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 ABSTRACT

Temperaturo measupements below about 1°K. have always '
been & problem to physiclsts and thers were ‘many proposals
and attempts to remedy this gsituation,

Ons of such proposals wes the use of noiae due to
thermal agitation of electrons in a conductor as & ther-
mometric quentity, This was fiprst proposed in 1946 by
Lawson and Long, and thers was & number of attempts to
realize their idea with an incréaaing success, m latest
achievement .was thet ofH.l Pink who succeeded in msasuring
the temperature of about 1.2°K with 1% precizicn: This -
achievement brought the nolse thermometer to the threshold
of temperetures which it was supposed to measure. |

This thesis contains a preview of almost all published
work in :nise thermometry up to the begiming of 1%1, and
a review of the unpublished work of C.T.J. Alkemade. In
addition to this s discussion {s included of a number of
aspects of nolse thermometry, affecting the preeision of
moasurenents, '

A pesearch proposal is {neluded concerning the
development of a two-channel noise amplifier having theoretica
1ow temperature limit below 0,001°K.,
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Introduction \

The subject of this thesis is the cons‘ldnation of the
nossibllity of using thermal fluctuations of elestroms fn
elactrical :cpnduetors for the purpose of temper,aturo moasur’é-;.
menta and of other rélated toples. Very low témratures
are of partieular interest hers, since there are no easy ami
entirely roliable methods of absolute temperatura masure— '
ments bslow about 1%K. |

The tempsreture of a body is regarded as a bésic
property, ons of the fundamsntal paramsters by which the
state of thet bodj can be described (cf. €.g. A.G. Worthing,
1940, R.C. Tolman, 1Y17)

The ususl method of absolute temperature measuremsnts
48 to use the dependence bstween the pressurs P, volune V and
the temperabure ? of gas, expressed by the equation of
state S . L

PV = RT ' 1.l
where R is the gas constant and the quantity of one mle of
zas 18 implied, .

Gases for vhich (1.1) holds are called 1doa1 gases.
The bshavious of real gases, particularly in the region of
teme ratures and pressures close to their boiling peint, has
to be represented by a relation more complicated than l.1,
0.8 :

PV = A(1¢Bp+0p°+...) 1.2
where A, B, C eto., are called virial cosfficients and can
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be found expsrimentallys The use of the formile 1.2 for ther-
mometry 1s'l'es;s straightforwnx?d than that .of 1.1, but 1t is
being used in thé sbsence of simpler means of temperature
determination.‘ o

The equétion of state 1:2 is the basis of the constant
volume gas thermometers Very accurate measurements with ths
gas thermometer can be made and are being made 1n order to
determine certain fixsd polints on the temperattiré scale (in
the low temperatures region the boiling point 6: oxygen, hyd-
rogen, helium ete.). An accurate determination of temperature
with a gas thermometor is, however, a very 1abortoua process
and there are few laboratories in the world which make these
measuremsnts. Apart from the difficulties of correcting for
the non-ideality of the gas used and for the thermo-molecular
pressﬁ:-e differsnce # there are many other corrections which
have to be applied and difficulties to be overcoms befors 2
terperature can be determined to the high accuracy of about
a few parts in a million (see e.g. Beattie, 1955).

An sbsolute measurement of the temperature with the gas
thermometer is therefors impractical as & routine method.
fortunate],y there oexist a convenient method of temperature
determination by means of vapour pressure measuremehta. The
vapour pressures of cormonly used liquids (He, H, O, ﬁ, etc.)

have been masured and tabulated as functions of the gbaolute

The pressure difference between the ends of the capinary
tube connecting the thermometer bulb to the manometer, existin
when the mesm free path of the gas molecules 1s sufficiently
large to be comparable with the width of the cep illary. |
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ghermodypami¢ temperature 8o that they form a reliable serles
of "primary" scales of temperature within certain limits.
Helium is the only liquid having a maasurable vapour pressm'e
pelow about 10°K. But even the vapour pressurs of helium falls
down to 1 mm Hg at 1027 K and becomes a hundred times lower
then this at about 0.8%%, The practical 1limit of temperature
determination from the vapour pressurd of He is therefore
vetween 1° and 2°K. |

The sbsolute temperature measurements below that 1imit,
down £o about 0,01°K are made through the fundamental rela-
tion betwsen the heat Q, entropy S and temperature T (T =
= dQ/ds). The experimental procedurs is to obtain first
the dependence bstween Q and S on the magnetic susceptibility
for & paramagnetic salt and then to deduce T from the slope of
the resultent Q - S curve, Accuracles of the order of 6 - 5% S
can be obtained (Ambler and Hudson, 1957).

Tempsratures below about 0,01°K camnot red ly be measured.
They can only be ostimated. The lowest temperatures obtained
oxperimentally vers of the ordsr of 20.10° -6 og (of Earti et 81,
1956) s

Thepe 13 therefore a real need for & thermometer suitable
for absolute measuremsnis of temperatures below 2°K and also
for relisble routine msasurements of temperatures in the same
range .

'It was thouzht that the thermal fluctuations of electrons
in elsctrical conductors could be used for f£illing that need
(Lawson and Long, 1946). The expectations were very optimisti
The pesults of subsequent experimsnts by othsr workers, howeve
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fell short of the expectations. The lowest temperature that
was meaaured with a nolse thermomster up to now was about
1.3%K (Fink, 1959). This seems to be 2 lonf way from the tem-
peratures of the order of millidegrees which were forcast as

the lower limlt of the sensitivity of noise thermometers.,

The eonduction elsctrons in an electrical conduefor.are
free to move throughout the crystal lattice and, statistieally,
have properties similar to those of an ideal gas 8o that these
elestrons are somtimes called an "electron gas". Since howeve:
the electron gas in metals 1s in all cases highly degenerate 2
its properties are essentially different from those of an opr=-
dinary gaa. (Born, 1955), Nevertheless one could draw a paralle.
between the random motion of molscules 1n a gas' and the

rendom motion of free electrons in a metals . N

-4 Among vérious stationary states of elect’xioné there may
be soms which correspond to the same values of energy, but
differ in the values of some other physical quanti.ties. Such
eigenvaluss of energy levels of the system, to which several
different stationary statea correspond are said to be deger-
erate (Landau and Lifshitz, 1958), An electron gas is said
to be degoneréte when its temperature is vell below the Ferml
temperaturs and its statistical properties have to be des-
cribed by ths Fermi distribution. The charasteristic of such

a state is that a large proportion of elestrons comletely
£111 the lower energy levels and ere unable to take part in

any physical process until excited out of these lévela (Van
Nostrand Sei. Enc., 1958). |
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The random motion of gas molesules results in what we
call pressur'e‘.f The random motion of eiectron_s in a conductor
results in an accumulation of charges distributed ramdomiy’
throughout the volume of the conductor. These charges give
rise to potential differences betwsen any two points in a -
conductbr. The time average of the square of tﬁése potential
difference fluctuations may be compared to the pi'esaure of
an ordinary gas,

Both the .g‘as pressure P and the meaﬁ squere of the potenti
fluctuations F* are directly proportional to the absolute

temperaturs T (other paramsters being constant)

9=(%)T - | | 12

V= (4kRE)T BEUEE

(the bracketed symbols will be defined later in the text).

The randem flustuations in the distribution of elsctronmic
charges throughout the body of a conductor result in the flow
of minute randem currents betwsen any two noints. If the charg
at one point of ths conductor changes at a rate dg/dt with

respect to another noint of the body, then the time variation
of the charge is equivalent to a current i = dg/dt flowing

between thess two points. If the electried resistance betweer
these two voints i3 R, the voltage drop across this resistance

18 v = R1 = R(dg/dt). Since ths charge flustuation is random
in time therefore both the current and the voltage bestween the

two points is random in tims, The mean square valus of that
voltage can be caleculated and measured and was found to be
(Johnson, Nyquist, 1928)

vi== 4kTRY Lol
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The mean square noise voltage given by i'.'l;. depends on

three quantities: R - the ohmic resistance betwsen the two

. points across which the voltage 1s meaaured; T « the equil-

fbrium temperature of R with its surroundings end B = the
effective bandwidth within which the noise voltago is measured.
k 1s the Boltzmann constant, .

We have here four quantities connected in one simple
relation which should certalnly be valld for small fluctuations
and the validity of which has besen checked for a wide range
of paramoters T, R and B, The accuracy with which the formula
1.l was found to be true was aboub 104 4in 1928 (Johnson) and
the most recent messurements claim an accurasy of the order
of 0.1% ¥ (Garrison end Lawson, 1949; Fink, 1959)

When we have such a fundamental relation connecting four <
quantities then, by fixing two of these quantities, we can
regard the other two as mutually dependent and use one for
determinin: the other, A number of msthematical relations can
be written of which the one of immediate interest here is

Y= .‘.(T) 1.5
If we assume that R and B remain constant and independexnt

of the temperature then
v+ = (4kRB)T < 1.6
giving ¥V linearly dependent on T:

The relation 1.6 is the basis of the noise thermomster.
The equivalent molse bandwidth B is, probably without exceptio

¢  For comments on this accurasy see Section l.
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independent of 3. The resistance R may be a function of

the voltage developed goross it and usually is a function of
the temperature, The relation 1.6 should therefore be written

strictly as

= 4kR(,T)BT L7

Such & more geperal nonlinear case was considered ine
dependently by HecDonald {1953, 1957), Ven Kampen (1958) and
Alkemade (1958) in which R was assumed to depend on the
amplitu:!a of fluctuations. All experimental work, however,
on thermal noise gemerated within electrical conductors was
oarrie.d out with the sssumption that the resistanse of the
conductor was strietly linear, i.e. that the conductor obeys
Ohm's law at least within the limited voltage range of N |
thermal fluctuations. Since the accuracy of present day noise
measurements is not very great (0.1% at the best) the assumpticn
of lineari‘.iy was never questioned. As the asouracy of measure-
ments besomss grester it might become mandatory to allow for
the nonlinearity of the noise generating rezistance, particularl
in systems such as diode reotifiers and p-n junctionms,

The dependence of R on the temperature T presents no
difficulties since experiments can, and ususlly are carried
out at constamnt temperature. .

In shat follows it will bs assumed that the resistance
R 1s 1ipear within the renge of amplitudes of the thermal
voltage fluctuations.

There is one more factor 1n the relation 1.6 which

should be mentioned here, 1.e. the quantum effect.



8

The simple relation V* = LKTRB was derived on the beéfé'
of the equipartition law ® sccording to which the total emergy "
of a harmonic oscillater per degree of freedom is kT. If, how-';’
ever, the energy of a harmonic oselllator per. degree of rreodom,
accordinz to quantum mechanics, be taken as hf/ (exp h{-/ kT -1) &
vhere {- 1s the frequency of vibrations of the harmonie
oscillator, then the expression for the mean square fluctuation
of the therinsl voltage becomes (Nyquist, 1928)

Gt = 4R{ mdf . 1.8

At the lowsst temperaturs measured with a noise thermometer
ap to now, 1,8, about 1°3°K, and at the frequency used of about
S ks (Fink, 1959), the magnitude of the fastor hf/KE 1s about
0.:2'10"6
prastical ourposes the formule 1.6, which is the approximate

form of 1.8, holds (see e.g. Van der Ziel, 1954).

vhich is much less than unity end therefore for ell

To the best of my lmowledge thers has been, up to now, no
published experimental confirmation of the necessity of using

the quantum correction.

£ The equipartition law may be stated as followa: “If we

have any sst of M classical systems in the assembly, sach of
8 degrees of fresdom, whose energy (in Hamiltonian form) cone

sists of the sum of t souare terms (s t&2s), then 1n equil-

{brium the mean emergy of the set is Mt(1/2)kT or (1/2)kT for
each square term in the emergy" (cf. Powler, 1955). 4 harmonic
oseillator contains two square terms in the exprsssion for its

energy per degree of freedom (one for the kinetic and one for
the static energy). The total emergy therefore i3 2(1/2)kT = ¥l

f% Sometimes cal led "Planck’s Factor®,
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The ecase of the nolse thermometer may, in future, become
B similar t» that of the gas thermometer. As the ascuracy of

the gas thermomster was being made greater and greater, more

corrections had to be avplied and more complicated the actual
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ot working formula became. By the time the nolse thermometer
reaches the degree of accuracy of the gas thermometer, l.e.
inereases its precision by sbout three orders of magnituds,
the simple Nyquist relation 1.6 may have to bse replaced by an
elaborate formuladlowing for the quantum effect, nonlinearity

of the resist__anqe., an_d its temperature dependence.q.;

A simp;e} . i§§139 thermometer will, in g'e;néi_}jai‘, have the

components '8.,3;. 3h°‘m in Pige 1.9 ‘
ooter T IANMPLIFER [ Avr i
| o Jneter 1.9

The rosistance R, in thermsl equilibriun ¥ith its
surroundings at te'npératuré 7, is connectéd to :t‘hé 1nnﬁt of an
aplifrier through some frequency dependant netuork (Pilter).
The cutput of the ampuflor 1s masured with & square law
meter. The mdicationa of the meter'are then, within the
limitations mdicatad previocusly, directly prpport_ionel to
the absolute temperaturs of R. o

The physieal form and the arrangsment of tha cmonent

parts of f.he ‘noise thermometer introduce cortain oonpllcationa

and becomes a souree 0f different practical aolutg;ona for such
N N

(8]

O

I
(O]

a thermomoter.

% It should be mentioned here that a rddiéaiiy? new approash
to Noise Thermometry was made by J. Fink, which approach 1is

describad in Section 2.
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The range of velues of physically available resistors
1s of the order of 1 : 1023 , which gives an e_ﬁdmous range
of choice. On the other hend the maximum noise power ava'ilable '
from the resistor is constent at a given t?empierature' and ip-
dependent from the value of ths resistances | The maximum power
can be obtained from a source of emfs when thé load resistance
is equal to the internal resistance of the generator. If we
represent the thermal noise as a voltage source in series
with the resistance producing it, then, for the maximm

transfer of power the load resistance should have the same

Pk -

The vower transferred from left to right will be

value,

s

. £
Pﬂo - 4R 1011
If the source 13 a noise voltage then
P = 4“;“3 = KTB waths or KT watts/cycle 1.12

that s the maximum powsr which cen be obtained from such a
noiss source depends on the temperature and bandwidth only.

For the use in temperature measurements the tempecrature
heeomss an independent varisble and the only fastor which can

be controlled in order to produce the most desired effsst is
the bandwidth of the noise measuring device.

The bandwidth of an electrical circuit is intimately -
connected with its impedance. | In general, a low impedance {s

agssocieted with a wide bandwidth and a high impedance is
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associated with a narrow bandwldth.
If we consider a simple electrical circuit consisting

of a resistance end the associated capacitance (Fig. 1.13)

R
v TC Fige 113
then the nolse generated across its terminals is
=2
Ve = 4kTR[lN(¥)rd$ = -‘58: 1.1y

: Q

where the immitanee of the RC cireuit W (£) = 1/(JuRC + 1)
(af. @.g. Freeman, 1958). ; '

The sbove result shows that in a real physical cireuit
it 1s the capacitance and not the resistance whi.;'.h limitg
the magnitude of the available noise voltag,e‘.- The mean square
valus of the noise voltage caloulated from 1.1l is about -
14;-10‘11 ve at one degree Eelvin across 1puf- , or about
3 microvolts rmss

The order of marmitude of the capascitance asscclated
vith an amplifier imout is usually assumed, for estimating
purposes, to be about 30 N‘F . The maximum rms noise voltage
obtainable asross a reslstance connected to such an amplifier
13 therefore about 0,7 w at 1%, or ebout 12 |V &t room |
temperature .t
4 Tt should bs emphssized here that such magnitudes of
the nolse voltage could be measured with the ald of an
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The noisé power available from a'reaistor can be used

eithar in Lhe form of voltage fluctuationa, infwhich case &
voltage amplifier '{s pequired, or in the form of current
fluctuations, Up to now all attempts of constructinQ‘ndiéo
thermometers, which are kndwn to me, were bassd on the use

of the noiss power in the form of voltege fluctuations across
certain resistence., In such case it 1s intuitively obvious -
that the highest nossible rasistence should be chosen in

order to obtain as largs voltage fluctuations as possible.
Various practieal solutions for that approach are glven in the
review of llterature in section 2.

amplifier only if the pandwidth of the amplifier were not
smaller than thet of ths noise generating RC input sircuit, ‘
Nominally an infinite amplifier bandwidth aould be required.
Practically a bandwidth ten times greater than the nominal
bendwidth of theinput circult (calculated fram wRC =1)
would include more than 93% of the mnolse contributions from the
noise generating resistance. In order to extrast 99% of the
noise vower from the input circuit the anplifier bandwldth
would have to be sixty ‘times grester, or one for which coRC=60-
The disposable nolse contributions from the amplifier 1tself
could bs filtered out by an RC circuit at the output. Thus
for & 100kS reslstance and 30 \‘\‘F input capacitance the
nominal input bandwidth would be about 50 kc. An amplifisr
having & bandwidth of 500 ke could be used with another 50 ke
RC network at the output to compensate for the differences in

the frequency charaeteristics,
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There is, however, no reason why the fluctuations of
electrons could ot be used in their natural rorm, 1.6 88
charge or current fluctustions. In such case current
amplifying devices would have to be used instead of voltage
aplifiers: The most widely used .comercially available
devices ror. current amplification are transistors and the
work on this thesis was partly based on my proposal to
use transistors in noise thermometry {see section 5). Even
trensistors, however, will not produce true lossless current
amplification. It 1s my hope, however, that the investiggﬂon'
of the noise behavious of p-n junctions as a fumction of

temperature will contribute to the fie1d of nolse thpmometryo,



2, A review of publications on Noise Thermqme'tgz' o

A short review of the publications on Noise Thermometr'y‘
published in 1958 (Celinski and MacDomald) sui'veyed the woz;k
on noise thermometry up to 1956, A photostat copy of this |
work 1s enclosed. The review is brought up-to-date by the
deseription of oublications which vere found in the liter- "

sture since that tims.
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 Abstract

The uge of thermal noise for measure-
ments of very low temperatures was suggested
in 1946 by Lawson and long.

Experimental attempts to comstruct
such a low-temperature thermometer have, so
far, proved to be unsuccessful, The same
proposal when applied to higher temperatures,
above the liquid nitrogen point, produced
gatisfactory and accurate noise thermomeiers.

The paper gives & review of pudblica-
tions on noise thermometry and then describes
the experimental investigation of the IC
characteristics of germanium junction diodes
at liquid air and liquid helium temperatures.

A noise ratio for these diodes is
estimsted theoretically, snd its behaviour
predicted for low temperatures.

Review of publications on
Roise Thermomeiry

summu'!

April 1946 - Dicke used thermal mi-
rowraTe radistion for determining the eq-
uivalent black-body temperature of & hot

-‘, body.

May 1946 - Dicke, Beringer, Ruhl
and Vane used the microwave noige spectrum
in gtudies of the absorption of the atmos-
phere, '

July 1946 - Lawson and Long, suggested
the use of the Rrownian motion for measure-
nentg of very low temperatures below 1°x.

A crystal bar was suggested as & source ot
noise.

October 1946 - Browx» aad MacDonald
criticiged the analysis and practicability
of the guggestions of Lawson axnd Long and
pointed out the circuit approach to the
problem,

January 1947 - Gerjuoy and Forrester
quantitatively investigated the suggestions
5f Lawson and Long from tke circuit point of
view, A quartsz crystal was sssuzed as the
scarce ¢f noise.

* nivigion of Pure Physics, Hational Research
Council, Qttawa, Canads.

OH THE USE OF TRANSISTORS

IN LOW TEMPERATURE NOISE THERMOMETRY.

0. Celinski and D.X.C. MacDonald*®
University of Ottawa, Ottawa, Ontario.

496

August 1948 - Cook, Greenspan and
Weissler discounted the possibility of using:
8 quartz crystzl as a source of noise for low
temperature messurements. o

July 1949 - Garrison snd lawson con-
gtructed & noise thermometer for high tem-
perature measurements in the regiom of 1000°K
with an accurscy of 0.1%, :

Fobruary 1950 - ®dt points out the
relation of the amplifier's bandwidth to the
sccuracy with which the mean square value of
the noise may be determined, BEstimates the
lowest measurable temperature as 0.029K.

_ September 1951 - Troitsky discusses
the use of & radio receiver for temperature
measurements of hot bodies., ¥stimates the )
minimun messurable temperature as 3°K with an
accuracy of 0.3°K, :

March 1954 - Aumont, Romand and Vodar -
congtructed & wide range noise thermometer ba- -
ged on that described by Garrison and Lawson -
for the range 90° - 780°K, with an accuracy
of 1°x.

February 1956 - Alkemade attempted to
construct & low temperature noise theraometer
with &n expected range between 4°K and 90°K.

Summary of publications

The idea of & "Noise Thermometer® for
the measurements of low temperatures was
specifically considered in 1946 by Lawson &nd .
long. - e

Prior to this, Dickel published an ac--
count of bls experiments on the measurement °
of thermal radiation at microwave frequencies
Dicke's work was baged on-the fact that an
antenns in thermal equilibtriuz with a black
body, Fig. 1, exhibits a certain radistion
resistance to which we can sseign the temperas
ture of the dlack dedy.

Zn general, an antenna may be represent
ed by an equivalent resistance R at & tempe
rature T . A thermal noige voltage is pro- .
duced actoss the terminsls of this resistance;
the mean square voltage is equal %o 4kT? R‘ i
per unit frequency-interval. The equivglont
circuit is that of Fig. 2.



Figure | Antenna surrounded by a black body

Re
Te
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Figure 2 Equivalent circuit of an antenna

The noise across the resistance R 1is
spread uniformly throughout the frequonSy
spectrum, ignoring quantum corrections and
the frequeacy characteristics of the antenna
itgelf (ie., the dependence of R on frequency)
"he use of microwaves or any other particular
frequency range may be deternined by transmi-
ssion properties of the medium between the
black body and the antenns, Iandeed, by sele-
cting different frequencies, it is possidle
to investigate the tranamission snd absorp-
1ion properties of the medium, e.g. the atmo
ephere, as was done by Dicke, Kuhl and Vsane,

Trom the concept of the temperature
measurement of & black body by thermal noise
we may go directly to the protlenm of the mea-
surezent of resistor temperature if the anten-
na is sssumed to be replaced by a resistor Rn.
If further the temperature of that resistor

ig determined by its surroundings then we ar-
rive st the ides of the ®*Noise Thermometer".
The resistor RT is inserted in the medium, the
tenperature of ‘which we wish to determine, and
after the resistor comes into thermal equili-
drium with the surroundings, the mean square

§ roise voltage across the terminals of the re-
j zistor is measured. From Fyquist's formula

=2
LA 4kTRTA£ (1)
and
T,
T & —m—mmem- (2)
4kTBT£§f
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Lawscn and Long,3’5 appear to have been
the first to suggest explicitly the use of
that relation for the measurements of very low
temperatures. Today the dogerninstion of ab-
golute temperatures telow 1 K is based on &
combination of calorimetric and magnetic mea-
guremente which require elaborste and time con
susing techniques; moreover serious difficul-
ties still exist in the calibration end stab- ..
dardisation at the lovzstZXonperctures (of eg. .
D. deklerk, N, Eurte). "’ The use of the . -
noise voltage developed across & resisior )
seemed, therefore, to offer a simple and ele-
gant solution, If an amplifier could be con-
atructed which would amplify thet noise without
contributing too much of its own, a new sbgo-
lute thermometer would be obtained which would
be of the greatest value.

An ideal noiseless amplifier would aake
possitle the meagsurement of temperatures as
low as desired. Since, however, real ampli-
fiers inevitably contribute noise of their own
there is & limit to the lowest temperature that
could be measured with such a thermometer, and
that 1imit is imposed by the amplifier's dack-
ground noise, The realisation of the noise
thermometer is, therefore, intimately comnec-
ted with the realisation of a suitable ampli-
fier,

To ba able to override the background
noise voltage of the amplifier very high resi-
stances would have to be used as the noise
thermometer elements, and this fact led to the
idea of using s quarts crystal ber as a source
of thermal fluctuations. Lawson and Long es-
timated that by using such a crgstal bar, ten-
peratures of the order of 0,001 K could be
messured, and that with careful design that
1irit could be extended to even lower tempe-
ratures by & factor of ten.

The suggestion of Lawson and Long was
criticiged by Brown and MacDonald” who pointed
out that the problem could be treated from the
circuit point of view using Nyquists' theorem
directly. Attention was slso drawn to the
existence of the flicker effect®which would
make it mendatory to use amplifier frequencies
high enough to eliminate the influence of that
effect on the measurements., That, in tura,
would point out to the use of & dynamic impe-
dance, rather than a purely ohmic resistor.
mhe use of a resonant circuit, possibly a
guperconductor, was suggested.

Further discussion came from Gerjuoy
and Forrester,® who also independently consi-
dered the problem from the circuit point of
view,

%i,e. increasing tube nolge at low frequencles
(typically below a few thousend cycles/sec.)
due to secular variations in the cathode
emigsion,
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Figure 3 Equivalent circuit of an amplifier’'s
input
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thernal noise generator. The equivalont
circuit assumed is given in Fig. 3.
ditions imposed on that circuit were:

(a) The low tempersture noige origi-
asting within the crystal itself (tempera-
ture To) must be much greater than the noise

{temperature Typ).

{b) The low temperature noise must
be auch greater then the overall tube noise
due to the grid shot noise and plate shot
coise,

From these conditions a set of three

up, By taking & commerciel tube, the Western
Electric D-96475, the authors showed that the
zinigum measurable temperature would be about

1600 c¢/s, The suthors then speculated on the

possibilities of modifying the electrometer
tube and measuring circuit to obtain the best
conditions, PEven with these refinements

| Cerjuoy snd Forrester conclude that "the

ultimate attainable temperature will almost
certainly be greater than 0.1°X."

In 1948 Cook, Greenspan and Weissler
j iavestigated the thermal voltage generated

Ol iz & crystal bar, By considering an equiva-
i 1ont circuit of such a crystsl, they found
PO ifat there exists a maximum to suchk voltage,
" d:ternpined by the presence of capacities

S issociated with the crystal and its external
Gl circuit,

It was shown that the maximum thermal
jvoltage obtainable is given approximately by

\[;2; « 5.26 1 10°8JT volts

t:,vhich is equivalent to approximately 0.93uV
},;at roor temperature and to 0.0054pV at
2B0.01°%. Considering again the met capacity

A quartz crystal was considered as the

The con-

originating in the other parts of the circuit
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present in the circuit it may be shown that
those voltsges are equivalent to & charge of
about 160 electrons on the equivalent gquarts
capacity at room temperature, and to abdbout
one electron at 0.01°K. :

Now the noise volisge present at the
grid of an electrometer tube (VX-411) is
spproximately 0.@54npV. Comparison of this
voltage with that of the crystal above shows
that a quarts crysial bar would not be a
suitable generator of thermal voltages for
low temperature measurements,

The first realisation in practice of
the principles of the noise thermometer was
accomplished in 1949 by Garrison and lLswson,
They constructed such a thermometer for the
measurement of high temperatures under high
pressures, The solution adopted was that of
comparison of the thermal noise generated at
the unknown temperature with & reference
noise-level, generated in a variable resistor
at & known temperature. Electromechanicsl
vibrators were used for switching alternately
the reference noise and the unkrown noise on
to the screen of an oscilloacope., If the
noise originating in the adjustadble resgis-
tance wag made exactly the same megnitude as
that originating in the other, the tempers-
ture of one could be found in terms of the
known temperature and resistence of the other,
The overall accuracy achieved was 0,194,

" inequalities for the capacitance Cy was drawn

2°C with C=0.02uP at & resonant frequency of

Ny T un I ), o
arLivizy TETECTON riLm O

10 - 30 Xe/e

C.R.0,

L

s=sm====1

Figure 4 Noise thermometer of Garrison
and Lawson

The schematic diagram (Fig.4) shows
the general arrangement of the thermometer.
The noise originating in Ry and Ry is ampli-
fied within the bandwidth of 10-50 kec/sec,
detected, and passed through two low pass
filters of long time constants, one for each
resistor. The resulting DC output is compared
on the oscilloscope. If the noise voltages
from the two resistors are not equal, the IC
levels at the output of the filters are
different, and the oscilloscope displays a
square wave-fora. R, 1s now adjusted to make
the DC levels identical. Since T, and Rp are
known, the temperature T; can easily be compu-
ted, or the resistance R2 calibrated directly
in degrees.

‘the advantages of Garrison and Lawgon's
thermometer were the accuracy and precision
of 0.14 on an sbsolute scale above 100°K,
the independance of the material from which

AR e
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;n.e thermometer element was made and ite
:-evious history, and the independence of the
gbsolute pressure, The disadvantageous
features were the length of time (of the

erder of two minutes) required to obtain the
precision of 0.1%, the difficulty in ghielding
the thermometer from extraneous pick up, and
the limitetions imposed by the input capacity
requiring the input stage to be close to the
thermometer element, Although the thermometer
could not be used as a routine instrument, it
could, however, provide a etandard for cali-
brating other high temperature measuring
devices.

RO RR

: In 1950 P.M, Endt? examined the prodlem
{ nf low temperature noise thermometry from the
% point of view of the amplifier's bandwidth

g snd its relation to the statistical fluctu-

@ .tions >f the measured noise, By considering
% the shot noise of the first tube of the ampli-

'8 fler, and minimiging the noise figure of that
[ig stage, he arrived at an optimum value of the
;g‘ grid leak resistance of the first tube

B, = VR'R" (4)

k8 where R' and R"™ are the equivalent plate and
(2 grid noise resistances respectively. By

# using this optimum value of the grid leak,

g the signal to moise ratic®at the input of the
A first tube is found to be:

- 7 e (5)

@ «nd the bandwidth of the imput network, f,
5 due to the presence of stray capacities is
: given by:

et

. 1
2TR C
RS g

1
f “m vww O

If now we pass the amplified noise
through 2 square law detector and use an
;8 indicator baving & time comstant, t, we can
g teasure the output with & relative error
1/+/tA2,25 where Af is the bandwidth of the
smplifier, in this case made identical to that
of the input network.

3 The lowest temperature that could be

8 zeasured by this method is reached when the
thermal noise indication of the meter is equal
to the fluctuations in the shot noise indica-
tion, that s RA2=1/At f.

}. Using the relations (4), (5) and (6) we
o obtain:

3
2n¢C R'
~ .,f__ﬁ 4l __
Tmin -~ 2To t R" (1)

By taking a specific tube (Phillipe
A?7) P.M. Badt shows theoretically that with

% in this paper 'signal’ means "wanted noise"
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a grid lesk B = 70MSY ani a bandwidth of
230 ¢/ the 18west meesursble tempersture
should be about C.02°K,

The author also shows that & quarts
crystal gives essentially worse results thaa
either & pure resistance or an 1-C cirouit,
due to the distribution of capacities assoois-
ted with the orystals, agreeing also with the
conclusions of Cook et. al.7

In 1951 V.S, Troitsky® considered the
capabilities of radio receivers for noise
thermometry,

The ressoning adopted was the reverse
of that of Dlckel, The suthor started with
the analysis of a radio receiver having a
resistance By connected to its input terminals. .
If an inertialess detecting device (such as
an oscilloscope) is used for measuring the
change in the noise due to the change of the
temperature of Ry then we roughly need to
double the noise level already existing at
Teceiver's temperature T,, to detect a change

Ti. Ia such case

T o= T+ (P-1) Ty (8)

where P is the noise figure of the receiver,
¥ith an ideal receiver (P =1) the temperature
of RBj would have to be doubled .to produce 2
well defined indication of the detector,

If the detecting device has a finite
inertia (cf. Mndtd) we can improve the scou-
racy of noise level determination by a factor
Q™ V2tAf, Tor Ti = T, we have

ATy = PTTO (9)

If t, the time constant of the detector,
18 5 sec; £, the receiver's bandwidth 10 Nc/s,
P10 and T, = 300° (room temperature }, then
A Ti - O.BOK.

If instead of Bj an antenna is comnected
to the receiver then it is equivalent to a
resistance Ry 4t @ temperature T (Fig 1,2).

If we use a directional antenna we may
peasure the temperature of a distant hot body
by measuring the incresase of the equivalent
temperature ‘g produced by the presence of
that body within the directional pattern of
the antenna,

Troitsky shows that the minimum tempera-
ture of & hot body which could be detected in
such way is given by

9 1
Tun A% 547 (10)

If the body is within 1 degree from the
receiving point which gives A S =1/3600 spprox.
and the antenns directivity factor D = 5000,
then if A Tge 0,3°K the nmininus detectable
tenperature of & distant dody Tpin= 3°K.




In 1954 Aumont, Romand and Vodaril,l2
constructed a noise thermometer dased on the
design of Garrison and Lawson8, The noise
generating resistance was 20002 made of
nickel-chrome wire, <the thermometer was com-
pared to & thermocouple standardised by the
F.P,L, The tempersture range covered was 90°K
(the doiling point of oxygen)to 780°K. The
accuracy obtained was within 19K, that is 0.2%
st 500°K., The results of their measurements
are shown in table 1. The authors were
constructing another thermometer which was to
extand the temperature range up to 1500°K,

°F 90 320 365 395 420 480
AT -004 -100 -0.1 +1.1 +2.0 +1.2
™% 520 560 660 690 720 780
AT -006 +1.0 -1.1 +1.0 +O'5 +1.5

(The values in the above table were selected
rom & diagram showing the results of tempe-
rature measurements by Aumont, Romand, Vodar)

TABLE 1

In 1956 C,T.J. Alkemgdel} made an
sttenpt at the National Research Council,
Ottawa, to construct a noise thermometer for
low temperatures. The thermometer incorporated
| in its design suggestions of Brown and
¥acDonald?, The thermometric element was a
bl low resistance of the order of 1 ohm in series

| *ith & superconducting coil., The preamplifier
§ tube was an electrometer tube VX41A,

Alkenade encountered severe difficulties
in realising the very high Q-factor required

@ ‘or the succesaful operation of the thermo-

38 teter. The difficulties were caused by the

W {eedback from plate to grid which, at extre-

# nely high dynamic impedances, was difficult

23 to eliminate, That project was not completed.
38 Tte present work on noise thermometry at the
% University of Ottawa is a continuation of
Alkenade's work,

This review would not be complete
®ithout at least a short discussion of the
validity of Nyquist's formula on which all the
thermonetric attempts depend.

The formula for the mean square noise
Jl Tcltage was derived by Nyquist on the assum-
3 ption that the energy (potentisl & kinetic)

per degree of freedom was XT. If the energy

3 '.‘9-*:%2;--:»«::,':.,?:- S T T A
1 ¢ - N

500

_ 21-85]
per degree of freedom be taken however as
hf/(exp hf/kT- 1) then the expression for the
mean square noise voltage becomes

RhfAf
Vi ® exp KT /x? - 1

lyggist included that corre:tion in
bis paper<®, At thet time, however, neither
the frequencies used were sufficiently high,
nor the temperatures low enough to warrant the
use of the formula (112, since &t normal tem-
peratures and frequencies hf is muck smaller

than kT, and, when hf kT than equation (11)
reduces to

(11)

¥ . At (12)

The quantum correction would have to bs
taken into account in cases where hf becomes
comparable to kT, If we assume the measured
noise frequency to be 1000 Mc/sec then hf
decones equal to kT at a temperature of about
0.05°%, Both the frequency and the temperature
are within the range emoountered in the lgho-
ratories in the routine work, It should there-
fore be possible to check the quantum correce
tion of Nyquist formule,

That quantum correction, if valid, might
have to be taken into account when designing
a very low temperature noise thermometer,

There is another possible source of
inaccuracy in the Kyquist's formula, and that
is the resistance R.

The resistance included in (12) is an
idealised perameter which has been agsumed to
obey Ohm's law strictly. It may be asked what
is the order of spproximation expressed by that
lav. Does it hold to any degree of accuracy
Tor any magnitude of currents and voltagea?

Is the resistance still constant at the level
of spontaneous fluctuations, or mey it depend
on the voltage across the resistance terminals?

Analyses of the spontaneous fluctustions
in nonlinear systems have Bgen publiished by
MacDonald?l and Ven Kampen' Such consgide-
rations mey become important when the accuracy
of noige thermometers is increased, since no
inetrument can be more accurate than the
theory on which it is based,
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The foregoing review of the literature
on the use of vacuum tube amplifiers for low
§ tezperature noise thermomeiry shows that the
idea is & sound ome and that, theoretically at
least, we should be asble to produce a noise
thermometer capable of temperature measurements
down to at least 0.01°K.

ST

There is a definite need for a simple,
relisble and sccurate thermometer for tempera-
tures telow 4,29, That temperature, being
the beiling point of helium under normal pres-
sure, is the lowest reliable fixed point in
temperature determination, The boiling point
of helium may be brought down from about 4,2°K.
to approximately 19K by the reduction of heli-
uz vapour pressure, The temperature may then
be calculated from the vacuum gauge readings
with the aid of tables. There is, however, a
limit to pumping and beyond that limit the
procedure of temperature determination becomes
I8 nore and more lengtby and difficult, The

% lovest temperiture atiazined up to date is of

B ihe order of 10-° °%,27. that is six decades
(M below 19K, The probdlem of measurements of

L% these temperatures throughout the whole range
Ris, therefore, a foraidable one.

T e o N

: The only attempt, known to the author,
§to construct & thermometer for low temperatu-
B -os was that of Alkemadel’. One of the diffi-
?;culties which Alkemade encountered, was the

| Boressnce of plate to grid feedback. That

M feedtack, even with neutralization, made it
icpossible to achieve the high values of Q of
A¥the resonant circuit. Q of the order of 50 000
“ves ained at, whereas the meassured values were
atout 2000.

q. The high dynamic impedance was needad
%o produce a high noise voltage across it.

48 froz Nyquist relation, however, we san see

iAll that in order to obtain a high noise voltage

M ve may increase not only the impedance across

@l weich it is developed, but slso the bandwidth

3 *ithin which it is contained., In order to

have both, high dynsmic impedance and wide
bandwidth, we muat move up in frequeacy . This

ff,ﬂ&y be emphasized by rewriting the relation

M (12) in the form ’

Ve AxTrQ (13)

- {g the loss resistance of the dynamic
e 25 e Q1 (fo/A2o)QT. A Q Of

GO one tnousand at a frequency of 1000 ¥c /e

Sl vould produce sbout (7.5 aV)2 of thermal noise

" °T unit loss resistance per degree K. We
could obtain an even greater noise voltage at

THE DC CHARACTERISTICS OF JUNCTION DIODES

AT 1OW TEMPERATURES.

{Continuation of preceding paper)
0. Celineki
University of Ottawa, Ottawa, Ontario.

8till higher frequencies. Cavity resonators
aight be applicable in such case. The use of
very high frequencies might, however, make it
necessary to take quantum correction term (11)
into account.

All the theoretical considerations on
noise thermometers were, up to now,limited
to vacuum tubes as noise amplifying elements.
There are several drawbacks to the use of
thermionic tubes as preamplifiers of the ther-
23l noise in low temperature thermometry,
namelys-

a) Their large size

b; The heat dissipated in the filament

¢) The necessity of using high impe-
dances in the grid and plate circuits,

Bigh ippedances demand short leads to
keep stray capacities down, and to avoid exce-
gsive pick-up, That, in turn, requires that -
the tube ghould be placed in the same low
temperature bath as the thermometric element.
In such case the size of the tube and the head
dissipation acquire particular significance.

The drawbacks listed above might perh-
aps be offget by the use of transistors as
noise amplifying elements, Their use would be
particulerly attractive in the preamplifying
stage, Fig. 5. shows & possible arrangement,
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Figure 5 Noise thermometer using transistor

The thermometric element Rp is inserted
in the medium at an unknown temperature T,
The transistor is kept in a constant tempers-
ture bath Ty, The remainder of the circuit
pay then be brought outside the cryostiat, Apart
from offsetting the drawbacks of the thermtonic
tubes, we would have an additional parameter of
control, the temperature T3 of the transistor.

Were it possible to produce & very low
noise transistor preampiifier atage, the noise
thermometer might become a practical routine ,
instrument, It would therefore be interesting, 3
even from a purely practicel point of view,
to investigate the possibilities of using
traneistors for low temperature thermometry,




tonrt fron praciical considerations,
ire investigation of aseaiconducter noice as
& fupctisn of temperature ahould prove of
thesretical intevest, «nt it is uﬁdere:ocd
that such investigaticns sre slreedy veing
carsied oust g§ +he Maraachusetts Inptitute of
meotnology. ©

A noisy transistor may be represented
us & fcur terminal network with two noise
sourcea aid & correlation impedance2S, Since
each of these moige sources is, in effect,
esgentially related to a nolsy dioded0 it
seemec hest to start the investigation from
tte D¢ diode characteristics and its dependen-
ce on the temperature.

The diodes investigated were germanjum

;-.-p alley tyre, 2K105 RCA transistors. Eack
trancistor was rega~ded as zade up of two
jenction drodes with ‘he base teing the commdn
poiat, The DC characteristics of these dioces
wers measured at room, liquid air and liguid
helium temperatures, which correspond to about
293, 90 and 4.2 degrees Kelvin respectively.

The atarting point in the analysis of
experimental data was the theoretical woltage
current characteristic given by:

I = Io(expcxv/'r -1) (14)
stere I is the diode current caused by the
spplication of the voltage V across its termi-
nals. I, is the saturation current,that is
she current which would flow in the reverse
direction for large negative values of V.

m: cunstantokis equal to ek, the ratio of
t7e electronic charge and Boltzmann constant,
vhe numerical value of that ratio is about
11300 7K/volt,

T s acs

S xE
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The characteristics of the dicdes mea-
sired showed two departures from the relatiom”

D e i

T

The first of these departures was the
zesning which had to be given to the voltage
Y. Even ai rocm temperatures the voltage
ecroes the diode Lad to reachk & certain thres-
b ::ld valus befcre the forwerd current started
i?(flow and tehave approximately as predicted
by(id},

s

At lower temperatures that threshold
7cltage increased considerably and reached 8
value of about 1.1V at the liguid helium
t:zperature., The variastion of that voltage
it the temperature is shown in Fig.T
1- is recessary, therefore, to interpret V in
tre equation (14) as the excess of voltage
over the threshold value V(T), thet is

AT B AT

v, - 0T (1%)

v d

G vhere Vg is the total voltage applied and v(7)
AW {5 the threshold voltage which is a function
of the temperature.
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Ficure b Forward characteristics of junction
diodes at various temperatures and
their saturation currents

The second departure from the equation
(14) is the behaviour of the current I, If
that current were constant it should be possi-
ple to determine it from & single measurement
0f T at a given V and T.

Threshold
vo!tage {Voits)

T

293° ro® tog }

Figure 7 Variatinn of the threshold voltage
of junction diodes with temperature

At room temperatures this is approximate-
ly brue, As the temperature decreases however,
1o, 8s calculated from (14} exhidbits very mar-
ked dependence on the spplied voltage. This
ig shown in Fig.6. from which one could see
that I,, ss defined by equation (14) decreases
so much as to become meaningless at the liquid
helium temperature.




Tt is necessary, therefore, to modify
equation (14) further to take account of the
cariation of Io. Thet variation may be appro-
xizated by

L

(16)

rhere I' and p are empirical conastants, T ia
tne temperature in OK and V the voltage as
gefined by (15),

« I'T exp(- @V/T)
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Figure 8 Variation of the exponent "beta"
with temperature
i Nos by substituting (16) into (14) we
g obtain
I = I'Texp (- (3v/'r)(expav/'r-1)
an
The coefficient @in (17) is not constant,

Tts veriation with the temperature is shown in
1 ?iz.8. The numerical value of (3 seems to

¥ upproach that of masymptotically as the tempe-

§i "sture decreases.

The current I' in (14) is constant and
% 1l representative value is about 2,3 x 107
§ »/%L. This scems to be & much more realistic
Bl value than that of I, calculated from (14).

i ™he equation (17) approximates the beha-
| vicur of junction diodes omly in the forward

W direction, It was not possible to check the

3 reverse characteristics with the available
instruments. At 1iquid air temperature the

i} reverse current was of the order of 0.05 pA at
| -25 volts, At liquid helium temperature the

f§ Teverse current was undetectable. Such beha-
B viour might suggest that the reverse charac-

| teristic of the diode has the following form

I I'T(expxXV/T - 1) (18)

The DC characteristic of the diode may
be used for predicting its noise bebaviour.
Using the expreseion for the saturated diode
noige current 15 = 2equAf,19 and assuming
the diode current Ig4q to be composed of I + I
and -Iy we have for %he sum of the shot noise
sue to each of these currents,
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2

I = 2eq'? exp(- pv/r)(expuv/m +1)A¢ (29)
The noise ratio "n" is defined as

2
L= In/ 4KTCAL (20)

where G is the conductance of the diode which
may be calculated from (17) as

G = ((ac-p)xuo)/m (21)
The theoretically expected noise ratio then
follows from (19) (20) and (21)
1 I+2I
B o= - fIel, (22)

1f the forward current is large compared to
Io then (22) raduces to

a1 1
The behaviour of the noise ratio as a function
of tenperature is shown in Pig. 9 for a forwa-
rd current I = 100 pk, and for a large forward
current when the approximation (23) may be
usged.

n

" No measurements were made, ss yet, to
confirm the predicted noise behaviour of dioe
des congidered, The suthor hopes to be able
to mske these measurements in the near future,

n
y
o ,/
v 4
y 4
y 4
/
/ -
//
1 £
7
"
29%° (] 4.2 log %
Figure 9 Variation of the noise ratio with
temperature
Conclusion

-

The review of the publications on Noise
Thermometry shows that it should be possible
to make a noise thermometer for the measure-
ments of very low temperatures, where the need
for it is greatest. The use of transistors ia
such a thermometer might simplify certain
aspects of its construction. To be able %0
use transistors more research is needed in
order to make it possible to predict and desi-
gn practical low temperatures circuits.14s15.
A preliminary investigation into the DC behs-
viour of junction diodes at liquid air and
1iquid helium temperatures revealed interes-




ting dm;n_q-ijp@nmn}: soceptod
current voltage ohsresteristios, Murther
reseszeh on that, suhjees is. beisg carried out
st the Tniversity of Ottawa, .

Ackoovl nt

The author is indedted to 2. D.K.C.
fachonsld for very extensive help and valua-
ble criticism during the preparation of this
paAPeT. ,
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July-l9§ﬁ-- Hogme analysed the facters gffecting the

preciaion'éﬁé'hcéuracy of an sbsolute nolse thermometer and.
estimated the limit of precisim at 0.3 = 0%
Decamder 1958 - Pursey and Pyatt deserited a method of’

measurement of the equivalent nolse resistance of a noise

thermometer anplifier. This was preparatofy to the cone

struction of en absolute noise thermometer with an error mot

greater than 0.05%s

constructed a simple low-temperaturs nolss thermometer and

measured the lembda point of l1iquid heiium (2.19°K) with

jess than 109 error.

July 1959 - Fink constructed & new sbsoLube noise the

fvom & simple T -notwork connected at the input. Under
certaln conditions the correlation bevween two noisaxvoltagb_
at the network terainsls cen be made 2ero. Since thé amplif;g"
noise is also noncorrelated Fink, by multiplying and averagin
the two noise voltages, cbtaired & null condition ‘from which
the tampefature couid be deducad. The lowest temperaturs

meesured Was 103%E with less than 19 error.

The work of E, W. Hogue (1954) was carried out at the
National Bureau of Standards on an spstrument basically the

seme as that of J. B. Garrison and A. W. Lewson (1949) with
an addition of a synchroncus rectifier and o an electronic

integrator, The purpose of the work was to build e primary -

gtandard thermomster which could be used in the temperature
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regions beyond the rengs of the ordinsry gas thermometer,

To be ussful s e standard an accurscy of at least 0,1%

o
9
3

was required.

The temperature moasurements were made by comparing the

A% oAt Attt

B

noise from a thermomotric element (2 known resistance at an

IRHRT

unknown termperature) with that from & reference source (a

known resistance at a lmown temperature). The problem con-

sidered by Houe was to analyse the factors contributing to
the ineccuracy of such 2 comparisons |

The first condition which had to be fulfilled was the
squality of the time constents (or bandwidths) of the two

resistors end the associated capacities, This was accom-

plished by equalizing the noise from thesc two sources in
two different channols, One (the mein chammel) at low
frequencies, the othes (the auxiliary channel) at’a’rrequencyf

at which the noise output from the twec resistances pegan-

r
S

{
f
[
P
by
3
o

'a1ling due to the capacity present. (Fig, 2.1).
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When the noise output from Rl and R2 vas eq@al in both channels

pry RN

the time constants of both networks were the same, and knowing

the value of the resistance R2 at the unknouwr temperature

e

Tx 1t was possible to calculate this temperature from Rl, Tl _
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2° Hogue shows that fer 0.1% precision, with such l

an arrangement, the amplifier bandwidth BL can be as wide

and R

as 22% of the bandwidth of the thermometric networis

In thls type of measursment the precision of the final
result depends on the precision with whlch the unknown nolse 4
voltage can be cormpared to that comin; from a known source. =
This cormarison could be made by usin; two separate amplifier
channels (ome for each resistor) and by measuring the two
output voltages. (Fige 2 2.2)s In nrectice it is difficult
to ensure that the two channels are identicale Only one anplifie
1s therefors used, which is periodically switched to amplify

the noise from the two resistors. (Flg. 2:3)e

AMPLICIER AND

DETECTO
R, § ®

AMPLIEIER AW

DETECTOR
R,
) i—-—{: ﬂ)—] | §
R AMPLIPIER AND = : H
' "J 2.3 ‘-A

C— DETECTOR 2

2.2

PR

This switchin - becomes a source ‘of a number of errors whilch
were enalyzed by Hogue in cetail. Another souree of error
ariges from the fact that a common channel can be used only ,

for amplii‘yizig frequencios high compared to tha switching rate.
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To sccuretsly measure the mesm squars value of ndise’it has“. .fi
to be averaged after detection over a period Sf timé which is

much longer then the switching period., It is thus neceséary |
to use additional nolse processing equipmsnf wiﬁﬁ a separate.l

channel for each sourcs, (Figs 2.44).

R Sy I } o
'{l\y ANPLIFIER AND | N e tow-eass] 2
ek S

o
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j Dghc'mr i 0 o - . 2 h

Irtogrator : : \
N .

in accurate estimate of the meen-value of the fluctuating i

difference voltegs (uhich should be zero) requires a very

B3
.«I

ol
nerrow band pass £iiter (sbout 107 cps in the case considered)

centered at the switehing frequency. Since both the f g
construction and the use of such a filter would be mpract'ical‘
the centerfraqusncy of the difference voltage is shifted to DC
( by means of another synchronous switeh) where a low pass

fiiter can be used, thus making the bandwldth of 1074 cps

practically feasible, A Ilfiller integrator was used with a
time constant of 8 min, which reduced the average amplituds
of the noise fluctuations to the amplitude of 0+1% unbalance

signal,

e L T e N AT Ry R R A U SR U TR s s RS

The final estimate of the tims required to complete a

temperature measurement with 0.1% precislion was 56 minutes
divided equally into two sets of msasurements, one intended

as a check of the other,
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Hogue mede tests %o verify his calculatqons. In these
the room temperature eould be determined %o within 0.5%, This
moans that the low temperature limit of his equipmcnt would be
in the region Of_lds K, To mention was made about the
applicationé of this thermometer.

Phe next -ublication connected with the Yoise Thermometry
(H. Pursey and E.C. Pyatt, 1359) originated at the- National

Physical Leboratory, England. The basic’ method of ﬂeasurempnt:

is again similar to that of Garrison and Lawson (1949). In
this cage, however, the guthors made a significant change. .
In 211 praevious noiss thermometers the unknown temperature was
measured by adjusting the value of the resistance P2 at a
known temperature Ta to zive a nolse output equsl to that from
Ry at T e This led to the relation 2.1 which geve the unimown

temperature in terms of three known quantities.

e B RS SR - e o e . .
Nipremmm o maes s e mie Pess e it re .- L.
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Pursey and Pyatt point out that in this type of measure-.

ment the amplifier which amplifies the noise to a measurable
level is being switched between two sources of noise having
differsnt impedances. This change of input impsdance may

be a source of an additional error. Ingtead of squaliaing
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the noise at the input, the authors decided %o equalise the
noise from the two sources at soms further point in the
amplifier chain (attenuator) where such an’equalization i;

would mot introduce any additional errors (Fige 2.5)

[PV, A cRO

: ' 205
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ey

This change, however, Introduced another fastor into the
measuremerts i.6. the necessity of the imouwladge of the
background noise level of the amplifiere

The rojse contribution of an amplifier can be represented

et il TG,

as @ resistance which, when comnected to an ideal noiseless ﬁ
amplifier, would produce an equivalent amount of nolse. It T
13 possible to make the amplifier noise power equal to aboﬁt'i'.li
a tenth of that generated by the low temperature source 80 :
that for 0.1% precision in temperature measurement the
equivalent nolse resistance of the amplifier must be

determined to an accuracy better then 19,

The suthors dascribe in detail the measuremsnts of the
amplifierts equivalont noise resistanss and the error involved
in such measurements. The equipment used was quite capable
of measuring 1ts owa noise with better than 1% precision;
what the authors found however was the fact that the equivalent
noige resistance did vary significantly over a period of a few

days and that this veriation was not caused by inadequate



measuring techniques. A4s ore of the possible reasons for
such veriations the changes in the position of the electrodes
of the first tube was mentioned.

The ultimate accuracy cf temperature determination which
pursey end Pyatt are hopin- to achieve is within 0,01% of the
true value. For this accuracy the stability.of the noise
amplifier would have to be fmproved and this would require
further research into the causes of this instabili%y..

At the time of writing U :is review the work on the
noise thermometry at the NPL was tenporarily suspended.

Snortly efter the publication of the preliminary results g
by Pursey and Pyatt an account of the construction of a

complete noise thermometer vas oublished from the Brockhaven

- il e e

National Leboratory by E.T. Patronis et aledin 1959, The

technique used was that of stralsht amplificatlon of the 4!...”

noise from the thermometric resistance and the comparison of

1te velve to the noise fron & known source which ecould be -

sultched at the input. The amplifier input was made relstively
1nzensitive to the variatior of tye input resistance by means

of negative feedbacx in the initial stages. The mean level

of the background nolse of the a1plifier was cancelled at

the output by means of a suitable de bias.

Yhe results obteired by Patronis et al. were not encour~

aging in their sccurecys Temperature neasurements within 2%
vere made et about 77°K (1iq:id nitrogen) and within 8% at

eb-ut 2.2°% {lambde voint of the liquid helium). The authors
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expressed doubt about the possibility of radical imprevement
within foreseeable fuﬁureu No familierity with the work of
E. W. Hogue was indicated.

The last, knoun to Is, contribution to the noise
thermometry came from I Jd Fink (1959) who worked at the o %
University of British Columbiae :

he method of noise measurements used by Fink was
different from those of his predecessorss Ir order to avold
difficulties introduced by the switches used by Garrison
and Lewson and the followers, Fink amplified the nolse from
two thermometric elements (Ro and Ra) arranged (together with a
third resistance Rl) 4n the form of a 4 network, (Fige 2.6) .-
multiplied the outputs and averaged the producte The avérage‘!.!
of all noncprrelated noise products was zero, and Fink shows :
that under certain conditlions the average of the product of
the two nolss voltages Vo and V2 appearing at the ter 1inals

T
of ths(%etwork can glso be made z8ro.

Ry
— Aneuner Yol &sTo g %Rﬁo V, AMPLIFER [ :
= i
L . 26
MULTIPLIER INTEGRATOR [ RECORDER

In the ideal case, therefore, when the everaged product
of the two emplifiers is zero, the temperature of the two

resistances R and R2 is slven by
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This method of measuremsnt eliminates the background noise
of the ﬁmplifiere and it is also a null method, both features
heing very desirable. Unforsunately due to a number of
reasons (finite averaging time being ome of them);ncither
the noise of the amplifler could be cancelled out completely
nor could the nolse volteges Vo and V2 be adjusted to become
fully uncorrelated (grid current of the irput tubes being one |
of the reasons). Nevertheless Fink obtainsd very good results
1n measuring 1iouid helium temperatures down to 1,3%K, with
a precision of fig,

Thig last reported work on noise thermometry seems to
me as constituting the ma jor breakthrough which was sought by
the workers in this field. lv seems as if this method of
moagsurements were capable of produsing results wiﬁh a
precision et least ten times greater than the former
"sonventional® methods.

Since the previous methods (Garisson and Lawson , 1949,
Hogue, 1954, Pursey end Pyatt 1959) were potentially capable
of accuracies within about 0,1% of the true value, the method
of Fink ¥ should, in my opinion, ultimately lead to the

- e e K D a8 E3 W 0T

4 It night perheps be interesting %o note that the idea of

using the propersy of a 1 nefwork to produce uncorrelated

noise voltage, for tempersture measurements, originated from

J. 3. Gerriscn, ons of the crastors of nolse thermomstry (e}, Fink)e

-4
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temperature measuroments with tolerances not excseding 0091%
in the ligquid helium region, Such en accuracy would put

the noise thermometer in the category of instruments in
which it was intended to be, i.e. an abtsolute thermometer
capable of making accurats measurements in those temperature

reglons where other thermometers faile




3, ‘Summary of the report of CTJ Alkemade "On the Construction

of a Noise Ehermometer for Low Temperatures®.

Dry C.TsJ.Alkemade

worked on the problem of Noise . ”
Thermometer at the Low Temperature and Solid State Physics :
Division of the National Research Council, Ottawa, during

his nine-month staj there as & post-doctorate fellow in the

year 1955 under the direction of Dr. D.K.C. MecDonald. The

tirs available to him was teo short to .finalize his research.

The experience gained by him, howsver, was valuable.

The basic components of the noise thermometer constructed

by Alkemade were the sams as those which have been shown ‘
glready in Fige 1ol which is repeated here.

!C
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As the nolsc gemerating element a small resistance R of

the order of a few chms was used., That resistance was inserted

in series with an inductance L, thus forming & part of a
reconant cireuit RLC (Fig. 3+2)e

¥  Now in Utrecht, Holland,



R}

-a35r_-

R L A
. 32

fre-

€n 7] ABIER

—
C

—
“3

Resonent cireuit was used in order to "magnify" 2 the
noise voltage generated within the resistance R and also to
select the fraquency band of the investlgated nolse in a
suitable region. | |

The inductence L was made of copper wire coated with
lead which becomes a superconductor at temperatuies below
about 7.2°K: At 1iqiid helium temperatures (L|',,2.-°_'K' and lower)
the eoil losses should have vanished end R should have remeined
as the only .noise zenerating element. With C =15 H‘F 3
fo =1 Me end R = 1R ths Q of the circult should have been ‘

| .
e 10 000 3.3

|

The mesan square noise voltage developed across the ter-

minals AB within an infinitesimsl bandwidth df is given by

d(ul) = 4kTR O[T eb 3.,

£  The nolse power within the bandwidth of the resopant

circuit remaining unchanged and equal to LETAf.
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vhere W(f) is the immittance X of the fnput filter (see Appendix

I)e
The total mesn square voltage over an infinite bandwidth

is

-2 2% to
Vs = 4ETR( Tj &

) = kTROOgG. 305

[ %4

were @, = = emd Qs al
If we consider only a finite bandwidth around the fre~ -

quency f,, we could write 3.5 in the form (ef. ﬁI_II.B)

.\-/.A: = kTRon;‘%—-‘nv{'n . o 346

where n expresses the bandwidth involved in terms of the
"nominal bandwidth" of the resonant cireuit equal to fo/Q

(see Fige 3.7)e

NP DO

X The term "immittance" was first introdusced by Bode

and denotes either INpedance or adMITTANCE as the case may be.
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"he maximim noise voltage would be obtained if we con-
sidered the bandwidth frem £ = 0 to inrinity. This would,
however, require an amplifier having an 1nfin1te banduidth
or at least a very wide one. If we limit ourselves to only Y9%
of the total noise voltage availsble from the resonant circuit
then we can restrict the bandwidth to about 6in (sce Fig, AIII 10},
which is practieslly the same as the value of n = 207 62.6 -
used by Alkemads, This value imnoses restrietions on the Q -

value of the resonant circuit which shouid}not be.leég than

32 &,

In such case~% tan '16h = 0,99 % 1 and we can use the

relation 3.6 in the approximate simple form
Vé = kTRa,0 3.8
where Q > 32 and the bandwldth implied is > 64 f/Q.

This expresaion is both dimensionally and 1ntu1t1vei§
correct since the higher 1s the Q factor of the eircult the
greater is the amplitude of the noise voltage developed across
the terminals of the resonant circuit. Also, the higher is
the resonant frenuency the ;reeter is the bvandwidth of the

circuit with a pgiven Q and, therefore, the higher is the ame
plicude of the nolse voltage.

¥ In order to realize ohysically a bandwidth of 64n centered
around the resonmant frequensy, we must have f_ : of /X > O,
This gives the condition n/2Q { 1 i.es Q@ > 32, This value is

not an gbsolute minimum for Q to satisfy the realizability
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The use of & resonant circult allows the magnification
of the noise voltage components in the vicinity of the
pegonant frequency of thet circuit. The frecuency dis-
eriminating property of the resonant circuit ailows ths choice
of the band of frequencies in such a wey as to onlude the
e110ker X effects of the amlifier end, in the case of non-

metallic resistors, of the pesistor R itself.

naving deeided sbout the type of the temperature gensing
olement, Alkemade mede a debailed investigation of the faput -
eipoult (to the left of the line CD in Fig. 3,1) in order to
£1nd the conditions for the lovest detection limit for the ‘
therunometers ‘

The most signifiecant noise contributions in the avperatus

was assumzd to bas

a) from the thermomstric element R itself,

condition since the expression 3,6 is only an approximation

ror 0 > 10 (seo also Figs ATTL.10). B
¢ The term "flicker effect® is a convenlent generic term ]
which includes ell fof.m's of low frequency noise which tend to

increase with decreasing frequency &nd arise from irregular
fluctuationé of the physicel parameters of the system having

relatively lonz relszatlen times {e.g. nolse due tc a current
flowing in a thin motellic f£ilm, a carbon resistor and &
semiconductor pectifier) (cf. Burgess ot al., 1951},




b) from the shot noise due to the grid current

¢) from the shot noise of the preamplifier tube cdue

to the plate current. :

The equivalent'circuits for these comnonents are shown
in Fige 399

Two ~0ssible charecteristic cases have been distinguished
by Alkemade.

a) The noise bandwidth is limited by the resonant circuit
at the input (amplifier bandwidth greater than that of the
input circuit). .

b) The néise bandwidth is 1limited b~ the amplifier
(amplifier bandwidth smaller than that of the input cireuit).
A ghort analysis of these two cases (&ppendix 2) shows,

_ that for the particular case in hand, i.e. for & given tube ‘.I!
and eircult paramsters, the second case 1s much more favour-
able than the.first. The result is 1ntuitivg1j obvious since
in the second case the amplirier ascepts all the nolse froa
the input cireuit l.o. its bandwldth is filled up by the
desired noise, whereas in the first case only a part of the
emplifiors! bandwidth is occupled by the desired noise.

Nolse comtributions are received from the regions of the
spectrum which are thermometrically uséless.

An enalysis of these two cases is jiven here from the
noint of view of the nolse factor of the measuring apparatus.




- 40 -

Figurs 3.10 shows the case &), and Figs 3.12 shous the
case b). The only differences betwsen these two cases are
the relative magnitudes of Bi - the bandwidth of the Iinput
rescnant circuit and B, - the bandwidth of the amplifier.

_ Thus we have for the ;’1rst case

N8 I eee- | dNiGm R UH AN .
ARPLITIER AMPLIFIER
. ‘ 3,10
A (F=1) &N G () :
G, | G,
Fe Fa
~t}d N

wtere dRi 1s the noise power contribzftion from the thermo= :
metric element, contained within an infitesimal
bandwidth df. f’

aN A {s the thermal noise power contribution of the

amplifier, contained within an infinitesimal
bandwidth df.

B, and B, are the effective bandwidths of the imput

i A
rosonant cireuit and of the amplifier respectively,
Gl’ Fl, GA’ FA are the geins and nolse factors of ths - ‘
prea-plifier and amplifier respsctivaly, |

The overall noiss figurs

F = d.N;GQG;DX 4 (F,.- |) dN; G, Gaba + (Fa=1) dN,. G Ba
AN G.GAB"

Ba Fu-l dNy 8
+ (F-)=2 4+ 22 =2 22
l ( )Bi G, dN; ©;
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In the case in which the amplifier bandwidth is smaller
than the bandwidth of the input circuit we have

. @ | ere- - | N
R G BT PR T
12
Ba e ddu . Ba E--n)d,u-,g,g_‘ Ba_, 2 -
.G.‘ GA

F$ FA 1 MM—,
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vhere from the overall nolse figure

F = d.Ni .G'q,GABA + (Fi~ ‘)dN;G)BA + (Fa~ 1) &NAGJABA

dN; G, G, Ba
3.13
= | Tl dNi
ULy

In the first case 3.11 the amplifier contribution to the
overall nbise figure is increassd by the factor-BA/B1 whereas
in the sesond case the overall noise figure is independent

of that ratio (provided B, <Bi),

Alkemads assumed that the limit of detection was reached

when the total nodlse contributed by ths preaiplifier was
equal t6 that originating in the thermometric element, The
contributlion of the main amplifier to.the total noise output

was not considered. Because of various side effects Alkemade

-,

‘e
=

1
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never actuelly made any nolse measurements, However, it can

be seen from 3,13 that he would probebly have encountered
difpiculties because of the noise contribution of the main
amplifier itself. The amplification factor of the preamplifier
tube (VX L41-A) was sbout unity (tube nfgr. spece), the gain of

the preamplifier Gl could have been therefore in the order of
unity at the moste Under such ¢ nditions the nolse contribution .

of the main amplifier would be just as important as that of

i the preamplifier,

Alkemade encountered several effects in his measurements
which, within limited time available to him, made the tem-
perature measurements impossible. Among these effects were: ‘
a) The Q-factor of the input resonant cipeult was realized
‘ only to 108 of the expected velue (103 instead of 101‘). This
offest was not fully explained bub Alkemade, in a later
ﬂ! commnication %  suggested the electron transit time as an
N explanation of this.

b) An effect of cooling of the preamplifier tube causing
the reduction of the plete current to gbout 108 of the rated

valus., That effect also could not be explained, but could be

compensated by increasing the plate voltage of the tubs or by
heating its envelcpe. This effect was not fully reproducible.

To quote Alkemade "under these circumstances it was
useless to make nolse measurements®.

g  In a letter to D.K.C. MacDomald, 4pril i1, 1956s
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General corments on noise measuremsnts and the sources of

{naccuracies.

The measurements of thermal noise are, in principle,
simple. All that 13 required is %o amplify the noise to
2 measursble level and then measure it. In practice, however,
there is a number of factors which have an adverse effect on
the accuracy of such 2 measurement, The number and the
magnitude of these effocts 1s such as to make noise measure-
ments not only far from gimple but actually being one of the
more troublesome measurements of a physical quantity. Noise
measurements accuracies of 1% have been reachsd not very long
ago In isolated cases, and 2 claimed 0.1% accuracy % as

obteined only when the amplitude of the measured polse was

relatively high (Garrison and Lawson, 149). ‘
“he investigation of electrical noise appea ing between
two different points in solid bodies (conductors and semi-
conduetors) represents one of the ways in which certain
properties of these bodies can be established, confirmed
or, perhaps, discoversd. '
At present, two properties of noise are of interest.

The sbsolute magnituds (expressed by the mean square value)
and the spectral cheracteristic. Little experimental work

seeng to have been done on oth~r noise characteristies such

as the probability distribution of instantaneous amplitudes

4 This figure was challenged by W. liogue {1956), according

to whom the accuracy of Garrison and Lawson thermomster could

not have been better then 0.3 = 0e5%



and its aute-correletion,
Most of the present-day measurements of nhysical
quantities made in the course of scientific investlgations

have errors of sbout 1% or less. If the noise were to bs used

as one of the characteristic quantities spscifyin- the
properties of physical bodies or systems, then the accuracy
of the routine noise measurements should be about the sans,
1.6, 1% or better.

It 13 difficult to reach this accuracy with the present~
day methods, and even if it is reached, such measurements

are not in the category of routine work.

It would be very desireble to have an instrument with ll

two terminals which, when connected to the investigated
sample, would give a direct reading of the absolute value of
the mean square noise across the sample in a glven frequency
band with an accuracy of, say, Oel%.
The uses for such an instrument would be quite numerous,
temerature and resistance measurements being only two of them.
There 1s, at present, no such instrument available. The
only commsrcial devices used for noise measurements are the
so-called "nolse figure meters", used for the determination =

of relative amount of noise, and these elaim an accuracy not

better than within I 5% of the true value,
There are several factors which account for the abaence

of such a comercial noise measuring instrument, The lack of
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demard is, of course, the primary resson, but tha
difficulties inherent in the construction of such an 1nstru- '
ment are perhaps just as important. Each of these facsors |
contribute to both the inaccuracy of the noiss measuring
instrument, and to the diffieculty of 1ts constructions

A 1ist of these factors as applied to a nolse there

mometer is given below. It is by no means complcte, bub

it can be used as a starting point in investinatinr the
problems These factors have been discussed by some author
at one time ‘op another, and references to théese discussions

are given if knowms

a) Noise fiom the thermomstric element.

b) The effect of the shunt cepacitance acrogs the ‘ll'

thermometric element.

¢) The acurecy o the determination of the thermometric

alement's resistence and the frequency dependence
of its values |

d) Temperature depsndence of the resistance of the

; thermomstric elements “

E o) Flicksr effect in the thermometric slemsnt.

; £) Grid current of the first tube.

i g) The influence of Miller effect in the 1st stage.

h) Transit time effects.
1) Flicker effects in the first stage.

k) Influence of the second stege of the amslifier.
3) Backgro.nd noise of the amplifier chain:
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m) Bendwidth of the amolifier.

n) Bffeets of the filter characteristics.

0) Stability of amplification.

p) Overall feedback,

Q) uxtraneous signals picked up by the amplifier.
r) Non-linearity.of the amplifier.

8) The detector and its law.

t) The output meter.

u) Integration tims.

It socems as if 1t would be worthwhile to compile a
fairly detailed analysis of these factors from the »oint
of view of an experimental investigator. Particﬁ;arly *s..!
since the msthod introduced byAFink may lead to noise measure-

ments accuracies approachin: those of the measurements of

other physical quantities, l.e. within about 1 - 0.1%.

he compilation given below, due to the lack of the
necessary knowledgs and experience, is only partial, laving,
however, made a stert, it ghould be easier to continue this

compilation until a falr de ;ree of comnletencss is achleved

(ef, ssction 6).
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La. Noise from-the thermometric element.

The smount of noise voltage avallable from the thermomstfic

elemsnt (resistance R) is given by the Nyquist relation |
V* = LKIRB hal

The sccuracy of the determination of this voltage
depends on the precision with which the mantitles k, T, R and
B are knowne

he value of the Boltzmann constent k 1s (1,380l1 :
0,00007) x lo'lberg deg'l, 1,6, with the relstive error of

-5
157 =55 1074 or 0,00505%. (AIP Handbook, 1957)e

The temperature T can be messured with an accuracy

of not lesc than one part in a thousand, {.e. the relative

error in the temperature measurement is 0s1%. This, I Q!!!

think, can be assumed as the upper 1limit of error. The
acouracy of temperature measurenents can be improved from
this figure by at least ome order of magnitude tﬁroughout
the temperature range from I.2°K up to at leest 1000°K.
The figure of 0.,1% cen therefore be safely teken as the
uoper limit §f error in the temperaturé measurement.

The accuracy of the determination of the resistance

R depends on the measuring instrument. If the resistance
can be measured at the time of makin~t the temperature
megsurement, then the error in the determination of resistance

may be made as small as 0,1% or even smaller. If, however,
the value of the resistance has to be determined prior to

temperature msesursments, then the certainty about the
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resistence velue at the tims of the measurement 1s much
smaller. It seems to me that aa error of at least 1% would
have to be aliowsd in such case (see also hb, ¢, 4, g)o

It Pollows from the ahove estimates that & noise
thermometer should have the facility for an sccurate dater-
mination of the resistance of the thermometric element at
the time of temperature measursment. The magnitude of the
power dissipated during such measurement may be sbout 10'6w.
(of, Nicol and Soller, 1957).

The aseuracy of inowledge of the bandwidth B is
problematic. In noise measurementé it is, as a rule, the
bandwidth of the emplifier chain which 1imits the amount of
noise measured. The exact determination of the equivalent
vandwidth of an ampiifier is difficult because of the
not-so-exact msasurement techniques, particularly at
radlo frequeniciss: Ome could probably assume the 1%
figure as being quite acourate and then attempt to lmprove
from this figure; Since the bandwidth of the emplifier
1s very intimately connected with Iis gain, sn ascurate
bandwidth determination can only be made on an amplifier
whose gain stability is better then the desired accuracy

of bandwidth dstermination (cf. section k).
To sum up, the errors made in calculating the absolute
mean sauare voltags of the noise originating in the ther-

mometric elerent are given below:
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Ak = = 05008
8 = < 0.1
R =2 1.0
8B =32 1,0

Total error= « 2,105%

If the resistance R and the bandwidth B can be Hetermined
each within 0.1%, the total error made in calculating the

mean, squars ﬁoisa from the Nyquist formmla will -be,

<

Ak = = 0,005

0

AT = = 0.l

8R =Y 0.1

8B = = 0.1

[H

Total error : 0,305

4b., The effesct of the sbunt capacitance scross the thermometric

element.

The thermomstric elemsnt R is always gshunted by a
certain capacitance C. This cepacitence 1s made up of
the self cspacitance of the resistancs itself Co, of the
stray capacitles due to connecting wirea Cs , and the input
capacitance of the amplifier tube Cin and cﬁ. The tube
input capacitence mey be nodified by the Miller effect (Cﬁ).
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As & first epproximation we can assums that the total
shunting capecity Ct geross R is constant within the band-
widih of the measured noise. In such case the voltage

across Ct is

{2

¢ - (28ERCe)* + 4
o . h'b’z
T -
= i“c‘ [mr‘zmc,;, ~ Yon 2vRCr S},.]
vhere 1t was assumed that the resistance R was independent

of {requency.
If we choose the frequency band such thotaRCK 1
then we may replace ten~leRC by its argument in which case
Ve = AkTR (5 - §) e
If the working frequency 1s such that are tangent cannot
be replaced by its argument then the full formule kb2

has to be used.
Furthermore, the Miller capacity of the input stage 1s
aiven by

Ow = Cpt*G) b

vhere Gv’ the voltage gain of the amplifier is given by

1 + j“’RMcwr ’ ’.I.bos
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where &y and R ouf. ere the mutual conductance and the

effective output resistance of the input tubs, and c outs

i3 the totsl output capacitance of the stages
Here again, if the quantity c«sl’iwt out &1, then we may

assume that G is esgentially constant over the considared

: freauency range. If it 1s not so, however, the total
1 capacity shuntin; the thermometric element R has to be
considered as a function of frequency
Cp = Co + G5 * Cgn * OylD)
This case will not be considered in detail here.
However, when using broagband amplifiers for nolks e messure~

ments, this effect may have to be taken into consideration,

W,

he. The ascuracy of determination of the thermometric elemont

and the fraquency dependence of its valudo

i The value of the thermometric element R depends, in

general, on - frequency, temperature and *° magnitude of
the voltage aoross the terminals., This last relatiop

was the subject of indepondent investigations by MacDonald
(1953, 1957), Van Kempen (1958}, Alkemade (1958) and Polder
(1956) in thsir papers on fluctuations in nonlinear systems.
Since the resistance nonlinearity is small, these effects

are sssumed to be of ths second order of importance ab

ond,
the most ’LI am going to disregard these effects in this thesls.
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The temperaturs dependencs of the resistance value
has different character for different resistance materials.
More information sbout this dependence is given in the
pext section (hd); in gemeral, however, the thermometric
element is held at a constant temperature during the
temperature measuremsnt., Therefore, even 1f its temperature
characteristic 13 not known, the actuel value of the
resistance at the tite of making the measurement can be
checked and used in computations.

It is desirsble to have a thermomstric element whose
resistance is constant throughout the temperature range in
which it 1s to he used. This, however, can only be obtained
within limited accurasy, and is not absolutely necessarys

What is really necessary, however, is a method of
resistance measurement which would not upset the equilibrium
betwaen the thermomstric element and the msdium, the
temperaturs of which is to be msasured,

Any method of measurement which requires passing a
current through the resiztor will dissipate cértain amount
of power in it, and, therefore, upset its equilibrium with
the surroundingss The only methcd known to me, which

doas not require passing an extermel current through the
resistor, is the use of thermal noise across 1it. 3 This

method, however, requires the knowledze of the resistor's

%  Verbal commmication by Col. R. A. H. Gelbraith,

University of Ottauws.




« 53

temperature and, therefore, defeats 1tself in this case.
The only elternative.seems tc be the use of as little
power as possible during resistance measurements and, perhaps,

making use of thermal imertia of the resistance, i.e. making

the messurezsnt as short as possible. The use of short pulses
at low repetition rates might be a falr solution of the
problem,

There is a variety of methods w:ich suggest themselves
in connection with this. Comparison method and time constant
nmethod bein~ two of them,

The subject of such measurements and their influence

on thermal equilibrium will have to be investigated. In my ‘
estimate the inaccuracies in the resistance determination
produced by these methods would be of the second order of
magnitude at the most,

The factor which should acquire importance in wide
band noise measurements is the frequency dependence of the
resistance of the thermometric element,

The frequency dependence of wirewound resistors is
quite pronounced because of the inductance of the winding
and the distributed capacitance, A simple circuit which

quite closely soproximates the behavious of such a resistance

up to a certaln frequency is given In Fig. le.l

,4.0.1

==
o
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This circuit was fouﬁ to be valid up o ebout 17 Mc.
for & 10 kohm, 10 wett, single laycr power type resistor
(et Blackbﬁrn 1949), in which case R = 10010 ohnms,
= 115 pH end C = G.64 puF. The prediction of the hizh
freouency behavior of wirewcund reslstors is, ctherwisa, uncer-

tafn, end for any reliabis and accurate resulis the

frequency response of the resistance sample has So be

evalueted in eech particular case. Only thep the suitzbilicy
: of a wirswound resistor &5 & noise gensrator cen be

E proporly 2ssessed.

The second typs of resistors, composition type, bshaves

Gifferently from the wirewound types. ' ‘

L ae e

The simplest equivalent circuit for sush a resistor

is that of Fig. lLe.2

O— —C) ).l.Coz

Thig civeuit is satisfectory up to certain values of
resistance end frecuency. AL higher resistance and higher
fpenusncies the values of both Rp and Ct decrease
as compared with their low f{requancy values,

Q The next anproximetion in the represemtatlon of a

resistor by & lumned constants circuit equivelent was made

hy Hows (1935, 191;0).

-
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Fig. lc.3 shows this approximation which can be ra=
gerded as & short cipcuited transmission lime, half as long :%
as the resistor. The driving point impedance may be ;
caloulated as a function of resistor’s length 1 (cm), its
distributed capacitance G.(qu per: cm); the total d-0
resistance R of the resistor; and the grequency  (cps)e The
result is given in the form of curves Figo heolt (efo Blackburn
1945) showing how the rceistance and the capa@iﬁénco decreaso
as the produéf f}pR increaseao* - _i!!
The sctual messurements made on & vafiety of éommerciai“ \
composition resistors confirms the general fonm of the
curves of Fig. kc.h. There are, howaver, 1nd1vidua1
differonces in the positlon of these curves, The only
thing which cen safely be said at this stage is that while -
the curves of the type shown here may be useful in antici-.
pating the type of behaviour of resistors as a function of
frequency, it is nevertheless necessary to find out the
quantitative data in every individual case of & reslstor

used for noise thermomstrye

¢  The validity of Howe's model has been queationed
(Broudy and Levinstein, 1954). '
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The thiré type, meial or semiconductor £1ln résistors,
seen to have high frequsncy characteristics similar to .
those of the composition type. The transmission line model
of Howe has been questionsé in coqnection with the invesﬁi-
-ation of hish-frequency resistance of thin films (Broudy
end Levinstein, 1954). However, the general character of
the resistancs-froquensy variation is still of the typs
shewn in Pige lic.kh.

Again, it goems as il the only reliable way of obtaining
gecurate data sbout the behsviour of £ilm resistances as
a function of froquency were to make these neasurements

on the individual sample itsslfet

4 H:J. Fink used metal film resistors manufactured by Daven
Co., series 850, These resistors werz found to be stable
(within 1 part in 10,000) ané the freguency dspendencs of the

rocistance velue introduced zn error rot greater than 1% at

3 micCe (Cfv Fink 1960).
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hd. Temperature dependence of ths resistance of the thermomstric

alemsnt,

To determine the tempcrature of a resistance from
the measurements of thermal noise across the terminals it. . .
is necessary to know the value of ths resistance gt that
temperature. - o | |
Ideally,".i'the. rosistance of the thermometris element
gshould be témbeéature insensitive., In prabt;ce; fhia
ingensitivity can be realized only to a certain #pproximatidn,_
In the temperature insensitive ¢lass of regibtofs ' .
at low temperatures are: wire-wound, deposited'cérbon and 3 ‘
boron carbon resistors (Nicol and Soller, 1957). ‘
The resistivity of ided 1y pure mstals (in which
the rosistivity is due to the effect of electron scattering
cansed only by thermal vibrations of the lattice) 1s pro-
portional to the fifth power of temperature, at tewmperatures
lowsr than about a tenth of the characteristic temperature
(cf. DKC MacDonald, 1956 and also Kelly and MacDonald, 1953).
This temperature is given for a few metals in the table below.

neta [ Cu| Ay | Bo| Mg | zn ca 1o [sn v | Felco M| 1o
Ok 333|223 |10od 357 |23 |72 | 80 [ 260 96 [4z0 |01 [472

(Handbook of Physics, MeGraw Hill, 1958, pe 4=Th)

These tempsratures should be taken as & roush guide only;
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it can, however, be seen that the liquid helim temperatures
satisfy the condition 6,/10 for all metals listed hers.

The temperature variation of resistance of pure metals
{n that region can, as a good approximation, be exvected
to follow the fifth power law, i.e, for a one percent
changs in temperature we can expact about {ive percent
changs in resistance,

Extremoly pure metals therefore do mot seem to be
suitable materials for thermometric slements in noise
thermonetry.

Impure metals present a very different picture. The E :
temperature dspendencs of resistance of such metal may be \
expressed in the form (F.M, Kelly and DeK.C. MacDonald, 1953)

Tdr . _R_ T dR 4.2
R dr Ri+R, Ri dT
where R = R‘i + Ro; Ro being the temperature independent
residuel resistance which, to a lat approximation is
temperature independent at low temperatures and, et these
temperatures, numerically much greater than Rl’ the idesgl
resigtance of the metal,

Since Ro»Ri the expression in Id.2 i1s small. It mast
be pointed out that in certain cases, e.g. Cu with small
concentration of Fe, (of, Franeck, Manchester and Martin 1961,
and D.K.C. MaoDonald 1956) the residual resistance behaves
snomalously, and starts to rise sgaln at low temperatures.
This effeet 1s by no means negligible.



- 59«

but, to sum up, wo can say that as a quanﬁitaﬁive gulde
to the ordsr of maguitude of the expreséion hd;é may serve
the estimate that "it is improbeble that the change in the

e
¥
%
T
%
g
3
£
Iy

resistivity of motals at temperatures below 10°K will
excoed sbout 1% per degree K, irrespective of the degree
of metalg' impurity, and &b liguid helium temperatures
all motels can be practically regarded as being impure."t
A wirewound resistor could, therefore, be used for
noise thermometry at liquid He temperatures, subject to the

ragietance variations as above., For accurate results the

temperaturs variation of resistance of thermometfic element

has to be knowne

% Tnere is 1ittle information on the temperature ‘
depsndence of deposited carbon and borcn carbon resistors.

Carbon composition resistors ars being used in "resistance

thermometry" wrere the resistence variation is a measure .

of the temperature. This case calls for & pronounced

dependence of resistence on temperaturs. Becauss of this,

R B\ ik icatd bamt b e o iR

the existing teshnical literature on carbon resistors at

low temperatures deals almost exclusively with carbon

A ety kst

comnosition resistors (e.g. Clement and Ouinmell, 1952)¢
I have not been able to find any references dealing with

either deposited carbon or boron carbon resistors at

omsos g ees

low temperatures except for Nicol and Soller, (1997) who

only stete that these resisiors are temperature insensitive.

0 WD GO wP W) o € -

¢ Verbsl ecommmication from D.K.C. MacDonald (January 1961).
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In order tc be able to use deposited carbph or boron -
carbon resistors for low temperature noisev thernometry |
1t would be necessary to investigate their .pro'pe‘rtievs at
these temperatures. C |

When considering the temperature dependence of
resistors it mizht be appropriate to meke some remarks on
the ultimate limit of the accuracy of resigtancé deter-
mination which is imposed by this devendence.

The electrical resistance of an element 1s defined
as the ratio of the voltage across the slemsnt and th§
current produce'd in the element by that voltage, This ‘
definition (Ohm's lew) is the basls of all resistance
megsuremsnts.

In order to measurs a resistance it is necessary to
apply & voltage to the element and measure the corresponding

current. This procsdure involves dissipating certain power

in the element which alters its tempefatura.

The value of resistance which we measure is, therefore,
made at soms unknown temperaturs T =T * 800 different
from the ambient tegzperature T,

If we can meesurs ATO caused by the dissipation of

the electrie power in the elemsnt, and if we ‘mow exactly

the temperature dependence of the resistance of that
elemsnt, then our xegsuremsnt is comnlete.

The msasurement of the temperature of the elsment,

howsver, can only be made accurately by inferring its value
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from the messursments of soms physioal property which
depands on ths temverature of the elomant such as themal
noise, Any other msthod of temperature measursment
involves the assumption of thermal equilibrium between the
element and the thermometer, which equilibrium is an ideal-

ized concept,

The circle closes when we realize that in order to
mesasure the magnituds of thermal fluctuations of slectrons
g in a conductor, we have to know 1lts resistance.

; In short, it seems as if it were 1mpossible to know
for certain two things at the same time, the temperature

and the resistante of an element, and that there must be

g a theorstisal 1imit to the accuracy with which they can
' both be determined.

This fundamental 1limit, howsver, seems to be very
rsmote from the accuraeiss of the present-day measuring
instruments., It 1s posaibls to choose such experimental

conditions in which the temperature increment M‘o and

the resistance incromsnt ARO, due to ATO ares both well
within the tolerances of the values of T o and Ro respectively,
Ro being the resistance of the element at '1‘0.

le. Flisksr effect in the thermomstric element,

The "flicker" effect, or what 1s otherwlse called

i
!
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1/f noise or current noiss, appears only if a curreant flows
through the resistor. .
This type of nolse is assoclated with semiconductor o f
type resistors only: Wirewound resistors éo not exhibit
flicker effect, ' Metal film resistors, however; nay exhibit

current noise if the film is very thin and hes a granular

structure (ef, Bell 1960). This is unlikely in case of
resistors having lov values, of the order of a fow kiloohms,

which would be used as thermomstric elements.
This noise has & characterisﬁic nower spectrum which

1s inversely proportional to frequency. For this reason,

1f we wish to elimirate flicker noise from noise messurements,

it 18 necessary to cut the lower frequencies off, A safe

1imit seems to be a few kilocycles. ‘
In the case of a thermometric element the current

flowing through it is the grid current of the lst tube.

81015 a, or

even less, dspsnding on the tube type chosen (cfo Bell, 1960).

This curpent would be of the order of 10°

it is diffieult to estimate ever the order of
nagnitude of noise due to this current. Theoretical
considerations of current noise chiefly deal with the
explanaticns of its character. The only formules aval lable

for numerical evaulation are empirical and, therefore, refer

to partioular cases,

For wide band noise measurements it is necessary to
1imit the low frequency response in such a wey as to exclude

the flicker effect. To be certain of this exclusion it is




necessary to make careful megsurements of the noiss -
spectrum to find the soint whera it starts Increasing as
the frequency becomss louwer, The lower frequency limit of
the amplifier should be well sbove this point, (eoge &
decads) depending on the shape'of the emplifier characteristics. -
It might be remerked here that it 1s rather unlikely |
that any sigmificant current noise would be found in metalllc
semiconductors at frequencles as low as L5 cps (efs Bittel

and Scheidhauer; 1956).

4f. Grid current of the first tube.

Consider a tube having a purely capacitive input
impedance (Figs 4fe 1)

Vi IIc.‘ G | Ve beel

If we neglect, for the moment, the shot noise due %0
the cathode current, then the cutput voltage will be

G, times greater than that induced across the grid-to-cathods

capacitance,
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Assgmé that this capaclitance is 10'Q§Fq The voltage
i{nduced scross it, due to the charge of one electron,

s e /Cgk =V s where e 13 the electronic charge, .
This voltage, for fhe assumad case, is’ dbout 0, Oléuv. It
13 possibls, in principle, to detect and even measure
such & small voltage. For this purpose, however, it is
necassary to use thermionic tubes with thelr inseparable
arid current.

For a good electrometor tube the grid current is of
the order of 10"L5A (cf. Boll, 1960), This means that in
every second sbout 10,000 electrons, on the average, flow
into the input capeeitance. Disregarding the effects of
the changs of the working point of the tube due to this
charge, the problem of msgsurement of potential due to a
charze of one electron decomss the problem of measuring a
volsege increment of 1 part in 10h. If the measurement
48 to be made with en accuracy of only 10%, then the
stebility of the equipment used would have to be better
thes 1 part in 10%,

This order of stebility is about the limit that can
be obteinsd with present-day componenis by using amplifiers
with large ampunts of foedback. It seems, therefore, as
1f the measurement of an incremental voltage due to one
elestron would be feessiple, if the grid current were ths
only factor to be eonsidered in such a msasurement. Simce,

howsver, there is a number of other factors contributing
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to the total fluctuations of the amplifier’s output, the
dstestion of an equivalent to the contribution of &
single electron to the grid voltage would be rather
problematicy

From the experimsntal evidence (Samaroo, 1961), howevér,
1t seems as if the measurement of an inerement of one |
part in a thousand were feasible and there are roasons

to believe that this figure could be lrproved somewhat by

increasing the stability of the measuring equipment.

hg. The influenee of Miller effect in the 1st stage.

The interaction betwsen input and output of a vacuun
tube 1 often celled "Miller effect" (J.M. Miller, 1Y19).
Aggume that there is a %inite impedance Z, present between

the out>ub and input terminals of an amplifier G

' z

( bzg. 1

Vi = Gv ‘Vobr

The current il flowing into the amplifier in addition to the

5 current io is given by

) TR A AN MO IR R P YR

Co. Wi = Ver =G hge2
Li = ’Z T - \/IN z

TRV T X
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where G = Your. {s the gain of the amplifler.
Vi

he expression (2) can be wrltten as
| =Gy .
YM = z ll'::’ 3

glving the imput admittance component due to feedback.

Total input admittance 1is therefore made up of two parts.
The admittance component due to the currents flowins between
input and ground, and the admittance components due to

the current bstween input and output. This can be represented

a8 below
bzo 4
vhere YM 1s the squivalent admittance introduced between

the input terminals, due to Miller effect.
The two admittences Y and Y, are frequency dependent.
T, usually has a cepacitive character and therefore its

magnitude increases with freausncy. The behaviour of Yy
is more complicated since 1ts magnitude 1s determined not

only by pessive elements but also by the gain of the

amplifier, which is also frequency depondent.

\



In the simple case of a grounded cathode dmplifier
stage with capacitive load, Y, is given by the parallel
combination of RM and CM wherd

RH - i v (QRMCM) and Cﬂ=wc1'[-_aLMJ %“QN\' ug, 6

wr C” Conrr Ri. Céh { & (©ORou Cw)"

where the symbols have meaning as below
R, = —TeRe
' Tyt RL
tp - pate resistance of We tube

(3‘“ ~ dronsconductance of W ube
hg. 7

CiP - (ri&-‘o-p\ah capn citavce

Cour - totol ca po ctance across Roor

This simple case shows that Miller eflect not ohly magnifies
the aoparent tube imput capacitance but also introdusces
a resistive component Ry. The value of Rﬁ; calculated from
bg.6 for £=1me ; R, =2Xg C . =30 puF; Cgp - 1puP
and g, = i0ma/v is of the order of 20 KR2; which 1s quite low
and, moreover, varies with frequency.

In applicetion requiring a low noise figure of ampli-

flers the input stage tube configuration, almost universelly
used now, is the Wallman circuit, commonly called "cascode"

amplifiert or "totem pole" (see Wallman et als 1948).




This oireult is described in Figo k.8 and hgi9

.

*

) i 5 s

1ep

Output impedance

I ‘I‘a [ R, ‘ o
— T tep R he-9

Caseode cireult from the point of view of thé fpput triode

The tubss used in a cascode are usually of the same

type and therefere their paramsters are assumed to be iden-
tical., The gain from grid to plate of Vl, 1s then

G.I = -%‘“R, l;g.lO

where R’ 1is as in Pig. kg.9 and gn is the transconductance
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f{, of the tubs, and the overall gain from the grid of V,, to
' the plate of V, is

G_ - - mRI— hg.u

1!
|
:

LA T e 4 vy is

The Miller effact in the case of a cascode amplifier
1s due to two paths of feedback as shown in Fig. Lg.l2

I
I

Ce L 31—
O]

Hers YM' =JQC‘ -G\ and \(: = juCs (- G)

Since both Gy and G, are complex (because of the

presenece of the capacities 02 od Gh) we ¢an write

/ ’
Y, = .p{; Peln ed Y= b+ jaCy Lg. 13

R = Lk @y Cnlu - &G, [3__,\_(_____“&'&_’:1%"“/ b1l

A w &2C,C R7® %m 1+ (QRIC‘)ZJ
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and

y = Ly (QR”C*)Z ! = -Z.*QORM-QF
N o C5CyRpur 3"‘ Cw QCS K  (Ran C Cl... Roor hg.15

The meen ing of symbols in these formulae is as given in
ig.8 - hg.l2,

In this case Rlin is very high erd, because of very
Jow value of B’ (about 100 chms) botk R and G’y can be

regarded as frequency independent, relative to R”in and c‘;n°

T have not chocked either of these effects in a i'l.
caccode circuit sxperimentally. This should be done, and
the findings of the circult anelysis should be confronted
with expsrimontal data to confirm their usefulness in
predicting the behaviour of the input impedanse of a cascods
circuit,

khe Trensit time effests.

In the reglon of sudio and radio frequencles,
tvplcally below 30 me, it is assumsd that the chan;es
in the <rid votential are transferred to the plats in-
stentaneously. Lven for multistage amplifiers we usually

essume that input voltage chanzea are reflected at the

output with no delay whatever.,
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Aetusllv, chenges of the grid otential in a thermionilc
5 s (&)

0

tube wodurate & stresm of cloolrons bevwsen cothede an
plate. This stream kas finite ingtantencous and aversge
velocities expressed usually by the “transic tims" of
electrons.

This tronsit time has undssirable efTects on the
behaviour of the tube tzesuss:

a) it introduces damping in the id circuit,

equivaicnt to the presence of & finite input

resistance, ‘
b) increases the apparent input capacitance, )
¢) introduces distortion of high frequency signals. -
These effects are discussed in a general form by '
Parker (1950) and in a more detatled way by Van der Ziel (195&3.3
The transit time effects are of little consequence .
at frequencies below 10 me where impedences assoclated
with the grid circuit are not high (< 105 ohma), - If,
howsver, the impedance in the grid circult is very high,

such as in the Alkemads's Noise Thermometer ( > 108 ohms ),

then the transit time effects may become noticeable even
at lower frequencies (in Alkemade's case N\,2 me), and
they may have been responsible, at least partly, for the

diserepancy between the design valus of the Q of the
resonant circuit (50,000) and the actual value {about 1000)

(see section 3).
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4 41, Flicker effests in the first stags.

The flisker effect im the first stage will be the
main factor dstérmining the low frequency limit of the
noise measurements. ‘

In principle this effect should be made minimum by
sultable choice of components of the first end, verhaps,

ths second stage of the amplifier.

%%, If nolse measurements are made at low frequencies only,

fi it may be possible to use wirewound resistors. If the

ié frequencies of interest are in the region where the f
3 {nductance of such resistors could not be tolerated, then | ii'!

metal £ilm resistors would be the next choice (efs Fink 1960).

A factor over which there is little direct control is
the flicker nolse originating in the cathode of the st
tubs. The magnitude of this noise will depend on the type
of the cathode and will be smallest for pure tungsten

cathodes and grestest for the oxide cathodes, The best

advies that can be given in connection with this is to

choose tubes which bave low flicker nolse (ef. Vand der Ziel,
1954 ).
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4k, The influence of the second stage of the amplifiéru

Consider two initial stages of an ampliffer (Fige Lk.1)

G, 6,

— hkvl
Rf % Fﬂ. FL .

The second steze contributes to the totel background

noise of the smplifier and this contribduticn 18 given by the
second term in the overall noise figure F (séc'é.g; Bennett 1960)

F o« F o+ 22 -l | .2 ‘
G, 6,6, ;

whers Fl, F2, F3 are the poise figures of the lst, 2nd and
3rd amplifier steges respectively. The effective nolse
contribution of the second stage is thus {nveraely proportional |
to the gain of the first stage.

In estimeting the performance of a noise amplifier the
sscond stage almost invariably has to be taken into account.
To bs able to negloct the noise contributions of the second
stage for one percent precision in the determination of the
noige contributions the gain of the first stage would have to
be one hundred. This would seldom be the case.

Alkemade (see Section 3) doss mot seem to mention the

performance of the second stage. While the failure of his

equipment was due to other causes, the detectlon linmit of
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his equipment was probably much worse than thet calculated
on the basis of the considerations of the first stage alone.
Experimsntally, one can determine the performance of an
amplifier by measuring its equivalent input noise resistance
{Pursey and Pyatt, 1959)« In such case the second stags

performance is taken care of automatically.

L1. Background noise of the amplifier chain

The output of any emplifier exhibits fluctuations which
can be traced to various causes (thermal noise, shot noise,
flicXer noise, etc),

Fluctuations originating in tke first stags of the
amplifier appear at its output magnified G, times (Go is the
overall gain of the amplifier), those originating In the
second, third etc., stage of the amplifier eppear at the
output magnified GO/GI, Go/(G1G5), wees Go/(Gle....Gn)
times respectively (Gl’ Gz“"Gn being ths respective gain
of consecutive amplifier atages).

If the gain of the first stage is high (G1:>11) then we
can sften disregard noise contributions of the remaining
gtagas, and even if not, their final effect 18 G,, eto times

gmeller. Noise performance of an amplifier can thus be

analyzed stage by stage taking account of the individual

sourses and of their finsl effect.

The overall effect of background nolse of the amplifier
can also boe expressed in terms of an equivalent noise
resistance which, if comected at the imput of a noiseless

amplifier would produce a noise level equivalent to that of
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the real amplifier (Fig. 4l.1)

TS [OR 3 Pl [o SR

For the use in noise thermomstry the thermometric signa;
is generated in another resistance RT’ which is comnected
in saries with Req (Pig. k3.2).

Re

Ry

The ratio of ths total noise at the output of the \
amplifier ( 7:” oo  4KT (Re +R,i\A¥) to the useful thermo-
metric notse (Voo AKTR Af) 1a

S2
\Efr = 4 + Eﬁﬁg 41.3
VAR Ry »

end 1t seems as 1f any degree of measurement accuracy c'puld
be reached provided we make RT sufficiently iarge compared to

Raq'

The measurements of Re ars made with the input terminals

of the amplifier short circzited, In such case the grid
¢urront of the first tubs does not affect the magnitude of
Raq and doss not have to be taken into account. As soon,
houwsver, 83 we open these terminals and insert the thermo-

metric element R, the grid current|of the firgt i{ube altera
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,

the magnitude of the background noise of the amplifief by
the amount V' = ZeI%RfAF *. 1.e. the expression

%
41.3 becomss
-2
&‘.’.f = \ + .R_°2:. + .3_1331 h]_.h
\ Re 2kT

from which ws can see that there is a valus of RT which

makes the expression 1.l & minimum, and that this value
j@ ‘of Ry will deteraine the minimunm temperaturs measurable .
3 with the equipment with a given precision. This_minimnm
occurs when the last “wo terms of 4l.l become'pqual 1.0,

vwhen
gvz'.:' 2k T Req s

If we now impose the additional condition that ths

accuracy of megﬁuramaht be, say, 0.1%, then the sum of the
two lest terﬁéxin 4i,lt should be not greater than 0,001,
These two coﬁditions givo us the values for.qu and RT as a
function of temperaturs with Ig as & paramat§f1aﬁd‘are shown
in Fig. 41.6 for 0,1% precision of measurement,

Measurewents of the equivalent nolse resistance of an

amplifier wers made by Pursey and Pyatt (1959i‘in.uh1ch case
Roq of their amplifier was found to be about 190 ohms, (dashed
line in Fig 41.6). The Ryq OF the amplifter of Verna (1958),

infarred from thelr quoted noise figure,kwas'aboqt 130 ohms,

X Actually this valus may be smaller by a factor rz {See
D.K.C. MacDorald and R. Furth, 1947)
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These two figures probably represent something close to ths
1imit of the performance of a thermionic tube amplifier. On
the other sids, the value of the

R‘il Rr i ‘ R-fslom%:.

u96 ’

Q0L ° 1. 1oo*K

Fig. 41,6 The interrelation betwsen the tﬁetmmtriq

elemsnt?’s rasiatance RT, the equivalent noise resistance
BQ q*
and the temperature T satisfying the condit ion of the

the grid current Ig of the input tube of the emplifier

amplifier’s background noise being not more than 0 1% of

%be total measured noise.

Req = k\c>'l” . R1'=200_0Ra.
y % ) %



resistance of the thermometric element is limited by practical
considerations of bandwidth, flicker noise and realizability
of high Q resonant circuits (see section 3). The figure

of 10 megohms seems to be close to & practicai-limito- The
performance of noise measuring apparatus therefore falls

somewhers between the dashed line around Re = 200 ohms and

the solid lire RT = 10 megohme. We can seeqrrom there that
with a good elsctrometer tube the measursable temperature
1imit would be somewhere between 0,01 and 0.l %k, This is
the 1deal 1imit in which it 1is implied thet the average
valuee of the noise voltages could be determined with any'
desirable accuracy. Actuaily, since the ratio Q@ﬁv/ﬁif
can only be determired with limited precision the above ‘
temperature 1limit will shift towards higher temperatures.
These ssems to bs 1little hope, therefors, of being able to
meesure temperatures significently lower than, say 0,1%K with
the noise measuring squipment of the type used by Garrison
and Lawson (1549) and other workers up to 1959. |

A different approach to thé problem of background nolse
was made by H.J. Fink (1959) who used two amplifier chains.
The output of these amplifiers was multiplied together and
averaged in tims. This operation eliminated all uncorrelated
noise from the measurements i.e,, assuming the background
noige of the two amplifiers (represented sbove by Req) to have

no corrslation, eliminated Raq entirely from the ccnsiderations;

at least in principle.
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The only major limiting factor which remains here is

AR s e g
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the grid current of the input tubes. This grid current
flows through the common input network and therefore is a
souree of an additional correlated noise which puts a limit
on the lowest detectable temperature. This 1imit, however,

i3 lower than that considered above by & facﬁoi‘ ‘or about

107 (see section 6).
It seems as 1f the preblem of the background noise were

raRTERRe ey

pushed aside by Fink's method and brought the grid current
problen to the fore. At this stege of develo'bment, however,
even this does not appear to be of inmediate importance since
the 1imit of temperature measursbility imposed by the grid

current here is well beyond the lowest temperatures attained

by man up to this time, (ef. Kurtl et al 1956).

_Q

4m, Bandwidth of the amplifier
The mean square value of the noise depends directly

on the bandwidth Af in whick it is conteined (4nm.1)

vt = 4kTRaf ' hmad

Bacguse of this the accuracy of the determination of

the bandwidth has the same effect on the accuracy of nolse

messuroments as the accuracy of the determination of R and T.
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One of the methods of bandwidth mesasurements is to
plot the frequsncy response of the amplifier and then to
caloulate the bandwidth equivalent to that resporse, This
proeess 1s not very accurate. Frequsncy response has'to be
plotted over a wide band of frequéncies in order to take
into aceount all possible spurious responses. The precision
of instrumsnts avallable for this purpose is uéuglly of
¥ 1 & category 1.0, sbout = 123, The best precision
obtainable with radio frequency equipment is Z0.1 db 10,
about ¥ 14, This 13 a long way from the desirable accuracy
of bandwidth determination which should be better then 0.1%,

Another method of the determination of equivalent
bandwidth is to use a flat spectrum nolse source {e.ge noise
diode) faed it:into the amplifier and measure the output,

If the input and the gain are known accurately, then the
equivalent bahduidth cen easily be calculated

- Vo:r | lﬂqa
Af - G Vi

where G, is the midband amplifier gain.
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This method 1s simple in principle bx}t unfortunately
the gain G, and the imput voltsgs Vin have to be known
ascurately. Accurate gain deteraination is almost as
mich troublesome as bandwidth determination, and the aacuracy
with which we ‘mow the input voltags vin 1s questionsble,
A proper approach to the determination of the equivalent
bandwidth of an amplifier would be to use noi: less than
two indepsndent methods of measurements and infer the tm;fa

value from these measurements.

n, Effects of f1lter oharacteristic.

One of the interasting features of nolse is its spectral
distribution or power spectrum. ' |

Theps are two methods of measuring this power speotrum.
One 1s to meagure the value of the mean squere voltage of
nolse within @ narrow frequency band Af centered earound tha
frequenoy f,. Aset of measurements over a range of
frequencies fx will give the required power spectrunm of
measured noise. Another mathod is to measure the auto-
correlation of the noise and from it compute the power
spectrun (see o.g. Blaciman and Tukey, 1959).

:
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0f the two above methods it is the first which requires
the use of filters,

One can distinguish three places where such a filtep
can Yo inserted in the amplifier chain (Fig. Ln.l)

o B01

N

,G... G, GGy - Gy

The insertion of a filter at the imput of the amplifier
will, in general, introduce additional noise. Thsre my be \
cases in which ths filter 1tself contains the thermometric
elemont e.g. plescelectric crystal (Lawson and Leng, 1946)

or a rasonant circuit madé of superconducting wire (Alkemade
1956). In these cases, howsver, the spectral distribution of
noise was of no interest and thsse filters were used for
diffarent purposes. For ths measuremsnts of noise spectrum
the 71lter would have to be introduced at some intermsdiste
poin’ in the amplifisr chain such that the filter contributlon
to ths output noise would be negligible, or st the output of
the amplifisr (points 2 and 3 in Fig. kn.l).

The actual shape of the fllter charactsristics {.e.
the bandwidth, the attenuation rate at the cut off points ete,
shou’.d have no influence on the final rasulf; ag long as the
amplifier filter system is linear.

Por accurate results the equivalent f11ter bandwidth has

to be aceurately known end the remarks on bandwidth measurements
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which have been made in section lnm alsc apply hers,

One of the sources of difficulties in the design of .
filters for such an apolication is the fact that it is
desirable to have filters having identical trensfer
sharacteristics in order to be able to compare directly .
the noise from'dirterent frequency regions. _This.is difficult
to realize fn & wide band of frequencies since for a given
filter type it is the bandwidth relative to the canter
frequency Af/f, which can be kept constant end not the absoe
lute bandwidth (Af), The constancy of banduidth'(Af) caﬁ
be achieved only at the expense of increasing the complexity

of filters as Af/f, becomes smallar.

\

io. Stability of Amplification.
' Among different quantities which can be measured in
noise are:

1) statistical distribution of instantaneous
amplitudes .

L S O T O O M R O A R A N S N AR TN P I S IS ETRS R i
IR IR YIS { SEH B VR TCTMG RIS ¥ hda s R s e e S R S e R P

2) mean value of the nolse voltage
3) mean square value of the noise voltage

i) sutocorrelation of noise

%) oross sorrelation of two noise sources

— ———r— T
RPN TE | N S P R Ly E RV RTCA PO

6) power spesctrum of noise
Accurate measurements of these quantitles, without
excoﬁtion, require relatively long time constents or re-

peated measurements. The measurements of mean values imply
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averaging in tims, and for hih precision measurements of
noiss voltages withinanerrow bandwidth the averaging time

may extend to several minutes or more. If & number of

R R At

measurements 18 to be made then the measurement time will
extend into hours end days. The same consideration |
applies to the msasurements of nolse correlation and power
spectra. |
In these measurements the influence of changes in the
P measuring equipment {tself has to be kept below the level which
%ﬁ would affect the accuracy of the results. The quantity which
: 18 most easily affected by ths changes of parameters within
the amplifier (changes of tube parameters in partiscular) is ".I

its gain G.
In order to keep the gain econstan: ‘t 1s virtually

T

it
N 1T

AR
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mandatory to use feedback to stabllizs it. To control ths
overall gain stability, feedback has to be applied from the

output to the imput. (Fig. Lo.l)

AMPLIFIER
G

|

Y ool

e

Galn variations should not exceed 0.1% for a similar
precision in the measurements or, if possible, should be

eliminated entirely as a source of errors. Let us assums the
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required gain stability to be one part in 10 and find the
feedback factor B and open loop gain G required to satisfy
this condition.

Since the oversll amplifier gain G, (closed loop) is given
by G, = G/(1-p3) then we have B

L[.Ooz

46, . 1 38
G, \-ge G
The factor dG/G is the relative change of the opem loop
7ain. This changs can be made less than 10% over long periods

of time, If we aseune then that €6/G = 0.1; dG /G, = 1075

: / and thet G, = 10° then we £ind 6 = 107 ana B = 10"5, Thus
at least nominally, we can cbtain any desired stabllity of

IO DL TN

smplification. The limiting fasctor hers is the stability

of the feedback network. This stability cannot be made
6

okt 3 A e A s

I W)

greater than about 1 part in 10~ since the stability of good

quality passive components is of that order,

lp. Overall feedback

The use of feedback in amplifisrs is almost mandatory
where high stability of gain is required (see section ho).
This feedback should be applied in such a way as not to
distort the fraquency characteristic of ths amplifier. This




can be achieved by making the feedback factor B constant
throughout the useful bandwidth of the ampliffer..

G—o = C ) | | pel

vhere G is the open loop gain and G, 1s the closed loop gain
of the amplifier, L |

The dependenéé of the gain G, on B 1s ‘v'axfy__ pronounced
since ' ' |

!

&G _ . pe 48 o~ & -
G.'"Te-'-?é'@g"ég e

1.6. the overall gain changes in the sams proportion as does the :
feedback factor p as long as G > Lo |
At frequencies at which G becomes comparable to 1/p
the produet gG becomes comparable to unity and the expression

for 4G /G, has to be used in its full form

a6 _ G_ 4 - -
G, TQW_@E 3.
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which, for pG<<1 becomss

b = Gp G = Gt ket

If, therefore, wo wish to keep the gain G, relatively indspendent
of tho changss in B factor, the latter should be kept constant
as a function of frequency until the open loop gain G drops
to values such that pG< 1. The influence of the changes in
the feedback factor p is then given by lp.k.
The above deduction 1is, perhaps, trivial; it does, ‘
however, provide a guide for numerical calculations for
variations in G and g, both as a function of frequency and
time. Graphical 1llustration of this is shown in Pig. Lp.5.

G 1
_ : {
p : ll.poS
- : BN
Gor—fw»l l
: i b
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It nmay also be remarksd that the precence of feedbaok
doss not affect the signal-to-nolge ratioc of the amplifier
(cf, Van der Siel, 1954). |

hq. Extranoous signals oicked up by the amplifier
The extransous signals plcked up by the amplifier may

considerably upset noise measurements. These signals may
come from electric motors, car ignition, fluorescent lights,
light switches, stes The intensity of these dlsturbances
will vary throughout the day, being usually lowest at night.

The only way, known to me, of making oneself independent
of these disturbances is to use & good scresned room which
will attenuate the undresiraeble pick-up to a sefe level in
the frequeney range to which the equipment 1s susceptible,

The available commsreial screensd rooms ars rated to attenuate
electromagnetic fislds from high audio frequencies {10-15kc)
up to hundreds of megasyeles by up to 120db. This is probably
adsquate for most nolise measursments.

If no such room is availeble, or if the interference
attenmuation is .not adequate, the only alternative seems to
be to 1limit the time of meesursments to periods in vhich the
interference is absent or at its minimum (usually very early
in the morning).




Lkr, Honlineerity of amplifications

The output of an amplifier can be expressed, in general,

by & relation of the form:
3 n
VOW = O.,Vm + szm e R o 0"4 N

where vout is the instentansous output voltage, vin is the
instantaneous input voltege, and 8yseeely 8TE coafficients,
the magnitude of which, as a rule, rapldly diminishes beyond
g, ternm (al 1s the overall gain of the emplifier).

The input voltage can bs represented as a sum of

sinusoidal voltage e.8.

o0
Vu( = Z Ci Sin w;t lu'.?.

The output will thersfors contair these volteges
magnified 8y times and in addition to this an infinite number

of components given by the second and third terms of ths

expression hr.3

O.S C; S‘W\Q‘t +

=0

co
Z CeCy** C, sin (ko % ety d o ee - kaw;) hr.3
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These a&ditional componsnts are the harmonies of the
input voltage and voltages having frequencies of the magnitude
given by all the combinations of sums and differences of
harmonics of the original component fresuencies.

The components representéd by the second and third
term of the expression lr.3 were not present at the imput but
are directly related to it., If, therefore ’ Vin reprosents
random noise in which there is no correlation among individual

components of the Fourier spectrus, the output voltage 1s no ’

longer purely random. There are spectral comﬁonents in each

part of the spectrum which are directly related to spectral

componente 1n soms other spectral regions. ‘
If we square the output voltage and average it we will

obtain a value which will be directly related to the mean

square value or. the input voltags and to the moan values of

all the other sven powers of the input voltage. We can

represent such a relation by

-2

\/(m = g(\-/:‘) . hrﬂh»

where f(?in) 1s & polynomial in terms of the mean souare value

of the input voltage

S-(V')= b, + b + \’,(\7,:)&1» ----- -\-h.&i)h br.S
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For any given amplifier this function can be experi-.
mentally tm_znd by making measurements with 8 knoun input
voltags. o R

This voltage has to have the same speotral contont as
the signal for which the amplifier will be used. For white
nolse measurements the calibrating sourscs. should have a flat
spectrum. For the measurements of noise having soma other
spsctral distribution the spectrum of tb.e calibratring source
should be adjusted accordingly, The necossitﬁ for this
can be ghown 41n 2 simplifier way by considering the sinusoidal

~

signal passed through a nonlinear aupll_.ﬁ_er. (Figs Ur.6)

Vour

frequoncy choracherishe o e awplilice h.l‘.ﬁ

I T I I ‘
i ~ al —

armomics produced by 'm\imar'\l'r

The output due to a signal having frequency ;'1 at the
lower end of the amplifier passband will contain 6 harmonlcs,
the output due to a signal 'at a higher fraquency ta (Pige br.7)
will contain only ome harmonic (say). The calibration made

Vovr
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with the first signal will therefore be different from
the calibrstion made with the second one,

Similarly, precautions have to be taken when using filters
for measuring the.Speetral distribution of nolse, The
emplifior has to be calibrated with each inrdividual filter
sinc2 each filter will affect the spectral compbnents due
to nonlinearities in a different way. o

hs. The detector end 1ts law

The final indication of the magnitude of the measured
noise is made either by an indicating instrument (most often
of the moving coil type) or by a pen recordsr. Either of ‘
thesa devieces oan follow only slow fluctuations (a few cysles
psr second or lass) and their average indication is proportional
to the msan valus of the current (or voltage) impressed across
their terminais.

Noise is a fluctueting quantity of gero mean value, To
be ahle to use any of the ebeve instruments the nolse voltage
has to be converted into a quantity having a finite mean
valus bearing some definite relation to the original noise
waveform,

The simpleat quantity measurable in nolse is 1its power
or, what 1s direectly proportional to it, its maan.square valus.

Here, the most straight forward device that can be used

for measuring the noise power is a thermocouple meter. The
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noise powef is used vo hest a wire vwhich, in turn, heats one
junetion of & thermocouple, OJurrent generatsd in the thermo-
couple 1s passed through a moving coil meter the indications
of which are dirvsecltly proportional o the power dissipated in ths
heating slement.

This is the most direct msthod of measuring the noise
power and the only disadventage of such mster knewn to ma,
1s the fact that thermocouples are very sensitive to overload
shich, in noise, is difficult to predict.”

Another rsthed of converting the noise signal into 2

quentity having o finite msan vaiue is to use soms nonlinear

elemsnt, sush a&s & diede. ‘
Current-voltags characteristic of a diods does not |
follow any simple lew, Any dlods however can be used as sithsr
a "linear" or "square law' detector,
If the diecde is used as 2 lincar detector the ampiituds

of the applled signal has to be larzs enough Lo setisfy the

relation V. = gV, in the forward direction (Figo bs.i)

- - -

& It shbﬁld‘be possible to construct g thermocouple
metor with aﬁ.ahtdmgtic overlozad protect;qé ﬁpiqh,would
disconnect the fhermocduple from the sqﬁgcg_ﬁﬁd,“at the

same time, givé_é signal to the userthat it did so.
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If a diode is used as a square law detector the

smplitude of the signal has to be 1imited to the regicn of

the ourrent-voltage characteristic of the dlode shere the

lew V, = B Vap holds. This reglon 1s usually limited to

voltages wall belew 1 volt (Fig. 4s.2)

Vour

v, GD 3 ;E‘ / s.2
A

Y

$quore sy veqiow

It can be shown (of. e.g. Freeman 19558) that diodes

can be ussd for measurements of the msan squere value of

noise in elther ease,




Since the amplitude of noise in squere law diode
detecticn is very limited it is sometimss desirable to have
a detector which would maintain its aquare law cheraster
over a greater range of input voltages. This oan be dono‘ﬁy
using a number of diodss blased 15 such a way that eagh of
these diodes approximstes only one segment of the "square law”
parsbola (Fig. 4s.3) '

11
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t
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This way of produeing the roquired input-output relation
wes realized 1z a muber of commercial instrumenmts, whieh
clein & precision of 27 in the "squareness" of their response.
¥hile the replacement of a smooth curve by straight 1line
cégmerits, in principle, introduces a very complicated relation
betwasen input anc cutput, in practice this segmentation can
be made es fine as desired by using sufficient number of
dfodez. The difforence bstwueen the irue parabola md its

segmentod epproximation can thus be mede ss small s reauired.



It should, psrhaps, be alsc remarked here that the
actual law which 1s obeyed b+ the detecting device is mot of
a paramount importance since any type of . deteotor can be
calibrated in terms of the msan squars value of the input
waveform. The only condition here 1s that the calibrating

ne

waveform has to have the same frequency spectrum as the
measured quantity. I this condition can be satisfied then
the actual input-output relation of the detecting device

becomss of secondary importance,

ht. The output meter

The output meter may be either an 1indicating or a re- "
‘cording instrument. Because of long time eonstants involved \
ltho latter is used almost exclusively,
Pen recorders have, as A rule, amplifiers to insrease
ths sensitivity of these instruments. Nominal sensitividy
of 1 millivolt for full scele deflsction is quite usual,
It is important to chesk the stability of such a recorder
over a prolonged time (say 2l hours or more). Long term drift
can be tolerated if known, short term drifts due to amplifier
instebilities, temperature and humidity chengea, are
inadmissible unless limited to magnitudes which do not
affact the overall measuren:nt accuracy te any considerable
extent. Pon recordere are avallable which have a self checking
and sd justing mechanism permitting long operations without

the need of control and menual checking.
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The frequeney response of pen recorder is usually
within the rangs of a few cycles per second. It is, therefoz;e,
a relatively broadband device compared to the passband of
output averaging devices (integrators) which, for nolse
measurement acsuracies of 0.1% and better, have to heve

passbands of about 1073 cpe4 or less (see Fig.ht.l)o

aﬂpoue
t
htd
'\l\?m 16 rin 100 \O se¢ s-e
% w* 1o+ | 0 css ;

Yu, Integration Time
The ascuracy of determination of the mean squere valus

of the measured noise is directly connected with the length
of tims in wich this averaging is performed. Strictly speaking
1 required an infinite length of time to find the average

value of a random quantity

T
2

Tt - Lim L)\t 1
V&= !'i::\mchdt ln

whereas in fact the moasurements are always l1imited in tims
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1.0, We moasure

l],u.Z

The ratio of these two quentities 1s Gi/va'depends on
the integration time, detector law and on the fllter shape
before and after rectifisations (see e.g. Van der Ziel, 1954,
J.J, Freemsn, 1958, D.A. Bell, 1960).
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5 Description of the egerimsntal- gackgg. und of this
thesis,

The originel subject of this thesis, as suggeatod by
Dr. D.K.C. MacDonald in 1456, vas the continuation of the
work of Dr, C.T.J.Alkemads on a low temperature noise
thermomaters ' |

At that time transistors were very much in vogue in
the industry, and I was very interested in them. I declided
therefore to investigate ths possidbilities of the use of

transistors in such an application.

It seemsd, at that time, that transistors might make
possible the construction of a preamplifier whieh c§u1d be
inserted, together with the thermometriec elemsnt, into the
medium the'te@aratura of which was to be measured, It
also seemed to ms that, perheps, the noise contribufion of
such a preampliffer itself would decresse at lower tem-
peratures.

The problsm did not seem to be too difficult at
first., All thet had to be done was to find out how trans.
1stors behaved at low lemperatures, and then to design an
anplifier which would amplify the nolse from the thermometrie
element. | |

This was, in fact, what was done in the first phase
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of this work, A number of different transistor types from
different manufacturers was used; their DC characteristics
vere plotted at room, liquid air and llquid helium tem-
peratures, and then an amplifier was congtructed which 'did
work in the liquid alr,

The amplifier however had a rather high level of
background noise and seemsd to be useless for nolse ther-
mometry. My kmowledge of noise prcblems was much more
limited at that time, and I felt thet it was hopeless %o
try to build a complete nolse thermomster from components
about whose bshavious at low terperatures nelther I nor
anybody else seemsd to know much.

The next loglcal step was to start more basie in-
vestigations of transiator properties at low temperatures.
Sines transistor action is based on a suitable geomstrical
arrangemsnt of two p-n junctions, the investigations were
focussed on the behavious of p-n junctions as a function of
temperaturs, the.range being from room to liquid helium
temperatures. For purely practicel reasons (availability
of 1iquie air and liquid helium) msasurements were limited
to thiee temperaturss only, 1.e. 290, 80 and 4.2 deg. K

epproximately.
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Two questions seemed to bo of imedlate interest,
The temperature dependence of the DC characteristics of

p-n junctions,and of their noise behaviour,

The temperature dependence of the DC .'characteristics
of germanium p-n junctions was briefly investigated in the
sumer of 1958, The results were published in the I.R.E,
1958 Canadian Convention Record, a photostat of which is

encloged,

These measurements were very valuable sinse they have
shown that a p-n junction retains its character at low
temperatures, but it hes also shown the presence of &
cortain voltage barrier in a p-n junetion (cf. loc. oitd).

No explenation of this was found up to now,

The above measuremsnts had a rather qualitative
character and the most important single deduction which
could be made from them was that far more wak would have
to be done in this fiald, the object being to find the DC
current-voltage dependence in a p-n junmction. It might be
useful to remark here that several papers on DC current-

voltage charasteristies of p-n junctions have been recently
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publishsd in the Soviet journals (Pizika Tverdogo Tela)s

The main expsrimrntal effort has now been directed
to the measurements of the noise characteristics of p-n
junctions and in the spring of 1459 I obtalined an NRC
research grant for this purpose. In August of that year
I found an assistant in the person of Mr. W. R. 3amsroo,
who started to work on sen junct'on noise measurements.

The moasurements were carried out in a conventional
marmer., The noise from the sample was aplified in a
low nolse preamplifier {cascode) and then further amp=
11f1ed within a 4 ke bandwidth by a radio receiver. The
magnitude of 'noise rectified by a linear deteotor was
measured in a vay which made it possible to separate the
noise originating in the p-n junction from ths background
noise of the awplifier. The sensitivity of the equipment
was such that 50 millimicrovolts of nolse oould be
measured with an aceurasy of about 5%. This was achieved
in the fall of 1960, and a series of measurements of
the noise originating in p-n junctlions was made,

The time required for assembling theequipment
was more than twelve months, During that time we have
gone through most, if not all the pitfalls through which
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other workers in this f£101d have gone vefore. The in-
stability of amplifiers, extraneous influences, non-
repeatibility of measurements, etc. These difficulties,
their solutions and the results of moeasurenents aﬁd‘.their
{nterpretation, form the basis of the M.Sc; thesis of
Mr. W.R. Semsroo (1961)s

Durins that time the problem of the construction of
low temperature noise thermometer became se#ondary to
just plain nolse msgsurements. Also in that time ths work
of H.J. Pink was pnblishad vhich opened & new approach to
the noise measurements. Now the work is belng concentrated
on the eonstructioix of & two chamel amplifier which ecould
be used for measurements of the type similar to those
deseribed by Fink, This 18 deseribed in more'detai.lf in
section 6o

I have, ,f,_oi:,_tl;.ie‘time being, abandoned the idea of
bullding & noise thermometer using translétors. The noise
thepmometer may become & by-product of the research on .
the subject of tsmperature dependence of noise in p-n
nmetions. The basic problem hera 1s exactly the same as
that in noise thermometry; accurate messurements of noise
at different temperatures. As soon &s the accuracy of
noise measurements vecomes better than 0.1% at liquid
helium temperatures, the squipment can be used for temperature

moasurements. At the same time, since ws intend to
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investigate ths properties of p-n junctions, we should be
able to coms to a point in our veseerch when we would know

the extent to which transistors would be helpful in noise

thermometry.
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6, Proposal for further reseerch.

It was shown in Section 4 that the most important
1imitation of noise measuring apparatus is the background
noise of the amplifier end the -rid cvrrent of the first
tube., It wes alsc shoun that it is possible to eliminate

the amplifier's background noise by using two channels and

by avereging ths product of two uncorrelated noise back-
grounds. The only remaining factor 'uhiéh limits the accuracy
of nolse measurements is the grid current of the input tube.
Let us estimate the limits pf performance of the "Fink
type® noise amplifier. Tf we assume that we can average.

out all noncorrelated nolse in the two amplifiers in Fige 6.1 o

lese

o

MULTIPLIE R INTEG RATOR Q

then the only corrslated nolse will be the thermomstric nolse

AMPLIFLE R é AMPLIFIER
R
R 2 ] \

6.1

originating in the sesistance R and the shot nolse originating
in the grid-to-eathods diodes of the input tubes (Fige 642)s
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Where 1. and 1, is the grid current noise.

The total mesn square noise voltage developed across the

resistance R is
-2 - -
G o= (e T4 e g 6.3

0f this voltage the only component which is useful
thermomstrically, or otherwise is V'= 4xTRAf. The ratic

between these two voltages

Qs
n

4kTAL

= (.-L;__LLE-)—E 60,-“ \

The currents zfand'{fare made up of & number of components
(e.gs electron current, ionic current, ohmic leakage between
the electrodss). For the purposse of an estimate, however, we
can treet the grid-to~cathode diode as if it were working
under the retardsd field condition. The mean square of the
fluctuations of such current is given by (cf. MacDonald and
Furth, 1947)

T = zell™A} o< g1 6.5

whers o 13 the electron charge, I is the average dlode current

and [* 1s the, so called, "spasce charge reduction factor" which
depends on the operating conditions of the dipde. It 1s shown

(loc, cit.) that true retarding-field conditions in a diode
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will pz_'evail vhen the current 1s below a cersain eritical
value, and if this is satisfied ths magnituds of the space
charge reduction factor [" is unity,

For the purpose of an approximate calculation let us
agsume that the grid current is less than 1ts critical value
and that r z-'s 1 (both these assumptions seenm to bs well
justified) and calculate the excess correlated noise in

equation 6.4

R
(L, + L;)R . 2e(feT)A(R - £ B(1 + 6.6
4T AS Akt Af 2K T(I' L)

If we moreover assums that the grid currents of both diodes

are equal then we obtain

|
"

s 1+S—k- 6.7

<1
|
—t|o
‘-—-‘

where I g 35 the average grid current of the imput tubes.

Let us assume that the input tubes are clectrometer
tubes having .rid current not greater than 10'1511, and let us
caiculate the lowsst gemperaturs which could be measured

with the preeision of 1%,

-3 5 -7
T =100 & RT, = \o"‘l-‘%-—:‘%_—;;-wo‘\o' = 10K
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in which the value of R was assumed to be 100 onms, which
seems to be a reasonsble valus. ‘

The megnitude of the uncorrelated noise'inducéé at the
epids of the amplifier tubes would them be 7 = ¥w/c =

= 1. x 10°3,10°7/100 10718 = 1,10°20 volts 2 or about

0,0001 gv rms, To obtain such an amplitude of noise voltage
o bapdwidth of more then 10 me would be required which is readily -4
realizable., Total capaéitanco across the thermomatric re- |
sigtence of 100 ohm was assumed to be 100upFe 'This is egain
reasonable but could probably be reduced to'dbbut one half

of this value.

The above calculation shows the limitations of the sen-
sitivity of the described apparatus. The measurable low
temperature limit 1s beycnd the lowest obtainable. Similarly
the total emplification required of such apparatus would be
gbout 105 times greater than could be realized.

The problem of smplification might perhaps be solved
at least partly by using two complete systems in tandem as

in Pig. 6.8
A I i
AHPL. ' AnfL
'mf{ . laid ‘I" 608
Ry AhPL, J- I Amer |

G-10 G-\
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With such an arrengement it mizht be possible to increase the
totel amplification considerablye. Since the system B would
nave to work at frequencies within the passband of the
integrator f 1t would be necessary to use the system A ab
frequenciss high enouth to meke the passband of L reasonably
wide. This condition mishi not be diffieult to realize by
working in the UHF or micrcwave region with the s;stem A,

A start has alrveady been made towards reelizing a
préctical system of the typs shown in Fig. 6.1,

A more dstalled block diagram of this is shown in

Pig. 609,

FREDBACK
NETWORK

€LeCTRO~
- NETER Ll PREAN AMPLIPIER b PONER
TUse AMPLEIRR

L
"~ ~ $ . - MULT ]
%\ k‘< | e e k!_: N il - " 609

p=1w0 Hewen,
BLELTIRO~ fowege
L Anres PR eAMRRERS ANATER |
TU0E AMPLFRg
| FesoBAx
NETWORK |

Electrometer tubes are used at the input: to ‘reduce the °

arid current to & minimum, The preamplifier (Fig. .10) is
a cascode stags ueing the tubs 7308 (Phillips), ,vn ich 1s a

low noise, hi.gh gn 'double triode, well suited far this purpose.

The amprfS,ei is.made up of two cormereisl aplifiers %

b Wide band decads amplifier, Type SOO-AR Tachnology

Instrument Corpz.

|
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sach of which hes a gain of 103 at a bandwidth of about ome
mogacycla.

Power amplifier (Fig. 6.11) includes one voltage
amplifier stage and a cathode follower outpube

Open loop gain of the above' chain is ebout 4 x 108.
This gain can be reduced by means of negative feedback to &
jevel such that the noise output does not éxceed-a few volta.
As a startin: figure the value of the closed loop gain is
propoged to be 2x 10"‘. The rather large amount of feedback
(BR=2X 3.0"") should insure good stability wiich is essential

here (cf. section lio).

The amplifier of Fig. &.9, when completed, will be used

for the investigations of noise in semiconductors. These
investigations were already started end some prelininary
moasuremsnts mede with conventional equipment (of. seotion 5).
It should be pessidle to improve the accuracy and renge of

these measurements with the new apparatus.

In addition to the measurenents of the mean squére value
of noise appearing across the terminals of & semiconductor p-n
junction this equipment is also guitable for the measurements
of the autocorrelation of noise. To adapt the apparatus
of Fig. 6.9 to this purpose 1% 1s only necessary to inmsert a
varicble delay line into ome of the two channels. By making
s series of measuremenis with gifferent values of delay
the velus of the function -.%.—f ¥(’t) %({- ~T) AT can be
plotted, where fry ena §t £) are the noise signale in the
two channele delayed by T second with respeet to each other.

w s it
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This function 1s only en approximation $> the correlation
function which is the limit of the sbove intewral for .

an infinitely lons averaging time, The degree of approximation
however is limited by practical considerations only: The

measurerents of the above function could bs used for calculating

pewsr spectra.

To sum up this research proposal, ons cen 85 that

trors is enough material for many years of dsvelopment of

B
3

aceurate noise measuring amplifiers and for research on nolse

W ich will depend directly on the aveilapility and qud ity
of these amplifiers., A low temperature noise thermometer

will, I hops, becoms the sub Ject of another M.3c. thesis in the

not too distant futurs.




CONCLUSION

This atudy of problems connected with the low-
temperature noise thermometry indicates that there is
a very real promise of the realization of an absolute
noise thermometer capsble of measuring temperatures below
0.01°K W th 8 precision of not less than 1%,

Such an instrument maf not be suited to routine
measurements, but may at least provide the basis for

a temperature scale in the very low tempsrature reglon.
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The power spectrum P(f) of a signal passed through &

1inear network is given by
p(£) = 2y (8) [W(0)]? AL
where P, (f) 1s the power spectrum of the input signal and

1
%
%
13

L3

s

4

€

W(f) is the transfer immitence of the network.

The term "power spectrum" or "powsr spectral density®

dascribes the way in which the power of a signal 1s distri-

buted in frecueney. The use of the word "power" is based on

the elsstrical concspt of power dissipetion in a ome ohm re-

sistance being equal to the squere of the applied voltage, ﬁ
or to ths square of the eurrent passing through that resis- |
tance, Similarly the nower spectrum {s propoertional to the

sauare of the relevant signal amplituds.

It is necessary to realize that power spectrun is a

quantity which 1s proportional to the square of current or

voltags or to ths power of the signael, out that its

dimensions are not necessarily wattq/cycle. These dimensions

may also be volts or ampsres aquared/%yele and the term

"powsr spectrum’ will still be applied to these expreossionse.
The case considered here is typical in the slight confusion

3
1
3
3
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{ntredused by the use of the word "power” where only volts

squsred/oycle are involved,

Consider a resistancs R generating thermal noise voltage

G i e j‘ = ._4,-:. o

2
5§ = §KTRAf, Wo sssume that voltege to be independent of ths - %
frequency. The noiss power developed across the resistance ll‘é
is %

gp = =2 = lyar | AL.2
R

The power spsctrum dPn/df is uniform in frequency and

independent from 1t,
Assume nmow that we apply the noise voltage generated by

R to a frequency selective network i.e. to a filter having

an immitance W(f)

R N | Yeor AL3
V?-

The filter output voltage will be proportional to its
frequency charasteristic, and the squers of the output vol-
tage will be proportional to the square of the fraquency
characteristis of the filter, 1.8, to the square of its
immitance
i?.

voz;r = vwa !W(&) ALl
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Consider now the case of a series resonant cireuit in
which broad bend noise is gensrated by the loss resistance
of the circuit (Fige AIL.T)

R L

DY, 1 ey
w() i Te v AL.T
O .

The power spectrum of the input signel is

~ apy () = liTRar , A8

and 1s assumed to be flat throughout the frequency range

undar the consideration.

The transfer Immitance W(f) , ir this case, can be

uritton in th: form

¢ = Ygtl = /l AI¢9
fJ (‘g) V'N :‘QRC + (‘ - Cd"" L-C')
& 1
' lN(‘E)] T (RO + (- @*LC)*
- 1  AT.10
L+ (k- 2) + x*

whese x = wfoy - =1/16 and 4 = o L/R = 1/aRC.

s

SRS TR

ey
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- The function AI.10 is proportional to the power spectrum

of the nolse aecross the capacitance C.

The total noiss vower contained within a certain band-
width is given by the integrel of the power spectrum

3
P = ja..m (NI &g
x‘
A |
- msl‘os‘* (z) o dx | ALl

The integral inm AI.1l can be written in the form x

.. SO U (RN SN I (U - S

Vexi(h=2) exd 2w | x® swxed W Jxtewx+d
ifdx g1 g AT.12
k2 rwx 2 1% wx

whemuz\/{;-%a.

A1l inteérala in AI.12 can be expressed in terms of
elerentary functions. The power P therefore

/ \ X ewxsd =
- p‘“gog[“ Lo Ll 4 o’ (20 + )

+ Yant 6 (2x- W )] AX.13

%  The integrsl in ALl was solved in this form by Dr. He

Helfenstein whose help I would like to acknowledge here and
thark for it,
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the power P' as a fraction of the total power containsd uithm

the semi-infinite frequoney band from 0 to + 0oy

P?

P % B - AL

Since BL = P, f _025- then P can be wrlit'ten_'a’s,:

?“ = —l—— i .’.‘.’;L!—‘-ﬂ- + \["'O.V\“ Q(Z& +W) +

20%N . x-

+ taw! Q(Zx-w)]'

The values of P as a function of x have been computed
10; 30, 100, 300, 10001

——

for a range of values of Q (@ =1, 3,

and plotted in the diagrams AT, 17 = 20,

From these diagrams it 18 possible to find the percent'_
of the total energy of the resonant circuit which is

contained within any given bandwideh

it
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AII, Aopendix 2.

There are two clearly distinguishable caséé vwhen :
dealing with the amplification of roise by a nolsy e.mplifiez“}i

Denote the input noise, i.0. the noise which we wish
to amplify, by N, and the amplifier noise, i.e., the noise »
which is not wanted but unavoidable, by NA.

Both N, and N, are assumed to be contained within

their respective bandwidths By and B,. The two cases

mentioned above arse

e) By > B, |
AII.l

) B; < By

The case B, = B A 15 of 1ittle interest since it is

difficult to realize in practice snd 1f it were realizable .

i1t would be included in the case By > Bye
The two above cases are Shown diagramaticel 1y in Figs |
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The cross hatched area represents the uravoidable
mixture of wented ard unwanted noise, Singly hatched area,
within the amplifier bandwidth BA in cese b), represents the
straight amplifier noise which can be separated and rejected
by a suitabls filter, thus reducing the case b} to that of a)e
| The ease b) is inadmissible when dealing with nolse N, the
jevel of which is of the same order, or lower,than that of the

amplifier noise NA.

Three Gistinet sources of noise w re taken inte con-
sideration by Alkemeds:
a) The nolse from the thermometric elsment R, 1.8, the K

informetion bearing noiss, squal in this case to (3:6)

%= KTR 0, = %1 M ATI.3

b) The noise due to the shot effect of the {eauivalent)

grid curreat ig
. !
\7;' = Z_CL%J lzq)r‘d‘{ AILY
Ba

where Z(f) is the impedance of the grid cirsult (Fig. 3. 8b)

‘Z-G)r— = R |+ Gt ATL.S
|+ (-é,-,_ -2)x% + x*



end
( z ¢ Q= —w |
)‘Z@! i = 5821 oo o
AII=6
Q[ Q(Zx?ﬂ) + tan @.(Zx-w)]
N‘nevex--"—)c;w _c; wr = 4 - .L awnd G_-Q—L Mc

The absve integral is not very suitable for an sxplicit
expression of its value over an erbitrary bandwidth B. Since,
nowever, Z{f) is & resopant circult and the Q value of thet
cipeuit is 1suslly high, we can assume that eimost all energy

of the sire:it is contalmed within the considored bandwidth

B 1.0,
S‘Z(ﬂrc\g = ﬁZ(r)! d"g = (G\z*' ‘) QQ"R ATI:7
©) ) .

If we assuma that @ > 10, then we can aneglect unity in

the express:ion (Q,2 + 1) and write

-0
3 3 -
2 oA FaR = Lk ATI.3
G e °

Q \.._-.--..,.\

If we wish to be more exact ws can multiply the last

expression by the
ndix I, exprasses the fraction of energy contalned within

factor T, which, similarly as in the

Appe

e SAT v d S
PEUPRIPERI T AT S5 31§ Tt PN

s
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the considsred bandwldth with respics So the total energy

avalleble ir the seni-infinite bandwldth fron ¢ to +°° .

o

& .
et =

o

The valuea of 7}, cen be computed from the formila AII:6
with the alc of grephs tneluded in the Appendix I, (e.c. when

Q = 30; fo =1 me and B =100ke’  then ™M= (0,86 - 007)=0,83)%

In the case considered by Aikemade the 0 factor of the
circult was of the order cf 1000 and, therefors 't\?_ was

pract‘ig'ally equel to upity. In thei case

— 2 .
V% = 2e132—;-‘5—z AII.lo

¢) The second source of unwanted noise is the shot nolse
of the plate current. That noise source can be represented és
s pesistanse in series with the zrid circuit, the value of
which is chesen in such a way a8 to give, at the temperaturs
T=1,% 2%¢°K, s ncise offect squivalent to that due to
plate currert shot noige (Fig. AII.11).

AII.11

AN

i

S

ENEY [V
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Y ”" 11
Since the noise voltage dus to qu is 4LT°Req§A and the
usual approximate value for Req is ZQS/gm, tken we have, for

the noise voltage due to the plate current skot effect, the

expreasion

—
V, = 10kT, BA/% AIT.12

S T )y i
R

IR,

SRS T T

FAY

%

TR MR S S
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AIII. Aggendlx 2

Nolse power ccntained in a given bandwidth

of a resonant circuit.

s R S e B

The nolse contained within a finite bandwidth centered

arouﬁd the rescnant frequency of a resonant circuit can be

expressed as (cfs 346)
Y5 = kTRa,Qq, ATILL

vhere N]‘(Q, Af) 1s the percentage of the nolse power con-
tained within the c-nsidered bandwidth and 1s, in general,

a function of the Q of the circuit and of the bandwldth.
It Pnl and Pna are the relative nolse powers contained

within the frequsncy limits O - f; and 0 - £, then the

noise power contained within the bandwidth r2 - tl will be

7iven by the expression

P“‘?- = nph - P\\'L— i AIIl.2
Ype frequency limits f; and f, can be peferred to the

resonant frequensy and written as r]_/to = X, and r,‘/fo
Further, since we shall ordinarily be concerned with the

frenusncies centered around the resonant frequencies we can
write x; , 31- Ar/f , Furthermore there is a quantity,
which is widely used in commmications enginoering, called
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"nominal bandwidth" of a resonant circuit and which is given
by the ratio f,/Q.

|
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We can express our variable x in terms of that quantity

bj making Af = n(ro/ZQ). Then o= 13 o/, where nis
"1,e ,
always positive and expressss the number of nominal pandwidtha

'(aea Fig. AI'II.e)° The nower P nl2 then becomes a functicn of
the quantity n/2Q = g. - Written in fuil

2H0yez) = (W2-4
P“\,_- 'Y], = x.h 7."(w 2y (W —4)

+ 1-}-[&»:‘&(2.*\4&1:) - +m:‘&(a+w—2z)] AIILh

+ é‘[“‘mﬂ_‘&(&—-u 22z — YautQ(e -w _7_2)]

where w = /(l} - 1/0).
The above expression is exact. In that form, however,

1t 1s not very suiteble for analysis. An approximate
expression can be derived from (AIIIL.L) by cbserving that:
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a) 4pe quantlty z = n/2Q hes o be cohsidered for values
I 7 were greater £han un:lty then

TR T
BT a e AT

léss than unitys

our original varisble Xy
W are concerned only with the positive rrequencies.s

=(1 - z)would becoms negabives

ly conce sned with resonant eireuits
end in the

b) We are usual
having Q values definitely greater than 10,
particular case of Alkemade the measured Q was of ths

ordsr of 1% L B

¢ into account (z <1 and

J 18 less than

If % take the shove restriction

Q>10) we find that the first temm in (AIIIJ.I.
1/10Q ard that the difference between the firat two terms .
kets is of the order of l/ll-Q o

gt term contributes only about 1%,

in the squers brad This means

that for Q = 10 the fir
g only about 1/2% 0 Pyyp¢

and the gscond contribute
left from the expresslon

Ype only significant terms

AIII:l are

R = i o a2 - Yool G2 -N-22)] AIILeS

2 . - 1/68) = 1/2% w oy,

aaaumethatz-wcoudthua

here again, since 2~-Vas
for the sake of simpliclty,
obtain 8 very simple expression

dov! v AIIE.6
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which givos us the power contained within n nominal band-
widths of & resonant circult for Q>10, This oxpression
shows thet m, 1s relatively independsnt of Q. It should also
be remarkad here that the last simpnﬁcat!,on was not fully

justifisbles It 1s valld only for Q.»10, -For rough QUprox=
imstions (AIII.6) can be furthsr simplified by expanding '

tarl in serles
n 2 |- & -3 . AIIL.T

or for large B

me |- AIIL.8

The consesutive approxtmatibns given by the expressions
ATIT.6, AIII.7 and ATII.8 are given in the form of a table
1isting ths quantities v, - 1. This was chosen rather than,
etraight M, since it is easier to Q,ee the magnitude of the
departure of that quantity from unity, and also it is easisr
to plot v -1 in graphical form (see Pige AIII,10).

Table AIIL.9

mouted .

comuted 5368 577 Wh993 5L JOS15 W0037
computed 1559 .0635 0159 . 0080
for Q=1000 |

12tan” 1, 19365 7577 5000 L1559 L0635 0259 .0080
2L -2 | 25 .1559 L0634 L0159 0080 -

2 6366 41592 0636 ,0159 ,0080




N 1 - 2tan™In and

as cormputed fon

\\ / Q=1000

Fig. A3.10

Different approximations for expressing the power
excluded from the resonant cirecuit as s function of
the "neminal bandwidth" n = fe/Q.
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