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ABSTRACT

A discussion is given of the many uses of photo-
conductive cells, especially of those of the lead sulphide
tyve. | ' |

A Factor of Merit forvradiation detectprs as pro-
posed by Clark Jones 1s presented, which is intended to cover
all types of detectors, and which‘is applied to the lead sul-
vphide‘cells studied. Other Factors of Merlt are also
mentioned. From information obtained the Factors of Merit
~are evaluated for the cells. .These Factors of Merit are
found to vary with the temperature of the cell layer. It is
found that limiting noise is not due to Johnson noise, but
‘rather to radiation fluctuations; and that the ultimate sen-
sitivity has been reached in some cells. The cells are
assumed to be type II detectors according to Clark Jones's
classification. It 1s found that the engineering limit pro-
posed by R. J. Havens does not apply here. Particularly good
agreement between various expressions for the Factor of Merit
is shown, assuming a type II detector.

A description of the apparatus is given in some de~
tail. A black body radiator énd associated temperature con-
trel, a 900 cycles per second tuned amplifier, a wide band
preamplifier and a multivibrator used in measuring time con-

stants of such cells are described. cos
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The methods of measurement of responsivity to noise
ratio, of noise, of time constants, frequency'response curves
and spectral response of a detector are outlined. It is found
that the black body is optically alignedj; tests show that the
response of a cell is directly proportional to the intensity
of the illumination.
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Chapter I

INTRODUCTION

Much attention has been given to photocoﬁductive
cells as infrared detectors in the past few years, especially
to those operating in the région between one and six microns.
Such cells, which were developed mainly during the war years,
now find many interesting applications in pure and applied
research. | .

A brief suﬁmary of such research will now be given,
for it is the purpose of this research to study the propertiés
of several such detectors with a view to evaluating their
relative merits and demerits in a single comprehensive "Factor
of Merit". |

Many applications, together with a summary of perform-
aﬁqeaof such cells, are given in a review article by Simpson
and Sutherland (1). Detectors to be considered are sensitive
above one micron; those with a cut-off in'this region are
already well known and include thallium sulphide cells, whereas
such detectors as are studied here extend our‘present knowledge
in many fields.

Three substances, photocohductive beyond one micron,

are of greateét interest and form the basis of the most résearch;



lead sulphide, lead selenide and‘lead telluride. - Such mater-
ials are normally deposited in thiﬁ layers from lOf’4 to lo'scm.
thickneSs oh.glass or seme othervnon-conductor, by evaporation
or a chemical process. Dark resistances so far encountered

are from 104 to 108

ohms, and response times are found to be
between 1077 and 10~3 seconds. It will be seen in Chapter V
that.all measurable broperties of the cells encountered in
this research fall within the ranges given. It is also immed-
iately apparent that one great attribute of such detebtors,
compared to bolometers, thermocouples and other heat detecting
devices, is their relatively shert time of response.

An excellent article by Sosnowski, Starklewicz and
Slmpson (2) describes the preparation of lead sulphide cells
and also the main aspects of the theory. Many suCh cells
have been mede, which operate at room tempereture and afe‘»ex-
posed to the atmosphere. However, most layers are kept in
vacuo; a further betterment in their responsivity being
obtained by cooling the layer, either to solid carbon dioxide
or liquid oxygen temperatures. Thls is also known to extend
the long wave limit of such cells from about 3.3 microns to
about 3.6 microns. On the other hand, lowering the tempera-
ture also raises the resistance and increases the time constant;
consequently‘a_cooled cell is not always advantageous. Selenide
and telluride cells must be cooled to the neighbourhood of dry
ice temperatures before photoconductivity takes effect.

At present, only lead sulphide cells are commercially



available. Each of the semiconductors hitherto mentioned
has its own response versus wavelength curve, characteristie
of the material in the layer and also of the method of prep-
aration. Suéh a curve is shown in figure (13), for three
different temperatures of the same detector. For lead sul-
phide cells, the{péak in the curve generally occurs af two
microns, for lead selenide between three and four microns,
for lead telluride a little beyond four microns.

It is interesting to obsér#e how suéh detectors
approach their theoretical ultimate sensitivities. This
1imit, determined by the responsivity and the noise of any
detector, is discussed in several of the papers quoted, the
most important of which is that by Clark Jones (3);_ this
paper is discussed at some length in Chapter IV, section (1).
‘PFellgett (4) calculates thellimiting sensitivity imposed by
radiation fluctuations on a lead sulphide cell, from its
measured respon51v1ty wavelength characteristics, assuming the
cells to have been cooled and exposed to a solid angle 2 of
radiation (from surroundings taken to be at 150 C). The
ultimate sensitivity was then calculated to be 2.1 x 10-13
watt at the optimum wavelength, compared with an actual meas-
ured nolise equivalent'power per unit bandwidth of 4.9 x 10-13
watt. These results indicéte that the theoretical limit‘for
the lead sulphide cell had been reached; the total noise
being only twlce as great as that due to the radiation fluctua-

tions alone. -
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Moss (5) has alép studled the ultimate sensitilvity’
and its.dependence on the spectral responée curve. For photo-
conductive détectors, the background radiation is normally of
””greaper wavelength than the wavelength at maximum response.
,Upon cooiing a cell, Moss found the limiting sensitivity to
deteriorate from 5.2 x 1074 watt at 273°K to 17 x 10~1%4 watt
at 90°K_at 2.3 microns. This is because of the preferential
increase of the response at longer wavelengths upon cooling.

On the other hand, at 3.5 microns the situation is reversed.
The limiting sensitivity for the same detector improved from
2 x 107 watt to 15 x 1071* vatt.

It is then of particular importance, in choosing a
detector for some specific purpose, to define a suitable Factor
of Merit for detectors in general. Without such a simple
criterion, it woﬁld be necessary to compare the performance of
all available types of detector under the proposed experimental
conditions. This long standing need for a Factor of Merit has
been met by many workers, notably Clark Jones (6é) and Daly and
Sutherland (7). These references are discussed in the next
chapter.

‘Some of the interesting applications for photoconduc-
tive cells in pure physics are in the field of infrared spectro-
scbpy. By using photoconductive cells, notable progress has
been made in resolving power and scanning speed; the point
- having been reached where the infrared spectrometer is becoming

limited by optical considerations and not by the detecting



element as heretofore.” Sutherland, Blackwell and Fellgett
(8) reported tha; they achieved a resolving power of 30,000
in the water vapour speptrum near 2.5 microns, whereas pre-
viously only a resolving power of 7,000‘had been attained in
this regien. Advances have also been made, using photocon-
ductive cells, in the observation of spectra of extraterres-
trial objects.

Rapid changes in spectra occurring in exploesions or
in the early stages of a chemical reaction are often items of
interesting study. With a fast bolometer, the scanning time
for the range of a few microns 1is of the order of several sec-
onds if resolving.power is to be maintained (9). Bullock and
Silverman (10), by using photoconductors, are able to scan a
range of two microns between one and five microhs in some
thousandths of a second and with a resolving power of 100 near
three microns. In this way they have been able to study the
first stages of the explosive reaction between oxygen and car-
bon monoxide. |

Infrareé spectroscopy has already-made’a“large con-
tribution to the study of the atmospheres of planets. Kuiper
(11), using photoconductive cells, has shown that the polar
caps on Mars do not consist of solid carbon dioxide but are
almost certainly composed of ice. .

'In industry, lead sulphide cells open up new possi=-
bilities in radiation pyrometry. Lee and Parker (12) have

shown thatvtemperatures as low as 100°C can be measured this



way with fair accuracy,vand‘those of 500° C, sométimesjencountered‘
in the rapid braking of loéomotive wheels, cah be followed con-
tinuoﬁsly and measured to an accuracy of one per cent..

The purpbse of this research will be to study the prop-
erties of several photoconductive cells, and evaluate several
Factors of Merit for them. Any inconsisten¢ies in these will
be noted, the whole wipﬁi? view to enabling future workers in
the field to choose the best of these detectors on merits of

size of sensitive layer and time constant.



Chapter II

FACTORS OF MERIT
1. The Clark Jones Factor of Merit (6)

In his paper an Factors of Merit, Clark‘Jones (6)
poihts out.the need for " ... a single, quantitative Factor
of Merit for use in comparing the sensitivity of various
radiation detectors." A criterion is needed for comparison
of similar detectors, such as an evaporated thermocouple and
- a wire thermocouple, as élso for the comparison of dissimilar
detectors, such as a Golay pneumatic heat detector and a leéd
sulphide photoconductive cell. |
This Factor of Merit must be capable of comparing
detectors with greatly different sensitive areas, response
times and spectral response curves, when measured with an ampli-
fier having any given frequency-response curve.
‘ In part I. of the second of three papers dealing with
radiation détectors, (3, 13, 6) Clark Jones defines a type n
detector as one whose noise equivalent power (defined in 13)
Pm in the reference condition A depends upon the reference time

constant T and the sensitive Area A according to

Be (W™ o

where kpn is a parameter independent of A and T, but which has
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different values for different detectors. Clark Jones (6) pro-
poses a sultable multiple of kh as a nﬁmerical Factor of Merit.
For'type 1 detectors Clark Jones uses equation (3.8)
of paper I (3). For a detector whose quantum efficiency is
unity at every radiation wavelength, equation (3.8) states that

the minimum value of the noise equivalent power is given by

P o (40T KTY (N%/c%) .

where k is Boltzmann's constant, G is the Stefan Boltzmann
radiation constant, and where T‘is the absolute temperature of
the detector ahd of the surrounding radiation field. At the
temperature T = 300 ?K. the last equation may be written

Az N\ /L
T.-27tx\o (N /C"b\ 3)

whereAPm is in_watts, A is‘in square millimeters, and T is in
seconds. If a detector satisfying_the above is considered to
have a Factor of Merlt equal to unity then the Factor of Merit
for any other type I detector may be written

M\ = Z-7é"‘\o_|lk\
—\ 3 ey
- 2. 7¢ « o= (N7, T ) | (4)

L
- <. s2x\0FR_ANT

where}Pg is in watts, A is in square millimeters, T is in
seconds,_k is in the units_resulting from using the units just

mentioned in equation (6) and R, is in watt -1,



Equation (4) is dlark Jones's proposed Factor of
Merit for a type I detector. »

For type II detectors, Clark Jones (6) bases his
multiple, chosen for k,, on Havens's Limit. This 1limit --
based on an estimate}of the minimum value of the noilse Qquiva-
lent'bewer which could be 6btained with thermocouples and
bolometers with éurrently available materials and‘techniques -
was made in 1946, by R. J. Havens (4) for a detector at room
temperafure. | This limit, which is of an optimistic engineer-
ing and not of a.fundamental nature, has been very well con-
firmed.

Havens's Limit is

B - 2x 107 = (N2/T) (5)

where P 1s in watts, A is in square millimeters, and T is in
n

seconds. If a detector which satisfies equation (5) be consid-

~ered to have a Factor of Merit equal to unity, then the Factor

of Merit for any other type II detector may be written
M, - 2xlo"'2

= Byl ((\yz/?,m‘d !

- o1z (R N%/ %)

where Pm is in watts, A is in square millimeters, T 4is in

(6)

seconds, ko is in the units resulting from using the units
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just mentioned in equation (1) and R is in watt l.

Equation (6) is the proposed Factor of Merit for a
type II1 detector.

In discussing the significance of the Factors of
Merit, Clark Jones (6) then goes on to show that two detectors
with the same Factors of Merit and of the same type ( e.g.
both bolometers) but with different sensitive areas and
different time constants will not in general yield the same
results in any particular application. However, if the two
detectors are so reconstructed that they éach have the opti-
mum sensitive area and the optimum time €onstant for the
particular application, then the performance of the two will
be the same. |

This point cannot be‘stressed too greatly, since this
is the great significance -- and explains in the best fashion
the importance and usefulness -~ of Clark Jones's proposed
Factor of Merit. Thus with a knowledge of the Factors of
Merit of differént types of radiation detectors, one may, by
khowing thé optimum value of sensitive area and of time con-
stant, choose a detector type of the appropriate size and
response time ﬁhich has a Factor of Merit close to unity, re-
gardlesé of whether the detector be a bolometer, thermocouple,
or photoconductive cell. Thus a knowledge of the Factor of
Merit of many different detectors of known area and time con-

stant seems highly desirable. This has_been attempted for
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several photoconductive cells in this research.'
Clark jones»(é) carries the argument further, in

that if the two detectors have different Factors of Merit
and are constructed so that each has the optimum sensitive
area and time constant for a particular application, the
signal to noise ratios so obtained will be directly in pro-
portion to their Factors of Merit.

\ For deteétors such as bolometers and thermocoﬁples,
where it is assumed that the only source of noise ié.the
Johnson Noise éssociated with the resistance of the detector,

M2 may be written (6)

M, -0.04c2 S, (N r)¥ | (7)

where S, is the effective zero frequency responsivity, meas-
ured in volts per watt, A the sensitive area in square milli-

meters, R the resistance in ohms, and T is the reference time

<

constant in seconds. |

In the case of photoconductive cells, the noise is
not limited b& Johnson noise only, and where the noise is
actually measurabie, the following Factor of Merit is obtained.
Let Po be the steady ineident power which produces a Qteady
output voltage equal to'the noise voltage under the actual
conditions of measurement. Where the measurement is made with
é squarely modulated signaly PO is-obtained by reducing the
measured result to zero frequency by making use of the measured

square wave frequency response curve of the detector.
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The quantity Af is the noise equivalent band_width in the
actual measurement, and A_and T denote the sensitive area and
the reference time constant. Clark Jones then shows (6), that -

M, may be written

M =c7><\o*‘2(lxa§,/t\y"f/2 (8)

where P, is in wattsy A 1s in square millimeters, Af is in
cycles per second, and¥Tlis in seconds. |

411 the Factors of Merit have been stated for detec-
tors operating at room temperature. The values for detectors
operating at the dry ice and liquid oxygen temperatures, 201°K.
ahd 90°K., are given in-Chgpter Ve r:;%i;; T

| In his discussion, Clark Jones (6) notes that no

thérmopile or bolometer opérating at room temperature has a
Factor of Merit as large as unity. . Only the super-conducting
bolometers and the Golay pneumatic heat detector have Factors
of Merit greater than unity (viz., from 1.29 to 13.9, and 4.69
respectively). The Golay detector operates at room temperature,
but since 1t is a type I detector (3) it is not permissible'té
state the Factor of Merit M, for this detector. The Factor
of Merit Ml for the Golay heat detéctor is 0.30. |

Clark Jones also notes that the maximum attainable
Factors of Merit at room temperatﬁre are substantially the samé |
for thermocouples and bolometers.

The suitability of his proposed Factor of Merit is
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also borne out, accérding,to Clark Jones (6) by the results
obtéined for three thermistor bolometers, which use the

same type of sensitive element, but employ greatiy different
coefficients of thermal conductivity between the sensitive |
element and its surroundings. The time constant for a bolo-
meter 1s defined as the ratio of the héat capacity per unit
area to the thermal conductivity. In spite of the hund red
ts one range of time constant, the largest Factor of Merit
for these thermistor bolometers is only 15 per‘cent greater
than the smallest.

Clark Jones also states the need for the proper
specification of the relevant properties of:radiation detectors.
He states what he considers to be the necessary information
about detectoré: a) whose only source of noise is the Johnson

noise associated with their resistance as

1. The electrical resistance

2. The sensitive area

3; The curve of relative reéponsivity versuS’frequency. If
the frequency response may be characte:ized by a single
time constant, a statement of its value is sﬁfficientﬁ,

4,  The relative response to different radiation wave lengths

5. The responsivity (in volté per watt) at a single frequency

with a specified spectral energy distribution.

and b) for detectors other than the above as

1. The sensitive area
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2. A curve of relative resbonsivity versus fre@ueécy

3. A curve of the relative nolse power per unit band width
versus frequency, under the same conditions used to
determine item 2 . N

4. .The relative response to different radiafion wavelengths

5e A single measurement of the signal to noise ratio under

fully defined conditions.

In the case of photoconductive cells, the necessity of 4 in
both a) and b) is due to the large variation of sensitivity

as a function of wavelength.

| It is worthwhile to consider furthef the classifica-
tion system proposed;by Clark Jones (3).

A detector 1is defined to be a type n”detector for a
given range of reference time constants if over that range of
reference time constants the zero frequency responsivity to
noise ration Ro depends upon the A and the reference time

constant T in accordance with

LY
13c, = kzm\jz " //’Zilxkl (9)

where k, is a constant which is independent of A and T.
Clark Jones then lists eight different kinds of rad-
lation detectors (3) which he can classify as either type I or
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type II detectors on the basis of theoretical éonsiderations.,
The list is as follows:- . '

Range of T in seconds
Detector - Type I |

Golay pneumatic heat detector

Vacuum phototubes limited by shot noise 10'2 - ©
Gas phototubes limited by shot noise 1073 - ®
Photomultiplier tubes limited by shot noise 2.2 x 10 - o0
Dipole antenna limited by temperature 1077 - o

noise = shot noise

- Type 1II
Bolometers 10-3 - 1
Thermocouples and Thermopiles : 107% -1
Photographic plates limited by grain Reciprocity law

structure

This paper will‘try to assess the type number of the various
types of photoconductive cells under consideration purely on
the basis of experimental evidence.

The actual reference condition of measurement proposed
by Clark Jones (3) is the following. It satisfies these condi-

tions:-

1. The noise equivalent power of’the_detector 1s measured in
the presence'of the noise in a manner such that the band width
'of the noise is approximately equal to the band width of the
detector.

2. The band width of the detector is‘measured after the
amplifier gain has been equalized so that the noise spectrum
is flat.
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| Then follows a prescription for the adjustment of i
the amplifier and for the measurement bf_the noise equivalent
power. However, this has not been carried ouf‘in_the present
work, but it is felt that time andAﬁaterial do not justify
sdch a step as the measurements carried out allow enough lee-
way for efféctive values to be obtained at the expensé of only
slight loss in precision and generality. The above is men-
tioned as a further step necessary only to the absolute
fulfillment.of all the conditions laid down by Clark Jones (3)
for the assignment of Factors of Me:it. However, since Clark
Jones (6) has assigned Factors of Merit to various detectors
on the basis of previous published reports on their ¢haracteris-
‘tics which-dd not follow his urigue specifications, and since he
has assumed certain evidence to be able to convert bublished
figures to hié own specifications, it is thought to be suffic-
ienf merely to do the same. Further, Clark Jones uses such
above mentioned evaluations of Facﬁoré of Merit in straight-
forward comparisons between detectors, which is essentially the
purpose of this paper.

In summary, Clark Jonés (6) has devised a thoroughly
practical and widely applicable method for assigning to certain
types of radiation detectors a number, called their Factor of
Merit, which when properly interpreted allows complete comparison
of all detectors covered, and which also indicates the best
defector available for a thoroughly<specified purpose. To a
large extent, this paper seeks to extend his definition to the

large number of photoconductive cells now being developed or
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already in use, in order to aid workers in fields associated

with their use in choosing satisfactory detectors.
2. The Daly and Sutherland Factor of Merit (7)

One mayﬁeXpress (7) the mean square fluctuation vol-

tage at the detéctor output as

———ne

\/,n?‘ = #A% | | (10)

where}* is characteristic of the detector alone and‘éf is

characteristic of the amplifier (and display) alone. Further,
defining O as the responsivity in microvblts per .microwatt and
T as the time constant of the detector, ﬁaly and Sutherland (7)

propose taking
fj}n:/\r (1)

as the Figure of Merit of a detector, when sensitivity, speed,
and hoise level have all been taken into account.

To comparé the Daly and Sutherland Figure of Merit
with that proposed by Clark Jones, the inverse of the former
must be considered, since it is itself proportional to the
minimum detectable power, whereas the number proposed by Clark
Jones is inversely proportional to the minimum detectable power.

Also, Daly and Sutherland omit reference to the sensitive area,
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which, being combined with the above remarks, giveé as a suit-

able Factor of Merit as proposed by Daly and Sutherland

N AT , (12)

3. Other Factors of Merit.

The Hornig and 0'Keefe Factor of Merit (15)

Hornig and O'Keefe propose a factor of Merit (15)
for thermal detectors which employ thermoelectric properties

in thermocouples of various materials. They propose a figure

M- @/(ngﬂh - | (13)

where Q is the thermoelectric power of a thermoelectric junc-
tion attached to the receiver, k is the thermal conductivity
of the wire material, and ? the resistivity of the wire

material. Denoting the two wire materials by the subscripts

1l and 2, a precise Factor of Merit is established, of the form
: | L L
M- (Q\'QQ/EQQ\?JH(MQY] (14)

Q is measured in microvolts per degree Centigrade, k in watts

per centimeter degree Centigrade, and ? in ohm centimeters.
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It is felt that the Factor of Merit given by Clark
Jones carries the greatest weight since it is universal,
applYinglto all types of detector, whereas both the above are ;
specialised‘cases. It also considers the sensitive area,
which is a matter merely of adjustmeht to the above figufes.
However, Clark Jones's Bactor of Merit is chosen on the basis
of theoretical predictlon, and is not merely a good guess,
and embodies considerations such as minimum detectable power,

proper time constant and class of detector.



Chapter IIIX

THE APPARATUS

The apparatus must be able to measure responsivity
to noise ratio, time constant, and also the sensitive area.
The latter may be measured by the usual means of travelling
microscope, since for most detectors it is impossiblelfor a
detailed examination of the sensitive area to be made, as
the detectors are in vacuum.

The responsivity to noise ratio‘is measured by using
a 900 cycles per second tuned amplifier with properties des-
cribed in section (3) of this chapter. The measurement of
time constants is performed by using a neon flash bulb as a
source of variable modulation frequency (square wave modulated)
radiant energy, a wide band preamplifier after the detector
whose time constant iS‘being measured, and an oscilloécope,
all of known frequency response, a plot then being made of
response versus frequency from which the time constant is
determined. |

A detailed description of the above-mentioned instru-

ments follows.

1. The Black Body Radiator.

The radiator is shown in figure (1). A is a steel
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cylinder 10 centimeters long and 6 centimeters in diameter.
A conical hole subtending an angle of fifteen degrees is bored
in one face (the cylinder then being thoroughly baked_for
oxidisation purposes) and is surrounded by a disc of air of
6 centimeters diameter and 1 centimeter thicknesé. It is
covered with a circular aperture of 1 centimeter drilled in a
brass di&:B. Another brass disc iS'placed in a symmetrical
position, 1 centimeter from the latter face of the steel
cylinder. The whole is enclosed in an alundum cylinder C
which is wound non-inductively with a nichrome heater E. A
resistance thermometer F is then ﬁound over the heater, shorts
being avoided by having all wires E and F embedded in alundum
cement. This cylindrical roll is then covered by a roll of
several thicknesses of asbestos shéetiﬁg D, surrounded by rock
wool, which constitutes a rectangular filling of a wooeden box,
whose inner dimensions are 12 cm. by 12 cm. byv20 cm., The
front end of this box is covered by a thicknsss of aluminum J
with a 1l cm. aperture. A hole was bored through the back
brass disc B and the steel cylinder A to the abex of the conical
hole as shown in figure (1). This hole contains. the thermo-
couple, which is of iron constantan. The thermocouple cali-
bration curve was plotted, indicating close agreement with the
calibration curve for such a couple found in the Wheelco tables.
The resistance thermometer has a temperature
‘coefficient-of .0045 per degree Centigrade. Ihe wire used has
a length of 20 feet, resistance at 0° C. being 24.6 ohms, and
at 200° C. 25 ohms. | |
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In figure (2), the optical system of the black body
radiator is shown. All plates of aluminum éré highly polished
on the side facing the source, and painted with a mixture of
lamp-black and methyl hydrate on the side away from the source.
Originally, the baffle system consisted of two baffles of type
A (figure (2) ), and two baffles made of single aluminum plates,
of the dimensions illustrated,énd of square area. Thé present
system, which necessitated removal of all baffles except that
- shown at A, was due to standardization of the length of separa-
tion between the sensitive area of the detector and the virtual
source to 20 centimeters. The asbestos used in shield A is
of the sheet type. F is a sliding shutter of aluminum, also
originally of sevefal air separated aluminum plates with polished
and blackened sides, now consisting of a single plate of alumi-
num.

The chopper disc B (figure (2) ) may be used either
for siﬁuséidal modulation or square wave modulation of the incom-
ing radiation, depending on the desired application. This is -
effected’by having holes and spaces of equal widths for square
wave modulation, or in a specified ratio for sinusoidal modula-
tion. There are 30 holes in the chopper wheel at a radius of
10.2 centimeters. The chopper motor D is an 1800 r.p.m.
synchronous motor, and is mounted below a brass tube J, blackened
on the inside.

c 1s.an aperture disc, with eight holes drilled in it.
The diameters of these holes, as measured by a travelling micro-

scope, are .798, .631, .577, .482, .369, .3, .189 and 5109 B
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centiméters respec¢tively. The aperture stahdard ﬁormally;.
used is 3 millimeters in diameter. o

The detector is held by‘means of clamps with its
sensitive area at K. ‘Great care was exercised ih‘designing
this optical system, so that allbcéllé would be uniformly ,‘
radiated from the black body, for.all'sensitiVe areas encount-
ered. The maximum radius for the senéitive'area of a detector .
centraliy mounted on the axis of the optical system‘is of :
1 centimeter radius for an aperture of-3 miilimeters requiréd
to act asza virtual source.
| A brief digression is in order here to explain hbw
the Qircular 3 miliimeter apertufe acts as 'a virtual source.
A complete treatment is given by Roberts (lé)\ohrpagé 390 and
is as fqllows‘with refefence to figure (3).

" The smali hole cd is the 3 millimeter'apertﬁre'in
quéstion,’ﬁhe receiverlis ab, and the radiator is a'b'.  The
essential feature is that the lines ad and bc produced intefsect
. the fédiatbr, taken as'the 1 centimeter conical hole. This
condition ensures that the radiatien received by any and every
point on the receiver is the same as if the radiator were of
the same area és the aperture cd in the screen and were situated
.in the plane of the aperture. For proof of this, consider the.
radiation féceived by an infinitésimal area at the point P on
the receiver. ' As far as the point P is concerned, the only
part of the radiator.: which is effective is represented by c'dt,

If A;is the afea'of'cd, and A! that of c'd',
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I\\}\\\ .: (PC\L /(PC‘Xz 4 o (15)

that is, the areas are proportional to the squares of_their
distances from the point P. But the intensity of radiation
falls off inversely as the square of the distance from the
source. Since this intensity 1s also proportional to the area
of the source, the increase in area compensates for the increased
distance, and the radiation at P from the surface c¢'d' is the
same as the radiation from a surface of the size of cd situated
in the plane of the screen would be.

Under experimental procedure in Chapter IV, section
(6) it will be seen:that an experiment was performed to test
whether the source was actually a virtual one. |

The whole framework containing the black body may be
mounted either vertically or horizontally, depending on whether
cells which have to be cooled have side or end windows, since
the cells must aiways be mounted vertically to allow their being

cooled.
2. Temperature Control for the Black Body Radiator.

: o}
The standard setting of the black body is 500 K.,

and to ensure that this temperature is produced with no change

over long durations of measurements, it was found necessary to

use a temperature control of the type described.
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A bridge network is made up,'of whith two arms are
the resistance thermometer already'described in the preceding
section, and a control, Rip and Rx respectively. The control
1s made up 6f two wire-wound potentiometers in seriesj one |
has a value of 200 ohms and acfs as the coarse control, the
other being a 5 ohm resistance in series with it which may be
used as the fine control. |

Essentially, the function of the circuit is the mix-
ing of two a.c. voltages, one of which has a constant amplitude
.and a constant phase, the second having varying amplitude and
approximately constaht phase. When the amplitude of the
second voltage is varied, the output signal_varies in phase and
its amplitude increases. This signal is applied to the grid
of an F.G. 57 thyratron. |

The first signal is provided by an a.c. network
_acroés the 6.3 volt heater supply, and can be adjusted to have
a phase varying within plus or minus of 120° with respect to
the a.c. voltage supplied to the thyrafron ahode. This phase
is adjusted by means of a 50 kiloohm potentiometer so that, when
the bridge is in balance, the signal which is applied to the
grid of the thyratron gives exactly the current through the
heater winding ofﬂthé black body needed to maintain‘the'black
‘body radiator at its balance temperature.

If the R, setting is above the present black body
temperature, the bridge éoes off balance and this additional

signal produced across the temperature'bridge is added to the
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network signal, increasing the grid voltage in amplitude and
changing its phasé. This phase change 1s such that'the on
périod of the thyratron is increased, which in turn gives an
 increase in the heater current. fhe heater is in the anode
load of the thyratron.

If the black body is too hot, however, the phase
angle varies such that the on period decreases.

A 6K6 tube is linked in the circuit as a cathode
follqwer to provide a low impedance signal to the grid with
little or no distortion.
| The overall circuit gain is about 30,000, and regula=:
tion has been found better than O.loK..forl5009K. operation, b&
measuremeﬁts made with a thermocouple.

The thermocouple which measures the effective black
body temperature may be read on a small millivolfmeter marked
"Centigrade" on the apparatus. For higher accuracy than this,
an external potentiometer must be used for the temperature
measurements. |

The advantage of,this type of control unit over other
types 1s that the black body can be brought from room tempera-
ture to anywhere in the (400-600)° K. region in a matter of one
and one-half hours without having to bring the radiator to
within a few degrees first, as is necessary with most other con-

ventional types.
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3. The 900 cycles per second tuned amplifier.

The amplifier was built after a design by Brown (17)
and is illustrated in figure (4). The merits of the ampli-
fier are that it has a flat peak of several cycles to compen-
sate mains voltage changes affecting the chopping frequency,

a high gain and a linear response.

There are three maih stages of amplification in the
original eircuit, each consisting of three tubes. The cathodes
of the first and third tubes are connected to give negative
feedback. An attenuator is placed between the first and
second group of three tube stages, to step up the amplificatien
by convenient factors of three. A tuned anode load is placed’
on the third tube in each of the first two stages, one tuned
at 880 cycles per second and the other at 920 cycles per second,
to give a flat-topped frequency response curve at 900 cycles per
second. The coils are toroidal, and are mounted in mumetal
cases to give magnetic and electrostatic screening.

The output is fed through a transformer with a 1 : 1
ratio from the primary to each half of the secondary..

- The present amplifier is essentially the same as the
above with the following modifications. Firstly, a low noise
twin triode 12AY7 replaces the first two pentodes in each of the
three groupings. Secondly, some poslitive feedback is employed
between the cathodes of the second and third tubes of each ring
of three. Thirdly, the output twin diode has been replaced
by two 1N34 rectifiers. The heater voltage.is.adjusted to give
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least hum by means of a 150 ohm potentiometer across the

heater winding connected to some point on the power supply.‘
- The output is shown on av0—200 microammeter whose

full-scale deflection corresponds to 10 millivolts output.

The data for the amplifier is as follows.

The gain = (50) + (50) + (24) = (124) db = 1.5 x 107

With input terminals shorted the nolse level is equivalent to
(.22) }LV . No noticeable change on the output meter is noted
for é mains voltage range 90 - 135 volts on amplifier scale 1l.
On open circuit-noise level is equivalent to (1.53) JA'volts.k
Figure (5) shows the frequency-reéponse curves for inputs of
2.5 millivolts and of 5.01 microvelts respectively. Figure
(6) shows the linearity of response for a gain setting of (11).
The peak of the frequency-response curve occurs at a frequency
of 895 cycles per second. The bandwidth 1s 44 cycles per
second at minus 3 db.

Considering Ro as the dynamic impedance of the tuned
load at the operating frequency, the ga%n per ring of three
stage is R2/Rl, where Rl is the cathode load of the third tube.
With desired values of the tuning coil and thg "Q" of the tuned
load, Brown (18) has shown that R, is approximately equal to
40 kiloohms at the reduired operating frequency. Tovobtain
maximum gain, one must make Rl small, which calls for a tube of
short grid base and high g in both the -third and first tubes.

Brown (18) shows that a fractional change of loop
gain dA/A and the fractional change of gain dG/G are related by



28

G \ b
é&f Tl A [\ (16)

Thus, for A = 999, a 10% change in A gives a 0.1% change in G.
The amplifier gives long-term stability of gain,
low noise level, and linearity of response, and is therefore ..

ideally suitable in the work attempted here.
4., Time Constants Apparatus.

The time constants are measured by a methbd explained
under Experimental Procedure, chapter IV, section (2).

A neon 30 tube is used whose time of response is
characterised by a time constant of ~10~® sec. Its response
curve was obtained using the method outlined in chapter IV,
section (5). Neon, as the gas for discharge, was chosen
because although the time constants of such tubes may be some-
what longér than for other gases, notably hydrogen, hydrogen
sources lead to other complications due to the scarcity of infra-
red lines obtainable from them.

_ The limiting factor to be scrutinised in choosing a
suitable source of infra-red radiation, is the ionisation'time

of the gas, which for the tmbe used was found to be«lo’6rsec..
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The Multivibrator used consists of six tubes, and
employs a-plate-to-grid coupling. The signai is taken from
a cathode follower to give a low impédance source for switch-
ing the neon. The range of the multivibrator extends for
.square waves with half-widths from 5 microseconds to 10 milli-
seconds, and the edges of the square waves are less than 0.5
microseconds long; a figure good in comparison to that quoted
by Elmore and Sands (19) on page 81, who give a steepness of
0.1 microseconds as a theorétically attainable limit, for a
multivibrator using two pentodes and héving a large consumption -
of power; a similar scheme to that used in this multivibrator
as mentioned in this paragraph.

The frequency of oscillation can be varied fairly
conveniently in steps, each step having a continuous range
overlapping those of ofher steps, and covering the total range’
of 5 td‘lo,OOQ microseconds mentioned above.

-Voltéges are supplied by an electronically regulated
power‘pack. 'Special attention has been givén to the bullding

and design of this power pack, to enable use of various neon

tubes‘with a large variation of striking volfages.

A wide band preampiifier was designed for use with
the apparatus for measurement éf time constants. Originally,
a single stage'preamplifier was bullt with a gain of 503 this
was not of high enough gain for measuring time constants.of
someiof the lead selenide and lead telluride cells, whose out-

put 1s smaller than that of most lead sulﬁhide cells, for which
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latter thié amplifier was originally intended. Therefore a
new Qide band preamplifier was built with a gain of 2000,
which could be used to measure time constants of most of. the
detectors studied in this research. The circuit is shown in
figure (7), and consists of two high gm shafp cut-off 6AGS
miniature pentodes and a cathode follower. The output is
but either directly on the Y2 piates of a double-beam oscillo-
scope, or through the 1ow gain amplifier on thé4oscilloscope,
which has a flat response out to seven megacycles per second.
The frequency iange of the preamplifier 1s governed
at the low end by the condition that 1/RC be very much less
than 50 where R and C afe as in figure 7. The values of R
(3.3 Megohms) and C (0.5 microfarads) satisfy this condition.
At high frequencies, the value of R must be much largef than
1/Cw, where C is the input capacitance of the 6AGS tube, énd
w 1s the highest angular fre&uency used. This cpndition is
also fulfilled. Decoupling between Stages has been used to
eliminate positive feedback, and the screens of the two pentodes
are decoupled by 8 miecrofarad electrolytic condensers as
shown. Use of negative feedback has not been found necessary
(by the rehoval of ﬁhe 250 microfarad cathode self-blas con-
densers). -_The grid of the cathode follower has been put at
150 volts to allow output pulses of this height‘tq be seen on.
the oscilloscope. The actual maximum signal into thé oscillo-

scope is 22 volts.
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Figure (8) shows the fréqﬁency-response curve forvthe
wide band preamplifier, which covers the range of square wave
signals from the multivibrator fairly adequately and with no
distortion, as has been found by using a frequency adjusted
attenuator for using the 120 volt multivibrator output as an
input signal to the preamplifier, and comparing the input and
the ouput by means of the double-beam oscilloscope.

5.‘ Cell Mountings

Most of the cells studied were either 1eadlsulphide
or lead telluride. The lead sulphide Admiralty cells were
used at room temperature, and mounted in brass shielding
(figure (9) ) with coaxial cable connectors. The‘othér lead
sulphide, lead telluride and lead selenide cells were either
commercial ones and already mounted with a tube base (e.g. the
B.T.H. lead sulphide and lead telluride cells) and thus re-
quired a metal screen with the tube socket in one side and a
coaxial connector in the other with a screened lead carrying
the signal inside the can, or the cells were sometimes of glass
with two tungsten electrode leads at one end and a window at
the other, in which case a screened lead with brass connectors

Wag used, and the whole screened in a roll of grounded tinfoil.

6. DPpectral Response Measuring Equipment

The equipment consisted of a Bfown recording potentio-
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meter, whose full scale reading corresponds to 10 millivolts,
a Perkin and Elmer model 12C infra-red monochromator with a
rocksalt prism, a globar for a source of black body radiation,
a standard Perkin Elmer thermocouple detector and associated
d.c. amplifier, and a 900 cycles per second tuned amplifier,
a chopping wheel and motor.

The globar operates with a current of 2.25 amps. at
a temperature of 1400° K. and with an emissivity of about .9.

More details are given in section.(4) of chapter IV

dealing with the experimental procedure.



Chapter IV

THE EXPERIMENTAL PROCEDURE

The.Factor of Merit M,, as defined in Clark Jones's
paper (6) uses the following measureable properties of a
detector, namely: responsivity, minimum detectable energy,
time constant, thé electrical resistance and the sensitive
‘area. |

DealingIWith each of the above in order, it may be
sald that the measurement of the electrical resistance and
the sensitive area poses no great difficulty, only in certain
cases of high resistance or of unusual envelopes and surfaces

of detectors may difficulties be encountered.
l. Responsivity and Responsivity to Noise Ratio

For the measurement of the responsivity, defined as
the ratio of the output voltage of a detector with an electri-
cal output to the power incident upon the detector (13), and
written as S, a standard radiation signal is the first require-
ment. To obtain this, use is made of:ﬂafan's Law of radiation
from a perfectly black body, that the total emissive power of
such a body is proportional to the fourth power of 1its absolute
temperature, the constant of proportionaiity,ﬂ”, being Stefan's

constant, and numerically equal to 5.672 x 10’5_ergé cm™2
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-4 sec™l., The amount of radiation in the form of

degrees
energy received per second by a perfectly black receiver of
area A, (the chopper wheel being at a temperature of Ti °K.)
. from a radiation of perfectly black body type at temperature
T2°'K., where A4 is the area of the virtual aperture mentioned

in chapter III, section (1) is an amount

Q = O’(T7_4"T\4\)A<\l\; | - an
™©*

where D 1s the distance of the receiver from the aperture. :
From (17), ﬁsing0’= 5.67 x 10712 joules cm.fzdegree’4sec?l,
T, = 500 © K., Ty = 300° K., & = (11/4) (.3)2 em.% and D =
20 cm., Q/A, mayvbe obtained, and will be in units of watts
per square centimeter.

A number of standard valﬁes are seen to have been
used. The black body is heated to a temperature of 500° K.,
the circular aperture is made to be 3 millimeters in diameter,
énd the distance used from the aperture to the sensitive layer
of the cell is made equal to 20 centimeters. (The cells are
worked at the temperatures of liquid oxygen (90° K.), a mix-
ture of dry ice and methyl hydrate (201° K.) and at room temper-
ature (300° K.) ). The exact amount of radiation received
by any detector placed at the standard distance and cgntered
on the optical axis of the black body system 1s th@s known,.

making the following assumptions. The source must be a vir-

tual one, and that this is soc may be seen by reference to the
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experiment mentioned in section (6)Aof this chapter. Second -
ly, the opticai«system must be perfectly aligned; thirdly,

the black body must be black and at a temperature of 500o K.
Tests have not been performed as to the blackness of the_black
body, an assumption of 0.9 total black body emission as a mini-
mum conservative estimate seems to be quite Jjustifiable, and
certainly not an unreasonable figure. The temperature control
is accurate to 0.10 K. in 5000 K. (see chapter III, section

(2) ), and the temperature scale is calibrated by means of an’
accurate Leeds and Northrup potentiometer, using the calibrated
iron constantan thermocouple of the black body. The values

of the detector's sensitive area (A2 in equation (17) ) and

of A} are the least well known, A, is known to approximately

1
one per cent, A, to within as little as ten per cent.

The incident power must be corrected for modulations;:
since this 1s square wave then the root mean square value of |
‘the incident power falling on the radiatof is equal to ohe half
of the valué given 1n equation (17). The‘photoconductiVe ce;l
is also a poor black body recelver for wavelengths greater
than the neighbourhood OfEB'fO S-microns, which corresponds
to a very small percentage of the total power from the black “5
body, of the order of one per cent. Therefore equation (17)
must also be corrected by multiplying it by a factor of the
order of 1/100. These corrections are‘applied in the next
chapter. |

| The detector is connected to the 900 cycles per
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second tuned low noise amplifier by means of}a short coaxial
cable going.directly to the input condenser of the amplifier,
bypassing any input connectors, and is shielded, as shown in
figure (9) by a brass cylinder. The sensitive layer lies
. inside the tube J of figure (2), which is blackened inside by
a mixture of lamp-black, alcohol and a small trace of shellac.
The amplifler passes a current through the detector

(a photoconductive cell) producing a voltage across it of some
number of microvolts. The detectors have resistances of the
order of kiloohms, and the current used is of the.order of
microamps. The detector "sees" the black body through a suc-
cession of baffles and the aperture, which lattér are all at
rbom temperature. A chopper wheel, painted black, cuts the
radiation into approximately square bursts at a freqﬁency of
900 cycles per second; each burst of radiation changes the
conductivity of the cell by some fraction of the zero frequency
change of conductivity from 300° K. to 500° K. (or from the
operating cell temperature to 500°K.). This fraction may be
taken as unity, and is actually given in Chaptér V. Thus a
slgnal is generated, at a frequency of 900 cycles per second,
and is amplified and rectified by the amplifier to give a
reading equivalent to the root mean square value of volts in-
put (or volts output from the detector).

- The reading taken is on a.microammeter calibrated for
each scale to give root mean square volts input from the detec-

tor.
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The amplifier has the following characteristicsé-

1. A bandwidth of 44 cycles per second at minus 3 db.‘

2. A peak centered at 895 cycles per second on all ranges
(see figure 10) ) | |

3. A flat response from 890 to 900 cycles per second on all
ranges (see figure (10) )

4. Linear response on all ranges (see figure (11) )

5. A gain of (124) db = 1.5 x 107 on scale 11

6. An open cifcuit'signal of (1.53) microvelts

7. A shorted input signal of.(.22) microvolts

8. No detectable change in output on the top of scale 11
for a variation in mains voltage from 90 to 135 volts

9. Good reproducibility at all times

These considerations make the amplifier i1deal for measuring
signals from the detectors under study, and mean that the
amplifier can be used for detectors with short time constants
and of resistance ranges from 50,000 to 1,000,000 ohms, and
which have noise'appreciable in comparison with the noise value
of the amplifier (i.e. with (.22) microvolts).

A change in mains frequency will change the chopper
frequency but will not change the output signal because of the
flat amplifier response. A change‘in mains voltage is also
seen to have negligible effect on the output. Stray radiation
is eliminated by'having a tuned amplifier. Linearity of

response ensures single-valuednéss of output as a function of



the input, and speaks for 1itself. Stability, which is
achieved B& the use of a great amount of negapive feedback,
cannot be overemphasised in importance. lThe fact that a
tuned amplifier (or a.c. amplifier) is used eliminates the
possibility of drift encountered in d.c. amplifiers, and
enables the achievement of a very high gain.

The flat top of the frequency-response curve for
the amplifier has been achieved by the usé of two tuned stages,
each of three tubes, and having equal gain but centered at
different frequenciles. |

The disadvantages are seen to be that the amplifier
is a very éerious proposition in building, and in achieving
low noise. This means great care in soldering joints, diffi-
culty in replacing low noise tubes, careful grounding, and
only at one point in the circuit, careful screening between
stages and use of screened interstage leads, and the use of
expensive and bulky paper and oil condensers rather than eleé-
trolytic ones (except for screen decoupling purposes). It
is also necessary to use wire-wound resistors 1in the first
stage, which have very low noise of the order of the Johnson
noise of the resistor. Avoidance of 60 cycle per second
pickup is also of the utmost importance, not only in the ampli-
fier itself, but on the detector too. Ih the case of the
detector, this is accomplished by very careful screening, and"
care is taken to ensure well-soldered joints on the detector.

- On the amplifier, the colls used as'plate loads are also



39

screened, as are input lead and output for oscilloscope test-
ing and the d.c. output. The bottom of the chassis is tightly
covered, and the power supply is kept as remote as possible

from the ampiifier itself. Any audio-frequency amplifier,
such as this one, is also very prone to hum and motqrboating,
besides which any 900 cycles per second harmonics of the main
voltage, unless very carefully kept removed and isolated, will
cause oscillations to develop. Oscillations between stagés
must also be avoided at all costs, by keeping inputs and out-
puts of stages well removed from each other. The heater volt-
age windings of the transformer are therefore_carefully

biased by means of a 150 ohms potentiometer (figure (4) ) to
give least nolse for the amplifier output under shorted input
conditipn of operation. Another problem is microphonics, which
at audio-frequencies frequently cause havoc in the readings.
These too must be avoided, or measureménts made under conditions
of least local interruption (preferably at night).

The attenuator itself must be carefully designed so
that the grid input of the second stagé of émplification is
never ieft floating. For this it is useful to obtain an atten-
uator which has shorting spacers such that when the amplifier .
is on no range (between ranges) the grid of the first tube of.
the second stage (ring of three) 1s shorted to ground.

For calculating responsivity to nolse ratlo (R, an

accurate determination of the nolse voltage needs to be made.
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Clark Jones (13) defines R as

R < / N“\i (18)

I\

where N denotes the noise powér per unit band width. The
nolse power may be defined as the mean. square value of the
' noilse voltage.

In discussing the noise, reference must be made to
the following sources of noise. Clark Jones (3) describes

these appropriately as:

a) The Radiation Background

This is due to the black body radiation field from
the detector itself and from the surroundings. The noise due
to this background is called temperature noise (3, 13), and is
due to the fluctuations 1ln temperature of the heat detecting
elehent. Since photoconductive cells are not temperature
‘detectors, i.e. do not operate by changes in their temperature
caused by the incident radiatibn, this aspéct need not be con-
sidered. The photoconductive cell does not operate by changes
of its temperature, exchanging energy with its surfoundihgs
only by radiation. Thus fluctuations in the output of such a
photocohductive cell are due entirely to fluctuations in the
radiation, and thus the results quoted by Clark Jomes (3) will

hold, since he derives these on just such an assumption of
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~ fluctuations in the radiation. The results obtained by him |
hold for detectors whose size is large compared to the'wavé-
lengths of the-radiation beihg detected, and which obey Lam-

bert's Law. 'Ihis radiation background is seen to give rise

- to a minimum detectable power of the detector, Hy, equal to

its noise equivalent power, where for a detector with an

emissivity of unity at all frequencies
[ = N AL T/ tleuled) a9y

where é%;is the absorption coefficient, taken as ﬁnity, A is
the area of the detector, T is its temperature, T is its time
conétaht, and U and k are Stefan's constant and Boltzmann's
constant, respectively. The factor (€ﬁx/éf) has been taken

equal to unity.

" b) The Internal Background

This type of background is introduced within the
detector itself, and conSisté of Johnson ndise, Current noise

and perhaps Semiconductor noise.

~

_c),Signathoise
Whereas the radiation background is due to the black

body nolse of the detector itself and of its surroundings, in
detecting small changes in steady signals, the statistical

variation in the signal may, if largé,.determine the smallest
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detectable change.-_ This is of little concern in this paper.

The amplifier is used to measure the noise when a
black shutter (figﬁre (2) ) is placed across the black body
source. The amplifiér noise is subtracted from this noise,
but is usually too small with the amplifier used to be con-
sidered at all compared to the detector noise. The shutter
must be cooled or kept cool, and the chopper need not be oper-
ated since only the noise in the amplifier bandwidth will
appear at the output, and the chopper frequenfly causes severe
microphonics due to vibrations in the system containing the
chopper motor and the detector. | |

A scheme exlists therefore, for the experimental
determination of the responsivity, the noise, and thus of the

responsivity to noise ratio.

2. The Measurement of Time Constants

Figure (12) shows 1n block schematic form the
arrangement of apparatus used to measure time constants of the
‘range which these photoconductive cells under consideration
possess. . | |

The multivibrator mentioned in chapter III, section
(4) has two outputs. One 1is applied to the neon 30 tube
(11, (3) ), thp’éther‘directly to the Y, plates of a double
beam oscilloscope. The square wave 120 volts on-off voltage
applied to the neon causes infrafred radiation to fall on the

photoconductive cell, which is eiectrostgtically screened
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from the neon by a fine wire mesh. The speed of response
of the neon is demonstrated by a procedure outlined in sec-
tion (5) of this chapter.

The photoconductive cell is attached to the input
of the wide band preamplifier, whose output 1s then displayed
on the Y, plates of the oscilloscope. ~ The preamplifier is
provided with a variable gain control, and has a frequency-
response curve covering the range’of multivibrator frequencies
adequately, as shown in figure (10). |

The theory of the measurement of time constants by
this method may be outlined as follows. With reference to
figure (12), consider a detector receiving a square wave radia-
tion signal of modulation frequency f cycles per second. The
‘ half-width t is then seen to be equal to 1l/2f. Considering
firstly a rise in response of the detector to the signal,
figure (10b),

B = I\(\ ’e—’c/—c> | (20)

But from figure (10a)

B = Q—‘B"C
L\ . (21)
, = a —c

Therefore

a-b—c :(a—c\(\—e’%/ﬂ:s
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which gives

E = @,—C\e—’{l-—c | : (22)

Similarly, for a fall in response, with reference to figure

(10c)
¢ = (@-% et | (23)

Combining equations (22) and (23)

C c1_.¥:
¥> = — ) _ (24)

Q- c
which holds for b = ¢. Thus the response exponential wave
1s symmetrically placed between the zero and peak amplitudes
of the incident square wave, or of the theoretically attain-
able output wave for T approaching zero.

A, the observed amplitude, is given by

A - (a—\>>(\—e‘l</t3 . | : (25)

8ince
A\—;a——\buc/
_k
‘ b: a e -
‘4’ ——‘k‘/’t‘.’

ahd our final result is
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A-q \-e

\-\c-'el o

(26)

There are two lmportant limiting cases. For low
frequencies, where t is very large compared to T, A becomes
equal to a. At high frequencies, T is very large compared

to t, the exponentlal approaches 1, and A may be written
N - ajc‘/zf, : (27)

When a plot of the response A versus the half-width t is made,
a frequency-response type curve results, which approaches the
value a at the high t end, and has the form of a straight iine'
given by equation (27) at the low t end. These lines meet

when

‘k': 2Tt - \/Z-% - (28)

where t = to, the value at the intersection of these lines,
and f is the corresponding value of the frequency fg,.
Thus the time constants of detectors may be calcula-

ted from the value

T-= kéll . | (29)

or

T = \/48’0 (30)
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In practice, the preamplifier gain is set so that
at low frequencies the Y; and Y2 traces (signal and response)
have the same amplitude. A graph with several points at low
t_values of A versus t is then plotted, t, is found from the
intersection of the bestvlow t line with the line A = a, from
which T 1is calculated. |

The method outlined is limited only by the range of
the multivibrator, the range of the wide band preamplifier,
and the range over which the oscilloscope may be triggered.
Also, the neon ionisation time constant, if large, may enter
in the limitations of this method. In chapter 111, section
(4), the range of multivibrator half-widths 1is given as being
from 5 microseconds to 10 milliseconds, which means that the
theoretical limits over which time constants may be measured
is for't between 2.5 microseconds and 5 milliseconds. 1In
practice, most of the detectors encouﬁtered had time constants
well within this range.
| The neon has a very short time constant (see section
(5) below) and does not enter in fbr purposes of range consid-
erations for the measurements of time constants. |

The preamplifier has a range from O cycles per second
to 1 megacycle per second. The range of the multivibrator,
expressed in cycles per second for square waves, is from 50
vcycles per second to 100 kilocycles per secdnd, and the range
- 0of the preamplifier is, for sinusoidal fréquéncies from 0O |

cycles per second to 1 megacycle per second., This gives a
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factor 10 at either end of the rangé for conversion between
square waves and sinusoidal waves, that isy the preamplifier
responds to signals of 5 cycles per second sin waves, and will
therefore respond to square waves of 50 cycles per Second fre-
quency with little or no distortionj similarly a square wave
signal of 100 kilocycles per second, when going into the pre-
amplifier with a flat response out to 1 megacycle per second,
will show little or no distortion. | |

The preamplifier has been designed for photoconduc-
tive cells, and supplies them with current, it may also be used
in the measurement of bolometer time constants, and, by removing
the 1 megohm input to high tension line resistor, and adding |
more stages if required, the amplifier may be used with high
speed thermocouples and other detectors too. Thus a satisfac-
tory method for the measurement of time constants has been

described, and the procedure outlined.
3. The Frequency-Response Curves of a Detector

The above method, section (2), for tpe measurement
of time constants conveniently ylelds curves of relative res-
ponse versus fregquency. If any sources of noise and otherirad-
jation exist, small in comparison with the signal achieved,
then the curves will intersect the response axis at some posi-
tive value.for half-widths t equal to zero. This does not

alter the time constant when the extraneous radiation or signal
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is small ahd steady, also the relative response versus fre-
quency curvé may be corrected for this defect, knowing the .
appropriate time constant. This is so because the slope of
the low t straight line is known (and equal to ab/éT), and
since T is known and a more accurate determination of a may
be made using‘a shutter between the neon and the detector,
and subtracting such a signal from a at low frequencies giv-
ing a'. |
Thus, with these curves, the responsivity to noise
ratio (Rmay be converted to its zero frequency value Ry,
since the-neon.output*in watts in the sensitive region of
microns of‘the detector is not presﬁmed-to change with its mod-
ulation frequency, and the noise of thé cells is constant over
all chopping frequencies due to the narrow band width of the
amplifier. |

4., The Measuremént of Spectral Response of a Detector.

The detector 1s placed at the focus of‘the model 12C
Perkin Elmer monochromator (III, (&) ), and its output, which
is from a high gain 900 cycles per second tuned amplifier, 1s
displayed on a Brown recording potentiometer. The source of
radiation is a 1400° K. 900 cycles per second chopped globar
source. The wavedrive is set for a certain speed, the Brown

recorder is attached, and a spectral curve for each detector
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is obtained, for any previously chosén slit width.

The same procedure, using the same monochromator
settings of slit width, wave drive speed, and a Perkin Elmer
thermocouple and its associated d.c. amplifier (III, (6) ) is
repeated. The graphs are marked at conveﬁient wave drive
numbers, which may be converted to wavelengths from a rocksalt
calibration curve of wavelength versus wave drive setting
obtained for the rocksalt prism used in the monochromator.

The procedure then is to take the ratios of the detec-
tor and theercouple curves at many points (corresponding to
many wavelengths), and to draw a gréph of relative response of
detector to thatAof the thermocouple, plotted against wave-
length in microns; taking the point at long wavelengths at
which this relative response has fallen‘to half of its maximum
valﬁe as the cut-off point. Such a curve may then bé replaced
by‘one having uniform response; equal to maximum response for
wavelengths up to the cut-off wavelength, at which the detectorb
wavelength may be conisdered to fall abruptly to zero.

The assumption has been made that the Perkin Elmer
thermocouple 1ls a perfect black body radiation detector. Tﬁat
this is so for long wavelengths of the order qf 4 microns and
higher is known, but for.lessef}wavelengths correétions may be
necessary. Therefore the procedure followed is not altogether
satisfactory. However, large errors are not foreseen in this

method, and it may be considered as being within the limits of
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other experimental errors, such as the measurement of sensi-

tive areas and also of time constants.
5. Measurement of the Neon Response

The procedure followed here was to put the neon and
a photomultiplier tube of known short time constant inside a
light-tight enclosure (to minimise photomultiplier noise).
The neon was covered by a brass disc containing a fine pin-
hole (to prevenf flooding of the photomultiplier tube) and was
connected to the multivibrator output. It was placed at a
variable distance from the photocathode of the photomultiplier,
and the photomultiplier output was conneéted to the input of
the preamplifier. The preamplifier output was then put on
the Y, plates of the oscilloscope, the other output of the
multivibrator output was connected to the Y; plates of the oscil-
loscope, as before, the only difference from figure (12) being
that the photoconductive cell was replaced by the photomulti-
plier tube.

" The results obtained were, that upon varying the
photomultiplier tube to neon tube distance to give a large
enough output signal on the oscilloscope to be seen easily, it
was found when the two oscilloscope traces were matched in _
amplitude at the lowest frequencies, they remained so matched
to the highest frequency, and the ¥, (neon tube) trace was seen

to remain square to the very highest frequency.
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These results clearly indicate the suitability of
the neon tube used. They do not indicate what might be the
situation at higher frequencies, since a multivibrator going
to much higher frequencies (with 120 volts output) than the

one used h‘ere was not available.

6. Measurement of Signal versus Area of Virtual Source

(Intensity of Illumination versus Signal)

The disc with the variable aperture, used with the
black body, and labelled C in figure (2), was used here in
various positions, and the resulting signals for various
detectors were measured. TFor each detector, a plot of area
of source vérsus output from a certain detector was made for
many detectors. These plots were originally parabolic in

shape, the signal falling off rapidly with large source areas.
The black body was consequently reassembled to give a true
virtual source, even when the aperture diameter was 8 milli-
metres, for the cell sizes in question (see the requirement
in chapter III, section (1) for virtual sources).  The results
showed a straight line graph (figure (u1) ) for all cells
tested and for virtual sources of up to 8 millimeters in diam-
eterf | |

The conclusions to be drawn from this,*ﬂéglecting_
tge poésibility of pure coincidence, are the following:-

1. The black body system is optically balanced for virw

tual sources of up to 8 millimeters in diameter, which covers
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the standard setting of 3 millimeters diameter, all at 20 cm.
| 2. The detectors give a signal proportional to incidenﬁ
watts; d.e. volts per watt ratid is independent of power
incident on the detector

3. The radiation is black body, since according to Lam-
bert!'s law a black body is equally bright in all directions
(i.e. for all sizes of virtual source), as was found to be the

case here.

7. The Measurement of the Sensitive Area and of the Elec-

trical Resistance.

Thls has already been discussed above at the begin-
ning of this chapter. The sensitive area is defined as the
a#erage length of the two outside electrodes times theirbaver-
age separation, expressed in millimeters squared. Since the
sensitive léyers of most of the cells used are flat this is
the sensitive area. For other definitions of area, where
the sensitive area is not flat, other prescriptions must be
given for the definition of this quantity’(3). The area is
assumed independent of the temperature of the cell.

The electrical resistance is measured at the temper-
ature of the cell coolant, for coolants such as dry ice or
liquid oxygen and also at room temperature. With some detec-
tors, it is found that on cooling, the static temperature

equilibrium 1s reached only after several seconds or even



53

several minutes, and not immediately. This has been taken
into consideration both in the measurement of the resistance,
and in the measurement of the signal to noise ratio.

Both the resistance and the area have possible
errors as great as 10 per cent, the area because of the vague
definition of the electrode boundaries, the resistance
because of the difficulty of accurate measurement of high

resistances, as with an ordinary ohmmeter.



Chapter V

THE RESULTS

Nine photoconductive lead sulphide cells were the
main items under study. Four of these were from the Admir-
alty Research Laboratory (A.R.L.), numbers 73, 119, 123 ahd
131. Five were British Thomson-Houston Company (B.T.H.) |
cells. The chemically deposited one which is not in vacuo
but 1s open to the atmosphere is labelled "chemical™; the
other four are in vacuo and may be cooled; theée are numbéred
292, 293, 367 and 395. The A.R.L. cells cannot be cooled,
although they are evacuated.

The measurement of the timg constants as described in
Chapter IV, section (2), was carried out and yieldéd the
results shown in Table I.

TABLE I

Time Constants of Various Lead Sulphide Cells at'Three
Temperatures ( in microseconds) '

Cell Cell

No.  (300° K) No.  (300° K) (200° K)  (90° K)
73 165 292 93 1000 1050
119 135 293 79 292 1750
123 151 367 72 775 980
131 82 395 125 1800 1800
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A typical plot for'evaluating'( is shown (for cell
131) in figure (14). Most of the measurements, when repeated,
showed very similar results; tiﬁe was allowed fof cooled cells
to reach a temperature equilibriﬁm. In chapter IV, section
(3), mention was made of graphs which showed positive response
when extrapolated to zero half width (i.e. to infinite frequency)
It has already been pointed out that this will not alter the
value of T. In cases where such a situation existéd, it wes
found on subsequent measurement that normal curves were |
obtained ylelding the same order of value of time constant.

In his secbnd paper, Clark Joﬁes (13) points out that
where fhe response-frequency curve corresponds to the éxistence
of a single time constant, the following relation between fre-
quency and responsiVity to noise ratio will hold, namely

PWY - R,

— L - (31)
U—\—@_ﬂg‘\‘)?’}z -
Assuming that the value of the noise power per unit band width
is constant with the frequency f, this relation will hold for
the response plotted against frequency. This proposition was
checked for several detectors by replacing f in (31) by 1/2h,
where h ié the halfwidth as in figure (14). In all cases ohly
a very small error was found. This is a good indication that
the detectors studied may be characterised by a single time con-

stant.
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A very interesting measurement was méde of the time
constant of a lead selenide cell produced here. This was
found to have a time constant of 225 microseconds, and showed
the versatility of the time constants apparatus.

Thé response-frequeﬁcy curves as mentioned in chap-
ter IV, section (3) are obtained from those used to measure T
by replacing h the half-width by 1/2f (see figuré (14)). The
factor (1 + (21Kfc)2)é was investigated,‘being close to unity
for some cells with short time constants, and as high as 10.25

for others. The values obtained'are shown in'Table II.

TABLE II

Frequency Correction Factor for Various Lead Sulphide -
Cells at Three Temperatures

Cell T Cell T T <
" No. (300° K) No. (300° K) (200° K) (90" K)

b — _ . ____—_—___ —_ ___—____—______ _____ _________

.73 1.367 292 1.130 5.736 . 6.024
119 1.257 293 1.095 1.930 9.940
123 1.314 367 1.080 4.492 © 5.619
131 1.102 395 - 1.224 10.25 10.25

Ch. 1.095 ——— | mceee | ecee-- . eee——-

The Spectral response curves, obtained using the
Perkin—Elmef thermocouple as a standard, ana described in
;ghépter.IV, section (4), ylelded curves such as the ones ob-
tained for cell 293 (figure (13) ).

The four admiralty cells gave curves indentieal in



57

shape, with a strong peak at approximately 2;5 microns. The
cut-off (taken at half the maximum) varied from 2.8 to 2.95
5

microns; the absolute (107°) cut-off wavelength varied from
3.1 to 3.4 microns.

The B.T.H. evacuated cells have‘a_rather different
characteristic shape of spectral response curve. | In chapter
I, reference was made to the fact that different methoeds of
prepérétion ylelded different spectral curves; Whereas the
~admiralty cells had a strong maximum at 2.5 microns,‘the B.T.H.
cells and the chemical button cell, all of which are prepared
chemically, have two strong peaks; one is at 2.15 microns and
the other at from 1.2 to 1.5 microns. It is noted that
decreasing the temperature of the layer increases the cut-off
for the B.T.H. cells, as shown in figure (13). This effect is
not very great, however.

Purely as a matter of interest; two A.R.L. lead tel-
luride cells weré also studied. Changing their temperature
from 200° K down to 90° K extended fhe cut-off in one case from
4,65 to 5.45 microns. The other cell gave apparently negative
results. The peak of the good cell shifted from 3.8 to 4.6
microns. The ineffective cell had a very large (100%) absorp-
tion at 3 microns, and it may have been receiving stray radia-
tion in one case. These results are quoted as a matter of
interest only.

Using the 900 cycles per second amplifier (chapter I1T,

section (3) ), a serles of measurements was performed on all
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the cells, plotting the variation of_the resppnsivity to noise
ratio R (£f) as a function of the cell current. R(f) was found
to be very constant with the cell current, which was measured
by means of a very‘accurate miéroammeter. The‘signal was
always found to be linear with the cell cufrént; the noise was
- also often 1ineaf, explaining the constancy of R(f). However,
in some cases the noise was parabolic, causing the value of
R(f) to be flat only in the middle range of cell currents. A
fairly wide range of cell currents may therefore bg ﬁsed.
Typical values are from 20 to 100 microamps. :

Reproducibility of signal to noise ratios was found
to be good, being affected by the cellhto~sourcé distance, and
by the centering of the cell layer about-the optical axis of
the black body system. Care must be taken to avoid heating
the shutter, as this increases the noise considerably.

Q, the power incident upon the cell, is obtained
from equation (17). The value so obtained is 17.4 microwatts/
cm®. This value must be halved to give an r.m.s. value for
square wave modulation of the power. Another correction must
be applied for the spectral response curve of each detector.'
The cut-off is taken at half the maximum, and the response 1is
assumed to be unity up to this wavelength. The total percent-
age of Q/A which cbrrésponds to the cut-off wavelength is then
calculated. A 500° K black body curve has its peak at 5.8
microns. The radiation up to this value corresponds to 25%

of Q/A. Cut-offs encbuntered are of the order of 3 microns
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corresponding to approximately_l% of Q/A. These corrections
_ére applied in Table V as shown. Q is also shown. The sig-
nal voltage divided by the correéted Q is then shown and gives
the estimated value of the responsivity in volts/watt (8),
values rangiﬁg from 200 to 30,000 volts/watt being encountered.
5, is obta;ned by using the correction factor shown in equation
(31).
The noise equivalent power Py is obtained by dividing_
the nolse voltage by So' To get ﬁhe nolse equivalent power
_per unit bandwidth, this value must be divided by {A$ where
AY = a4 cycles/second, and i1s the bandwidth of the amplifier
used. - Table III shows that cells 293 and 3673have a valué of
this quantity equal to 1.69 and 1.75 (x10~13 watt) respectively,
a value close to the theoretical limit for such cells (4,5).

TABLE III

Noise Equivalent Power per Unit Band Width'as a Function
of the Cell Temperature (watt x 10-13)

Cell 0 .

No. (300° k)  (200° K) (90% X)
292 , 446 10.8 018.3
293 573 45.5 1.69
367 N 842 11.4 1.75
395 1270 52.6 22.8
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The optimum wavelengths (5) for these B.T.H. cells
occur when the cells are at 90o K. with_the exception of
cell 292, where this occurs at 200o K. . It is suggested
that the A.R.L. eells would have better characteristics and
properties, if they were built like the B.T.H. cells, which
provide for cooling. ‘

Table IV shows the evaluated Factors of Merit.
Clark Jones (6) proposes a value of

\J\‘ . s.S2x\0""*" R, N ( ok 2ok
= Z.OZ*XKOJZWQQBﬁ-(akZodéks

‘ (4)
= O.27& % (-2 R_N"* (ak QoK)

for type 1 detectors, (where the numerical factor depends

on the temperature as shown) and proposes

| -2 L 'V
M, - G x lom2(RNF/< )
for type II detectors; no correction is made to equation (6)

for the layer temperature. Equation (6) may also be written

'Mz = 3% o™ " (b\li/?zm Tf\; . | - (6a)

as in chapter I1I, section (1). A derivation is given by
Clark Jones (13). There is a difference between these two
expressions of a factor loéz, as seen in Table 1IV. Since

the low frequency cut-off of the detectors has not been consid-

ered, this might be thought to be the cause. However, the
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percentage Qf the black body radiation below 1 micron is only
0.0001% of the whole. The difference between this valué and
1% (cqrresponding to the long wavelength cut-off at 2.9 mic-
rons) is negligible compared to 1%. |

The proposed reason is as follows. ‘Clark Jones (13)
prescribes adjusting the frequency responsé curve of the'ampli-
fier so that the noise power per unit band width is constant
at all frequencies,»whereas in this research this has not been
done (chapter II, section (1) ). From this equalised ampli-
fier; a frequency response curve for the detector is to be drawn
from ﬁhiqh the time constant is to be determined.

The noise equivalent power for the détector is to be
determined with the amplifier now governed by é high frequency
RC cut-off which is added, where RC is equal to the time con-
stant. | |

Since this has not been done, a constant factor of
approximately 102 has been neglected throughout, and equations
(6) and (6a) differ by this amount. The values of T and Py
as predicted by_Clafk anes (13) will also have their product
differing from the product obtained by this factor.

Equation (7), assuming that the only noise is Johnson

noise, gives a Factor of Merit
M, - o cacs so (AR (d2ock)
T oS 73 SJA/RC)%(QJIZOO"K\ B (7)
T o ogsg S, (A/’R—c\jl’:(QJr Qo=
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Equation (8) given in chapter II, section (1)

M, - < xie®(A A8/ )R (8)

may easily.be‘shown to be identical with equation (6).

In chapter II, section (2), Daly and Sutherland's
proposed Figﬁre of Merit has been quified by the author to
give

, L :
MZ = b\zc_/r'/kk’c -
(12)
This may also be shown to be equivalent to equations (6) and

(8). These results are shown in Table IV. Table V shows

the values of Q, Pm’ R etc..
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The Factors of Merit of Lead Sulphide Photoconductive Cells

300° K. M, M, M, M, M, My
Cell (6a) (6) (8) (12). - (7) (4)
No. 104 10

73 2.26 421 420 7 678 1.03
119 1.73 323 322 5.3 525 0.65
123 . 1.68 316 318 5.25 545 0.706
131 2.34 382 384 6.38 825 0.533
292 346 59.3  959.2 .986 83 0.0895
293 .326 52.9 52.6 .877 121 0.071°
367 .231 36.4 36.4 606 67 0.046
395 0849 15.5 15.4 .256 25.3 0.0293
Ch. 271 43.6 44 .733  60. 0.0590
200° K.
292 1.33 146 146 2.43 257 1.35
293 1.11 195 196 3.26 170 .328
367 1.59 199 198 3.3 230 1.26

90° K.
292 .747 80.8 80.6 1.34 212 .109
293 7.46 624 626 10.4 276 1.8
367 8.2 912 912 15.2 550 1.11
395 326 26.9 27.1 451 128 .0815




TABLE V

Showing Corrected Values Needed to Calculate M, for the lead Sulphide Cells

(Bﬂ\iQ. ;Eec ohms

300° K.
73 165
119 135
123 151
131 82
292 93
293 79
367 72
- 395 125
2005 k.
7292 1000
293 292
367 775
395 1800

Rxacc A

400
130
540
560
190
155
212

25
380

3500
3500
1550

80

om>

24
24

24
24
22.8
24
22
20
25
22.8
24
22
20

550
440

312
335
23.8
17.5
10.1
7.6
14
202
150
198
20.4

Cukeff
Tt

2.9
2.95
2.8
2.86
2.58
2.55
2.52
2.62
2.53
2.6
2.6

2.55
2.6

3.65

% mg N aws® s sxe™ Pas' B, &, Sreq,
Q/A Coatt /e M Galt v V/mﬂ' Viud oakxis Corvn.
0.95 8.26 0.87 1.98 480 3.32  2.63 0.396 1.367
1.1 9.58 0.5 2.30 220 1.20  4.17 03629 1.257
0.75 6.53 1.08 1.57 337 2.82 3.82 0.576 1.314
0.9 7.83 1.37 1.88 458 2.70 5.09 0.767 1.102
0.4 3.48 0.52 0.794 124 0.176 29.6 4.46  1.130
0.35 3.04 0.77 0.730 13.5 0.202 38.0  5.73 1.095
0.32 2.78 0.72 0.612 7.3 0.128 56.0  8.44 1.080
0.45 3.92 0.22 0.784 1.68 0.6l 84.1  12.7 1.224
0.33 2.87 0.72 0.717 10.1 0.154 46.6 7.02 1.095
0.42 3.65 2.28 0.832 460 31.8 0.718 0.108 5.736
0.42 3.65 1.13 0.876 170 3.74 3.02  0.455 1.930
0.35 3.04 1.01 0.669 200 13.4 0.755 0.114 4.492
0.42 0.48 0.730 9.8 1.38 3.49  0.526 10.%5

g9
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continued
90° K. .
292 1050 3560 -22.8 123 '2.62 0.45 3.92 2.28 0.895 280 18.9 1.21 0.183 '66024
293 1750 10000 24 210 2.8 0.75 6.53 0.65 0.157 137 86.6 0.0749 0.0169 9.94
367 980 5000 22 220 2.8 0.7 6.53 0.65 0.144 143 55.8 0.116 0.0175 5.619
395 1800 270 20 * 50.3 2.62 0.45 1.15 0.784 58 7.6 1.51 - 0.228 10.25

3.92

59



Chapter VI

DISCUSSION

Table IV leads to the conclusion that the best detec-
tor is cell 367Aat 90° K. Other useful detectors are cell 293
at 90° K., the A.R.L. cells, and cells 292, 293 and 367 at 200°
K.. The chemical cell and cell 395 (at all three temperatures),
and the reét of‘the B.T.H. cells at room temperature show the
poorest Facfors of Merit. Such conclusions are drawn from all
‘columns eééept those marked (4)‘and (7)y which do not show the
close agreement of the other columns.

Both M, and My are shown for purposes of comparison.
Column (7), by its disagreement, shows that the limiting noise
for photoconductive cells is not Johnson noise. Clark Jonses,
in his first paper (3), points out that for detectors which are
cooled by radiation, as these are, the temperature fluctuations
would be zero if there were no fluctuations in the transfer of
heat by the radiation. He concludes fhat output fluctuations
in this case are due to radiation fluctuations. He gives as
the mean square fluctuation in power per unit frequency band-

width

\GA oT T . (32)
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For the size of detector used here this gives 7.36
X 10713 watt, which is of the order obtained in many cases
(see Table IV). See also chapter I, where it was quoted
(4,5) that the measured noise approaches the limit imposed by
radiation fluctuations.

It is proposed that the detectors studied be classi-
fied as type II détectors (13). This is because Ri, 1s not
independent of T, as for type I detectors. However, a
definite statement on classification cannot be made, since ko
of equation (1) corresponding to M, is found to vary with
temperature. If M2 remained constant with temperature for
the B.T.H. cells, R} could be plotted againsgﬁf; a stralight
line establishing that the type number is II. This follows
from equation (33) froh the second paper by Clark Jones (13)

F(m-1) |
R =Ry [20% . (33)

Since k, is not a constant, and is derived from
equation (33), this equatioh can give no clue.as-to the proper
value of n. | Another reason for taking n as 2 is the good
agreement between the first four columns of Table 1IV.

My 1s seen to behave properly, never greatly excéed-
ing unity. Mo on the other hand is much greater than unity,
showing that Havens's 1limit will have to be revised. It 1is
not a fundamental 1imit, and is séen fo hold for other types

of detector (chapter II, section (1) ).
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The B.T.H. ¢cells are ideél in this work since they
can be used at three different temperatures, and since their
areas and other physical properfies are unchanged by cooling.
For this reason, it had been hoped a definite statément on
tyﬁe nﬁmber could have been made.‘ B |

The A.R.L. cells could certainly be mugh improved
if they could be cooled. This is indicated because of the
improvement cooling makes Sn the B.T.H. cells (Tables III and
Iv). |

Photoconductive cells have the great advantage over
most temperatureAdetectors that they have a selective spectral
response, so that used as detectors in the one to five micron
region, their ultimate sensitivity is attainable. In the
infra red above five microns, they are ne better than thermo-

couples or bolometers for the same reason.
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