupole Trap Electrodes

Electron Emitter

Multi-pole Trap Electrodes
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Challenges of measurements in space: Noise Sources

OD

Allan Deviation

DSAC Frequency Stability Measurements vs UTC via GPS

Clock noise

DSAC Payload in LEO

»  Multiplier
Local
Oscillator
Error signal |
Feedback

|—» Stable User Output

Atomic
Reference
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Require precise orbit determination to remove
relativistic effects — need J2 corrections
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Final result: measure all three

Hg+ stability vs UTC (> ~20,000 s) via GPS time transfer:
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DSAC Results: Calibrating GPS Receiver and Relativistic Effects

GPS phase dynamically corrected f dt |1 + ‘D(T) ‘DU v?
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Demonstration of a trapped-ion atomic clock in space
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DSAC Environmental Sensitivities

Radiation: SAA-induced USO drift variations taken out by
clock control loop

Clock Frequency Error
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Radiation

Magnetic Shifts: below measurement noise floor
* 250 mG/orbit - 100x lab!
e Strength of Hg+ technology

Allan Deviation

Clock Frequency Error
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DSAC Environmental Sensitivities [ —
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Radiation
Magnetic Shifts
Temperature sensitivity:
* Not fundamental TR
* T-sensitivity of these ] \SWMW
* Overall: 1e-14/C with — lon number variations (second order Doppler) : Pow@\“{{wmm" f |
NO thermal . WWWM N”\Ode\ed ,
regulation i |
° Path to unregulated ° 190 i) Size Messarement Number -
2e-15/C is known Collision shifts (Background gas) "]
: = 46‘?’ime (s) 0 o
Light shifts: Not measured, but estimated at <3e-15 measurement noise floor
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DSAC Clock lifetime: >7 years Trap load time variations

V T b M I t. 188000 | | - ss0x10°
acuum Tube ercury vapor evolution
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. . 2 4
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DSAC Clock lifetime: > 7 years

Vacuum Tube

Trap load time variations

188000 I I I I I I I L o0

Mercury vapor evolution

* Extrapolate current trap load time: 7-year life .
Neon evolution Trap “shuttling” decay
| | | | | | |
» Shuttle decay measurements _
_ 1o ey e : uerlrbioersrom ||
calibrated to neon pressure i = R o
* Extrapolate to > 8-year life o8- I
* Method to extend understood 3
E 0.6 =
o
E 04 Nov, 2016:
s i T P =4.7e-6 torr
g . May, 2020:
0.2+ " P =2.6e-6 torr
June, 2021:
0.0 " P=1.3e-6torr
T T T T T ° T 7 e
2 4 6 8 10 12 14

Shuttle number
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DSAC Clock lifetime: > 7 years

Vacuum Tube

Mercury vapor evolution

* Extrapolate current trap load time: 7-year life

Neon evolution

« Shuttle decay measurements
calibrated to neon pressure

* Extrapolate to > 8-year life

bright counts

Normalized PMT counts

September 2020

Trap load time variations
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Clock lifetime > 7 years with known methods to extend this

National Aeronautics and Space Administration
Jet Propulsion Laboratory
California Institute of Technology

@



Future Position, Navigation and Timing Clocks
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How much can we reduce SWaP and increase Life while maintaining maser-like performance?

Frequency stability with Quartz USO as the LO

* Common requirements with broader market and commercial interest:
* Ground Clocks: H-maser (e.g. DSN, VLBI), Cs beam replacement (e.g. telecom)

* Space Clocks: DSAC2, GPS & GNSS
* Operability, reliability, and manufacturability paramount.
* Instrument Life: 5-10 years

* Frequency stability class:
* Local Oscillator = 1E-13 class USO

* 1E-13 at 1 second, 2E-13/t), 1E-15 at 1 day. Long term drift <5E-16/day

* SWaP class volume driver:
* Space < GPS clock footprint
* Ground < 5071 Cs chassis height (5.25”).

TMT (SCaN)
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(1E-11/root tau)

»

I e v

Rack-mount
Hg+ Clock

/
e

Ground Prototype

——

Allan Deviation

10"

102

10

10

107"

107

[' > DARPA/ONR development

\
\®)
y \W
LRV
A
- | T _— /,
Al
SAC T €
S~ 3 S
G(“n i A
hA Y ‘MM
Ty e
courtesy D. Enzer (JPL 335E) B
1
0 1 2 3 4 5
10 10 - 10 10 10
Time (s)

- DSACSWAP | TMT SWAP

Power
Mass

Volume
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TMT approach
* Simplified trap architecture: QP-only
3D-models * Eliminate 1 trap driver
N * Simplify controller architecture
* Integrate electronics
e Eliminate empty space
* Improve optics efficiency

DSAC (+ USO and controller) TMT (all-inclusive)

National Aeronautics and Space Administration
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TMT Performance Goal
TMT Concept

50 W, 19 kg 34 W, 10 kg
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Prototype Build
3D Model
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Clock transition spectroscopy Zeeman spectroscopy Trap lifetime ~ 1 day
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| Vi NOTAUNOUENY
DSAC DSAC

synth Prototype trap/EED Prototype
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Light source aging

| | 1 I
Too much Hg ﬁ_ [Langp Lifetime] |

1.2 1

1.0+
Too little Hg ————>

0.8

arb.)

0.6 5

194 nm light

0.4 -

0.2 5

0-0_\ T T T T T
0 50 100 150 200 250
Time (arb.)

Mercury Oxide: where does the oxygen come from?
E field SIiO,

“Plasma Sheath”
Separation of charge

High energy Hg+ wall
collisions dissociate O,

Need:
* Incorporate sapphire
* Methods to calibrate/quantify Hg

g0
recombination
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Plasma discharge light source development: Incorporating sapphire

Sapphire Sapphire Sapphire
. coat Ti+ Cu insert . .
ALD sapphire coated \ } Sapphire insert
Heat Metalize/ Heat
braze

&

Coating via Atomic

Layer Deposition
(ALD)

Bulk sapphire

See next talk for another approach...
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Lamp Life and Quantification

Lamp Content Quantification Long-term spectral & life monitoring
Differential Scanning Calorimetry (DSC)

1.4 Lamp Lifetime||

30+ [
o
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3 77 <
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T T T ;i T 0.0 T
100 120 140 160 180

T T T T
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Ar and Hg
discharge
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TMT Summary

* Performance:
* on track for 2e-13/sqrt(tau), 1e-15 at a day
* SWaP:
 ontrackfor10L/34 W
* Lifetime:
* have built a sapphire-coated lamp
* Producing best clock signal
* |ife testing in progress




Science Applications



Deep Space Nav using 1-Way Range and a Spacecraft Clock

Two-way signals:
S/C is transponder, no clock
Distance + Velocity

One-way signal with bad clock: One-way signal with good clock:
Time delay + Doppler + Fit Time delay + Doppler + Fit

Precise, but not real time Real-time nav, but imprecise Real-time nav and precise

National Aeronautics and Space Administration

9FSM October 20, 2023 Jet Propulsion Laboratory

California Institute of Technology




 Must correct for USO drift

Courtesy Tatiana Bocanegra-Bahamon, JPL * Depends heavily on data used
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National Aeronautics and Space Administration

RO Simulation: DSAC vs. USO oo | (@

. o
Effect of reducing the clock error
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Simulation Results for Venus Cruise LPl Measurement

Parametrization: a. LPI test with identical clocks (DSAC in space and on ground)
Multi-arc covariance analysis (using NASA-JPL MONTE software):

Current best t_
———————————————————————————————— _._ R -11
Delva et al. 2018 (Galileo satellites) Tinit i X 1‘8 -
Tiip = x -
2x10°° W T 13
) Ginit =1 X 10~
_ -14
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£ - = Current Knowledge
G
| -
@
o -5
c 10
> - ) Oinit - accuracy of initial frequency calibration
g Y (i.e. expected to be 10714 — 10713)
= / /
= / / '
Y
S 6x10°° -
Possible with 4 / o, :expected 10-day frequency stability
0s31bie Wi (@ DSAC-1 verified g, < 5 x 10715)
DSAC-2
|
1x 10715 3x10715 7 x 10715 1x10714
PHYSICAL REVIEW D 107, 064032 (2023) .
O, (1 0-d ay DSAC-2 StabllltY) LPI/LLI slides courtesy of G. Cascioli, F. de Marchi, and L. less
Testing the gravitational redshift with an inner Solar System probe: National Aeronautics and Space Administration
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summary

DSAC: first trapped ion atomic clock in space

< 3e-15 at 1 day, 3e-16/day drift, 300 ps at 1 day (meas. system limit)
Lowest environmental sensitivities

A lower SWaP breadboard prototype has been built

Enables: deep space nav, science, and applications requiring autonomy
Science examples: Relativity, Radio Occultation

National Aeronautics and Space Administration



Supporting Slides



Clock up time

plot_common.timeline_mode34_redo2.par

Mission operations from 8/20/2019 to (Time from GPS midnight on 20-AUG-2019)
9/18/2021 for a duration of 760.2 . mode34 (%data: 78.2 [594.6 days/760.2 days])
Operations periods include: g

* USOon: 84.6% 8

i CIOCk on: 782% 0'950 100 200 300 400 500 600 700

Time [day]

° G PS d ata : 74. 9% mode34 (%data: 78.2 [594.6 days/760.2 days])

10 long runs (67 days longest) £ Lp ] f ‘
All run terminations due to S/C safe modes g O;LH_LLLL_[_ LLL{_
0 100 200 300 400 600 700
. . . Time [day]
2 known radiation-induced faults that ; i a5 TG sl 6 by
impacted clock control — recovered 2 150 -
%100 L o
No known clock hardware faults I R —_—
g . —
v 0 100 200 300 400 500 600 700
Time [day]

t_min (GPS): 22-AUG-2019 00:48:58.0000 t_max (GPS): 18-SEP-2021 00:00:14.0000
version: python/lib_dev du plcates(removed’) 263862(fsw)
28-Sep-21 16:14:dwm:plot_ci n_tim 2_par.l



Frequency Offsets

Run #2 (early 2021):
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* Systematic effects “corralled”

* Very little linear drift with no thermal regulation — two orders magnitude less than Rb

* Time keeping applications



Fundamental Science Enabled by DSAC



* 1/r?law of gravitation:

All measurements to date agree that the exponent is precisely “2”,

some theories of gravity predict a small deviation from this law.

Precise range of a drag-free spacecraft in deep space using a DSG clock together with laser ranging from the DSG to the moon
could yield an improved limit on the correction [1].

* Cosmological constant (CC):

The CC is added to Einstein’s equations to explain an observed accelerating expansion of the universe.

Theoretical predictions disagree by many orders of magnitude with measured limits.

Ranging to a drag free spacecraft in deep space together with a DSG clock and laser ranging to the moon could improve
limits on the cosmological constant. The measurement could also be enhanced by inferred outer planetary orbits as

determined by nearby precise spacecraft ranging [1, 2].

» Dark Matter (DM):

DM in some form constitutes 90% of all matter and is required to explain the structure and dynamics of galaxies. So far

unobserved.
Time variations in spacecraft ranging enabled by a DSG clock relative to a precisely known DSG orbit using laser ranging could

be an indication of dark matter fluctuations on the spatial scale of the range [7].
Similar dark matter searches could also be carried out with a network of clocks, including one on the DSG and others on

earth, on the spatial scale of the earth-moon distance.



Gravitational Red Shift (GRS):

* This general relativistic effect causes clocks deep in a gravitational potential to tick slower than those higher in the potential. All
measurements to date agree with GR, however GR is known to be incomplete and some new theories predict variations in the GRS.

* Duetoit’s highly eccentric orbit, the DSG is an ideal platform to measure variations in the GRS by comparing a DSG clock to one on
earth [5].

Lorentz Violation (LV):

* Lorentz symmetry states that physics is the same regardless of relative orientation and speed of reference frames.

* Some theories of quantum gravity predict a violation of this symmetry.

* DSG orientation and speed constantly changing relative to Earth => DSG platform is ideal for looking for LV effects by comparing a
DSG clock to one on earth.

* Clock comparisons include changes in orientation (Michelson-Morley), velocity (Kennedy-Thorndike), and time dilation (Ives-
Stilwell) [5, 6].

Quantum Entanglement (QE):

* correlating quantum states in systems separated by a space-like interval (not causally linked in a classical picture.)

* Entanglement has been demonstrated out to 1200 km [8]. A DSG clock could extend this to earth-moon distance by using precise
timing to improve signal to noise in an entangled state measurement apparatus.

Quantum Clock Synchronization (QCS):

* An algorithm to synchronize remote clocks using quantum entanglement.

* Not yet fully demonstrated on the ground



Space VLBI

1/r?
cosmological constant
DM vs. MOND![1]

Cosmological constant [2]

Cosmological constant

Gravitational Red Shift

Lorentz Violation

Local Position Invariance

Dark Matter

230+ GHz microwave signals
from SMBH’s

S/C range

Planetary orbit from S/C range

Perihelion precession*

Clock compare: DSG to earth

Clock compare DSG to earth in
different reference frames

Compare two isotopes in- situ
in space with elliptical orbit

Clock compare

Multiple antennae + clocks + ...

DSG clock + drag free S/C +
DSG-Moon laser range?

DSG clock + drag free S/C +
DSG-Moon laser range3

Ranging between DSG and the
moon

DSG clock

DSG clock

Dual 19°Hg+/201"Hg+ clock

network of clocks?

106 at 100 AU

A <103°

A <1036

Clock: 2.5x10° [3a]

Al: 7x10° [4]
1.1x10°8 [6]
TBD

Energy scale > 10° TEV for a
100 km defect size [7]

Gateway Provides Precision Time & Frequency for Science

5x1078 at 100 AU?

A <1039

Unlikely to be competitive, but
needs more study®

>3x106 [5]
~5e-6 (VERITAS)

>1x107 [5]

TBD

>106 TEV [8]



Gateway Provides Precision Time & Frequency for Science

DSG clock + high
. Demonstrate
precision clock Extend to Earth-moon
entanglement over :
elsewhere + entangled . distance scale
B 1200 kilometers
photon source
2 DSG clocks + 1
remote clock + set of
Quantum Clock Time synchronization entangled gbits + Not yet fully
Synchronization of two remote clocks method for demonstrated
transferring gbit phase
to clocks!?

Entangled photon
Quantum Entanglement polarization
correlations [8]




Notes:

DM = Dark Matter, MOND = Modified Newtonian Dynamics

’There is already a proposal to do 1-meter ranging with the DSN on a drag-free S/C at the outer planets (minimal solar gravitational potential). There is also a proposal to
do laser ranging from the DSG to the moon at the mm level. If these two were already present, ranging from the gateway might be done at the sub-meter level, thereby
improving on the DSN-based measurement.

3This is similar to the previous experiment and uses the same set up, but by virtue of the measured precision drag free satellite range, a planet position is inferred. The
planetary orbit would place a limit on the cosmological constant.

4Use the DSG clock to do ranging from the DSG to the moon. The large eccentricity of the DSG orbit is predicted to result in a large perihelion precession as predicted by
GR and could be used to place a limit on the cosmological constant. However, laser ranging should be far more precise than that using a clock.

>Might be better than existing clock comparisons, which are led by GPA, but not competitive with atom interferometer (Al) experiments.

éWillams et al., estimate that a Lorentz violation measurement could be improved by 2 orders of magnitude using the DSG highly eccentric orbit and an on board optical
clock. A DSAC clock would provide 3 orders of magnitude worse stability, so the effect would be measured with 10x less precision than is already done.

’Cross correlation between two clocks is performed in situ or between remote clocks. For a given time scale, there should be no correlation (random noise).
8This is very speculative. The highly eccentric orbit may increase sensitivity to certain defect size scales not currently available.

°Current best measurements are based on perihelion advances of Earth and Mars. The perihelion advance of the DSG is likely to be less well known, but this needs more
study.

10Quantum entanglement experiments send pairs of photons with their polarization states entangled, between two remote sites. Often the signals are greatly attenuated
by the transmission distance. Precise timing on both ends enables very weak signal retrieval using narrow band detection.

11Quantum Clock Synchronization protocols synchronize remote clocks using measurements on quantum systems with shared prior entanglement. A quantum
measurement on one element of a pair in one location causes a wave function collapse in the other remote partner and subsequent synchronized phase evolution.
However virtually all such protocols depend on having a common phase origin in the two separated systems, which is equivalent to already synchronized clocks. More
recent protocols attempt to address this loophole, however it is not clear how this could be implemented in an actual DSAC-like clock. The mechanism must be
demonstrated in the laboratory using real clocks before attempting a demonstration on the DSG platform.
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Measuring the GRS: Engineering vs. science
GRS currently known at 1e-5 level
Use depends on which is more precise: knowledge of GRS OR knowledge of OD, potential, and clock

For instance:
 DSAC orbit varied by 2e4 m altitude for each 100 minute orbit => GRS = 2e-12
* In DSAC orbit, GRS could only be measured at 1e-3 level — engineering

1.00 A

BUT, in deep space, potential change can be much larger 0.75 -

Eg., in cruise phase to Venus, sample *solar* potential over 4e10 meters! 0.50

Earth-Venus GRS ~ 1e-9 (solar effect at Venus is ~1e-19/m)
* Venus cruise GRS could be measured at 1e-6 level - science

0.25 A1

0.00 A

Ecliptic [AU]

¢ —0.25 A

Y

—0.50 A1

—0.75 A1

—1.00 A

F. De Marchi, et al., “Testing the Gravitational Redshift with an Inner Solar System Probe: The VERITAS T s s oe
Case.” Physical Review D 107, no. 6 (March 13, 2023): 064032. | “X-Ecliptic [AU] ‘
https://doi.orq/10.1103/PhysRevD.107.064032.

LPI/LLI slides courtesy of G. Cascioli, F. de Marchi, and L. less
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LLI — LPI on VERITAS: less et al. analysis

Space craft Station Station 2" Space craft
GRS GRS order 274 order
Doppler Doppler
| l LZ 5
Av Us, v
SC
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SC
\ | |
Local Position Invariance (LPI) Local Lorenz Invariance (LLI)

This parametrization can be simplified under certain assumptions:

e If the two clocks are identical or based on the same kind of atomic transition:
Asc = Ust = A  €5c = €5t = €

e LPlviolation only (e.g. Delva et al. 2018):

Asc = A5t = A €5c = €¢ = 0

LPI/LLI slides courtesy of G. Cascioli, F. de Marchi, and L. less, University of Rome, VERITAS science team

9FSM October 20, 2023



RO Timing Methods

USO:

o Traditional approach
o High TRL
o Large drift

* 2-way Ka-band microwave link to ground maser - |

o Emerging approach

o Maser-like stability

o May not always be possible

o Resynch overhead (“lock up time” = 2x light travel time to Earth)
DSAC
Near-maser stability in-situ

O

O O O O O

Vs
Vs
Vs
Vs
Vs

. USO and other clocks: Lowest environmental sensitivity
. USO: No drift

. 2way: 2x lower resynch time (1-way vs. 2-way)

. 2way: Better localization (compared to 2-way)

. 2way: Reduction of solar plasma effects by 2x
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0605+ 063= 1235




