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Abstract

This paper describes the theoretical principles of TRD operation based on
thermal absorption of incident power of radiation. In the modelling procedures,
the main parameters influencing on the detector features have been introduced. So
the this model allow us to predict the behaviour of different types of thermal
detectors. It is found that the temperature response of the detector against the
frequency of incident radiation in logarithmic scale describes the TRD as a typical
low pass filter characteristics. The cut off corner frequency is found to be at 1 Hz
under which the temperature change attains a saturation value. In the sense that the
thermal detector will detect all the incoming radiations of higher frequency.

Keywords: Thermal radiation detector, Modeling, temperature change, thermal
Response, frequency.
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1. Introduction depending upon thermal effects such

pyroelectric, bolometer,

hermal detectors, simply, as
sense the incoming radiation

by temperature modulation of
the detector material. This change in
temperature in turn results in
changing the electrical properties of
detector sensing material which
exploited to measure the electrical
outputs for several thermal detectors

thermopile, and Golay cell and
related detectors.

Thermal detectors not affected by
the wavelength of incident radiations
as in quantum ones. In other words,
the operation concept of TRD based
on the energy absorption of incident
photons which cause the temperature
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increase of detector sensing
element. The rate of temperature
variation determines the accumulated
energy conserved in the detector
material.

The operating temperature range
of TRD can be designed by selecting
the appropriate metal used as sensing
material. The detection efficiency of
thermal detector is less than that of
guantum detector due to the time
required to absorbing and heating of
detecting material.

The output of thermal detectors
is usually proportional to the amount
of absorbed energy per unit time by
the detector material provided the
absorption efficiency is the same at
all wavelengths.

Because heating and cooling of
a macroscopic sample is relatively
slow process, thermal detectors as a
class are slower in their rate of
response than photon ones. It is
convenient to think of thermal
detectors as having millisecond
response times and photon ones as
having microsecond or less response
times. In addition, those thermal
detectors represent a chain of
conversions which require interval of
times to take place. It is hoped that
this research will provide a brief
introduction to the ideas of
modelling and characterising thermal
detectors, and has given an idea and
understanding of how such detectors
behave.
2. Thermal Radiation

This section deals with the
characteristics of thermal radiation
and radiation exchange, that is, heat
transfer by radiation. The physical
mechanism of radiation is not yet
completely understood. Radiation
energy is envisioned sometimes as
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transported by electromagnetic
waves, at other times as transported
by photons. Neither view point
completely describes the nature of all
observed phenomena. From the view
point of electromagnetic theory, the
waves travel at the speed of light
which is equal to the product of the
frequency and the wavelength of the
radiationc = Av , while from the

guantum point of view, energy is
transported by photons that travel at
that speed. Although all the photons
have the same velocity, there is
always a distribution of energy
among them. Where the energy
associated with a photon is given by

E=hyv= %Where h is Planck’s

constant,v and A are the frequency
and wavelength of radiation
respectively. The wavelength of
radiation depends on how the
radiation is produced. Thermal
radiation is defined as radiant energy
emitted by a medium by virtue of its
temperature, that is, the emission of
thermal radiation is governed by the
temperature of the emitting body.
The wavelength range encompassed
by thermal radiation falls
approximately between0.1 and
100 #m which is subdivided into

the ultraviolet, the visible, and the
infrared [1].

3. Therma Resistive
Capacitive Elements
Thermal (resistance, hence thermal

And

conductance) and thermal
capacitance are the two basic
elements of a thermal circuit in

general. The across variable which is
measured across an element is the
temperaturéd , and the through
variable which flows through the
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element is the heat flux that is the
heat flow rate .

3.1 Thermal Resistance R,,:

Thermal resistance is a
consequence of the fact that
temperature difference is required to
cause heat to flow. There are three
different thermal resistance effects
corresponding to the three modes of
heat transfer, conduction,
convection, and radiation. Thermal
resistance is obtained from the
constitutive relationship of the heat
transfer mode'[.

Fourier’s law for one-
dimensional heat conduction is given

by
g= Ak(

Where:

g = heat flow rate, kcal / sec

A= area normal to heat flow, m?
k =Thermal conductivity of the

detecting material, kcal / msec’c;
and L =Thickness

of that material, m.

We see that equation (1) is
analogous to Ohm's law in
electricity relating the across and
through variables for a resistance.
Hence, thermal resistance due to
conduction is defined
byR, =L/Ak. Heat transfer by
convection is described by Newton'’s
law of cooling as’{ ¥

q=Ah(T-T,) = Lol

1/ Ah ~
Where
h = convection coefficient of heat

(1)

T1 _Tz — T1 _Tz
L L/AK

(2)

transfer,kcal / m? sec’c
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The thermal resistance due to
convection is defined as
R, =1/ Ah.

The net heat flux by radiation
between two bodies at absolute

temperatures; and T, respectively,
is given by Stefan-Boltzmann law as
[1]:

q=0F F,AM'-T,))...... (3)
Where

o = Sefan — Boltzmannconstant

= 567x10°W/m*K*
F. = Emissivity factor,
F,, = Geometric view factor, and
A = Surface area of the firstbody.
(Noting that~, A = F,;A,).
To linearize equation (3), we
multiply and divide by(T, —T,) to
obtain
(M. -T,)
=oF_ F T -T/) 222
9=0F, Fe ACY ~T) 1)
.. (4
Then, thermal resistance due to
radiation is defined by

R, = 1 -T,) (5)
h

ok Fy, AJ.(T14 _T24)
Where the right hand side is
evaluated at equilibrium conditions.
3.2 Thermal Capacitance C,,

Just as an electrical capacitor can

store energy and a hydraulic
capacitor can store fluid, the thermal

capacitance C, of an object is
related to two physical properties;

mass and specific heat at constant
pressure:

C,, =mc;m=mass [kg],
¢ = specific heat [J/ °C.kg]
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Physically thermal capacitance is
related to the ability of a mass to
store heat, and describes how much
the temperature of the mass will rise
for a given addition of heat. If we
add heat at the ratgqJ/s for time

At and the resulting temperature rise

isSAT, then we can define the

thermal capacitance to be
_ heat added _ qAt

Cth - -

temperature rise AT

If the temperature rises from value
T at time t, to T, at timet;, then
we can write [3]:

T, -T, = AT (1)

1 ty 6
— t dt ..... ( )
¢ Jiaw
Or, in differential form,
dAT
. dt(t) —qt) )

4. Thermal System Dynamics

To describe the dynamics of a
thermal system, we write a
differential equation based on energy
balance. The difference between the
heat added to the mass by an external
source and the heat leaving the same
mass (by convection or conduction)
must be equal to the heat stored in
the massf? .

qin - qout = qstored """
An object is internally heated at the

rateq,, ; its temperature i§ and the
then

R is
h

thermal resistance of the system.
From energy balance [3]

T@)-T, dAT(t
6,022 =c, BT (g

ambient temperature Tg,
_T(O-T,

out —

:where
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Where the right hand side of (9)
represents the stored thermal energy.
Rearranging this equation according
to inputs and outputs, we get

dAT(H)  T()-T,

C =q,(t)(10

th dt Rh qln( )( )
or

dAT(t

RGn (;l;()"'AT(t):Rh G, () (11)
where AT =T(t)-T,. At steady
state, the rate of change of
temperature is zero, hence,
AT(0) =R, G, eoeeern (12)

Figure 2.Equivalent electrical circuit
of thermal system.
5. Thermal Detector M odel

From the previous principles, it is
easy now to sketch a thermal

detector prototype. Leq;,, be the

radiation heat flux flowing into an

element of a sensing thin metal
which blackened to absorb most of
the radiation incident upon it [4] and

J,: be the heat flux flowing out.

The difference(q,, —Q,,) is stored

by the element in the form of internal
energy. For the case of thermal

detector, the(,,can be represented

by the absorbed energy,, by the
detecting material. Therefore from
(8) and 9) we have:
dAT(t)
P, — =C,,— ......
abs q th dt

The right hand side of equation (13)
represents the stored or accumulated

out

thermal energy in the sensing
material of detector due
todAT (t)/dt which is the time

average of temperature change. The
thermal detector can be modeled by
a simple thermal circuit represented
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by heat sink which regarded to be at
a constant temperatufe sensing
element of heat or thermal

capacityC,, .Heat sink and detector
sensing element are connected via a
thermal link of heat conductanGg,

as shown in Fig. 3.

It is possible therefore to accept
the interpretation, that the capacitor
of thermal sensor is loaded from
current sourcesjP,, , induced by

heat flux absorbed by the sensor [ 4,
56].

The equivalent circuit in Figure 4
illustrates this interpretation.

Fig.3. Simplified model of a
thermal detector used to derive the
frequency response characteristics.
The incoming radiation raises the
sensing element temperature to
beT+AT. That is the time-
dependent temperature difference
between the detector and the heat
sink isAT(t) .

5. Mathematical Modelling of
Thermal Detector

From the black body concepts, the
rate at which the energy absorbed by
the inner mater of detector will equal
the rate at which it is emitted. In
many industrial applications,
transmission of radiation, such as
through a layer of water or a glass
plate, must be considered. For a
spectral component of irradiation,
portions may be reflected, absorbed,
and transmitted. It follows that

I:)in =,7ref.|:)in +,7abs.Pin +I7trans.Pin
From which
1:/7ref. +I73bs. +,7trans.

Where ,7ref.l,7abs. l’]trans. are
reflectivity, absorptivity,

the
and
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transmissivity respectively, of the
detector sensing layer surface.

In many engineering
applications, however, such as in the
case of thermal radiation detector
(TRD) model, the medium is opaque
to the incident radiation. Therefore,
Nyars. = 0and the remaining
absorption and reflection can be
treated as surface phenomenon. It is
therefore appropriate to say that the
irradiation is absorbed and reflected
by the surface, with relative

magnitudes  of 7,4 and

. depending on the wavelength
and the nature of the surface. So
(-7, ) represents the fraction of
reflected radiation[5].

In our model of thermal detector, we
will concern with absorbed heat in
the sensing material of detector. As
mentioned previously, the absorbed
heat isq,, which represents the input
heat of radiation quantity received by
the detector so that the temperature
of the sensing element Ts+ AT .
Therefore during the same interval of
time, the amount of heat lost through

thermal conductor isG, AT which

represents the output heat. To
transform these statements into a
mathematical model, we assume that

P,is the power of incident
radiation on the detector surface.

P, is the absorbed fraction
P
andy .. = Pa”s is the  optical

in

absorption efficiency( absorptivity)
or the fraction of the incident
radiation absorbed so that the

actually absorbed power 75 P,, .
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For simplicity, 7 will be used

instead ofr},, .
Applying equation (13), we obtain
that

ne, —G,AT =C, %Which

re-arranged to give the first-order
differential equation;

d(AT
Cin % +G, AT =B, (1) .(14)

where C, =cmis the thermal or

heat mass. Here p,,(t)is the

incident radiant power modulated at
angular frequency .
6. Thermal Detector Model
Solution

Solving (14) gives for the
amplitude of the excess temperature
and its phase difference
corresponding to the absorbed power
of incident radiation. There are three
approaches can be used to solve or
determine the temperature response
AT of the thermal detector.

6.1 Background noise
consideration
Taking the power P of

surroundings noise effect into
account and the corresponding noise

in temperaturdT, . Accordingly, we
assume that'f]

Po =P +P,e
AT = AT, + AT, /"9
Where ¢is the phase difference of

....(15)

AT fromP,. We see from above

assumptions thatP,and AT have

time independent components plus
time dependent components
modulated at angular frequenzcy

Substituting (15) and (16) into (14),
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we find at balance heat condition
that

nPe,

AT, =(— 12 _)el?....(17a)
Gy, + JwCy,
AT, =— 1% &0 ..(17b)
G,([+]aC,/G,)
5, Ry e ?..(17¢c)

“ " @+ jwCyR,)
= PRy o (17d)

1+ jory)
All these equations are the same.
From which we find that the

amplitude AT, of excess

temperature corresponding to the
absorption of 7P, of the incident

radiation is expressed by
P
AT&) = 2 ,7 > 24\1/2
(Gi + @’ Cy)
and also from which we find that the
phase differencez of AT, from

P

w

expressed by
p=tan (wC, /G,) ....... (19)

6.2 Neglecting background noise
effect

In this case no attention or care to
the noise effect of background
radiation, so (15) becomes:

F)in = Pa) ert
Rearranging (14) and substituting
(20) in it, we obtain

9 am+8oar="1 peia.... (21)

dt Cs, Cs,

Equation (21) is a first-order linear
differential one is analogous to the

w

standard forr%—?[/ + p(t)y =Q(t),

so to solve (21), we need to use the
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integrating  factor  which is
Gth Gth
ot 0t

eJ‘ p(t)dt - ej Cth - ecth

Multiplying both sides of (21) by the

integrating factor, we obtain

e E(A‘I’) + G AT | = e lee""‘
dt Ci Ci

Gy G G,
& 9+ Gopr=T peo
dt Gy h

Which can rewritten to be
Gy |, -
(20 + jw)t

=t ¢
i(ecm AT) :'7Pwecm
it Cy,

......... (24)
Integrati*ng both sides of (24) with
respect to t, we get

G G,
2 P (+j
ew AT=—Tw oo ™ 4¢

(G, + jwCy)

From which we find that
np,e*“
(G, + jwCy)
....... (25a)

Where c is a constant depending on
the boundary condition and

r, =C, /G, =C,R, is the time
constant of the thermal detector. The
value 1/7, is positive and large

AT =ce™/™ +

/1,
enough to ensure th&® decays
faster than any growth of c. The
solution (25a) is mathematically
equal to that concerning a dual RC-
circuit supplied by an angular
frequency generatet . It consists of
a transient term that rapidly
disappears and an oscillating term
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whose modulus AT, , then (25a)
becomes
AT = AT /"
Where the modulus magnitude is
given by
_ nP,
AT = -
© G, (Wt
Comparing Equations (26) and (18)
we find that they are the same.
Equation (26) represents the
temperature response of the thermal
detector.

6.3 TRD Transfer Function
concept:
The transfer function of a

device describes its output in terms
of its input. In this case the detector
output signal represents how it
responds to known inputs. The
transfer function can be expressed in
terms of either an equation or a
graph. For analog output of thermal
radiation detector, the transfer
function expresses the relationship
between the absorbed fraction
(input) of the incident radiation and a
temperature rise (output response).
Consideration Figure 4, we show
that thermal detector elements
include thermal capacitance and
conductance. They are connected in
parallel, so their equivalent value
represents the system transfer
function. Accordingly, the thermal

response is evaluated to be as follow

1 1
- X—— | 27)
_| JwCy Gy jwt (
AT =171 1 |7he
+ =
jwCy Gy
1 jot
AT=[_ }/7 P, e“....(28)
Gy, +jwCy,
jowt
ne.e" (29)

G, L+ jaR,Cy)
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From (29) we find that the
magnitude of thermal response is
ne
AT = w . (30)
Gth (1+ Cdz rtf‘l)l/2

Which coincides with the equations
(18) and (26).
7. Thermal Detector

Features

Equation (26) expresses the most
features of thermal detectors. From
which clearly it is advantageous to
make AT as large as possible. To do

this, thermal capacityC, of the

detector and its thermal coupling
G,, to its surroundings must be as
small as possible. This may be

achieved by using thin absorbing
element of small area (to

reduceC,,). This means that the

detector sensing material is
constructed as thin as possible to
minimize the heat capacity and
thereby bring about the most
desirable transient characteristics [7]
and also using a fine connecting wire
to the heat sink is desirable .
Equation (26) also shows that as

is increased, the term”CZ will
eventually exceed GZand then

AT will fall inversely witha. A
characteristic thermal response time

(thermal time constant) for the
detector can therefore defined as :
C
Ty, = —th = Cth Rh ...... (3 1)
Gth

where g - 1 is the thermal

th
resistance. See equations (17a-17d)
and (30). So for good response at a
modulation frequenci, it requires

that 7, <<l [8, 9]. That is the
w
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thermal time constant of the detector
must be much smaller than the time
period of modulation in order for the
detector to reach a steady state
temperature during each period [10].

Once C, has been fixed due to

size considerations, the@®,, cannot
be made too small because of
thermal resistancdR,, =1/G,, from

which small value of Gy, being

required for highest sensitivity, thus
it may be necessary to adopt a

compromise in the choice &, , see

(31). The value of G, also

determines the magnitude of the
temperature noise fluctuations.

8. Minimum Possible Value Of G,
Actually, the minimum value
of G, obtainable is when energy

exchange takes place by means of
radiative exchange only. Let the
thermal detector has a receiving area
A of emissivitye , then when it is in
thermal equilibrium  with its
surroundings, it will radiate a total
flux power proportional with:
detector receiving surface area,
surface emissivity, and forth power
of temperature; that follows the
Stefan-Boltzmann law [8, 11]

P=AsocT* ... (32)

where ois the Stefan-Boltzmann
constant. If radiant power exchange
is the dominant heat exchange

mechanism, thenG,is the first

derivative with respect to
temperature of the Stefan-Boltzmann
function; that is, the radiative
component of thermal conductance
of the detector due to radiation
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isc;RAD = lim AP _ dP, then from
aT-0AT  dT

Eq. (32), we obtain

Gpp =4A0T® L (33)

9. Temperature Response

Simulation And Results

Inspecting equation 26, it
reveals that all parameters are
constants except. which regarded
to be variable. So to investigate the
performance of TRD model and
accept its response, it is necessary to
assume false values of concerning
parameters. Let the absorption
factorn = 085, the power of

incident radiation flux i407° Watt ,
thermal conductance is
195x10°W/K , thermal capacity
is 310x10°W.secK , that is the
thermal time constant is
159%107°sec. Since we deal with

radiation in the case of thermal
detectors  which  already be
modulated at some range of

frequencies. So the frequencies can
regard to be represented by a vector
(range) of values. For simplicity, we

start from10°to end witHl0*Hz.
We have two plots; the first one is
the magnitude (amplitude) of
detector temperature change in micro
Kelvin. Since it is found that the
logarithmic characteristics of decibel
concept is convenient for expressing
the corner frequency which is
essential to determine the frequency
at which the detector start to
response to the incoming modulated
radiation. So in the second plot we
introduced the decibel unit of
measurement on the magnitude of
temperature change. Both plots are
plotted against the frequency. The
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curves are drawn on semi log graph
paper, using the log scale for
frequency and linear scale for
magnitude. From Figures 3 and 4, it
is found by simulation that the

operation of this model continues for
higher frequencies of incident

radiation. So, increasing the range of

frequency to attainl0°Hz, it is
found that the performance of our
model of thermal detector is true,
and we believe that this model is
continue to work until more values
of frequencies of incident radiation
in the case of the available of
computer of high speed and high
capacity of memory. Inspecting the
Figures, we see that the start point
value of temperature change
magnitude in micro Kelvin unit is
the same for figures 1 and 3 and also
true for figures 2 and 4 in the case of
decibel unit.

From Figures 2, and 4 we see
that the thermal detector is a device
that passes radiation of low
frequencies less than 1 Hz and
absorbs  radiation of  higher
frequencies. The region greater than
1 Hz is of high temperature change
which means that the detector
response is clear which can be read
either as current or voltage according
to the application or mode of
measurement.

10. Conclusions

The simulated Figures which
describe an proposed ideal thermal
radiation detector resulted in
investigation of TRD model allow us
to predict the basic static and
dynamic behaviour of thermal
detectors such as bolometer,
pyroelectric, thermopile, and others.

From Figures 2 and 4, it is clear
that thermal detector responds to any
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radiation which its frequency greater
than 1 Hz, that is, it is responds to
any wavelength radiation that is
absorbed. From inspecting the
logarithmic scale of measurement of
temperature change of TRD model ,
it clearly that this change portrays
the typical low pass characteristics in
which 1 Hz represents the cut-off

frequency.
The cut-off or corner frequency
results from the thermal time

constant according tof, =1/27m, .

Below the corner frequency, we see
that the temperature change attains a
saturation value in micro Kelvin
depending on the values of its
parameters which here found to be
nearly 435 micro KelvinfK)

according to the values assumed
above. Above the corner frequency,
the thermal detector, however, will
responds to show a good or quick
reaction with the incident radiation
which in other words absorbed by
detecting material. In the sense that
the thermal detector will detect the
incoming radiation and its response
will depends on the type of its
material or the type of the detector
used and also depends upon the

measurement mode and on the usage

of  preamplifiersFor a  high
responsivity and a high signal to
noise ratio, a high temperature
change AT is required, so the
radiation sensitive material must
characterized by high optical
absorption efficiencyy, low thermal

capacity C, . So the thickness of

detector sensing element has to be
very low. Compromises are
necessary between thermal capacity

and thermal conductand®,, to its
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surroundings( which is represented
according to TRD by a heat sink
with a given temperaturé ) because
the reduction inG, is opposed by
the increase of thermal time constant
Ty -
The temperature attained by
detector element is not only a
function of the radiant energy
absorbed, but is also dependent on
the convection losses to the
surroundings and conduction to the
fixtures. So, the convection losses
from the element may be reduced by
enclosing the detector in an
evacuated system with an
appropriate window for transmission
of the radiation.
References
[1] Frank Kreith & Mark S. Bohn.
Principles of heat transfer, fifth
edition, 1997.
[2] Katsuhiko Ogaata,”"Modern
Control Engineering”, 9 Edition,
2002.
[3] GIORGIO RIZONI. “Principles
and applications of Electrical
Engineering”, 2004.
[4] J. Jirmann, Int. J Infrared
Millimeter Waves 6, 1091 (1985).
[5]. S. J. Fraden, Handbook of
Modern sensors,"2 ed, NY: AIP
Press, 1997
[6] Andrsej Odon, “ PROCESSING
OF SIGNAL OF PYROELECTRIC
SENSOR IN LASER ENERGY
METER”, MEASUREMENT
SCIENCE REVIEW, Volume 1,
Number 1, 2001.
[7] J.P.HOLMAN “Experimental
Methods for Engineers”7e, third
reprint 2008.

[8] R. J. Keyes,” Optical and
Infrared  detectors”, Springer
Verlag, 1980.



Eng. & Tech. Journal, Vol.29, No.2, 2011 Thermal Radiation Detector
(TRD) Modeling

[9] Mario Petrizzelli and Luciano
Brunetti,”"Noise Analysis in
Bolometer detector for Microwave

power
measurements”, Acta cientifica
Venezolana, 54: 199-209,2003.
[10]. M.1. Flik, Z. M. Zhang and K.
E. Goodman, “Intrinsic
superconducting radiation
detector”, Appl. Phys. Lett.
62(22),31 May 1993.
[11] James E. Murguia, Prabha K.
Tedrow, Freeman D. Shepherd,
Darin Leahy, and Melanie M.
Weeks,“Performance analysis of a
thermionic  thermal detector at
400K,30K, and 200K”, SPIE
conference on Infrared technology
and applications XXV, April 1999
SPIE vol.3698.

332



Eng. & Tech. Journal, Vol.29, No.2, 2011

Thermal Radiation Detector
(TRD) Modeling

qout

Figure (1) Schematic of general

Thermal system
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Figure (2) Equivalent dectrical
circuit of thermal syste
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Power modulated
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Figure (3) Simplified model of a

thermal
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of Fig.3.

circuit of thermal detector model
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Temperature response with radiation frequency
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Figure 5. Temperature change in micro Kelvin against frequency for the
interval from 10°Hzto 10°Hz of Thermal radiation detector model.

Temperature response with radiation frequency
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Figure 6: The decibel concept introduced hereto determine the corner
frequency at 1 Hz (inter section point of dashed lines) at which the response of
thermal detector isstart. We see that the temperature changein (dB. Micro
Kevin) versusfrequency for the same parametersused ssimulating Fig.1.

334



. Journal, Vol.29, No.2 2011 Thermal Radiation Detector (TRD) M odeling

Temperature response with radiation frequency
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Figure 7: The temperature response versus frequency from 10°to 10°Hz.
You can comparewith Fig. 1 to seethe start points of the signal are the same.

Temperature response with radiation frequency
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Figure8: Thetemperature response when increasing the radiation frequency
in terms of decibel scale from which we seethat the corner frequency stays
fixed at 1Hz. Seethestart point of thesignal and ¢
omparewith Fig. 2.
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