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A Word About

Quantum
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et \etrology




A quantum standard or measurement:

1. is based upon unchanging, universal, fundamental
constants or macroscopic quantum phenomena;

2. provides a true value of the realization or
measurement or no value at all; and

3. has a known uncertainty that is characterized
guantitatively and is fit for purpose.



1. NIST (context)
2. Classical Radiometry
3. Quantum Radiometry (?)



Major Goals (drive our research)

The next generation of sources and detectors for laser power and energy
measurements traceable to NIST
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Present Primary Standardization

Optical Power

Heate

A //- rmistor

Weak Thermal Link

Optical Power Traceable to the S| by Electrical Measurements
resistance, current, voltage
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Cryogenic Radiometer Design

weak thermal link

heater
blackened cavity \
and absorber =~

thermometer

Kurlbaum, Wied. Ann. V. 65, p. 746, 1898 photo: courtesy Malcolm White
Martin, et al., , Metrologia, 21, 1985



Some classical Radiometry
Applications
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Spectral Irradiance, NIST on a Chip

“NIST on a Space Ship, LASP/NASA”
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Weak link
K

Carbon nanotube absolute radiometer o



Quantum Internet Conveyed by Photons

Bob
Alice
circuits
: Ev
single photon (Eve)
sources single photon
detectors
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Not just cat videos, but Schrodinger Cat videos.



Zues Gutierrez of CENAM spent twelve months with the Sources
and Detectors Group in Boulder undertaking implementation of the
Carbon Nanotube Radiometer for optical fiber power

metrology.

* |nstrumentation

* Documentation

* Fiber-system design

* Protocol

Continuing in 2018 and beyond

Thanks to NIST OIAA
NIST Cal Service Development S (G. Strouse)
C. Matamoros, CENAM
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Carbon Nanotube-based Chip-scale Radiometers

Packaged radiometer for ‘embedded’
standard

SEM of chip features

20 radiometers on a wafer 18




Output (NMI-Grade radiometer)

Temperature controlled stage
for thermal bias and stability
(complete for any fridge)

Carbon nanotube radiometer
Shipping to CENAM in 2017
for intercomparison

mechanically cooled

5 K pk/pk stability (for days)

FPGA electronics Cost reduced ~ $750k to $150k

either/or “COTS”
ca. 1985
With
Malcolm White
lgor Vayshenker

Michelle Stephens
Nathan Tomlin
Chris Yung
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Single Photon Traceability

Defining traceability by means of
e synchrotron source linearity
classical radiometry

with PTB et al.

fiber
radiometer

Few photoNS wm w= = == == = PDICOWALS = == == =— = microwatts

Superconducting

X

superconducting
nanowire ~ 13 %




Portable Single-Photon Detector Calibration System

Portable/shippable

International Comparison 2018
First Nanowire calibration system
NIST Calibration Service 2017
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Fully lithographic superconducting transition radiometer

Tomlin, et al., Optics Letters, 37, 2012, pp. 2346-2348



Present Primary Standardization

Optical Power

Heate ermistor

I Weak Thermal Link

This is difficult to scale to kilowatts!
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High Power Lasers

Commercially Available High Power Lasers

To meet the needs of DoD

“The Big Laser” and manufacturing
(10 kw)

Diode Pumped Fiber Lasers
~ S50/W
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A new era in — laser-based manufacturing

* Fast

* [Efficient

* Cheap

* Competitive

* Automobiles
* Pipelines
* Aircraft quality assurance

> S1E9 industry

How (and why) do we serve the multi-kW industry?



Laser-Based Manufacturing (Welding)

32 m of Laser Welds in a Jetta (Fraunhofer, Dresden)
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Additive Manufacturing (3D Laser Printing)

GE Jet engine nozzle
S3M/aircraft savings



High Power Laser Radiometry: State-of-the-Art

Calibration at ~10s of kW

Traditional approach:
Energy meter
Absorption-based
Energy oc AT

Incident Energy :

Calorimeter:

Energy range: > 300 kJ
Response time: minutes
Size: cubic meters

Current State-of-the-Art:

Power meter
Absorption-based
Power oc T,-T;

*

Incident Power

Weight: hundreds of pounds
~1% uncertainty

Flowing water power meter:
Power range: 1 - 100 kW
Response time: tens of seconds
Size: cubic meters

Weight: hundreds of pounds
~1% uncertainty

2?7

- Sub-second response
- “small” and portable
- ~1% uncertainty
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Photons have energy and momentum

(Comet tail)
(Optical tweezers)

(Viking Spacecraft)
(LIGO mirrors)
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How much does a photon weigh?

31



Radiation Pressure (photonic mole)

6.023 x 1023 Photons (for example)

reflected

1 mole = 2.5 staples = 119 kW
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Mass calibration

Conversion factor (normal incidence, perfectly reflecting mirror):

k=6.67x107 N/W —— 070 ng/kW

- Equivalent .
Laser power  Application Object
mass
10 W Marking 6.7 microgram eyelash
Welding/Cuttin _ ,
1 kw o 670 microgram grain of sand
Research / .
100 kw 67 milligrams two staples
Defense
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Optical Watt Traceable to the kilogram?

Concept: A precision scale with a mirror
attached can measure the radiation

force of light.

(

\_

Minimal absorption,
power-scalable, no
thermal recovery time.

F=@Q2P/c)rcosf

F =Force (Newtons)

P = optical power (Watts)

c = speed of light (m/s)

r = R+(I-R)a/2 — reflectivity
6= angle of incidence

P=F-(c/2rcosf)
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Optical Watt Traceable to the kilogram?

==

Measurement: Calibration:
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Tech Transfer
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Radiation pressure power meter (RPPM) design

Displacement sensor

Specifications
Dimensions: 30x30x30 cm3
Power:
Noise-equivalent power 100 W/\Hz
Calibrated and validated (1.6 %, 2U) 1 — 10 kW
Early prototype measurement 92 kW
Non-NIST intracavity measurement 500 kW
Response time:
Settling time 5s

38



Photon Momentum: Standard Reference Instrument

Radiation Pressure
Power Meter (RPPM)

100 W/Hz1/2

P. Williams, et al., Optics Express, 25, 4382 (2017), Patent 9,625,313

e Standard established 2017
* Disseminated to DoD up to 50 kW
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Measurements, calibration, and validation

Conventional Radiation-
calibration pressure-based
calibration

DUT
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In-situ power measurement

41
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Photon Momentum: SRI & “Smart Mirror”

Smart Mirror

1 W/Hz1/2

Optical power traceable to the kilogram
Smart Mirror int’l patent allowed 2018

Bragg mirror

/

nmachined spiral

legs
BHONOEORGEN

www.nist.gov/programs-projects/photoforce-project



Smart Mirror Refresher

Miniaturized Radiation Pressure Sensor




A new era in — laser-based manufacturing

How (and why) do we serve the multi-kW industry?



In-situ power measurement for RF and
Microwave
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In-situ power measurement

15 GHz



Using Force to Measure Light and Vice Versa

G
Laser power 9,

calibration /70@,;[‘91‘/6 1w
improves small % Y
force & )6/‘ 1 H8
i e
uncertainty l
Mass
calibration
o ® improves high
laser power
P uncertainty
— Cryogenic Radiometer ¢ o
) o
® Electronic Force °
o kg
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Chipscale radiometers






Chipscale radiometers

R

Optical Power Traceable to the /& by way of kg



==

Chipscale photonic force sensors
“UV to 5G”
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Portable Single-Photon Detector Calibration System

Portable/shippable

International Comparison 2018
First Nanowire calibration system
NIST Calibration Service 2017
Tour stop
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Extra Material



Laser Manufacturing, Background

Existing techniques for fundamental laser power/energy calibration involve
absorbing all the light and measuring the resulting temperature change.

Traditional approach:
Energy meter
Absorption-based
Energy oc AT

- ] |
Current approach:
Incident Energy

Power meter

Absorption-based

Calorimeter:

Energy range: > 300 kJ Power oc T5-Ty
Response time: minutes ;*(

Size: cubic meters Incident Power

Weight: hundreds of pounds

Flowing water power meter: R\
Power range: 1 - 100 kW e”
Response time: tens of seconds

Size: cubic meters

Weight: hundreds of pounds 56



Laser Manufacturing, In-situ Power

Enabling physics:
Vl/k , ’ Light has momentum,
o (photons push things).

Concept: The novelty of this approach is that it does not absorb the light.

New approach: Radiation pressure power meter

ksca\ e\

Power measured as force:
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Laser Manufacturing, In-situ Power

Enabling physics:

Vl/k , ’ Light has momentum,
AJ\F (photons push things).
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Measurements, calibration, and validation

Conventional Radiation-
calibration pressure-based
calibration

DUT

Radiation Pressure at 10 kW
Thermopile at 10 kW

thermopile vs. rppm %

Williams et al., OPTICS EXPRESS, Vol. 25, No. 4 | 20 Feb 2017 | 4382 59



On-site primary standard high power calibrations

As a truly portable primary standard, the radiation pressure power
meter allows on-site calibrating measurements of high power lasers

SRR
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EWI, Columbus, OH, USA, 20 kW
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pressure
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Laser weld head
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In-situ power measurement

Example: Measure laser power during a laser weld operation

/ Prototype Radiation pressure\
power meter setup:

* Not miniaturized

* Still using commercial scale

Traditional approach
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Current performance limitations

Dominant uncertainty sources

Low powers (< 2 kW): Acoustic vibrations
Reduce with averaging

High powers (> 2 kW): Nonlinearity in thermal drift
Use at shorter injection times

Highest powers (>10 kW): No primary-standard comparisons
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