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Abstract - Modern trend i n  rad ia t ion  thermometry i s  to substi tute the 
tungsten s t r i p  lamp with the s i l icon photodiode as a secondary tempe- 
ra tu re  standard. Instruments bu i  I t  i n  th is perspective are described. 
The design of transfer standards of th is k i n d  must follow orthodox me- 
chanical ,  optical and radiometric c r i t e r i a ,  presented i n  th is paper. 
The resul t  i s  an instrument whose ca l ib ra t ion  can be either p r imary ,  
by  use of a f ixed point and a monochromator, or secondary, by  compa- 
r ison with a pr imary rad ia t ion  thermometer kept i n  a National Labora to-  
r y ,  o r  wi th a secondary standard cal ibrated against a nat ional  standard. 

1. O L D A N D N E W  

The history of monochromatic rad ia t ion  thermometry i s  div ided into three phases by the 
turnpoints: the invention of the disappearing filament pyrometer (Holburn and Kur l -  
baum, 1901), the use of photoelectric pyrometers by  means of photomult ipl iers wi th 
red l igh t  sensi t iv i ty ( R .  Lee, 1966) and the introduction of the s i l icon photodiode as 
a detector i n  photometry (Witherel l  and Faulhaber, 1970) and i n  precision rad ia t ion  
thermometry ( G .  Ruff ino, 1971 ) .  
The disappearing filament pyrometer (o r  v isual  pyrometer) has been for many years, 
and s t i l l  p a r t i a l l y  i s ,  the classical instrument for  measuring h igh  temperatures (abo- 
ve ca. 8OOOC). I t s  performance is  based on the luminance match between the target 
to be measured and an incandescent tungsten filament w i th in  a moderately narrow band 
i n  the v is ib le,  peaked a t  ca. 650 nm. The band choice was dictated by the need of 
observing with the human eye: i t  was chosen i n  the red region of the v is ib le  spectrum 
by compromising between eye sensi t iv i ty and the luminance level of the sources to 
be measured. The band l imi ts were set by a cut-off f i l t e r ,  wi th the edge at ca. 600 
nm, and the human v i s i b i l i t y  curve for photopic v is ion.  The temperature evaluation 
was based on Planck's law ( i n  ear l ie r  times on Wien's approximation), by ca lcu la t ing  
the luminance integral  w i th in  the transmission band at dif ferent temperatures. As the 
calculat ions w e r e  being performed before the computer era,  they were car r ied  out by 
using a mathematical device, cal led the effect ive wavelength, defined by  the fol lowing 
equation: 

i n  which 2 (  , T )  i s  ? lanck ' s  function: 

and: 

r (h)  : f i  I ter spectral transmittance he : 
T : ke lv in  temperature c ,  : 
To : reference temperature Cr : 

: wavelength V ( X )  

effect i ve wave I en t h 
f i r s t  P lanck 's  constant 
second 2 lanck 's  constant (14388 urn K )  
: human v i s i b i l i t y  function for  photopic 

vision. 
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The effect ive wavelength depends from the transmittance of the f i l t e r  and the responsi- 
v i t y  of the detector, in the present case, the human eye. I t  must b e  noted that i t  
i s  not a pyrometer constant, but  depends on the temperature for  which i t  i s  calculated. 

Visible pyrometers were cal ibrated at the same time as tunstem s t r i p  lamps by means 
of known steps of rad ia t ion  f luxes created by sectored discs. I n  th is way pyrometric 
scales were set up by  re la t ing  lamp currents to temperatures: the pr imary  scale was 
the one of the pyrometer lamp. Secondary scales were generated and disseminated by 
means of tunsten s t r i p  lamps. The temperature defined by  these scales was a luminance 
temperature, defined as the one of a black body emitt ing wi th the same luminance 
as the lamp at the stated wavelength. Thus the luminance temperature depends on 
the wavelength band through which the source is  seen. Due to the usual d i f f i cu l t ies  
i n  evaluat ing the bands and ca lcu la t ing  rad ia t ion  f luxes w i th in  f i n i t e  bands, the Iu- 
minance temperature was always related to the effect ive wavelength. 

Here we must point out an inconvenience which has always affected the dissemination 
of the scales by  means of s t r i p  lamps: National Laboratories specify the effect ive wa- 
velength a t  which they are cal ibrated bu t  don' t  supply data on the band shape, not 
even information on the temperature dependance of the effective wavelength. On the 
other hand, also the band shape of the pyrometers to be ca l ib ra ted  against the s t r i p  
lamps is  usual ly ignored, so that most probably the effect ive wavelengths of the stan- 
dard  and of the instrument under ca l ib ra t ion  d i f fe r .  There i t  follows a disagreement 
of luminance temperatures which the operator i s  seldom aware of. Only when the pyro- 
meter band i s  known, the luminance temperature can be corrected on the basis of pu- 
bl ished data of tungsten spectral emissivity. I n  any case the use of the effect ive wa- 
velenth of 650 nm has been the only pract ice i n  keeping and disseminating the pyro- 
metric temperature scales, so that i t  has been prac t ica l l y  considered o f f i c ia l .  

I n  the mid s ixt ies the s i tuat ion has been improved by the advent of the photoelectric 
pyrometers using photomult ipl iers (o r  photocel I s )  as detectors. Much higher sensi t iv i ty 
allowed the restr ict ion of the pyrometer band, thus ressort ing to a better def in i t ion 
of the effect ive wavelength. This fact ,  associated to improvements i n  fabr icat ion and 
treatment of tungsten s t r i p  lamps, resulted i n  a very satisfactory agreement of the 
scales of the National Laboratories (of the order of 0.1 K ) .  itow they are equipped 
with p r imary  standard pyrometers, a l l  using photomult ipl iers ( 5 '  20 extended red catho- 
des) and interference f i l t e rs  peaked at 650 nm. This wavelength is rooted at the or i -  
g ins of v isual  pyrometry and has been imposed by  the existence i n  the f i e ld  of secon- 
dary standards ca l ib ra ted  a t  that  wavelength. We omit the descript ion of the nat ional  
standards to focus our attention onto the t ransfer standadrs and the precision labora- 
tory instruments. 

The temperature measured w i th  a photoelectric pyrometer can be calculated w i th  Planck 
law i n  the fo l lowing form: 

131 

where :  B i s  the s ignal  ra t i o  (eventual ly corrected for non- l inear i ty ) ,  T, i s  a reference 
temperature ( a  f i xed  point ,  e.g. the gold or copper melt ing po in t ) ,  r(A) i s  the spec- 
t ra l  transmittance of the pyrometer ( inc lud ing  lenses and interference f i  I t e r )  and 
~ ( h )  i s  the detector spectral responsivity. The product of spectral transmittance and 
responsivity i s  an istrument character ist ic function and can be conveniently ca l led  
Pyrometer Wavelength Function (PWF, symbol ( A ) .  I n  pr imary pyrometry work the 
PWF i s  measured at f inely spaced points and given i n  numerical form for numerical 
integration, so that the intepral  equation ( 3 )  can be easi ly solved by  a computer. 
T h e  effect ive wavelength turns out to be a useless computational tool : nonetheless i t  
persists to b e  used to qua l i f y  the pyrometer band and to b r i n g  corrections into the 
s t r i p  lamp cal ibrat ions.  

Now, i n  the pract ical  laboratory use, above a certain precision level, the same uncer- 
ta in ty  persists, as i n  the o ld  v isual  pyrometry, i n  def in ing the radiance temperature 
by  the specif icat ion of the effect ive wavelength of the working instrument. The reason 
is  that  the manifacturerers don ' t  forward, and perhaps don' t  even know, the PWF of 
the i r  instruments. ln any case no doubt that the photoelectric pyrometers put i n  the 
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R 0, 

F i g .  1 
Schematic d iag ram of the r a d i a t i o n  thermometer of the IMGC 

T, ta rge t ;  R ,  reference lamp; 0, , f i r s t  ob ject ive lens;O, , second object ive lens;O,, 
reference object ive lens;C, chopper; D, , f i e l d  d iaph ragm;  D,, f i e l d  stop; D, , reference 
f i e l d  stop; L 1 ,  L 2 ,  f i e l d  lenses; F ,  in ter ference f i l t e r ;  P r a d i a t i o n  detector. 

market  g r e a t l y  increased the p rec i s ion  of l abo ra to ry  temperature measurements, and ,  
a t  the same time, p r o v i d e d  inst ruments w i t h  e lec t r i c  output  f o r  record a n d  contro l .  

But the pho tomu l t i p l i e r  i s  a too much de l i ca te  device to be mounted i n t o  a n  i n d u s t r i a l  
ins t rument .  So i n d u s t r i a l  rad iomet r i c  temperature t ransducers,  a lways r e q u i r e d  fo r  
record and  con t ro l ,  ressorted to the use of the s i l i c o n  photodiode. I n  the b e g i n n i n g  
of the seventies Fau lhaber  (30)  po in ted  out  t ha t  t h i s  dev ice would be s u i t a b l e  fo r  
prec ise photometric measurements. At the same time, Ru f f i no  (211, on the bas i s  of noi- 
se and  de tec t i v i t y  da ta ,  proved the a p p l i c a b i l i t y  of the Si-photodiode to h i g h  resolu- 
t i on  thermometry, p rov ided  the r a d i a t i o n  b a n d  fo r  the inst rument  should be chosen 
in  the near  i n f r a r e d  ( N I R ) ,  namely a round  1000 nm. Soon a p rec i s ion  r a d i a t i o n  ther- 
mometer w i t h  a Si-photodiode was b u i l t  a t  the l s t i t u t o  di Metro log ia G. Colonnett i  
(IMGC, I t a l y )  (22 ) .  Th i s  inst rument  i s  represented in  F i g .  1 .  The r a d i a t i o n  of the t a r -  
get under  measurement and  of a reference s t r i p  lamp a r e  sent a l t e r n a t e l y ,  through 
a r o t a t i n g  chopper and  an  in ter ference f i l t e r  peaked a t  1000 nm, to a r a d i a t i o n  detec- 
to r .  The t ransformat ion of t h i s  inst rument  i n t o  a fast  pyrometer f o r  pu l se  measurements 
was eas i l y  done b y  s u b s t i t u t i n g  the chopper w i t h  a shu t te r  (18) .  F u r t h e r  improvements 
were b rough t  to the pulse pyrometer, a l l  i n  the same Ins i tu te ,  b y  i nc reas ing  the elec- 
t r i c a l  bandw id th ,  thus extending the time resolut ion to the microsecond reg ion ,  and  
extending the op t i ca l  bandw id th ,  w i t h  the benef i t  of reduc ing  the ta rge t  dimension ( t o  
the submi l l imeter  o r d e r )  (8,9,19). 

These inst ruments were simple and  prec ise b u t  cou ld  not be c a l i b r a t e d  w i t h  the a v a i -  
l a b l e  lamps. The i r  c a l i b r a t i o n  was a p r i m a r y  one and  consisted of three steps: mea- 
surement of the s i g n a l  a t  a reference po in t  ( u s u a l l y  the go ld  f reez ing p o i n t ) ,  cont ro l  
of the response l i n e a r i t y  and  determinat ion of the PWF. 

2. SILICON PHOTODIODE AS A DETECTOR AND AS A SECONDARY 
TEMPERATURE STANDARD 

A comprehensive treatment of the Si-photodiode as a r a d i a t i o n  detector i s  presented 
b y  W.  Budde ( 5 ) .  He wr i tes:  " I t  i s  the workhorse in  many app l i ca t i ons  in  rad iomet ry ,  
photometry and  co lor imetry  because of i t s  ruggedness, s i m p l i c i t y  of operat ion,  I i nea r i -  
t y ,  and  low pr ice" .  

Si-photodiodes a r e  formed b y  d i f f u s i n g  a t h i n  l a y e r  of p- type i m p u r i t y  (acceptor)  i n t o  
the sur face of a n-doped (donor )  of a s i l i c o n  s l ice.  The reg ion located between the 
p-doped and  the n-doped mate r ia l s  i s  the deplet ion reg ion ,  which absorbs the r a d i a -  
t i on  s t r i k i n g  i t  t h rough  the t ransparen t  p-doped laye r .  These devices a r e  c a l l e d  p;L' 
p l a n a r  d i f f used  photodiodes. I f  the deplet ion reg ion  i s  made w i t h  i n t r i n s i c  ma te r ia l ,  
we get the PIN phtodiodes, in  what the l a r g e r  deplet ion depth, p a r t i c u l a r l y  i f  asso- 
c ia ted  w i t h  reverse b i a s ,  causes smal ler  d iode capacitance. As a r e s u l t  i t s  response 
time i s  shor ter  and  the l i n e a r i t y  i s  bet ter .  Also Schottky photodiodes ex i s t ,  b u t  nowa- 
days  they a r e  less used in  rad iometry .  

-~ 

Si-photodiodes a r e  sens i t i ve  to r a d i a t i o n  w i t h i n  a wavelength r a n g e  of 200-1 100 nm. 
A t y p i c a l  spect ra l  respons iv i t y  c u r v e  i s  represented i n  F i g .  2 ( f rom EGGG d a t a  sheets). 
For  t h i s  p a r t i c u l a r  type the peak respons iv i t y  i s  located a t  900 nm and  amounts to 
0.5 A/W. I n  t h i s  reg ion  the quantum ef f ic iency n e a r l y  reaches 100%. 



344 G. RUFFINO 

e 100 
arb.90 
uni t  80 

70 

80 

50 

40 

30 

20 

10 
020 0.30 040 0.50 0.80 0.70 0.80 0.90 1.00 1.10 1.20 

X / p m  

F i g .  2 Spectral response of a Si-photodiode 

Vo=RI 

- V  

F i g .  3. Photodiode connection w i t h  
t rans-res is tance amp1 i f i e r  

D ,  photodiode; A a m p l i f i e r ;  R ,  load 
res i s to r ;  C ,  p a r a l l e l  capac i to r ;  I ,  
shor t  c i r c u i t  c u r r e n t ;  V , ou tpu t ;  
- V ,  b i a s  vo l tage  

Since Geist proposed the use of the Si-photodiode i n  mak ing  an  absolute rad iomet r i c  
s t a n d a r d  in  1976 (12), t h i s  device has been submi t ted to i n tens i ve  research to i nves t i -  
gate i t s  c a p a b i l i t y  f o r  rad iomet r i c  measurements so tha t  now i t  i s  well  accepted in  
t h i s  f i e l d  ( 13,14,15,32,33). 

For thermometric work,  the Si-photodiode possesses two des i rab le  p roper t i es :  i t  i s  I i -  
nea r  and  i t  i s  r e l a t i v e l y  i nsens i t i ve  to ambient temperature v a r i a t i o n s .  

3 i f f e ren t  au tho rs  have  measured the Si-photodiode l i n e a r i t y .  Budde (3,4), f o l l ow ing  
the m u l t i p l e  ape r tu re  method devised b y  Sanders ( 2 7 ) ,  exp lored the l i n e a r i t y  over  
8 decades: f o r  one type i t  was excelent (non - l i nea r i t y  much lower than  1%) and  some 
types presented "supersens i t i v i t y "  a t  h i g h e r  leve ls  i n  the N I R .  Jung (16) measured 
I i n e a r i  t y  cha rac te r i s t i cs  of low-noise Si-detectors fo r  cu r ren ts  between 0.3 n A  and  
0.1 ,uA and  wavelengths between 600 nm a n d  1100 nm. He concluded tha t  in  r a d i a t i o n  
thermometry w i t h  Si-detectors the temperature e r r o r  due to detector non-li nea r i  t y  can 
be kept  below 10 mK between go ld  p o i n t  and z inc po in t .  Other non - l i nea r i t y  measure- 
ments were c a r r i e d  out b y  Schaefer et a l .  ;28) .  As a r u l e ,  f o r  r a d i a t i o n  thermometry 
i n  the p rec i s ion  range  of 0.1 K w i t h i n  wide temperature range  ( 1 O C O  K - 2000 K ; ,  
the Si-detector non - l i nea r i t y  may be neglected. For  h i g h e r  p rec i s ion  and  w ide r  ranges 
i t  should o e  checked in  o rde r  to b r i n g  approp r ia te  correct ions f o r  non - l i nea r i t i es .  A 
fas t  method f o r  check ing l i n e a r i t y  has been devised b y  Coslovi and  R i g h i n i  (10). 

The temperature coef f ic ient  of respons iv i t y  i s  wavelength deFendent: i t  i s  nega t i ve  
s l i g h t l y  below 6CO nm and  i t  increases s t rong ly  above lOC0 nm (Jung (16); c f r .  Budde 
[5), p .  243). F i n a l l y  i t  must be noted tha t  the Si-detector i s  exempt from f a t i g u e  i f  
i t  i s  not grossly overloaded. 

The Si-photodiode can operate i n  the photovol ta ic  mode - a n d  then i t  i s  unbiased - 
o r  i n  the photoconductive mode, w i t h  o r  wi thout  reverse b i a s .  The e lect ron ic  c i r c u i t  
f o r  t h i s  mode i s  represented in F i g .  3 ( i n  the unbiased mode the non-revers ing i n p u t  
of the a m p l i f i e r  i s  s imply  connected to the anode ) .  The load res i s to r  R i s  of the o rde r  
of 1 MR, and  the capac i to r  C creates a time constant of i n teg ra t i on  su f f i c i en t  to p a r -  
t i a l l y  suppress the noise a t  the expenses of the response time of the diode. The d iode 
cu r ren t  l i nc ludes  the d a r k  cu r ren t  a n d  the output  i s  R I  p l u s  the a m p l i f i e r  off-set. 
Some man i fac tu re rs ,  as EGDG, produce photodiodes w i t h  i n teg ra ted  opera t i ona l  amp1 i- 
f i e r .  I n  any  case the res i s to r  R i s  connected e x t e r n a l l y  f o r  most convenient g a i n .  

We must keep in  m ind  the d iag ram of F i g .  3 when we speak of the temperature coef f i -  
c ient ,  which in  p r a c t i c e  never af fects  the d iode alone. As a mat ter  of f ac t ,  ambient 
temperature bears  an  in f luence on photocurent, d a r k  c u r r e n t ,  a m p l i f i e r  off-set cu r ren t  
a n d  vo l tage  and  load resistance. Extreme ca re  must be devoted to select a v e r y  sta- 
b l e  load res i s to r ,  w i t h  low temperature coef f ic ient  ( t h e  metal f i l m  res i s to rs  a r e  the 
best choice) .  

A l l  the a t t r a c t i v e  q u a l i t i e s  of the Si-photodiode lead to the conclusion tha t  s i l i c o n  
spect ra l  rad iomet ry  may const i tu te  a v a l i d  a l t e r n a t i v e  to the tungsten s t r i p  lamp as 
a secondary temperature s tandard .  As a r e s u l t  a r a d i a t i o n  thermometer wi thout  the 
enclosed reference lamp can be constructed. 
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3. DESIGN RULES OF A STANDARD RADIATION THERMOMETER 

The correct  performance of a h i g h  q u a l i t y  r a d i a t i o n  thermometer i s  based on an  ortho- 
dox op t i ca l  a n d  mechanical design. The r u l e s  of a good op t i ca l  design can b e  descr i -  
bed on the bas i s  of F i g .  4. An object ive lens O L ,  whose p r i n c i p a l  p lanes  a r e  repre-  
sented in  the f i g u r e ,  pro jects  the image of the ta rge t  T to be measured on d iaph ragm 
D, wh ich  i s  more a b a f f l e  than  a proper  f i e l d  stop. A r e l a y  lens R L ,  cons i s t i ng  of 

F i g .  4 
Schematic d iag ram of a r a d i a t i o n  thermometer 

T, t a rge t ;  E?, ent rance p u p i l ;  OL, object ive lens; 0 ,  d iaphragm;  R L ,  r e l a y  lens; 
F, in ter ference f i l t e r ;  AS, ape r tu re  stop; FS, f i e l d  stop; FL ,  f i e l d  lens; EXP, e x i t  
p u p i l ;  P ,  r a d i a t i o n  detector; 

two symmetric doublets  and  s i m i l a r l y  represented b y  i t s  p r i n c i p a l  p lanes,  forms the 
image of the source on the f i e l d  stop FS. Between the two elements of the r a l a y ,  where 
r a y s  a r e  p a r a l l e l ,  a narow-band in ter ference f i l t e r  F i s  located, and ,  on the r e a r  
of the r e l a y ,  there i s  the aper tu re  stop AS, which de l im i t s  the r a d i a t i o n  beam. A 
t h i n  lens, ad jacent  to the f i e l d  stop, a n d  therefore c a l l e d  the f i e l d  lens FL ,  pro jects  
the image of the aper tu re  stop on the sens i t i ve  a rea  of the photodiode ?, wh ich  i s  
the e x i t  p u p i l  EX? of the op t i ca l  system. The scheme might  appear  complicated - and  
i t  i s  not rea l i zed  b y  a l l  man i fac tu re rs  - b u t  i t  i s  necessary to comply w i t h  the fo l lo-  
w ing  ru les .  

A )  The geometry of the r a d i a t i o n  beam which i s  used to per form t h  temperature measu- 
rement must be well  def ined and  f i xed .  The r a d i a t i o n  f l u x  i s  the p roduc t  of the r a -  
d iance,  the f i e l d  stop area and  the s o l i d  ang le  subtended b y  the aper tu re  stop on 
the center of the f i e l d  stop. These geometrical elements must be f i x e d ,  whichever the 
pos i t ion of the ta rge t  to be measured. The o jec t i ve  lens can move a long  the op t i ca l  
a x i s  to focus the ta rge t :  as a consequence the ent rance p u p i l  EP, namely the image 
of the aper tu re  stop pro jected i n t o  the object space, moves and  the ta rge t  a rea  i s  
changed so as the f l u x  remains constant .  A f u r t h e r  requirement i s  t ha t  the beam in- 
tercepted b y  the ent rance p u p i l  must not be l im i ted  b y  the ob jec t i ve  lens r im .  I t  i s  
apparent  t ha t  the r e l a y  i s  a need to comply w i t h  t h i s  r u l e .  

B)  The sens i t i ve  a rea  of the detector must be p laced on the e x i t  p u p i l  of the ___ i n s t r u -  
ment. (The e x i t  p u p i l  EXP i s  the image of the aper tu re  stop in the image space) .  I f  
t h i s  cond i t i on  i s  met, the r a d i a t i o n  beam issued b y  any  p o i n t  of the source i s  col lected 
b y  the whole sens i t i ve  area and  any inhomogeneity of the detector respons iv i t y  doesn ' t  
a f fect  any po in t  of the target .  

~ - _ _ _ _ _ _ - _ _  

- 

C )  The r a d i a t i o n  beam must be p a r a l l e l  and  normal to the in ter ference f i l t e r .  The rea- 
son i s  t ha t  the wavelength of the l i g h t  t ransmi t ted  b y  the f i l t e r  depends from the i nc i -  
dence ang le  and,  a l t hough  the t ransmi t ted  b a n d  i s  constant when the incidence ang le  
i s  constant, we have  a na r rower  and  be t te r  def ined b a n d  w i t h  normal incidence of r a -  
d i a  t ion. 

- 

D )  The object ive lens must be achromatized fo r  the r e d  a n d  the near  i n f r a r e d  po r t i on  
-- of the spectrum. I f  the ta rge t  i s  aimed a t  and  focused v i s u a l l y ,  i t s  image i s  seen 
th rough  a r e d  g lass.  O n  the other  hand  the optimum peak wavelength of the pyrometer 
i s  900 nm, where the detector has h i g h  s e n s i t i v i t y ,  good l i n e a r i t y  a n d  temperature 
s t a b i l i t y .  Therefore the doublets  composing the ob jec t i ve  lens must be ca l cu la ted  f o r  
the mid-wavelength l i n e  r of the spectrum (706.5 nm) and  achromatized fo r  the s a n d  C 
l ines (852.1  nm a n d  656.3 nm respec t i ve l y ) .  Moreover the secondary spectrum has to 
be low. The two r e l a y  elements must be doublets  i f  we want good spher ica l  correct ion 
and  they must be ca l cu la ted  w i t h  the same procedure as  the o jec t i ve  lens, espec ia l l y  
i f  more f i l t e r s  of d i f f e ren t  wavelength in the NIR a r e  to be used. 
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The color correction doesn't seem to be taken into consideration by the major i ty of 
the N I R  pyrometers designers, who simply mount the lenses offered by the optical mar- 
ket. As  these are color corrected only for the v is ib le,  one is  almost sure that no in f ra -  
red image f a l l s  on the physical f i e ld  stop of the pyrometer. 

Another ru le  concerns the mechanical design. The opt ical  ax is  must be very stable: 
a l l  optical elements must be centered and normal to 5. To give a f igure,  the excentr i-  
c i t y  should not exceed 0.01 mm: th is i s  pa r t i cu la r l y  important i f  w e  want a very small 
target dimension or  f i e ld  stop. The best way to do so i s  to a l i gn  a l l  elements w i th in  
a metal tube; i f  th is has to be sp l i t  i n  few parts,  the i r  coupling must be very precise 
( the same tolerance as above). Also the detector must be snugly f i t ted  i n  a cav i ty  
which centers i t s  sensit ive area on the ax is :  here centering is  not so important, but  
s tab i l i t y  is. 

- _ _ _ _ _ -  -- 
-~ 

Fina l l y  precautions should be taken w i th  regard to ambient influence on the pyrometer 
s ignal .  The best way to cope with the d r i f t s  caused by ambient temperature is  to con- 
ta in  al I temperature-sensitive elements i n  a thermostated enclosure. This keeps the de- 
tector, the ampl i f ier  - including the load resistor - and the interference f i l t e r .  The 
lat ter  must be protected against humidi ty.  This is prevented to leak into the coated 
surface of the f i l t e r  by  a seal on the edges of a l l  glasses packed to form the blocked 
f i l t e r .  A fu r ther  and more drastik precaution may be taken by  sandwichig f i l t e r  and 
relay lenses into a cartouche sealed at both ends w i th  O-rings, af ter  careful d ry ing  
of the elements. This set-up is  also eff icient against dust that can deteriorate the f i l -  
ter transmittance. As a matter of fact ,  dust i s  the worst enemy of optical components: 
the only way to f igh t  i t  i s  to make the whole pyrometer dust-proof. Cleaning is  a poor 
remedy, as i t  never restores transmittances to their  i n i t i a l  values, as i t  i s  required 
by h igh  precision measurements. 

4 .  MONOCHROMATIC PYROMETERS WITH Si-DETECTORS 

The f i r s t  precision monochromatic NIR pyrometer without reference lamp has been descri- 
bed by Sakuma and Hattori  (25). I t  uses a Si-photodiode working w i th  half-bandwidth 
of 14 nm peaked at 900 nm. The target diameter i s  3 mm at a distance of 400 mm and 
the focusing range goes from this value to i n f i n i t y .  The temperature ranges from 42OOC 
to 2000°C and the temperature resolut ion is  1'C at 420'C and better than O.0loC above 
600°C. The ca l ib ra t ion  is  made a t  three points wi th f i xed  point black-bodies, to deter- 
mine the coefficients of the interpolat ing equation: 

V ( T )  = C,exp(-C /(AT+B)) (4) 

Further advancements w e r e  made (26) by bu i l d ing  two other pyrometers , one w i th  peak 
wavelength of 870 nm and the other w i th  1000 nm, and comparing the three scales af ter  
ca l ib ra t ion  at the same points: they agreed w i th in  kO.5"C between 45OoC and 145OOC. 
Two of these instruments w e r e  submitted to pr imary ca l ib ra t ion  by  tak ing  the i r  s ignals 
at the copper point and by  measuring the PWF wi th in  l imi ts where the s ignals fe l l  
to of the peak value. The scales based on this ca l ib ra t ion  agreed with the IPTS 
wi th in  LO.4OC a t  the s i l ver ,  aluminium and zinc points. 

Another pyrometer of th is type has been made by  the author of th is  note (23). I t s  opti-  
cal schematic diagram is  represented i n  Fig.  5. I t s  construction s t r i c t l y  follows the 

Fig.  5 
Diagram of the pyrometer of the National Physical Research Laboratory (S.A.)  

A, attenuator; c ,  cross-hair;  D ,  detector; E, eyepiece; F, f i l t e r ;  Fr , colour f i l t e r ;  
H, detector holder; I ,  solenoid; L, f ie ld  lens; hi, mir ror ;  0, oject ive lens; P , heat 
pipe; R ,  re lay lens; S, shutter; S,, aperture stop; S t ,  f i e ld  stop; S , ,  f i e ld  selector. 
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d e s i g n  r u l e s  l i s t e d  in  t h e  p r e v i o u s  sec t ion .  T h e i r  v a l i d i t y  h a s  been p r o v e d  b y  a check  
o f  t h e  se l f -cons is tency  o f  t h e  c a l i b r a t i o n :  b y  d i s m a n t l i n g  comp le te l y  and r e a s s e m b l i n g  
t h e  i n s t r u m e n t ,  r e a d i n g s  were  repea ted  w i t h i n  0.1 K a t  1700 K. The de tec to r -amp l i f i e r -  
f i l t e r  assembly  i s  t he rmos ta ted  w i t h  a hea t  p i p e  o f  e t h i l  a l coho l  i n  a l u m i n i u m  k e p t  
at 15OC. T h i s  py romete r  h a s  a p r i m a r y  c a l i b r a t i o n  w i t h  the  re fe rence  t e m p e r a t u r e  a t  
t h e  f r e e z i n g  p o i n t  o f  copper .  The  s t a n d a r d  d e v i a t i o n  o v e r  seven p l a t e a u x  h a s  been 
15 mK. The PWF h a s  been t a k e n  w i t h  an au tomat i c  d a t a  a c q u i s i t i o n  sys tem,  w h i c h  i s  
a l s o  used  f o r  t h e  py romete r  o p e r a t i o n .  D a r k  s i g n a l ,  w h i c h  seems to  b e  r e a s o n a b l y  s ta -  
b l e  w i t h  t ime,  i s  r e a d  b e f o r e  and a f t e r  a set o f  measurements,  b y  a u t o m a t i c a l l y  f l i p -  
ping in  a n d  o u t  a s h u t t e r .  

T h i s  py romete r  d o e s n ' t  possess a n y  p a r t i c u l a r  e l e c t r o n i c  c i r c u i t  to  c o n v e r t  t h e  de tec to r  
s i g n a l  i n t o  tempera tu re :  such  c i r c u i t  w i l l  n e v e r  b e  a c c u r a t e  enough  f o r  a s t a n d a r d  
o r  a p r e c i s i o n  l a b o r a t o r y  i n s t r u m e n t .  The who le  c o n v e r s i o n  i s  made i n  s o f t w a r e  a f t e r  
s e n d i n g  t h e  s i g n a l  to  a computer .  The re  a r e  two  w a y s  o f  p e r f o r m i n g  t h e  c a l c u l a t i o n s .  
One cons is t s  in  s o l v i n g  b y  an i t e r a t i v e  p rocess  t h e  i n t e g r a l  e q u a t i o n  ( 3 ) .  Ano the r  ave-  
n u e  cons is t s  i n  c a l c u l a t i n g ,  w i t h  the  same e q u a t i o n ,  t h e  de tec to r  s i g n a l  V ( T )  co r respon-  
d i n g  to  a number  o f  t empera tu res  and t h e  f i t t i n g  I n ( V ( T ) )  i n t o  a p o l i n o m i a l  o f  1 /T :  

I n ( V ( T ) )  = a + b /T  +c /T2 15) 

w h i c h  g i v e s  a n  a r i t h m e t i c  a c c u r a c y  o f  c a .  0.01 K ,  

F u r t h e r  i n v e s t i g a t i o n s  h a v e  been c a r r i e d  o u t  on  t h i s  i n s t r u m e n t  ( 2 4 ) :  w i t h o u t  tempera-  
t u r e  s t a b i l i z a t i o n  a r e a d i n g  d r i f t  o f  ca .  40 mK r e s u l t e d  f r o m  amb ien t  t e m p e r a t u r e  v a -  
r i a t i o n  f r o m  16OC to  21OC. Over  a p e r i o d  of 24 d a y s  t h e  py romete r  r e a d i n g  at  a con- 
s t a n t  t empera tu re  d r i f t e d  60 mM. We d o n ' t  know f o r  t h e  moment t h e  e x a c t  o r i g i n  o f  t h i s  
d r i f t ,  a s  i t s  r e s p o n s i b i l i t y  c a n n o t  b e  a s c r i b e d  e x c l u s i v e l y  t o  t h e  de tec to r .  

A t  t h e  same t ime a s  the  p r e v i o u s  one, a s i m i l a r  t a n s f e r  s t a n d a r d  py romete r  h a s  been 
b u i l t  a t  t h e  IMSC b y  Rosso and R i g h i n i ( 2 C ) .  As  i t  a p p e a r s  in  t h e  schemat ic  d i a g r a m  
o f  F i g .  6, i t  r e s u l t s  b y  s u p p r e s s i n g  t h e  re fe rence  c h a n n e l  in  t h e  py romete r  rep resen ted  
i n  F i g .  1 ,  w i t h  a l l  t h e  techno log ica l  improvements  t h a t  were  b r o u g h t  t o  that i n s t r u m e n t .  
The t a r g e t  d i s t a n c e  v a r i e s  f r o m  350 t o  1100 rnm, i t s  s i z e  f rom 0.8 t o  3.5 mm respec t i ve -  
l y .  I t  c a n  w o r k  in  th ree  b a n d s ,  p e a k e d  a t  650, 300 and 1000 nm. The  t e m p e r a t u r e  reso- 
l u t i o n  reaches  0.01 K .  The py romete r  h a s  a p r i m a r y  c a l i b r a t i o n .  The u n c e r t a i n t y  a t  
t h e  g o l d  p o i n t  i s  es t ima ted  t o  b e  less  t h a n  0.2 K .  P a r t i c u l a r  c a r e  h a s  been t a k e n  of 
t h e  l i n e a r i t y  measurement c a r r i e d  o u t  w i t h  t h e  sys tem d e s c r i b e d  in  r e f  ( 1 G ) .  ;\!on-linea- 
r i t y  r e s u l t e d  in  tempera tu re  e r r o r s  s m a l l e r  than 0.03 K ,  excep t  that in  t h e  h i g h e r  p o r -  
t i o n  of t h e  s c a l e  w i t h  1000 nm f i l t e r .  The t o t a l  u n c e r t a i n t y  o f  t h e  i n s t r u m e n t  at  900 
nm reaches  0.8 K . A t  2000 K and i t  i s  somewhat h i g h e r  w i t h  t h e  o t h e r  w a v e l e n g t h s .  

When t h i s  py romete r  w o r k s  at  300 nm, t h e  o u t p u t  s i g n a l  changes  v e r y  w e a k l y  w i t h  sen- 
s o r  tempera tu re  ( l e s s  t h a n  0.2% f o r  amb ien t  t empera tu re  c h a n g e  be tween 15OC and 30OC). 
F o r  o t h e r  w a v e l e n g t h s ,  e s p e c i a l l y  f o r  1000 nm,  t h e  tempera tu re  c o e f f i c i e n t  i s  subs tan -  
t i a l l y  h i g h e r ;  b u t ,  in  a n y  case, t h e  de tec to r  t empera tu re  i s  mon i to red  b y  a sensor  
p l a c e d  i n  the rma l  con tac t  w i t h  i t .  

E 

F i g .  6 
D i a g r a m  o f  t h e  py romete r  o f  t h e  IblGC w i t h o u t  re fe rence  lamp 

T ,  t a r g e t ;  L, ,movab le  o b j e c t i v e  l ens ;  L, , r e l a y ;  L , ,  f i e l d  l ens ;  hSD, m i r r o r - d i a p h r a g m ;  
AS, a p e r t u r e  s top ;  FS, f i e l d  s top ;  5 ,  s h u t t e r ;  I ,  i n t e r f e r e n c e  f i l t e r ;  P,  S i -photodetec tor ;  
TS, de tec to r  t empera tu re  sensor ;  hl ,  m i r r o r ;  E ,  eyep iece  o f  t h e  v i e w i n g  mic roscope.  
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This pyrometer has been compared dur ing  a year w i th  a set of h igh  s tab i l i t y  lamps 
by  Bussolino et a l .  ( 6 ) .  The results of monthly comparisons showed that the h igh  tem- 
perature scale kept on the transfer standard pyrometer and that kept on the h igh  sta- 
b i l i t y  lamps are equivalent w i th in  the reproducibi l ty of the scale on the lamps (h0.3 K 
band i n  the temperature range 1000-2000 K ) .  This instrument has been cal ibrated at 
the gold point three times before the comparison and two times afterwards: a difference 
i n  the reference signal  has been detected which, for  the SO0 n n  operation, corresponded 
to 0.87 K. The behaviour of th is d r i f t  has been checked with another set of 7eriodical 
comparisons car r ied  out dur ing  the same time span at f i xed  temperature against a h igh  
s tab i l i t y  lamp. 

Two more instruments should be mentioned, although they are not completely related 
with the previous ones. The f i r s t  has been made by  Woerner (31) i n  the lns i tu t  fuer 
Kernenergetik ( I K E ,  west Germany): i t  i s  based on the l inear i ty  of a photoemissive 
cel l  and operates i n  the 650 nm band. I t  has resolut ion of 0.C2 K a t  1337 K.  Fxtended 
tests at the PTB showed agreement w i th  the standard pyrometer w i th in  a few 0.1 K 
on s t r i p  lamps up to 250C K and to w i th in  0.1 K on a black rad ia to r  up to 1700 K.  

Another opt ical  pyrometer has been made by  Szi lagyi (23) i n  the Sational Office of 
Measures (Hungary):  i t  uses a Si-photodiode, bu t  i t  operates i n  the 653 nm band. I t  
has been copared w i th  a s t r i p  lamp, showing a discrepancy of not more than 0.25 K .  

5.  CALIBRATION A N D  TRACEABILITY OF MONOCHROMATIC 
PYROMETERS OPERATING I N  THE NIR 

The temperature scale above the gold freezing point (1337.58 K )  i s  kept by  ::ational 
Laboratories by  their  standard pyrometers and sets of h igh  precision s t r i p  lamps, a l l  
cal ibrated for the radiance temperature i n  the v i c in i t y  of 650 nm. These scales are 
disseminated by s t r i p  lamps cal ibrated at the same effect ive wavelength. 

This s i tuat ion has been qui te satisfactory when a l l  precision pyrometers i n  use for 
research worked at the same wavelength of 65G nm. The introduction of the Si-detector 
has changed the wavelength band of the new pyrometers and therefore has created pro- 
blems to their  cal ibrat ion.  At the present moment there are four types of ca l ib ra t ion .  

A )  Primary ca l ib ra t ion .  I t  consists of three stegs: 
1) Reading of the detector s ignal  a t  a reference temperature, which is  usual ly the free- 
z ing point of cop;3er, namely at 1358.02 K ( the gold point i s  used to define the IPTS, 
but i t  i s  too expensive for o rd inary  laboratory work). This caI ibrat ion.requires a black- 
body cav i ty  i n  a crucible containing the pure (99.999%) metal, placed i n  a tubular 
furnace. 
2) Determination of the PWF, a function which is  given at points acquired automatical ly 
by focusing the pyrometer on the ex i t  s l i t  of a monochromator whose wavelength shaft 
i s  actuated by  a computer v i a  a stepping motor: a t  each wavelenth step the pyrometer 
reading is  taken and stored. Each reading is  corrected for the monochromator transmit- 
tance and the source radiance and emittance. The function, i n  tabu la r  form, i s  used 
to calculate the temperature. 
3) Non-l inearity determination of the sensor, which is  performed by reading the signal 
at a number of steps of rad ia t ion  f lux .  These steps are created by the addi t ion f l u x  
method, i.e. by  summing up two f luxes on a beam combiner, o r  w i th  use of a neutral 
opt ica I a t  tenua tor. 

B )  Cal ibrat ion a t  f i xed  points. This procedure is  followed by  Sakuma et a l .  (261 ,  who 
use three black-bodies at the freezing points of Al ,  Ag and Cu. The scale i s  created 
by interpolat ing the signals and temperatures wi th the formula ( 4 ) .  The problem of 
th is  ca l ib ra t ion  procedure is  to f i nd  the interpolat ing formula which gives the best 
conformity of the pyrometer readings with the IPTS. 

C )  Cal ibrat ion conversion of s t r i p  lamps. The radiance temperatures of the same source 
at d i f ferent wavelengths are related by the fol lowing equation: 
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i n  which the symbols have the usual meanings and indexes 1 and 2 are referred to 
the two wavelengths. To take into account the f i n i t e  band of the pyrometer an effect ive 
wavelength should be introduced into th is  equation. 

The ca l ib ra t ion  conversion requires the knowledge of theemissi v i t y  4 which is  given 
by  the l i t ta ra tu re ,  and of the transmittance of the lamp window, which shoul be, but 
never i s  given by the manifacturers. This problem has been investigated by Ricolf i  
and Lanza ( 1 7 ) ,  by Battuel lo and Ricolf i  ( 1 , 2 )  and Dumitrescu et a l .  ( 1 1 ) .  A general 
conclusion is  that ,  i f  transmittance data are ava i lab le ,  either by measurements i n  s i tu  
o r  on window samples, the ca l ib ra t ion  conversion is  affected by  an er ro r  not much 
higher than the o r  g ina l  uncertainty of the ca l ib ra t ion  at 650 nm. Ricolf i  gives useful 
formulas for  th is conversion. But three objections can be made against the use of the 
s t r i p  lamps fo r  ca l ib ra t ion :  

1 )  s t r i p  lamps are less and less ava i lab le  on the market; 
2) Their window transmittance i n  the SIR is  not adequately known; 
3) the manifacturers of rad ia t ion  thermometers wi th s i l icon detectors use a wide var ie ty  
of wavelength bands on which they don ‘ t  forward any information to deduce the i r  effec- 
t i ve  wavelength and, above a l  I ,  the temperature dependance of the la t te r .  This d i f f i -  
cu l ty  would ha rd l y  b e  removed even if provis ion i s  made by  the National Laboratories 
to supply lamp cal ibrat ions i n  the K I R .  

D )  Cal ibrat ion by comparison w i th  a transfer standard pyrometer. This procedure con- 
sists i n  focussing the pyrometer to be ca l ib ra ted  and the standard on the aper tu re  Of 

a black-body at dif ferent control led temperatures. Excel lent cavi t ies at uniform tempe- 
ra tu re  and w i th  h igh  emissivity can be done with heat pipes, bu t ,  wi th the present 
technology, their  operating temperature has an upper l im i t  of 1100OC.  Higher temperatu- 
res can be reached by  using refractory materials to make the cavi t ies;  but  then emissi- 
v i t y  and temperature problems may arise. This subject isdiscussed by  Battuel lo and 
Ricolf i  ( 2 ) .  Despite the aforementioned d i f f i cu l t ies ,  th is method seems to be the most 
accurate for  working pyrometers ca l ib ra t ion .  

I n  any case a common basis of temperature measurement for  thermophysical propert ies 
must be established w i th  the t raceab i l i t y  of the working instruments to the national 
standards, by  means of a relyable chain of sub-standards, and by  the intercomparison 
of the scales of the National Laboratories. 

Let us conclude with a personal remark. Modern experimentation i s  made by  automatic 
data acquisit ion and process systems. T h e  metrological core of these systems i s  the 
d ig i t a l  voltmeter mult iplexed to a l l  sensors of the experimental system. With th is a r -  
rangement the rad ia t ion  thermometer only needs a re1 i ab le  sensor w i th  the simplest 
pre-ampli f ier whose output i s  measured by  the d ig i t a l  voltmeter and the reading is  
processed i n  software to y ie ld  the temperature. A re la t i ve ly  small addi t ion to the ex- 
perimental system, consist ing of a monochromator and a f i xed  point black-body, could 
provide a ca l ib ra t ion  f a c i l i t y  i n  the same research laboratory. The cost of these addi- 
tions is  largely compensated by  the higher precision at ta inable,  by better r e l i a b i l i t y  
and by independance from sophisticated and expensive electronics for  the  processing 
i n  hardware of the temperature s ignal .  
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