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F”ALUATION —

This effort demonstrated the feasibility of adapting the pyrnelectric

capab ility of  a polymer film material to an T~ detector. The specific film,

polvvirtvlidene fluoride, is an inexpensive rugged material which offers promise

of yielding low cost, low powered, and reliable IT’ detectors. The work was

nerforrted in support of the Base and Installation Security System (P155) pro—

rrar’ as a continuing effort to provide improved transducers for physical

security sensors. The results of this work will be submitted to the PTSSPO

• as a candidate  e f f o r t  for further pursuit in advanced development as a part of

thei r  overall imaging work .

&~~t4/~~~~ 
C~~~~~~L1Z~~
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I. INTRODUCTION

Intrusion detection and perimeter surveillance systems have been
under development and app lied by the military services for more than
fifteen years. The earliest of these systems were passive line or
point sensors utilizing conventional transducers (geophones, micro-
phone s, photoelectric devices, magnetic induction loops, pressure detec-
tors, etc.) and simplified electronic designs. In general, these systems
were developed for specific military field requirements and performed
successfully under idealized or controlled application environments.
However, false alarm disturbances experienced with these systems under
more arbitrary and extreme environments indicated the need for continued
development of improved sensors and detection system teLtlniques . As
a result of such continued development efforts , largely applied during
the late 1960’s and continuing to the present , more advanced intrusion
detection systems evolved to take advantage of unique intrusion target
signal signatures in more sophisticated signal processors to discri—
minat.~ intrusion events from false alarms caused by localized na tural
environmental phenomena and cultural noise. These efforts led to the
use of combinations of dissimilar target detection systems brought
together with logic alarm decision circuits to identify intrusion
signals . This type of signal analysis is an effective means of reducing
false alarms . The more recent development efforts have been aimed at
refining the target detecting transducers and developing new and
improved transducer technology for intrusion monitoring applications.

To a very large extent, the investigation and development of
advanced transducer technology for security systems has been fostered
by the Base and Installation Security Systems (BISS) Tn —Service Program

- - under the primary cognizance of the U.S. Air Force. These efforts
have included surveys of fundamental transducer phenomena and physical
processes, merit analyses of transducer mechanisms , selection of new
transducer concepts , explora tory device research, and feasibility
analyses of promising transducer techniques. The objectives of the
research reported here were to provide an extension of the foregoing
study efforts and was aimed at:

The development of practical intrusion detection operational
concepts and applications based on the py~oelectr1c and
piezoelectric properties of polyvinylidene flouride film.

The updating of the state—of—the—art survey of transducer
mechanisms, ma ter ials , and devices as encompassed by pre—
vious efforts. The results of this survey are being
published under separate cover.

Security systems for military bases and government assets have
been selectively applied in several forms with success under BISS pro—
gram guidance. The present state—of--the—art limitations in technical

1
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system performance and implementation costs still present obstacles
to be overcome in providing more efficient and reliable intrusion
monitor ing capabilities , in extending such coverage to a larger diversity
of assets, and in expanding the number and types of bases and installa-
tions protected. These limitations have led to the philosophy and
current BISS program emphasis of applying present—day intrusion detec tion
systems in the most practical and cost—effective applications possible,
namely, In pro tec ting high value assets, and in undertaking exploratory
and advanced development programs which will ultimately yield more cost—
effective systems for wider spread use. The transducer development
studies and operational concepts which are reported here were directed
towards the BISS program emphasis and plan.

2
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II. TECHNICAL DISCUSSION

Previous studies of transducer m~ch~nisms, materials and devices
for intrusion detection applications~ 1-’”3’ have identified and
evaluated a number of potential transducer concepts for possible use
in advanced security systems. The relative merits of these various
techniques were established on the basis of their suitability for appro-
priate security monitoring applications , sensitivity to targets ,
operational limitations , potential problems , size and cost. The most
promising techniques were selected for detailed investigation and/or
experimental testing. From this work, the most successful results have
been obtained with the pyroelectric polymer film Polyvinylidene Flouride
(PVF2) as a long wavelength room temperature infrared detector. PVF2
film also has a piezoelectric sensitivity and as such has potential as
an acoustic detector. In this regard , the pyroelectric and piezoelectr ic
sensitivities of the polymer film make possible its use as a multi—
mode , multi—purpose device. This section will discuss the general theory
of pyroelectric and piezoelectric detectors .

A. ~yroelectric Detectors

A limiting factor in the usefulness of any pyroelectric
sensor is its signal—to—noise ratio . A commonly used expression of
signal—to—noise ratio for a pyroelectric detector is its noise equiva-
lent power

NEP _
~
L_ (1)

S/N

where W is the quantity of incident power required to produce a unity
signal—to—noise ratio . If A is the active area of the detector and H
the irradiance , W may be written as

W = H A  (2)

Substituting this relationship into equation (1) gives

NEP~~~~~~ (3)
S/N

It can be seen from equation (3) that the NEP is a function of the signal
amplifier bandwidth as well as the detector area. To account for these
two effects the NE? may be normalized by dividing by the square root
of the produc t of the detector area and the bandvidt1i,t~ f, of the signal
amplifier. The reciprocal of the expression is designated as the
normalized detectivity D* (4). That is,

D* = (At~ f)
1’2/NEP

= (S/N) [(AAf)h/2/WI (4)

3 
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The dependence of D* upon the charac ter i s t ics  of the
thin film detector configuration will be derived In the discussion —

which follows .

The defining equation for the pyroelectric effect Is

= pt~T (5)

where ~P is the change in surface charge density produced by a temper-
ature charge i~T. The proportionality constant p is defined as the
pyroelectric coefficient. The total change in surface charge t~Q is
the product of iW and the transducer surface area A. The net current
flow through the transducer is the time rate of change of the total
surface charge , i.e.,

I L (t~.Q)
dt

= Ap L (Lx T) (6)
dt

In addition, the heat flow into the transducer element and the rate of
heat energy storage within the transducer element are related to the
quantity of absorbed energy by a statement of conservation of energy :

C -4--- (L,~T) + GLxT = nRA (7)
dt

where :

C = therma l mass of the transducer;
G = thermal conductance of the transducer;
A = area of the transducer;
H = power density of incident radiation energy ; and

efficiency with which the incident energy is absorbed

Any form of time variation may be analyzed by performing a Fourier
transformation on each relation involved and examining the equations
as functions of frequency . The corresponding amplitudes of each
variable are represented as phasors , and the variation eJWt is always
assumed but not expressed. Equations (6) and (7) are transformed
into

I(w) jwp E~T(w) (7)

and juCi~T(~ ) + Gt~T(w) = pH(~ )A , (8)

where the barred symbols denote complex quantities. Equation (8)
may be factored and solved for the quantity AT(w)

4
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= r~H ( L ~)A
C + jwC

..f ri\ r~
(
~~

)A 1
~G) Li + j~ C/c J (9)

For the case where the excitation frequency is much higher than the
thermal relaxation rate , i.e., ej >> C/C,

z~T(w) ~~r. H(w)A. (10)
jwC

Since the thermal mass, C, of the film configuration is

C cpdA (11)

whe re:

c = specific heat of the sensor;
p = density of the sensor; and
d = thickness of the sensor element ,

then the temperature change in the film is

A T (w) = ~H(w)

jwcpd (12)

Equation (12) may be substituted i n t o  Equation (7) to obtain

1(w) P’:H A

cpd (13)

The voltage produced across the sensor element is the product  of
the sensor impedance and current flowing through it. That is,

V(w) = I ( w ) Z ( w )

= PflH(Uf)AZ(w) (14)
cpd

The noise effective power (NET’) of a detector is defined as the
incident power necessary to produce a signal—to—noise ratio of unity .
Rewriting equation (3) to show the frequency dependence gives

NEP = ~H(w)IA (15)

~ V(w) j /N (w)

5
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in which the Johnson noise voltage N( ), of the device is

N(w) = [4kT f~Z(~j)j
2/RJl/2 (16)

where :

k = Boltzmann ’s constant;
T = operating temperature in degrees Kelvin;
Al = eftiect ive noise bandwidth of the associated

amp lifier; and
R = series equivalent resistance of the sensor.

Therefore, combining Equations (14) through (16), the noise e f f e c t i v e
power of the device becomes

~~ ~~~~~~ 1/2 [~~1 (17)
L R J  Lp~J

The series equivalent resistance , R , of the transducer is

R = _J___

cYA/d

= ______

wctan6 (18)

where:

a = conductivity of the sensor element;
c = dielectric constant of the sensor elements; and

tan5 = loss tangent of the sensor element .

wE
Combining Equations (17) and (18) yields the final form

NEP = ~~~ 4KTAAfd~ Etan6)
1-/2 (19)

pn

To account for the effects of noise contribution from the
t ransducer area and the noise equi lvalent bandw idth of the associated
ampl i f ie r , a normalized de tec t iv i ty  (see equation 4) is defined as

D*~ (Anf)l/2/NEP

~~~~~ 11/2= 1?n j ‘ I LL I
cp Ldwctanj L4KT J (20)

6
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This formul.~tion is b~iscd only on the assumption that the
co(ju latiorl frequency w is much larger than the thermal relaxation fre-
quency (assumed to be about 1 Hz by previous investigators).

All  parameters except r~ , w , k, T and p are influenced by
the film type and the manufacturing process of the film. The conver-
sion efficiency and modulation frequency parameters can be designed and
optimized for a given application -it the time of detector assembly
design . Equation (20) also shows that D* may be increased by decreasing
the operating temperature of the device which for the transducers
suggested in this work , is not very practical. The density of the film
is an intrinsic parameter which cannot be controlled to any significant
degree.

Other investigators have done PVF2 parametric studi~~ as
suggested by eguation (20). The data reported by Bergman et. al. / and
Glass e t .  al . (b) demonstrates the pyroelectric coefficient , p ,  is inver-
sely proportional to the film thickness. Consequently, very thin films
of PVF2 are desirable for maximum transducer detectivity.

(-7)
Peterlin and Elwell performed a series of measurements

to determine the dielectric constant , t ,  and the dielectric dissipation
factor of rolled and unrolled PVF2. The measurements were made as
functions of temperature and frequency. The results demonstrated that
the process of rolling PVF2 produced a very significant change in the
dielectric parameter dependence on temperature and frequency . Other
studies have shown a dramatic decrease in the specific heat , c, of cold
drawn samples of semicrystailine polymer samples (8). The above expres—
sion for D* indicates that a significant decrease in specific heat
produces a correspondingly significant increase in normalized detectivity.

The thickness , d , of the PVF2 film is the most direc tly
controllable variable duri~~ manufacturing and post— m-~nufacture proces-
sing . In addition to the explicit cependence on film thickness, as
given in Equation (20), the therma l mass and hence the pyroelectric
coeff icient is seen to be inversely deperdent upon the film thickness.

The absorpt ion efficiency,~~, is strongly influenced by the
choice of material for the detector electrodes . The electrodes should
be chosen for the highest possThle absorption efficiency while main-
taining ease and permanence of electrica attachment , and negligible
electrode resistance (compared to the film resistance). The electrode
on the incident face should be chosen to be absorptive and/or transparent
for  the wavelength range of interest and the transmissivity of the other
electrodes should be minimized for the wavelength range of interest.

Equation (20) also indicates that the normalized detectivity
is proportional to the reciprocal of the square root of the modulating

7 
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frequency,c~i . The experimental measurements made by Phelan et. ~~~~~
demonstrate this frequency dependence. Consequently, the lowest
modulation frequency consistent with the observation of moving targets
is desirable.

In addition to the exp licit dependence on temperature , the
dielectric properties tan~ and c are known to be functions of tempera—
ture (7), and the remaining material parameters are expected to also
have a slight dependence on operating temperature . Since an increase
in temperature leads to a deterioration of detectivity, and device
cooling is assumed not to be feasible , the detectivity will be greatest
whenever the heat generated by the associated electronics is isolated
from the detector. This requires adequate thermal insulation between
the electronics and the transducer surface, and requires design atten-
tion to provide adequate external heat sinking of the power dissipated
within the electronics.

B. Piezoelectric Detectors

Many materials will display a charge on their surface after
being mechanically manipulated or after exposure to an electric field
or radiation. In general the charge will disappear after the cause
is removed. In dielectrics , however , the material remains charged
and as such is referred to as an electret.

Some electrets , of which PVF2 is one , have the property of
being both piezoelectric and pyroelectric. PVF2 more specifically is
referred to as a thermoelectret since it is sensitized by applying a
high electric field at elevated temperatures. Electrets are commer-
cially available as made from materials such as Mylar or Teflon.
Nevertheless , the PVF2 films show the largest piezoelectric effect
known in polymers. The other characteristics which PVF2 has which
are not shared by the other materials are: (1) Elements with a large
surface area and extremely thin cross section can be produced , (2) the
film is highly flexible and light weight; and (3) it has an extremely
large g—constant or stress constant.

The electromechanical constants commonly employed in
characterizing the piezoelectric properties of the films are the strain
constant d and stress constant g. For each of these, the directions
of field , and stress or strain are indicated by two subscripts. The
first subscript indicates the direction of the electric field and the
second subscript indicates the direction of stress or strain.

The d constants express the ratio of strain developed
along a specified axis to the field appl ied parallel to a specified
axis , when all external stresses are constant. The d constants also
express the ratio of short circuit charge per unit area of electrode
which flows between connected electrodes which are perpendicular to a

8 
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specified axis, to the stress app lied along a specified axis , when a l l
other external stresses are constant. For examp le , if a frame of
reference as shown in Figure 1 is used , then d31 denotes the ratio of

/~y
-0

Figure 1. Reference Coordinates for
Piezoelectric Element

strain in the direction to the field applied in the 3 direction when
the piezoelectric material is free in all directions . The coefficient

• d31 also denotes the ratio of charge per circuit area of electrode
which flows between electrodes which are perpendicular to the 3 axis

I and connected together , to the stress applied in the I direction , when
the material is free of external stresses in all other directions ,

The g constants express the ratio of field developed
along a specified axis to the stress applied along a specified axis when
all other external stresses are constant . The g constants also express
the ratio of strain developed along a specified axis to the electric
charge per unit area of electrode applied to electrodes which are
perpend icular to a specified axis. For example ~33 deno tes the ra tio
of field developed in the 3 direction to stress applied in the 3 direc-
tion when all other external stresses are zero. It also denotes the
ratio of strain developed in the 3 directions to the charge per unit
area of electrode appl ied to elec trodes on faces perpendicular to the
3 axis.

9
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III. RESULTS OF PVF2 FILM STUDIES

A. Py roe l ec t r i c  Film Mater ia ls

Samples of polyvinylidene flouride film (PVF2) were obtained
from several manufacturers and used in various phases of this work.
For the data reported in ~his report , however, all films were supplied
by the Kureha Corporation . The manufac turer ’s intended use for these
films is as the dielectric in capacitors . As such , the quality control
is better than other commercially available films whose intended use
is applications such as packaging. Defects which may be found in
films include bubbles , pinholes , imbedded foreign particles , gouges
and scratches. The films used in this work were obtained in thicknesses
of 6, 9, and 12 pm. Data from Kureha gives the pinholes density as
0.1/ft.2 for the 9 and 12 pm film. At 6 pm, this factor increases to
0.5/ft .2. Some of the general properties of these films are given in
Table I.

Table I
General Properties of PVF2 Film

Property Value Unit Remarks

)ensity 1.8 gui/cm3

Jater absorption 0.03 % 40°C, 90% RH
lelting point 180

1 
C

Tolume Resistivity 10 ohm cm
)ielectric Constant 11.0 22°C, 60Hz
Dissipation Factor 0.012 22°C, 60Hz
LBreakdown Voltage 6.5 KV (DC) 12 m film, 25°C

Polyvinylidene flouride film is chemically resistant
to mos t inorganic acids, orga nic acid s, alkaline materials, salts
and oils at 25°C. A few organic solvents such as dioxane , acetone and
monoethanolamine will react with the film in this temperature range .

The films were configured with metal electrodes , the choice
of which will be discussed in a following section . Two mask assem-
blies were constructed for use in the vacuum depositions chamber.

*Kreha Corporation of America
420 Lexington Avenue
New York, New York 10017

10 
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B. Vacuum Deposit i n ~~~~~ ni ues

The •h:Is k used in cV a )O ra  t ing 2 . 5  cm (a  • m - t  cr) ~- 1 c - c ~ 1

ur the  ~i i  i~~1c—e l em e n t — d e t e c t o r  ( SEL )  i a  shown • umf . ic~ ( a f t
an evapora t  ion) in Fi gu re 2.  The aluminum h u i  dc- i was d a s i~~ac~ ror th~
ta~)ri ation uf 4 elements on a sia~: I t -  ph-ce  o t  f i l m .  l O c  I l icci~~,f l L c d~
support for the mask was designed to allow i t  to be flipped 180° during
the deposition procedure. Figure 3 shows the mask assembly moun ted
in the  vacuum chamber as used for film preparation. 1yp ic~J vacuum
levels used were 5 x lO 5mmHg or less. To prevent excessive heat from
m e l t i n g  the  f i l m  dur ing  the evaporation process , the filament was
located 32 cm from the evaporation filament . With this type of holder
and spacing , onl y metals  w i t h  bo i l ing  points equal to or lower than
aluminum could be evaporated wi thou t  destroying the f i l m .

The thickness of the evaporated f i lm was monitored by a
crys ta l  de tec tor  placed in close proximity to the f i l m . The c rys t a l
is an i n t eg ra l  par t  of the  d ig i ta l  measurement/display ur.it (Sloan
Model DTM—20 0 ) which provides for  in—process measurement of vacuum--
deposited thin films . The thickness of the deposited films is calcu-
lated by measuring the change in period resulting from deposition of
material on the sensor crystal. The signal processing unit computes
and displays in Angstroms the equivalent film thickness with a reso—
lution of 1 A ° over the range used in this work.

The work represented here was, for the most part , directed
towards the desi gn , f ab r i ca t ion  and tes t ing  of 2 d i f f e r e n t  types of
pyroelectric detectors . One type , the SEL has already been mentioned .
A second design , the m u l t i — e l e m e n t — d e t e c t o r  (MEL) was directed towards
the development of an i n f r a red  imager. For the MEL , a d i f f e r e n t
holder  was designed for  the vacuum deposition of the f i lm electrodes .
For these de tec tors , an a t t empt  was made to use nickel as the elec—
t rodes .  Because of the higher boil ing point of nickel , the holder was
designed to provide for the heat sinking function and the evaporation
filament was elevated above the film holder with a solid piece of
aluminum on the under side of the film . A thin stainless steel mask
was used to form the desired pattern on the surface of the film.

C. Electrode Pr~~ erties and Effects

The type of electrode to be applied to the PVF 2 I i  im na~ t t
be designed s p e c i f i c a l l y  fo r  the app l i c a t i o n  of the de t ec to r  elemeuL .
For a pyroelectric transducer , the IR properties of the electrodes auc
be designed to m a x i m i z e  the p y r o e l e ct r i c  ci f f i c i e n t  of tLe  t r a a s—
d u c - r .  In p r io r  pyroe lec t r ic  work with l’Vi~-, flim s , vario’~; m e t a l s
(— ,~~,9,l0) such as nickel , a luminum and ~o d  have been app li ed  in thick--
re~ ses from a few tens to several thousand Angstroms . E1ec~ rodea Icr
piezoelectric transducers of PVF 2 film require , on ti~ other hand , ii -,r~-
ruggedness and flexibility and less consideration for thc r inl properties.

L ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The following paragraphs will discuss the design tradeoffs in select-
ing electrode materials and thickness for the applications .

The primary purpose of the metallic electrodes in both
pyroelectric and piezoelectric detectors is to be an electrical con-
ductor for the generated signal. For the pyroelectric detector ,
however , one of these coatings must have the property of being optically
transmissive or conductive in the spectral range of interest. This
absorp t ion  b y the  e lectrode or the  f i l m  is des i rable  to convert the
r a d i a n t  energy ( i .e .  the signal) into hea t and thus raise the temperature
of the  p y r o e l e ct r ic  film . The rear coat ing or e lectrode must be ei ther
absorptive or reflective but certainl y not transparent. Another
factor to consider in the  a p p l i cat i o n  of the electrodes Is the thermal
capacitance in the detector element in order to maximize the tempera-
ture change for given amount of incident radiant energy . To summarize,
the design goals for  the e lec t rodes  are

• Minimum thermal capacitance
• High absorption in the spectral range of interest
• E lec t r i ca l ly conductive

Other f ac to rs  which mus t be considered in the application
of the electrodes is the cost , the repeatability and the reliability
of the process used in fabricating them . It is desirable that the
procedure tha t produces these coatings be s t r a igh t fo rward  and the
results  reproducible .  Because of the intended use of the detector
element in widel y varying environmental  cond it ions , the durability
of the coating and ease of handl ing become f ac to r s  for  considerat ion.
The environmental  conditions to which the detector is subjected include
the high temperatures (90° to 110° C) used dur ing  the poling process.

The requirement that the electrodes be e l ec t r i ca l ly conduc—
t i v e  is included in the design goals to insure that the generated
signal can be coupled to signal conditioning circuitry with minimum
loss. This goal is met by designing the electrode to be low in impe—
dance re la t ive  to the source.  Since the source impedance of the -

pyroelectr ic  f i lms is extremely high , this requirement is not as
s t r ingen t  as might be expected.

As mentioned above , gold , nickel and aluminum are some
of the metals  which have been used as electrodes on PVF2 films .
Gold black having an absorptivity of 0.95 or greater is the most
des i rable  e lec t rode  to achieve maximum sensitivity in an infrared
pyroe l ec t r i c  de t ec to r .  Of the choices avai lable , it is also the
most difficult to fabricate and the most fragile. For these reasons,
no attempt was made to use gold black in this work . 

---- --- -~~~~~~~~~~~~~-



If the film element is opaque over the optical wavelengths
of interest , then the absorption of the signal does not necessarily
need to occur in the electrodes. As wil l  be shown , PVF 2 f i lms do
have a high degree of absorbance in the regions of interest. Thus , it
is possible to use front side electrodes on the detector which are good
electrical conductors but not ideal absorbers of radiation. Nicke l is
one of the metals which falls into this category with an absorption
coefficient of 0.6 to 0.7 in the spectral band of interest. By making
the coating thin enough , it will be only partially reflective and a
large percentage of the incident radiation will therefore be either
absorbed in the electrode or transmitted to the film to be absorbed ,
resulting in a detector whose efficiency is close to that obtainable
by using gold black. Aluminum electrodes are another choice giving
a performance approaching that of nickel. Because of the lower
evaporation temperatures and the corresponding decrease in equipment
complexity for the evaporation of electrodes , the majority of the
detectors fabricated for this work were configured with aluminum on
both sides . The front side electrode was typically 100 A° in thick-
ness with the back side approximately 1000 A°. The thicker backplane
electrode is necessary for mirroring the infrared radiation not
absorbed by the film . This mirroring action results in a multiple
transmission through the detector element with a corresponding increased
absorption efficiency .

The peak spectral radiant emittance of a black—body source
at 3l0°K (the temperature of the human body) occurs at the wavelength
of approxima tely 10 pm. For sources at temperatures above that of the
human body,  the peak shifts to shorter wavelengths . Figure 4 shows a
log—log plo t of plank’s equation giving radiant emittance as a function
of wavelength for black—body temperatures of 300°K (80.6°F) and 373°K
(212°F). The peak emittance for these two curves varies from a wave-
length of 7.8 pm for the 373°K curve to 9.7 pm for the 300°K curve.

When Plank ’s equation is plotted on log—log coordinates , the shape
of the black body curve is identical for all temperatures and for
different temperatures need only be shifted along the line representing
the Wien disp lacement law. This data is useful in evaluating the
absorption characteristics of the electrodes and that of the PVF2 film.

The IR absorbance spectra from 4 to 4Opm on a 9 Pin
sample of Kureha type KF PVF2 film is shown in Figure 5(a). The measure-
ment was made down to 2.5 pm but showed little variation from that
shown between 4 and 6 pm. A significant amount of the radiant emit—
tance of sources of interest (as shown in Figure 4) in intrusion
applications , falls in the region of 7 to 10 Pm where the film has
high absorption peaks ( i . e . ,  low transmission) .

15
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Figure 5(b) is the absorption ‘~pectra of a similar p iece
of 9 ~m film coated with lOOA ° of aluminum on one side only. Com-
paring the two spectra curves it can be seen that the addition of the
aluminum electrode results in an increased absorbarice. Fur  the
region of the spectra shown here , the electrode , for the most part ,
multi plies the uncoated response by a constant absorbance factor
which decreases the transmission at wavelengths between 4 and 7 pm
for a one—way transverse. If a reflecting electrode were added to
the back side of the film , causing a dual transverse of the film and
front elec trode , the transmission would be decreased to approximately
15’!. (i.e., absorbance equal to .82). Of course, f or waveleng ths
between 7 and 10 pm , the primary region of interest , the absorption
is much better , approaching near perfect opaqueness for some wave--
lengths.

D. Polymer Coatings for PVF2_Film

During the poling procedure , as discussed in the next
section , the quality of the metal electrodes deteriorated . Since the
cause of this seemed to be related to a poor bond between the electrode
and the film , the following coatings and processes were used to condi-
tion the surface of the PVF2 film prior to the vacuum deposition of
the a luminum electrodes.

1) 1st Series Coatings

Since the aluminum electrodes and the PVF 2 f i lm
have differen t thermal expansion coefficients, it was thought that this
factor along with the high temperatures used during the poling procedure
was responsible for the cracks and breaks seen in the films. The
polymer chosen for the 1st series of coatings was Lucite 2046 (Dupont)
chosen for its low temperature softening point. It was felt that if
the bond between the two surfaces would soften as the two materials
expanded , it would allow a sliding action during temperature cycling
and thus prevent damage.

The coating solution was prepared by using Lucite 2046,
1% (wt/wt) in n—buty l and isobutyl methacry late copolytner and diluting
it in a solvent system of toluene/q—butanone (MEK), (1:1 V:V). The
f ilms were coated by slowly withdr awing from the polymer solution at
a rate of 20 mm /mm . After coating, the films were allowed to air dry .
Prior to the evaporatior of the aluminum electrodes , the films were
washed in a detergent solution (no scrubbing) and then rinsed in
deionized water. Whereas the 100A ° film deposited in one evaporation,
the l000A° side took two.

18
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2) 2nd Ser ies Coa ti~g~

For this series of coatings , the PVF2 films were
coated by with drawing them from a 1% wt. solution of resin (2 parts by
wt. of Shell’ s Epon (R) 828 and I part A licure B—h02) in Col - n - — n o ’~h y i
isobutyl ketone (1:1 , V:V). These films were also coated by slowl y
withdrawin g from the solution at a rate of 22 mm/mm . The coated
films were allowed to air dry . Approximatel y one week elapsed between
the coating of the films and the vacuum deposition of the electrodes .

E. Po l In g  Procedure

1) Single Element Detector

Since the  f i lms  of PVF 2 as received f rom the manu—
:- Ivt urer are only slightly pyroelectric , to obtain a useable sensitiv-
ity they must undergo a poling procedure. This must be done after
toe electrode evaporation to prevent densitizing by the vacuum deposi-
tion process. The following steps outline the general procedure used
in poling the elements. (1) The device was placed in an oven , (2) the
oven temperature was elevated to the 90°C — 100 °C range, (3) a poling
voltage was applied across the electrodes for a specified period of
time , and (4) the device was cooled to ambient while maintaining the
poling voltage on the electrodes. Since a number of variations on
th is general procedure were tried , more details concerning those that
led to both successes and failures will be given. At the outset of
this study, the information available on the evaporation of the
electrodes - -nd the subsequent poling of the films was not available
for successful fabrication of the detectors. A considerable amount
of time during the project was devoted towards the development of
these procedures.

In work done by Day, et. al.,(1~~ the pol ing
conditions for PVF2 detectors were investigated by fabricating a
considerable number of detectors poled under a variety of conditions
of temperature , vol tage , and time. Their results showed that the
responsivity of the pyroelectric detectors increases steadily with
both v-ltage and temperature. Using 6 pm film with nickel electrodes ,
they found that the achievable responsivity is only limited by the ~-~lii-
ity of the film to withstand the high poling voltages and temperatures
during the procedure . Although substantial scatter existed in data
taken to test uniformity , the trends that are presented establish the
fact that increased temperature and voltage also increase the un i fo r —
mity as does increasing the poling time.

In the poling procedures , the two ma in causes of
failure were: (1) the inability to maintain a good electrode and (2)
the high voltage breakdown sometimes re fe r red  to as punch—through .

19 
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From an anal ysis ot the films th at failed during the poling proc ess ,
it appeared t t c ~ t primary - cI t ribut ing a c t  c r  to the problems
we re- the defects in the- films allud ed earl icr. In th~ ease of
losing cont inicity en the elect rc-c!cs , the- sc ra tc h es , gc ccip ~-s and in—
bedded foreign p arti cles c r e a t c d  a di scon tinuity in t i e  surface ~ f t~~e
film which broke ~ it i l  the uiiavoidohle He- X L c c ~:, en t h ~ e:-~p u f l S i O f l / Co n t  ru e—
tion phase which oc curs dur ing the t ev .;c r t ur c- c-ycl log 1S(-d in t i e
p o l i n g  process. Fi g u r e - 6 shows  an c-~ omp le of film and electrode de—

as observ~-d under a microscope. Th~ lurk stri pe Ocross t h e  field
0? V i e w  iS a portion Of one c f  t h e -  I OOA ° il uminum e l e c t r o d e s  used
in the  m u l t i e f t m € - n t  detc~ t r .  The te ar v e r t  ic - le break as seen in the
photograph ca sed a loss of c - c - n t  i nn  i tv in th i s  e l i - c t  r o d e .

The hi gh v o l t a g e  b r e -u k o o w n  points occur at the  de fec t
p o i n t s  m e n t i o n e d  above as wel l  as the sites of pinholes or bubbles
in the film. When punch—through occurs , a conductive path is es tab—
I inhie d iron one po l ing  e l e c t rod e  to t he  o t h e r  - brough the  f i l m .
The exten t of the damage is dependent upon the quality of the bond
between the  e l e c t r o d e  and the t i m , the  pol ing vo l tage  and the size
of the electrode being poled. As t i c t  arcinp across the film starts
in the region of one of these defects toe b e at i n g  apparently erodes
away the i l m  which furth er reduces the c o n d u c t i v i t y  and helps sustain
the arcing. In some cases the arc burned clean to allow a successful
poling of the d e v i c e ;  however , in the m a j o r i t y  of the elements where
th is  occurred , t h e  failure was catastrophic. The p robab i l i ty  of a
hi gh—voltage breakdown is dependen t  upon the quality of the film and
the poling v o t  Oe and temperature .

;!

- ______

Figure 6. M-ign if i’~d V !pw of PVF2 F i l m  and E lec t rode  Defec t s
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A block diagram of the  apparatus used for pol ing
the elements is shown in Figure 7. The output  of the power supply
is coup led to the elements being poled through a large series resis—
tance (4 Meg ohms). This cu r r en t  l imi t ing  resistor is added to
limit the punch—through damage by limiting the maximum current available
if an arc occurs .  Normally a negligible amount of current flows
because of the high impedance property  of a qua l i ty  detector element.
Nevertheless, the capaci ty of the element being poled contains a stored
charge which may be of s ignif icant  magnitude for  a large area element .
If , for  instance , a detector element of 0~ 00l mfd capacity is Roled
at a voltage of 1000 volts, the stored charge would be 1 x 10 coulombs.

- - - - - 
VIRCIM E N r A L  CI*AMRER

CU RREN T L IMITING RESISTORS

:i~~ 

~

°

~: 
~~~~~~ 
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/ ~~~~.__ — OE TC C TOR ELEMENT

MONI TOR 
/

7
~ 

_________________ 

[..........i 1~
!COROER 

~~~~~~~
Th ERMI S TOR

RE CO N 0. N 6
OS C ILLO GRA PH

VOL. 1’AG E U TEMP
VS. TIME

Figure 7. Apparatus Used for Poling the PVF2 Detector Elements

If this charge is dumped in i. x io 6 seconds , at the onset of an arc ,
a cur ren t  of 1 amp would be established during the discharge. This
type of discharge negates the protection provided by the series limiting
resistors on the output of the power supply.

In attempting to fabricate quality detectors, a
number of poling techniques were t r ied .  In some cases the fi lm/elec-
trode element was poled and then mounted into a mechanical support;
in other procedures the element was first mounted and then poled. A
brief discussion of the techniques is given in the sections which follow .
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Procedure # 1

In the first poling procedure attempted for this work ,
the 1—inch d iameter  s i n g l e — e l e m e n t — d e t e c t o r  (SED) was mounted on the
copper clad fiber glass rings which was designed to be used in the
holder for the detector. The element fabricated from 12 pm Kureha
f i l m  was s t re tched  across and fas tened to the ring using a silver
pas te* epoxy type compound . Each attempt to pole the film in this
manner resulted in a voltage breakdown which occurred from 300 vdc
to 500 vdc. Examination of the element under a microscope revealed
that the punch—through occurred near the points where the silver paste
was applied and it appeared that the paste may have weakened the
dielectric properties of the film causing premature breakdown.

Procedure #2

For the second procedure used to pole the films, a
cylindrical aluminum base plate (4—1/2” diameter x 1” high) was used
as the ground reference to support the film elements. The high
voltage leads from the high voltage power supply contacted the elec-
trodes on the other side of the film via 0.712 diameter brass pellets ,
weighing 20.5 grams each. The objective for this apparatus was to bring

— the film holder up to 100°C, apply the poling voltage for 5 minutes and
then cool down the holder and film while maintaining the poling voltage.
The film held up through the initial 5 minute poling interval, but be-
cause of the large thermal capacity of the base plate and its slow

— cooling rate, the effective polarization period was extended much
beyond the intended 5 minutes. It was during the slow cool down period
that the samples broke down and it was this poor performance that led
to the next design .

Procedure #3

The apparatus used in this procedure was similar to
tha: described in #2 with the exception of the base plate used for
the ground electrode. The supporting element as sketched in Figure 7
was cut from an aluminum cooling extrusion (Wakefield Engineering, Inc .,
ho. 1527) normall y used as semiconductor heat sinks. The plate S I c O of
the base element was polished to provide a smooth surface for contacting
the film electrodes. The finned underside was painted flat black to
increase the emissivity and the cooling rate. The format for poling the
films using this apparatus is as follows :

*Eccoband solder 56C , Emerson & Cumming, Inc., Canton , Mass .
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• The detector elements aS received from the vacuum
deposition chamber are placed on the finned alumi-
num heat rink .

‘ The brass weights with curren t limited high voltage
leads a t tached are placed on the top side of the
detector  elements .

• The chamber and holders  are warmed to 100°C.

• The high voltage is slowly applied.

• When the poling voltage is reached , the voltage
and temperature are maiu~ained for 5 to 10 minutes.

• At the end of the poling interval, the chamber and
holder are cooled to ambient temperature while
maintaining the pol ing voltage. This cooling inter-
val typically took 10 to 15 minutes.

• The detector elements are cut from the mother
sheet and mounted on the ring holders for sub-
sequent testing.

This technique was the most successful in poling the SED elements
but it , as well as the others , still depends on the quality of the
pyroelectric material for success.

Procedure #4

Another approach tried (not in chronological order
with those listed above) in an attempt to increase the yield during
the poling procedure utilized the detector holder as described
later in Section Ill—F. To prepare for this procedure , the film was
mounted using the hardware fabricated for the holder. The detector
elements which were poled in this manner suffered a high voltage
punch—through at about 1/3 to 1/2 the attempted final value. An
examination of the elements after removal from the holder revealed
that the perimeters of the film , where the contact pressure had been
applied , apparently had had a great deal of pressure appl ied.  A
calculation of the thermal expansion of a Deidrin sleeve used in the
holder showed that its expansion at the elevated poling temperatures
would account for the pressure effects seen. Because of the success
of the procedure #3 as discussed above , the in—holde r  poling procedure
was not pursued fu r the r .
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2) Multielement Detectors

The poling procedure described above , wh ich worked
for the single element detectors , was inadequate for use with the
multi—element detector used In t h e infrared imager. In the single
element detector , a small break or blemish in the coating was incon-
sequential because of the circular contacting ring around the element
giving a full 360° of conduc tion paths. For the infrared Imager ,
however , the element on one side of the f i lm  consists  of a long and
narrow s t r ip  wi th  e lectr ical  contac t  made only at one end . Thus a
small blemish across the electrode can cause a complete break in the
metal resulting in a partial or sometimes complete severing of the
sensitive area. What appeared to be a good element after vacuum
deposition of the electrodes would be defective after the poling
procedure .

To fabricate a usable detector then , 2 techniques
needed to be improved; (1) a b e t t e r  q u a l i t y  e lect rode was needed
on the f i l m  sur face  and (2) a different approach to the poling pro-
cedure was needed. Described in the sections which follow are the
poling techniques which were used in evolving a usable method. The
vacuum deposition and film preparation development are described
elsewhere in the report .

Procedure #5

Subsequent to the design and construction of the
evaporation mask fo r  the MED ( m u l t i — e l e m e n t — d e t e c t o r )  it was deter-
mined that stress points in the overlapping electrode regions could
cause premature voltage breakdowns . For this reason, the masks used
in the MED were designed with electrode areas on both sides of the
film where no overlap occurred. Hence, to achieve a maximum poling
f ield , the mounting hardware used was also designed with the elec-
trical leads contacting the metal films on areas away from the over-
lapping region . This approach avoids sharp edges and strains in the
high field regions that could cause voltage punch—through failures.

The first poling procedure tried was a modifica-
tion of #3 discussed above . The MED was placed on the aluminum heat
sink with the 1000 A° back p l ane down. fo avoid stress points across
the 100 A° strips on the top side , a strip of silver impregnated
foam (designed fo r  use as RFI gaskets) was laid across the connecting
tops , away from the overlapping electrode region. After the poling
procedure cool—down , it was found that the gasket inateriol had
bonded to the aluminum and peeled off the electrode as it was removed.
Other contactors were tried in place of the conductive foam but all
resulted in an intolerable amount of damage to the detector.
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Procedure  #6

Elements  which appeared to be usable a f t e r  poling
as described in procedure  #5 , were f ound to be defec tive af ter
mount ing  in the f i l m  holder .  I t  was never ascertained whether  the
damage occurred dur ing the poling process or as a resul t  of the
h a n d l i n g  dur ing mounting . Thus , the  next  and the most successful
approach t r ied  was to mount the film in the fiber glass holder
befo re  poling . The holder  was designed to avoid pressure points
in the areas of e lectrode overlap . This desi gn serves a two—fold
purpose;  (1) the pressure stress points , and (2)  dielectr ic  weakening
due to the silver epoxy paste is eliminated in the overlapping elec-
trode regions of the film .

During this phase of testIng a second silver
paste was t r ied  for  assemb ly of the detector . This paste which uses
a phenolic base is designed to be used for forming conductors in hybr id
circuits. The paste , however , uses a hea t cure and does no t become
conduc tive until cured. Since the curing temperature is above the
melting point of PVF2 , this paste was deemed unusable for this appli-
cation.

Procedure #6 worked we l l  in preventing the high
voltage punch through and minimized the electrode damage as caused
by #5. Nevertheless , this procedure still resulted in a near zero yield
because of diseontinuities which developed in the 100 A° electrode
strips. The polymer coat ings which were tried to develop a better bond
between the electrode and the film (see Section III—D) were worked
on concurrently with the poling procedures and it was this joint effort
which led to procedure #7.

Procedure #7

As mentioned above , the main fa i lure  mechanism seen
in technique #6 was the loss of electrode material and the genera-
tion of discontinuities which occurred during the poling cycles. A
dis t inc t  crazed s u r f a c e  developed on the films which had been dipped
in the thermo—setting epoxy. Speculation on what was causing this
phenomena led to the  pos tu la te  tha t  at high voltages and temperature ,
the thin aluminum film was oxidizing resulting in a b r i t t l e  sur face
wi th  a decreased t enac i ty .  To overcome th is  problem , it was decided
to back—fill the poling chamber with an inert gas before elevating
the temperature  of the film and applying the poling voltage . A vacuum
type environmental chamber was used for this technique and the follow-
ing scenario was followed during the process.
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• The oven , r e q u i r i n g  4 hours  fo r  heat ing ,  was pre-
heated to 100°C.

The chamber was evacuated L I I  a pressure level of
approximatel y 50 mmHg and then back—filled with N

2to atmospheric (r~ 760 mmHg) pressure.

The film holder was quickly inserted into the
chamber to min imize  the mixing of N2 with room air.

• The vacuum pump was started again concurrently with
the bleeding of N 2 into the chamber. The chamber
was again evacuated down to 50 mmklg. The pump
was turned off and N2 was again used to bring the
pressure to approximately 660 mmHg. At this point
the f i lm element  had reached 100° C.

• The poling vo’tage was applied for 5 minutes .

• The chamber was brought back to atmospheric pres-
sure using N 2 and the chamber was opened and the
f i lm  holder was removed from the chamber.

While s t i l l  main ta in ing  the poling voltage , the
film was cooled to ambient temperature — then
the voltage was removed.

This procedure did not help the crazing seen in the polymer coated
film (Section lII—D) which were prepared using the 1st series of
coatings . Success was achieved , howeve r , using the film specimens
which had been coated using the 2nd series of coatings and proce-
dure #7. A usable detector element was also obtained with an Un—
coated f i l m  and procedure #7.  Due to the success obtained using
this poling technique , then this was the best and final procedure
used in this work.

F. Construction and Testing of the Single Element Detector

The technical  d iscuss ion  presented in Sections I I . A
and II.B give the rationale behind the fabrication of the sensing
element used in the single element detector. Results of sensitivity
tests made with the element and details on the construction of the
detector and associated c i r cu i t ry  are given in this sect ion.

I) Mechanical Holder

Figure 8 shows a j~icture of the SEL holder as used
for housing the PVF2 f i lm for  tes t ing . The f i lm a f t e r  poling as
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Figure 8. Single Element Detector (SEL) Holder and
Breadboard Conta iner  fo r  Signal  C o n d i t i o n i n g  C i r c u i t r y

described in Section III—E— l was fastened to a fiberglass ring using
a c o n d u c t i v e  silver paste .  This supp l r t i n g  s t r u c t u r e  was then pla ced
inside the cylindrical holder with a small copper ring on the  front side
to make electrical contact with the frontside electrode on the film.
A Irt ran II IR filter was placed in front of the film to protect the
film from acoustic vibration and thermal fluctuations which would
limit the ability to make pyroelectric sensitivity tests on the film.

2) Figure 9 shows a schematic of the signal conditioning
ci rcui t s  fu rn i shed  with the single element detector (SED). The first
stage in the two—stage circuit consists of an operational amp lifier
conf igured  as a charge amp l i f i e r .  The design equations and operational
characteristics will be described in the paragraphs which follow .

When the detector is connected to the inverting
input of ~n opera tiona l ampl i fier , configured as a charge amplifier ,
the generated charge flows into the feedback capacitor. The change
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in charge on the feedback capacitor generates an output voltage

e _ (~~E) Cl (21)
Cf

where C1 is the capacitance of the de tec tor  element , Cf is the feed-back capacitance, and E represents the generated voltage that would be
present on the detector element with no load . 1~E may be written as

E = LI t~T (22)
Cl

S u b s t i t u t i n g  the relationship into equation 21, (23)

e
0

Cf

I5 VDC

OO’~ d IOO..Id

~r~~~t~~h_ _ _  _ _ _

LVMIA LV*~ eA

c~ ~ ‘.q IOOO p~ 
-

Figure 9. Single Element Detector Circuit
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A typical value for I is 7.18 x iO il amps . Using this value for  I ,
a E~T of 1 second and a Cf = 0.003 mid gives

e — (7.18) (10
_li
) (1) 

= 0.0239 volts
(.003) (10 6)

To supp ly bias cur ren t  to the inver t ing input of
the charge amp l i f i e r, a feedback resistor Rf is added in parallel
with  the feedback capacitor Cf .  This resistc r limits the lower fre-
quency response to 1/R

fCf radians per second . For the values shown
in the schematic (Cf = 3000 pf and Rf = 100 Megohms), the corner
frequency occurs at 3.33 rad/sec or 0.53 Hz.

For frequencies in the passband , the gain is set
by the ra t io  of the detector  capaci tance C1 to that of the feedback
capacitance (C

f/Cf
). As used here, the feedback capacitor was selected

to make this ratio close to unity .

It is desirable to use a small value of C f for
maximum gain; however , this capacitor must be selected to be consistent
with the desired low frequency response and a reasonable value for Rf.
FET amplifiers are usually used in charge amplifiers because of their
low bias current , and high input impedance.

The charge ampl ifier output is coupled to a post
amplif ier  (UlOl )  which supplies an additional gain of 67 dB to the
detector generated signal. A feedback capacitor on this stage limits
the upper frequency bandwidth to approximately 8 Hz. The output im—
pedance of the amp l i f i e r  is 10 K ohms set by the 0.3 Hz high pass
network added to the output of the post amplifier . The amplifiers
are powered by a ± 15 VDC supply.

Test Results

The noise equivalent power NEP and detect ivi ty  D~
were measured using a black—body with a mechanical chopper in front
of the source. In the tests reported here , the temperature of the
black—body ranged between 350°K and 450°K. The size of the chopping
aperature  was larger than the diameter  of the black—bod y opening
so the chopped radiation coming from the black—body was limited by
its size. The detector was placed at a fixed distance from the source.
This distance was selected to he approximately ten times the diameter
of the black—bod y apera ture .

The detector ou tpu t  vol tage was measured using a PAR,
model 124 lock—in amplifier. The demodulating signal was derived from
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a sync signa l generated by the rotation of the lR chopper wheel. The
noise measurements were made by covering the exit part of the black—
body. During these tests , the time constant switch on the lock—in
amplifier was switched to a position giving an effective bandwidth
of 1 Hz. The output of the amplifier was read on a self—contained
rms voltmeter.

Using the measurements obtained under the experi-
mental conditions described above, the characteristics of the pyro—
electric detectors was measured . The equations and the step—by—step
procedure used in calculating D* is as follows:

(I) The emissive power of the black—body compensated for
ambient conditions is calculated as:

= cy(T~ 
— T0

4) watts/cm2 (24)

where = 5.669 x 10— 12 w at t s / c m 2 /oK
4

T = absolute temperature of source

= ambient tempera ture  °K

(2) At some distance from the black—body , the irradiance H0
at the detector is:

W A
H0 = “1 s

2 (25)
Sr

where A
~ 

= area of black—body port cm2

r = distance to detector cm

(3) The noise equivalent power is calculated as:
H A

NEP =

v5/v0 (26)

where Ad 
area of detector cm2

V5 signal voltage rms volts

V~ noise voltage rms volts

(4) The detectivity is then calculated as:

D* (AA E~ f)
1/2 

cmHz
h/
~
2
/watt (27)

NEP

where AF — bandwidth of the lock—in ~in-p li fier.
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After compensation for the square wave nature of the
chopped radiation , IR losses by the Irtran filter and frequency response
correctiofls for the detector , the representative sample of values presented
in Table II were calculated . Although other metals were tried for evapor-
ating the electrodes , all results reported in Table II were for Kureha
type F films with aluminum electrodes on both sides.

Table II
Test Results for Single Element PVF2 Pyroelectric Detectors

1~ . S
jSample D 

1/2 Film Poling Poling Poling
No. cm (Hz) /watt Thickness Time Temp Field
____________________________ (pm) (mm .) (°C) (vol ts/cm)H

1 4.34 x l0~ 12 20 100 833
2 5.48 x l0~ 12 7 101 833

- 3 1.25 x 12 7 
- 

101 833
4 3.41 x 106 12 5 100 833 ~J

Discussion of the Results

The results shown in Table II are comparable to but no
better than other pyroelectric detectors fabricated from
PVF2 films as reported in references (2) and (4). As this project
progressed , awareness of recent work by other investigators with some
of the same objectives was gained. For example , a thorough inves-
tigation of the factors involved in optimizing the poling procedure has
been publ ished by Day , et. al. (~-1) For these reasons , towards the
close of the experimental phase , the objectives of the work were concen-
trated towards the development of intrusion detector concepts as opposed
to the optimization of the pyroelectric effect. It is this device
development which is reported in the next section.

C. Construction and Testing of Multiple Element Detector

New materials and recent advances in integrated circuit
technology have provided the impetus for developing flat—panel image
sens ing and disp lay devices. Such devices have the obvious advantage
of replacing the electron beam tube which is generally used in con-
ven tional pick—up and display devices. With reference to intrusion
detection devices , most infrared imaging detectors are effective for
their intended purpose. Most are very expensive , however , and are
not well suited as a cost effective device for protecting extended
areas. The device developed here is designed to test the feasibility
of app lying the current technology of PVF2 film towards the development
of a low cost infrared imaging detector.
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A small , low resolution prototype PVF2 infrared imaging
system which is described below has been built ar operated success—
f u l l y .  Testing was performed by imaging infrared radiation at the
ra te  of 16 frames per second .

1) Theory of Operation

An infrared intrusion detector may, in general , be
used t detect humans or vehicles. Of the two types of signal sources,
the h uma n represents a worst case infrared target since the associated
temperature  w i l l  be lower than that of hot spots found on most vehicles.
The following discussion will app ly to the detect ion capabilities for
h uman targets .

The therma l r a d i a t i o n  over most of the human bod y is
a t t enua ted  b y clothing . The most consistently exposed por tions of
the body are the hands and the heads. For this discussion , then , the
detect ion capabilities with reference  to the head will be considered.

If the human head is approximated as a sphere 12 cm
in diameter , then at a distance , this sphere will be seen as a
disc of area

A8 = 113 cm2

= 0.0113 in 2

Now for a black—body at 98.6°F (310° K) the rad iant
emittance is

W = 0T4 (28)

= 0.0524 watts/cm2

where the Stefan—Boltzman constant 0= 5.67 x io ’2 w cm 2 °K ~~~~

If it is assumed tha t  the emit tance of the skin is c 0.9 , then the
radian t einittance for  the head would be

W ’= (0.9)(W)

= 0.047 watts/cm2

471 w a t t s/m 2
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At a distance R from the sphere , the total radiant flux P incident on
a detector  with an aper tu re  area , A a~ is

p As Ap~~
’

2
ir R (29)

where A5 area of the source
P

Now if a lens or spher ical  mir ror  wi th  a diameter of 5 .2 cm is used
as a radiat ion gatherer , the aperture Aa is ( 2 . 6 ) 2 or 21.2 cm 2 . If
50% of the mir ror  is blocked by hardware , the e f f e c t i v e  aperature
is 10.6 cm2 = 1.06 x l0—~ m

2. For R 5 meters , W 471 w a t t s/ r n 2 ,
and A5 = .0113 m2, equat ion (29) gives

p = (.Oll3)(1.06 x l0)~~~ (471)

~ 
(5) 2

= 7.18 x i05 watts.

A typical  0* fo r  a quality pyroelectric PVF2 detec-
tar is approximatel y 1 x 108 cm. Hz~-’2 W~~ . The current responsitivit)
for  this same detector  would be

R1 = 1 x 10— 6 Amp/watt

Multip lying this factor by the radiated power Incident upon the detector
gives the total current into a short circuit as

I = (R1)(P)

= (1 ~ lo-6 (7 .l8) lo-5)

= 7.lP x l0~~
l amps

If the feedback capacitor in the charge auplifier is 0.001 mfd and the
capaci tor  of the detector element is 0.0013 mfd , then the steady s ta te
gain of the charge ampl i f i e r  is 0.0011.0013=0.77. If a human target as
assumed abov e is in view for  1 second , then the tota1 charge developed
versus the charge amplifier feedback capacitor is

V =

C

= ( 7 . l 8 ) (l O _ h l
) ( l ) / ( . O O l  mfd )

= .0718 volts.
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This signal with a little post amp lification is of sufficient amplitude
to drive ~i comparator stage for establishing a threshold to provide
t~i r ~~t -t  d i sc r i m i n a t i o n .  W i t h  these  design equa t ions , the -ar d w a r e  and
cir dts which are described in the next  sec t ion  were developed to
tes t  t he f e a s i b i l i t y  of such a d e v i c e .

(a) Sensor Construction

An exploded .iew of the IR imager de tec tor  is
shown in Figure 10.  The PVF 2 f i l m  e lement  was assembled in this
holder prior to poling as u — ribed in Section III—F—2. In this
illustration :or purposes of c arity, the 100 A° and 1000 A° vacuum
de~-~ sited electrodes are shown as d i s t i n c t  e lements  which are
separable from ~~e PVF a film. The film was sandwiched between two
end pieces fabricated tron fibecg lass material (glass reinforced PC
board). A conducting copper strip on the front plane side was used to
make electrical contact with the 100 A° electrode which is the semi—
reflecting side used t o  absorb and transmit the incident radiaton.
A single conductor tied to this electrode is returned to circuit common
in the  electronics described in the next  sect ion.

~ ~
-
~
:‘
~ 

-

~~~~~~~~~~ •
—-

6

Figure 10. Exploded View of the Detector  Element
Used in the Infrared Imager
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The other fiberglass support element has 4
copper clad electrodes which make contact with the 1000 A° film elec—
trodes shown in Figure 10. Signal output connector pins soldered to
these conducting pieces are designed to plug Into the charge amp lifier
module. A picture of the assembled detector is shown In Figure 11.
Prior to poling, the film is stretched tigh t in the holder and secured
with the 4 screws on the corners . Conductive silver paste was used
for maintaining electrical continuity between the copper clad strips
and the aluminum electrodes. The heating—cooling cycle which was
used during the poling procedure ~~ USt~S the film to expand and contract
and results in the wrinkled appearance which is apparent in the photo—
graph .

0~

1$ II~~~~~~~~~~~~~~~~A

as ~~- -~~r~~

Figure 11. Assembled De tec to r  for  Use in Inf rared  Imager
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2. Circuit Description and Construction Details

b. Circuit Description

(1) Signal Circuits

Figure 12 shows a complete schematic
of the analog and digital circuits used in the infrared imaging
detect or and display. Each pyroelectric element in the sensor arrays
has its own charge amplifier (ul—U8). The combination of a 0.001 nifd
capacitor and a 300 megohm resistor as the feedback elements in
the charge amplifier (RC=0.3 sec.) gives the amplifier a low frequency
response with the corner (—3 dB) at about 0.5 Hz.

The post amplifiers (U9 - L 6 )~~ive the
signal from the charge amplifiers an additional gain of 2~~ 47 dB ~~ .
The diode in the feedback l imi ts  the voltage excurs ion  to po oi i  i v ~
signals. A 10 mfd capacitor on the output of each pos t amplif ier couples
the amplified pyroelectric signals to multiplexers U17 and Ul8.

The multiplexers are addressed by a binary
sequence on pins 6 and 7. As the 4 b4t counting sequence progresses ,
detector element Sxl will be connected in one channel while S)1. 5y2’
S~,3 and Sy~ are scanned on the other. The countiog sequence then
add resses element S~ 2 while all y elements are again scanned. This
mul t i plexing sequence continues until all 16 combinations of de t ec to r
outputs are implemented and then the sequence repeats.

The outputs of the x and v multiplexe -~
are coupled to the non—inverting inputs of comparators 1119(A) ao~ 119(B).
The inverting input of each comparator is set to a p o s i ti re \-oltagt
de termined by potentiometers V ref(X) and V ref(y). Unoor a no target
(no signal) condition , the reference voltages on the computer inp ut- ~
keep the comparator outputs at zero volts or a logic OW . If a targc t
with sufficient radiant energy comes into the field of vie~- of tne in-
strument , ana log vol tages are genera ted wh ich exceed the V r~~
the comparators. This signal causes one or both of ~1-e orap-~~.- to rs
to transition from a LOW to a HIGH state. When this ~cc urs s.

-
~ t~i n-:ous1y

on both comparators , a NAND gate combining the two outputs will t r an~ i-
tion from a HIGH to LOW. As the multiplexing binary sequence progress s
as described above , a serial stream of digital data is gener-l~~:o on
the output of the NANI ) gate , its character being a functi~ n of :r~-
thermal state of the field of vi1-w and the pyroelectric ~-t cc t or
lenonts.

The output - I the NAM) gate is fi lt c- r -1
usiog a pa~ siv e RC low pass network to smooth the t~~p~~~-ong tran—
Sierra . After Inversion (U22) the digital ~i~- n i I s  arc ~~nh LnCd with
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Since- the -utputs of the latoh circuits
do riot have the current drive need~-d to i nt e r fn l -e to  t I~ LED displ a ’.- ,
an inverter/buffer stage (U29 , T130 , .-i ~id U31) is used to furn ish the
necesi~i1rv drive to the output. The 16 si)~nal lines are coupled f F
the disp lay board vi—~ a 16 pin DIP socket . The LED ’s which are
conne*-ted with their anodes to the u nregulated suppl y through cu r r L - ’ I t
limiting resistors , are turned r n  by a I O U  on the  buffers .

3. ~p~ rating Instructions-IR i maging Detect I) r

The breadboard for the IR imaging detector is
mounted in an e n c l o s u r e  equipped w i t h  fe I :’t f o r  o p e r a ti on  on a flat
surface (Figure 13). The bottp- ’~ p Hte of the instrument is a1 sn
tapped for mountin g on a content jr-naT tri pod.

~~~~ 55 *~

~~~~ ‘~“~~~~~~
‘ 

~~~~~~~~~~~~ 
- •~ ~•-~ 

S -

.~~/ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - 

-

5_
S ~~~~~~~ t $ L  

~~

‘ ‘ “
‘

~~~~

A m p lif ie rs

I~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

(Cr, Unde r i ’ Id?- l

Figure 13. Front View of the l.R. Imager. The Rear Side
of th e Charge Amplifier Housing may be Seen Through the

P o l v l t hy l e n e  Window Covering the V i e w i n g  Entrance
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a. Controls and Receptacles

Power ON/OFF Switch: Connects DC power to the
ins t rument .  When in the off position, the batteries are connected to
the charger jack.

Charger Jack: Used for connecting the battery
charger to the internal rechargable batteries.

X and Y Thresholds: Screwdriver adjustments
for setting the DC threshold on the comparators.

LED Display — The rear of the unit is supplied
with a 16 element LED display . These elements turn on in response
to a moving, warm target within the field—of—view of the instrument.

b. Turn On Procedure

(1) Set the instrument on a flat surface or
mount it on a tripod. If placed on a flat surface, un it should be
near the edge to prevent blockage of the field—of—view .

(2) The ON/OFF switch on the underside turns
the instrument on when pushed forward (towards the detector elements).

(3) After turn on, allow approximately 0.5
to 1 minute for the charge amplifiers to reach their quiescent operating
condition. During this period false outputs will be displayed on
the LED ’s.

(4) The field—of—view at a range of 3 meters
(10 ft.) is an area of approximately 1.2 x 1.2 meters (4 x 4 ft.).
Thus each LED in the rear display represents an area of 30 x 30 cm 2

(1 x 1 ft.2) at a range of 3 meters . At this range, the unit will
respond to a 10 cm diameter sphere with a surface temperature of 38°C
(100°F) and a surface emitsivity of 0.95. To see a stationary target
of this type , a shutter needs to be provided to generate the necessary
temperature change.

c. ~perating Procedure

(1) Since the pyroelectric detectors respond
onl y to thermal changes, the ability to detect human targets Is
dependent upon their movement. Best detection sensitivity is ob ta ined
when movement is at right angles to the line—of—sight.

(2) Tests have shown that the unit is capable
of detecting a human at distances greater than 5 meters (17 feet).
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(3) Since the de tec tor  e lements  are piezo—
elec t r i c  as well as pyroelectric , a moderate amount of vibration
or movement of the instrument  can generate fa lse  o u t p u t s .  In i t i a l
tes ts , however , have not indicated this sensitivity to be a problem .
The unit is more responsive to pressure fronts as night be generated
by the opening of a door in an enclosed room .

(4) The unit draws a quiescent steady—state
curren t of approxima tely 100 ma. With a moderate amount of target
activity, the unit will operate for I to 2 hours continuously.

(5) The battery pack consists of 12 type
CF400 Nicad rechargeable cells having a 500 mah capacity. The batteries
may be charged at a high rate of 50 to 170 mA. According to the manu—
facturer , occasional overcharging for up to three days at these rates
will not adversely a f fec t cell performance. To charge cells at the
slow rate and to maintain a ful ly  charged cell , charge at 17 to 50 mA.
The instrument is shipped with a ba t t e ry  charging lead with a series
27 ohm , 1 watt series resistor to limit the current to approximately
150 mA when connected to a 22 VDC power supply. The ON/OFF switch on
the unit must be turned to OFF to connect the charger input to the
bat ter ies.

4. Maintenance

a. General

The ins trument is comple tely sol id sta te, and
l i t t l e  or no maintenance should be required under reasonable operating
conditions. An accumulation of dirt or moisture on the transparent
window or internally on the optics or the detec tor , can cause a loss
of sensi t iv i ty  for  the ins t rument .  The top cover provides p ro tec t ion
against  contamination and should only be removed when necessary .

b. Trouble Shooting and Alignment

(1) The cover may be removed by loosening the
two zeus fasteners on the bottom of the case. In removing the cover ,
extreme care should be exercised to avoid contacting the supporting
elenents for the charge amplifiers and the pyroelectric detectors
(Figure 14).

(2) If inoperable , the instrument should he
first checked for charged batteries , obvious broken connectors , in—
properl y sea ted plugs , improperl y seated integrated circuits or gross
optical misalignmen t problems. The open circuit voltage across the
charge terminals should not be less than about 14 volts.
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(3) A C ( 7? ~ I 1 - I I  rcui d i a gr a m  is furnished
(Figu ri - 13) to aid in t r uh i  I;h !otlnl ’ . The -. ive ci r c u i t s a n d p lu gs
h i v e  I- r i - n  ass igned a coni-onen t n tu- - ih  and may h0 located on the b- -a rd
with the aid If t h e pi - tur t-s 5111 - - I n i n  F i - ,n i r ~-o 15 ( a )  and 15 ( h ) .

(f. ) t -: i rh the r-xceptJ en of the d e t e c t o r  ‘ l r-e~~t s ,
- i l l  t h e  el . ~

- t r  I cal components ar e  st indi rd -art.c and c—i n he o b t a i n e d
f r  t h e  r -c -- g e c t i v e  nlnii fm-turr- r s . - t  ‘f t he in teg t - it, -d cir cuits arC-

i l a b l e  f r - : .  :nI ~ r i -  l i - , n  era - 0 1 I n u f - i c t l l r e r .

(5) l i i i -  l 1V~~-, no - r~-e 1 . - c t r i c  e l e m e n t s  iire mounted
on t h e  r e ar  of t h e  - h i r g i - :InI ’lif I C - n - i  -cu res , fa-in ~, t h e  g o l d  p l a t e d
m i r r o r s .  l i t - c - ‘- 1~-o~ - iit ~ ~-i h - - r i l d  f l I l  be t uic ’la-d ~ j t h  ti-r e f in g ,-rc or
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(6) Each charge ampl i f i e r/ de tec to r  assembly
is supported by 4, 1/16” square hollow brass rods fastened to the
optical mounting base plate. A 3/32” square hollow brass sleeve
is soldered to each corner of the charge amplifier module. To focus
the mirror , detector combination , slide the 3/32 ” sleeve along the
1/16” support ing rods. To focus the element , place a br ight
source at about 5 meters in f ront  of the un i t .  Slide the detector
assembly along the supporting rods for  a best image. For a target
centered in the field—of—view the reflected image should appear
near the center of the detector element.  To center an improperly
aligned image , use the nylon screws which contact the f ron t  of the
mi r ro r s . The back side of the mirrors are curved and by the proper
t i gh t en ing  and adj usting of these set— screws, the image position may
be ad jus ted .

(7) Contamination such as dust, oil or
scratches on the polyethy lene entrance window may impair the infrared
detection qualities of the instrument. If the quality of the window
is in doubt , replace with a similar window. The unit is shipped with
a window of 2 nil , low density polyethylene f i lm.  Since IR absorp-
t ion  increases rapidly with f ilm thickness , the film should not exceed
5 mils in thickness.

(8) The potentiometers (screw driver adjust-
ments) which are available through the bottom of the case are best
adjusted with the cover off. The purpose of these controls is to
set the reference voltage for the comparators . If the voltage is
too high , the instrument is insensitive for the detection of IR
radiating targets. If the voltage level is too low, circuit noise
will generate false outputs. This level was set at approximately
0.5 VDC prior to shipment. To see the effect of the adjustment
relative to the input , the output of comparators U19(A) and U19(B)
should he viewed with an oscilloscope. To reduce the noise in the
signal ci’~cuits, it is necessary to cover up the detector section
o~ the instrument with a tight fitting cover which will lower thermal
and pressure variations which the cover normally keeps out.

Test Results

Image system tests were performed using sources of
i n f r a r ed  radiat ion such as heated black spheres , soldering irons, open

I - flame and humans. Although the 16 element array was too small to
produce pictures with any significant detail , it was easy to discern
the location of small targets and left to right or top to bottom
motion of larger targets. Since the electronic circuitry discrimi—
nates sources on a “target” or “no target” basis only, the display - S -
does not present gray scale type information or relative intensity
of the source.
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The maximum range for detecting a human walking at
r i gh t  ang les to the l i n e — o f — s i g h t  was 5.33 meters (17.5 f t . ) .  For
th is test , the subject walked by at a normal walking pace.

At a range of 3 meters , a 10 cm diameter blackened
sphere at a t emperature of approximatel y 55° C (131°F) was used to
map the f i e l d — o f — v i e w  for the system . This spherical target was small
enough to light only one LED sensor at a time. To see the sphere, a
s h u t t e r  was used in front of the sphere to generate a temperature
change . The shu t te r  consisted of a square piece of cardboard at the
end of a 1 m et e r  s t i c k .  A f t e r  in terposing the shutter  in front  of the
sphere fo r  10 seconds , i t  was q u i c k l y  moved away at right angles to the
l ine of s igh t .  C o n c u r r e nt  w i t h  th is , the signal pat tern on the LED
display was observed . 8y moving the sphere to different x—y coordi-
nates at a r ixed range from the i:~str ument , the spatial sensitivity
of the system was mapped. The resulting data showed that the field of
view at 3 meters was approximatel y 4 ft. by 4 ft. with some aberation
distortion due to the spherical surface of the reflecting mirror. A
spherical surface is inexpensive to polish but is only an approxima-
tion of the proper surface for focusing parallel light to a point.

At a range of 3 meters, it was possible to detect
the 10 cm black sphere when it had cooled to 38° C (100°F) .  The
ambient temperature  during the test was 25° C (77° F). The radiant
emittance for  this sphere calculates to be (c 0.95)

= ( O . 95) ( 3 l l )~~(o)

504 wat t s/rn 2

From equation 29 , the total radi~.ot flux incident upon the mirror is

p • (.OO785~~(1.O6 x
(~~~) 

(3) 2

1.483 x 10’.~’ watts

The compara tor thresholds during these tes ts were
set at 0.5 vol ts .  The signal voltage , between the charge amplifier
output and the comparator input , is amplified by a factor of 213.
Thus, to exceed the threshold of the comparator input necessitates
a signal of 2.35 mV on the output of the charge amplifiers. A 2.35 mV
output corresponds to a detector element generated current of 2.35
x 10—12 amps. Using this output to calculate a current response for
the device gives

R1 = 2.35 x 10 ’2 amps
1.483 x i0 4 watts

= 1.58 x lO’8 amps/watt

45

-

~

5-5-- —- —— --5 -- -~~~~-- ~~~ - -— 5 5- - -- ~~----~~~~~~~~-----~~~~



5-- 
-5-- -5--——

H. Piezoelectric Film Studies

At the outset of this project it was anticipated that approxi—
mat r-I v ha l f  of the effort would be app lied towards the investigation
and optimization of the piezoelectric effect. During the past year ,
however , much commercial effort has been applied towards this objective
and low cost fabrication of the films . For instance , the Kuerha Cor-
poration is now marketing sheets of PVF 2 piezoelectric film. For this
reason a larger amount of the effort was directed towards the investigation
of the pyroelectric effect of the films . The following paragraphs describe
a piezoelectric phenomena which was observed and investigated .

A piezoelectric effec t was observed in PVF2 insulated pieces of
hookup wire. A roll of wire (Alpha No. 5951) was purchased to test this
phenomena and to make sensitivity tests.

The wire was poled by wrapping it around a glass cylinder which
in turn was immersed in a beaker of saline solution. The insulated wire
thus served as one electrode for the poling voltage , and the saline solution
surrounding the insulation , the other electrode. The entire apparatus
was p laced inside a controlled oven to maintain the poling temperature
at 100°C . Ancillary wires leading to the beaker coupled the high voltage
power supply to the test element. PVC tubing with a series pump was
used to circulate the saline solution between copper tubing in an external
cool water holding tank and the poling beaker . The purpose of this heat
exchanger type apparatus was to accelerate the rate of cooling for the
saline solution. This cooling hardware when used reduces the length of
time that the poling voltage must be maintained across the PVF2 element
and decreases the probability of a voltage breakdown.

The procedure followed for poling this wire was to heat the wire
and associated poling apparatus to 100°C, app ly the poling voltage for a
duration of 10 minutes , then rapidly cool down the wire with the voltage
still app lied until a temperature of 38°C or less is reached. The 800
volt poling voltage used was determined empirically to be the maximum
usable potential which could be maintained without causing a premature
voltage breakdown in the insulation .

To examine the wire , thus poled , a test apparatus was designed
and constructed which allows sensitivity comparisons between a variety
of test wires and cable which had been optimized as vibration—sensitive
line transducers using an electret material as the key element.

The 12—inch wire to be tested was stretched between clamps on the
main frame of a test jig designed for this purpose . At the midpoin’ of
the wire , a speaker dr iver  was d e f l e c t e d  by a s inusoidal  input  vol tage .
As the driver was moved about the rest position , the wire was stretched
causing a piezoelectric voltage generation. This voltage was amplified
us ing a high impedan ce amp lifier with a gain of 40 dB. The input deflcction
was measured using a linear potentiometer attached to the shaft of the
driver. The sensitivity of the element was caiculated as the v d I l t . i ~~e
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output divided by the displacement . All t e s t s  were run at a instant
f r - I I u t - l l c y  of 5 qz. To make contac t with the outer surface of the insulated
wi re , a thin st r ip of coppe r clad mylar coated with silver epoxy was
stretched adjacent to the wire .

The results of this testing showed tha t the  most sens ”lve
eleme n t was a p iece of ?VF 2 insulated w i r e  which had been heated in an
uncontrolled manner using a hand held heat  gun , poled w i t h  2 . 5  kV vo l tage
and then cooled rapidly using bottled CO2. fhe wire which was po led under
controlled conditions as described using the saline solution had a ref ponse
which was about 14 dB below the heat gun poled samp le. Comparing a sar ., &-

of wire with no conditioning to the controlled poling sample showed very
little difference in sensitivity . Similar tests were also run on a com-
merciall y prepared sample of electret coax cable. The results of the
electret coax cable compared to the response of the carefully poled
samp le showed very little difference in s e n s i t i v i t y .  Thus it would appear
from this test that higher fields are desirable in optimizing the piezo—
elec tri c c h a r a c t e r i s t i c s  and that the naturall y occurring piezoelectric
p r o p e r t i e s  of the insulated wire are comparable to the electret cable.

In general  these tes t  r e s u l t s  were  somewhat e r r a t i c  and showed
no clear cut trends. It appears , however , that a sensitive element such
as this could be useful for certain intrusion app lications and the effect
merits further investigation.
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