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Photochemistry Heating
EUV (lonosphere)
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FUV (Ozone creation) . ] | L 9% penetrates,
O, +hn (I <242nm) 20+ 0 =1 I \‘ \ to the troposphere mesosphere
0 +0, (+M) > 0, AL | 5
MUYV (Ozone Destruction) I
0. + hn (I <310nm) 2 0, + 0 4or e
stratosphere
100 150 200 250 300 350 200 250 500 1000
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Solar Spectral Irradiance Variability

Total Solar Irradiance Composite

L S s 1375
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-
25—

Climate forcing : H,0 (vap, liq, ice) - CO, - aerosol

"-E L :[1000 ppm
q: 20‘- Ojalfs. 13
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8 150 prod varied from 1340 to 1420 W m2, i.e. + 3 %.
S SORCE SIM SSI e 0 N
€ ~ 3
i (200~ 2400 nm) £ _TodaE{Bwe know TSI to ~0.03%. _I:
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5‘ 96% TSI : | }0_1%
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Spectral variability
The measurement of TSI alone provides no information about
the spectral content of the solar irradiance variability

Solar Cycle Variability (max/min -1)

The measurement of SSI is vital for understanding how solar
<< variability impacts climate and for validating climate model
e el - . .
RENN sensitivity to spectrally varying solar forcing
00001 - 0-01%MN - Process studies seek to quantify mechanisms by which the
oo - : T A p L Earth system responds to various forcings
wavelength (nm) -0.01% - Requires measurement of wavelength-dependent irradiance

variability.

“Acquire SSI and TSI time series of measurements of sufficient length, consistency,

and continuity to determine climate variability and change”

Climate Data Records from Environmental Satellites: Interim Report (2004)

Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor Richard 3
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Solar Spectral Irradiance Variability

LA
o o A
arth Science Ted ology Office

25+
Stratosph ]
2.5 ‘TE . —  Top of atmosphere
Climate forcing : H,O (vap, lig, ice) - CO, - aerosol .0 —
< . - S 2.0 E - At surface
«c 2.0 O, abs. N : —
e ‘- s -E 1.5 10 m below ocean
s ] 0, dissoc. = Surface
8 1.5+ 0, prod. E :
% SORCE SIM SSI o 1.0
g (200 — 2400 nm) g ]
= 1.0 a
§ % 0.5 —
2 96% TSI 8 ]
;-;;o.s- = 0.0 T T T T | 1 T [ r e
10
0.0 - :
1000
wavelength (nm) % 1 ]
s Spectral variability 8
.E \ %
§ oon " S 0.1 —
S “eE \~\ l~ -
= ~\ —
3 t"--‘:\\\ 8
i ( Y
i 0.001 |- \9:1'—/2"\\ .g 0.01 ]
§ _ 5-year TSIS SIM Uncert. Limit \\-’\ 0
et 0.001 N LREEE | T 1] III‘IIIIIIyllII
00001 |- i 300 400 500 600 700 800900 2000
2 3 4 5 sl ”7.( ) 1000
waveleng nm,
Wavelength (nm)

“Acquire SSI and TSI time series of measurements of sufficient length, consistency,

and continuity to determine climate variability and change”

Climate Data Records from Environmental Satellites: Interim Report (2004)
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LASORATONY FOR ATMOSPHIRIC

Solar Irradiance Continuity NISTELASE

(... or nearly lack thereof)
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SSI Time series: 2018 Overlap
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Compact Spectral Irradiance Monitor
(CSIM)

designed for considerable implementation flexibility, high calibration accuracy and performance stability for
obtaining high-priority Earth Science measurements.

- Benefits from SORCE SIM and TSIS SIM heritage, design knowledge, and new technology advancements
- 6U envelope includes the CSIM Sensor and ALL control electronics along with the S/C bus

» Performance: Accuracy goal - 0.2% uncertainty (NIST-traceable 200-2400 nm), 100 — 500 ppm rel. stability

» Technologies: Straight-forward (nearly COTS) optics and proven electronic and electro-optic
components and innovative new absolute ESR detector - Large cost reduction and lower risk.
(ROI from ESTO ACT, IIP and InVEST investments)

» Goal: Achieve flight-qualified instrument for LEO operational demonstration and TSIS validation.

SSI Measurement Requirements

Parameters SSI Requirements Verification
Baseline Threshold
A »n g‘;ﬁ‘g“éa' 200-2400 nm LASP SRF (SIRCUS)
N
i : Accuracy Unc. 0.2% 1% LASP SRF (NIST Cryo Rad.)
i o - 0.05%/yr (<0.4 um) 0.1%l/yr (<0.4 um) . .
i g Stability Unc. 0.01%/yr (>0.4 um) 0.02%»yr (>0.4 um) On-orbit Analysis
i o 2 nm: (< 0.28 um)
- Spectral
| " 5 nm: (0.28 um to 0.4 pm) LASP SRF (SIRCUS)
: E Resolution 45 nm: (>0.4 um)
i N Repori
RE F:a%%elrr:gy 2 spectra per day On-orbit Operations
"""""""""""""""""""""""""""""""""""""" 25
E I
gl
& |
e F
B 15—
é 10—
Sosk
oo L I L T
500 1000 1500 2000
Wavelength [nm]
Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor
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NIST SLASP

CSIM Instrument

otodiodes
Si, InGaAs,
ext-InGaAs

Fine Sun Sensor
(FSS)

Two identical, full spectral channels
covering 200-2400 nm

Prism Drive
(COTS encoders)

. Entrance Slits VACNT ESR for PD abs. calib. and
> . (Si substrate; - 7 1 [
- / (8 substat on-orbit degradation tracking
light trap _! Titanium flexures interface with
[ S Shuteer instrument structure (thermal isol.)

O Mechanisms . ]

LB (COTS) Optical black aluminum enclosure
cor for stray light and contamination
W/VACNT control
bolometers Baffles
(ACT & IIP)

Scattered light
detectors
// Optical bench
(Alum.)
Off-Axis . -
Parabolas TOp Sectlon VleW
Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor Richard 9
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Photodiode scan mode
Fast, high SNR detectors Full spectrum (200-2400nm) in < 30 min.

Solar o
Entrance I_| - = Co:\l/llmatmg
Slit o = irror

OI =
Photodiodes ——— \ Focusing
— Mirror

Rotating \
Dispersing Bolometer . \
Prism

CSIM Optical Layout

“‘Step and Stare” with the prism
to take a spectra

0.5 seconds per point with
photodiodes

— Full Spectrum in ~25 minutes

10-50 Seconds per point with ESR
— Full range in ~14 orbits

Measured Instrument Line Shape at 532 nm

12 7 L L L
ESR scan mode - ]
Slow, robust absolute detector 10 - —
Photodiode channel irradiance calibration, degradation tracking - s
0.8 — |
Solar - —
Entrance I_| Collimating '@ ~ -
Slit l:'J Mirror %’ 06 N ]
o N ]
Photodiodes 0.4 - —
Focusing B B
L \ Mirror 0.2 — ]
Rotating \/ B | | | | _
f ; 1 | | 1 | | | | | | 1 | | |
Dlspt_ersmg Bolometer \ 0.0 525 530 535 540
Prism Wavelength [nm]
Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor
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LASORATONY FOR ATMOSPHIRIC

Silicon Substrate Vertically Aligned

VACNTs are currently the best optical absorber

SORCE, TSIS

10!

Nickel Phosphorous

Commercial SICN MWCNTs
Labsphere Spectralon (2%)

= Gold Black
=
o
é Commercial spray-on CNTs
3]
L]
3
(=2 NIST VANTA (as grown)
Commercial VACNTs .
Thermistor
=== Wire Bonds
“INIST VANT ashed) Heater
NIST VANTA (0,.CF, ashed) VACNT
IIIIIIIIIIIIIIIIIIII

CSIM, CTIM Thermal Link mes=—===" Metal

02 04 06 08 1 12 14 16 18 2 ’ . 375 um Si . Layers
um Si
Wavelength, um 100 nm

Lehman, et al. Appl. Phys. Rev. 5,011103 (2018)

» Developed with NIST Boulder

» Silicon micro fabrication allows a nearly arbitrary 2D |
geometry to be fabricated with micron-level precision |8

» Conductive traces and integrated heaters can be
fabricated on silicon

» Weak thermal links can utilize integrated thin SiN
films

Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor

June 11-13, Mountain View, CA Flight Demonstration Richard 11



New VACNT bolometer ESR demonstrates excellent performance
 Verified noise performance of the CSIM-FD ESR and demonstrated nearly a
factor of 10 improvement in noise performance over TSIS SIM ESR

* Noise-level for 40 second signal integration: CSIM ESR has 7.2x noise reduction
over TSIS SIM ESR

» Lower noise and faster response allow ESR absolute measurements farther into the
UV and faster scan rates over TSIS SIM ESR

B T T T AT e T T e BT On-Orbit ESR Noise
E E 1000.0 £ T T TTTT T T T T I
5 zﬂ [\MA ﬂ MM “ nr\ M hM M - —— TSIS SIM ESR On-Orbit 1 We can operate the
S oI IIALL LI (L h i | ——— CSIM ESR On-Orbit
iW o VWW vw \Wu w Ty 1000 - CSIM ESR faster
E < - 31 than the TSIS SIM
*I TSISSIMESR: 16 = 1.59 nW - § B | ESR and achieve
sgiump ame ébﬂd"";i'ﬁ']ogé‘]“"th&"“'!Jd&""'Eooo E 00l | the same SNR.
. 9 S e L
T S - 4 This significantly
13 E & - 1| reduces reduces
F E 10k | the prism exposure
el A L ] 5 time during ESR
2 —_ : l : scans
* CSIM ESR: 16 = 0.22 nW 7 0 Ll Lol |
. L L L L, Lo 4 '2).01 0.10 1.00
6o 1000 2000 Ti?no;)?s] 4000 5000 6000 Frequency [Hz]
Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor
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Parameter Unit

Absolute Irradiance Scale

(LASP-SRF)

ryogel Radiometer Uncertainty Budget

% Effect % Unc. (k=1)

SIRCUS
Laser

NIST ELASP

Cryo Measurement

Power 100 0.015 System | geam - (Static)
Cavity Reflectance g 0.01 0.004 Conditioning
Cavity Non-Equiv. - 0 0.01 Q) o Opfics
Slit Area: Measured m? 100 0.05 / o
Slit Area: Contraction - 0.04 0.01 \L
Slit Area: Cosine effect | - 0.02 0.01 ‘\j\zﬁ‘é‘;w
Slit Diffraction Loss - 0.13 0.02 % Instrument
Total 0.07 m || Chamber
CSIM
r w_ Shutt‘erclos‘ed? ZQU?H TTTTTTTTT HHH‘HHHH ‘\H TTTT TTT ] Turning Instrument
T SO e | Mirror[ 0
E R - - Cryogenic
I £ wb bbb bbb LU L L L L b bbbl - Radiometer
30f | A VR SRR ) wrw — SIRCUS
Laser CSIM Measurement
e bend bt e e L 1 System .
120 ) ) I | . 1 WUHHH\WOHHHH‘HHHHJ}UH\HHwUH\ Beam = (Scannlng)
Foe [ine] T Cé Cor(l)ditti'oning
ICS
; DN(A,) . [ DN(c)de T g
O T ADAICO)G ) T AD(A)T (A p)G (2 ) AW (e) - \L
Window
LASP SRF End-to-End Uncertainty Budget g % Instrument
; I m
Parameter ~ Unit % Effect % Unc. (k=1) CSIM
Cryo Measurement W/m 100 0.07 = . Instrument
Turning Mirror Repeatability - 0 0.004 Turnlng -
Laser: Stablllty - 0 0.060 Cryogenic ~1 | Mirror
Laser: Pattern Uniformity - 0 0.023 Radiometer
Path Length Correction - 0 0.0002
CSIM Spectral Integration W/m?* 100 0.1
Total 0.14
Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor Richard 13
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Absolute Irradiance Scale
(LASP-SRF)

ryogenic Radiometer Uncertainty Budget
Parameter Unit % Effect % Unc. (k=1)

SIRCUS
Laser

Cryo Measurement

Flight Demonstration

Syst .
Power 100 0.015 Sem—  Beam (Static)
Cavity Reflectance - 0.01 0.004 Conditioning
Cavity Non-Equiv. - 0 0.01 Optics
Qlit Aran: Manciirad 2 [aWaY A}
Ultraviolet Visible Infrared
Lo e %o “o -1 40
il - 30
-
" ®
|| ) 7
o) o
o =)
f ge <20 ,%
2 =
Jo 3
s 10
__________ 1 L LS L,
L L L L L L L L 1 L L
200 300 400 500 600 700 800 900 1000 1500 2000 2500 3000
wavelength (nm) 7
Parameter - Unit % Effect % Unc. (k=1 | Lo _—
Cryo Measurement W/m 100 0.07 = . Instrument
Turning Mirror Repeatability - 0 0.004 Turmng -
Laser: Stability - 0 0.060 Cryogenic H{ T ] Mirror
Laser: Pattern Uniformity - 0 0.023 Radiometer
Path Length Correction - 0 0.0002
CSIM Spectral Integration W/m?* 100 0.1
Total 0.14
Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor Richard 14
June 11-13, Mountain View, CA Ichar




CSIM Evolution

SORCE SIM (launched 15 Jan 2003)

. Two channel instrument (duty-cycled for stability corrections)

. Absolute ESR detector (NiP bolometer) . .
- First generation (Noise 3 nW @ 40 sec.) Relative instrument
- Diamond substrate size comparison
- NiP black absorber
- Kapton™ thermal link

. Abs. accuracy: 2-10% wavelength dependent (no-Sl validation)

SORCE SIM

TSIS SIM (launched 15 Dec 2017)

. Three channel instrument

- For long-term stability validation of duty-cycling
. Absolute ESR detector (NiP bolometer)

- Second gen. (Noise 1.6 nW @ 40 sec.)

- Diamond substrate

- NiP black absorber

- Kapton™ thermal link
. Abs. accuracy — 0.2 % (Sl-traceable validation)

= % csIM 6U Cubesat (launched 3 Dec 2018)

v Two channel instrument (duty-cycled)
; v" Absolute ESR detector (VACNT bolometer)
‘ - Third gen. (Noise 0.2 nW @ 40 sec.)
- Silicon substrate
- VACNT black absorber
- SiNx thermal link — 10 cm
v' 200-2400 nm (continuous)
v" Abs. accuracy — 0.2 % (Sl-traceable validation)

s

CSIM represents a significant reduction in mass (1/10%), volume (1/20%), and flight ready
costs and maintains maximum performance to meet SSI measurement requirements

Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor

June 11-13, Mountain View, CA Flight Demonstration Richard 15



NIST ELASP

CSIM 6U CubeSat Implementation 3 —

UHF & S-Band
Radios
Optical Bench
Assembly -~
(CSIM Instr.) UHF

Antenna

Z o S:. Blue
\ Canyon
i) % Technology
ol s XB1
GPS
Antenna
Star Tracker
CSIM #1
Electronics
Precision Box
Entrance _ Course Sun
Apertures  Fine Sun Sensor (CSS)
Sensor (FSS)
Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor
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ASP

TMISPHERIC AND SPACE PHYSICS

CSIM Environmental Testing

Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor
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| CSIM FD Data Rates

« Goal: ~7 MB/day
— CSIM: 5 MB/day, XB1: 2 MB/day

— >20 MB/day with 1 Mbps S-Band and one
pass per day

« Allows us to perform Ops as described

« Get housekeeping data at 2 second rate
during Ops

+ Allows for diagnostic data

« Threshold: 0.5 MB/day (sized for UHF
link only)

— UHF-only operation is our backup
contingency plan if we fail to establish a S-
band downlink

— CSIM: 0.3 MB/day, XB1: 0.2 MB/day
« One full solar spectrum every two days
« A/B comparisons occur at a lower rate

« Housekeeping and attitude data at a
low rate

Data Rates & Mission Ops

B

CSIM Cubesat UHF . UHF
csSIM BCT Radio Antenna
Instrument XB1 S-Band S-Band
Radio Antenna
~500-750 km 9600 bps 1 Mbps
LASP Ground Station LASP
Fairbanks UHF Onl, i i
airbanks nly Filter, Amp, L UHF Yagi
Ops/Ground SDR Antenna
Station PC .
Filter, Amp, |_ S-Band
SOBIRE SDR Dish
UHF Up/Down Link
BCT XB1 (437 MHz)
S-Band Downlink
(2.402 GHz)
LASP

*CSIM will also transmit a periodic UHF beacon that can be received by amateur radio operators.
We will provide web tools that permit those operators to upload received packets into our CSIM

telemetry database.

Ground Station

Earth Science Technology Forum 2019
June 11-13, Mountain View, CA

Compact Solar Spectral Irradiance Monitor
Flight Demonstration
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CSIM Photodiode Spectra

CSIM Operational Summary

© NISTLLASP

LASORATONY FOR ATMOSPHIRIC
¥ OF COLORADO AT BOUL

CSIM ESR Spectra
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bta
* Found excellent agreement for the CSIM ESR SSI spectrum compared to TSIS
SIM (validates the TSIS SIM IR ~6% decreases over SORCE SIM)

« Agreement <1% differences in the for visible and near IR (400 — 2400 nm)
« Overall agreement <3% differences in the near UV (300 — 400 nm)

« Below 300 nm agreement is poorer due to some scattered light (200 — 220) and
poorer optical quality in second-surface Alum. prism coating (on-going analysis)

Preliminary CSIM Spectrum Preliminary % Difference CSIM — TSIS SIM
T N I O B I B 3 g [T T T T[T 1 1 [ T 1 1 T [T 7171714
20— — =
~ —— TSISSIM | -
~ —— CSIM n 2 ]
— 15— | i
: B i _ -
E L - 2 1 —
9 = — 8 - -
E — — % -
2 10 — 5 /\
i B = £ 0 =
o B i a = \VZ N~ E
w | | — =
ool L by T ] ol v o o 1
500 1000 1500 2000 2500 2300 500 1000 1500 2000 2400
Wavelength [nm] Wavelength [nm]
Earth Science Technology Forum 2019 Compact Solar Spectral Irradiance Monitor
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act Spectral [rradianc
-~ ’ 5 &5 L
. . -
Sy

biaid first full ESR scan covering 224 — 2800 nm
* Found excellent agreement for the CSIM ESR SSI spectrum compared to TSIS
SIM (validates the TSIS SIM IR ~6% decreases over SORCE SIM)

« Agreement <1% differences in the for visible and near IR (400 — 2400 nm)

« Overall agreement <3% differences in the near UV (300 — 400 nm)

« Below 300 nm agreement is poorer due to some scattered light (200 — 220) and
poorer optical quality in second-surface Alum. prism coating (on-going analysis)

1.20 1 . —— CAVIAR 2
SSI Reference SpeCtra Comparlson i Preliminary % Difference CSIM — TSIS SIM
* PYR-ILIOS
— Tsis 3 T L L Y I O B
115 -
ATLAS 3 1994 (~ solar min) =
1.10 U\ 2 —
a H , 1
cc 1.05 1 \ — =)
g S —]
i g E ;
S 1,00 :[5 Yo 7 S C /\
: HH=ArT s E
_ u: —
= 0
e — — — — — — — N D —
0.95 \ = = ~~ =
\ - -
\ - 3
\q{FE ]
0.90 1 = 3
SOLAR ISS 2008 (solar min) - -
TSIS SIM 2018 (~solar min) = =
0.85 - | i : : ; ool e e o 1
300 500 D — 1500 2000 300 500 1000 1500 2000 2400
A Wavelength [nm]
M. Meftah, et al., LATMOS, UVSQ, Université Paris Saclay, Sorbonne Université, 2019
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