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DEVICE FOR MEASUREMENT OF HEAT CAPACITY OF SI~LL SPECIMENS 

IN THE RANGE lO-20~ 

J 

K. R. Zhdanov, E. V. Matizen, 
A. A. Nikoforov, and M. A. Starikov 

UDC 536.2.083 

The construction of a calorimeter for rapid measurement of heat capacity by the 
cooling method is described. 

In the technology of producing materials with certain properties (i.e., superconductors) 
the need often arises for rapid low-temperature measurements of the heat capacity of a large 
number of small specimens no more than 0.05 cm 3 in volume. One of the methods which may be 
used is that of continuous cooling of the specimen. In this method the decrease in specimen 
enthalpy per unit time is equal to the thermal flux through the heat sink. The equation de- 
scribing the cooling process has the form 

C(T) T = - -  W ( T ,  To). (1) 

The heat power W(T, To) may be determined in individual measurements. In experiment the tem- 
perature of the cooling specimen is measured as a function of time. The rate of temperature 
change is found by numerical differentiation. The literature describes the use of such a 
method for measurement of heat capacity at temperatures below4.4~ [i, 2]. 

Heat capacity may also be measured during the process of continuous heating [3]. How- 
ever, the cooling method is more easily realizable, since it does not require total adiabatiza- 
tion of the specimen; the only requirement is constancy of heat sink conditions from experi- 
ment to experiment. The experimental point density with the cooling method can be made ex- 
tremely high (up to i00 points per degree). 

A block diagram of the device which realizes the cooling method is shown in Fig. i. 
The specimen is heated to a temperature T and heating is terminated, so that the specimen 
cools through the heat sink to the"bath" temperatureTo. The voltage across the resistance 
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t h e r m o m e t e r  i s  m e a s u r e d  by an  Shch68000 d i g i t a l  v o l t m e t e r  a t  t i m e  i n t e r v a l s  d e t e r m i n e d  by an  
F5080 f r e q u e n c y  m e t e r - c h r o n o m e t e r .  M e a s u r e m e n t  r e s u l t s  a r e  p a s s e d  t h r o u g h  a TPL t r a n s c r i b e r  
t o  a PL-80 t a p e  p e r f o r a t o r .  The m e a s u r e m e n t  p e r i o d  i s  c h o s e n  so  t h a t  t h e  t e m p e r a t u r e  s t e p s  
c o m p r i s e  a p p r o x i m a t e l y  0 . 0 1 ~  

The t o t a l  c o o l i n g  t i m e  depends  on t h e  h e a t  c a p a c i t y  o f  t h e  s p e c i m e n ,  c o m p r i s i n g  20 t o  60 
min w i t h  t h e  c o n s t r u c t i o n  d e s c r i b e d .  T h i s  p e r m i t s  e l i m i n a t i o n  o f  random e r r o r  i n  m u l t i p l e  
measurements. 

The bath temperature To is maintained constant in all measurements. A thermostat mech- 
anism ensuring stabilization to an accuracy of 10-3~ is provided. 

Measurement results were processed by a Minsk-32 computer. A time--temperature depen- 
dence was interpolated and its derivative calculated with use of cubic splines with smooth- 
ing [4]. The cryostat construction is shown in Fig. 2. The calorimeter was designed for 
measurement of heat capacity of specimens in the form of plates 8 mm in diameter. It is im- 
portant that temperature gradients in the specimen be negligibly small during cooling. For 
the stationary case these gradients can be estimated from the expression AT = hW(T, To)/2kS 
[3]. Thus the method described can be used for measurements of thin specimens with good ther- 
mal conductivity. 

The substrate for the specimen is a copper plate 8 mm in diameter and 0.i mm thick, sus- 
pended on silk threads. A germanium crystal is soldered to the bottom of the substrate and 
serves as a resistance thermometer. A manganin heater element is glued to the substrate. 
The electrical leads of the thermometer and heater simultaneously function as the heat sink. 
They are made of manganin wires 0.075 mm in diameter and ou3 cm long. The heat sinkleads are 
terminated in a copper block, the "bath," whose temperature is maintained constant and equal 

to To. 

The electrical leads coming from the "bath" are wound on another copper block, which is 
threaded into the copper cup and has good thermal contact with the liquid helium. The cal- 
orimeter electrical leads are connected to themeasurement equipment through a vacuum coupling. 
The calorimeter and specimen are inserted into the cryostat through the cap with a removable 
rod. Three to five minutes are required for a change of specimens. Total time for a speci- 
men measurement, considering time needed for filling with helium, is ~2-3 h. Before filling 
with helium the outer calorimeter volume is evacuated to a pressure of not more than i0-" Pa. 

Thermometer calibration in the temperature range 14-20~ was performed using saturated 
hydrogen vapor, and from 2 to 4.2OK with saturated helium vapor [5]. The thermometer resis- 
tance as a function of temperature over the entire range 2-20~ was approximated by a poly- 

nomial of the form 
! n 

= ~ Ak (In R) k (2) 
T k=0 

by t h e  method o f  l e a s t  s q u a r e s .  At n = 5 t h e  mean s q u a r e  d e v i a t i o n  o f  t h e  r e l a t i v e l y  smoothed  
c u r v e  o f  Eq. (2) c o m p r i s e s  0 . O l ~  

The h e a t  s i n k  f u n c t i o n  W(T, To) was d e t e r m i n e d  in  i n d i v i d u a l  m e a s u r e m e n t s .  Upon p a s s a g e  
of a current i through the heater with resistance r a power P -- iZr is liberated. The speci- 
men should heat up according to the law 

C ( T )  7" = P - -  W ( T ,  To) (3) 

t o  a t e m p e r a t u r e  T , ,  a t  wh ich  t h e  power  d i s s i p a t e d  in  t h e  h e a t e r  i s  e q u a l  t o  the  power l o s s  
t h r o u g h  the  h e a t  s i n k ,  i . e , ,  W(T1, To) = P. 

I f  we n e g l e c t  t h e  d e p e n d e n c e  of h e a t  c a p a c i t y  on t e m p e r a t u r e  in  t h e  i m m e d i a t e  v i c i n i t y  
o f  T~, t h e n  Eq. (3) may be r e w r i t t e n  i n  t h e  f o r m  
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Fig. 2. Diagram of cryostat and calorim- 
-- 8 j ~ eter: i) specimen substrate; 2) speci- 

men; 3) silk threads; 4) thermometer; 
/ /13 j ~ 5) heater; 6) thermometer and heater 

He ~ :leads; 7) "bath"; 8) copper block; 9) 
�9 - 'copper cup; i0) vacuum coupling; ii) 

I J j9 ~ i cryostat lid; 12) vacuum line; 13) three 
~ ~ ~! teflon supports (only one shown); 14) 

~ I  "bath" thermometer; 15) three copper braces 
~ ~  (only one shown). 

where I/T =[I/C(TI)I(dW/dT)!T=TI , 

= _ ! ( r  - r t ) ,  ( 4 )  
T 

To determine TI the specimen temperature was recorded from the time of heater turn-ono 
Numerical differentiation provided the value of the derivative T as a function of tempera- 
ture. TI and T in Eq. (4) were calculated by the method of least squares, fne average error 
in determination of T~ comprised - 10-~~ 

The power dissipated in the connecting leads was considered in the usual manner, i.e., 
it was assumed that half this power was transmitted to the sp~men and half to the "bath." 
No correction was introduced for temperature dependence of the connecting lead resistance [6], 
since its maximum value was less than 1% according to our estimates. 

The heatsink function temperature dependence obtained in this manner was approximated 
by a polynomial of the form 

4 

W(T, To) = ~  Bh(T k -  T~) (5) 
k=! 

S c a t t e r i n g  o f  e x p e r i m e n t a l  p o i n t s  r e l a t i v e  to  t h e  c u r v e  o f  Eq. (5) c o m p r i s e d  ~1%. 

Our e s t i m a t e s  i n d i c a t e  t h a t  h e a t  l o s s  t h r o u g h  t h e  r e s i d u a l  gas  does  no t  e x c e e d  0.02% 
of the value of W(T, To). Upon specimen change heat transfer by radiation may change slight- 
ly, but is less than 2% of the total heat transfer and may be neglected. 

The power dissipated in the thermometer depends on temperature and current. If all mea- 
surements are performed at one and the same current, this power can be considered by includ- 
ing it in the determination of W(T, To). 

Good thermal contact of specimen and thermometer is usually assisted by some kind of 
glue, vacuum grease, varnish, or indium solder [i, 7-9]. A shortcoming of such "glues" is 
that it is difficult to remove their residues when changing specimens. 

In the construction described here the specimen is attached to the substrate with a 
measured quantity of water. Immediately after insertion of the specimen into the calorim- 
eter the entire construction is cooled with liquid nitrogen. Since the saturated vapor pres- 
sure of water at room temperature is quite high, the danger exists that during the cooling 
process some of the water may evaporate, leading to differing amounts of water being present 
in individual experiments. Four trials were made of one and the same copper specimen, 
0.08525 g in mass, with the specimen removed and reinstalled for each measurement. Compari- 
son of the data obtained shows that there was no significant systemic error. 
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Fig. 3. Relative deviation of measured heat capacity C e 
of copper (i) and tin (2) from smoothed data obtained 
in adiabatic calorimeter, Ca; ~ = (C e -- Ca)/Ca, %,~ T, ~ 

The quality of the thermal[ contact between specimen and substrate produced by tile water 
was verified in the following manner. At the times of heater turn-on and turn-off relaxation 
processes occur in the heater-thermometer-substrate-specimen system with a time constant To. 
They characterize the thermal conductivity and capacity of the individual components of the 
measurement circuit, including the contact [3]. Measurements revealed that t0 < 1 sec. Thus 
the steady state temperature difference between thermometer and specimen AT ~ To'T does not 
exceed a few mdeg K, since usually T ~ (l-8)'10-adeg K/sec. 

To verifycalorimeter operationthe heat capacities of white tinand copper weremeasured. 
In order to eliminate the heat capacity of the measurement circuit, measurements were per- 
formed twice, with specimens of one and the same material, but of two different masses (ml 
and m2). In this case the heat capacity per mole of material can be expressed in the form: 

C M =  M W  (T ,  To) ( T F t _ T T , ) .  
mt -- mz 

The t i n  s p e c i m e n s  had  m a s s e s  o f  0 .09419  and 0 .04297  g,  w h i l e  t h e  c o p p e r  s p e c i m e n s  were  
0 .08525  and 0 .22492  g .  E x p e r i m e n t a l  d a t a  we re  compared  w i t h  smoothed h e a t  c a p a c i t y  v a l u e s  
o f  t h e s e  s p e c i m e n s  o b t a i n e d  i n  t h e  a d i a b a t i c  c a l o r i m e t e r  o f  [10 ,  11] .  R e s u l t s  o f  t h i s  com- 
p a r i s o n  for the temperature range 10-20~ are shown in Fig. 3. 

Multiple measurements of the temperature behavior of one and the same specimen revealed 
that the rate of temperature change was reproducible to an accuracy of better than 1%, i.e., 
6T/T < 0.01. It can be shown that in such a case the error in heat-capacity determina- 
tion comprises 6CM/C M ~- (CI + C2 +Co)/(C~-C2)6T/~. In the temperature interval studied 
this uncertainly comprises 1.6% for tin and 3.5% for copper. 

It should be noted that the temperature range in which the heat capacity measurements 
were performed could be expanded. For an increase in the direction of lower temperatures, 
it would be necessary to decrease the "bath" temperature To. If the measurements above 20~ 
were necessary, the thermometer could be calibrated for that range with a platinum resistance 
thermometer. 

Thus, the equipment described makes possible rapid measurement of heat capacity of speci- 
mens with volume not exceeding 0.05 cm 3 with accuracy sufficient for a number of purposes. 
The calorimeter construction developed here also permits heat capacity measurements by the 
thermal relaxation method [9], continuous heating [3], heating by ac current [12], and the 
modified pulse method [13]. The measurement apparatus may be used for direct input of data 
into a computer. 

NOTAT ION 

o . "bath" K, = T, temperature, K, To, temperature, ~ �9 T dT/dt, rateof temperature change ~ 
sec; C(T), specimenheat capacity, J/~ CM:mol.ar heat capacity, J/mole/~ M,molecular mass of 
material,, g; m,, m2, specimen masses, g; TI, T2, cooling rates of specimens with masses ml 
and ma, ~ h, specimen thickness, m; S, specimen area, ma; k, thermal conductiv[ty coef- 
ficient, W/m/deg. 
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INVESTIGATION OF 10.6 D ABSORPTION COEFFICIENT FOR CARBON DIOXIDE 

MOLECULES AT TEMPERATURES UP TO 3500~ 

I. E. Zabelinskii, N. A. Fomin, 
and O. P. Shatalov 

UDC 621.378.33 

Experimental data are used to analyze features of resonance absorption processes 
in the high-temperature region, where the influence of hot transitions is appre- 
ciable. 

At present a considerable amount of information has accumulated on the behavior of the 
absorption coefficient at low and intermediate temperatures. By measuring the 10.6 ~ radia- 
tion absorption coefficient in test cells, investigators have studied the ~(T) relationship 
up to temperatures of ~650~ [1-6]. The development of gasdynamic lasers [7] has led to a 
need to analyze absorption processes at higher temperatures. These investigations were con- 
ducted using the region behind the front of a shock wave in shock tubes as the absorbing 
cell: in [8] absorption coefficient data were obtained up to temperatures of ~I600~ and 
in [9, I0] measurements were made up to ~ 2100~ 

Meanwhile, absorption of 10.6 ~ radiation by CO2 molecules at higher temperatures is 
scientific interest, e.g., in analyzing recombinationprocesses, in investigating spectral 
processes in dense gases, and also in investigation of the characteristics of high-tempera- 
ture gasdynamic lasers [ii]. 

The present paper uses experimental data on the resonance absorption in carbon dioxide 
at high temperatures, obtained in a large-diameter shock tube (the VUT-I facility at the 
Institute of Mechanics, M. V. Lomonosov Moscow State University), to discuss features of 
the absorption process in the high-temperature region (up to 3500~ 

Description of the Facility. The experiments were conducted in a shock tube of internal 
diameter 493 mm (seE, e.g., [12]). The radiative absorption was investigated behind the in- 
cident shock front in pure CO2 and in CO2 + Ar mixtures. Argon of special purity (99.98%) 
and specially dried carbon dioxide gas (the drying agent was P~Os) were used. The shock tube 
was pumped down to 2"10 -2 torr. The rate of inflow of air due to imperfect sealing of the 
shock tube and desorptionofgas from the walls did not exceed 10 -3 torr/min. 

The gas mixture was made up in a special mixer, and was mixed beforehand(by a fan mounted 
inside the mixer) for several minutes prior to each shock~tube filling. The pressure in the 
shock tube after filling with gas was measured with an oil manometer to an accuracy of bet- 
ter than 1%. The initial pressure was 3-60 torr. The shock,wave speed was measured from the 
signals of piezoelectric sensors (located along the shock tube section) to an accuracy of 
better than 2%. Radiation from a type GL-23 laser, modulated by a mechanical shutter, passed 
through the shock tube via a BaF2 window and fell on a semiconductor detector (germanium, 
doped with gold), from which the signal was recorded on an oscilloscope. At the same time, 
part of the laser radiation was directed to an infrared monochromator via a semitransparent 
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