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Abstract　A brandnew k ind of m idinfrared m ult iw avelength radia t ion thermom eter fo r the m easurem ent of true

temperatu re and em issivity near room temperatu re w ith h igh signaltono ise rat io (SN R ) w as p resen ted. By app ly

ing b lazed grating and refractivereflected op tical system w ith h igh im age quality and th roughput, the temperatu re

and em issivity w ere availab le sim ultaneously by the M CT sem iconducto r senso r array and electric system. Inner

b lackbody source w as insta lled to compensate the surrounding temperatu re drift, and the temperatu re of field stop

and apertu re stop w as con tro lled by a heat p ipe to reduce the influence of stray radia t ion on temperatu re m easure

m ent. T he m ain structu res of op tical and electric system s w ere described in deta il.

Key words　m ultiw avelength radia t ion thermom etry, low temperatu re m easurem ent, em issivity, stray radia t ion.

中红外多波长辐射温度计的设计

丛大成　戴景民　孙晓刚　褚载祥
(哈尔滨工业大学计算机与电气工程学院, 黑龙江, 哈尔滨, 150001)

摘要　介绍了以高信噪比同时测量近室温目标温度和光谱发射率的中红外多波长辐射温度计, 详细说明了其光学
系统及电气系统设计. 采用高像质、大光通量的折反式光学系统和闪耀光栅分光系统, 通过多元碲镉汞探测器线列
及电气系统, 可同时检测目标温度及发射率. 内置黑体炉和热管恒温视场光栏和孔径光栏减小了周围环境温度漂
移及杂散光对温度测量的影响.

关键词　多波长辐射测温学, 低温温度测量, 发射率, 杂散光.

In troduction

W ith the developm en t of m ateria l science, it is

impo rtan t to m easu re the thermophysica l p roper
t ies such as temperatu re, em issivity and coeff icien t

of therm al expan sion fo r variou s m ateria ls a t low

temperatu re. A nd the m easu rem en ts of t rue tem 
pera tu re and spectra l em issivity near am b ien t con
dit ion s are especia lly crucia l fo r the developm en t of

ab la t ive and stea lth m ateria ls w h ich are often u sed

in m ilita ry and aero space indu stries. How ever,

som e k inds of rad ia t ion thermom eters availab le are

on ly designed fo r the m easu rem en t of the p roper
t ies near room temperatu re [1～ 5 ].

M u lt iw avelength radia t ion thermom etry has

at t racted peop le’s a t ten t ion m ain ly in the connec
t ion w ith the developm en t of dynam ic techn iques

fo r m easu rem en ts of thermophysica l p ropert ies of

m ateria ls sim u ltaneou sly [6～ 9 ]. D u ring the past few

decades, the m easu rem en ts of thermophysica l

p ropert ies a t low temperatu re w ere lim ited m ain ly
by the techn iques of op t ica l design and detecto r

m anufactu re. H ence, it is necessary to develop an

in st rum en t fo r that k ind of m easu rem en t now.

In th is paper the p rincip les, op t ica l design and

electric system of a p ro to type m idinfrared m u lt i

w avelength radia t ion thermom eter, w h ich has been

developed fo r the m easu rem en ts of t rue tempera
tu re and spectra l em issivity near am b ien t condi
t ion s at the sam e t im e, are described in deta il.
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1　Pr inc iples

In m u lt iw avelength radia t ion thermom etry,

the signal m easu red in channel i is g iven by

S i = Gi∫
i

(i, T ) (i)(i) P (i, T ) d (1)

w here Gi is the geom etry facto r invo lving the tar

get area and the so lid angle sub tended by the en

t rance pup il of the in st rum en t, P (i, T ) is the

P lanck funct ion of w avelength i and temperatu re

T ,  (i ) is the tran sm it tance of op t ica l system ,

(i) is the spectra l respon sivity of the detecto r

and i is the bandw idth.

T he signal m easu red in channel i again st a

reference b lackbody at a know n temperatu re T 0 is

g iven by

S i0 = Gi∫
i

(i)(i) P (i, T 0) d (2)

　　R earranging Eqs. (1) and (2) w ith effect ive

w avelength gives:

S i

S i0
= (ei, T )

P (ei, T )
P (ei, T 0)

(3)

　　Genera lly, the least square m ethod has been

u sed to p rocess the data of the m u lt iw avelength

thermom etry, in w h ich m athem atica l mode be

tw een spectra l em issivity and w avelength m u st be

assum ed fo r a certa in unknow n m ateria l[10 ]. How 

ever, so far a un iversa l assump tion su itab le fo r any

m ateria l has no t been found although the stepw ise

regression has been u sed [11 ].

A t p resen t, the art if icia l neu ra l netw o rk has

p rovided a range of new techn iques fo r so lving

p rob lem s in pat tern recogn it ion and data p rocess

ing [12, 13 ] , so it is po ssib le to so lve the uncerta in

non linear rela t ion sh ip betw een the signal of each

channel and the true temperatu re of the target.

Backp ropagat ion (BP ) netw o rk based on gradien t

descen t a lgo rithm w as experim en ta lly verif ied in

term s of data p rocessing of m u lt iw avelength radi

at ion thermom etry fo r the first t im e by Sun [14 ] to

develop an em issivityindependen t rad ia t ion ther

mom eter fo r the m easu rem en t of t rue temperatu re

and spectra l em issivity. A fter t ra ined by a set of

samp les, the in st rum en t w ill be ready to u se. A n

o ther mo re pow erfu l neu ra l netw o rk , rad ia l basis

funct ion (RBF) netw o rk [15 ] , is p ropo sed in th is in

st rum en t to ach ieve bet ter resu lts.

2　Arch itecture of Optica l D esign

2. 1　Optica l design

Op tica l system design is the p rim ary techn ique

to develop the m idinfrared m u lt iw avelength radi

at ion thermom eter. T he basic op t ica l design of the

new m u lt iw avelength radia t ion thermom eter is

show n in F ig. 1. T he radian t f lux em it ted by the

target is focu sed on the field stop 3 by the ob ject ive

len s that is compo sed of crescen tshaped len s 1

w ith the diam eter of 6. 5cm and reflecto r 2. T he

fo rm er and the radia t ion em it ted from the inner

reference b lackbody are focu sed on the chopper 14

by the conden sing len ses 5 and 13, respect ively,

and reach the dispersing system by the co llim at ing

len s 7 alternat ively. F inally, the b lazed gra t ing 8

sp lits the beam and dark cham ber len s 10 p ro jects

the spectrum on the detecto r array 11.

2. 2　Target

Since the spectra l band of each channel is ex

t racted from the to ta l f lux em it ted by the target, it

is a llow ed to disperse the flux ex it ing from the

field stop and to locate it on the focal p lane of the

co llim at ing len s. T hen op t im um th roughpu t is

ach ieved if the field stop has the sam e shape as the

detecto r, con sist ing of a group of array elem en ts.

T h is shape is rectangu lar w ith the size of 0. 8×10

mm 2 fo r each elem en t.

2. 3　Optica l len s

T he amoun t of rad ian t energy of targets near

room temperatu re is comparat ively w eak and con

cen tra ted on m idinfrared range. T herefo re, a re

fract iveref lected op t ica l system is p referred fo r its

ou tstanding characterist ic of less a t tenuat ion in en

ergy, large amoun t of lum inou s flux and h igh

quality of im age in m idinfrared m u lt iw avelength

radia t ion thermom eter [16 ]. T he angle of apertu re of

im age side, sin u’, m ay be as large as 0. 33.

T he ob ject ive len s is compo sed of a ZnS len s

w ith an t iref lect ion coat ing and a p rim ary reflecto r

p la ted w ith go ld. Ch rom atic aberra t ion and
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F ig. 1 Schem atic diagram of op tical system
1crescen tshaped lens 　　2p rim ary reflecto r
3field stop 4secondary reflecto r
5condensing lens 6second im age
7co llim ating lens 8blazed grating
9reflecto r 10dark cham ber lens
11th ird im age and detecto r array
12standard source 13condensing lens
14chopper 15m icro scop ical lens
16im age p lane of m icro scope
17eyep iece 18ex it pup il of eyep iece

图 1　光学系统原理图
1新月型透镜 　　2主反射镜 　　3视场光阑
4次反射镜 　　　5聚光镜 　　　6第二次像
7准直物镜 　　　8闪耀光栅 　　9反射镜
10暗箱物镜 　　11第三次像和探测器阵列
12标准光源 　　13聚光镜 　　　14调制盘
15显微物镜 　　16显微物镜像面
17目镜 　　　　18目镜出瞳

monoch rom atic aberra t ion can be elim inated very

w ell if the th ickness of the ZnS len s is p roperly

cho sen. A s visib le ligh t can pass th rough ZnS,

a im ing and focu sing in visib le ligh t and infrared

ranges sim u ltaneou sly are rea lized by the aim ing

system. T he focal d istance of the ob ject ive len s is

80mm and the ob ject d istance is 500mm. O ther op

t ica l len ses are m ade of germ an ium w ith an t iref lec

t ion coat ing and the to ta l op t ica l t ran sm it tance is

60%.

2. 4　Reference source

U sually, fo r the m easu rem en t of near am b ien t

condit ion s a reference b lackbody w ith con stan t

tempera tu re is in sta lled in the radiom eters in o rder

to compen sate the drif t of the su rrounding temper

atu re and temperatu re change of the chopper, In

th is in st rum en t, heat p ipe techn ique is in t roduced

fo r m ak ing reference b lackbody, w h ich is compact

and iso therm al w ith th is techn ique.

2. 5　Blazed gra ting

T he angle betw een facet and su rface of the

b lazed gra t ing is 9. 5°and the inclina t ion 5. 5°, to

ta lly 15°. T he angle betw een the direct ion of b laze

and incidence is 30°. F rom above angles w e get the

fo rm u la t ion d [ sin (30°- 5. 5°) - sin5. 5°]= K ×b,

and the in terval of the no tch is d≈ 0. 031, app rox i

m ately 32 coup les of line per m illim eter. A t th is

t im e the b lazing w avelength b= 10m , i. e. w e can

ach ieve the spectrum scope of 10±5m.

2. 6　D etector

F ig. 2 Sketch m ap of a detecto r w ith co ld buffer
图 2　带冷光阑的探测器示意图

H gCdT e is a k ind of excellen t sem iconducto r

m ateria l fo r an infrared sen so r. H gCdT e detecto rs

can detect very sm all quan t it ies of rad ia t ion at m id

dle o r long w avelength, thu s m easu ring low tem 

pera tu re of an ob ject. In o rder to rea lize h igh sen

sit ivity, a m eta l dew ar bo t t le detecto r array w ith

D
 of 2. 0×1010cmH z12W w as u sed and the detec

to r w as coo led at the opera t ing temperatu re of 77K

by liqu id n it rogen.

2. 7　Stray rad ia tion reduction

W ith low temperatu re m u lt iw avelength radia

t ion thermom etry, the temperatu re of the target is

near the am b ien t condit ion, w h ich m akes that the

st ray radia t ion ou tside and in trin sic rad iance of the

in st rum en t canno t be igno red. To reduce the ef

fects of st ray radia t ion in the temperatu re m easu re

m en t, tempera tu res of severa l co re op t ica l compo

nen ts are con tro lled. In ou r new in strum en t, the

temperatu re of f ield stop and apertu re stop is con
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F ig. 3 D  of H gCdT e detecto r
图 3　碲镉汞探测器的探测率D 

F ig. 4 D ependence of no ise on frequency

of H gCdT e detecto r
图 4　H gCdT e 探测器的噪声与频率关系

Table 1 Calculated results of SNR
表 1　信噪比计算结果

T arget

temperatu re
(℃)

s= 5. 5m s= 7. 0m s= 9. 5m s= 11. 5m s= 13. 0m s= 14. 5m

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 1547. 362

t ro lled at 10℃ by heat p ipe and the tube w ith co ld

buffers is in sta lled in the fron t of the apertu re of

the detecto r as show n in F ig. 2. T herefo re the sen

sit ivity and stab ility of the in st rum en t are im 

p roved.

2. 8　Signa l- to-no ise ra tio estima tion

P rio r to the p ract ica l design, the SN R of the

in st rum en t shou ld be est im ated to p rove the feasi

b ility. A cco rd ing to the specif ica t ion of the detec

to r, the detect ivity of the H gCdT e sen so r is typ i

cally 2. 0×1010 as show n in F ig. 3 and the act ive

area of the detecto r is 0. 8 × 0. 8mm 2. T he 1f

no ise is reduced to a m in im um value at the chop

p ing frequency of 800H z as show n in F ig. 4. T he

SN R is calcu la ted w ith the assump tion s that the ef

fect ive area of the target is 5. 4×6. 7mm 2, the cen

t ra l w avelength s are 5. 5, 7. 0, 9. 5, 11. 5, 13. 0 and

14. 5m , respect ively, w ith bandw idth = 1m ,

spectra l t ran sm it tance is 60% and the bandw idth

of electric circu it is 100H z. T he calcu la t ion resu lts

of SN R of the six channels are show n in T ab le 1

w ith the temperatuer ranging from 15 to 30℃.

3　Electr ic design

F igu re 5 show s a schem atic d iagram of an

electron ic system of the in st rum en t. A lternated ra
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F ig. 5 Schem atic diagram of electron ic system
图 5　电路系统原理图

dia t ion of 800H z by the op t ica l chopper is detected

by the H gCdT e detecto r and amp lif ied by the

p reamp lif ier w ith a bandpass filter. L ockin amp li

f iers w ith the techn ique know n as phasesen sit ive

detect ion (PSD ) single ou t the componen t of the

signal a t the reference frequency and phase and

convert the signal from A C to DC [17 ]. T hu s, no ises

a t frequencies o ther than the reference frequency

are rejected and w ill no t affect the m easu rem en t.

Signals, w h ich are p ropo rt ional to the radia t ion in

ten sity, can be read ou t in a sequence by a m u lt i

p lexer. T he sequen t ia l signal ou tpu t is connected

F ig. 6 Experim ent resu lt of temperatu re drift
图 6　温度漂移实验结果

to an ADC.

4　 Inf luence of tem pera ture dr if t

In o rder to invest iga te the influence of temper

atu re drif t on m easu rem en ts, experim en ts w ere

carried ou t w ith th ree k inds of tubes, w h ich w ere

m ade of copper, a lum inum and b lackened copper,

respect ively. Keep ing the b lackbody temperatu re

a t 300K, the su rrounding temperatu re in side the

op t ica l system changed from 313K to 353K m ea

su red by P t100 therm al resistance em bedded in the

op t ica l system. F igu re 6 show s the comparison re

su lts. It is clear tha t the ou tpu ts u sing copper and

alum inum tubes w ere h igher than that of the b lack

ened tube. Con sequen t ly, the b lackened tube at

tenuates the influence of drif t of su rrounding tem 

pera tu re m uch mo re than the o ther tw o tubes.

5　Summary

A new k ind of m u lt iw avelength radia t ion

thermom eter fo r the m easu rem en t of t rue tempera

tu re and near room temperatu re em issivity has

been developed. T he refract iveref lected op t ica l

system and the electron ic system w ith lockin am 

p lif iers rea lized the characterist ic of h igh th rough

pu t, less energy at tenuat ion, h igh SN R , and aim 

ing in visib le ligh t and infrared sim u ltaneou sly.

Great versa t ility can also be ach ieved by softw are

opera t ion. Experim en ta l resu lts show ed that

b lackened tube w ith co ld buffers w as capab le of

comp ressing temperatu re drif t compared w ith the

o ther tw o k inds of m ateria l.
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