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AEHUHTPAALUBI—AAVPEATB AEHMHCKUX TIPEMUWA

JleHuHckas npemua 1964
roga — 3a ydactue B
dyHOamMeHTanbHbIX
nccrenoBaHnaXx,
npuBeaLLINX K CO34aHUI0
NofynpoBO4HNKOBOIO
KBAHTOBOIO reHeparopa.

~=

A A POTAMER K B UWAPEHMOR K. A XWAOS,
------- COTEy A WAy L TRy A AOHTED BEARGMWTENL ESTE

A M. HACAEAO! €. M. PRERHM
ASTOR  BINNCSATEATR NN WEYN ASMTOP G iuo-sETem A T BCHE -y

(Donio u3 cazemuor «Ienuncpaockaa lpasoar» om 23 anpera 1964 cooa)

«bnarogapsi Tomy, YTO U3nNy4YeHne, co3gaBaemMoe nasepamm, obnagaet
TaKNMMUN HEOObLIKHOBEHHLIMW CBOMCTBaMM, 3TN NPUOOPLI HE3aMEHUMbI OS5
pelieHna psaa 3agad. [laxxe npocTtoe nepeymcrneHmne obnacrten npuMeHeHus
3aHAno 6bl uenyt ctpaHuuy. Bot HekoTopble U3 HUX. OHU MOTyT ObITb
MCNoMNb30BaHbl B CNEKTPOCKONUN, ONA nepeaadn 3Heprumm B KOCMOCE Ha

6onbLume pacctosHun, O4J1A CBA3U C KOCMUWYECKUMU
KOEa6J1ﬂMVI N VNpaBJNI€HUA UMW, nns ceapku n pesku

MeTanmnoB, reoge3nvyeckmux 1 METEOPOSIorMyecknx namepeHusax. bnecrawme
nepcrnekTMBbl OTKPbLIBAKOT fla3epbl B MeauuuHe n bnonornun. JlasepHoin nyy B
byaywem 3aMeHUT HOX xupypra. /1 1o byoeT He TONbKO caMbil TOHKUIA U
OCTPbIA HOX, HO U CaMbIX CTEPUIbHLIN, KOTOPbIM MOXXHO U pe3aTb 1 CLUMBATbY.

MwuwwuH, KO.CtBONUHCKMN, a3eTa «JleHnHrpagckas lNpasga», Ne 65 (14926) ot 17 mapta 1964 roga
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HacnepoB Omutpnn Hukonaesuy, bypaykos KOpun Muxamnnosuy
lNoc. Npemusa CCCP 3a
«PaboTbl NO Nony4YeHUO MOHOKPUCTANNOB apceHnaa ranfnva n nccnegoBaHue
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Fig. 1.1. Schematic diagram of: left) the Liquid Encapsulated Czochraiski growth chamber
and right) Vapor Pressure Controlled Czochralski growth chamber used in large size InP
wafer growth. [Reproduced with permission from Journal of Crystal Growth Vol. 158, No. 3,
Kohiro, K., Ohta, M., and Oda, O., "Growth of long-length 3 inch diameter Fe-doped InP
single crystals,” p. 197, Fig. 1 Copyright 1996 Elsevier Science B.V.]
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Moaundukauma cnektpa nanydyeHuna CL Ha ocHoBe InAs npwu
ero NpoxoXxaeHmm Yyepes rasoByro CMeCb, coaepkallyo MmeTaH

I, arb. unity |

0 L L Ld - - -
) 200 20 310 4300 350 300 E L4

Puc.2 Cnextp CL Ha ocHoBe InAs [0 npoxoxaeHWAa ero
M3Ny4YeHUn yepes cpefy, CoOAep¥ally MeTaH (CNNoLWHaR KPUBanA)
u npousseaenme cnektpa C[l Ha cnexTp nponyckaHuA BO3QyLUHO-
MeTaHoBOM cmecH [6].

C.A. KapaHgawes, B.A. MatBeeB, M.A. PeMmeHHbIn, « ICTOYHNKN CNOHTAHHOIroO M3Ny4YeHUA Ha OCHOBe apceHupa mHausa (ob3op:
aecAaTtb net cnycta)», OT/1], 1.53, n2, ctp. 147-157 (2019)
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[pUMEeHUTENLHO K CeHCOpY, UMeKLLeMy B CBOEM COoCcTaBe y3KononocHsei potoavon (®) u C[,
napamMeTpbl KOTOpbIX B uHTepBane ANWH BOMH (A;-A;) MOryT 3aBUCeTb OT MX Temnepartypbl (T), 3aKoH

bepa-JlambepTta MoxeT ObiTb NPUMEHEH nnﬂ BLIYMUCIIEHUA NepeaaTouHoi yHKUMKM ceHcopa [7]
j A(A,T)-exp[-a(A)-L-CldA
UC,LT)

W(L.T) 'f‘au._,r)d,& (1)

r(C.L.T) =
rae

ANT) =8pp(A.T) 1,5 (A,T)- anﬁlziparnaﬂ yHkuma  cexcopa, Sy, (A.T) -

yyscTBUTENbHOCTL ®f, I, (A.T) - NHTEHCMBHOCTL M3nyyenna C[,

a(A) - CNeKTpanbHbIA Ko3aUUUEHT NOrMoLLeHUA rasa, 3auMCcTBOBaHHbIA, Hanpumep, u3
ba3bl gaHHbIX HITRAN.
L- anuHa B3aumopencTBuAa wm3anydyenua CIl ¢ razom, C — KOHUeHTpauua rasa B
nuccnegyeMomM Bo3ayxe.
U(C, L, T) - BbixoaHow curHan ®[1 npu HanuymMu rasa,
Us(L, T) - BbixoaHoM curHan ®/f1 be3 raza.

C.E. Anekcangpos, "A. laspunos, A.A. Kanpanos, 6.A. MateeeB, M.A. PemeHHbIn, [.HO. CoTHMKOBA,
«dvoaHble onTonapbl Ha ocHoBe INAsSb Ans ceHCOpPOB yrNeKMcnoro rasa, paborarwmx B peXXume pearbHOro BpeMeHu»,
XKypHan mexHuveckou ¢pusuku, 2018, Tom 88, Bbin. 9, ctp. 1433-1438.
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Lattice mismatched heterostructures
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Fig. 7.6. Schematic diagram of lattice matched (a) and strained (b, c) heterostructures.
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A3B5 alloys
In1-xGa1-yAsxSby

InAs1-x-ySbxPYy,
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LED/PD spectra in Mid-IR are boad compared with
gas absorption bands — spectral selection is needed
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MaTtpuua 8 X 8 Ha ocHoBe InAs (A=3.4 MKM)

P.N. Brunkov, N.D. Il'inskaya, S.A. Karandashev, A.A. Lavrov, B.A. Matveev, M.A.
Remennyi, N.M. Stus’, A.A. Usikova, “P-InAsSbP/n-InAs single heterostructure back-
side illuminated 8 x 8 photodiode array», Infrared Physics & Technology 78 (2016)
249-253

Il-ln = Mameees B.A.
m" m Ymo mbI noHUMaem NoG MepMUHOM «UHbpaKpacHasi OrnMo3/IeKMPOHUKa» ?
25.02.2019

Gy |



Tunbl oxnaxapaembix P1 Ha ocHoBe

InAs(Sb)/InAsSbP, pazpabotaHHbix B PTU

Fig. 3. Photo of the epi-side/contact side of the 8 » 64 PD array.

Infrared Ph.Tech. 2018
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-
Cr/Au/Ni/Au+ f}“'bum
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®TI1, 2016
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Fig. 1. Schematic of [1I-V mid-IR LEDs. 1-p-type contact layer, 2-n-type narrow gap
layer, 3-outcoupling substrate surface, 4-cathode contact, 5-cathode pad onto Si
submount, 6-Si submount, 7-negative electrode, 8—-anode contact to mesa area, 9-
anode pad onto Si submount, 10-positive electrode, 11-Si hyperhemispherical lens,
12-epoxy encapsulation, 13-header. Optically pumped LED: 3-GaAs, 13-T0-39
package, 14, 15-optical glue, 16-InSb “phosphor”, hvy > hv;. Electrically pumped
LED: 1-p-InAsSbP, 2-n-InAs(Sb), 3—n + -InAs, 13-screw header package, 14, 15, 16-
optical glue, vy = hv,.

T. Kuusela et al Vibrational Spectroscopy, 51(2), 289-293 (2009).
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Microimmersion lens diodes

1 mm sapphire
ball lens

1 mm chalc.gl.
“ball” lens

1 mm
Journal of Optical Technology, Vol. 79, Issue 9, pp. 571-575 (2012)
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CeHcopbl Ha OCHOBE MOrTOoLEeHNs «ucyesaroLemn»
BOJIHbI
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IR detector for hydrocarbons concentration measurement in
emissions
during petroleum and oil products storage and transportation
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Figure 3 — Optic sheme of detector
1 —LED, 2 — deflecting mirror, 3 — PD of reference channel; 4 — PD of measuring channel

Proc. of SPIE Vol. 8155, 81550T - (2011)
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Wavelength selection by grating in
LED array spectrometer (AA=60 nm, A=3.3 pum)
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Wavelength, um

LED array spectrophotometer A=3.3 ym)
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CO. H. cTaTen 7-o1 Mexa. Hay4YyHOW KOHM. N0 BOEHHO-
TexHu4yeckum npobnemam obopoHbl U 6e3onacHoOCTH,
UCNONb3OBAHUIO TEXHOMOMMN ABOMHOIO NPUMEHEHUS,
MuHck, 20-22 masa 2017 roga, YacTtb 3, cTp. 37-43
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[MpumeHeHna UK nnHeek/maTpuL
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Fig. 6. Schematic of a staring array imager used with the mirror in Fig. 3. Schematic illustration of the use of a negative luminescent
the position P, for viewing the scene and in the position P, device to improve the cold-shield efficiency of an IR detector

for viewing the luminescent reference diode. array.

Infrared Physics & Technology 38 (1997) 145-151
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MaTtpudHblie @] Ha ocHoBe InAs/INAsSbP,
pa3paboTtaHHble B PTU
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3. Multielement LEDs/PDs

3x3 LED/PD p-InAsSbP/n-InAs array

600

+ ‘Tm p-INAsSbP/n-InAs/n+-InAs 3x3 matrix = "m

mA:;

400

300

200

Relative Intensity

100

i T
BT bl e
e =

500 -M—O = 300 K, CW current, M’ ==
- b 3 » B v

-100 1 : 1 ) i . I

Distance , um

Ilinskaya et al Applied Physics, issue 6, Pages 47-51 (2014)

Bias Voltage, V

P-INAsSbP/n-InAs/n+-InAs array element
CW, 300 K

#427

{100

110
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L~ 1
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Current in single selected element, mA

0.01

Mameees B.A.

TH . I
A |nSt|tU’[e nlm "Imua"mﬂ“n Ymo mMbI noHUMaem Nod mepMUHOM «UHGPaKpacHasi ornMo3/IeKMpPOHUKa» ?

25.02.2019

Radiation Power, a.u.



Tic Tac Toe photonics

A=3.4 pm Pos_ltlve
luminescence

" 3 , ) 3
|I|I1E¢ R
j " Bes

i

A=3.4 um Negative
* EEXEEX; luminescence

FEEEE,

* Individual addressing of InAs LED/PD elements

« Linear or matrix (e.g. 3x3) configuration
« Fast response and long-term stability
« Narrow bandwidth

Ilinskaya et al Applied Physics, issue 6, Pages 47-51 (2014)
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POMOHHbIe Kpucmansbi

Diffraction of blue laser beam at the PC LED
surface
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POMOHHbIe Kpucmasibl

Near field, o

A=3 um,
384x384

um

=ay
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Gas absorption measurements
(C.H,,, CO,, trace, open path, gas cell)

with LED-PD pairs and
photoacoustic detector.

Mameees B.A.
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loffe
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=Cantilever sensor (microphone)
is coupled with interferometric
measurement of the
displacement

= Below picometer (1012 m)
displacement can be detected
with the optical readout
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Gas absorption measurements (CnHm, CO2, trace, open path, gas cell) with LED-
PD pairs and photoacoustic detector.

Photoacoustic measurements with IL LEDs.

80 Hz with 50% duty cycle

L

Signal _ Current Signal
rocessin i
P g driver generator
odul Interferometer | 670 nm laser
odulated 200 mA
beam Window
Window
\ | \ e

<3::::.{.................4

\

@ =5 mm Photoacoustic cell
Cantilever

L 42 mm )l 9 ) MINIGAS

T. Kuusela et al Vibrational Spectroscopy, 51(2), 289-293 (2009).
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Relative absorption

Relative power

Gas absorption measurements (CnHm, CO2, trace, open path, gas cell) with LED-
PD pairs and photoacoustic detector.

Photoacoustic measurements with IL LEDs.

2 3 4 5
H Co,

LED3.4ym  LED42um

14

!

0,8 - |
1

]

)

\

0,6 4 !
1\
!
04 1 '

0,2
0 , et
3 4

Wave

length [um]

— Detection limit at LED
Gas 1 s integration active .
B (ppm) area (pum)
a] | CH, 26 InAs 3.1-35
11 InAsSb 4.2 -4.4
6 InAs 3.1-3.5
330 InSb 6.5-17.5
| S0, 620 InSb 7.1-17.6
2 ) MINIGAS

T. Kuusela et al Vibrational Spectroscopy, 51(2), 289-293 (2009).
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MINIGAS Microimmersion lens LEDs from
p-InAsSbP/InAs/n*- InAs (A= 3.4 pm)

InAs microimmersion lens LED
" o =100 mA, 300 K

w
I

e
S
S5 L
I
=
L —0—A
] —0O— A*Betta”2 ~
—A—FWHM, mm
O 1 " 1 " 1 " 1 " 1 " I
0 2 4 6 8 10

Distance from LED (L), mm

P=120 pW at I=100 mA

74% collection efficiency at a
distance of 12 mm from gold plated
mirror R=12.0 mm

(f=6.0 mm), @=12.0 mm.

Image size ~1 mm

Detector

107

. 106

10°

Gauss Amplitude, A*p*2, 3
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Open path analyzer of hydrocarbons
4 5

i
ﬁ——‘u b SIS (--.—J."‘ i
Ky3HeuoB A.A., BanawoB O.b., Bacunwes E.B., lloruHos
C.A., Nyroeckoun A.U., YepHsik E.A., « AUCTaHLNOHHbLIN
MH(paKpacHbIN AEeTEKTOpP YrieBoA4OPOAHbLIX Fra3oBy,
Mpubopbl n cuctembl. YnpaBrieHUe KOHTPOrb,

AunarHocTtuka, Ne 6, 55-59 (2003).
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Gas absorption measurements (C H,, CO,, trace, open path, gas cell) with LED-PD
pairs and photoacoustic detector.

Open path C_H_ analyzer for petroleum plants based on
microimmersion InAs PDs

2 3 4
. > 1.0 - 1-10* I
08 | = e o o experiment
1 06 -g appProx.
. ) 0.4 ] & 10 =
0.2 1 g
\ P 0.0 — . . — — S
1.0 1.5 20 25 3.0 35 4.0 8§ 0l -
Wavelength, um B
Fig 1. The optical scheme of a trace gas analyzer: gth. 1 S
1 -IRLED; 2,5 - spherical mirrors, 3.4 - protective ﬁ
light filters; 6 -composite interference filter, 7 - IR 10 ~ 5'0 o
photodetector; 8 - shield. - —_
race length, m

Fig 2 Absorption channel signal vs trace length.

1DD U [ Filters : A=3.3 k—3/6
HAVYHO-NPON3BOACTBEHHAR GUPMA iters : A=3.5 pm, A=3.6 um
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Cucrembl KOHTpPOIA TOJNIWWMUHbLI NMPU nNpoun3BoacTtTBe

NOJINITUINEHOBLIX MJIeHOK
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Alcotester

1.0
CnekTpooTOMETPUHECKUI aHanu3aTop >
KOHUeHTpauyuM napoB 3taHOna 5
B BbibiXaeMOM BO3gyxe [
G Y S o8l —__ 1 C2H50H
| ] [
FE{ | - A L - 2 PD
z i C
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Q2 L, spectrum
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Wavelength ( um)

A Lm 3.35+0.05
Aco m 3.0
D*; max cmHz!/2\W-! >5x%x1010
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4.2 uym LED-PD sensor for capnography (CO, breath

measurements)
Physiology
COs levels provide information on the fallowing bodily functions
METABOLISM PERFUSION VENTILATION

1 ® Triton Electronic Systems Ltd.
| rI Russia, 620063, Ekaterinburg, P/O box 522

Phone: , +7 343 261 58 63

ELECTRONIC EYSTEMS
http://www.triton.ru/
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Mainstream Gas Analyzers T

ELECTRONIC SYSTEMS
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Mainstream Gas Analyzers Trl‘.\l

ECTRONIE SYSTEMS
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InAsSb Diode Optical Pairs for Real-Time Carbon Dioxide
Sensors

Sample A
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Fig. 6. Real-time capnograms measured with a resolution
of 50 ms.
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MID-INFRARED ABSORPTION SPECTROMETER FOR MULTI-
SPECIES DETECTION USING LEDS FOR SPACE APPLICATIONS:
DEVELOPMENT AND FLIGHT TESTING

(Michael Villar_Thesis_Final.2017)

LED 4.2 CO
U 77 kHz
/. .\
/ \
=== 4.2 Filter
3.6 Filter ! !
R B B ¢ B B e e e T e R
1 Bgam egm \'-““
k N Absorption cell > Detector
splitder - ter. u
—— AL S AT A SRS T AN AN ’
LED 3.6 -
Reference l l
55 kHz 4.7 Filter ?
s 5(4.2) 5(4.7)

LED 4.7 CO
115 kHz

| 5(3.6)

Figure 9: Schematic of sensor optical configuration [2].
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Fast spatially resolved exhaust gas recirculation (EGR) distribution
measurements in an internal combustion engine using absorption
spectroscopy.

J. Yoo et al , Appl Spectrosc. 2015 Sep;69(9):1047-58. doi: 10. 1366/14-07796. Epub 2015 Aug

Detector

_ Probe
Filter 1 LED assembly - T

[ \ *

( .l S ..:1

\ I}I
signal : /
LED P —t

Filter 2
Reference LED

Figure 4. Schematic of EGR sensor and probe. For a detailed probe
dimension see Figure 5. HWG NA is 0.05. LEDs and optical components
in both the LED and detector assembly were optimized for maximum
light coupling with the two HWGs.
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Sensors (Basel). 2015 May; 13(3): 12092-12102.
Published online 2015 May 22.

LED-Absorption-QEPAS Sensor for Biogas Plants
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-
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Biogas is a mixture with about 40%—-60% methane (CH,), 40%-60% carbon
dioxide (CO,), and traces of nitrogen (N,), oxygen (O,), hydrogen sulfide (H,S),
hydrogen (H,) und ammonia (NH;). Another important component is water

vapor, which is contained until saturation.
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An Infrared Absorbance Sensor for the Detection of

Melanoma in Skin Biopsies
Sensors 2016, 16, 1659; doi:10.3390/s16101659
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Measurements of Metal Alkylamide Density During Atomic
Layer Deposition Using a Mid-Infrared Light-Emitting Diode
(LED) Source

James E. Maslar,” John Hoang,i William A. Kimes, Brent A. Sperling

FT-IR spectrometer
| v

Mg S =S| e

LED 36 um
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LED .
ﬁwﬂ ------ 1BHM |
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APPLIED SPECTROSCOPY ns 74/ o2
Volume 69, Number 3, p. 332, ]
2015 mcT(
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LED/PD spectra in Mid-IR are narow compared with
black body radiation spectrum —
no need for additional filters in pyrometer
measurements

T T ! '
PD2.9 PD3.3 PD4.2 PD4 .65

4400

o _ { e .
10 "' — 5o

4 -50

-100

BB Radiation.w;'cmzmcm&PD Spectral Detectivity,a.u.

Wavelength,mcm
Figure 1. Spectral densities of the BB radiation at different temperatures and spectral distributions of sensitivity
of A3BS5 photodiodes (approxumated by the Gaussian)
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4. Small power measurements

Experimental tests of the PD based pyrometer

o 1100} (b) - Fiber tip temperature, °C
o 800 |
U g 1000
gz WOF
cE
EE s00f ’
B E .
o d ?{}0 u 6m ~
Ee _
5SS 600
SE _
42 500
- Z 4
- o = 2 ‘
Eu Op—% . - - - : bt | !
4L . | I 1 I * I
500 600 700 500 9S00 1000 1100 1200
Actual temperature (by termopile), °C i
. 1 L 1 1
Fig. 3. (a) Experimental PD currents (squares [), calcu- “12:15 12:30) 12:45 1300 13:15
lated transfer function of the pyrometric sensor (solid line J), Time. h/min
experimental (circles 2) and calculated (dashed line 2) e
instrumental) errors of the pyrometric sensor. (b) PD sen-
sor readings (/) when measuring the temperature at the Fig. 4. Experiment on measuring the temperature of a fiber
fiber tip in contact with the emitter and their deviations tip heated by laser radiation at vanious pump powers P.
(2) from the emitter temperature measured by a thermo-
couple.

Semiconductors, 2014, Vol. 48, No. 1, pp. 129-134.
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Fiber-coupled laser module

Driver of the fiber-coupled laser module

Fig. 2. Block diagram of the fiber-coupled laser module
driver with embedded pyrometric sensor: (/) operating
fiber, (2) Y-shaped fiber splitter, (.7) thermoelectric mod-
ule (TEM), (4) cumrent—voltage amplifier—converer,
(5) ADC, (6) control and processing unit, ( 7) DAC, (#) laser
diode, (9) current sensor, (/0) radiation-power sensor, and
(117) controllable source of stabilized laser pump current.

Semiconductors, 2014, Vol. 48, No. 1, pp. 129-134.
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Flex. Print. Electron. 2 (2017) 045006

D Zymelka etal

Ethernet output
Microcontroller for high-speed
data transfer

Analog-digital e
converter i N w

Photodiodes with amplifier
and temperature controller

Beam splitter

B Sapphire lens
D=25.4 mm Photodiode 2
( Object: silver flm  F=50.8 mm l=3{.3 mm

- Photodiode 1
“1=4.2 mm
Silicon beam)
splitter
Figure 3. (A) Illustration of the developed pyrometer and (B) its optical schematic.
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Time-resolved study of variable frequency microwave processing of

silver nanoparticles printed onto plastic substrates

—— Temperature
—— Photocurrent (4.15 um)
Photocurrent (3.25 um)
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Figure 8. Set of dataregistered during each experiment and
real-time conversion of the photocurrents to temperature.
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[JncTtaHUNOHHbLIN TEPMOMETP

[MaTeHTbl Ha n3o0bpeTeHus Ne2610073, Ne 2622239, 3asBka Ha nsobpeteHme Ne2016120127 ot 25.05.2016.

5b

IMMIMIBINIIKY

AMMI1IMIITIIY
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é_-—

I

Cxema (cnesa) n potorpadus (B LeHTpe) ABYXANanasoHHOro paguMaumMoHHOro TepMoMeTpa, rae 1- L1 Ha
ocHoBe InAs 2- ®[] Ha ocHoBe INAsSb, 3a — chepunyeckoe 3epkarno, 3b — nnockoe 3epkano, 4 — cyMTbiBaloLLadA
3MIEKTPOHMKA U Lienu ynpasreHus TepmoanekTpuyeckum oxnagutenem (T30), A/D npeobpasoBaTernb U
ancnnen, 5a — repMeTndeckn 3akpbITbi KOPNYC, 3anoSTHEHHbIN YITIEKUCIbIM ra3oM, Sb — BXxogHble OKHa, 6-
ONMTUYECKNI KIen N3 xanbkKoreHnaHoro ctekna, 7- T30. (MmmepcroHHas nMH3a U3 KpeMHust anameTpom 3.5

MM HE r|0|<a3aHa). B.A.Matveev et al abstracts of the MIOMD-XIII, Beijing, 18-22 September,

2016, pp. 178-179
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MIII'“I Mameees B.A.

i i Ymo mMbI noHUMaem NoOG MepMUHOM «UHGbpaKpacHasi OrnMo3J/IeKMPOHUKa» ?
Diode Optopair Group oM UK

I




Distant temperature/gas
measurements

r. CocHoropck, CaxeBbin 3aB0O[
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2. Two color Pyrometry

Two-color photodiode/pyrometer
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Experimental studies of cyclical plasma effects on tungsten

200 rAccelerator current, kA Surface temperature, °C 2000 Temperature,°C ~ *"> "> Plasma current, kA
' 560 - \-200
160 ”n L 4000 .
U
' h 420 ]
120 L 3000
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40 L1000 1401
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Time, us Time, s
a b

Fig. 2: Dependences of the plasma current and the surface
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TABTHIIA 1
Analyzer LED type L Measuring range and | Integration | Accuracy Reference
type [em] | gastype time
Flat plate LED 2.3 pm 50 5-100% CH, — 0.1% [10]
Flat plate LED 2.3 pm 150 1-10% CH, - — [12]
Flat plate LED 3.4 pm - 0-5% CH, 2s 250 ppm viv 5
Immersion lens LED 3.4 ym - > 135 pg C,HsOH/ = — i
Flat plate LED 4.3 pm 45 0-1% CO; — >12ppmviv. | [7]
Flat plate LED 4.3 pm -— 0.03-10% CO, — — [14]
Flat plate LED 4.3 pm 8 0.1 CO, — - [23]
g Immersion lens LED 4.3 pm 02 0-10% CO, 30ms 5% [5]
% Immersion lens LED 4.3 pm 08 0-4% CO, 4ms 0.1% viv. [24]
Immersion lens LED 4.3 pm 8 0-10% CO, 4ms 30 ppm viv. [9]
Immersion lens LED 4.3 ym 2-5 0-5% CO; <30 ms #0.2% [26]
5.1-10% CO: +4%
10.1-15% CO, 1+ 6%
15.1-20% CO, + 10%
Immersion lens LED 4.7 pm 8 0-4% CO 4ms 400 ppm viv 9]
< Flat plate LED 4.2 ym — C02 — — [29]
a Immersion lens LED 3.4 ym 4 40-60%CH, | 10s 1% 27]
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