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Goal KQ@Q@

* A space benchmark measuring

2500 r ] 6,0E+12
TOA solar spectral irradiance

2000 | 4.8E+12

e (Calibrated with correlated
Spectral

\\\photon rate

1500 1 3,6E+12

photons

1000 - 1 2.4B+12

* Uncertainty < 0.3%

Spectral photon rate (s nm™)

1 1,2E+12

* spectrum 380 — 2500 nm

500

Spectral irradianc (W m? pm™)

e ReS()lution 3 - 8 nm 0 [ L L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] O’OE_’_OO
0 025 05 075 1 1,25 1,5 175 2 2,25 2,5
* Current endeavor: lab prototype wavelength (jim)

by 2022

- Laboratory of Optical Calibration and Characterization Techniques, CAS




Solar Radiation and Climate Change
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® Solar radiation 1s the primary
incoming energy source of Earth
system

250 nm — 2500 nm covers 95% solar
radiation: visible band,
photosynthesis band, atmosphere
absorption bands.....

® incident and reflected radiation

measurement accuracy 0.05% - 1%
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Previous space sensors

SIM solar imadiance - Comparison of SCTAMACHY, SIM, SOLSPEC
05-MAR-2004 ]
C ~10% (<500 nm) , ~ 3% (500-2500nm)
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M. Weber, J. Pagaran, S. Noel, J. Skupin*, K.Gerilowski, and J.P. Burrows, Solar
UV/Vis/NIR Spectral Irradiance from SCIAMACHY and GOME, Solar Spectral
Irradiance Intercomparison Workshop, Orcas Island, WA, September 19, 2006.

Skupin et al., 2005

Wavelength in nm
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Quantum Candela
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Definition since 1979
radiation of frequency 540x10!%2 Hz
and radiant intensity of 1/683 W/sr

in given direction ,

Proposed definition

photons of frequency 540x1012
hertz at a rate of 4.092x10'5 /s/sr

in given direction.

Candela realized by counting photon
, P=Nho number and linked to power via Plank’s

constant

J. Y. Cheung, C. J. Chunnilall, E. R. Woolliams, N. P. Fox, J. R. Mountford, J. Wang & P. J.
Thomas (2007): The quantum candela: a re-definition of the standard units for optical

radiation, Journal of Modern Optics, 54:2-3, 373-396
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Realizing quantum candela K%’/QQ@

Key to realize quantum Candela:

precise counting of photon numbers

Single photon detectors with Single photon source with

calibrated quantum efficiency controllable statistical properties

Photon flow

Correlated photons generated in

parametric down-conversion (PDC)
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SPDC ( Spontaneous Parametric Down-conversion )

Momentum Conservation

Spontaneous
Parametric Ks K;
Downconversion
. kPUMP
s (signal)
Pump .
Energy conservation
o
Nonlinear i (idler) Qpump
v crystal l O,
@y = O T O,

rlece
L4

® A second order nonlinear effect,
predicted in 1960°, proved in 1970’

® A pumping photon will generate a
pair of photons (signal and 1dler)
when passing a nonlinear crystal

® Energy and momentum
conservation decide wavelengths
and directions of photons pairs

® Time correlation of photon pair

(stimultaneity) can be used to
calibrate absolute quantum
efficiency of photon counters.




Detector calibration with SPDC

Nonlinear

crystal |_| |_| I_l M. =mnmn, <Nc >

Twin photons |]:> <N1> = <Nz> = <Nc>
771 :MC/M2
772 :MC/MI

Absolute quantum efficiency |[|:>
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Features of SPDC calibration of

<

% Intrinsically absolute, No outer standard needed

% Insensitive to degradation, promising for space benchmark

D 1
N1 etector I | } Counter M1 _ 511_1771 < Nl S Rl — Mc / ]\42

M,
Signal ( ’71) :
Pump T 5 — Tl 51 771
laser 1 1 Coincidence

ﬁ NLO- % e O M, =or,0,t,nm, <N, >‘
RN 5 E— MC
] _
R, =M, /Ml

Idler
Detector 1 Counter _ —
N2 (]72) —> M, Mz - 5272772 < Nz > _ 2'252772
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Features of SPDC calibration of

<

% Wide working spectrum, pumping frequency

to crystal lattice resonant frequency

25
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Progress of SPDC calibration

Rese/zifiil}ll eteam Pump laser Crystal Cgll;f) etga;:d Detector | Uncertainty
(E‘Igﬂg% He—%il%éSnm BBO 633/668.50m §ﬁ¥ 20%
NI%(/) IZEN Ar;%fnl\')%,nm KDP 632.8/789nm gg 0.4%
&‘;g;‘&% Arﬁ%fnl\')%,nm BBO | 702.2/702.2nm gg 0.36%
(1512%?1(2%7 Ar+351.Inm | LilO3 | 702.2/702.2nm gg 0.18%

( Kl\l/ilzga;(?% He—%il%éSnm BBO 633/668.50m gg 0.2%

(I%%g?)elzogi ;| LD40Snm | ppKTP 810/810nm gg 0.3%
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Progress of SPDC calibration (China)

Researph team Pump laser/ Correlated Detector Uhissi ity
/Time Crystal photons
Institute of Physics, 441.6nm 283 2nm/
CAS BBO 883.2 PMT -
2003-2006 <
. .. 1544nm 1550.7/ APD/ o
Tianjin University Fiber 1537 4nm APD 1.2%
Natg\‘/}alt InlS“t“te 351.Inm | 702.2/702.2nm; | PMT/ 0.7
OL N e T008Y BBO 632.8/788.7nm; | PMT e
2012
AIOFM 355nm 8 band PMT/ 0.3%
2015-2017 BBO @400-1100nm| APD e
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8-channel radiometer with SPCD calibration @@

|4
Observational ~ Scanning  Correlated photons ) 355nm
optical path  motor module gencration module  G-T prism pump laser Spectrum: 450-1000 nm
— —=—p & .‘H‘-
— AN o el Detectors: 8 APDs (Avalanche
P Rotating Half wave
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. generation . 685

\\, module il o R
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. . {. ) ”__~610nm
Multiplexing FL A Crystal: BBO
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generation I i .
module x (550" 5 Working modes:
nm F
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7[\‘
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A prototype of 8-channel radiometer
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Channel center wavelength and bandwidth 2
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Radiance measurement g%’/g@@

Photon rate  Detector count

Incident photon flux Dd=N - hy = b . he . 1
n A o

\ A\

Quantum Correction
Incident radiance [=— efficiency factor

Q-4

h — Planck’s constant

c - light speed

(2 and A4 — incident solid angle and aperture area

O - correction factor obtain in self-calibration mode
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» Dark count ~ 10 s!
» Dead time of single photon detectors
» Nonlinearity of detector response

» After-pulsing probability ~ 1%

» Accidental counting

P e

1 0 Power

..meter

| — pulse rate 300| ':E

Absorber

Dead time measurement

R

measured

measured

after-pulsing counts
o N B O

T b T L T L T . T @ LN _m
0 500 1000 1500 2000 __ood|
tlme |nter‘/a | (nS } Current measurement

Linear measurement

After-pulsing probability Nonlinearity measurement
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Evaluation of radiance measurement uncertainty

Uncertainty source

Measurement results

Combined relative standard uncertainty 0.29%
Photon counts
o Coincidence counts 0.2%
Self-calibration : /0
mode Backgroqnd.and accident
coincidence
Nonlinearity of detectors 0.07%
Transmission 0.05%
. Aperture area 0.04%
Observation Counter accuracy 0.04%
mode
Solid angle 0.1%
Observation counts 0.15%
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Comparison with cryogenic radiometer 2

</
ESR-based radiance
( traceable to cryogenic radiometer ) (I) > Rq) (ﬂ‘) — RL (/1) > Ls (ﬂ’ )
‘ HACR Trap detector Radiance detector radiance

LM-L M)

2 2
\/uLc + Z/lLs

L

E =

n

SPDC-based radiance -L ( ,1) _ M e 5
R, CQ-A4-A M x / M Q-A4-A
Radiance Coincidence c.(')'ﬁ‘nts .'Trlgger counts
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Prove insensitivity to degradation 2

L4

e L . A Attenuator | degradation Radiance

Tj 5 E w50 s PIU . No ratio (W/sr-mm?2)

ungsten
source 0.10.20304 0.5Attenuator 1 0.2 2.34x 10—9
S T W L 2 0.3 2.35x10°
bm Filter 3 0.5 2.34x 10'9
T conidence (L5 4 0.6 2.36x10°
e 5 0.7 2.35x10°
> M,
RSD 0.29 %

€ 0~70% optical decay, integrating sphere radiance RSD is 0.29%.
€ 0~80% electronic decay, integrating sphere radiance RSD is 0.28% .
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Next step: A prototype for space benchmark 2

Signal processing
and control module

“orrelated photons

Working mode production module

switch module

Sun observation

\

|4

*Absolute solar spectral \
irradiance accuracy: 0.3%
*Spectral range:

380 nm - 2500 nm
*Spectral resolution:

3 nm -8 nm

A prototype by 2022
« With cooperation of 6

institutes of China /
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Overall Design 7).
</

E Mirror
Rotating Mirror
780nm PumpPoIarizer Lens

v' 3 pumping lasers @

T ’,[ : : : SUN
ss8m Pump lem L 266, 488, 780 nm
laser BBO Crystal __: Laser rejection
Wheel | module (266nm) v’ correlated photons @
. ocusing element
266nm Pump Laser 532nm \/ H—»(H »r_—\ 3 80 2500
v - nm
Dich fil =
L |-c r:lc |te:I | +< oo e == == Spectrxmeter 9
aser rejection module___" | ) -
455nm = s 3 APDs detect
Signal Acquisition and 976nm )
Processing Dichroic filter I 0} > Spectrometer correlated photon
Data Storage | [ g urces o SN Si APD — B
& Display Laser rejection | === ! ‘h‘f = .
~—
Hardware Signal module (780nm) padl Si-PIN n palrs
Drivers Analysis i G »r_—\ Spectrometer \/
Mirror W I —_ o 4 analog detectors
InGaAs AP £ === . .
iGaas PIN BEP 3*—“ for self-calibration
Ex-InGaAs -PIN
and solar observation




Traceability of solar spectral irradiance

Channel quantum
efficiency

Ule (/Is)

M —M
@ ¢ Calibration mode of » 77DUT — c CA
correlated photons M — M
A—Valid AB
Spectral power of P ( 2 )
correlated photons C\"%
i Analog detector
measurement
Absolute s!)e.ctral RD ( /ls) R — v c g /1 . 77 DUT
responsivity Linear — T —

C
l measurement P N AA h &
and correction
Solar spectral
: Py (4)
power

=
@ i Iris area A » E [Sun’NAg’h’C‘(MA—Valid_MAB)

Spectral bandwidth A A —
. . ﬂ’
irradiance
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Pumping lasers

Qtability: 0.3%/3h

266 nm/488 nm/780 nm 1560mm 4 750
N EE
R amm  —BHAH il .
1560nm s Yb/Yb-Er3ti5 J:4F b/Yb-Er3tiB H4F {6z 976nm 1 488nm
¢ BB &5 532nm§
ISO PPLN 1
976nm -I /—yl\
$ - N2 B ST A AN
| 1064nm | s ’ ) 3BO
/ \ ,,,,,,,,,,,,,,,, GRfE
Output: =
1.5W@780nm.
lw 488 @ |‘|‘||||u|;p|'||||p|
@ nm, o M
[@ O
0.0SW@266nm RN

Wide spectrum
parametric down-

conversion
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Spectrum matching for correlated photons and detectors 2

266nm laser

. correlated photons
Nonlinear Crystals (365nm-960nm)

BBO , PPLN (backup)

correlated photons
Phase matching mode (710nm-1560nm)

type I collinear (¢ — o+0)

780nm laser

N

488nm laser C>

SN

correlated photons
(1100nm-2681nm)

|
365nm—> 532nm signal Si APD
ﬁ Phase matching
976nm—> 532nm idler Si APD
710nm—>976nm signal Si APD
jE Phase matching
1560nm— 976nm idler InGaAs APD

A

+ Channel quantum

A

1100nm—1560nm signal

InGaAs APD

4 efficiency

Phase matching |NDUT(A’DUT’ AA’DUT) = NS (A’S’ Aﬂ’S)l

2681nm—> 1560nm idler

Analog

detector
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Phase matching optimizing: spectrum and photon rate K/ 2
zaxro®f T T T T g7 6330 ] raxo® o . S : g:-gg .
o 2ty a7t |1 12x10° [ 24.12|
L2 1.8x10" | ——46.67 . — i 23.89
Q 0| —46 ' 1.0x10" 23.52 .
qav 1.5x10 I 45 .06 T N~ 22.97
5 12x10” ——43.78 _ L sox10° i
5 - S
2 sox10 8 o  6.0x10° .
j% s [ 52
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2.1x10° - - - - —~= wavelength (nm)
1.8x10° [ .
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= yax10 b .
,[%*_ i . .
g 0.0x10° |- ] > Type I colinear phase matching to balance
F eoaor ] wavelength coverage, down-conversion
3.0x10° | s
0ol efficiency and complexity of optical design

1000 1250 1500 1750 2000 2250 2500

wavelength (nm)
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Exit angles of correlated photons é%/@@.@

Correlated photons | { ’
. c \ — 47,63
eneration o 4 il 6,98
780nm laser 8 5 —
N y Mirror Correlated 3, =
T e 44,83
A /2 photons rin % 5 44.41
} 45 | —43.93
G-T Lens BBO # f 1 =
r | — 4225
- 2 —41.85
A2 Shutter mggo #2 R TET s
4881111’1 laser 360 420 480 540 600 660 720 780 840 900 960
Wavelength/nm
- ﬁBBO B e
c 3.5
— —24 32 =] L
266nm laser A /2 g 4 |—235 % 30
= Y L
@ =4 T 1E
5 5l 5 _ |
K] c 20}
o © L
[ -
1.5
» Correlated photon s 2f é o
s 1.0
.. o 3 1t -és 0.5
emission angle <5 P e O
07600 750 900 1050 1200 1350 1500 1650 0" 250 1500 1750 2000 2250 2500 2750

Wavelength/nm Wavelength/nm
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Observation optics

rLeEE
T
romet

® Equivalence of calibration and (1000-2500nm)

observation optical path

Spectrometer-A Spectrometer-B

(550-1050nm)

® Suppression stray light from
pump laser and sunlight

® Spectral calibration for

Slit
wavelength a racy and
eleng ccurac 111 Diffractive E/ﬁ

repeatability 7 grating
[F= ¢ Diffractive In Gaﬁﬂiﬂ ¥ OAP4
OAP1 = i ‘" Z
5 ferating -APD o
Si-APD  Si-PIN InGaAs exInGaAs
n . ﬂ OAP3 | DM -PIN n -PIN
Sun-viewing " Laser rejection Laser rejection ’ Laser rejection Mirror
aperture + Crystal  module module module
Rotating (266nm) (488nm) (780nm)
Mirror

I
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Fabrication of single photon detectors 2

InGaAs APD

380 nm ~ 1000 nm

spectrum 1000 nm ~1700 nm
Dark count <100cps <1000 cps
Dead time ~50ns <200 ns

Time resol. 800ps

After-pulsing <1% <1%
vaﬁiow >10MHz >5 MHz

Si-APD, InGaAs-APD
Single element

32x1 linear array

® low voltage linear power supply

® Active quenching

® compact cooling and sealing

® High transmittance bandpass filter
coating

® Multi-stage TEC and Sterling cooling
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Characterization of single photon detectors KQJ@Q@

Laser selection > . . .
(CW/Pulse) B vt e o etion Stable tunable Develop calibration device for SPD

monochromatic Source
(380 nm~1650 nm)

A,

counting rate

DUT detector selection | A parameter character.

(Free/Gate mode)
After pulse Different > Develop testing methods and standards.
probability |, | method results |, Afterpul :
measurement | | comparison erpuise . > Development process method to meet key
Theory model of afterpulse time probability
distribution Characteri device performances
Double-pulse method » . L BTG
Dead time | device for
Maximum photon counting method single

Dead time photon . ~ .

comection |1 Net dark . || detection Spectral range: 380nm~2500 nm;
Afterpul counting rate »  Dark counting

€rpulse » t _ 1: . o/ .
TS system # After-pulse probability: 0.2 %;
Nonlinear factor measurement > Dead time: 0.2 %:;
Development and nonlinear Quantum efficiency
calibration of standard detector | | : Dark counting rate: 0.1 %@ 100 /S
| :
v Quantum efficiency: <0.3%
Verification of quantum efficiency

A

comparison of single photon detector
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Electronic module

» Switch between calibration and
observation mode

» Acquisition and processing of
coincidence measurement analog
signal acquisition and processing

» Temperature control (Crystal,
Detector, Shortwave infrared

optical path)

Sun

odule
Thermistor Heater

Mirror switch

I
[
I

Detector and preamplifier module

Optical —
assembly Heat s

Shielded

Thermal Contrel Unit

Motpr Driving Unit Temperature

control uni

twisted pair
cable

Detector
Temperature Motor Drive temperature
Control Unit Control control
MCU FEGA FPGA

| Analog switch

!

| A/D conversion

DC/DC DC/DC DC/DC
Interna
Bus
s
External
Bus

[

I > Opto-mechanical head
- - photoelectric detection and data processing unit
Information processing box u FPGA
Measurement and
M”;’JS““‘" k={ control InterfacE bl DC/DC Opto-mechanical
FPGA head|
Y| Remote control/ Primary o
1553 Bus LJ measurement power bus LVDS Bus
Y
Integrated electronic [ electronic | Power supply and Data transmission
( data management ) | ( measurement and control ) | distribution Subsystem bsystem

Satellite plateform




Wideband low noise coincidence detection KQ@Q@

Multi-channel Time-Digit "»

Conversion (TDC)

® 40 MHz counting rate

® ns — ps time resolution

High precision multichannel data acquisition module

® (.2% coincidence detection precision

High time resolution coincidence

2 e : :
; @j measurement module ‘ ® Minimizing accidental detection
2

B; q: 200 MHz 40 MHz 2.5 MEvents/s . ..
i - L 25 | FPGA siy @ 32 channel counting synchronizing
)\,4 :: — :0 ] RS422 Bus

B§ —— o s
As o T_E 151 pemal | Bus

B. ) o .
. f el Matching solar photon rate
| .
"D | and dynamic range
hs

-

:




System integration K@@

Solar absolute spectral

irradiance meter
]

] L]
Opto-mechanical Information Driver control
head processing box box
Power
Fery prism N Shutter |  Structure distribution
Spectral calibration Power Driver¢c0ntrol
BBO crystal -~ i mechanics || distribution unit Motor unit
driver
Off-axis i i Thef'ma! control | | Bus interface || unit ||  Encoder
parabolic Struct circuit box unit feedback unit
. | ure o Analo Control/commun
Collimating box Optical | || subsy Slit/Filter wheel acquisitiongunit H ication
subsyste| | Stem .
DM/Mirror - - Solar pointing || Digital control
| mechanism unit
Temperature
Grating 7 Displacement — System software T " control module
mechanism r::::f:
Laser/Atteunater - || Master control - . DC/DC
software contro
| Detector/ 1 unit
Detector/ || Amplifier circuit - Temperature
Amplifier control software
Electr | DC/DC
onic
| subsy Driver/10
stem | | control module
Data acquisition
B module
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Validation of measurement accuracy

Standard
detector
method

Correlated
photons
method

D
B

HACR Trap detector Filter detector

@R@()RE(A)@ E(A)

B
|

Laser-induced
integrating sphere

uosLiedwo)

E, = (E.0\)—E,(\)/ Juy +uy,

(@)
S
=
=
o
H
| otd
2]
S
=

]sun ) NA& ) h C- (MA—Valid B MAB)

E
© LA-(M.—-M_.)-A-AA

Key Laboratory of Optical Calibration and Characterization Techniques, CAS



Simulation of solar spectral irradiation KQ@}Q@

» Verify the accuracy
of 0.3% solar
spectral irradiance
measurement;

» Lab simulation of
spectral distribution,
stability and
uniformity of solar
direct radiation at

top of atmosphere

Broadband tuning and
high brightness
laser calibration source

Photodiode signal (rel)

1.005;

N

2000
Time (s)

¥ Stability 0.8%%0.1%

400(

0.995

0 2000 4000

Time (s)

Uniform Lens for Projection
e \/ 4 Micro-nano Device Lens
Monit Monitor - i |
onitor g - . ——
eedback il Laser ————
diFEr ; 380~400nm output
B 0k DMD and controller
Control e
host PID algorithmic control ?
Monitor
feedback Spectral = proorammed
Selection, uning equipmen
g equip |
Monitor
PID detector .
. Uniform Lens for Projection
Monitor Micro-nano Device Lens
Laser Sourc = =
R—

400~2500nm output

¥*

Uniformity

...........
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System Specifications 2

L4
: : 1.2m (L) x 0.6m (W) x
Dimensions 0.8m (H)
vralding Self calibration, observation
modes
Observation ~80W
mode
Power
Self calibration ~200W
mode
Mass ~100 kg
Optical module Orbit Polar orbiting, 90 deg.
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Many more challenges ... ot

® residual pumping laser suppressed to 10-°

<

® dynamic range compatibility between calibration and observation modes
® stray light suppression in dispersion optics to 107

® suppression of spontaneous emission at SWIR

® nonlinearity correction of analog detectors

® aperture area measurement with uncertainty < 0.1%

® onboard wavelength calibration with accuracy 0.1 nm ~ 0.3 nm

® control of crystal temperature and internal stress

® radiation resistance of single photon detectors
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Welcome International Cooperation K%’/g@@
/0 National Physics Laboratory ( UK, NPL ) \

® Physikalisch-Technische Bundesanstalt ( DE, PTB )
® World Radiation Center ( WRC )

® National Institute of Standard and Technology ( US, NIST )

® The All-Russian Research Institute for Optical and Physical ( RU,
VNIIOFI )

\: National Measurement Institute, Australian Government ( NMLy

y Laboratory of Optical Calibration and Characterization Techniques, CAS






