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L I M I T I N G  P O T E N T I A L I T I E S  O F  M I C R O C A L O R I M E T E R S  

L .  I .  A n a t y c h u k  a n d  O. Y a .  L u s t e  UDC 536.62 

An analysis  is made of the l imit ing values of the minimum detectable power for  conductive m i c r o -  
ca lo r ime te r s  with the rmoelas t i c  conver te r s .  

1 .  S t a t e m e n t  o f  t h e  P r o b l e m  

Since any energy convers ion is connected with heat  r e l e a s e ,  the universa l  cha rac t e r  of the information 
obtained as a resu l t  of measu remen t s  of thermal  p r o c e s s e s  dictates  the wide distr ibution of m i c r o c a l o r i m e t r i c  
methods in investigations of the thermodynamics  and kinetics of physical ,  chemical ,  and biological p r o c e s s e s ,  
including manufacturing p r o c e s s e s ,  in medicine and other  fields.  Rather  sensi t ive and high-speed apparatus 
fo r  general  and special  purposes  have been developed to these ends. 

The individual p a r a m e t e r s  and cha rac te r i s t i c s  of m i c r o c a l o r i m e t e r s  and the problems  of the design and 
optimization of the construct ions have been d iscussed  in a number  of r epor t s  [1-18]. Up to now, however ,  dif-  
f e ren t  and frequently contradic tory  concepts have been used in choosing the main p a r a m e t e r s  charac te r iz ing  
the re la t ive  potential i t ies of m a c r o c a l o r i m e t e r s .  In this connection, in the light of the modern  theory of m e a -  
sur ing devices  [19-22], it  is des i rable  to s t a r t  f rom an analysis  of the noise a r i s ing  p r imar i l y  as a consequence 
of thermodynamic  fluctuations. Such an approach was taken in [6] for  i so thermal  and in [14] for  continuous- 
flow m i c r o c a l o r i m e t e r s .  The resu l t s  of these r epor t s  provide an es t imate  of the minimum detectable power,  
but the in ter re la t ionship  between this p a r a m e t e r  and the energe t ic  eff iciency of the measur ing  conver te r  being 
used and with the speed of response  and accuracy  of the ins t rument  r equ i res  fu r ther  investigation. 

In the p resen t  r epo r t  an analysis  is made of the minimum detectable power for  conductive m i c r o c a l o r i m -  
e t e r s ,  the connection between this p a r a m e t e r  and the speed of response  is invest igated,  and the l imiting 
potential i t ies  of m i c r o c a l o r i m e t e r s ,  l imited by thermodynamic  fluctuations both in the ins t rument  i tself  and 
in the record ing  appara tus ,  a re  de termined.  

The analysis  of the l imit ing potent ial i t ies  of a conductive m i c r o c a l o r i m e t e r  was ca r r i ed  out for  a model 
(Fig. 1) which contains the following: A reac t ion  chamber  where  the t h e r m a l  power W t, which v a r i e s  with 
t ime, is  r e l e a se d  a f t e r  being measured ;  a conve r t e r  of t h e r m a l  energy  into a r ecordab le  signal, consist ing of 
a t he rmoe la s t i c  ba t te ry ,  f o r  example~ a t he rm o s t a t  f o r  the t e m p e r a t u r e  T in which the reac t ion  chamber  and 
the conve r t e r  a re  placed; a r e c o r d e r  of the m i c r o c a l o r i m e t e r  signal with an input r e s i s t ance  Rr,  consist ing 
of a l inear  m e a s u r e m e n t  sys tem such as a m i r r o r  ga lvanometer  of photogalvanometr ic  ampl i f ier .  

The calculations were  made with allowance for  the following l imitat ions which occur  in m i c r o c a l o r i m -  
e t e r s .  

1) The heat  capacity of the conver t e r  is fa r  less  than the heat  capacity of the react ion chamber  fi l led 
with the tes t  substance.  This  l imitat ion means  that the re la t ion 

~o >> ~0 (1) 

between the t ime constant r l  of the conver t e r  i t se l f  and the t ime constant r ~ of a conver te r  having a heat  capac-  
ity negligibly smal l  in compar ison  with the heat  capacity of the react ion chamber  is valid. Since 

l 2 Cl  (2) 
r = ~_-~, t o =  us 
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Fig,  1. M i c r o e a l o r i m -  
e t e r  model:  1) t h e r -  
mos ta t ;  2) reac t ion  
chamber ;  3) conver t -  
er;  4) input r e s i s t a n c e  
of r e c o r d e r .  

the condition (1) comes  down to the inequali ty 

C >> C t = cSl .  (3) 

When the condition (3) is sa t i s f ied  the d is tor t ions  introduced by the t h e r m a l  iner t ia  of the conver t e r  a r e  r e -  
duced to a m in imu m  in m e a s u r e m e n t s  of t ime  dependences of the t he rma l  power .  Fo r  this r e a s o n  one s t r i ve s  
to sa t i s fy  the condition (3) in the development  of mode rn  m i c r o c a l o r i m e t e r s  [25-27]. 

2) The t he rm a l  conductivity of the cas ing of the reac t ion  chamber  is high enough so that  t e m p e r a t u r e  di f -  
f e ren t i a l s  along the cas ing can be neglected.  One a lso  s t r i ve s  to r ea l i ze  this l imi ta t ion in m i c r o c a l o r i m e t e r s ,  
s ince violat ion of this condition leads  to an apparen t  i nc rease  in the hea t  capaci ty  of the reac t ion  chamber ,  as 
shown in [1]. 

3) The conve r t e r  has  a lower  speed  of r e sponse  than the r e c o r d e r .  Such a l imi ta t ion  e x p r e s s e s  the con-  
ditions for  conformi ty  of the speeds  of r e sponse  of the conver t e r  and r e c o r d e r .  In actual  s y s t e m s  [25-27] the 
speed of r e sponse  for  the conve r t e r  is chosen as l e s s  than but on the same  o rde r  as the speed of r e sponse  of 
the r e c o r d e r .  

With such l imi ta t ions  the m i c r o c a l o r i m e t e r  s y s t e m  presen ted  in Fig. 1 can be r e p r e s e n t e d  by a model  
with lumped p a r a m e t e r s ,  among them a heat  capaci ty C lumped into the reac t ion  chamber  connected with the 
t h e r m o s t a t  by ine r t i a l e s s  hea t  r emova l .  In this case  the the rma l  iner t ia  of the hea t  r e m o v a l ,  p o s s e s s i n g  a 
t h e r m a l  conductivity A, is allowed for  as  an additional t e r m  enter ing into C. The ana lys i s  of the p r o c e s s e s  
in such a model  is based on the hea t -ba l ance  equation. 

2 .  H e a t - B a l a n c e  E q u a t i o n  

The equation of hea t  balance at the c h a m b e r - c o n v e r t e r  contact  has  the f o r m  

d| 
W/(t) = AO + C + f (e), 

dt  
(4) 

where  A = A t + Ar ;  | is the t e m p e r a t u r e  d i f ference  between the reac t ion  chamber  and the the rmos ta t ;  f(@) is 
the t he rma l  reac t ion  of the c o n v e r t e r - r e c o r d e r  s y s t e m  to a hea t  flux W(t). 

Fo r  a t h e r m o e l e c t r i c  conve r t e r  containing n the rmocouples  the function f(| is nonl inear  with r e sp ec t  
to | genera l ly  speaking,  even in the case  when the coefficient  c~ of t he rma l  emf  of the thermocouples  does not 
depend on the t e m p e r a t u r e :  

[ (0) : ~2n2 (T 4-0)0 1 o~202rtzR 
R + R ,  - - 2  " (R+R, )  ~ (5) 

In Eq. (5) the first term represents the contribution of Peltier heat and the second term represents that of Joule 
heat .  By introducing the p a r a m e t e r  

~2n2 
z = (6) 

A~R 
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of t he rma l  eff ic iency of the ba t t e ry  and the re la t ions  

m = p - ' - -  Rr 
t? 

(7) 

i x = v - i =  At , 
A~ 

the function frO) can be r e p r e s e n t e d  in the f o r m  

(8) 

When the condition 

1 + 2 m  ] zT 0 + z 0 2 . 
f (O) = Ar~X 1 + m 2 (1 + m) 2 (9) 

1 ) T, (10) O<< 1 + 1 + 2 m  

prac t i ca l ly  a lways rea l i zed  in m i c r o c a l o r i m e t r y  (owing to the fact  that the t e m p e r a t u r e  drop in the conver t e r  
is  f a r  l e s s  than the absolute  t e m p e r a t u r e  T a t  which the m e a s u r e m e n t s  a re  made) ,  is sa t i s f ied  the t h e rma l  
reac t ion  f (~  is p ropor t iona l  to | and Eq. (1) acqu i res  the f o r m  of a f i r s t - o r d e r  l inear  equation, 

C dO ( zT ) O = W ( t ) ,  (11) 
dt +Ar l + ~ t + ~  1-4------~ 

which,  for  a s tepwise  change in W(t), gives an exponential  dependence | with a t ime constant  

c( zT) 
�9 = ~  I + ~ + 1 ~ - -  . (12) 

A r 1 + m  

3.  M i n i m u m  D e t e c t a b l e  P o w e r  f o r  a n  I d e a l  C o n v e r t e r - D e t e c t o r  

System 

Since the noise sources are lumped in different elements of the model under consideration, their com- 
bined action can be described by the equivalent power released in the reaction chamber, i.e., by the thermal 
input of the model. The mean vahe of the square of the noise power of the instrument brought to the thermal 
input,  W2n, can s e rve  as the m e a s u r e  of the min imum detectable  power:  

where  

W~ 2 - 2  ~ (13) = W r + ~ n  Wr. 

The dependence o(W) in the case  under  considera t ion  has  the f o r m  

1 2 
,~(W) = - -  

WL 1 + 2 m  
- -  (1 + W L - -  V i ~ 2 ~ ) ,  

L = (1 + 2m) {ART[(1 + m) (1 + v) (zT) -I + 112} - ' ,  

which,  with al lowance fo r  (10) with W = W n, gives 

~ln = WnF-'.  
In Eq. (16) 

F = 1 ArT~ (zT) [1 + m) (I + v) (zT) -i + 1] z. 
/12 

With allowance for  (16) and (17), Eq. (13) takes  the f o r m  

~ = 1 vr + V 1  ~-4e2ve~(azb-2 ). ~-  

(14) 

(15) 

(16) 

(I 7) 

(18)  

F r o m  (18) it  is seen  that the lower  l imi t  for  the quantity W2 n is se t  by the t e m p e r a t u r e  f luctuations of the r e a c -  
tion chamber .  Actual ly ,  even in the absence  of noise in the c o n v e r t e r - r e c o r d e r  c i rcu i t  (W2r = 0) the mean  
square  of the noise power  of a m i c r o c a l o r i m e t e r  is not equal to ze ro ,  but c o m p r i s e s  
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W~ = W~'; (19) 
i . e . ,  it equals the mean  square  of the t e m p e r a t u r e  noise a t  the t he rma l  input of the ins t rument .  

The amount of t e m p e r a t u r e  noise W~ is de te rmined  by the express ion  

V/~ = 4 k T ~ A A f ,  (20) 

where  ~ f  is the effect ive f requency band of the r e c o r d e r  which,  by v i r tue  of the l imi ta t ion  (3), mus t  sa t i s fy  the 
equation 

Af = ~ - i  ( 8 ~  1). (21) 

Thus ,  if one a s s u m e s  that  the conver t e r  and r e c o r d e r  a r e  f ree  of noise and do not exe r t  any act ion on the r e a c -  
t ion chamber  [i.e.,  A t = 0, A = Ar ,  and f(| = 0], then for  such an ideal ins t rument  

x--Z (22) 

At T = 300~ this co r re sponds  to a power  (in watts)  

W0 -~ 2.23.10 -9 Cl/2~ -i, (23) 

which a g r e e s  with the equation for  an ideal c a l o r i m e t e r  given in [6]. 

4 .  A l l o w a n c e  f o r  N o i s e  in  t h e  C o n v e r t e r - R e c o r d e r  C i r c u i t  

The noise coefficient  N is introduced to desc r ibe  the noise in the c o n v e r t e r - r e c o r d e r  c i rcui t ,  

N~ = W~ 
W~ ' (24) 

where  W~ is the mean  square  of the noise power  in the input s tage of the r e c o r d e r ,  produced solely by Johnson 
noise in the circui t .  Accord ing  to the theory  of noise in e l ec t r i ca l  c i r cu i t s ,  

W.~ m y = 16k2T2 _ _  (Af)2. (25) 
(1 + rnfl- 

With al lowance for  (24) and (25), Eq. (18) takes  the f o r m  

W~ ---- 2kT2A~ (1 -}- ~) Af {l~- 

-b ]/fl -b 4N z (zT)2~t2P 2 (1 § ~)-2 (1 ~- p)-2 [1 -~ (zT) -~ (1 -by) (1 +rn)]' }, (26) 

where  ~ f  is a function of the p a r a m e t e r s  of the conve r t e r  and the r e c o r d e r ,  subject  to determinat ion.  

5.  E f f e c t i v e  F r e q u e n c y  B a n d  o f  t h e  R e c o r d e r  

The width Af of the effect ive f requency  noise band for  a l inear  r e c o r d e r  was calculated in [7]. F o r  a 
m i r r o r  ga lvanomete r  with e l ec t romagne t i c  damping 

Af = R ~ (1 -b P). (27) 
452 

For  a photoga lvanomet r ic  ampl i f i e r  in the mode of voltage compensa to r  

G 
af  = Rr ~ (1 § p) v (p), (28) 

v (p) = I -b K R~  , (29) 
( Rh + R~) ( l+p)  

Equations (27) and (28) allow one to r e p r e s e n t  the effect ive noise band for  a ga lvanom-  where  R r = R k + Rg. 
e t e r  and a photogaIvanomet r ic  amp l i f i e r  in the f o r m  of a single exp re s s ion  

G (1 + p ) a ,  AI=R  

where a = 1 for  a ga lvanomete r  and a = v(p) for  an ampl i f i e r .  

(30) 
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Dependence of the function ~(p, ~, zT,  N) on the p a r a m -  
e t e r s  p and tz for  a = 1. 

Fig. 3. Dependence of min imum detectable  power  of an opt i -  
mized  m i c r o c a l o r i m e t e r  on the p a r a m e t e r  4-C/~: a) ideal conve r t -  
e r -  r e c o r d e r  s y s t e m  in which only t e m p e r a t u r e  noise with a 
power  W T ac ts ;  b) ga lvanomete r  with N = 1; c) photomul t ip l ier  
with N = 1; d) F 17/1 photomul t ip l ter ;  e) M-17/12 ga lvanometer ;  
I) YAK-4; 2) DAK-22; 3) DAK-12; 4) YaK-V; 5) DAK-21; 6) 
SRMT; 7) DAK-13; 8) YaK-2V; 9) DAK-14; I0) YaK-2B. Wn, W; 
4C-/v, J1/2/~ sec.  

6 .  O p t i m i z a t i o n  o f  t h e  C o n v e r t e r  a n d  R e c o r d e r  

With allowance for  (30), one can wr i te  Eq. (26) for  the m e a u - s q u a x e  noise power  in the f o r m  

W2n = 2kT2ArRr G ~ (p, ~t, zT, IV), (31) 

where  

~(p ,  ~t, zT, N ) = a ( 1  +p) (1  ~-~){1 {-Vl-~4N2(zT)~t2l f ( l+9)-2( l+p)-~[1 .~(zr)-~( l+v)( l -km)]  ' }. (32) 

F r o m  Eq. (32) it  is seen that the min imum detec table  power  for  a given r eco rd ing  device essen t i a l ly  depends on 
the choise of the ra t io  p of the e l ec t r i ca l  r e s i s t a n c e s  of the r e c o r d e r  and conver t e r  and the rat io/~ of the hea t  
conduction of the conve r t e r  to the heat  conduction of radia t ion and of the s t ruc tu ra l  e l ements .  The c h a r a c t e r  
of  the dependence of the function r on these  v a r i a b l e s  is p re sen ted  in Fig. 2. F o r  the case  of a ga lvanomete r  
(a = 1) the function (32) is  s y m m e t r i c a l  re la t ive  to the va r i ab l e s  ~ and p. A s seen  f r o m  the f igure and Eq. (32), 
the function ~(p, /a, zT,  N) r eaches  a min imum at  some  values  of p = P0 and ~ = ]%. These  min imum va lues ,  
hencefor th  denoted by ~ ( z T ,  N) fo r  the ga lvanomete r  and c a ( z T ,  N) for  the photoga lvanomet r ic  ampl i f i e r ,  
we re  calculated on a BESM-4 computer .  The calculated values  of ~0 and r for  values  of the v a r i a b l e s  zT 
and N and the p a r a m e t e r  a r ea l i zed  in p r ac t i ce  a r e  p resen ted  in Table  1. 

Thus ,  if  a r e c o r d e r  with known R r and N ass igned  in advance mus t  be used in the const ruct ion of a 
m i c r o c a l o r i m e t e r  then the s t ruc tu ra l  p a r a m e t e r s  of the conver t e r  mus t  be de te rmined  f rom the condition of 
minimiza t ion  of the noise l eve l ,  i . e . ,  the min imum of ~(p,  ~, zT,  N). In this case  the conver te r  p a r a m e t e r s  
(such as R and At) mus t  be calculated f r o m  the opt imum values  of P0 and ~0, which genera l ly  speaking,  a r e  not 
equal to unity,  in con t r a s t  to the r e q u i r e m e n t s  of the t radi t ional  method of matching  the conver t e r  and r e c o r d e r  
[1]. 

The total  opt imizat ion of the m i c r o c a l o r i m e t r i c  s y s t e m  mus t  be p e r f o r m e d  both with r e s p e c t  to the con-  
v e r t e r  p a r a m e t e r s  and through the p r o p e r  choice of the r e c o r d e r .  Two independent r equ i r emen t s  m u s t  be 
sa t i s f ied  in the choice of the r e c o r d e r .  F i r s t ,  the r e c o r d e r  mus t  opera te  in the c r i t i ca l  mode (or close to it). 
This  condition can be wr i t ten  in the f o r m  

V 7- 2Rr ~2 (1 + Po) ao = 1, (33) 
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T A B L E  I .  V a l u e s  of the  F u n c t i o n s  ~ ( z T )  and  @0a(zT) 

~F0~(a=l) w:(a=l + i-4~ ) 
z T  

N~I N~I0 N:I00 N=I N=I0 N=I00 

0,1 
0,3 
0,5 
0,7 
0,9 
1,0 
1,5 
2,0 

339 
126 
82,5 
63,8 
53,2 
49,6 
38,2 
32,4 

3,36.10 z 
1,22-I0 a 
795 
610 
505 
469 
358 
301 

3,36.104 
1,22.10 t 
7,92.108 
6,01. I0 a 
5,03.10 a 
4,66.108 
3,56.10 a 
2,99. l0 a 

490 
178 
ll5 
88,2 
72,9 
65,7 
51,1 
42,6 

4,85-10 t 
1,74.108 
1,11.108 
848 
697 
643 
482 
399 

4,85. lO s 
1,74.10 a 
1,11.10 i 
8,45. I0 a 
6,93.10 a 
6,40.10 a 
4,79. lO ~ 
3,11.108 

w h e r e  I i s  the  m o m e n t  of i n e r t i a  of the g a l v a n o m e t e r  loop.  A s  s e e n  f r o m  (33), the c r i t i c a l  mode  can a l w a y s  
be  a c h i e v e d ,  and by v a r i o u s  m e a n s  - t h rough  the cho ice  of the  p a r a m e t e r s  R r ,  G,  I ,  and r and  a l s o  R k  in the  
c a s e  of a p h o t o g a l v a n o m e t r i c  a m p l i f i e r .  F i r s t ,  a c c o r d i n g  to the  cond i t ion  (21), 

R - - ~ G - ( l + p 0 ) a 0 = t 0  A~ { zT ) r 4$ 2 - - ~  . l + ~ t  o + ~ 0  ~ �9 (34) 

T h u s ,  f o r  a f i x e d  v a l u e  of/7 the  cond i t ion  (33) fo r  the  c r i t i c a l  m o d e  and the cond i t ion  (34) f o r  m a k i n g  the s p e e d s  
of  r e s p o n s e  of the r e c o r d e r  and  the c o n v e r t e r  c o n f o r m  can  be s a t i s f i e d  j o i n t l y  if the  r a t i o  q ' ~ - i s  c h o s e n  in the 
f o r m  

A r zT  

7.  L i m i t i n g  P o t e n t i a l i t i e s  o f  M i c r o c a l o r i m e t e r s  

Wi th  the  o p t i m u m  cho ice  of the p a r a m e t e r s  in a c c o r d a n c e  wi th  the  r e q u i r e m e n t s  of Sec.  6, the e x p r e s s i o n  
f o r  W 2 h a s  the  f o r m  

w h e r e  

C (36) W~ : 2kT2~O~ (zT) .~ , 

( ) O&v (zT) = 1 q- tt 0 + t*o (1 + p0) - i  go (zT, N). 

F r o m  (36) f o r  the  e a s e  of W(t) = c o n s t  one can  ob t a in  the fo l lowing  r e l a t i o n s h i p  be tw e e n  the r m s  r e l a t i v e  
e r r o r  g = Wn/W,  the  t h e r m a l  p o w e r  W t a k e n  f r o m  the m e a s u r e m e n t  s u b j e c t ,  and the t i m e  c o n s t a n t  r d e t e r m i n -  
ing  the  s p e e d  of  r e s p o n s e  of the i n s t r u m e n t :  

VW'r = V 2kT2~O)sv (zT) C . (37) 

A s  fo l lows  f r o m  Eq. (36), the  v a l u e  of the m i n i m u m  d e t e c t a b l e  p o w e r  fo r  the g iven  C and A r can  be r e -  
duced  in t h r e e  w a y s :  by d e c r e a s i n g / ~ ,  d e c r e a s i n g  the c o e f f i c i e n t  N ,  and i n c r e a s i n g  the t h e r m a l  e f f i c i e n c y  z of 
the c o n v e r t e r .  T h e s e  p o s s i b i l i t i e s  fo r  r e d u c i n g  the n o i s e  l e v e l  a r e  l i m i t e d ,  h o w e v e r ,  

The  p a r a m e t e r  ~ can be r e d u c e d  to a va lue  of/3 = 1; upon i t s  f u r t h e r  d e c r e a s e  the cond i t ion  3) i s  v i o l a t e d  
and the m e a s u r e m e n t  e r r o r s  s t a r t  to g row owing  to the  n o n c o n f o r m i t y  of the s p e e d s  of r e s p o n s e  of the c o n v e r t -  
e r  and the r e c o r d e r .  In an  e x t r e m e l y  f a v o r a b l e  c a s e  the n o i s e  c o e f f i c i e n t  i s  equa l  to  one ,  wh ich  c o r r e s p o n d s  
to the  c a s e  when  a l l  the  o t h e r  n o i s e  e x c e p t  f o r  J o h n s o n  n o i s e ,  u n r e m o v a b l e  in p r i n c i p l e ,  i s  a b s e n t  f r o m  the 
the  c o n v e r t e r - r e c o r d e r  c i r c u i t .  The  t h e r m a l  e f f i c i e n c y  zT i s  l i m i t e d  by the c u r r e n t  l e v e l  of the t e c h no logy  
of t h e r m o e l e c t r i c  m a t e r i a l s .  A t  r o o m  t e m p e r a t u r e  the b e s t  v a l u e s  of  zT a r e  0 .9 -1 .0  [24]. T h e s e  l i m i t a t i o n s  
e s t a b l i s h  a h i g h e r  l e v e l  of  m i c r o c a l o r i m e t e r  n o i s e  than  tha t  d e t e r m i n e d  by Eq.  (29). T h i s  l e v e l ,  c o r r e s p o n d i n g  
to  ~ = 1, N = 1, and zT = 0.9 a t  T = 300~ i s  d e t e r m i n e d  by the equa t ion  

2 C 
W n = 2kT20Oi (0.9) - -  . (38) T2 
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Fig.  4. Scheme for  calculat ion of m a c -  
r o c a l o r i m e t e r  with the l imit ing p a r a m -  
e t e r s :  1) ass igned  p a r a m e t e r s ;  2) p a r a m -  
e t e r s  de te rmined  as  a r e su l t  of the ca l -  
culation; I) Eq. (7); ID Eq. (6); III) m i n i -  
miza t ion  of the function (32); IV) Eq. (12); 
V) Eq. (8); VI) the condition (35). 

The r e su l t s  of the calculat ions of the l imi t ing  potent ia l i t ies  of m i c r o c a l o r i m e t e r s  and a compar i son  of 
the l i t e r a tu re  data on Wn for  T = 300~ a r e  p resen ted  in Fig. 3. To the r ight  of the line a, giving the depen-  
dence of the t e m p e r a t u r e  noise W 0 on the quantity ~/'C/T calculated f r o m  (23), l ies  a region of va lues  of the 
p a r a m e t e r s  fundamental ly  unattainable at  the given t e m p e r a t u r e  for  a c a l o r i m e t e r  with any c o n v e r t e r s ,  in-  
chd ing  a conver t e r  p o s s e s s i n g  as high a t he r ma l  eff ic iency as  des i red .  In a s i m i l a r  way the l ines  b and c, 
in accordance  with (38), bound the reg ions  of l imi t ing  values  of opt imized  m i c r o c a l o r i m e t e r s  having r e c o r d e r s  
in the f o r m  of a ga lvanomete r  and of a pho toga lvanomet r ic  ampl i f i e r  with z = 3.10-3~ -1. F o r  r ea l  r e c o r d e r s  - 
an F 17/1 photoampl i f ie r  and an M 17/12 ga lvanomete r  (lines d and e) - the value of Wn calculated f rom (38) is 
one and two o r d e r s  of magni tude ,  r e spec t ive ly ,  h igher  than the l imit ing values.  The values  of Wn for  the in-  
s t rumen t s  desc r ibed  in [25-27] (points 1-10) a r e  three  to four o r d e r s  of magnitude higher  than the l imi t ing  
va lues ,  which is  due to depa r tu r e s  of the cons t ruc t ion  p a r a m e t e r s  f r o m  the op t imum values  and to the use  of 
r e c o r d e r s  with high noise coeff icients .  

The r e su l t s  p resen ted  show that  even an unl imited inc rease  in t h e r m a l  eff ic iency cannot reduce  the l i m i t -  
ing values  of W2n by m o r e  than two to three  t imes .  T h e r e f o r e ,  the mos t  urgent  t a sk  of modern  m i c r o c a l o r i -  
m e t r i c  in s t rumen t  building is to d e c r e a s e  the gap between the min imum detectable  power  of exis t ing  i n s t ru -  
ments  and the l imit ing values  of W n de te rmined  by (36) by choosing a r e c o r d e r  with the min imum N through 
conformi ty  of the conve r t e r  and the r e c o r d e r  and by opt imizing the construct ion.  

To design a m i c r o c a l o r i m e t e r  with the l imi t ing  p a r a m e t e r s  in this case  one mus t  have the ass igned 
values  of the heat  capaci ty  C of the reac t ion  c h a m b e r ,  the t ime constant  ~, the r e c o r d e r  p a r a m e t e r s  R r ,  N, 
and 8, the t h e r m a l  eff ic iency z of the c o n v e r t e r ,  and the working t e m p e r a t u r e  T. The calculat ion is p e r f o r m e d  
by the scheme  p resen ted  in Fig. 4, as  a r e s u l t  of which one de t e rmines  the values  of P0, ~0, R ,  At, n, and G/ I  
needed to build a m i c r o c a l o r i m e t e r  with the l imi t ing  p a r a m e t e r s .  

A m i c r o c a l o r i m e t e r  (17/1 r e c o r d e r - p h o t o m u l t i p l i e r )  with the following p a r a m e t e r s  was calculated by 
the given p rocedure  and built: m in imum detectable  power 2.3" 10 -8 W, speed of r e sponse  25 sec,  volume of 
reac t ion  chamber  3 cm 3 (point 11 in Fig. 3). The r e su l t s  of t es t s  of the ins t rument  show that the p roposed  
calculat ion p r o c e d u r e ,  in con t ras t  to the s tandard  one, p e r m i t s  the min imum detectable  power  to be brought 
c lo se r  to the theore t ica l  l imit .  

N O T A T I O N  

o is  the p a r a m e t e r  de te rmin ing  the effect ive  f requency band of the r e c o r d e r ;  
c is the specif ic  hea t  capaci ty  of conver t e r  m a t e r i a l ;  
C is the heat  capaci ty  of the fil led reac t ion  chamber ;  
C t is the total capaci ty  of conver te r ;  
G is  the r igidi ty of ga lvanomete r  suspension;  
f(~) is the t he rma l  reac t ion  of c o n v e r t e r - r e c o r d e r  s y s t e m  to heat  flux f r o m  the reac t ion  chamber ;  
F is the ra t io  Wn/~n; 
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is the gain of photomul t ip l ie r ;  
is the Bol tzmann constant;  
is the effect ive length of conver t e r ;  
is the p a r a m e t e r  eff ic iency of the conver t e r ;  
is the ra t io  of r e s i s t a n c e s  of r e c o r d e r  and conver te r ;  
Is the number  of the rmocoup les ;  
is the noise coefficient;  
is the ra t io  of conver te r  r e s i s t a n c e  to r e c o r d e r  r e s i s t ance ;  
~s the conver t e r  r e s i s t ance ;  
is the input r e s i s t a n c e  of r e c o r d e r ;  
is the feedback r e s i s t a n c e  of photomul t ip l ier ;  
is the ga lvanomete r  r e s i s t a n c e  of photomult ip l ier ;  
~s the effect ive c r o s s - s e c t i o n a l  a rea  of conver te r ;  
is the t ime;  
is the t h e r m o s t a t  t e m p e r a t u r e ;  
is the p a r a m e t e r  de te rmin ing  the effect ive f requency band of the photomult ip l ier ;  
is the r m s  noise power  of an ideal m i c r o c a l o r i m e t e r ;  
is the r m s  t e m p e r a t u r e  noise power  at  t he rma l  input of conver t e r ;  
,s the r m s  noise power  a t  input stage of r e c o r d e r ;  
xs the r m s  noise power  of m i c r o c a l o r i m e t e r ;  
is the t he rm a l  power  r e l e a s ed  in the reac t ion  chamber ;  
Ls the t he rm a l  eff ic iency of conver te r ;  
is the coeff icient  of t h e r m a l  emf  of thermocouple ;  
~s the constant  coefficient;  
is the densi ty  of conver t e r  ma te r i a l ;  
~s the eff ic iency of conver t e r ;  
is the eff ic iency of conver t e r  at W = Wn; 
is the t e m p e r a t u r e  drop in the conver te r ;  
is the effect ive speci f ic  t he rm a l  conductivity of conver t e r  m a t e r i a l ;  
is the heat  r e m o v a l  f r o m  reac t ion  chamber ;  
is the t he rm a l  conductivity of conver te r ;  
is the hea t  r em ova l  f r o m  reac t ion  chamber  by radia t ion and through s t ruc tu ra l  e lements ;  
~s the ra t io  of t he rm a l  conductivi t ies  of conver te r  to hea t  r emova l  by radiat ion and by s t ruc tu ra l  
e l ements ;  
is the ra t io  of heat  r e m o v a l  by e l ec t romagne t i c  radia t ion and s t ruc tu ra l  e lements  to t he rma l  con-  
ductivity of conver t e r ;  
is the t ime constant  of m i c r o c a l o r i m e t e r ;  
is the t ime constant  of a conver t e r  connected to a reac t ion  chamber  of ze ro  m a s s ;  
is the t ime constant  of a conver te r  with an infinitely smal l  hea t  capaci ty;  
is the function de te rmin ing  the r m s  noise power  for  the op t imum choice of the p a r a m e t e r s  of the 
conver t e r  and r e c o r d e r ;  
is the flux l inkage of ga lvanomete r  loop; 

is  the function de te rmin ing  the  m e a n - s q u a r e  noise  power .  

L I T E R A T U R E  C I T E D  

E. Calvet  and H. P r a t ,  M i c r o c a l o r i m e t r y  [Russian t rans la t ion] ,  IL ,  Moscow (1963). 
M. G. Lavi l le ,  C. R. Acad. Sci. ,  240, 1060 (1955). 
R.  Roux and H. Tachor i c ,  C. R. Acad. Sci. ,  261, 331 (1961). 
L. Benjamin  and G. C. Benson,  Can. J.  Chem. ,  40, 601 (1962). 
M. Braun and R. Kohlhaas ,  Z. Angew. Phys . ,  14, 91 (1962). 
I. Chavet ,  J.  Sci. I n s t r u m . ,  40,  391 (1963). 
J .  Madejski ,  Bull. Acad.  Pol. Sci. ,  Ser.  Sci. Chim. ,  16, 279 (1968). 
J.  Madejski ,  Bull. Acad. Pol. Sci . ,  Ser. Sci. Chim. ,  16, 283 (1968). 
E. Margas ,  A. Zielenktewicz,  and W. Zie lenkiewicz ,  Bull. Acad. Pol. Sc i . ,  Ser. Sci. Chim. ,  18, 272 
(1970). 

1185 



10. E. Margas, A. Zielenkiewicz, and W. Zielenkiewicz, Bull. Acad. Pol. Sci. ,  Ser. Sci. Chim., 18, 277 
(1970). 

11. A. Zielenkiewicz, I. Czarnota, and H. Konarska, Bull. Acad. Pol. ScL, Ser. Sci. Chim., 18, 99 (1970). 
12. F . M .  Camia, Colloq. Int. C. N. R. S., No. 156, 83 (1967). 
13. S. Cerny, V. Pones, and H. Hladec, J. Chem. Thermodyn. , 2 ,  391 (1970). 
14. A . A .  Vichutinskii and A. G. Golikov, "Continuous-flow microcalorimeters with close to limiting sensi- 

tivity," Summaries of Reports of Seventh All-Union Conference on Calorimetry [in Russian], Vol. 2, 
M-6, Chernogolovka (1977), p. 453. 

15. P . W .  Bellarby, J. Phys. E, 4, 153 (1971). 
16. W.W.  Forrest ,  "Microcalorimetry," in: Methods in Microbiology, Vol. 6B, J. R. Norris and D. W. 

Ribbons (editors), Academic Press ,  London- New York (1972). 
17. Yu. F. Red'ko, A. V. Mikhailenko, and O. Ya. Luste, Inzh.-Fiz. Zh., 27, 270 (1974). 
18. L . I .  Anatychuk andA. V. Mikhailenko, Inzh.-Fiz.  Zh., 31, No. 6 (1976). 
19. R . P .  Poplavskii, Usp. Fiz. Nauk, 115, 465 (1975). 
20. M. Krauss and E. G. Waschni, Measuring Information Systems [Russian translation], Mir, Moscow 

(1975). 
21. P . V .  Novitskii, Principles of the Information Theory of Measuring Devices [in Russian], ~.nergiya, 

Moscow (1968). 
22. V . I .  Rabinovich and M. P. Tsepenko, Information Characteristics of Means of Measurements and Con- 

trol [in Russian], ]~nergiya, Moscow (1968). 
23. R . A .  Smith, F. E. Jones, and R. P. Chasmar, The Detection and Measurement of Infrared Radiation, 

Clarendon Press ,  Oxford (1957). 
24. B . M .  Gol'tsman, V. A. Kudinov, and I. A. Smirnov, Semiconducting Thermoelastic Materials Based 

on Bi2Te3 [in Russian], Nauka, Moscow (1972). 
25. L . N .  Gal'perin, Yu. R. Kolesov, L. B. Mashkinov, and Yu. EJ.Gerner, "Differential automaticcalorim- 

eters (DAC) for different purposes," Sixth All-Union Conference on Calorimetry [in Russian], Mits- 
niereba, Tbilisi (1973), p. 539. 

26. O .S .  Galyuk, V. I. Kukushkin, and K. N. Firyulin, " Measuring cells for Calvet calor imeters ,"  Prib. 
Tekh. ~ksp., No. 6 (1973). 

27. Prospectus of the Setaram Co.,  "The 206-1500~ Calvet microcalorimeter. ,  

E X P R E S S I N G  THE C O E F F I C I E N T S  OF THE E X P A N S I O N  

OF A S C A T T E R I N G  I N D I C A T R I X  THROUGH 

MIE C O E F F I C I E N T S  

D. B. V a f i n  a n d  A.  F .  D r e g a l i n  UDC 536.3 

Equations are given expressing the coefficients of the expansion of a spherical-particle scattering 
indicatrix by Legendre polynomials directly through Mie coefficients. The equations are con- 
verted to a form suitable for use in a computer. 

In some methods of solving the equation of radiant energy transfer the scattering indicatrix for a two- 
phase medium is represented in the form of a series by Legendre polynomials: 

g(~) = 1 + ~ (2n q- 1)g~ P,, (~). (t) 

The expansion coefficients gn can be obtained from the known values g ~  using the orthogonality proper- 
ties of Legendre polynomials: 
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