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This report is submitted i n  two par t s .  Part I descr ibes  t h e  effort given 
to the  construction and evaluation of experimental thermistor de tec tors  i n  con- 
nection with the  Immersed Detector Optimization Program, together with our 
conclusions and recommendations. Part 11 covers the  application of controlled 
cooling techniques to a n  immersed thermistor detector;  the  engineering proto- 
type of a n  optimized immersed thermistor detector  , preamplifier , b i a s  supply 
and cooler package delivered under th i s  contract;  and t h e  invest igat ion made to 

low-noise preamplifiers is included as Appendix A.  

, 

determine the  possibi l i t ies  of using a-c bias. An engineering memorandum on I 

To permit e a s y  assessment of the scope  of improvements achieved and 
evaluation of the  sensi t ivi ty  of optimized thermistor detectors  for t h e  Nimbus 
radiometer appl icat ion,  a summary of the  over-all r e su l t s  is given in  th i s  
sec t ion  . 
I ,  1 Summary of Overall Results of Detector Optimization Proqram 

Increased detector  sensi t ivi ty  w a s  achieved ranging from factors  of 
about 2 .5  to 4 .25 ,  depending on  t h e  frequency region of interest .  The s ig-  
nificant a r e a s  in which improvements were made include t h e  following: 

1. Use of thin detector f lakes  .whose principal advantage is a 
d e c r e a s e  in  t i m e  constant .  

2 .  
cons tan t .  
in te res t  .) 

Use of extremely thin coa ts  of blackening to further dec rease  t i m e  
(This measure is effective in t h e  10 - 1 2  micron spectral  band of 

3. Optimization of  operating temperature , both t o  increase  responsivity 
and to d e c r e a s e  t i m e  constant .  

4 .  Use of a new low-noise parametric amplifier to effectively eliminate 
no i se  figure degradation .produced by the conventional amplifier (principally 
at t h e  very low frequencies) .  

5 .  Operation at higher levels of bias than a re  normally used with 
thermistor de tec tors  , primarily to obtain a n  increase  in  responsivity . 

The development of a technique and equipment for measurement of 
transducer noise  down to extremely low frequencies h a s ,  w e  beiieve for the 

- 1 -  
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f i rs t  t i m e ,  made possible  the  measurement of thermistor l / f  no ise  at fre- 
quencies  as low as 0 . 0 5  Hz.  This has  given new insight into the  character 
of the  noise  in  thermistor de tec tors .  
e s sen t i a l  ingredient in the  noise  measurement sys tem,  s ince  measurements 
thus made reflect  the  detector noise  to the exclusion of other sources  of 
no i se ,  For typical thermistor impedances,  the amplifier may be  considered 
essent ia l ly  f ree  from low frequency noise.  

The  low-noise preamplifier is a n  

Study and experimentation with a-c biased detectors  showed es sen -  
t ia l ly  no improvement in achievable  detectivity a t  any  frequency, 

An expression h a s  been developed to  determine the  penalty factor for 
a detector  which is too slow for the intended appl icat ion,  thus permitting 
better specification of the  detector character is t ics  for an  optimum Nimbus 
scanning radiometer. The performance of the improved detector has  been 
a s s e s s e d  in  terms of the  ultimate achievable sensi t ivi ty  for a detector of 
th i s  b a s i c  des ign ,  and found t o  be  extremely close to  the  thermal noise  limit 
in t h e  mid-frequency range. These findings permit us  to  determine the  re- 
maining weaknesses  of the  detector and a reas  in which further improvements 
c a n  b e  made. 
perimental work to bring about further improvements in detector performance 
i n  the  low and high frequency regions of the  frequency spectrum covered by 
a Nimbus scanning radiometer. 

Suggestions have already been made for analyt ical  and ex- 

Table 1-1 is a tabulation of the  improvement factors obtained for var- 
ious measures taken. The numbers shown a re  representative of the  average 
of the  detectors  measured. This t ab le  shows that  improvements were achieved 
ranging from factors  of 2 .5  to 4.25 , depending on the frequency region of t h e  
measurements ,  For ins tance ,  detectors of 8 micron thickness  have provided 
u s  with a S/N improvement factor of 1 . 2  and a t i m e  constant  dec rease  of 
1 . 2 8  when the  normal ful l  course of blackening is appl ied.  
s t an t  is improved by a factor of 1 . 5  compared with t h e  detector of standard 
th ickness  (16 microns) when only a s i n g l e  coa t  of APB black is used .  Typical 
t i m e  cons tan ts  measured for thin detectors with one coa t  of APB range from 
0.7 m s e c .  at 25OC to as f a s t  as 0 .5  msec. at -25°C when using a b ias  leve l  

The t i m e  con- 

of 0 .8  V 
Pk ' 
Figure 1-1-1 shows typical  differences in time constant  and spectral  

r e sponse  charac te r i s t ics  for detectors  of standard thickness  as they appear 
before and  after appl icat ion of three coats  of APB black. The time cons tan ts  
for t h e  upper and lower curves a r e  not identical because  they a re  for different 
de t ec to r s .  Because the  spectral  response measurement is not ea s i ly  accom- 
pl ished un le s s  t h e  detector  i s  f inished and mounted in  a n  enclosed capsu le ,  

- 2  - 



t h e s e  measurements had t o  be  made separately for different de tec tors .  An 
interesting resul t  shows that  a flake of standard th ickness  does  not show 
greatly increased responsivity a t  10 - 12p when blackened,  
hand,  a thin f l ake  detector has  poor responsivity before blackening, prob- 
ably because  of the  shorter path length through the  material and hence a 
lower absorptance.  To bring the  responsivity to  the  desired leve l ,  it ap- 
pears necessary  to apply one thin coat  of the  blackening agent .  

On the  other 

The improvement factors achieved through cooling (possibly s p a c e  

Figure 1-1-2 a l s o  shows the  detect ivi ty  l i m i t  
cooling) and through operatior! at increased leve ls  of b ias  a re  seen  both from 
Table 1-1 and Figure 1-1-2. 
for our particular detector construction. 

If all the  improvements which w e  have investigated a re  incorporated, 
including the  u s e  of a high r e s i s t ance  compensator f lake ,  w e  expect t o  b e  
thermal-noise limited at frequencies above the  l / f  noise  region. The thermal 
noise  equivalent power (NEP ) th 

NEPth - - 

for our detector can  be expressed as: 

where Z is the  thermal impedance of t h e  detector ,  and A F  is the  bandwidth. 
For the  thin flake de tec tors ,  w e  have measured a thermal impedance of about 
8 0 0 O C /w att . 

At a n  operating temperature of 248°K (-25°C) 

-1 1 
= 5.5  x 10 wat t  NE t h/c y c 1 e 

This figure appl ies  to our 0 .2  mm detector.  Normalized for a 1 c m  detector ,  

th i s  becomes 50 x 5 . 5  x = 2 . 7 5  x 10 wat t  and the  corresponding 

maximum D* = - = 3 . 6  x 10 cm-cps2-watt 

t h e  l i m i t  of detect ivi ty  for our detector.  

capac i ty  and T 

modified to increase  the  thermal impedance of the  detector and thus achieve 

a higher D* l i m i t ,  

and t h e  penalty in  signal-to-noise ratio a t  the  higher frequency would b e  very 

unfavorable.  

-9  

-1 , Srhown in Figure 1-1-2 as 

Since Z = - (where H = heat  H 

P - 1 8 

C 
NEP 

= detector t i m e  constant) ,  the  thermal cons tan ts  can  be  
C 

But th i s  would result in a degradation in  t i m e  cons tan t ,  

- 3 -  



Since t h e  D* va lue  approaches the detect ivi ty  l i m i t  in  t h e  middle fre- 
quency region (40 - 100 HZ), it is evident that  further work toward improvement 
i n  th i s  region is l ikely to be frui t less .  It is log ica l ,  therefore,  tha t  future 
efforts to improve performance of immersed  thermistor detectors  should be  di- 
rected toward a reduction in  noise  which occurs  at low frequencies (in the  l / f  
no ise  region) and toward continued improvements i n  the  high frequency domain. 

- 4 -  
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2,2 Measurement Set-Up 

Measurements were made on detectors both during t h e  process  of de- 
tector fabrication and ,  in more detai l ,  after t h e  detectors had been completely 
assembled ,  The tests during fabrication and after assembly  were made with 
t h e  standard Bolometer Response Analyzer (BRA). 

The balance of the  tests were made on the  Bolometer Test Console  (BTC), 
which had  to b e  drast ical ly  modified for this  purpose. This test console ,  already 
very versa t i le ,  had to be  provided with a special r ig  for cooling the  detector to 
temperatures as low as -40°C, as we l l  a s  with a special instrument to measure 
narrow band noise  at very low frequencies. This instrument, known as the  Low 
Frequency Spectrum Analyzer, has  been described in  detai l  in t h e  Interim En- 
gineering Report; a photograph of the  instrument is shown in  Figure 1-2-1. 

A special filter with a passband of 9 . 8  - 1 1 . 7  microns w a s  procured and 
instal led in  the  test equipment. The low-energy throughput of t h e  filter re- 
quired a rather thorough revamping of the detector measurement equipment to 
insure a sat isfactory signal-to-noise ratio under all conditions of measurement, 
and thereby provide t h e  desired accuracy and reproducibility of the  numerous 
measurements. 

The bulkiness of t h e  detector cooler vacuum enclosure package also 
necess i ta ted  some major changes in  t h e  test set. The blackbody source had 
to b e  removed and a n  entirely new platform had to b e  constructed to support 
t h e  detector/cooler package, t he  special preamplifier, a new variable speed 
chopper,  t h e  filter/aperture plate and blackbody source.  Since the  amplifier 
used w a s  not t h e  one in  t h e  test console and the  noise  measurement equipment 
and var iable  speed chopper were l ikewise changed,  about t h e  only instru- 
mentation used in  its original form w a s  the bias  supply and some of the  stand- 
ard test instruments.  The test set w a s  a l so  used to measure t h e  detector sen-  
sitivity i n  various portions of the  infrared spectrum. A photograph of t h e  test 
set is shown in Figure 1-2-2. 

The spec t ra l  character is t ic  of the fi l ter  used is shown in Figure 1-2-3. 
T o  obtain a n  exact measurement of power on the  detector from a blackbody 
source  when th is  narrow band fi l ter  w a s  in u s e ,  calculations were made and a 
curve drawn as shown in Figure 1-2-4. 
tical f i l t e r ,  t he  blackbody aperture dimensions and the  known d is tance  between 
t h e  detector  and t h e  blackbody aperture,  t he  energy received by the  detector in 
t h e  spec t r a l  band used w a s  calculated.  This parameter, computed in  paragraph 
2.3, w a s  then used to give t h e  measure of sensit ivity of the various detectors 
t e s t e d .  

With the  known throughput of t h e  op- 

- 10 - 



2 3 Calculat ion of Power Received by t h e  Detector - 
The test set w a s  arranged as shown in Figure 1-2-5. 

The energy received by the  detector from t h e  target source is determined 
below. 

The power on the  detector is given by: 

A A t  

d2 

- d t 
'D - 

where: 

Ad 

At 

d 

E; 

-4 2 = 

= target aperture area = 1.26  c m  

detector area = 0,02  x 0 . 0 2  c m  = 4 x 10 c m  

2 

= dis tance  from target to  detector  = 10 c m  

= efficiency of opt ical  elements;  assume 0 . 8  transmission 
due  to KRS-5 window. The opt ical  throughput of the  
narrow band filter is taken  into account  along with the  
spec t ra l  transmission of the  filter in  AN 
mission losses of the de t ec to r ' s  germanium blank, for 
which no correction is made here ,  a r e  considered to 
exist in  the  final germanium immersion l ens .  

The t rans-  
Oh* 

radiance of the source i n  t h e  spectral  region of interest  
which p a s s e s  through t h e  f i l ter .  This includes the  filter 
transmission. 

For the  temperature u s e d ,  850°C,  

2 
NT = 2 . 8  watts/cm -ster 

and t h e  f i l ter  t ransmission and spectral  narrowing resu l t s  in a filter factor ,  F = 6 2 ,  
(See Figure 1-2-4,) 

- 11 - 



= 0.045 or ,  i n  terms of RMS power, 0.02 nNnx 

pD 

-4 
0.02 x 4  x 10 x 1.26 x O . 8  = -8 watt 

i 
- - 

1 o2  

With th i s  information and the  measured output s igna l s ,  a figure of noise  
equivalent power and detect ivi ty  for each detector measured c a n  b e  obtained. 
‘We assilme that  t h e  pawer on t h e  detector is lo’? wat t .  From t h i s ,  knowing 
t h e  signal-to-noise ra t io  under given conditions of ambient temperature , b i a s ,  
etc. , w e  c a n  compute the  detect ivi ty .  The u s e  of th i s  da t a  is i l lustrated in  
t h e  next sec t ion .  

A s  a n  example of one such measurement, w e  refer to da ta  gathered 
with detector  #5826, a thin f lake  detector with a t i m e  constant of about 1 
msec. A t  0°C and with 0 .8  Vpk for that temperature applied to the  detector ,  
t h e  measurement indicated a s igna l  output of 380 mV RMS at 100 Hz. The 
no i se  w a s  measured as 1.25 mV, at the same frequency, i n  a 7$ Hz bandwidth 

(Vn = 460pV RMS/cps). The signal-to-noise ra t io  is thus  460 pV RMS = 830. 
The Noise Equivalent Power is: 

380 mV RMS 

P -7 
-10 - 1.2 x 10 wat t  10 ’ I D  

S/N 830 
- NEP (10-llp, 100, 1) = - - - - 

2 
for a 0.2 x 0 . 2  mm detector .  For a 1 cm detector ,  t he  a rea  correction is: 

The detect ivi ty:  

-1 1 8 
= 1.66 x 10 cm-cps’-watts 1 

6 x lo-’ 
D* (lo-llp, 100, 1) = 

- 12 - 
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Figure 1-2-2 DETECTOR TEST SET 
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POL-169B4 (9.8-11.7p) I R T  2525 
-- BLACK CHOPPER TEMP. 300°K 

Figure 1-2-4 FILTER FACTOR VS. SOURCE TEMP. FOR PROJECT 2034 FILTER 



K 

c z 

a 
3 
I 
I- 
W 
v) 

t- 
m 
W c 

I- 
o 
w 
I- 
W 
D 

In 
I 

H 
Y 



3 ,  PRESENTATION OF DATA 

Since the  voluminous tab les  of measurements made on th i s  program 
would tend to confuse rather than t o  enlighten the  reader ,  t h i s  Section con- 
s i s t s  of a description of the  types of data ava i lab le  as a resul t  of our effort 
rather than the  data  itself. 

Complete da ta  shee t s  a re  a t tached,  for i l lustrative purposes ,  on  a 
s ingle  detector (BEG 5826). From th i s  data one may derive t h e  appropriate 
curves  showing the  relationships between various parameters under par- 
t icular operating conditions , for t h i s  detector.  
1-3-3 and 1-3-4. In Figure 1-3-3, w e  have plotted the  detectivity as a 
function of frequency for room temperature at a bias  level of 0 .6  V and for 
-25°C at a b ias  level of 0 .8  Vpk.  Figure 1-3-4 shows detect ivi ty  as a func- 
t ion of temperature. A s  d i scussed  i n  Section 2 ,  t he  Noise Equivalent Power 
and detect ivi ty  determinations a re  based on measurements i n  which the  power 
incident on the  detector is 8 x 10-8 wa t t ,  limited to t h e  9 . 8 ~  to 1 1 . 7 ~  spec- 
t ra l  interval .  

See Figures I-3- 1 ,  1-3-2, 

Pk 

Curves showing D* and Relative Frequency Response and D* vs 
Ambient Temperature a r e  included for s ix  additional detectors i n  Figures 
1-3-5 through 1-3-16. 
and Figures 1-3-1 1 through 1-3-16 a r e  for standard thickness  detectors .  

Figures 1-3-5 through 1-3-10 a r e  for thin detectors  

Considerably more graphical data  could be presented by showing the  
performance of all test samples at other b i a s  l eve l s ,  other temperatures , etc. 
However, w e  have determined that  conditions departing widely from the  ones  
which w e  have  recommended a re  not desirable .  For example, higher b ias  
va lues  than  0 .8  Vpk bring about diminishing returns and entai l  considerable  
danger of detector destruction u n l e s s  certain precautions a re  taken i n  the  cir-  
cuitry used .  Obviously, much additional da ta  and many relationships between 
the  var ious parameters could be derived. For example,  one could plot curves  
showing improvement factor as a function of operating temperature a lone  or 
b i a s  l eve l  a lone .  
detector  temperature, noise  as a function of temperature, etc. 
spec ia l  i t e m s  of information be  required regarding character is t ics  which w e  
have  not included here ,  w e  wi l l  gladly furnish t h e  data  on request .  

One could plot the t i m e  constant  directly as a function of 
Should certain 
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RESPONSIVITY 
(See Note A) 

FLAKE 

Data Sheet  No. ITD-1 
May 1964 

TIME CONSTANT RESISTANCE NOISE 
Milliseconds Megohms, 25 * C (See Note B) 

I 

BARNES ENGINEERING COMPANY 
30 COMMERCE ROAD STAMFORD, CONNECTICUT 

IMMERSED THERMISTOR DETECTOR 

DOLOYETER SIGNAL CONNECTIONS 

PEAK VOLTAGE AT 25°C: 

Active Flake (A and B) 86: 3- Volts 
Compensator Flake (C and D) g @ e , b  Volts 

MAXIMUM RECOMMENDED BOLOMETER BIAS: 

plus and Minus q#,s Volts at 25°C 

FLAKE ACTIVE AREA: 

Length (L) 0. 2 millimeters 

Width 0 0, 2 millimeters 
Area 0 % square millimeters 

EVACUATED 0 HERMETICALLY SEALED 

LENS MATERTAL nm ?-d f JvLl 
ANTI-REFLECTION COATING PEAKED AT Microns 

n 

. .  
COYCENSATINO 
TMEIY1S701) 

'V.=Vc RhsRc RaDR. 

lOLOYETER ELECTRICAL CIRCU!T 

LENS AND BASE DIMENSIONS: 

a- 
millimeters - r - 

= mL o millimeters t 

f lake 
centering = i ' - millimeters 

I I I 

0, s33 COMP. 
C a n d D  

U. S. Patent Nos: 2983987; 2983888; 2963673; 310,9097 - d V g j 2 -  



I '  

NOTE A: Responsivity of the  ac t ive  flake in  VOLTS RMS PER AVERAGE WATT. Measured at 25"C, in 
1-100 c p s  electr ical  bandwidth, with 470°K blackbody radiation, square-wave Fho ped at 

per flake.  Irradiance o n  immersion lens about  2 microwatts peak-to-peak per square mill i-  
meter. When active f lake  is used with a n  equal-resis tance compensator f lake,  its re- 
sponsivi ty  at the s ignal  junction is one-half the  given value. 

15 c p s ,  incident on the immersion lens and with a n  applied b i a s  voltage of P volts 

NOTE 9: RMS noise at s ignal  junction (matched f lake pair) ,  measured in 5-100 c p s  electr ical  
bandwidth. 

DATE: 

DATA BY: 

CHECKED BY: 
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Figure 1-34 RELATIVE OUTPUT vs. FREQUENCY DETECTOR 5826 
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Figure 1-3-4 D* vs. AMBIENT TEMPERATURE FOR DETECTOR 5826 OPERATED 
AT 0.6 PEAK BIAS 
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4. DISCUSSION OF DATA AND IMPROVEMENTS ACHIEVED 

The resu l t s  shown in th i s  report in graphical and tabular form clear ly  
indicate  that  definite improvements have been made in  detector  sensi t ivi ty  for 
t he  particular application of the  Nimbus Infrared High Resolution Radiometer. 
Some of t h e s e  improvements a r e  useful generally,  while  others  a r e  uniquely 
sui ted to th is  application. For example, if a highly sens i t ive  thermistor de-  
tector  were  required for u s e  with a radiometer having a 10 Hz chop frequency, 
w e  could make one with a slow response but with a higher detect ivi ty  than 
those  constructed for th i s  program, For t h e  present appi icat ion,  which d i c t a t e s  
flat response  to frequencies of 200 Hz and higher for u s e  in  a n  unchopped sys -  
t e m ,  t he  ser ies  of detectors  which w e  have investigated is certainly much more 
su i tab le .  In particular, all of the  character is t ics  which w e  attempted to op- 
timize have  yielded some improvements, This sect ion contains  a brief d i s -  
cuss ion  of the  individual s t eps  taken  to optimize the  detector character is t ics  
for t he  Nimbus HRIR application. 

4 . 1  Use  of Thin Flakes 

As is predictable from a theoretical  review of the  physical  properties 
of t h e  thermistor bolometer, a thinner detector f lake can  b e  expected to de-  
c r e a s e  t h e  detector t i m e  constant .  Not so e a s y  to predict a r e  effects such  as 
whether t h i s  t i m e  constant  improvement would be accompanied by a degradation 
in  detect ivi ty  at low frequencies ,  whether the  noise  would be  excess ive ,  and 
whether t h e  detector reproducibility and reliabil i ty would be  adversely affected.  
Such s i d e  effects a r e  particularly difficult to ana lyze  when deal ing with thin 
f i l m s  of a subs tance  which may not display the  usual  bulk properties. 

The test resu l t s  show tha t  t h e  responsivity of the  thin de tec tors ,  which 
a r e  one-half t h e  thickness  of standard de tec tors ,  is about 50% higher than tha t  
of s tandard de tec tors ,  as measured at low frequencies at 0 . 6  V b i a s .  Since 
t h e  r e s i s t ance  of t h e s e  detectors  is twice that  of the  standard thickness  f l a k e s ,  
a n  inc rease  i n  noise  by a factor equal  to the  square root of t h e  res i s tance  in-  
c r e a s e  (1.41 t i m e s )  would be  expected, This ,  on the  average ,  is what w e  have  
measured. The character of th i s  noise,  such as the  l / f  character is t ic  and the  
knee  of t h e  l/f region, shows no apparent change,  
ne t  ga in  in  detect ivi ty  at low frequencies ,  plus a very marked decrease  in  t i m e  
cons tan t  and  a consequent significant increase  in  detectivity at higher fre- 
quenc ie s .  

pk. 

W e  therefore rea l ize  a s l ight  

4.2 Value of Optimizinq Blackeninq 

Since operation in  the  10 - 1 2  micron region of the  spectrum is intended, 
-;;.e investir;at& the 2~)ss jh j l i ty  nf using a n  unblackened or a moderately 
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blackened thermistor f lake  , and of determining the  trade-offs between possible  
reduction in absorptance at l o p  and t h e  decreased t i m e  constant  which resul ts  
when t h e  blackening agent  is used either very sparingly or omitted altogether.  

Several additional detectors were fabricated: some were finished with 
no blackening applied and several  with only one coat of black added. The 
spec t ra l  response  measurements indicated that  t h e  thin f lakes  had poorer 
absorptivity,  particularly at the  shorter wavelengths.  A t  t he  longer wavelengths , 
both thin and standard thickness  detectors absorbed wel l  even without blackening. 
A t  15 microns, for any  system operating in  the  carbon dioxide band at that wave- 
length,  a totally unblackened flake had a responsivity nearly equal  to that  of a 
f lake  to which t h e  full  course of black w a s  appl ied,  
s tant  of such  a n  unblackened flake is much better,  as shown in Figures 1-1-1 
and 1-1-2. 

Of course ,  t h e  t i m e  con- 

In the  region of 10 - 1 2  microns, there  is still a difference in  respon- 
s ivi ty  between the  blackened and unblackened flake and some blackening is 
indicated particularly for the thin detectors.  However , where a fast t i m e  con- 
s tan t  is as desirable  as in  t h e  present application, it seemed practical  to 
examine detectors  with only a modest amount of blackening added. This w a s  
done with a number of detectors.  Totally unblackened thin f lake detectors  
showed a lowered responsivity.  However, thin flake detectors  with a s ingle  
coat of APB had responsivit ies comparable to the  more standard test detectors .  
The t i m e  constants  of these  lightly blackened detectors were about 15% shorter 
than those  of comparable detectors with three coats of the  same blackening. 
These  findings made the  exercise  we l l  worth the  effort. The final delivered 
detector ,  constructed using this  technique, displays a t i m e  constant  at room 
temperature and 0.6 Vpk of about 800 msec. 

4 . 3  Improvement with Detector Cooling 

Using t h e  equations given in NAVORD Report No.  5495, t he  thermal co- 
efficient of r e s i s t ance  of a thermistor increases with a decrease  in  temperature 
according to t h e  relationship: 
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where: 

where: 

I 

a = thermal coefficient of res i s tance  

T = absolu te  temperature 

/3 = constant  assoc ia ted  with detector material 

R = r e s i s t ance  

The dependence of noise  voltage on temperature is: 

1 

v n = ( 4 K T R n f ) "  

V = noise  voltage 

K = Boltzmann constant 

n 

A f  = bandwidth 

The reduced Johnson noise  and increased thermal coefficient of re-  
s i s t a n c e ,  both due to t h e  temperature dec rease ,  resul t  in  a n  improved 
sens i t iv i ty .  

Since the  detector  r e s i s t ance  increases  at the  lowered temperature, t he  
b i a s  vol tage c a n  be increased safely to obtain a n  increase i n  responsivi ty .  
However, noise  voltage also affects  responsivity in  the  following manner: 

2 
n 

4 K T A f  

v 
Substi tuting for r e s i s t ance  in  Equation 2 ,  R = 

V n 2 € /3/T2] ' 
= ['E3 4 K T A f  
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Thus, t h e  responsivity increase due to increased bias  is offset by t h e  
higher value of res i s tance  noise .  Therefore, t h e  net improvement in detectivity 
is due  mainly to the  increased temperature coefficient of res i s tance  (Equation 1) 
and the  sl ight noise  reduction (Equation 2 ) .  An improvement in d etectivity by 
a factor of about 1 .5  times in the  mid-frequency region of operation is achiev- 
ab le  with t h e  average detector cooled from +25"C to -25°C. 
range of temperatures , the  improvement can be characterized as a detectivity 
increase of 1% per degree C .  

Over a fairly wide 

4 . 4  T i m e  Constant Decrease of Cooled Detector 

A second effect of cooling the thermistor bolometer is the decreased 
t i m e  constant ,  a character is t ic  of both standard thickness  and thin f lake types ,  
Over a range of about 5OoC, the  improvement in detector t i m e  constant  is by 
a factor of about +% per "C of ambient temperature decrease .  

4 .5  Biasing of t h e  Detector at Levels Above 0.6 V k 

Although the  slope of the  voltage-current characterist ic of a thermistor 
begins to decl ine beyond 60% of peak bias (due to increased self-heating),  
there  is a continued increase in  responsivity beyond th i s  level, To es tab l i sh  
t h e  value of increased b i a s ,  w e  made careful measurements to determine t h e  
amount of increase  in  noise  resulting from the  increased current before as- 
se s s ing  t h e  effect more bias  would have on the  thermistor 's  detectivity.  

Pk 
relat ive to the  0 . 6  level ,  although a s  was expected,  not directly with the  
b ias  increase .  The 0 . 9  Vpk level  showed essent ia l ly  no further improvement 
and is not recommended because of the  increased danger of thermal runaway. 
An interesting by-product of the  measurement of detector character is t ics  at t h e  
higher b i a s  levels is the  discovery of a faster response  t i m e  in the  particular 
detector configuration and circuit used.  An ana lys i s  of this  t i m e  constant  i m -  
provement with increased bias  has  been attempted but is not certain to be 
rigorous and correct.  
along t h e s e  l ines  is indicated to obtain a complete understanding of t h e  
phenomenon. 
for t h e  balanced bridge detector configuration, which characterist ically amounts 
to about 0 .5% t i m e  constant  reduction per 1% bias  increase at 25°C and more 
at lower temperatures,  is due to a regenerative feedback effect. 

The measurements show some gain in  signal-to-noise ratio at 0 .8  V 

It is therefore not presented in th i s  report. More work 

Our bes t  guess  at present is that  t he  t i m e  constant improvement 
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4 . 6  Preamplifier Improvements 

The preamplifier for the  present application must meet a number of 
difficult requirements. The instrument m u s t  have a high input impedance to 
accommodate the  high source res i s tance  of th in ,  cooled thermistor bolometers,  
as wel l  as  good response  at sub-audio frequencies.  It must also have a low 
noise  figure for t he  high impedance source when operating over the  ent i re  
frequency range of in te res t ,  from 0 . 0 5  Hz to about 300 Hz.  The importance 
of a low noise  contribution by the  preamplifier increases  i f  t he  instrument is 
used to make accurate  measurements of noise at very low frequencies.  

These  difficult conditions a re  best  met, in our judgement, by a para- 
metric amplifier such  as the  SP2A which shows almost no measurable l / f  no ise  
character is t ic  down to frequencies of 0.01 Hz when used in  conjunction with 
a source impedance of severa l  hundred thousand ohms. The reasoning which 
led to th is  choice of a sui table  preamplifier is explained in a n  internal En- 
gineering Memorandum, Appendix A ,  Part 11. This memorandum includes 
da ta  on noise  performance, particularly at  low frequencies ,  of a variety of 
solid state devices .  
and impedance range over which satisfactory operation can  be  obtained with 
various types  of preamplifiers. 

Figure A 1  of that  memorandum summarizes the  frequency 

4.7 Importance of Fast Detector Response 

T o  assess the  significance of the detector t i m e  constant  in t h e  appli-  
cat ion for t h e  Nimbus High Resolution Radiometer and to permit a judicious 
choice  of parameters to yield the  optimum system performance, a n  examination 
w a s  made of the  signal-to-noise ratio to  be expected for a given detector t i m e  
cons tan t .  

The system specif icat ions call for a flat s igna l  response extending from 
about 0 ,  OS Hz to 300 Hz.  If t he  detector had a frequency response with a 
break-point at 300 Hz,  w e  would have to do  no more than to roll  off frequencies 
above  t h i s  value to reduce t h e  system's high frequency noise .  

If t h e  detector were  too slow it would have  been necessary to boost 
t h e  high frequencies by providing a lead network with a break-point equivalent 
to the  de tec tor ' s  l ag  character is t ic .  
w i l l  be  used  to begin t h e  high frequency roll-off (3 db point) at 300 Hz.  

N e  can  assume that  a dual  lag network 

The Bode character is t ic  of the  amplifier wil l  be  as shown in Figure 1-4-1. 

The transfer function of the  amplifier becomes: 
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and 

= output voltage 
= 

= gain of amplifier 

= 0 + i co ;  complex variable used  in  Laplace transforms* 

= angular r a t e  corresponding to detector  roll-off = l/Td 

input vol tage (s ignal  into the  equivalent network) 

= cut-off frequency 

Insofar as t h e  s ignal  and responsivity a r e  concerned,  w e  c a n  determine 
from the  detector  da t a  what t he  trade-offs a r e  i n  responsivi ty  when w e  emphasize 
speed  of response  or manipulate various detector  parameters.  

From the  standpoint of noise ,  the increased  gain at higher frequencies 
and the  extension of t h e  response  in t h e  high frequency domain which th i s  en- 
tails resu l t  in  increased system noise  for t h e  boosted condition. 

The noise  power c a n  b e  expressed as: 

where: 1 
s + w  

2 G (a) = 
( s  +a2) 

This expression for noise  power can  b e  solved with Laplace transforms 
or with a formula such  as is given in the Radiation Laboratory Series on Servo 
Mechanisms**. There w e  obtain: 

2 2  1 + u /J2 1 - 
2 I2 - 2 X 2 c o  

* Korn and  Korn, Mathematical  Handbook for Scient is ts  and Engineers, 
McGraw-Hill 1961, p .  8.8-1. 

James-Nichols-Phill ips,  Theory of Servo Mechanisms,  Vol. 25,  
Radiation Laboratory Ser ies ,  McGraw Hil l ,  1947, p .  369 

** 
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A normalized form of this  expression is plotted for our particular ap- 
plication in Figure 1-4-2. The ordinate represents  a penalty factor for u s e  
of detectors  with inadequate response time, 

The result ing degradation is a fairly large one  in  comparison with t h e  
increase  in  responsivity normally associated with thermistors (i. e . ,  Resp. -Fd), 
which is generally a function of the  detector subs t ra te  chosen and sometimes 
the  amount of blackening applied.  As shown with thin f lakes ,  there is no 
loss in  sensi t ivi ty  at lower frequencies m d  the  t i m e  constant  improvement is 
obtained gratis, so to speak.  

4.8 Detectivity of Cooled Bolometer 

It is shown in NAVORD 5495, Appendix C ,  that  i n  cer ta in  cases the  
NEP of a thermistor bolometer bears the  following relationship to operating 
temperature: 

where: 

and 

R =  
O 

AT = 

z =  

c =  

flake  res i s tance  with zero b ias  

Tf - T 

(T ) for b ias  voltage VB 

= temperature r i s e  of f lake  ( T f )  above sink 
0 

0 

thermal impedance of barrier between f lake and sink (OC/watt) 

constant  

The validity of th i s  eq-iation for the  thermistor bolometers fabricated 
in  t h e  present program is borne out by the evaluation of our measurements as 
embodied in  Table 1-1-1. There it is apparent tha t  1/D* does  follow a 5/2 
power temperature law. 
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5 ,  OVER-ALL CONCLUSIONS AND RECOMMENDATIONS 

The various experiments in  detector manufacture and operating param- 
eter  determination and t h e  many measurements made as part of th i s  program 
have provided some improvements in detector performance , and have  given u s  
a better understanding of thermistor properties and capabi l i t i es .  Under the  
conditions specif ied,  at ambient temperatures between 0" and -25°C and at 
b ias  leve ls  of about 0 . 8  Vpk a t  t h e  operating temperature , t he  thin (8 micron) 
germanium-immersed bolometer with a light coat  of APB blackening provides 
a f a s t  t i m e  constant  averaging around 700psec.  This bolometer also shows a 
detect ivi ty  in  the  10 - 1 2  micron band approaching the  thermal noise  l i m i t  for 
such  a configuration, 
demands a preamplifier with negligible noise contribution and a b ias  supply 
which also does  not degrade the  detector performance. A review of pre- 
amplifier performance charac te r i s t ics  has  led to the  choice  of a sol id-s ta te  
parametric amplifier which meets the  stringent requirements of our application. 

However, t he  achievement of t h i s  performance also 

The detector optimization program h a s  also produced some interesting 
new information, including data  and methods for measurement of the  l/f no ise  
charac te r i s t ics  of detectors  down to frequencies as low as 0 . 0 4  Hz. 

In evaluating the  r e su l t s  of our various experiments,  w e  have been 
guided principally by t h e  Nimbus HRIR requirements. These  d i c t a t e  a strong 
emphasis  on fast detector response.  We have analyzed t h e  penalty incurred 
when a slow detector is used ,  and a consequent high frequency boost is re- 
quired to provide the  desired response  to  s m a l l  t a rge ts .  The large degradation 
in  signal-to-noise ra t io  (shown i n  Figure 1-4-1) when boosting is required 
shows t h e  desirabi l i ty  of using a faster detector even at the  cost of some loss 
in responsivi ty .  

In view of the  complex character and frequency dependence of thermis- 
tor detect ivi ty  (see Figure 1-1-2) and i t s  effect on over-all picture quali ty 
i n  a thermal imaging sys tem,  w e  believe that the  bes t  way to character ize  t h e  
improvements achieved under our development program is through u s e  of sepa- 
r a t e  figures of merit in  t h e  various frequency domains as done in  Table 1-1-1. 
However it is poss ib le  to evaluate  t h e  various measures w e  have taken to 
optimize t h e  thermistor de tec tor ' s  performance, bas ing  t h e  evaluation on meas- 
urements made on a wideband system - e. g.  , 0 . 0 4  t o  300 Hz - with a flat  
frequency response  between t h e s e  points. We c a n  then assess the  signifi- 
c a n c e  of t h e  improvements which have been made. Table 1-1-2 shows the  
r e su l t s  of a n  evaluation of the  improvements in  signal-to-noise ra t io  based on 
t h e  wide-band video s igna l  expected in  the Nimbus HRIR scanner .  
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The m o s t  str iking measured improvements a r e  in the  a rea  of t i m e  con- 
s t an t  dec rease .  W e  have  shown (Section 1) tha t ,  operating i n  the  10 - 1 2  
micron region, w e  approach the  thermal noise limit in t h e  mid-frequency range 
of operation. In addi t ion,  t h e  region of high detect ivi ty  has  been extended 
to t h e  higher frequencies by about one  octave.  The possibi l i ty  of further i m -  
provements in the  mid-frequency region of operation i s  rather limited. Areas 
with considerable  room for improvements a r e  t h e  high and low frequency re- 
gions of the  spectrum. A recently prepared proposal,  P-l090A, dated 
January 10th of th i s  year ,  recommends a number of measures and out l ines  a 
program of investigation to compleiiient the  present work, and should lead to 
improvements principally in the  low and high frequency detect ivi ty  of thermistors.  

The importance of a reduction i n  l/f noise  in  thermistor detectors  can  
b e  bes t  i l lustrated with a pictorial  example. Figure 1-5-1 is a thermograph of 
a hand and two calibrated test p la tes .  The latter se rve  as guides in deter-  
mining contrast  l eve ls  and sensi t ivi ty  of the  instrument used in producing the  
thermograph, The immersed thermistor detector used w a s  one qui te  similar 
to t h e  type  required for the  HRIR. The scanner covered one l ine i n  1/4 second 
with 100 resolution elements for each l ine (0.1 '  resolution for a 10' s can ) .  
The frequency response  used to produce th i s  thermograph w a s  0.05 Hz to  250 
Hz (the 3 db points) ,  and included a modest amount of high frequency boost to 
provide t h e  desired f la t  response ,  
su l ted  from the  boosted gain a t  high frequencies,  which +m-eased  noise  more 
than s igna l ,  

Some degradation in sensi t ivi ty  h a s  re- 

The more ser ious problem il lustrated by th i s  thermograph is the  presence 
of l / f  no ise .  
p u l s e s ,  it appears  as a brightening or darkening of portions of t h e  picture en- 
compassing complete l ines  or large section of some l ines .  This type of noise  
may b e  more bothersome than t h e  peppery (snow) type character is t ic  of high 
frequency white  no ise .  The occurrence of occas iona l  dark or light l ines  or 
l ine  segments  tends  to destroy the  radiometric fideli ty of a thermal picture. 
For t h i s  r eason ,  w e  feel a need for more effort in  t he  direction of reducing the  
prevalence of l/f noise  in  thermistor detectors.  

Because th i s  noise  contains long-period posit ive and negative 

W e  bel ieve tha t  t he  u s e  of thermistors in the  HRIR wil l  add significantly 
to t h e  qual i ty  and va lue  of th i s  important meteorological experiment, providing 
dayl ight  operation capabi l i ty  and a n  increase in  sensi t ivi ty  far greater than 
tha t  ach ievable  with t h e  photoconductive detector .  The improvements in de-  
tec t iv i ty  and t i m e  response  of immersed thermistor de tec tors ,  which th i s  s tudy 
shows to b e  achievable ,  add a n  increased margin of sensi t ivi ty  which may be 
used  to produce better thermal images or may b e  employed in a different form 
to i n c r e a s e  the  opt ical  or spectral  resolution of the  Nimbus HRIR system. 
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Thermograph o f  a hand and c a l i b r a t i o n  source .  A 0 . l m  x 0.lmm 
Germanium immersed t h e r m i s t o r  was used i n  a scanning s5stem wi th  
e l e c t r o n i c s  having a frequency response of 05 t o  250 Hz. The 
b l a c k  t o  wh i t e  c o n t r a s t  i s  equ ixa ien t  t o  10 C .  
r i g h t  i s  a t  a tern e r a t u r e  o f  39Cand t h a t  a t  t h e  l e f t  i s  38 C .  
R e s o l u t i o n  i s  0 . 1  . The s y s t e m  j u s t  r e s o l v e s  a v e r t i c a l  b l ack  
s t r i p  a c r o s s  t h e  t a r g e t  a t  t h e  l e f t ,  t h e  s t r i p  be ing  about ;/lo" 
i n  w i d t h .  Ta rge t  d i s t a n c e  i s  46" and p i c t u r e  scanned i s  10 
Note o c c a s i o n a l  dark  and l i g h t  l i n e s  which show evidence of 
l / f  n o i s e .  

b The t a r g e t  0 a t  

8 

x l oo .  

Figure 1-5-1 


