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I. INTRODUCTION

The purpose of this report is twofold, We present our experim ental results on
the noise equivalent power (NEP) of the two color detector in order to give an
indication of the present status of this device, Secondly, based on our room
temperature measurements of the current noise power spectral density, we derive
expressions for the NEPs in both wavelength bands and use these NEPs to predict the -
performance of future detector configurations . The general operating principles
and the gross features of some possible practical implementations of- this detector
are given in Patent #3743995 .

The detector material is amorphous GeTe . The substrate is a SiO~ based glass
ribbon about 40 microns thick . Silver paint was used to bond the ribbon to the sub-
strate (Al) and the substrate in turn to the heat sink . The f ront sur Fpce of the -

ribbon and the back surface i~ nediate1y behind the detector , as well as a certain
perimeter of the ribbon around the detector were left exposed. Thermal relaxation 

-

took place, in the plane of the ribbon . The length of the thermal path to the heat
sink was about 1.5 ma in the present work. The detector area was a 10 by 10 mil.
square and the detector film thickness was 1600 A.

The noise equivalent power, NEP, was chosen as the basic figure of merit in -

both spectral ranges; A - 1.0 to 2.0 pm and A — 7.0 to 13.0 pa. In the next section
we show that at low frequencies the room temperature NEP may be written :

NEP (300 K) - ~~~ <}42> l/2/ 4~ 72 cf ,A)> l/2~ (1)

where C2 is a current noise constant, A is the detector area, d is the detector film
thickness, f is the operating frequency, 

~~ 
is the detector dark conductance, <,~2>11’2

is the incident root mean square (RNS) power density and &i(f,A) is the spatial
average differential photoconductance. In Eq. (1) we have used the fact that
current noise is the .a~or source of noise in this device. The equation sets the
stage for our approach to the analysis. In order to fully appreciate its implica-

tions we will consider the two spectral ranges separately. For a given detector

f material we mainly have to discuss the quantity <Ac2 (f

£
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II. The NEP.

* 
The root mean square RMS signal at the input of the preamplifier may be

written: 2 
~ A > 1/2 ,f

<v 2
>1’2 — I~~ R

’ 

/ 

(1 + (coc’R’)2)1”2 (2)

where I~~ is the DC drive current , R’ — [ l/R~ + J/Rs + l/R0] ;
RL R$ and R are the load resistance, detector resistance and preamplifier imput

H 0
resistance respectively. C is the shunt capacitance across R , and ~ = 2n f .

The total noise power in unit bandwidth at the input of the preamplifier. may be
written; <v2 >i/2 <‘J

~~~~
+<V 2N> ~

1/2 

= + (N.F.)2 ___ 

1/2

R I
~~

[ 1 + (omC’R ’) 2]~’~
2

where V~~ is the total 1015 noise voltage measured in bandwidth Af and VCN,VJN
are current and thermal noise voltages respectively, V is the detector volume, IC is
Boltzaann’s constant and T is the absolute temperature, R 1 

- R ’ +R~~ and(N. F~ is
the amplifier noise figure. The expression 1

~~
I
~ 

is a good approximation for the
observed drive current and frequency dependence of the current noise power spectral
density. The inverse dependence of current noise power on detector volume has also

4 been verified experimentally.
2

The noise equivalent power is defined as:
<V2 112 C 1 2

• NEP <H2> 112A 
(Af) 1~

’2 <v~ >
112 — <H2>”4’2A [

~ 
+ (N.F.)2 

I~~R] /
(4)

[(&l
2(f,A)>~

’2

I

1 K. P. Scbarnhorst , NSWC/WJL/TR 76-97.
~ Elem nts of Infrared Technology, G ner ation, Transmission and Detection ,

- 4 P. W . ICruse, L. D. t4cGlauchlin , R. B. t4cQuistan, (John Wiley 8 Sons , Inc., 1962) .
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In the 8.0 to 11.5 pm spectral range , Aa(f,A) is purely bolometric:

<Ac2(f,A)>h/2/a0 — 2

where E is the conductivity activation energy and AT(f,A) is the differential
temperature response. 3 In the 1.0 to 2.0 pm spectral range, M(f,A) is more complex.
It has a photoconductive and a thermal component:

<Ac (f,A)> /a0 ( pc + _-2 AT(f,A~) , where Aa
~~ 

is the (5)

fundamental photoconductance. \~ 
o KT q

Consider the dependence of Ac~(fA) on detector and substrate dimensions and on
frequency. It is well known that if interference effects are neglected, Ac

H cid pc
increases with decreasing detector film thickness;3Aapc ~ (1-c ) where a is the
absorption coefficient. When interference effects are included, the situation

becomes more complicated but one finds experimentally that the absorptance is maxi-

mized in both spectral ranges if the amorphous film is only a few thousand X thick.k

We also note that the photoconductive response is very fast, with submicrosecond
time constant and hence does not depend on f at frequencies of interest here (f~200
Hz).

The bolometric response at 8.0 to 11.5 pm was discussed in great detail else-

where.5 An extension of these calculations to a model which includes the thermal
properties of the bonding material is indicated in the appendix of this report as

a matter of interest. For the present purpose we only need to know that the res-

ponse is slow; of the order of hundreds of milliseconds for lateral substrate dimen-
sions of the order of millimeters and substrate thicknesses as in the example given

in the present work (40p). Suppose we approximate the time dependence of the

response by a single time constant , r. Then the temperature response is of the
form £T5t[1 

+ ((~)2]
_l/2 where AT5~ 

is the steady state response. In the frequency

range above a few Hz, e.g. 5 Hz, the amplitude of the signal received from the bob-

meter is therefore proportional to AT5t/rf. Now àT5t 
I where i~ is the thermal

- I $ Photoelectric Effects in Semiconductors, S. ti. Ryvkin (Consultants Bureau,
N. Y. , 1964) “

~ H. R. Riedi, private co.anication.
‘ K. P. Scharnhorst, NOLTR 72-184.

6
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conductance and T = where ~ is the heat capacitance of the boboirieter. If we

picture a square de~~ctor element with area 2,
2 and a square substrate with area

L2 ~(yL) 2, i.e. y > 1, then C = CDL2, where C is the heat capacity and D is the
substrate thickness. The detector thermal mass is assumed to be negligible with

respect to that of the substrate. The temperature response becomes:

B2
(d)H

AT (f ,A) 22nDL Cf
where B2(d) is the absorptance at 8.0 to 11.5 pm.

The thermal response in the 1.0 to 2.0 pm range differs somewhat from that at

8.0 to 11.5 pm because in the former range the film is the absorber whereas in the

latter the substrate is the absorber. Hence the film thickness enters the expression

for the absorptance in a different functional form. We need not calculate this

dependence explicitly however, since the size of the effect for fi lm thicknesses
of interest to us was determined experimentally in the present work. Rough estimates

of the response for other substrate dimensions may be obtained by scaling our

experimental results. We write:
B1(d)H

AT (f ,A)
2irDL~Cf

where B1 Cd) is the absorptance at 1.0 to 2.0 p .
Suppose we are detecting the RMS value of the fundamental component, < >~ of

the signal. Then:
<Aa2(f ,A)>~”2 <Ac2 >1/2 E 2 1’2

= 
PC + <AT (f~A)>~’ (6)a0

According to what has been said so far we can write for square wave chopped light:
<Aa2(f ,A)>~

”2 I~rAa~ + 

B(d)H E 1 (7) 
—

00 L ~o 2irDL2CfICT2J

where &,
st is the steady state photoconductive response and H0 is the peak to peak

incident radiant intensity. In the 8.0 to 11.5 pm spectral range, Aa~~ = o and

B(d) B2(d). Substituting back into Eq. (4) yields explicit expressions for the

• NEPs.

We are mainly interested in room temperature operation. At 300°K it is pos-
• sible to choose I~~ large enough to make therma l noise negligible with respect to

current noise. Hence the NEPs become:

7 4
’
~ — .

-J
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NEP (300°K) — 
H %

l~i! F~- -~ - 

HB 1(d)E 
(8)

A = 1-2p ° df [ a~ 2nfCDAy icr2j

NEP (300’lC) — A3’2 D 
f 

B2(d)E 1 -l (9)
A — 8-ll.Sp 

~2wfCy2KT2 ]
There are several points worth noting here. As the substrate volume is de-

creased, the thermal response will eventually dominate at A = 1.0 to 2.0 pm. The

response of the device will become completely bolometric in both spectral regions.

When this happens, both NEPs vary as A312 D. If the substrate dimensions are
large and the photoconductive response dominates at 1.0 to 2.0 pm, then the NEP in
that spectral range varies as A1’2. Also note that NEP (300 K) varies as

A = 8—Il.Spm

The question now arises if it is possible to improve two color operation e.g.

by cooling or by making a change in some other parameter. As was pointed out
previously, d can be chosen to optimize the absorptance at 1.6 pm and at 9.5 pm,
i.e. Ac and B Cd) can be maximized simultaneously. A good choice is d 2000A.

We also ~ote that 1/f noise contributes a factor of 4i~~
’in Eqs. (8) and (9).

Because of this factor the NEP will have a tendency to increase with decreasing d.

The temperature is the only other parameter to be considered for possible

improvements of performance. Before we can assess this effect however, we have to
add thermal noise in the expressions for the NEPs. The reason is that as the

temperature is lowered , the sample resistance increases rapidly, current flow
decreases and thermal noise becomes comparable with or larger than current noise.

As the temperature is lowered the photoconductive response quickly becomes larger
than the bolometric one and we have:

NEP cT) H0A 4 + (N.F.)2 
:~~R] 

~~~~~~~ B 

M
~~

RS 
(10)

NEP (T)—A2D i~4 + (N.F.) 2 4
~~ 

2
2 2 ] (11)

A—8-1l.Sp I
~~

R 2vrfCy icr
-. 

K. P. Scharnhorst, H. R. Riedl, NOLTR 72-196.
I
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In principle it is necessary to distinguish between two possible loading
conditions now; .RL 

<< R~ or RL = very large e.g. RL 
I(~. The latter condition is

unrealistic, however, since the noise figure of the preamplifier increases rapidly
with increasing circuit resistance at the extremely high (>10~(2) values contemplated

• here. An additional drawback is the increased sensitivity of the circuit to
mechanical vibrations, although with modern integrated cixcui~ technilogy this is
perhaps of lesser concern . When R << R , then - ~~~~ ; when R - R

- L S 
- I~~R V2R 

L S
o L

then ~~ — 8~(’~’1~ . Hence in either case the 1.0 to 2.0 pm NEP decreases with
I~~R

cooling and the 8.0 to 11.5 pm NEP increases with cooling. Only the short wave-
length, fundamental photoconductive performance may therefore be improved by means
of cooling. -

We have tacitly assumed in this discussion that C2, the bulk current noise
power constant is independent of temperature. It has been suggested1that C2 should
be inversely proportional to the free carrier density. Hence its temperature depen-
dence would be that of Rs which is exponential in lIT. This would not change the
essential conclusions just reached, as may be verified from Eqs. (10) and (11);
the 1.0 to 2.0 pm NEP would still decrease and the 8.0 to 11.5 pm NEP would still
increase with decreasing temperature, in fact faster than before. Some furthfr

reflections based on Eqs. (10) and (11) also reveal that the photoconductive NEP
begins to increase at tem eratures below 200° K where Mpc reaches a maximum if
the loading condition is such that RL <<R5. If RL R5, the photoconductive NEP
continues to decrease. The last two statements are true regardless of whether
C2 ~ R5 or whether C2 is independent of temperature.

It may be worthwhile to draw attention once more to the fact that the
relatively strong sensitivity of the bolometric NEPs to changes in substrate area

only holds when wt>l. The RMS value of the fundamental of AT is:
i ,,, 4J ’ B(d)AT H

<AT (f A)> ~“ ~~~~ 
St o

‘ F ~ +

As the substrate dimensions are decreased and t -
~~ 0, or in any case at very low

frequencies the bolometric response saturates and the NEPs, both at 1.0 to 2.0 pa

-• and at 8.0 to 11.5 pm, vary as A”2 (neglecting thermal noise).
‘ F. N. Hooge, Phys. Letters, A29, 139 (1969).

9
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In summary we have found that cooling the detector decreases (improves) the
1.0 to 2.0 pm NEP and, causes the photoconductive response to dominate in this spec-
tral range. Cooling increases the bolometric NEP however, thus diminishing the

usefulness of the device at 8.0 to 11.5 jim. On the other hand we found earlier
that decreasing the dimensions of the substrate enhances the bolometric performance

in favor of the photoconductive one. The complete expressions for the NEPs are:

IC A 2 4KTA2 1 1/2/1 &7st B (d) EH 
~NEP( T ) — H0 ~~ 

+ ~N.F.) 2 I 1 
~ 

PC + 
1 

2 2 1 (12)
A - l-2p I

~~
R ~ / o 2nfCDAy icr J

Ic A 2 4KTA21 1/2/1 B (d)E 1
NEP(T) = I~~? + (N P.) 2 I I I 2 

2 2 I - (13)
L I

~~
R ~J / L 2wfCDAy icr JA = 8 - ll.5p

Thus in order to decrease the NEPs in both spectral ranges one simply miniaturizes
the device. If it were desirable finally to bring out the fast photoconductive
response to some extent one would have to resort to cooling. Complete suppression

of the bolometric response at 1.0 to 2.0 urn without at the same time producing a

useless NEP at 8.0 to 11.5 pm is however impossible.

I

3
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III. EXPERIMENTAL RESULTS AND DISCUSSION 
-

• 1) General Remarks.

In addition to the particular -detector configuration under discussion in the

• present work, several other structures were explored and discarded because they

yielded lower responsivities. Thus thicker glass substrates or direct bonding to

the heat sink which yields a short thermal path perpendicular to the plane of the

detector gave considerably reduced responsivities. On the other hand changing bond-

ing material from silver paint to epoxy or changing the “heat sink” from aluminum

to fiber glass had no significant effect on the responsivity. The best results

j were obtained with the construction and mounting procedures reported in this work.

We also found that ambients had a strong effect on the detector resistance and

that an overlay of SiO~ stabilized this resistance. 
1 The performance of passivated

detectors has not been evaluated however.

2) The 8.0 to 11.5 pm Spectral Range.

In this spectral range the responsivity should be proportional to 1/f at

frequencies of interest here. This is roughly what we find, Figure 1. The NEP on

the other hand should increase with frequency as ~17, Figure 2, Eq. (9). Again

this is roughly what we find. The increase of the NEP at high frequencies with

decreising bias voltage is due to a decrease in the corner frequency for current 
- -

noise with decreasing bias current; at the higher frequencies and at low bias levels,

thermal noise predominates.

The spectral response of a detector on ribbon glass in the 7.0 to 13.0 pm

window is shown in Figure 3.

3) The l.0 to 2.0 pm Spectral Range.

In this part of the spectrum the detectors exhibit two very different speeds
of response. There is the fast fundamental photoconductive response and in addition

to this there is also the slow bolometric response. It is believed that the slow

• response is due to the energy transferred to the lattice as photoexcited carriers

recombine. This is therefore an internal thermal effect as distinguished from the

• induced thermal effect in the 8.0 to 11.5 pin spectral range. It is known that the

slow component can be attenuated very substantially by simply putting the amorphous

films on sapphire rather than glass substrates. In this way it is possible to

4 
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measure the fundamental response. But as far as the two color detector is concerned,
the slow response will always be present in the 1.0 to 2.0 pm spectral range because
low conductance SiO~_glass substrates are needed for the bolometric response at
9.5 pm.

As was pointed out in the previous section, the fast response has a submicro-
second time constant. Hence the corresponding responsivity is not a function of
frequency at low frequencies; certainly not in the range below a few hundred Hz,
which is of primary interest to us. The NEP for this part of the response there-
fore varies as l/tfr’Eq. (8). Because of the added slow response however, this
lAfbehavior is not observed, Figure 4. We find instead that the NEP remains
roughly constant between 5 and 100 Hz. Figure 5 shows the responsivity at A = 1.1

pm as a function of frequency. It is indeed a strongly decreasing function of
frequency below about 100 Hz, as expected from the superposition of fast and slow
components. At low frequencies the slow component is seen to be of overriding

importance. At high frequencies (f > 200 Hz) only the fast component remains.

At the higher frequencies, 1/f noise runs into thermal noise and the NEP has a
tendency to become truely independent of frequency . The improvement of the NEP at
high bias voltages in this frequency range is of course due to the increasing

corner frequency for current noise with increasing bias level.

The NEP throughout the entire 1.0 to 2.0 urn spectral range may in first
approximation be obtained from published data on the relative photoconductive
spectral response for fi lms on glass substrates, assuming that the relative contri-

— 

butions of fast and slow components do not depend strongly on wavelenRth. Between
A - 1.1 p and A = 1.6 pm the response decreases by a factor of three. This result

was obtained by means of thick films in which interference effects were negligible.
Films which are of interest for detector applications are relatively thin for seve-
ral reasons; the thermal mass of the film should be small for maximum response at

A — 9.5 pm and, as mentioned above, the absorbtance at 9.5 pm happens to be largest
for thin films . By placing the interference maximum for absorbtance properly, i.e.

-
, 

J by choosing the right film thickness, the drop in response at A - 1.6 pa may prob-
ably be coa~ensated to some extent.

‘ H. R. Ri.dl , K. P. Scharnhorst and D. C. Simons, Infrared Physics, 14, 139 (1974).

12
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4) Current Noise and the NEP.

When work on this particular phase of the two color detector project started,

it was clear that the only essential remaining question concerned the origins and
magnitude of the current noise of the device. Responsivities in both spectral

bands had already been studied extensively both experimentally and theoretically.

With respect to noise however not even its origin was known with certainty let alone

its magnitude, drive current and spectral dependence and its dependence on the

dimensions of the sample. A major effort therefore went into clearing up this

problem. The details of our findings were presented elsewhere.1 In this section
we give a brief account of the results.

The total noise voltage of the particular detector under discussion here is

shown in Figure 6. It is evident that the major noise component in this device is -

current noise. We established - however that it was possible to make practically

noise free electrodes and we also found that the remaining bulk generated current

noise power density could be expressed in the form :

= C~I~~/f 8 (14)

where 8 and ~ are constants near 1.0 and 2.0 respectively over certain ranges of
frequencies and currents, Figures 7 and 8. We established that C0 was equal to

C2/V and that the value of C2 is about 2.4 x lO
20 cm3Hz8~~ in a-GeTe. It is of

course precisely this detailed evaluation of the current noise power spectral

density which enabled us to analyze the noise equivalent power .

In terms of the “Microvolts-per-Volt” Index ~ , y , ~or resistors we have:( 12 ( V QiV)df
Y =  20 log10 < 10 I 2

( J decade [I
~~

Rs]

4 where V~~OiV) is the open circuit RMS current noise voltage per unit bandwidth.
Hence: —

r -8•5.S3 x lOY(a-GeTe) = 10 log10 I
L~~

(cm )
For a square resistor element, 1 pm thick and 10 mils (250 pm) on a side, one has
y = -0.53 db/decade or 0.94 pV/(Y,lt decade). If the dimensions are increased to

2.5 mm on the edge, we find y -—20.53 db/decade or 0.094 iN/Volt decade. The

‘ C. 1. Conrad Jr., N. Newman, A. P. Stansbury, IRE Trans. on Comp . Parts, CP-7, 1 -

- 
- 

(1960).
13
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noise figure (index) for the large-area resistor is in fact excellent. These

resistors have a value of 30 M~ at room temperature.

The inverse volume dependence of C0 leads to the ~~~~~~~~~~~~~ of the bob-
metric NEP on detector area. Knowing the dimensional dependences of the NEPs and

the results for the 10 x 10 mil detector discussed in this report we c-an establish

the NEPs for other detector dimensions. Such estimates should start with NEPs

which are about a factor of 1.7 lower than the ones shown in the Figures since
some contact noise was present in the detectors discussed here. It is apparent
from Eqs. (8) and (9), Section I that if suff iciently thin and self supporting
substrates are produced and if in addition the detector dimensions are reduced,

imporved NEPs may be obtained. An elegant way of achieving this volume reduction
of the detector is of course via the use of an evaporated or thermally grown SiOx
membrane on a crystalline Si-substrate-frame, as described in detail elsewhere.’°

10 Patent Disclosure INC 60425, R. F. Greene and K. P. Scharnhorst
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IV. APPENDIX

In this section we quote the ~~~~~~ function for a certain two dimensional

heat conduction problem more or less as a matter of general interest. This function -

may be used to estimate the effect of the thermal conductance of the bonding

material on the bobometric response of the two color detector in both spectral

ranges. The solution to this problem was not actually applied, however, because
the bonding material was expected to have only a minor influence on the performance

characteristics of this particular detector.

A schematic of the model is shown in Figure 9. Our method of solution follows
closely that given in standard textbooks on conduction of heat in solids.’1 One

takes the Laplace transform of the relevant heat conduction equations, solves the

equations in transform space and takes the inverse transform to arrive at the

Green ’s function. The inverse transform leads to a contour integral in complex

transform space and to the problem of finding the residues of the integrand. In

the present case the residues are related to the roots of a transcendental equation.

— The equation may easily be solved with the aid of an electronic computer.

The Green’s function for this problem, i.e. the temperature response to unit

instanteneous point sources at time t - 0 and at (x,y) = (±x ,y) is:

a~~x~ A

Gx ,y 1 t) 2Z  ~~~co hy)c~~ %) ~~~~~~~~ ÷~
)]

~ 
~cos ~x0] th L(~-x)4(~~ ~~~~~~~~~~~ L(. J

i i 
•

~ Conduction of Heat in Sol ids, H. S. Carslaw and J. C. Jaeger (Oxford at the

- 

.

— Clarendon Press , 1959).

H is
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X0~~~
)(
~~~*. -

G(x,y,~) ~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

cosq~ n R_x)]/Ki ~~mn ~~~DJp 
~~~~~~~~ +‘3~

] }
O4) ~4X 0

Q(x,-y1 t) ~~~~ cos( c,nY) ~ S(~ )~~xp[-~ ‘~c, ~~~~~~ 
÷c1?~ )J

same as for x0 < x < a , exceptx ’- ’  x0
- The following definitions of symbols were used:

D(p) = [ K2 Q~ 
cosh(i.~o.,,~ cosh (aQIh) +K1sinh(~Q~)

s1hh(aQ1~)J , ~‘iher~ Q~ f[p/~~~ ÷q~

Q~n ~~P/k~L ~ ~ 
K1, a/CC / ~ (A —a )

ancL (3n ~~(nrr/b) .

The roots are determined by the equation:

1Re~~~mn/~~~~~~n ~~~ ~i2/h~
) ]  ( f ~~ ÷~~~- ~2/~;i~)

+an(~n~ a) 1 w~+h R0~~(k,/~~ cl r) d.

K24 K1
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FIGURE CAPTIONS

1. The responsivity as a function of frequency in the 8.0 to 11.5 pm spectral
range. The source was a blackbody at I = 500 K. An 8.0 to 11.5 pm filter was

- used to define the spectrum of inc ident radiation.
t I

2. The noise equivalent power in the 8.0 to 11.5 pm spectral range. The source
was a blackbody at 500°K. An 8.0 to 11.5 pm filter was used to define the
spectrum of incident radiation.

3. The relative spectral response in the 6.5 to 13.5 pm spectral range. A Perkin
Elmer Model 12B spectrometer with a NaC1 prism was used for this measurement.

4. The noise equivalent power as a function of frequency at A = 1.1 pm.

5. The responsivity as a function of frequency at A = 1.1 pm.

6. The noise voltage at different bias levels, V (Volts), as a function of
frequency. The load resistance was 2.6 P42 and RL 

<< R5.

7. The current noise power spectral density of a-GeTe as a function of the applied
current at f = 10Hz .

0- Chromium electrodes
~~~~~~~

- Gold electrodes
— 

Q- Molybdenum electrodes

- - 
- 8. The current noise power spectral density of a-GeTe as a function of frequency.

- (~~~~
- Cnromium Electrodes

(>_ Cold electrodes -

0- Molybdenum electrodes

9. A schematic of the two dimensional heat conduction problem considered in the
appendix. Thermal conductivities, specific heats and densities are indicated
by K

1 2’ C1 2 and ~1 2 
respectively. The solution given in the present work

assum~s p1C1 = p
2
C
2
. Two unit instantaneous point sources at t = 0 are located

symmetrically at (x,y) = (± x , y ). Boundary conditions are as shown next to
the arrows . 0 0

0

a
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‘1 FIG. 1 THE RESPONSIVITY IN THE 8.0 1011.5Mm SPECTRAL RANGE
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FIG. 2 THE NOISE EQUIVALENT POWER IN THE 8.0 10 11.5~lm OPECTRAL RANGE
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FIG. 3 THE RELATIVE SPECTRAL RESPONSE IN THE 6.5 TO 13.Spm SPECTRAL RANGE
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FIG. 4 THE NOISE EQUIVALENT POWER AS A FUNCTION OF FREQUENCY AT A •1.lpm 
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FIG. 6 THE NOISE VOLTAGE AS A FUNCTION OF FREQUENCY
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I - ~~~~~~G=0

k2 K1 C1, P~
- -k~ 
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Ca C2
6=0 p- p ; 
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FIG . 9 SCHEMATIC OF A HEAT CONDUCTION PROBLEM
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