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USE OF THERMAL TRANSDUCERS FOR MEASURING THE MOLECULAR 

VELOCITY DISTRIBUTION FUNCTION 

S. G. Mironov andA. I. Sedei'nikov UDC 539.198 

i. In recent years, thermal transducers (bolometers [1-6] or pyroelectrics [7, 8]) have 
been used as detectors in performing molecular beam measurements. The quantity to be record- 
ed here is the flux of the thermal energy developing as a result of interaction between the 
beam molecules and the surface of the transducer's sensing element. Modern thermal transducers 
have a high sensitivity to small molecular fluxes (up to 1012 molecules/(m2| [i]) along 
with rather low inertia (the thermal relaxation time amounts to less than 10 -4 sec [i, 5]). 
These transducers are espeically useful for detecting molecules with excited internal degrees 
of freedom in the excitation energy range of up to 1 eV, where devices based on the effect of 
Auger electron emission are inoperative. There is the possibility of investigating the pro- 
cesses of intrinsic molecular energy excitation and relaxation [4-6, 8]. Inclusion of a ther- 
maltransducer in the flight-time measuring circuit [9, i0] provides information on the effect 
of intrinsic energy relaxation on the molecular kinetic energy without adding to the complex- 
ity of the experimental equipment. In the case of molecular photoexcitation by laser radiation 
[4, 8], it is possible to use a generator of short laser pulses instead of the mechanical mod- 
ulator in the flight-time circuit. The use of a bolometer as the detector in a flight-time 
measuring circuit was described in [5]. An expression relating the molecular velocity dis- 
tribution function to the time dependence of the temperature increment of the bolometer's 
sensing element was also given there. Several simplifying assumptions were used in this case~ 
In the more general formulation given here, we have derived an integral equation relating the 
molecular velocity distribution to the electric signal received from the output of the thermal 
transducer (bolometer or pyroelectric). The equation is given in a form suitable for modern 
methods of experimental data interpretation. 

2. As was shown in [3], the energy flux per unit area of the sensing element of the 
thermal transducer is determined by the expression 

W = J[• + E ~  - -Es )  + ( i  - -  •  - -  Ee) ] ,  ( 2 . 1 )  

w h e r e  E c = m v 2 / 2  + E i ,  w h e r e  J i s  t h e  m o l e c u l a r  f l u x  d e n s i t y ,  m,  v a n d  E .  a r e  t h e  m o l e c u l a r  
mass, velocity, and intrinsic energy, respectively, • is the capture coefficient, E B is the 
sublimation energy, E is the energy of molecules in the state of thermal equilibrium with the 

e 
surface, ~ is the accommodation factor, and E S is the molecular energy in the solid condensate 
phase at the surface. 

For most gases and the deep-frozen, superconducting bolometers used in [1-6], expression 
(2.1) is considerably simplified in view of the fact that • 1 and E S << E c with sufficiently 
high accuracy. In this case (2.1) can be approximated by the expression 

W : J (Ee + Ez): ( 2 . 2 )  

The case where E. 2 E B and, as a result of liberation of intrinsic energy, • # 1 and ~ ~ 1 
is not considere~ here. 
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Pyroelectrie transducers [7, 8] are presently used to an ever increasing extent in ther- 
malfluxmeasurements. Their main advantage in comparison with bolometers is their operating 

simplicity, as they don't require equipment for producing low temperatures. In application 
to pyroelectric transducers (which operate at room temperature), expression (2.1) is simpli- 

fied and can be represented as 

W = d~ (fc -- E~). (2 .3 )  

Expression (2.3) can also be used for approximating the thermal flux to the surface of a deep- 
frozen bolometer for detecting He molecular beams, which condense poorly at the liquid helium 

temperature. 

3. We shall derive below an equation relating the molecular velocity distribution func- 
tion to the recorded signal from the flight~time device with a thermal transducer as the basic 
detector. In deriving the relationship determining the thermal energy flux W(t) transmitted 
by the beam molecules to the transducer surface, we shall use the results obtained in [ii]. 
It can be shown that, for the cases characterized by relationships (2.2) and (2.3), the fol- 

lowing expression holds: 

0 

(t - ~)~ 
0 

+ Q]~(L ,  t, T) (t [--"_ ~) d~, (3.1) 

where [0, 8] is the time interval of molecular beam transmission through the chopper (t > 8), 

while [ii], 

L F[s  
(L, t, T) = A ( J  ~ ~FL-Tj, (3 .2)  

where A(T) is the instrumental function of the molecular beam chopper, L is the distance be- 
tween the chopper and the transducer surface, F(v) is the molecular velocity distribution 
function, and S is the operating surface area of the transducer. For the case (2.2) B = i, and 
Q = E i + EB, and for the case (2.3) ~ = ~, we have Q = E i -- E e, We assume that the accommoda- 
tion factor ~ is independent of the velocity of molecules incident to the surface, whinh in 
the low energy range (10-3-10 -I eV) has been confirmed experimentally for surfaces coated with 

an adsorbing layer. 

In subsequent presentation, we shall only consider cases where Q is known. In particular, 
this occurs i) for monoatomic gas beams, where E i = 0; 2) for molecular gas beams characterized 
by rapid processes of V--R--T-relaxation (in beam formation, as a result of gas acceleration by 

means of the gasdynamic method, the value of E i can'be:neglected, since E i << mv2/2); 3) for 
molecular beams with slow R--R--T-relaxation processes, where E. is determined by the gas parame- 
ters in the forechamber; 4) in the case of laser excitation o~ molecules, where E i is deter- 

mined by the exciting radiation characteristics. 

The quantities E B and E for the chosen gas are determined by the surface temperature of 
e 

the thermal transducer. The coefficient B appears in (3.1) in the form of a factor; its value 

in normalizing the measured signals is negligible. 

The relationship between the thermal flux arriving at the transducer's sensing element and 
the electric signal received from the measuring circuit output depends on the transducer type. 

We shall first consider the bolometer type of thermal transducer [1-6]. 

As was indicated in [12], the relationship between W(t) and the bolometer circuit voltage 

u(t) is determined by the equation 

cdu(t)~t + G~u(t) = ~eW(t), (3 .3)  

where c, Ge, and e are the specific heat, the reduced thermal conductivity, and the absorp- 

tive power, respectively, and ~ is the proportionality factor. 

For a pyroelectric transducer, this relationship is determined from the equation [7] 

Cdu(t)/dt + u(t)/R = /(t), (3 .4 )  

while 
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/§ I I } I ( t ) = ? ~  exp - - - 7 - ( t - - ~ )  W( t )  d ~ ,  
o 

where y is the pyroelectric coefficient, G is the heat transfer coefficient~ and C and R are 

the reduced values of the capacitance and the resistance of the circuit. 

The integral analog of Eqs. (3.3) and (3.4) is 

t 

K (t - ~) w (~) d~ = u (t), (3 .  5) 
o 

for a bolometer, 

-7-7, 

while, for a pyroelectric transducer, 

K (t) = El (t) -- ~ KI (t -- ~) K2 (T) tiT, 
0 

w h e r e  Kl(t ) = exp - -  ; K=(t) = - - u e x p  - -  �9 

As a signal from a bolometric or a pyroelectric element is transmitted through the ampli- 
fier unit, it is distorted due to the inertia of the equipment. This effect can be accounted 
for by introducing the relaxation function of the electronic circuit g(t) = exp (--t/Te)/~ e [9], 

where T e is the time constant. 

In order to obtain the final equation relating the distribution function F(v) to the sig- 
nal r(t) from the output of the recording system, it is necessary to substitute (3.1) in (3.5) 
with an allowance for (3.2) and then produce convolution of the obtained expression with the 
function g(t). As a result, we arrive at the equation 

t ~ 0 

o o o 

(3.6) 

The problem of determining F(v) with respect to the experimentally measured signal r(t) 
(comprising the experimental noise component) for the known value of r e and all the ]parameters 
characterizing the measuring system consists in solving the integral equation of the first 
kind (3.6). It is known that, in the classical formulation, this problem is unstable with 
respect to errors in the signal r(t). Regularization methods [13] are now widely used for 
solving such problems. 

We have explored the possibility of solving Eq. (3.6) by means of Tikhonov's method 
[13]. For this purpose, we used a modification of the regularizing algorithm [14] developed 
for the processing of flight-time experimental data obtained in measuring the molecular veloc- 

ity distribution function by means of a density data unit. 

Figure 1 shows the results of applying the algorithm given in [14] to test examples. A 
~xwellian distribution for argon at the mean velocity of 800 m/sec and an inlet temperature 
of 170~ (Fig. I) and a distribution different from the Maxwellian one, which was obtained in 
[14] (Fig. 2) were used for simulation. These distributions are represented by solid curves 
in Figs. 1 and 2~ The points mark the distributions obtained by solving Eq. (3.6) by means of 
the regularization method. The initial signal noise level amounted to 2% of the maximum val- 
ue. The instrumental function of the chopper A(t) had the shape of an equilateral trapezoid 
[9, i0], with the center line at 0.i msec. The values of the parameter Te and L were equal 
to 0.02 msec and 1.06 m, respectively [14], while the bolometer~s thermal relaxation time was 
equal to 0.085 msec in accordance with [5]. We have considered the case of a deep-frozen 
bolometer, when relationship (2.2) is satisfied. For the zero value of Ei, the value of E B 
was taken from a handbook of thermophysical properties of materials. 

Thus, in using a thermal transducer as the molecular beam detector the flight-time sig- 
nal carries enough information for measuring the velocity distribution of molecules. By using 
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the regularization method [13] in processing experimental data, we can achieve a fairly high 
accuracy in calculating this distribution, which is somewhat lower in the case of low-velocity 
molecules. 
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