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COMPOSITE SEMICONDUCTOR BOLOMETERS

FOR THE DETECTION OF FAR-INFRARED RADIATION

-

‘Norman S. Nishioka

Department of Physics, University of California, and
Molecular and Materials Research Division
Lawrence Berkeley Laboratory, Berkeley, California 94720

ABSTRACT

A composite semiconéuctor bolometer for the detection of far-infra-
red radiation has been developed in which doped germanium serves as the
temperature sensor and a bismugh coated sapphire substrate serves as the
radiation absorber. lMetal wires serve as the thermal and electrical.
conductance to the enﬁironment. These detecﬁofs operate at pumped liquid
“He temperatures (v 1.3 K). In many applicagibns these detectors approach
the theoretical limité of sensitivity.

Optimization calculations have been perfofmed which predict both the
ultimate performance possible from these detectors as well'as the optimum

operating conditions in various experimental situations.
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I. INTRODUCTION

Bolometers have long been widely used as detectors of‘far-infrared
radiation. The first detécti0n~of iﬁfrared'radiaticn was made by ﬁerschel1
in 1800.. His bolometgr was simply a conventional mercur& thermometer which
regiétered an increased temperature‘wheﬁ illuminated by infrared radiation.
However, the term "Bolometer" was not uged until 1880 when Langley2 used
the term to refer to a fine wire wﬁich acted as a thermal detector by
changing'its resistance in response to a changiﬁg-teuperature. .At the
1 time of its introduction, Langley"s resisténce tolometer provided a sig-
‘nificant increase in fhe sensitivity of infrared cetectors.

o Developments in recenf years have enabled bolcmeters to be built
whose performance in many applications approaches the theoretical limits
of sensitivity. These dévelopments includé the introduétion of the semi-~
conductor bolometer.by Lcw3 in 1961, the SNS tuna:zl jungtioh bolometer of
Clafke et a1.4’5; and the superconducting transition edge bolometer de-
veloped by several worker56’7. At present, the semiconductor bolometer
'is the most widely used detector in the far-infrared. Aﬁong the chief.
reasdns‘forvi:S‘popularity‘are commertiél'availability, the straight-
foward electronics required for its Qperation, and itg ability to operate
in high'magnetic fields.

A bolometer can be viewed as perforhing three different funétions. It

acts as a thermometer, a radiation absorber and often as a mode limiter.

In order to optimize the bolometer performance fcr a given experimental



situation, it'is necesséry tq optimize all three 6f these functions. fn‘
most semiconductor bolometers used at present all three of thege functions
are performed by a single element so that independent optimization of
eagh'functioh is difficult. For exaﬁplé, the resistance of the‘semi—
conddctoré used in composite semiconductor bolometers at low_temperatufes’
follows R = RoeA/T where RO and A are constants. As we will see high
réspoﬁsivity demands that A be large. However, at frequencigs v sﬁch

that hv < kA (h is the Planck constant, k the Boltzmann constant), the
absorption of the gefmanium is small. Thus, we see that the demands of
high responsivity and high absorptioﬂ are %n»conflict.

In an attempt to surmount these difficulties} we have built bélom—
eters that'relegate these functions to different eiements, hence the
term composite bblometer. It should be noted that this trend toward
saparétibn of the various functions of a bolometer is not a ndvel idea.
Similar attempts have been made in the p;st with varying degrées of
success?. The compoéité semiconduétor.bolometers described here employ
gallium doped germanium as the thermometer and bismuth coated sapphife
substrates as the absorbiﬁg element.

These bolometers.have a wide variety of applicatioﬁs. They‘have“
been sucessfully used for Fourier transform_spectroscépy as well as in
a balloon-borne cosmic background experiment. Anticipated applicationg
include far-infrared astronomy from mountain top observatories as well.

as from balloon-borne telescopes.
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OPTIMIZATION
A. Introduction

There are many different approaches to the problem of opﬁimiziﬁg
the performance of a bolometer for a specific observing situation. Each
appfoach has its advantages as well as its shortcomings. In this section
the apﬁroaches that we have found particularly convenient will be dis-

cussed. In addition, some applications of these formulas to other types

of bolometers will be mentioned.

It should be pointed out that the design of the optimal bolometer
depends crucially upon the particular observing situation. The bolometér
that is optimum for use in ohe.application may be a poor choice for use
in a different situation. Sinée bolometers exhibit this application
specificity, it is importaﬁt to chéracterize each application carefully.
We have found that the dc baékground radiation power is adequate to
pargmeteriZe most observing situétions. However, in certain applications
the chopping frequency may bé of importahce. This is pérticularly true
in thé ﬁresence of large amounts of 1/f noise. Note aiso that the chop-
ping frequency isvnot élwayé determined by detector requirements élone
since other factors such as the staSility of the source must be considered.

For our purposes here, a bolometer will be defined to be any radia—
tion detector whose output is an elegtrical signal and ﬁhicﬁ operates iﬁ
the following way. The radiation is detected by absorbing it, degr;ding
it to heat and monitoring the asséciated temperature rise via some param-

eter (such as resistance) which alters the electrical output. Therefore,

a photoconductor is not a bolometer since the changing output signal is

not due to a temperature change;



B. Numerical Methods

As the first step in the analysis, wé examine the sources of noisg
in a bolbme;ér. rAn appropriate figure of merit is the noise equivalent
power (NEf)‘_ The NEP is the incident power required to yield.a signal-
to~-noise ratio of unity in a 1 Hz post detectioﬁ bandwidth. The NEP can
bevwritten.as the rms sum of several térm39

\5 X, -

2 _ 4KTR , 4kT2G , €0KATS hee' (KT q) AR[ 72 4 X

(NEP)® = —%—+ —— + —— + 53 x - >
S € & 1 (e ~ 1)

dx

+ F(R,T,G,I,e,.-{). o | 1)

The first term is the Johnson noise voltage developed across the bolom-
eter (whose resistance is R and which operates at the temperature T)
divided by the square of the (optical) responsivity S (volts/watt). Here
k is the Boltzmann constant. The second term is the square of the
phonon fluctuation noisé power. The bolometer is connected to a heat
sink (at temperature TS) through a thermal con@uctance G. The third
term repréSents the random fluctuactions in the émission from the bolom-
eter itself. The bolometer has an area A and an emissivity e. o is

the Stefan-Boltzmann constant. The fourth term is the square of the
noise associated with the radiant power incident on the bolometer.

The background is at a temperature T, , has -an emissivity e' and is
viewed through the (effective) solid angle Q. .We have assumed that a
square filtering system has been usé% sovthat the‘integral is carried

out from the low frequency cutoff v. to the high frequency cutoff v

5"
where ¢ is the speed of light

1

We have used the variable x = hvc/kTrad

and h is Planck's constant. The last term represents all additional

" noise in the detector system such as 1/f noise, amplifier noise, etc.



In most systems T << Tra , so that we can neglect the third term

d
in (1). It should be noted that, given any fixed frequency interval,

the fluctuations in the incident power form a fundamental limif to the
NEP.: We will adhere to the terminology of Low and Hoffman9 by referring
to a1detecfor whose NEP is dominated by the fluctuatiﬁns in the incident
radiation as -ideal. In addition,_tﬁe term dark electrical NEP will refer
to an NEP calculated using Qﬁly the first two terms in (1) and using the
electrical responsivity (e = 1 in Eq. (18)) instead of the optical res-
ponsivity. The term real dark electrical NEP will refer to an NEP
calculafed by adding the function F to the dark electrical NEP. Once
again, the electricai respdnsivity enters into F instead of'the optical
responsivity. The ideal (or'background limited) NEP is of course com-
puted ffom"the fourth term in (1) (see Appendix A). Finally, the term

optical NEP will refer to the NEP computed from the first four terms of

(1). Thus,
. , ‘
(NEP) 2 = tkIR L re, 2)
dark electrical g .
electrical
" (NEP)? = (vEP)2 + Fe=1,R,T,6,I,...), (3)
real dark electrical dark electrical et A R
. ' .
2 : bee (kTrad) AQ (X, b X _
(NEP)background fluctuation 2.3 X 2 dx, (&)
» _ c’h X (e - 1)
2 _ 4KTR , 4kT%G 2
(NEP)Opticél g2 + e2 + (NEP)background fluctuation,: ,(5)
(NEP) 2 = (NEP)? + F(R,T,G,I,€ ) (6)
real optical optical Salht e

In much of the analysis to follow the dark electricai NEP (2) will be the

object of the optimization process. The optimized (NEP)DE that results



will then be compared to (NEP)BF (4) to see how close the systém comes
to being ideal. Of course, it is more realistic to use the real dark
electrical NEP (3) in these conéiderations. Unfortunately, the funétion
A f is often’not well known and can vafy considerably from bolometer to
bolometer. ‘However, in certain cases anbempirical formula for F can be
deduced and the optimization can be carried out using (3).

In order to carry the analysis any further, we needAén expression
for thefresponsivity of a bolometer. We begin by conserving the energ&

flowing to and from the bolometer.

c Ly (T-T)=¢€@ +P)+W, A . (7)
dt s o s’

where the bolometer is assumed to be isothermal with the temperéture T,
have a heat capaéity C and be connected toia temperature sink at the
temperature Ts through a thermal conductance G. The bolometer absorbs
a fraction € of the -incident radiation Po + PS. P0 is the dc radiation
power incident upon the bolometer and PS represents the signal to be
detected. W is the electrical joulé hgating occuring in the bolometer.
In the steady state with PS = 0, (7) becomes
eP + W(T ) :
T =T + —2——2 | 8y

G(To) ‘ L A .
wherg To is the static or dc operating temperaturé. We have expliciﬁly
wriﬁten W and G as evaluated at T = TO since they are, in general,
functions of temperature.

We now define the temperature rise due to the signal powér Ps as

§=T-T. | : ‘ . (9

With this definition, (7) can be written

eP + W(T )
¢ 4 gls + 0 9

qT ——G—(-TO—)——— = E(Po + Ps) + W. . (10)
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7
W can be expanded to first order.about To to yield
. dw '
W= W(To) + a7 §. .(11)

In addition, if G is assumed to be temperature independent, then (10) and

(11) can be combined to yield

ds dw
—_— - —— = .
C T (G dT)G EPS (12)

The assumption that G is temperature independent is reasonable for small
values of S (which is equivalent to requiring that the signal be small).
The Wiedemann-Franz law10 states that tﬁe ratio df the tﬁermal conducti-~
vity to the electrical conductivity is proportional to the temperature.
At low temperétures the electrical conduction is impurity limited and is
thus independent of temperature. Therefore, most metals exhibit a thermal
conductance that is linear in temperature. However, certain evaporated
metal films have exhibitedﬁa thérmal conductance proportional to Tl+ to
T®. Also hiddgn by the assumption of a temperature independent thermal
conductdnce is the fact that the.temperature varies along the element
providing the thermal conductance. Therefore; if G is temperature
dependent it will vary from G(TS) to G(T) along the thermal path. This
difficuity can however be easily handled due to a theorem11 which states
that the heat flow H between two bodies at different temﬁeragures Tl and
T2 is given by .
frem ‘
H = G(T) dT. o ; (13)
T1 ‘ _

Thus the correct result can be obtained by using the average conductivity
between the two temperatures T, and T,.

1 2

For the case of a sinusoidally varying signal power P ='Psei@t,
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(12) can be solved for § by the substitution 8§ = Goe . The result is

Ieps
§o = E;;;‘;“gga', I . , (14)
where |
P S (15)
Geff is.éa;led the effective thermal éonductgnce and prbvides a convenient

method for-taking the‘thermal feedback of the system into account. Note
that if Geff < 0 then the solution of (12) has an exponentially increas-
ing solution when PS = 0. Therefore, if the bolometer is to be thermally

stable, G .. must be positive.

eff

Defining the effective time constant 1 = C/Geff yields

S
>
s G ff(1 + wTt)
The responsivity is
-\
S=a
s
_dv dx dr |
~ dx dT dp_ B _ | 17

where V is the output voltage of the detector. Here x is the temperature
dependent property of the bolometer, such as the bolometer resistance in
a semiconductor or superconducting transition edge bolometer. By combin-

ing (16) and (17) we obtain an expression for the optical responsivity

dav € :
Isl=ax ¥ I | a8
Geff(l + wT)

where we have written y = dx/dT. Here y is the temperatﬁre derivative of
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the bolometer's temperature dependent parameter.
For a semiconductor bolometer, the resistance is a rapidly varying

function of temperature and can be written

R(T) = RoeA/T ] ' . - (19)

Typical values of R0 and A are'Ro v~ 1 kR, A~ 10 K. In usual operation, _.

a semiconductor is biased with a constant current so that (18) becomes

Is - Iy . R (20)

eleé 2.2+%
fo(l-i-m'r)

e

where 1T is the bias current.
Armed with (2) and (20), the optimization of a semiconductor bolom-

eter can be performed. We rewrite (2) with the help of (8), (15), and (20)

B P + TR ,
4\T_ + ——— JR(G__ . +w?C?) eP +12R\?
(NEP) . = & +ak\T + 22—, (2D
DE 2.9 s G
Iy :
= _ 12
where Geff G I4vy. ‘
There are several things to note. First, sincey = - RA/T2, Geff is

always a positive number. ~Thus. a constant current biased semiconductor
Bolémeter is unconditionally thermaily stable. Second, the heat capacity

C should be made as small as possible to minimize the NE?. Therefore,

the heat capacity is not normally considered to be a free pafameter in

the optimization. 'One exception to this is when the size of the bolometer
is of‘importance in the analysis; In addition, the sink temperature should

be made as low as possible and y should be made as large as possible.
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Several variations of the oﬁtimization,procedure 'resuit ffom ﬁhe
selection of which pérameters are considered free and which are consi-
‘dered defermined by the experiment. There are of course no universal "
~rules so that eéch’individual experiment will dictate its:own.set of
ffee and fixedvparametersﬁ_ Forlexample, in our laboratory we have ~.
access to doped germanium that has A ~ 10 K which we opéfate at pumped
liquid “He temperatures (v 1.3 K). The free ﬁarametérs for this situa-
tion are taken to be I, G, and R. R is considered to be free since
R = RoeA/T and Ro can be controlled by the geometry of the germanium.
thermometer. However, values of R in excess of v 5 MQ are inconvenient
in actual use. These problems stem from the reqﬁirement fbr constant
current bias that the load resistance RL must be >> R. Also, high
values of R cause preamplifier noise to become dominant since the
current noise of an amplifier is proportional to the source_impedance.
All other parameters can‘be considered fixed. The optimization for this
case has been performed on a digital computer. The resuiting optimized
NEP as a function of the dc background.radiation power P0 is shown in
Figure 1.-

Up until now we have discussed the optimization in terms of
designing the optimum bolometer for a given situation. However, we caﬁ
equally well consider the problem of how to best use a given (non-optimal)
bolometer in a gi#en situation. This predicament often arises when the
attempts to build the optimum bolometer-fall short of their goals. This.
problem can also be of interest if one chooses td use the same bolometer
for several different applications. The former problem often occurs in‘

experiments which are detector noise limited and the latter often occurs

in bolometers designed for general lab use.
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Fig. 1. Optimized NEP as a function of the dc background radiation
. power for a composite semiconductor bolometer.

11
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An example which illustrates the problems involved is afforded by-

the balloon-borne cosmic background experiment of Woody et al.lz; In

this egperimént, the dc backgfouhd power is extremely small, Po ~ 10712
watts|and the background limited NEP is also small (NEP)BF N ;O-IGW//ﬁz.'-
The bes& détectors'available all fall short of this requirement by about
a factor’ofllOO. Since ;he experiment  is éétector'noiée limited, i;-is
of importance to obfain the smallest dark optical NEP possible. The
noiée of>thé system was measured as a function of several paraméters
(T;R,I)._ In addition,'thé temﬁerature dependances of R, C, and G Qere
measured. All thié informafion was then fed into a computer and a
minimization of the NEP was performed to find the optimﬁm bias current.
Details of this procedure. will be discﬁsséd in the section on measure-
ments.

Setting up the optimizatién problem on a digital computer is usualiy
étfaightforward. All that is required is to minimize the NEP as a func-
tion of the free variables. The minimization of a function of several
;ériables is a common problem and quitg elaborate algorifhms have been
developed. 1In general, it is desirable to use an algorithm that does
not require the partial derivatives of the NEP Qith.respect to the‘free.
parameters to be exterhally calculated since this»simplifies the pro-
gramming considerably. One such algorithm that we have found satis-
factory is the conjugate gradient method with interhally épproximated
gradients13.‘ Another useful algorithm is the simplex method given by
Nelder and MeadlA. |

Difficulties.may occasionally arise when tﬁe optimized NEP, computed

by either of the above algorithms gives unphysical results. For-example,

the "optimized" NEP may occur at a negative value of the thermal conduc-
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tance. Constraints also cause difficulties. For example, we require

that G
e

£f > 0 for stability. In certain bolometers the thermal feed-

‘béck is positive so that Geff < 0 is a possibility. Such possibilities
mustvbe excluded from the optimization process. Also, it may be desirable
ts ﬁinimize the NEP SUbject to the condition that the dynamic range is
apove.some required value. This is particularly true of superconducting
transition edge bolometers. When sonstraints of these sorts must be
taken into consideration, a Monté Carlo minimization is usually more
efféstive.‘

Aﬁ example of an alternate type of bolometer which lends itself to
the above analysis is.the critical current or superconducting tunnel

b

junction bolometer In this bolometer, the Josephson critical cur-

rent Ic in a superconducting-normal-superconducting (SNS) junction is a
sensitive function of the temperature. The critical current of the SNS

junction is of the form

T

ic(T) = I0 e To . _ (22)

Typically To ~v 0.1 K andvldlm 1 amp.
-~ When the SNS bolometer is biased by a constant current I, (18)

becomes

-Rél
]/’
(1 + wzrz)2

S =

(23)
Geff

where we have assumed that V = (I - IC)R. Is this case, y = dIC/dT and
: Ceff =G - Iky. Note thét Y < 0, so that the bolometer isvthermélly
stable in all cases. In practice the resistance is quite small (R ~

3 x 10-69) so that Géff =~ G‘to good approximation. The optimization

procedure exactly parallels the procedure used in the optimization of

semiconductor bolometers.
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C. -Large Signal Analysis

The eXpressioﬁs we have been using for the résponsivity assume that
the Signal power PS is small and sinusoidally Varying in time. Also,
the thermal conductance and heat capacity were assumed to be temperature
independént; When the signal is large, §, the associated temperature rise
may be a large fraction of T. In this case, the temperatufe dependence
of the thermal conductance and heat capacity may be important. In si-~
tﬁatioﬁs such as this (20) will givelerroneous values for the responsi-
&ity. In order to analyze the bolometef output under these conditions,
it is easiest to numerically solve the first order ordinary differential
equation resulting from the conservation of energy [Eq.(7)]. The problem is
usually reasonably well-conditioned so that a ratheé straightforward
low order numerical technique (suéh as a low orderﬁEuler method) yields
satisfactory resulﬁs. Once the temperature as é function of time is
determined, the output voltage as a function of time can be computed
from the resistance as a function of temperature R(T).-'This technique
is also of value in predicting the response of a bolomeger in situations
where non-linear effects are important. An example is the use of large
non-sinusoidal signals such as large radiation pulses}

Although this technique is rigorously correct since no approximations
are necessafy, it is somewhat wasteful of computer time. Therefore, its
use is.usually limited to cases in which the'small signal épproximation

is not appropriate.
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- D. Analytical Solutions to the Optimization Problem

‘Analytical solutions to the optimization problem are in general.quite
algebraically involved due to the complexities of the formulas and the fécc
thaé sévéral vafiables must be optimized simultaneously. It is usually
easier to find the solution numerically since the problem can be solved
on a digital computer in a straightforward manner. In addition, many
features that aré very difficult to include analytically such as the
pfesence of 1/f and preamplifier noise and the temperature dependence of G,
C, and R, are very easily incorporated in a numerical trea#ment. In spite
of these shortcomings analytical solutions‘can‘be of value in certain
situatioﬁs. For instance, examination of the optimization problem in a
few limiting cases can indicate the type of parameter dependence (or inde-
pendence) expected in these regimes. Even though the approximations
involved may cause the constants of proportionality to be in error, the
way in which the optimizéd NEP scales with yarious parametersmay be correct.
.’ A limiting case of interest is where the backgroundvradiation power
is larger than the joule heating occuring in the bolometer. For a cons-
tant current.biased semiconductor bolometer (or superéonducting transition

i 2
edge bolometer) this means that P0 >> I'R. In this case, (8) gives

P . ' ,
T=TS+—E°, (24)

where we have assumed that € = 1 for simplicity. Here 12 and G are

conveniently renormalized as follows:

=-=2, ¢==2, B - (25)



16

where A and B are dimensionless constants. Note that both G and y = %%

are assumed to be independent of température15
Taking w = 0 for simplicity, (21) becomes

2 .
_ (NEP)iark electrical - FoR (1+
4K T Ay

1
B

» o |
YA +B)° + TP (L+D?B. (26)

The optimized NEP occurs at values of A and B such. that

__=.__=0,7. ' ' .(27)

A2=82-—1__ | | | (28)
; . 4R .
B R
Vs
For a semiconductor bolometer y/R = - A/T2 v - A/Tz = - l/TST* where
* _ 16 %
T" = TS/A. In most cases  , T << 1 so that (28) becomes
A=B~1- 2T, ‘ (29)

Substitution into (26) yields the following result correct to first order

in T,

2

(NEP)dark electrical optimum

m'l6kPoTS(1+ 2 ). (30)

The important feature here is that the optimized NEP is proportional
to the square root of the dc backgfound radiation power.. If the optical
radiation is from a source in the Rayleigh-Jeans limit, then. the back-

ground limited NEP can be written (see Appendix A)

(NEP) . = 2 kTradPo . (31)
The summation of (30) and (31) yield the optical NEP of a system with
P >> I°R, |

(NEP)iptical optimm " 2P [8T_(1+ 2Tf‘) +‘Trad] . (32)
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Thus if T_<< T_ . and T* << 1, the bolometer will be "ideal".
That is, its NEP will:be dominated by fluctuations in the incident
radiation. |

The opposite case in thch %R >> P0 is also of interest. In this

case the dc operating temperature becomes

L 42
T =T +12

ot - | (33

Substitution of (33) directly into (21) as we did in the previous cases
gives rather unwieldly equations during the minimization process. These
problems can be circumvented if we further assume that

2
IR
—— << T
5 o o | (34)
: which is equivalent to requiring TS ~ T. This restriction limits the
i . X . .

\ . ’ .
range of G so that G will not be considered a free variable. With these

’assﬁmptions (21) becomes

RT_(6 - x)°

2 .
(NEP) - + TZG i | | (35)

4k - XY

N

where x = 12.

Minimizing N as a function of x yields

N RTs 2x(G - xy)Y- (G - xY)
- . 2

3xX Y X

=0 =x=-C/y. (36)

Substituting (36) into (35) yields

(NEP)? = 4ch§(1 + 4T%) . \ (37)

Thus the optimized dark NEP is limited by the phonon fluctuation noise
if T¥ << 1. Note that in this limit the NEP is independent of P_.

Using (31) and (37) the optical NEP in the Rayleigh-Jeans limit
becomes |

(NEP)? = 4kGT2(1 + 4T*) + 2P KT (38)
opt s o r

ad ’
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Consequently, if Ponad >> ZGT:(1-+4T*)then the bolometer will be in the
ideal limit. Note however that (38) was derived assuming that 1%R << Ts

and I%R >> Po' Thus (38) only applies when GTS >> I?R >» Po. We can

Ts

; 2
also conclude that, GTS >> I%R >> Po >> GTS(T Y(1 + 4T*) and T* << 1
' rad

are sufficient to guarantee an ideal bolometer.

We can summarize the above results as follows,

PoTs Po >> Pelectrical
(NEP)2 _ . |
dark electrical optimum « (39)
2 »
<
Ts Po < Pelectrical

These general results are in qualitative agreement with numerical calcul-
ations (cf. Fig. 1). Note also that as the sink temperature is lowered
(to say 3He temperatuﬁes), the improvement will be more dramatic for the

case in which the dc background radiation is very small (Po << P ).

electrical
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III1. CONSTRUCTION AND MEASUREMENT
A. Introduction

"The major obstacle that we face in constructing semiconductor bolom-
eters is in securing appropriate semiconductor material. Our laboratory
is not equipped to prepare the doped semiconductor material required.
Although a gigantic industry has evolved around semiconductors and the
‘technology is:extreﬁely advanced, manufacturers aré reluctant to develop
suitable semiconductor material- for this application because of the
relé;ivelyvsmal} markeﬁ. In addition, preparing the necessafy material
is not as‘simple as mefely specifying a certain doping level in germanium.
The relationship between the doping concentration and the required low
temperature parameters such as Y, . R, and the low frEqﬁency noise are not
well understood. Furthermore, most materials suppliers are not equipped
tp<perf9rm low:temperature measurements.

Vb We have access to several different boules of germanium which are
doped with different materials and in different concentrations. These
boules apé usually doped with a doping‘concentration gradient. This
permits many different types of low temperature beha#iorvtobbe achieved
in;a.singlgcboule.

In this section, the construction details of the bolometers that we
haveﬂbuilt_wili.Be.given. In addition, the techniques used to evaluate

the bolometer's performance will be described.
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B. Construction

We have access to several different boules of germanium but'tﬁe
germaniuﬁ we use most<fréqhently is gallium doped and has a low tempera-

A/T-with A ~ 10°K. Ro

ture resistance tha; very closely follows R = Roe
can be adjusted by varying the dimensions of the germanium and thé'placef
ment of the electrical leads, but is ~ 1 kQ for uniform current flow in

a cubic Sample 1 mm on a side.

The composite semiconductor bolometers that we use consist of a piece
of germanium to which two metal wires are soldered. These wires provide
both the electrical and the dominant thermal contact to the bolometer. .
This germanium thermometer is then attached to a sapphire substrate.

Nylon threads laced around the substrate provide mechanical rigidity.

A bismuth layer is evaporated on one side of the sapphire substrate to
increase” the absorption of radiacionS. " This structure is attached to a
brass ring which serves as the bolometer holder (see Fig. 2).

The initial step in constructing these bolometers is the cutting of
an appropriate piece of germanium from thé boule. This’is done by using
a 0.010" stainless steel wire saw with 1900 grit in mineral oil as the
abrasive. The sliced germanium is then lapped on all sides with 1900~gri;”__
in water to give each face an even finish. The germanium slice is typi- |
cally v 1 mm x 1 mm x 0.3 mm. This size was selected as a compromise .
between‘minimizing the heat capacity and providing ease of handling.

As we saw in a previous section, optimizétion requires that the heat
capacity be made as small as possible. Thus, ideally the germanium
should be made as small as practical. Note however that below a certain

germanium volume the heat capacity of the entire bolometer will be
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dominated by other components suéh as the sapphire substrate, metalvleads,
etc. In our case, the heat capacity is dominated by the mefal leads and

, : N
sapphire substrate when the germanium volume is $ 3 x 10 cm3. The

germanium is next etched with an acid (20:1 HNO_:HF) for approximately

3
10 minutes and is quenched in methanol. The germaqium is now ready to
solder. The wife leads are.attaéhedvto the gefméniuﬁ with indium solder
usiﬁg Ruby FluidTm (mostly ZnClé) as a flux. This is 46he using a 10 watt
soldering iron equipbed with a copper nib. The béiometer is‘fhenvboiled
in distilled water for 5 minutes to(remove.any residualrfiux. Next, the
sapphire substrate is notched and mounted to a bréés riﬁg using 12 um
diameter monofilament nylon threads. Then a layef (v 900:A) of bismuth
is evaporated .onto the sapphire té act aé.the absorber.

The germanium with the leadF attacﬁed is‘then cemented to the
sapphire using.Stycaszm 2850 FT epoxy as the adhesive. Finally, the
free ends of the bolometer léads are soldered to the copper pads on the
brass ring;

This completes the construction procedure and the bolometer is

ready for testing.
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— Ga: Ge Thermometer
attached with epoxy

Sopphire Brass Wire
Substrofe\ /

Nylon Threads

Bi Absorber

COMPOSITE Ge BOLOMETER
XBL 7611~7706

Figure 2b



C, Testing Procedure

The first measurement made on a boiometer is usually the defermina-
ﬁion of the curve of resiétance as a function of temperaturef‘ This is
done with the bblometer bathed in liqﬁid helium or helium vapor rather
than a vacuﬁm to ensure that the bolometer temperature is equal to the
bath temperature. The resistance is monitored by a Keithley 6lOB elec-
trometer and the bath temperature is monitored by measuring the helium
vapor pressure above the bath. The data are then fed into a computer
and a best fit (in the least squares sense) to the expression R = RoeA/T
is made with Ré and A as the free parameters. As we will see later in
this section, it is not necessary to kno& the resistance-temperature
characteristic in order to determine the bolometer performance. However,
knowing this characteristic is valuable ;s a diagnostié tool.

" The next step to be made is the characterization of the dark (i.e.v
no optical radiation) performance of the bolometer. The gﬁrrent-voltage
characteristic (I-V curve) is measured using a Keithley 160B digital
multimeter to monitor the current and a Keithley 610B electrometer to

monitor the voltage. The bolometer is biased by a mercury battery whose

output voltage is adjusted by a wirewound potentiometer. This voltage

.

is applied across the series combination of a helium cooled, wirewound
load resistor (5 MQ) and the bolometer. The time constant is measured

by applying a small ac voltage in series with the bias voltage. The

t/T

resulting bolometer output signal then exhibits the familiar e roll-

off in amplitude with time associated with a time constant 1. This is

eff’

measurements (I-V curve and t) allow the electrical responsivity to be

the (effective) time constant of the bolometer 1 = C/G These two

24
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calculated. This is true since the only input power to the bolometer is
the electrical heating IV. Thus the I-V curve yields the resistance as
a function of the applied power. We represent this function as &(P).

We first'solv? for a value of the resistance Rl such that

_ 2
Rl = R (IR, + PO + PS)

1
Next we éolve for a value of the resistance such that
2
R =®(IR +P)
o o o

The dc responsivity is then

I(R1 - Ro)

P
s

S(0) = (40)

Note that the responsivity given by-(40) is a function of the signal power
PS.' In the derivation of (20) we considered the limit where Ps -+ 0.
(40) is not restricted to this lihipation. To find the responsivity at
the frequency w, the dc responsivity.must be multiplied by (1 + szz)-%.
Alternatively, the electrical responsivity can be'measured with the
bridge circuit proposed by Jonesl7. The details of fhis circuit are
given in Appendix C.
| The measurement of the I-V characteristic, the time constant, and
the resistance-temperature characteristic permit the computation of the
hea; capacity and the thermal conductance. Knowledge of_the resistance
as‘a function of the temperature and the resistance as a function of the
applied power allows the power as é function of temperature to be deduced.

The thermal conductance is the derivative of this function

dp ‘ '
G=35 - . ‘ ‘ (41)

The heat capacity can be computed from the time constant

C = Tore Corf - | - G



In ofder to complete the dark characterizatibn of the bolometér its
noise must be measured. We do this with the aid of a PDP-11 computer
interfaced to the detector system. The computer samples the voltage
output of the detector‘preamplifier at periodic intérvals and computes'
the Fourier transform to give the noise spectrum, The measured dark NEP

is just the ratio of the voltage noise to the responsivity.

D. Results

In this section we will-examine_a specific bolometer and see how the
theory of the previous sections can gg applied in an actual situation.

Recall that the design of a bolometer is critically dependent upon
the intended application. The bolometer we willvexamine in this section
was designed for use in conjunction &ith the balloon-borne liquid helium
cooled far-infrared spectrophotometer of Woody12 et al. This experiment,
which is designed for observing the cosmic background ra&iation présents
a unique set of detector requirements. The dc radiation power is extrem-
ely émall (v lO_lz,watts) so that the ideal NEP is quite small (NEPideal
N 10—'16 w/VHz). The chopping frequency Qf the system is 17 Hz. At float
altitude the atmosphere pressure is v 2 mm.Hg which corresponds to a
liquid helium bath temperature of 1.4 K. Unfortunately the exact pres-
sure drop between the environment and the helium cryostat ihterior is
difficult to predict. This means that the helium bath temperature cannot

be predicted to better than about * 0.15 K. Therefore, the NEP and res-

ponsivity as a function of TS must be known.  In addition, since the bias

26
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level is preset on the ground prior to flight, it is important to choose
the bias current so that the NEP‘is as close to optimum as possible over
this range of Ts. This obviously involves a compromise in performance.
We trade optimum performance at a single bath temperature for a more
modest but uniform performance over a range of TS. Furthermore, since
this experiment is an absolute.measuremént, calibration plays an'important
role. Calibration is accomplished by means of an ambient temperature
" blackbody source. The consequence of this is that dc background radia-
tion iﬁcreaseé.considerably during calibration which causes the responsi-
vity to change. Predicting the corresponding éhange in bolométer respon-
sivity and correcting for it is clearly important.

The bolometer used in this experiment was constructed using two
0.001" diameter brass wires & 1 cm long. This results in a thermal
condﬁctance of 1 x 10-7 W/K at 1.4 K. The measured time constant is

A/T

25 msec. The bolometer resistance closely follows R = Roe with
Ro v 7.2 kQ and A v 7.4 K.
The preamplifier is conveniently modeled'by a source resistance,

a voltage noise source and a current noise source as indicated in Fig. 3.

The voitage noise of the output of the preamplifier is
N2 = 4kTR + V2 + 12R2
s n ns

The first term is the Johnson noise due to the source resistance RS.

The noise added by the preamplifier is thus

N2 = v2 + 1282 |
preamp n ns .

27
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Fig. 3. Noise model for an FET preamplifier.
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Vn is deduced by measuring the preamplifier noise with RS =0 (i.e. with
the input shorted), and is typically proportional to l/yf. Repeating the
‘measurement with a cold resistor connected to the input yields Iz.

The particular preamplifier used in this experiment has a bandpass
filter with a peak frequency of 17 Hz. Figure 4 shows a typical noise
spectrum of the preamplifier. Meésurements indicate that Vn = 5.0 nV//ﬁZ
(at 17 Hz), and In = 6 X lO_lsamps/ﬁ;;. Thus the amplifier contributes
a noise term to the (NEP)? of [4.2 X 1of’6/f + 1.9 x 107 R2]/S? where
R is the bolometer resistance. |

The noise of the bolometer was measured under various température
and bias conditions and it was empirically féund tﬁét the excess noise
of the bolometer (i.e. noise in excess‘of Johnson and thermal fluctuaction
ﬁgise) roughly fit the formula (NEP)excess no1.5 x 10-12 R2I?%/fS? (W?/Hz),
wﬁere I isvthe bias current and S is the responsivity. Figure 5 shows
typical noise spectra for this bolometer.

Using all of the above information, it is possible to use a digital
computer to predict the bolometer performance as a fUnction of bias
current and sink temperature. With this knowledge, a bias current can
be selected and the responsivity under all observing conditions can be
determined. Typical performance for this bolometer at 17 Hz aqd TS %'l.ZlK

-1
is (NEP) ~v 3 x 10 I‘W/»/ﬁz and responsivity

real dark electrical

S~ 1.7 x 10° V/W. The Johnson noise term contributes 1.0 X 10—14W/¢ﬁ;,
. ST ' ‘

the phonon fluctuation term is 3 x 10  W//Hz, the preamplifier contri-

o o —
butes 1.6 x 10 W/vHz and the excess noise in the bolometer is

-14 ——
2.2 x 10~ W/vHz.
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Typical noise spectrum of the FET preamplifier. Note the
effect of the 17 Hz bandpass filter.
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E. Possible Improvements

It is of interest to determine what factors arevlimiﬁingvthe perform-
ance of the bolometers we have built. With this information it may be
poséible to suggest future impfovements. The bolometers are usually
exCess:ndise iimited below "~ 10 Hz.. This noise is current dependent and
has a 1/f“power spectrum. If this excess noise is generated in the
contacts thenlan alternate soldering procedure might eliminate it. On
the other hand, if the noise is generated in the germanium itself theﬁ
a differeqt maﬁerial must be procufed or the preparation (cutting,
étching, etc.) must be altered. The effect of various etching proce-
dures was tested by varying both the lengph of time the germanium was
etched and the composition of the etch. No strong correlétion was
evident from the tests. The noise appeared to be almost indepeﬁdent of
the etching procedure used. Basically, if the surface of the germanium
appeared smooth and shiny to the naked eye the etching was sufficient.
However, it did appear that quenching the etch in methaﬁol produced
better results than quenching with distilled water.

In order to distinguish between noise genefated in the contacts and
noise that is generated in the germanium itself, a four terminal measure-
ment was performed. Since the noise is current dependent a ﬁodel of the
noise as.a fluctuating resistance seems reasonable (see Fig. 6). If the
contact noise is the dominant noise mechanism then the mnoise observed
across each pair of terminals would be quite different, since the current
only flows through one pair of contacts (Fig. 6a). Alternatively, if the

noise is intrinsic to the germanium then the voltages measured across
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each pair will be comparable\(Fig. 6b). The experiment showed that
V1 z'vz in all caees, whichveuggests that the contacts are not the
aominant noise source. When this reeﬁlt is combined with the fact
tﬁat the noise is roughly etch independent, it suggests that the
noise is internally generated in the germanium. Therefore, a new
soﬁrce of germanium may remove or reduce this noise source.

Another method of improving performance would be to lower the heat
capacity. Using-a‘smaller piece of germanium and a thinner sapphire
substrate would help considerably. Alternately, diamond which has a
lower specific heat (see Appendix B) could be used. If 0.001" thick
sapphire were to be used instead of the present 0.005", the NEP could
be lowered by ebout a factor of 3. Yet a#other improvement is the use
of a lower temperature heat sink. Charcoel pumpedbAHe or 3He would
lower the NEP by factors of 2 to 20. Finally,' the development of a
preamplifier with very low current noise (v lO“16 amps//Hz) would permit
operation of higher resistance (or A) bolometers.. These bolemeters would

have a higher responsivity.
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Fig. 6a. If the contact noise Fig. 6b. 1If the intrinsic noise
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CONCLUSION

‘We have built composite semiconductor bolometers whose dark perform-

ance is typically,(NEP)dark v 3 x 10‘1“ w//ﬁg with an area of'4X4 mm.
The.absorptivity is ~ 40%! This resultsin a detectivity (VE;EE/NEP) of
D* %.lolacm YHz/W. A factor of v 3 improvement is anticipated with the
avaiiability of thinner sapphire substrates.

Although the detectivity of the best SNS critical éurrent‘bolometers
and supercondqcting transition edge (STE) bolometers are a factor of " 10
times higher than these seﬁiconductor bolometers, there.are nevertheless
somé applications in which there are advantages in using a semiconductor -
boioﬁeter. First of all, the electronics associated with a semiconductor
bolometer are straightforward consisting only of an FET preamplifier and
a bias supply, while the SNS and STE bolometers both require quite
sophisticated electronics. In addition, the semiconductor bolometer will
operate over rather large temperature ranges (albeit with reduced sensi-
tivity) and thus operate over’' large ranges of background power. STE
bolometers on the other hand, must operate at the superconducting transi-
tion temperature. Another advantage of the semiéonductor bolometer is
that it is capable of operating in higﬁ'magnetic fields. The SNS and
STE bolometers are of no value in the presence of high magnetié fields.
In aBsorption ﬁeasurements the semiconducto; bélometer can be of value
since the material under test can often be madé intd the substrate itself.
Evaporated structures such as the SNS and STE bolometers can of course

also be placed upon the material under test. However, the substrate

appears to play an important role in the noise properties_bf these bolom~



etersl . Finally, neither the SNS nor the STE bolometer has yet shown

the longevity necessary for reliable operation, although, progress is
being made in this area. Any reduction in the excess noise will make
the semiconductor bolometer-even more competitive.

It should be pointed out tbat at any temperature thé phonon fluc-
tuation noise term in the NEP présents a fﬂndamental limit to the dark
NEP. This limit is v 3 x 107" W//Hz for T = 1.3 K and G = 107/ W/K.
For a low background System where the ideal NEP can be qﬁité small
(~ 10718 W/vVHz) much lower bath.temperatures will be required to reach
the ideal limit. Thus, the next generation of‘bqlometers will have to
use pumped 3He as the refrigerant in order to approach the ideal limit

in low background environments.
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APPENDIX A

Techniques for Computing the Background Fluctuation Noise

and dc Radiation Power in a Frequency Interval

Given any freduency interval, the fluctﬁationsin the.incident power
form a fundamental limit to the NEP of a detector system. This noise is
the result of fluctuations in the number.of photons arriving at the de-
fecﬁor. A straightforward application of Bose-Einstein statistics yields

the following formula for the background fluctuation limited NEPlg’20

b X

' € X e
(NEP) AAQ(Ich) B] A%s  ax, o D)
b’ (e* - 1) : '

where AQ is the throughput of the detector system, B is the post detection

bandwidth, ¢, is the emissivity of the absorber (detector), es is the

A
emissivity of the source, T is the source temperature and x = hvc/kT.
Here v is the wavenumber which is usually given in units of [cm_l].

In the Rayleigh~Jeans limit, x << 1 and xhex/(eX - l)2 ~~ x2 so that

(A-1) becomes

SEILIC S R (5-2)

(NEP)
cvh A

The background power incident upon the system is

Y ee 3 .
Q
p _ 240(KT) j"A S (A-3)
2 3 X : )
c’h e -1

which in the Rayleigh-Jeans limit becomés

_ 2800k " f |
P 2,3 £\ 6% 24x . (A-4)
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Combining (A-2) and (A-4) yields a convenient formula,

(NEP)%F = 2KTPB = (x << 1) . - (A-5)

From (A-5) it is evident thatnthe ultimate sensitivity of a bolometer
system in the Rayleigh—Jeéns limit is pr0portionalbto tﬁe sqﬁare root
of the incident background power.

In many cases, the Rayleigh—ieans approximation is not appropriate.
In these cases, (A-1) must be used. Evaluation of (A-1) must be done
numerically. Ho&éver, if we assume ﬁhat the optical system exhibits a
square spectral bandpaSSZl‘we can simplify (A-1) and easily ﬁse tables

to evaluate (NEP)BF.

We begin by réwriting (A-1) as

5 x b x
2 4(KT)AQ H x e _
(NEP) . = g™ eAeS/ ., (A-6)
. xL (e - 1)

where eA, € are now constant in the interval xL < x < xH and are zero
S

outside this interval. We next define the function

foo x,*ex '. . o
H(y) = — s dx , . (A-7)
y (ex _ l)2

so that (A-6) becomes

5
) 4(XkT) AQg&g

(NEP)BF

]

S WOy - Hey) (a-8)
Cc

~ < 10-36 (75 _ R
7.684 x 10 (TASZEAES)[H(xL) H(xH)], | (A-9)

where AQ is in [cm?-sr]. The function H(x) is tabulated22 in Table A-1.

It is also frequently of interest to be able to quickly and easily

compute the background radiation power (A-3). This can be done in analogous
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fashion as follows. We define

o 3 ‘ :
G(y) =-/. ~;fi-—-dx . ~ (A-10)
y e -1 ‘ ’

If we again assume a square spectral bandpass between xL and XH, then

(A-3) becomes

240 (kT) " €, € i |
P=——7 [G(x) - GxT : . (Aa-11)
- ¢h
~2.782 x 10717 (1"AR¢ ) [6(x) - G(x)] , (a-12)

where AR is in units of [cmz—sr]. The function G(x) is also tabulated

in Table A-1.



0.00
.05
.10
.15
e 20
e 25
«30
<25
«40
. 45
50
55
.60
€S

070

.75
<80
« 85
.90
.95
1.00
1.05
1.10
1015
1,29
1.25
1.20
1.35
1.40
1.45%
1.99
1.5¢
1.60
1.5
1.79
1,75
1.80
1.85
1.90
1.03
2.00
2.05
2.10
2.15
2.20
2.2%
2.30
2.3?’
2.40
2.45

H{X)

?28.97575760
25.9757159¢%
25.,97842444
25.CT7463387
25.,C7309627
P8,07DFERS52
25, Q64679798
259155310
25,9545Q297
25.9456R79%
2R,03460715
26,92112910
25,90803713
28 ,.,86417715
25,8390009%0
25.,81042087
25.77825771
25.,742321126
P28,TN245790
25.65851354
25.,A1034404
2E,E57R14€Q
25.50020)82
25.,42918783
28,27287126

25.30175722

268.22576215
25%.14481302
28,N8R04729
24,74781232
24,9716 6940
24, T703R466
24,€£6£393349
24455232348
24,475523724
24.3135774R
24,18648183
24,03427V£2
22,014998515
23, T7466951
23.,62722)%2
23.47518244

23,21814765

23,1 5625¢£32
22.989R0400Q
22.8188A172
22.£4335472
22,44348799
22.,27936)048

Table A-1

H{D)-H(X)

.00000001
.0000416#
.0002221¢
.00112373
00266124
.00519209
+ 00RA5043
.01420451
L02116362
. 03006966
.04115045
.05462850
.07072048
L0R0E2465
«11158045
L 12474807
L16522774
«1 2749989

23342624

27229971
31724406
« 36541257
41704200
e 4THOSA T
«526569R1
60288524
. 5674000219
. 7499954¢
.8200445R
Q1691927

1.0079442¢0

1.10408820

1. 29827294

1.31181012

1.422437113

1.540622725%

1.5646217092

1. 78927577

1,9214859R8

2.038772¢L4

2.29108819)

2.34837709

2.30057517

2.6576099¢

?2.,81040129

2.035841%1

2,1848958¢R

32,2224072R0

3.51227441

2,6967¢713

G(X)

6. 493202040
5.493898%51
be 49241840
6.49287642
e 49146740
6.48920309
6.48591145
fFe48143€11
6.4T553573
6. 46838338
&, 4595465a8
£.44908318¢%
be 43ER4LRQ2
£,422TRERSD
£.406833540
e 28R93632
£.36905252
65434714953
t.323207299
£.2972009F¢
6.26913471
6.22G900494
£.206R2160
£.17259947
6.13625902
&£.09R1204¢
£.,05794375
£, 01582740
RE,971R532a¢
5., 92601953
FeRTR4LLALD
5.82912221
5.77812654
R,T72ER2E 76
5.671372588
5.61572379
B.55RATEDT
£.5002A218
5e44056A59
E.779654F0
5.31759¢€81
8.2544F20Q]
£.19032649
5.1287288727
5.N593220%4
4,992891240
4,92%14207
4,85703842
4. TARILRAFE
4,71914059

G(0)=-GIX)

.00000000 "

«00004089
.00022100

00106298

. 00247200
.00472522
.0080279¢
.01250329
.018201358
. 02535602
02437346
. 04485585
. 05709048
.071162¢58
08710581
.10500308
. 12488488
.14678987
.170725890
. 10672845
.22480%19
. 25492447
.28711780
.32133999
35757947
. 39580894
425909565
. 47810191
«5220854¢
56789987
. £1549498
66481719
. 71580086
. TABL13EE
82256683
.87820561
92526447
993£7K2S
1.0833729)
1.11422490
1.17634260
1.23294 7540
1.30341291
1.36868414%
1. 42461 R%¢
1.5013&430)

1.568796128

1. 632690079
1.7055907¢
1.77479881
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000 0QRATYSE 9§ 7

2,50
2.5%
2‘. 60
2.66
2.70
2.75
2.80
2.85
2.90
2.95
3.00
3.05
3.10
3.15
3.20
3.25
3,30

3.35
3.40
3,45
3,50
3.55
3.60
3,65
2,70
3,75
3.80
3. 8%
3,99
2 OQS
4,00
4,05
4,10
4.15
4,20
4.25
4,10
4,35
4.40
4,45
4.50
4,55
4460
4,65
4.70
4.75
4.80
4485
4.90
4,95

H(X)

22,00110675

21 ,R9RAR4LLER

21. 70270932

21.,532R3080
21.29934743
21.,09240252
70.882149391
20.65971123
20.2372Q5%1%
20.010932521

19,7863¢446

19.559129982
10, 32020005
19.00892447
1R.RES5T22£0
18.462072290
18,394272741
18.15£2515°¢
17.91668379
17.67650042
17.63522028
17.19304455
16.9501°£54
16.70683142
1644309410
16.219132590
1£.97508928
15,732100072
1:.4;:7‘:00::
5.24382°22
15,0008075]
14,7383¢£179
14,5 1662204
14,27570673
14.02572073
13, 79680128
13,55007791
13.322£2837
13.08738R4K4
12.85371093
12.62158850
12.20111986
12162348241
11.93542 855
11.7107R361
11.48720293
11. 726625683
11,04731180
10.83053099

Table A-1 (cont.)

S HIUOY=-HIX)

1, 88465086
4.07¢910G5

4,27304768

4.47202681
4.67€60997
4, 83335509
5.05261€70
530704637
5¢523249306
FeT42R034¢
£.944R2239
6., 1R020214
£.41£35770
6. 6455578
A.RTERZZ]
7.11002%00
T7.3449732 71}

7.5R182020

7.81950¢€06

R, 05877382

8,29916719
R.540E21217
R, 72271305
Q,02556107
Q,26RQ7%419
9, 51266151
Q,756£22¢1
10.00064772
10, 24465788
10,4834570a
10.,72193230
10.97495410
11,21739RAa2
11.45912456
11, 70005098
11.94002227
12.17R8954812
12.41672470
12.65222923
12.88824895%
13.12204€€8
12,35416910
12, 58464675
12,212293G9
14,04032805
14,26%772Q9
14 J4RBLE4LER
14, 70950078

S 14.92844571

15.14522662

G(X)

4.64948089
4.57943482
4.50906643
443843840
4.74761199
4.29664606
4.225£0150

4,15453215

4,0R349318)
4.01253940
3.94172095
3.87108T746
2,R004R692

1,73056€ 2]

2. 66076676
3.5912335¢
3.52230613
2.45372310

3.2RF6£2121

3.31803542
3. 250099RRE
2.184542R4
31.118697192
3.,05248918
2.98804%545

2492509033

2.86104£52
2479923528
2. 73787620
2, 8T7£0RT 3
2.6168852¢4
2.557858%502
2.4991002%
2641447252
2,8462549

2.372865594

2.727354327
2.21929470
2.16591£27
2.11241290
2.06178845
2.01104E74
1,961186£5R

1.01221186

1.P64121F%6
1.8169147R
1.77058982
1.72F 14416
1.68057459
1.62€87715

GlOI-GLX)

1.84445851
1.91450458
1.,98487297
2. 0550100
2.1267%2741
2.19779244
2.2€823790
2.332940725

2.461044560

2.4%81399890
2.55221945
2.62285109¢%
2. 6G32524R
2.76327400
2.R3317245
2.9026088%

1 2.97163327

3,04021620
2,10831819
1,17590398
3,242940F%
3.20929654
3,37524238
3. 44045023
31,50499139%
3,5688401)
3,631992830a
3.60440412
3,75604220
3.81695207
3,.87725416
3,92625428
2, 9G63829Nn¢F
4 ,QR24L95RR
4.,10931391
4,16328346
4,22339613
4.274€4470
4,328021214
4,28)5265)
4,4221509%
4 482893467

- 4,522782R2

458172754
4.62991784
4y 6TTO24E2
4.72322495g
4,76879574
4,8133648]
4.85706225
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5.00
5.05
5.10
5.1%
5.20
5.25
5.30
535
S.40
5.45
5.50
5.5%
5.60
5.€5
5.70
5.7%
5.80
e 8%
5.9
.95
6.00
£.05
6.10

6.15

6.20
£.2%
6030
6.25
640
6:45
6450
6.qs
6.60
6.65
6.70
6. 75
6.P0
6. 85
6.90
6,05
7. 00
7.05
T.10
7.15%
7.20
7.2%
7.30
T.35
T.40
T.45

H{X)

10.£1597320
10.40269475
10.19374614

¢,98617710
Q,78133221
9,57825208
9.37R17795

0,1R054182

R, Q9854749
R, 79201056
R,60316998
8.4159771¢
R, 23145199
8,04961154
7.870470009
7.69403935
7.82032R%4
7.24934404
7.181099464
7.0155£971
£.BS27R18q
£.69272379
F.5352919¢
b.2R077Q7<
6.?2887902
E,NDTQLT7QTR
5.93317034
£,789327138
S.E4814404
£.50963997
5,2737414"
S.2404513)
5.10974934
4.98161298
485602262
4,7329516
4 .£1237430
4.,49427114
4,37860972
4,2653¢£4809
L ,1 5450869
4,04601254
23.,939R847726
2,R8389R 307
2,7342897)
2,€63502644
31,53729214
3,464729753)
3,25010412
3,25939651

Table A-1 (gont.)

HIOI-H{X)

15.2597R413

15, 57206326
15, 78201147
1F.,9R95R051
16,19472539
16£.29740452
16,59757946
16.,79821%79
16.900281172
17.1R8274595
17.37258767
17.5597804%464
17, 74420561
17.92614607
1B.10728781%
18.28171876
18,45542QY7
1R, 6264123756
18, 79464714
18.,24012780
19.12207601
19,.28202282

19,4403 6%4€ |

10,5049 778%
10, 74687859
10, R0407783
20.04258727
20, 1R642]22
20.,22750157
20.46611764
20.60201£19
20.73%30629
20, R6600827
20.0904143¢2
21.11972598
21.2472R05Q9
21.26239120
21.48148846
21,5071 4787
21.7102927?
21.82124892
21.,92974504
22.025010135
22.130774573
22.,241246790
22.34072116
22.43786547
272,537283212Q
22.62565348
22.71636110

G(X)

1894047724
1.55207962
1.51096R846
1.47070736
1.4312294]

1.29270722
1.25495293
1.31801824
1.28189448

1.24657260

1.21204322
1.17R29664
1.14532290
1.11311174
1,0R14527F
1.05093520
1.0200482¢
.99162089
.96212194
. 93524011
«90808402
. 23158218
«R5574205%5
83055504
. 80600650
. 78208578
.7587812?
. T3608117
« 71397400
69244809
« 67149190
.65109390
LET124266
«61192481
».59313%05
. 57485619
s S5TNT912
.53979284
« 52298646
. 50664921
249077044
475223943
CAHED24E3T
44578043
«43143168
<41789014
40454600
«39158987
«27901133
«366380189

G{0)-G(X)

4.89989216
4,941 85978
4.982970a%
5.02323204
5.,06264909

$.10123218

5.1389264R

5.17592116

5.21204492
5.24736680
5.28189618

5431364274

5.34861650
5.3R0927F4
S.41228665
5.44300420
5.47299115
5.50225851
5.53381746
5.55867929
5.53585518
5.61235727
5. £3819535
5.66328436
5.68793201
5. 71185252
5.73515818
5.75785823
5.77996540
5.80149131
5.82244750
5.842845%0
5.86269674
5.88201259
5.90380435
5.91998321
5.92686028
S.95414£56

1 5.97095294

5.9R8729019
630316896
6.,01359G7A8
6.02359393
6.,04815897
5.3£230772
€.07604925
6.08939340
6.102349832
€.11492807
6.12713751
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7.50
7.55
7.60
7.65%
7.70
7.7%
7.80
7. 8%
7.90
7.95
8.00
R.05
8.10
R.15
8.20
B.25
8.290
8.25
R.40
8.45
R.50
B.55
8,60
8,65
8. 75
8.80
8. R%
8.90
8,95
9. 00
9,05
9,10
Q.1
9.?0
0.2;

9.390
Q_12¢€

9,40
A, 45
9,59
9.55

9,60

0,65
9.79
9. 75
9.20
9. AT
9.90
Q.95

HX)

2,17077016
3.08419756
2.99961105
2,91705789
2.83642522

2.75771514

?.,68388976
2.£0591619

2.53276161

2.461397225

39177848
?2.32388470
2.25T679¢€1
2.19313299
2.12020¢83
2.060887334
200910496
1.950R6429
1.R94127%0
1.32884A8R2

. 1,78537261

1.732583R3
1. 68152265

1.5631R2040

1.583445%2
1. R3£35165
1.490)51055
l.545021118
1.40252R87
1.760315373
1.219258347
1.2792Y74)
1.240489041
1.20271702
1.16600192
1.,1303192%
1.0956]1 753
1.04189971
1.02913318
« 99729462
L CFE361131
«G2£21NR1
. 90712114
«R7877072
«Af123230
s 24610320
s 798 54872€C
« 77334424
« 7488R)80
+ 72517550

Table A-1 (cont.)

H{0)-HIX)

22.80498745
22,R01F£50D8
22.976126€55
22,088704 T
23.139222329
23.218804247
22,29494£78%
22,3004 14]
23.4429G~00
23.5142¢436
22,53930791¢
22,651827291
23.71807799
23.782&2A€1
23,8455€078
23.00£009227
22,966682465

24,024R9327

24.,081£3501
24.13€00R78
24,19074499
24,24217277
24,29472495%
24,24202801
24,2927120R
24.439405G4
24,4RE2382N4
24 ,520R2¢ L3
24,57222274
24,61544229
24,65650203
24,6G644020
24,72527710

24.77304050

24,80G75566
24.8454473¢
24,8801409089
74,9128%870Q
24,94€£24L¢€
24,5784 6200
PE,00Q20420
28 ,02044~80
PELOLBERELE
25.09(CRLRQ
22 ,1248100)
?75.1512F422
25,1772120¢
22 20741227
28,22¢87400
28 ,25062202

GUX)

. 35495205
«34345274
«332298025
«22147373
« 31096970
»300785903
« 29090794
«281320133
027204424
« 26204187
«25431%61
« 24585796
«23T£61£0D
«22971938
¢ 22202428
«2l4BLQLY
«207324816
« 20025388
.19322029
« 18702085

« 18066072 ©

«174352083
.16856827
.16280¢65
< 18722010
.15183231
. l4€61100
.141758072
. 12665924
.13124011
12734550
. 12294099
L11REA1TE
S112£52370

© 11052240

«1N6ES3T]
. 10221355
. 090929796

- .N9=RN311
00242524

« 08016071
.JR6005098
«NR2A8TAR?

. 09001277 .

L07712€60
c07441771
C0T1T76227
.N%019720

. 06672016

L08432777

Gt0OY-GI(X)

6.13898735
e 1504856€6
616164435
6417246917
6.18296970
6.19315437
6.2030314¢6

6421260907

6,221R89517

b.23089752

h.229£2379
6.2480R1 44
£.25527780
6.26422007
6,27191512
6o 27972£Q0%

b.28659124 .

6.729358552
6.3002%921
F 20691856
6.3132£G9¢9
631941857
6.3725371073
€. 33112275
5622670921
6.34210600°
£. 24732840
4.3F5228137

6.,357270064 .

6.26100Q%0
6.36657390
6.27399351]

 Fe3T52TTEL

5.37941571
A,38341700
£.38728560
£.39102585
6.3C4641 44
£.39813629
£,40151416
£, 40477060
£.40793347

T 6441008178

£, 41302713
5.41677271
bo41957140
F.42217713
€.42374202
6.42721925
6.429€1162
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X
10.00
10.05
10.19
10.15
10.20
10.25

10.39

10.35
10.40
10.4%
13.59
10.55
10.%0
10.65
10.79
10.7%
10.83
10.85
10470
10.95
11.09
11, 0%
11.19
11,15
11.20

11,25

11.39

11.35

11,40
11.65
11.50
11 .55
11.60
11,65
11,79
11.75
11,80

o 11.25

11.99
11.95
12.00
12.05
12.10

12617 .

12.20
12,25
12.20
12,35
12.40
12.45

HX)

« TD2QRQ]2

.67972743
LA5302473
L£1606732]
L£1654179
L5GATIET?
.37750713
.55R86352
.54073513
.S2373430
< 50675482
42977717
L4 TIR01 27
.45%315190
.44330498
L42RTR 7SS
L41465577
.400998913
C3RTTE260
.27492858

.7£25173F

«35J4R111
«338R2472
«32735232%
e 316A£0201
«20601442
2 2Q3T7€205
« 285R371%

275227538

e 265021407
e 257072002
e 249720105
« 2L0TFR 24
« 23263480
e 224TN43E
e2l7NB0QGE
« T0GHHLZHR
« 20280789
« 19358478
.1 888487409
«13241021
s 176144G19
17308749
o 1£42254%
. 1FRERRTY
153070272
14772119
«1472A5R012
«13770£64
.12201007

Table A-1 (coht.)

H{O0)-H{X)

2EITIEETET
2€.70603213
75,21772237
25 .22878G600
25,38C21422
728,27€02189
PE 2QRIBILT
25.41686400
25,424972489
25,45250302
28, 46950079
25, 4R8Q8N44
2%.501954634
25,81 744251
28 ,832450¢3
25 ,54700006
25,56100783
25,57475R%R
25,597908 Q1
25.600R1R8G73
25 ,61324275
25.62527650
25,62¢€93288R
25 LA4R2D 22
?5.65915560
25,££0747298
7T, L T90QLAG
76, 680072045
2%,£9253001
28, TNRARIDESR
25,71722757
D6, TPERSREL
75'734QRQ?6
25,7471 821 )
2EL,TEINER22E
28, 753407466
2%, TEE30407
27 ,7722°002
25.7R01 7203
23, TREALGAY
27 ,79224720
25, 7Q0L1 242
28,80N6£7212
20 .,211=221¢€
25,8171929)
2€,822£7072
2T L R2TOTAL Y
78, 8220987
25.82R050A6A
28 LRL2RITT

GX)

L062017%1
«05Q78€70
« 05762279
.05%55328
« 05354574
« 051607872
004072724

«0%€18¢32
«0445077¢

.« 04282509
" 04131634

« 03929 RE4
» 038231172
« 03694504
e 13T ARAS

- .0347802¢°
.03301822

.031%83119
. 03062738
.02940°472
.02843308
.02725138
02623640
7525824
02441504
«0273058D
. 022672935
. 02172455
02097031
.02018¢57
. 01947039
LOLR7O0E1
.« 01799824
.01732156
D1E6£958
3 01 60(’1 44
.01543£28
. 014851330
. 01420172
.01375078
.01372297¢
01272793
N12244462
.N11770% 2
«.N1132QQk
.010809134
. 01048274
.01008 258
. 00050820

GL0-~(Y)

£, 43192100
6.43%415270
A, 43A3066K]
5e.433284512
be44)3936¢
be 442321590
4,4¢520216
botss]DTHY
£.44775008
646963164
5,45135427
£, 45262006
665413077
h 45558327
b 456GGL34
b.45325075
654453556172
£.46392109
6.46213821
he&4£321202
boeltb4643QR
Ao 46553552
€o 4€£53202
Ae b€ TEN2R0
besh35R11V7
o b QF242¢

£ 47042240

6,47121 398
b.472154a8
A.4TP060N0
6a473757282
£. 47451010
Fe475228R0
647504116
belTHF1T784
€.47726QR2
6.4770Q7a7
heaT73%0312
£.47308410
€. 4794 TF8
6e+2018RL2
he4BITOI9HE
e 48121147
5.481459479
Fa4R2YADD?
Fe 48240704
€ ..4R830400%
be+RILE566
€. 4RIARE QR
6.48424111
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Table A-1 (cont.)

X

12.59
12.55
12.60
12,65
12.70
12.75
12.85
12.90
17.95
12.00
13.05
13.10
12.15
13.20
13.25
13.290
12,125
13.40
13,45
12,%5)
13.55
13,60
13.65
13.70
13.75
12.80
13.85
12,00
13.95
14. 00
14,05
14.10
14.15%
14.20
14,25
14,20
14.35
14,40
14.45
14,59
14455
14,60
14.65
14.70
14,75
14.80
14. 85
14,90
14,95

HI{X)

128207253

.123R1288
.11949701
115210138
11128178
. 10732032
10361347
.06094891
. 09644384
. 00104909
L 08276L47

. 08659201

.0R352752
. 08056747
.N777080954
.074948 18

. 0722R211

.0KAT0TES
J0ETP21TT
. 06482158
L0£250474
0ED2ET02
. 05810725
.05607241
.N5400994
. 05206751
.G5010271
.048381223
e D4E663715
L0449520A

.0422240)

«Q4175700
« 04074212
«.0387R>59
2032737324
. 03601389

W0347074A

01342742
.03221719
02104074
02390509
.02R21030
.02775449
LO028T2422
.02573449
LO024R07 76
.0N222G6400
.0230147¢
«072216617
.0213490¢7

H(DY-H(X)

PE,847445]37
25,85103772
2 JARTE2E0ED
25,86043942

25.86447583
25,R6P37728

25, 872147132
25 AT T8940
25.87930877
25,882 70P461
27 .88k00Q2¢7
25,8891 46559
?25,8922200¢

23.P9Z1RQAOT

25.RORD4L AES
25.,90090Q42

2£.90347540
25,00¢&04cCcE

25.,60883593
2% .910934603

25%,9137253227

25.,012490F0Q
25.91 765034

- 25.,916776820
2F,0217674%

?%,62369012
25,02 88£409
23,02727428
25.92012046

25,9308N85€% 7

2% .,Q32L3140
?25.92403041

25.,02651446

25,93697511
27,93R28427
2%.,92Q74272
?25,94135%1%
2%5.,942F4aD4]
2%,04471 738
25948585282

25.9469473]

25,94R0021 2
?25.94902129
25.95030711
5R.9COQ_QQQE
25.93184279)
25.9827428%

25.953289142

2% 495440953

GUX)

« 00932736
. 00897026
« Q0REP KL
. 00B8"a557

. 00797704

« 007670473
. 00737534
.00709132
«0062179R
« 33655404
«00€301R0
« 00605822

.0058738024

.005=9832
+00532135

»0NEY1T7250.

«00497175
« 30477855

© « 00450248

.00441390
0047241092

«00407£51

00391741
.00376429
«00341722
S00347570
.0N2329€9Q
.00320871
002938286

.N0?294185%
' .00284549

. 00272352
«N02£2606
«0025224F
«00242324
«002327457
«032235R)
.0021474°
2 0020A250
. 00198101

.00100259"

.00182722
. 00175477
.0014851%
.00161R25
.0315529%

T L.001£5217

.00143280
.00137575
.00132094

GL0O)-GX)

6.,4P4£1204
te 1849691 4
6 .4R53129]
€.4R564282
fe4RLGH227
6.4R626897

6. 4R656407.

he4PBHB480R
£.48T12147
Eo 4P TRRGLE
b5.4RTE3TED
6£.48788118
E.4BBI1ERE
£.40824108
6448355806

6.48876481

b 4RBACTHS
£.48516086
Ee4RA24E72
A .4P95255]
6.40959748
£,4R89RE 200
6+4930220)
£e 4001 TEOY

£e4G603322110

£.,4G)46371

.k, 4CIRQAR]T

6.49073049
6.49)R5654

b.40DQ7TES

£.4910030]
5.491720578
be40131324
6.,49141675
6. 49151616
6.49141173
6.49170360
£.%49179191
6.49197680
f.491 95839
6£.49202681
A492112109
64921 84K
6.4922542¢
6449222115
€,40220645%
be4924647273
6.4S2506K0
£, 40256245
6.492€1846

45



15.00
15.05
15.10
15.15
15,20
15.25%
15,29

15.35

15.40
15,45
15.55
15.60
15.70
15.75
15.80
% e R85
15,00
15,953
16.00
16,05
1¢.10
16,15
16.20
16£.2¢
16.20
1€ .25
16.40
16,45
16.50
16.5%
16.60
1€.¢¢
16.70
16,75
16.°20
16.R5
16.90
1€.Q5
17.09
17.05
17.10
17.15
17.7
17.2%
17.320
17.25
17.4%0
17445

HE XY

.020550930

.01979911

" e01906F23

«01835a79
«017678A8
«N17022¢0
11639009
« 31578050

01519204

« 01462493
01402141
. 01358774
.01304927
.01256127
.01209109
01163812
L01120172
.01078132
.01037624
.009¢cae2¢

« 00961050

. 00024258

 .D0RRGCQQ

« 0085€42¢F
«0CR24(002
«007C2GF2
e 007F294%
«J07240RA
«N07082R72
«N0E7ARQ7
L0NES2T 26
« 00£ 2RO04
«D0EDS5Q0S
.00%81Qce
0059844
«00R3RE 1]
« 0051799
« DD4GR23N
« 00479208
« 004 60RQQ
e 00443274
004263217
«00409GR%
« 00394274
«00279154
«s0N24L A0
« 003850601
.0032712%
«. 00324150
o 00311422

Table A-1 (cont.)

H{O)-H{X)

2€.95%10821
25.95595850

25.,9%££91218

25,65722781
25,9590 787?
25.95873500
25,0502 £ 782
25,9f007710
28.96076456
25.96113067
25.56167619
2£.96220185
25.9£270833
2F.G6210£24
25 ,062££651

125, 964119449
25,94 455588

25.9A4G7€ 28
?5.965128125
?E,9£657713°F
2F.,06614710
25,94KE856072
25 ,06E85742
25,96710325
PE,QET31EES
22,957R20208
25,Q6R12775
25.06R41 472
?25.,040850479
75,06RC£754
25.96922015
2€,Q0r04ERTT
25,06070756
25,9£002 7¢ 3
2¢,9701501¢F

25,07017241

28 .970877¢9
2E,GTD77530

285,97396652

25.971148¢7
25,Q7132485
25.C7140447

P2 ,Q71&£5772
25, 971°141°4

25.971C€£NS
25.972111¢7
25.,C7225160
25,Q772R£38
25.,972%1602
25.G7264075

cexX)

.0012A827

» 00121767 .

.00114995
.00112235
.00107748%
.00103437
00009208
. 00095318
.00091497
.00N878R27
.000N24302
.000800156
.00077664
.00074541
.00071541]
« 000R8661
sNNDELERQY
.00062238
. 00060687
00058237
. 00055885
. 00057676
.000%145R
.0004937¢
L 00047277
.00045478
< 00043215
.0004194¢
.00040148
. 00078518
. 00036053
.000354%1
. 000240009
.00022¢€75
. 00031297
. 00032021
.0N02B79R
.00027623
. 000726496
.00025414
.000241376
.00023280
.00022424
.0N021506
.00020€2¢
.00019781
. 0001R970
.00018102
.000174454
. 00016739

GIoY-r (XY

6.49267113
6,49272173
6.,49277028%

6.49281706

6.49286193
€.49290503
6 49294644
€,49298622
6.49302247
6.49306113
£o 493094217
6.45312024
6.49316276

6,49319399

649322399
6.49325279
6.4C32804¢
6.49330702
6,493222¢2
5.4932857073
6.493380D¢5%
6.49340314
6£.49342482
6.49344564
€. 40346542
6.493484R3
6.403802728%
6. 48352094
5.5935379>
b,403REALDD
6. 40356927
€ ..4935R480
6,493R0913)
€.3936121F%
6,49362644

£.,4S362919

£.493AK5142
6.49366317
6.49367444
€.4CG26RE26
6.493695¢4
€.493T70% €1

680371517

649372474
6.,49373218
£.,5%G374159
6.,46274970
£.4937574R
6.4C376404
6.49377210
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G

VI EUNCE

H{X)

Table A-1 (cont.)

X HIO)=HIX) GX) G{0)-GIX)
17.50 .00299677 25,9727£0%¢% .00016043  6.49377807
17.55 L0028R126 25,07287¢3K . 00015294 £.493785%%
17.40 00277012 25,07298748 00014752 6.49379189
17.65 .00266320 2%,97309441 « 00014145 6.4C379795
17.79 .0025€6023  25,97219728 00013562 6.49380277
17.75 .00246137 25_,67320424 00012005 6.4933093¢
17.80 .00226615  25,67229144 . 00012450 6.493R1471
17.85 .00227458 25,97348302 .0N011055% £.4G3R1085

- 17,90 .0021PL48 25,97357112 «0001146? 6.4C3R2478
17.0¢% .00210174 2%,97%£55R87 . 00010029 6.49302951
18,00 . ,00202023 25.97273738 .0N010536 £.40383L04
18.05 .00104182 25,973R8]157¢ .30N1J101 £.4G93R3830
18.10 .00186641 25.,9738912Q . 00000684 b, 4C3R425¢
18.15 .0N17938R  2£,9739£373 .00009284 5. L93R4LEES
18.20 L00172412 25.,67402348 . 00008900 6.49385040
12,25 02165703 25,97410057. .0DN08E22 £,4C385408
18.20. .00159231. 25.97414%09 .00098179 © £,493857¢1
18,35 «DI152047 25,97422 714 .0000784) 6.49386190
18.40 .09147080 25,97428£81 ©.00007515% 6.4C3R6425
18.45 «00141342  25,97474419 00007204 5.49388734

. 18450 .0J135824 25,67429Q3¢ « 00005905 6.4C38702%
18.55 +0N130519 25,9744524° .0N0NKELY 6. 46387321
18.69 L0012%417  25,9745)143 «N0006244 649387594
18,65 ,00120512 25,874568%48 . 00006081 6.49287859
18,79 LN011579¢ 25,674596G4% .0Nons8a28 €£.483R8112
18,77 .00111262 25,974£4499 .00005% 8’6 & 49383354
18,80 00126902 25,0744R858 . 00005254 6.49388594
18,85 00102711 25,974720%0 .00N051 21 £.4G328809
1R.90 . 00U9RARY>  25,87477079 .0N0N4918 6.49389022
12,08 .00094R02 25,9748)G52 . 000046712 6.4C380227
19.00 «00091N84 28,97484£77 .00004%17 £.4G389423
19,05 . 00087504 25,G748825¢& 00004329 6.49389511
19,19 .ND0R4DA3  25,9749146C7 . 00004148 €. 49389792
19.13 .N00’0756 25,97425008% 000032975 £.,49389G4¢
19.20 .00077576 25.97498] 84 «00N03810  6.49390130
19,25 00074520 25,97501240 . 00003¢51 £.49390289
19.30 .00071582 2% _,97504178 .00003498 £.493906442
19.35 LON06BTLD  25.97507001 00002352 6.49360588
19.40 00066047 25,97800714 .00002212 6.49390728
19,45 .00063439 25,9731232? .0N0N3078  6.49390R¢2
19.50 .0N050°22 25,9751487¢8 . 00002949 6.493309¢c1
19,55 .D008R%24 285,97517237 00002826 - £,49391114
19.40 .00056299 25,9751955] .00002798 6.493012123
10,65 .000520a5 928, 97821774 . 000072594 £,49391344
19.70 .NONS1R4T 78,975239112 .0NN024R% 5.49391455
19,75 .00049793 2£,G67325947 .000921381 6.4939]1559
190,80 .00047823 25,9752 794) . 00007282 6.490301£58
19.8¢ .00045923 25 _,Q97%2082R 00002126 4.49391754
19.90 «00044101 25.67531640 .00002094 6.493G1 846
19.95 .00042250  25,97532411 00002006 €.46391924
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APPENDIX B

Low Temperature Properties of Common Bolometer

Construction Materials

Knowledge pf the thermal conductivity and specific heat of bolometer
construction materialé is of importance in designing bolometers. Thé
table presented in this appeﬁdix lists apﬁroximate values of these two
quantities at three different temperatures, K for some typical bolometer
construction materials. The table has been compiled from a variety of
different sources and personal communications. It should be kept in
mind that these values are approximate and may vary from samble to

sample.



OB 9HAHT YsPpsh |

, T=1.5K T = 3.5 K T=5K Densit
Material - -ty
g c g c g c “

Sapphire 0.06 | 1x10~ 0.4 |2x107° 1 6x10°° | 4.0
Nylon 4x107° | 6x107° | 1x107% | 1x107% | 2x107% |1.4x10”

Copper 2 2x107 6 |6x107" | 8 1x10°3 | 8.9
Aluminum 8 2x10°"% | 15 5x10°% | 20 1x10"° | 2.7
Indium 4 4x10” 8 4x107° 8 | 1x107%| 7.3
Tin 1 1x10~ 4 f2xw07% | 25 4x1073 | 7.3
Lead 0.4 5x10 % 3 6x10°° | 12 | 1x107%2 | 11.3

‘ 4 - - '
Bismuth 2x10 3x107° | 0.1 1x1072 | 9.8
Diamond 0.02 5x10” 0.3 |6x1077 | 0.7 2x107% | 3.5
Niobium | 8x10% | 4x107° | 3x1077 | 1x107% | 5x207% | 5x107° | 8.6
-2 - -2 -3 -2 -3 ‘
Tantalum | 1x10 5x10 4x10 % | 2x107° | 6x10 4x10 16.6
-2 .—1+
Teflon 3x10 [ 6x10 2.1
-5 ' -l
Pyrex 2x10 3x10 0.1
. ‘ —6 —l+ _1+

Germanium 9x10 1x10 3x10 5.3
Quartz ‘1x10‘3;

(fused)

-6

Quartz 2x10 7 2.2
(crystal)

Mylar 1.4

' -2

Brass 2x10

$S304 - | 3x107°

50-50 PbSn 0.15 0.21

Solder

g in [ W ] ¢ in P~:Lgﬂ
cm-K K-cm3
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APPENDIX C

Alternate Techniques for Measuring Bolometer Responsivity

An alternate expression‘fqr the electrical responsivity S of a
bolometervcan be derived in terms of fhe ac and dc impedances of tﬁe
bolometer. Mather23 derives a somewhat restricted version of this
formula. Jones17 appears to be the first to have derived the following

expression:

RAC R
S(w) = R T ' (c-1)
21 (Z(w) + 1) : : '
ZL(w) '

In this expression, I is the bias current, Z(w) = dV/dI is the ac impe-
dance of the bolometer, R = V/I is the dc impedance of the bolometer and
ZL(w) is the ac load impedance. For the case of a bolometer biased with

a constant current, (C-1) reduces to
—== - 1) (zL > @) ., (c-2)

Examination of (C-1) or (C-2) reveals that a measureﬁent of the ac and

dc bolometer impedances and the bias current is sufficient to determine
the electrical responsivity. The ac impedance of the bolémetér is easily
measured with a lock-in amplifier. Figure_C-l illustrates the technique

we empléyr The dc component of VI determines the dc bias current I. The

dc component of V, determines the dc resistance of the bolometer, R =

B

vV_(0)/1. V is selected to be much smaller than V., and RL is assumed
B ac dc

to be completely resistive. The ac impedance of the bolometer is Z(w) =

50
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VB(m) RL/VI(w). Note that VB(m) and VI(w) are complex numbers having
both an amplitude as well as a phase.
Alternatively a bridge circuigzz%anbe used to measure the responsi-

vity. Figure C-2 is a schematic diagram of the circuit that we use.

We assume that R RZ’ and RL are purely resistive. In use, the bridge

l’
is adjusted so that V_ = 0 when.V_, = 0. This implies' that
. BD sig
R .
2 R
= (C"B)

+ ’

R1 R2 R + RL ,

where we have neglected R, in comparison to RL. Next, the ac voltage

3

VBD(w) is measured with VSig # 0. This voltagg is

Vo= ( - ) V.
BD Z+R ~ R +R) sig
.z R '
B (z + R TR+ RL) Vsig ’ (? 4
where we have used (C-3).
Substituting (C-1) into. (C-4) yields
R + RL VBD
S(w) = R v (C-5)
VAC
Noting that VBC = VAC R/(R + RL)’ we can s1mp11fyb(C—5) so that
R, V__(w) _
S(w) = 3 'BD volts] ) (C-6)

VI(O) VBC(w) [watt

Unfortunately, we have not had good success in measuring ﬁhe responsivity
.of bolometers whose responsivity is above v 6 X 10° V/W with this method.
This is due to problems in balancing the bridge précisely and also due to
the stfay éépacitance and inductance of the cryogenic cabling and load

resistor.



| o.c ‘ l

——
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&—— O

XBL 7611-7739

Fig. C-1. A technique for measuring Z(w).

Z(w) = VB(w) I&/VI'(w).
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XBL7611-7740

Fig. C-2. Jones' bolometer bridge circuit.

53



9.

10.

11.
12.
13.
14,

15.

16.

17.
18.
19.

20.

s

Footnotes and References

W. Herschel, Phil. Trans. R. Soc. 90, 284 (1800).
S. P. Langley, Infrared Phys. 3, 195_(1963).
F. J. Low, J. Opt. Soc. Am. 51, 1300 (1961).

J. Clarke, G. I. Hoffer, and P. L. Richards, Revue de Physique
Appliquée 9, 69 (1974).

G. 1. Hoffer, Ph.D. thésis, University of California, LBL-3759 (1975).

D. H. Andrews, R. M. Milton, and W. DeSorbo, J. Opt. Soc. Am. 36,
518 (1946). :

J. Clarke, G. I. Hoffer, P. L. Richards, and N.-H. Yeh, Fourteenth
International Conference on Low Temperature Physics (1975).

For example, the Molectron Corp. has coated its silicon bolometers
with a layer of chromium in an attempt to increase absorption. The
results of this technique are at present ambiguous. Silicon and
copper have also been tried as substrate materials.

F. J. Low and A. P. Hoffman, Appl. Optics 2, 649 (1963).

C. Kittel, Introduction to Solid State Physics, 4th ed. (thn Wiley
and Sons, New York, 1971), p. 263.

R. L. Garwin, Rev. Sci. Instr. 27, 820 (1956).

D. P. Woody, Ph.D. thesis, University of California, LBL-4i36 (1575).

M. J. D. Powell, The Computer Journal 7, 155 (1964).
J. A. Nelder and R. Mead, The Computer Journal 7, 308 (1965).

Actually'y is proportional to 1/T2 for semiconductor bolometers.
However, for T = Ts the assumption is quite adequate.

Note that T* << 1 is necessary. for (25) to be consistent with the
assumption that P0 >> I°R.

R. C. Jones, J..Opt. Soc. Am. 43, 1 (1953).

-J. Clarke, personal communication.

W. B. Lewis, Proc. Phys. Soc. (London) 57, 34 (1947).

P. B. Fellgett, J. Opt. Soc. Am., 39, 970 (1949).

54



21.

22.

23.

This assumption is not terribly severe since the frequency character- -

istic can always be -approximated by a sequence of rectangles.

Series expansions of this function are given by W. L. Wolfe, Appl.
Opt. 9, 2578 (1970). '

J. C. Mather, Ph.D. thesis, University of California, LBL-2258 (1974).

55



(3

Ug"uJ‘a‘éJd&JJ

This report was done with support from the United States Energy Re-
search and Development Administration. Any conclusions or opinions
expressed in this report represent solely those of the author(s) and not
necessarily those of The Regents of the University of California, the
Lawrence Berkeley Laboratory or the United States Energy Research and
Development Administration.




- e
TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





