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Abstract A brand-nev kind of mid-infrared multi-w avelength radiation thermometer for themeasuranent of true
temperature and @nissivity near room temperaturew ith high signal-to-noise ratio (SNR) waspresented By apply-
ing blazed grating and refractive-reflected optical systen with high mage quality and throughput, the temperature
and amissivity w ere available smultaneously by theM CT saniconductor sensr array and electric system. Inner
blackbody sourcew as installed to compensate the surrounding temperature drift, and the temperature of field stop
and gperture stop was controlled by a heat pipe to reduce the influence of stray radiation on tenperature measure-
ment Themain structuresof optical and electric system sw ere described in detail
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Introduction

W ith the development of material science, it is
mportant to measure the themophysical proper-
ties such as tanperature, emissivity and coefficient
of themal expansion for various materials at low
tenperature A nd the measuranents of true tem-
perature and sectral enissivity near anbient con-
ditions are especially crucial for the development of
ablative and stealth materialsw hich are often used
in military and aerogace industries How ever,
me kinds of radiation thermom eters available are
only designed for the measuranent of the proper-
ties near room temperature'* °.

M ulti-w avelength radiation therometry has
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attracted people’s attention mainly in the connec-
tion with the development of dynamic techniques
for measurements of themophysical properties of
materials smultaneously® ®. During the past fev
decades, the measurements of themophysical
properties at low temperaturew ere limited mainly
by the techniques of optical design and detector
manufacture Hence, it is necessary to develop an
instrument for that kind of measuranent now.

In thispaper the principles, optical design and
electric systan of a prototype mid-infrared multi-
w avelength radiation thermom eter, w hich has been
developed for the measuranents of true tempera-
ture and gectral anissivity near anbient condi-
tions at the same time, are described in detail
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1 Principles

In multi-w avelength radiation themometry,
the signal measured in channel i is given by

S = GAJ’ e, T)TA)SA)P (A, T)dA (D)

w here G, is the geometry factor involving the tar-
get area and the lid angle subtended by the en-
trance pupil of the instrument, P (A, T) is the
Planck function of wavelength A and temperature
T, T(A) is the transnittance of optical system,
o(A) is the gectral regponsivity of the detector
and AA is the bandw idth

The signal measured in channel i against a
reference blackbody at a known temperature To is
given by

Sio= e,\'[ T(A) S(A)P (A, To)dA (2)
A)‘i

Rearranging Eqs (1) and (2) with effective

w avelength gives

Si = e, T) —(&—LFE’ o = 5 (3)

Generally, the least square method has been
used to process the data of the multi-w avelength
themometry,

tween gectral emissivity and w avelength must be
[10]

in which mathematical mode be-
assumed for a certain unknow n material How -
ever, 9 far auniversal assumption suitable for any
material has not been found although the stepw ise
regression has been used".

At present, the artificial neural network has
provided a range of nev technigues for lving
problem s in pattern recognition and data process
ing'”*!, o it is possible to Llve the uncertain
nonlinear relationship between the signal of each
channel and the true teamperature of the target
Backpropagation (BP) network based on gradient
descent algorithm was experimentally verified in
tem s of data processing of multi-w avelength radi-
ation themometry for the first time by Sun™ to
develop an emissivity-independent radiation ther-
mometer for the measureanent of true temperature
and gectral emissivity. A fter trained by a set of
samples, the instrumentw ill be ready to use An-

other more pow erful neural network, radial basis
function (RBF) network!™, isproposed in this in-
strument to achieve better results

2 Architecture of Optical D esign

2 1 Optical design

Optical system design istheprimary technigue
to develop themid-infrared multi-w avelength radi-
ation thetmometer. T he basic optical design of the
nev multi-wavelength radiation themometer is
shown in Fig 1 The radiant flux enitted by the
target isfocused on the field stop 3 by theobjective
lens that is composed of crescent-shaped lens 1
w ith the diameter of 6 5am and reflector 2 The
fomer and the radiation emitted from the inner
reference blackbody are focused on the chopper 14
by the condensing lenses 5 and 13, regectively,
and reach the digersing systan by the collimating
lens 7 alternatively. Finally, the blazed grating 8
lits the beam and dark chamber lens 10 projects
the gpectrum on the detector array 11
2 2 Target

Since the gectral band of each channel is ex-
tracted from the total flux emitted by the target, it
is allowed to digperse the flux exiting from the
field stop and to locate it on the focal plane of the
collmating lens Then optimum throughput is
achieved if the field stop has the same shape as the
detector, consisting of a group of array elanents
This shape is rectangular w ith the sizeof Q 8x 1.0
mm? for each elanent
2 3 Optical lens

The anount of radiant energy of targets near
room temperature is comparatively weak and con-
centrated on mid-infrared range T herefore, a re-
fractive-reflected optical system ispreferred for its
outstanding characteristic of less attenuation in en-
ergy, large anount of luminous flux and high
quality of mage in mid-infrared multi-w avelength
¥ The angle of aperture of
image side, sin u’, may be as large as Q 33

The objective lens is composed of a ZnS lens
w ith antireflection coating and a primary reflector
plated with gold Chromatic aberration and

radiation thetmom eter
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Fig 1 Schematic diagran of optical system
1-crescent-shagped lens 2-primary reflector
3-field stop 4-secondary reflector
5-condensing lens 6-second mage
7-ollmating lens 8-blazed grating
9-reflector 10-dark chamber lens
11-third mage and detector array
12-standard source 13-condensing lens

14-chopper 15microsmopical lens

16-image plane of microsoope

17-eyepiece 18-exit pupil of eyepiece
1

1- 2- 3-

4- 5- 6-

7- 8- 9-

10- 11-

12- 13- 14-

15- 16-

17- 18-

monochromatic aberration can be eliminated very
well if the thickness of the ZnS lens is properly
chosen A s visible light can pass through ZnS,
aming and focusing in visible light and infrared
ranges smultaneously are realized by the aiming
systam. The focal distance of the objective lens is
80mm and the object distance is 500mm. O ther op-
tical lenses aremade of gemanium w ith antireflec-
tion coating and the total optical transnittance is
60%.
2 4 Reference source

U sually, for themeasuranent of near anbient
conditions a reference blackbody with constant
temperature is installed in the radiometers in order
to compensate the drift of the surrounding temper-

ature and temperature change of the chopper, In
this instrument, heat pipe technique is introduced
for making reference blackbody, w hich is compact
and isnthemal w ith this technique
2 5 Blazed grating

The angle between facet and surface of the
blazed grating is 9 5° and the inclination 5 5°, to-
tally 15° The angle betw een the direction of blaze
and incidence is 30° From above anglesw e get the
formulation d[sin (30° 5 5°- sing 5°]= K X A,
and the interval of the notch isd= Q 031, approxi-
mately 32 couples of line per millmeter. At this
tme the blazingw avelength A»= 10um, i e wecan
achieve the gpectrum soope of 10+ 5Sum.
2 6 Detector

HgCdTe is a kind of excellent saniconductor
material for an infrared senoor. HgCdT e detectors
can detect very snall quantitiesof radiation at mid-
dle or long w avelength, thusmeasuring low ten-
perature of an object In order to realize high sen-
sitivity, ametal devar bottle detector array with
D" of 2 0x 10°anHz"*AV was used and the detec-
torwas cooled at the operating tanperature of 77K
by liquid nitrogen
2 7 Stray radiation reduction

W ith low temperaturemulti-w avelength radia-
tion themmometry, the temperature of the target is
near the anbient condition, which makes that the
stray radiation outside and intrinsic radiance of the
instrument cannot be ignored To reduce the ef-
fectsof stray radiation in the tenperaturemeasure-
ment, temperatures of several core optical compo-
nents are controlled In our nev instrunent, the
temperature of field stop and aperture stop is con-
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Fig 2 Sketchmgp of a detector w ith cold buffer
2
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Fig 3D " of HgCdTe detector Fig 4 Dependence of noise on frequency
3 D’ of HgCdT e detector
4 HgCdTe
Table 1 Calculated results of SNR
1
Target
tamperature As= 5 5um As= 7. Oum A= 9 5um As= 11 5um As= 13 Oum As= 14 5um
()
15 4794 369 7272 453 6670 236 5119 487 3692 025 2620 837
16 4702 781 7112 433 6511 426 4991 542 3596 763 2551 714
17 4608 948 6949 819 6350 792 4862 505 3500 883 2482 235
18 4512 832 6784 582 6188 329 4732 375 3404 382 2412 402
19 4414 397 6616 705 6024 032 4601 165 3307 263 2342 221
20 4313 605 6446 172 5857 892 4468 864 3209 524 2271 685
21 4210 418 6272 960 5689 913 4335 478 3111 177 2200 800
22 4104 798 6097. 049 5520 084 4201 008 3012 208 2129 565
23 3996 708 5918 418 5348 406 4065 452 2912 635 2057 985
24 3886 109 5737 051 5174 868 3928 812 2812 450 1986 058
25 3772 963 5552 928 4999 465 3971 095 2711 661 1913 791
26 3657 229 5366 023 4822 198 3652 287 2610 264 1841 182
27 3538 870 5176 322 4643 069 3512 407 2508 258 1768 234
28 3417 849 4983 816 4462 067 3371 445 2405 661 1694 945
29 3294 120 4788 467 4279 182 3229 405 2302 456 1621 319
30 3167 652 4590 268 4094 420 3086 286 2198 659 1547362
trolled at 10 by heat pipe and the tubew ith cold ping frequency of 800Hz as shown in Fig 4 The

buffers is installed in the front of the aperture of
the detector as shown in Fig 2 T herefore the sen-
sitivity and stability of the instrument are m-
p roved
2 8 Signal-to-noise ratio estimation

Prior to the practical design, the SNR of the
instrument should be estimated to prove the feasi-
bility. A coording to the ecification of the detec-
tor, the detectivity of the HgCdTe sensr is typi-
cally 2 0x 10" as shown in Fig 3 and the active
The 1/f
noise is reduced to aminimum value at the chop-

area of the detector is @ 8x Q 8nm?>

AN R iscalculatedw ith the assumptions that the ef-
fective area of the target is5 4x 6 7mm?, the cen-
tralwavelengthsare5 5,7 0,9 5, 11 5, 13 0 and
14 5um, respectively, with bandwidth AA= 1pm,
gectral transnittance is 60% and the bandw idth
of electric circuit is100Hz T he calculation results
of NR of the six channels are shown in Table 1
w ith the temperatuer ranging from 15 to 30

3 Electric design

Figure 5 shows a scheanatic diagran of an
electronic systan of the instrument A lternated ra-
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Fig 5 Schematic diagramn of electronic system

5

diation of 800H z by the optical chopper is detected
by the HgCdTe detector and amplified by the
preamplifier with a bandpass filter. L ock-in ampli-
fierswith the technigue know n as phase-sensitive
detection (P9 ) single out the component of the
signal at the reference frequency and phase and
convert the signal from AC to DC'". Thus, noises
at frequencies other than the reference frequency
are rejected and will not affect the measurenent

Signals, w hich are proportional to the radiation in-
tensity, can be read out in a sequence by amulti-
plexer The sequential signal output is connected
to anADC

4 Influence of tamperature drift

In or%r 0 investigate the influence of temper-

o o
+ ¢

Al
Cu
25 ™ sisckbody

310 320 330 340 350
T/K

Fig 6 Experment result of temperature drift
6

ature drift on measuranents, experiments were
carried out with three kinds of tubes, which were
made of copper, aluminum and blackened copper,
regpectively. Keeping the blackbody temperature
at 300K, the surrounding temperature inside the
optical systen changed from 313K to 353K mea-
sured by Pt100 themal resistance enbedded in the
optical systan. Figure 6 show s the comparison re-
sults It isclear that the outputs using copper and
alum inum tubesw ere higher than that of the black-
ened tube Consequently, the blackened tube at-
tenuates the influence of drift of surrounding temn-

peraturemuch more than the other two tubes

5 Summary

A new kind of multi-wavelength radiation
themom eter for themeasurenent of true tenpera
ture and near room temperature eamissivity has
been developed The refractive-reflected optical
systan and the electronic system w ith lock-in an-
plifiers realized the characteristic of high through-
put, less energy attenuation, high SNR, and am-
ing in visible light and infrared simultaneously.
Great versatility can al®o be achieved by ftware
operation results showed that

blackened tube with cold buffers was capable of

Expermental

compressing temperature drift compared w ith the
other two kinds of material
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