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COSMIC RAYS, ELECTRICALLY CHARGED,
PROBABLY CORPUSCULAR.
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THE DESIGN OF A VERY-LOW-NOISE 800 o/s SELECTIVE AMELIFIER
AND INFUT TRANSFGRMERS

, By F. J. Baxandall, B.Sc. (Eng.)

Ta INTRCDUCTION AND GENERAL DESCRIEFTION

The apparatus described in this paper was designedxto satisfy
a need for an audio-~frequency amplifier of sufficiently good noise
factor to enable measurements to be made of the noise output from
fractional-ohm resistors and signal sources, operating at temper-
atures in the region of 20%K. The moin requirement was to obtain
a satisfactory performonce at frequencies close to 800 /s, the
amplifier incorporating a selective circuit tuned to this frequency,
"but an additional, alternative, requirement was that the equipment
should have a broadband response extending over four octaves centred
on 800 ¢/s, i.e. from 200 ¢/s to 3200 ¢/s, with not more than 3 dB
drop in gain at these extreme frequencies.

The low temperatures are obtained by placing the source at the
bottom of a suitable cryostat, and very thin connecting leads must
be useld in order to avoid too high a rate of heat conduction down
them, The amount of Johnson noise generated in the warmer parts
of such leads would swamp that produced in the source if the leads
were connected directly to the source, and it is therefore necessary
to have an impedance step-up transformer situated in the low-temper-
ature section of the cryostat, It has been found that a munmetal-cored
trensformer of normal construction will operate satisfactorily at
temperatures at least as low as 14°K, though, as described in Section
2.1, allowance must be made, in designing the transformer, for the
reduced permeability obtained at such temperatures.
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Figure 1

Block Schematic Diagram of System Used
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The complete system is shown in Pigure 1, from which it will
be seen that two transformers are used in cascade, The "low-~
temperature"” transformer steps up the source impedance to approx-
imately 300 ohms, which is an impedance level suitable to allow
the usc of a numbcer of feet of twisted and screened balanced
line between this transformer and the "room-temperature" trans-
former in the amplifier chassis. To make valve noise as small
as possible relative to the noisc from the scurce, the room-
temperature transformer should step up to the highest practicable
secconldary impedance; a value of 1 megohm is adopted in the equip-
ment here described.

It would- have been possible, of course, to have employed
only one transformer, operating at low temperature and stepping
up directly to a very hizh impedance; but considerable advan-
tages result from doing the impedance transformation in two
stages, for the following reasons:-

(2) The low-tempercoture transformer must be physically very
small, in order to allow it to be accommodated in the cryo-
stat, which would meke it very difficult to wind the large
nunber of turns (at least 20,000) that would be required on
the secondary for stepping directly up to grid impedance.
The number of turns requircd for stepping up to 300 ohms is,
however, only about 1CC0, and the transformer is then very
casy to wind - several transformers can be readily made, if
required, to suit sources of different internal resistances,

(b) The necessity of keeping the stray capacity on the high-
impedance seccndary very low would make it essential, with
the single-transformer system, to have the emplifier very
close tc the crycstat and, even if this were carefully
arranzed, it-is almost inevitable that the total stray
capacity would be higher than with a separate transformer
close to the input-valve grid, By using two transformers,
the amplifier may be placed on the bench at a convenient
distance from the cryostat, well away from the stiray field
and vibration of vacuum pump motors, c¢tc.

The disadvantage of employing a separate high-impedance
transformer in the amplifier chassis is that all loss resistances
associated with this transformer, being at room temperature,
contribute much more. Johnson noise than the same values of
resistance would do if at low temperature, The main causes
of the loss resistances concerncd are:-

(a) Copper resistance, appearing in series with each
- winding.

(b) Resistance of clldy currcnt paths in the core - best
represented by an equivaient resistance in shunt with
one of the windings.

-



(¢) Insulation losses, Which can als: be represented as in (b).

It should be noted that hysteresis losses are always quitc neglig-
ible in a very low level transformer, and therefore do not need to
be considered in the present problem.

Each resistance in the system will have an effective Johnson
noise voltage acting in series with it, given by:-

Vy T ViKTReF A eee (D)
where Vg = r.m.s. noise voltage in volts.

k Boltzmann's Constant = 1.380 x 10™25 Joules/°C,

T = Absolute temperature of resistance in oK.

R = Resistance in ohms,

§f = Bffective bandwidth in c¢/s over which noise is

measured,

The problem in designing the transformers is to ensure that the
total noise contributed by all resistances other than the source
itself is adequately small in relation to the source noise,

In Appendix 1 it is shown that, to meke the noise contribution
due to any shunt resistance negllglble, the shunt resistance must be
high compared with the impedance of the circuit across which it appears,
particularly when the shunt resistance is at a higher temperature thoan
that of the source. Thus, for example, an eddy-current shunt resistance
of 15 megohms, appearing .across the secondary of the room-temperature
transformer, assuming the source resistance to have been stepped up to
1 megohm, would contribute an amount of Johnson noisc approximately
equal to that coming from the source 11 the source temperature were
20°%K and the room temperature were 300°K. 4n eddy-current shunt
resistance several times greater than 15 megohms was therefore aimed
at in the present equipment.

In addition to the requirement for high values of shunt resis-.
tance, any series resistance must be correspondingly small in relation
to the impedance of the circuit in serics with which it appears, and
it is consequéntly necessary, in designing the room-temperature trans-
former, to make the ratio of the shunt loss resistance to the series
loss resistance much higher than is required in a normal low-level
audio-frequency input transformer. The considerations which are
involved in achieving this aim are discussed in detail in Section 3,
but it moy be noted at this stage that a satisfactory performonce has
been obtained by & combination of the following featurcs:-

a) a4 large size of core

(a
(bg Thin mumetal laminations
(c) Carefully-chosen numbers of turns on the Wlndlngs.
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good noise factor (1) as at the highest-gain sctting, In order %o
linmit the loop gain at the low overall gain settings of the switch,
logal feedback round the nmiddle stage is also varied by the same
control, The amount of overall feegback at working frequencies varies
from approgimately 36 dB on the x10° range to approximately 20 dB

on the x1 range.

Core had to be taken over the choice of the input valve and its
operating conditions, to ensure that the total z%}ve noise should be
adequately low, The main couses of valve noise are: -

(a) Shot nocise

(v) Fartition noise (if a pentode)
(¢) Grid-current noise

(2) Flicker noise

An effect known as "induced grid noise"(z) was considered but found
to te quite negligitle at audio frequencies. In addition to making
the above sources of noisc adequately small, it is very important

to take suitable gsecautions to minimise microphony, interference
pick-up and hun -

At the time the amplifier was designed, it was believed that a
significant contribution would probably arise from flicker noise,
but sorme experiments done more recently, together with the results
of some unpublished work by G. R, Nicoll of R.R.E., have led to the
belief that, with a good samplc of input valve, flicker noise is
normally negligible at 800 ¢/s when working at anode currents of
1 mh or less., This point is discussed in greater detail in Section 5.

A pentode input valve was chosen mainly because of the high
stage gain obtainable, the noise contribution dues to partition
effect being small enough, in relation to the other contributions
in the system, %o be unimportant in practice.

Grid-current noise arises from the fact that grid current,
like anode current, has shot-noise fluctuations superimposed on
it; these fluctuations, flowing in the grid-circuit impedance,
give rise to small fluctuations in grid voltage and thus contribute
to the noise output from the amplifier, It is thus evident that
grid-current ncise will be most noticesble when the grid-circuit
impedance is very high, particularly when, as in the present
instance, the effective temperature of the grid-circuit 1mpedance
is low and its Johnson noise therefore abnormally low,

Noise due to grid current is considered in greater detail
in Section 6, but it may be mentiocned here that ifr the grid
current in the apperptus described in this paper had been allowed
to be as high as 107~ A, grid-current noise would have been by far
the largest contribution in determining the noise factor of the system.

B
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When the equipment was designed, the monner in which the grid current
of a valve woulld vary with the operating conditions was not clearly
appreciated, and it was therefore decided to play for safety by using
an ME1LOO valve® operating approximately under the conditions whigh were
stated by the makers to give a grid current not greater than 10~ A,

a value low enocugh to ensure that grid-current noise would be negligible
in relation to other contributions, The recommended conditions are V, =
Vap = 45V, (1, + Igz) = 150 ph, Vpgp = bo5V;  the required negative
control grid bias is then dbout 2V, which is sufficient to ensure that
only a neglibible fraction of the grid current is due to the ccllecticn
of electrons by the grid.

Under the operating conditions mentioned in the previous parazraph,
the only significant valve noise contributions in the equipment are -
shot noise and partition noise, which may be represented by an equivalent
room~temperature resistance in series with the grid of an ideal noiseless
valve., It is then evident that, provided grid-current noise remains
negligible, the higher the grid-circuit impedance to which the source is
stepped up, the less significent will the valve noise become in relation
tc that from the source.

It is possible to calculate (see 4ippendix 2) the magnitude of all
the individuval noise contributions in the transformers and in the
amplifier, and thus to arrive at a theoretical noise factor for the
complete system for any specified source temperature, Curve (a) in

100
-~

g - A Fizure
L E 6o f:“’ Vari~tion of Mean Squared
B A Noise Voltage with
= ER 44/5? Absolute Temperature
= ® - |
=53 [ 2P , Curve (a) ~ Initial cal-
Y P <5 culated curve
= 1 L~ .
2 # Curve (b) - Experimental
x 0kz” curve

0 100 200 300

ABSOLUTE  TEMPERATURE (°K) Curve () - Ideal curve

ETh.e ME1400 (CV432, VX80L8) is o selected and aged version of the
Mullard EFP374, selected for low grid current.
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FPigure 4 shows how the calculated mean square noise output from the
amplifier would be expected to vary with the temperature of the source.
Curve (b) shows the corresponding result obtained experimentally; the
difference between the two curves is mainly due to the fact that the
measured shunt loss resistance of the room~temperature transformer
shown in Figure 2(b), which was the transformer in use when curve (b)
was obtainel, was only about half the calculated value, JAs explained
in Secticn 3, the reason for the unexpectedly low shunt loss resistance
was later found to be dielectric losses in the paxolin coil former
used in the transformer of Figure 2(b), A second transformer was
built, with a polystyrene coil former, and gawve the predicted value

of shunt loss resistance, &n opportunity for obtaining an experi-
mental curve corresponding to curve (b) but with the improved
transformer design in use has not presented itself, but it can be
predicted . with confidence that the curve would almost coincide with
curve (a). The noise factor for curve (h), with the source at 20°K,
is 2,7 dB. It will be noticed that the experimental curve of Figure

L was obtained with a 300 ohm wirewound resistor feeding directly to
the room-temperature transformer, At temperatures in the region of
20°%K, a rosult indistinguishable from that shown was obtained when the
300 ohm resistor was replaced by the O.45 ohm resistor and small
transformer shown in Figure 2(a), but, with the latter arrancement,
scmewhat more noise was:cbtained at higher temperatures; this was
Jjust as expected, however, since the winding resistances of the small.
transformer, though quite negligihle at 20°K, become appreciable at
higher temperatures and therefore contribute a significant amount

of noise.

It may be worth mentioning that when the first experiments
were perforned after building the equipment, a noise factor in
the region of 6 dB was obtained when the source was at 209K, the
exact value varying somewhot from one determination to another,
after investigating various possible causes of this unexpectedly
high value, it was ultimately found to be due to microphony of
the reom=temperature transformer, which was being excited by sounds
from nwchlnus in a generator roum not far from the laboratory.
This -trouble was readily cured by adopting suitable anti-
microphonic mounting arran*ements for the transformer and input
valve (see Section (4)).

The performance indicated by curve (b) of Figure L4 was regarded
as quite adeguate for the primary purpose for which the apparatus
Wwas built, ond much successful work has in fact been done with its
aid, Since designing the equipment, however, some effort has
bezn devoted tc investigating, in greater detall, the factors which
set the ultimate limit tc the reduction of noise level that can be
achieved in amplifiers of the present type. The investigation: was
undertaken largely because the following considerations made it seem
uncertain whether, in order to make the total valwve noise as small
as possible in relation %o the source noise, it was in fact correct
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to step up to the highest possible impedance at the input valve gria{—

(a) Provided grid-current noise is negligible in rclation to shot
and partition nolse, it is evident that the higher the source resistance
referred to the valve grid - denoted by'Ro" ~ the less will be the valve
noise in relation to the source noise, since the valve noisc can then be
represented by an equivalent rocm-temperature resistance of fixed wvalue
in series with the grid,

(b) If, keeping the valve operating conditions the same, one
contlnues to 1“a:Lse the effectlve source resistance R ", the source

Loise VOltage at the grid will be proportional to (?O ); whercas
the grid-current noise voltage at the grid will be proportional to
Ro"' Consequently the grid-current noise must ultimately override the
scurce noise if R." is made sufficiently large. If, on the other hand,
R " is made sufficiently small, the shot hoise will override the source
noilse; there must, therefore, be an optimum value of RO" for the total

valve noise tu be as small as possible relative to the source noise,

(¢) The optimum value of R," will depend on the current and voltage
at which the input valve is run, low-current low-~voltage operation giving
low grid current but a hl@?zxulue of equivalent shot and partition noise
resistance, and vice versa With low-current low-voltage operaticn,
the optimum value of R " becomes very high, but the equivalent shot and
partition noise res1stance is also high., Unless a good deal is known
about the way in which grid current and equivalent noise resistance vary
with operating conditions, it is not possible tosmy whether the optimum
noise factor for low current and voltage operation will be better or
worse than the optimum noise factor obtalnab e with the valve running
at hlgher current and voltage.

The results of the investigation are given in detail in Section 5.
The general conclusion is that, even when grid-current noise is fully
taken into account, it still pays to step up to the highest practicable
grid impedance, the valve operating conditions being adjusted, if
possible, to make the sum of the shot and partition noise approximately
equal to the grid-current noise., The higher the grid impedance, the
lower the current and voltage at which the valve should be run for
optimum performance, but the better the optimum performance will be,
The practical limit to grid impedance is set by stray capacity across the
transformer secondary, anl a suggestion is made in Section 5 for a
transformer design having even lower stray capacity than that used in the

present equipment.

2. THE LOJ-TEMEERATURE TRANSEFCRMER

2.1 The Behaviour of Mumetal at Low Temperatures

Since no information could be obtained about the behaviour of core
materials at temperatures in the region of 20°K, some preliminary
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measurements were made on a small 200 turn inductor having a square
“stack of 0,005 in., mumetal laminations (Inter-Service Lamination
Number 439), asscmbled without o gap, to determine the variation

wWith temperature of corc loss, oxpressed as an cquivalent shunt
resistance, and inductonce. The measurements were mode at about

1000 ¢/s, at which frequency the copper loss of the inductor (even

at room tomperature) was quitc negligible in relation to the corc loss;
hence the measured dynnmic resistance of a tuned circuit, formed by
shunting the inductor with o suitable low-loss condenser external to
the cryostat, could be token as a direct measure of the core loss,

The measuring level wos mode low enough (Bmax about 0.1 gouss) for
hysteresis loss to be ncgligible in relation to eddy currcnt loss.
That the hysteresis loss was in fact negligible, was verified at ecach
temperature by increasing the test voltage by a factor of 10, which in
2ll cases produced only a negligible effect on the result,

The inductonce at 20°K was found to be approximately 0.30 of.
its room temperature value, and it varied by less thon 1% over the
temperature range from 14°%K to 20°K, it 77°K (the only intermediate
spot reading token), the inductonce was approximately 0.36 of its room-
temperature value. - Since the test inductor used a core madc up from
ordinary E and I laminations, the variation in inductance obtained
must not be taken as a measure of the variation in the truc perme-
ability of mumetal, since such a core inevitably has numercus slight
air gops; these gaps result in the effcctive measured permeability
at room temperature being about 7000, insteal of a value of the order
of 15,00C such as may be obtaincd with a strip~wound toroidal core,

The shunt core-loss resistance varied very little with temperature,
the change being wcll under 1¢% between room temperaturc and 14K,

The conclusion is therefore that a mumetal core is perfectly
satisfactory at these low temperatures, provided allowance is mode
in the transformer design for the reduced valuc of effective

permeability obtained.

2.2 The Design of the Low-lemperature Transformer

The low-temperature transformer is very much simpler to design
than the room-temperature tronsformer, for the following reasons:=-

(2) Series anl shunt loss resistances produce only relatively
small Johnson noise voltages because of the low temperature,

(b) Series resistance is, in any case, very small, even in a
transformer of the small size shown in Figure 2(&), because of the
low specific resistance of copper at such low temperatures,

(¢) Stray capacities have negligible effect because of the low
values of impedance involved,

The main requirements in the design of the low-tempcrature trans-
former arc thus:-
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() The primary inductance must be high enough, in rclation to the
source impedance, to give an adequate frequency response down to 200 ¢/s.

(b) The ;shunt cddy-current loss resistance must be high enough %o
give only a small loss in output and only a small Johnson noise contributior

~ (e¢) The leakage inductance valuc should be such as to allow the
required high-frequency response to be obtained. The value required is
closely bound up with the design of the room-temperature transformer, and
is discussed in deteail in Section 3. It may be mentioned at this stage,
however, thot an improved high-frequency response may be obtained by
making the leakage -inductance adequately high, for which reason no
sectionalising of the windings is required,

It is found that the rcequired number of turns is detcrmined by
condition (c) above, conditions (a) and (b) then being satisfied with
large morgins to spare, The details of the first transformer constructcd,
shown in Pigurc 2(a), are given below, The transformer was designed to
suit a sourcc of internal resistance approximately O0.45 chm, and a nichrorc
test resistor of this value may be seen in the photograph..

Transformer Details (Low-Temperature Transformer )

CRE % in. stack of 0,005 in. mumetal laminations (Inter-Service
Lamination Number 450), assembled without a gap - i.e. fully
interleaved,

BOBBIN Standard bakelite bobbin with moulded-in soldering togs.,

SECONDARY 930 turns of 4O s.W.g. enam,copper wire, layer wound, on
inside of bobbin.
FRIMARY 37 turns of 24 s.w.g. enam, and single rayon coverel ccpper
wire, wound on cutside of primary, with two thicknesscs of
0,005 in, Empire cloth between windings.
The calcoulated and measured values of various parameters for this
transformer arc given in Table 1.

TABIE 1
Property Galculated Measured
Value - Value
Ratio 1 : 25,2 -
Primary D,C, resistance at i v
room temperature Q.14 ohm 0.138 ohm
Secondary-D.C. resistance at
room temperature ‘55 ohms 53.1 ohms
Shunt eddrcurrent loss
resistance referred to 184 kilohms 191 kilohms
secondary at 800 ¢/s :
Main secondary inductance
at 1oV, 800 ¢/s ‘ . 6.2H L.5H
Ienkage inductance referred ' :
to seccnlary 8¢ 1mH st
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The form l%e(gied in calculating the values given in the above
table were:- ‘i)

2
R, = 1.85 x 2fe An® e (2)
a2 1 |
m
) ‘ ,
L = 9’*‘*’“ , eee (3)
107 (15/k0h)
4ol n® | Ay + Az'l -9
1L = — b'd S + == | x 10 eee (4)
3 ' '
5 4
where:- R, = Eddy-current shunt resistance in ohms.
Pre = Specific resistance of the core material
" in micro-ohms - cm.*
A = Cross sectional area of magnetic circuit, sq.cms.
1, = ULength of magnetic circuit in oms.
n = Number jf turns on winding considered.
d = Lamination thickness in thousandths »f an inch.
L = Main inductance of winding having n turns, in Henries.
By = Effect%v? initial permeability of mumetal, taken as
7000 (4)-

% A value of 42 micro-ohms -~ cm. is used for mumetal in this formula,
though the D.C. value for mumetal is given by Telcon's as 60 micro-
ohms - cm. The gquthor has found, as also have the Post Office
Research Dept. &3 that a value of L2 gives calculated results
‘which consistently agree well with measured results, whereas 60
gives results which are higher than the measured ones. The

adoption of the "A,C. specific resistance" wvalue of 42 micro-ohms -
cm. is really .a means of allowing for the so-called "residual loss"
in mumetal, which is still not properly understood.



L = Total leakage inductance referred to winding having n turns,
in Henries.

lt = Longth in cms of insulation between Wlndlngs, measured round
cToseQ (aporoximately circular) path in direction of wire,

h, s, 47 and 4, - see Figure 5, all dimensions being in cms.

: T
NSy ' b
TR i D D %
\ 4 | Figure 5
Y e f .

e L] | Synbols Used in Formu
N M S ! - for leakage Inductanc
A I AV . .

(a) (®

In actual use, the transformer is mounted in a small mumétal screening
box to reduce hum pick-up. A mumetal box appears to provide a satisfactory
degree of screening at low temperatures, but it would seem that a copper. box
might also be highly effective, since a large amount of eddy-current
shielding should restlt from the high conductivity of copper at such low .
temperatures; no experiments have been carrled out with copper. boxes at -
lmvtemxrauﬂ%s, hmmver. ;

3., THE RubM-TEl\HRuTU’RE TRANSFURMER

The fecturs requiring special attentlon in the d6510n of thc room-
temperature transformer have been discussed in general terms in Section
1, where it was shown that the transformer should possess the following
attributes:-

(2) A very high ratio of shunt loss r6313uance to serles coprer
resistance.
g -
(b) A very low value of secondary winding capacity, so that the -
secondary impedance moy be mede very hlgh whllst stlll securlnb the
required hlgh—freqpency response, SR

The copper resistance of a winding may convenlently be expressed in
the following form:-
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nl.t
ou = Pou X 3 eee (5)
Ay k
where r., = Resistance of winding in ohms.
Peu = Specific resistance of copper = 1.7
micro-ohms-cm at room temperature.
lt = Mean length of turn in cms.
n = DNumber of turns.
AW = Lrea of lamination window in sq. cms.
k = Fraction of window area actually occupied by
_the total cross section of the copper in the
winding. ‘ ”

Using als> equation (2), the following result is easily
derived:-

R, L85 Ppg A Ay k ©

cu (12 ]711 PCU l't

Since the aim is %o obtain as high a value of Re/rcu as practicable,

it is obvious that the laminations should have a high value of Pgg

and that the lamination thickness d should be as small as possible,
Rhometal (Pfe = 90 micro-ohms~cm.) was considered, but was not

chosen because it was found that the inductance value obtained with
this alloy would have been inadequate for the low-frequency response
required. For operating at 800 ¢/s only, it would, however, have been
a more suitable chcice, though it is not always easy to obtain rhometal,
Heving fixed Pfe and d, and since Pcu is a constant at room temperature,
aquation (6) may then be written as the following proportional relation-
ship:-

Re Y AW k
-2 ©
Tou 1,1

Un multiplying top and bottom by 1, and remembering that AL%m
is the total volume of the core, this becomes:=

_fg o oore volume X Ay k
r T, 2
cu lm lt
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Buf, for laminations of a particular shape, 4, is proportional to
‘1%, so that the relationship becomes:- '

R B |
€ ‘Core vilumg x k . (7)
Tou S

In normal transformer practice, where stray capacity is not of over-
riding importance, as much of the available winding space as possible is
filled with copper, with the result that k tends to increase slowly with
increasing transformer size, due to the smaller percentage of the space
which is occupied by insulation in larger transformers. In the present
problem, however, stray capacity is extremely significant, and it is
consequently necessary to use smaller values of k than would otherwise
be employed; it will be noticed in Figure 2(b) that a considerable amount
of air space is left rcund the windings for this reason, '

It is evident from equation (7) that the larger the transformer is
made, the higher will be the wvalue of Re/%cu, assuming a fixed value of k,
It may be shown that, for a given core volume, the mean turn-length 1y
will be a minimum when a size of lamination is chosen such that the given
volume is obtained with a stack thickness about 1,5 times the width of
the middle limb, In the present design, however, a square stack was
used, but only because the use of a thicker stack would have prevented
the transformer from fitting comfortably inside an availablc mumetal
screening boxi ’

The above conclusions may be summarised by saying that, to obtain
a high value of Re/f , one should use a large core made of very thin
laminations of high resistivity material, with a wvalue of k low encuzh
to keep the stray capacity down to the required figure, but no lower,
With constant structural proportions, stray capacity is proportional to
the linear dimension of the transformer, but independent of the number of
turns; thus, with increasing transformer size, k may have to be reduced
to keep the stray capacity low enough, which partly off-sets the advantage
otherwise gained by making the transformer larger, By moking the
lomination thickness d very small, a high value of Re/rOu can theoretically
be obtained without introducing difficulties in keeping down the stray
capacities; if an attempt were mede to improve markedly on the perform-
ance of the transformer design given in this paper, the main line of
attack would certainly be to reduce the thickness of the magnetic material,
going over to tape-wound toroidal cores if necessary. Some further
comments on this aspect are given in Section 6, '

So'far'thebproblem.of deciding the actual number of turns has not
been discussed. From equation (6) it is seen that R /r_, is independent
of the number of turns used; however, it is necessary to have suitable

values for R, and r,, as well as a suitable ratio, and both these
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quantities are proportional to nz. The menner in which the numbers

of turns may be chosen so as to make the total Johnson noisec introduced
by Rg and rg, & minimum will now be considered.

Figure 6 shows the relevant equivalent circuit in its simplest
form. Assume that R is much greater than Ry' and that rg, is much

less than Ry', which will be true for any transformer satisfactory
for the present application. This means that the noise output due
to r,, is hardly affected by the presence of R, and the noise output.

from Rg is hardly affected by the presence of rg,. Under these
conditions, Appendix 1(c) shows that:-

Total mean square noise
from Rg and rgy

Mean square noise from
source (Ro')

+ _Ilg-l& LA (8)
o Re Ry!

L where *~ T = Room temperature (absolute)
S T, = Source temperature (absolute).
For a given size and shape of transformer, with constont winding
volumes, equations (2) and (5) show that Rg o n® and rgy o n2,

Total mean square ncise

from Ry and rgy, = & . Bn? eer (9)
Mean square noise from ne ‘
source

where A and B are constants,

The first term in cquation (9) represents the mean square noise from™
R, and the second term recpresents the noise from L theseitWo ternms

appear as the two dotted lines in Figure 7. Since the mean square
noise in this graph is in arbitrary units, and since the numbers on
the abscissa are merely proportional to the number of turns on the.
windings, the position of the lines conveys no information, only
their slopes being significant, The full-line curve is the sum of
the two dotted lines and shows the monner in which the total noise -
contributed by the transformer varies with the number of turns n.
It is clear that the minimum total noise occurs when the noise
contributions from Rg and rg, are equal; +hus, from equation (8),
n should ideally be chosen to moke Re/Ro' = Ro'fgy. (Since the
curve has quite a flat minimum, the increase in noise is negligible
if the number of turns is made up to 20% less thon the optimum and,
because a reduction in the number of turns mekes the transformer
easier to wind, the transformer constructed has slightly less than
the optimum number of turns, ) :
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The first room-temperature transformer constructed, which is the
one illustrated in Figure 2(b), gave measured values of its various
parameters which agreed well with previous calculations, with the
cxception of the shunt loss resistance which was only about half the
caloulated value, This result was at first very puzzling, since
numcrous previous transformers wound by the auther had givén measured
shunt resistance values much closer to the calculated values, using
formula (2), 4 shorted turn was at first suspected, but was thought
to be very unlikely in view of the care token in winding the trans-
former and the good condition of the wirc used. However, even though
the shunt resistance was only half the calculated value, it was still
sufficiently high to enable a noise factor of just under 3 dB to be
obtained with the scurce at 20°K, which was the figure initially aimed
at, and for this reason the transformer was put intosrvice as it stood.
Insulation lusses in the paxolin (phenol formaldehyde) bobbin were
later investigated, and measurements of the impedance between the
two windings, made with the help of an E.M.I. (Blumlein) in situ
Bridge at about 1.59 ko/s, showed that the power factor of the
insulation pgs about 13%; a value found, on referring to the
litera.ture< ), to be typical of paxolin, Since this power factor
was of the right order to explain the discrepancy intths measured
and calculated shunt resistance, another transformer was made,
identical with the first except for the use of a polystyrene bobbin
and terminal board, The new transformer, called No, 2, gave o
measured shunt resistance very close to the calculated wvalue,
proving that the paxolin used in No, 1 was an insufficiently gocd
insulator for the purpose,

Transformer Details (Room-Temperature
Transformer )

CURE 3/ in. stack of 0.UU5 in, mumetal laminations (Inter-
Service Lamination Number 4U1A), assembled without
gap = i.€., fully interleaved.

PRIMARY Two sections, wound in reverse directions, ¢ach having
84 turns of 24 s.w.g. enam. and single rayon coveredi .
wire, - Centre tap brought out,

SECUND.RY 10,000 turns of 44 s.W.g. enam. in 3 in. wide slot
between the primary sections. One layer of G,005 in,
Empire clcth every 1000 turns. Turns wound neatly
but not in true lajyers,

The calculated and measured values of varicus parameters for
the two transformers are given in Table 2,
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TABLE 2.

Property Calculated Measured Valuc _
Value Transformer) Transfcrmer
i NO. 1 NO.: 2
Ratio ‘ 1 : 59,6 - -
Primary D.C, resistance at co
room temp.,total 1.3 ohms | 1,34 ohms | 1.32 ohms
I
Secondary D,C, resistance LU kilohms| 3,92 kilchmsl, 32 kildms

at room temp,

Shunt eddy-current loss resistancg R
referred to primary, at 8w of/s | 20,2 " 1C "or205 M

Shunt eddy-current loss resistance 72 megohms| 36 megohms| 73 mcgohms
referred to secondary,at 800 ¢/s <

Main primary inductance at low

level G.57H Ce56H - - Ce6CH
Leckage inductance referred to ‘ ‘

primary Ou 7hmH Ue 76nH Us 770l
Leakage inductance referred to . '

secondary 2,64 H 2,71 H 2,75 H
Secondary stray capacity < 50 pFf 37 pF 27 pF

With a source impedance of 300 chms referred to the primary
(— 1,06 megohms referred to the secondary), the measured results given
in Table 2 for the better of the two transformers yield figures for
Ry '/R and rcu/R ' of C.0U147 and 0.0085 respectively. Thus, from
equatlon (8), the mean square eddy-current noise is greatcr than the
mean square copper resistance noise by a factor of C CCALT/G. 0085 =
ie€ey Dy 1473 times, This condition corresponds w1th the p01nt e
in Figure 7, and is thus highly satisfactory. : '

The primary inductance value (Q556H), measured at low level on
transformer No, 1, corresponds to a low-frequency response, when fed
from a 300 ohm resistive source, which is 3 dB down at 85 ¢/s, ond
transformer No. 2 is slightly better, “~When the 30U ohm resistive
source is replaced by the low-temperature transformer and fractional-
chm source, allowance must be made, in estimating the frequency
response, for the shunting effect of the
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secondary inductance of the low-temperature transformer; toking this
as 1.35H when at low temperature, the total parallel inductance is
Co4lH, ziving o response 3 dB down at about 120 o/s. The requirement,
mentioned in Section 2.2, that the response should not be more than

3 dB down at 20U c/s, is thus satisfied with a good margin to spare,

The method used for measuring the effective stray winding
capacity across the secondary was as follows. The transformer was
mounted in its mumetal screening box, with the core, the inside of
the secondary and one end of the primary all earthed to the box;
initially no connection was made to the cutside secondary lead.
The primary was fed from an oscillator with a resistance of about
1 kilchm in scries, and a valve voltmeter arranged to indicate the
A,C, voltage across the primery. On tuning the oscillator, a
frequency was found at which the primary voltage fell to a fairly
sharp minimum, this being the frequency of series resonance between
the leakage inductance, referred to the secondary, and the stray
capacity of the secondary winding., By plotting the reciprocal of
the square of the resonant frequency against the value of known
capacities added across the secondary, a straight line graph was
obtained, the intercept of which .on the capacity axis gave the
required stray capacity of the secondary winding. It may be
noticed that the stray-capacity value obtained with transformer
No. 2 is considerably less than that for No, 1, and it is believed .
that this is the result of the fact that polystyrene has a ‘
dielectric constant of about 2.6 as ageinst a value of about 5
for pxolin; this is another good reason why polystyrene is
preferable, :

The relevant equivalent circuit from the point of view of

the high-frequency response is shown in Figure 8(d). Cgo,, the
TOTAL LEAKAGE INDUCTANCE
OF LOW TEMPERATURE mgztuf‘;‘:“gi
TRANSFORMER, REFERRED ROOM=TEMPERATURE
T0 ITS SECONDARY. TRANSFORMER.
Figure 8 *
. . Simple Equivalent.
@) ¢ Circuits for
Determining

H.F. Response

TOTAL LEAKAGE INDUCTANCE
OF BOTH TRANSFORMERS, L.

(®) ¢
v, T
L




total secondary stray capacity, consists partly of that inherent in the
transformer itself, as given in Table 2, and partly the additional
capacity inevitably resulting from connecting the transformer to the
input valve. Some  information given to the author by C. G, Mayo,
relating to B.B.,C., microphone transformers, made it reasonable to assume,
with the construction shown in Figure 2(b), that Cg,, would be about

50 pF provided only a short lead were used from the outside

of the secondary winding to the top-cap grid of the pentode input

valve., By referring all walues to the secondary side of the transformer
shown in Figure 8 (a), the simpler equivalent circuit of Figure 8(b) is
obtained. The object is to choose the turns ratio N and the total .
leakage inductance L so as to ensure thet, as stipulated in Section 2,2,
the response at 3200 q/s shall not have fallen off relative ta that at
lower frequencies by more than 3 dB., It is a good practical rule to- make
the leakage inductance L such as to resonate with the stray capacity C
at the upper working frequency, which may be taken as 4 ko/s in the -
present case to allow a reasonable margin. Taking C as 50pF, this gives
L = 31,6 H, The turns ratio N must then be chosen to make the Q of the
Figure 8(b) circuit suitable; too high a Q will give a peak in the
frequency response just below 4 kc/s, whilk too low o Q will cause the
response to start falling off slowly at frequencies much below 4 ke/s.

A suitable value of Q to adopt is @ = 0.8, which corresponds to:-

Ro!' N2 = 1,25 x 1
° 2t C

where £ is the "cut-off frequency" (= & kc/s), Putting C = 50 oF
gives Ro'Ne ~ = 1.0 megohm, so that, with Ro" 300 ohms, N is 1 : 57,.6.
Since thls aspect of the design is not hlghly crltlcal N was made as
near as possible to the round figure of 1 : 60, with 10 000 turns on the
secondary and 168 on the primary. The actual ratio belng 1 : 59.6, the
required lezkage inductonce of 31.6 H referred to the secondary'beoomes
8.9 mH referred to the primary. It was found to be inconvenient to
obtain a leckage inductance value as high as this.in the room-temperature
transformer, the value actually obtained being 0.76 mH, but it was a
simple matter to obtain the difference in the low-temperature transformer -
this is the reason for the requirement,. stated in Section 2.2, that the
leakage inductarice cf the -low-temperature transformer, referred to its
secondary, should be 8 1 mH

The des1gn crlterlon given: by'equatlon (10) results in a theoretlcal
response which 1s up by 0.2 dB ut 0.5 f,, returns to 0 dB at O. 65 f and.

is 2 dB down .at’ f " The frequenoy response actually obtained in practice,
with a 0.45 ohm’ source at 20°%K, is shown in Figure 9, curve (a), and will
be seen to be in good ‘agreement with theory, Curve (b) shows the response
obtained with a 300 .ohm resistive source fEedlng the room-temperature
transformer directly, the poorer high-frequency response being due to the
absence of the low-temperature transformer leakage inductance.
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Curves for Transformers and Amplifier

(a) O.45 ohm source and low temperature
transformer at 20°K

(b; 300 ohm source) Direct to room-temperature

(c) 82 ohm source) transformer

(Room-temperature transformer No., 1 used)

Curve (¢) is for an 82 ohm source feeding the room-temperature
transformer directly; the resonant frequency of the secondary
stray capacity, taken as 50 pF, and the leakage inductance of the
room-~temperature transformer by itself, is 13.7 ke¢/s, and 82 ohms
is the value of R,' which then satisfies equation (10), The
corresponding value referred to the secondary is 290 kilohms,

It is the normal prectice in good=-class input transformers,
employing balanced two-wire input feed, to insert an electro-
static screen between the primary and secondary windings, to
prevent the transfer, via the inter-winding capacity, of push-
push or "longitudinal" interference picked up by the input cable.
For the present application, however, it was felt that the
insertion of copper-foil screens would be likely to cause a
significant reduction in the shunt loss resistance of the trans-
former, due to the flow of eddy currents, induced by the leakage
flux, in the screens. For this reason, and in view of the fairly
short screecned input cables used, no screens were fitted, but no
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serious trouble from interference pick-up on the input cable has been
experienced under normal working conditions,

L. THE AMPLIFIER CIRCUIT

The amplifier circuit has already been outlined in Section 1. Some
of the details, which may be of interest, will now be described briefly.

As mentioned in Section 1, it was decided , in order to be sure of

gettind adequately low grid current, to use an ME1400 input valve, with

=Vyp = 45V and an anode current in the region of 100 pA.  Under
these oondltlons, the slope is about 0,3 mA/V and a high value of ancde
load must be used to obtain a good stage gain. With a supply voltage of
170V at the top end of the anode load, the anode current must remain
stable within quite close limits if the anocde voltage is to remain
reliably clear of the bottoming region and yet not much greater than 45V,
This requirement is met by means of a D.C. negative feedback eircuit
between anode and grid, which, in conjunction with a reference voltage
supplied by a 9V. grid-bias battery, automatically maintains the anode
voltage within a few volts of 45 V despite changes in valve character-
istics and supply voltages, This negative feedback is rendered
inoperative at signal frequencies by suitable decoupling arrangements.

The switching circuit employed for the overall feedback network
has been arranged so as to avoid the use of resistor values of a
fraction of an ohm and to ensure that small amounts of switch contact
resistance cannot appreciably affect the feed-back factor,

On the x10° gain setting, the available valve gain limits the
amount of overall feedback to about 20 dB, but at lower gain settings
the amount of overall feedback is intentionally reduced, in the
interests of obtaining adequate stability margins, by the application
of local feedback round V,. By controlling the forward gain in this

manner, rather than by inserting passive attenuation, the noise factor
of the amplifier is not appreciably increased at low gain settings.

It will be seen that a capacitor is shunted across the local feedback
network of V, on each range; the object of this is to ensure that the
overall loop gain shall be attenuated sufficiently gradually to give an
adequate phase margin., Because of the small capacity values involved
at the higher gain settings, it is essential to adopt precautions to
prevent stray capacities upsetting the intended results; these
prrecautions involve mounting the feedback components through holes in
a screen between the grid and anode circuits of Vo, and using a shorting
section on the switch to earth the networks intended for lower gain
settings when higher gain settings are in use, It is on the x 1

range that it is most important to keep anode-to-grid capacity to a
minimum - even 1 pF would have a large effect on this range - so that,
on this range only, a purely passive network, consisting of 100 pF and
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150 kilohms across Vi anode load, is used to control the loop gain
attenuation, Figure 10 illustrates the principles involved; dJurve
(a) shows how the loop gain of the amplifier is attenuated without
the addition of any special controlling elements, curve (b) shows
the attenuation of loop gain as modified by local feedback rcund V.
on the x 10° gain setting, and curve (c) shows the gain with overa%l
feedback in operation on this range,
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Figure 10
Response Curves for x102 Range

Curve (a) Overall loop gain without addition
~ of special controlling elements
Curve (b) Overall loop gain with local
feedback on Vo :
Curve (c) Response with overall feedback

a problem of very similar nature to the above is also
involved at low frequencises; the loop gain at medium
frequencies must be attenuated, with falling frequency, in a

* The test waveform was applied direct to the grid of Vl’ and
the anode load of Vx was temporarily made 1 kilohm.



sufficiently gradual manner to avoid too much phase shift and thus to
secure an adequate phase margin, This is achieved by suitable propor-
tioning of the interstage time constants and the screen and cathode
time constants. '

To illustrate the adequate stability achieved, the step function
response® on the x 102 range is shown in Figure 11, The amcunt of
overall feedback on this range is 36 dB. The step function responses
on the other ranges show a comparable degree of stability.,

N

mokch SQUARE  WAVE INPUT

0-1 SE

STEP FUNCTION INPUT ' Amplifier '_I‘ransient
, Response Waveforms
- ' (Excluding transformers)

By means of switch S,, the anode of V; may be connected either to
an 800 ¢/s tuned circuit, having a Q of approximately 40, or to a simple
resistance load. The effective A,C. value of the latter is 40 kilohms,
and the dynamic resistance of the tuned circuit at resonance is made of
the same value. All contacts on switch S, are of the make-before-break
variety, and the arrangement used ensures %hat no D,C, switching transient
reaches the output terminal when changing over from the "Tuned" to the
"Wideband" setting and vice-versa, The "off" positions of S, are also
useful for shorting the amplifier output so as to avoid switching
transients when operating the gain switch S,, such transients being very
undesirable if delicate recorders or thermocouple instruments are used
at a later stage in the system.

The inductcr used for the output tuned circuit has a toroidal dust
core with an effective permeability of about 120, which gives good
stability and absence of sensitivity to stray magnetic fields., A
separate winding is provided for the output, instead of employing a
coupling condenser direct from the valve anode, since this gives the
advanbage that ripple and other fluctuations in the H,T. supply to the
ancde of V3 do not appear at the amplifier output terminal,

See footnote page 24.
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The method used for obtaining a small range (+ 20 ¢/s) of variable
tuning is to change the tuning capacity in steps by means of the 12 -
position switch S Though this arrangement is reasonably satisfactory
for the present pérpose, it is felt that a truly continuous tuning
adjustment would really be preferable. i satisfactory solution could
probably be obtained by using the varicmeter principle, in the form of
a laminated stator carrying most of the turns in series with a
laminated rotor carrying a small percentage of the turns. This idea
has not been pursued, however, and the author would be very interested
to hear from any reader who has produced a practical variable-frequency
tuned circuit suitable for applications of the 3ort here described and
of a purely passive nature,

Though D,C, hecater supply is normally used with this amplifier,
provision is made for the alternative use of A.C, It is interesting
to note, that although 800 ¢/s is the 16th harmonic of 50 ¢/s, no
evidence of an output component at this frequency can be detected, with
4,0, heater supply, on tuning the output circuit through the exaot
mains-harmonic frequency; it would therefore seem that 50 ¢/s heater
supply is really quite satisfactory in a selective amplifier of the
type described, even when used for noise measurerments of the most
exacting nature, It will be seen that special arrangements are used
in the heater circult under A.C. conditions, involving a double-screened
heater transformer and a double-screened lead, This system renders the
hum level almost independent of reasonable amounts of heater-cathode
leakage in the input valve, despite the use of cathode-injected feed=-
back. On the "wideband" setting of Sp, the hum-level with 4,C,
heater supply, though satisfactorily low by normal standards, is too
great to enable satisfactory noise measurements to be made, and D.C.

supply must then be used,

The room-temperature transformer is mounted inside two mumetal
screeninz boxes, thouzh experience in use has shown that it would
really have been preferable to have had three boxes; with two boxes
only, on the "wideband" setting, & noticeable hum output appears, due
to transformer pick-up, unless all mains transformers, etc, are kept
a yard or two away from the input transformer, To reduce the
sensitivity of the apparatus to vibration and acoustic waves, to
which the input transformer was found to respond, the space between
the two mumetal boxes is filled with Wood's metal, making a massive
and rigid structure which is then suspended in sorbo rubber, The
input valve is mounted inside a substantial brass can with a screw
1id, the can being fixed rigidly to the side of the outer mumetal
box and being thus suspended in sorbo rubber with the box, These
measures have provided an excellent degree of freedom from

microphony.

The whole amplifier circuit is completely enclosed inside the
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aluminium structure of the unit, the H.T. and L.T. supply leads enterin
via a screened R,F. interference suppressor unit. The latter was adde
after it was found that spurious outputs were obtained when a sparking-
coil vacuum-leak detector was operated in an adjacent laboratory, and
effécted a large improvement. On working the spark device within a
yard of the amplifier, however, some spurious output still resultcd;
since the fitting of a 3.9 kilohm grid stopper produced a further large
improvement, it would seem that quite high radioc frequencies were
involved, For all practical purposes the amplifier is now quite
satisfoctorily immune from response to such spurious interference, but
to get rid of all trace of response under conditions of very intense
R.F. interference appears to be quite a difficult problem.

With the scurce at 20°K, the r.m.,s. source noise appearing at the
outgut terminals, with the tuned circuit switched in and a gain of
x107, is about 15 mV; this is sufficiently high to allow the use of an
ordinary broadband audio-frequency amplifier in the following part of
the system, without cbtaining a significant noise contribution from
this latter amplifier., Though the ideal arrangement, for feeding from
the unit here described tc the following amplifier, would be to use a
twisted and screened balanced line, it has been found in practice that
no trouble, in the form of interference pick-up by the inter-unit
wiring,is experienced with the unbalanced output circuit employed,
provided one takes care that the only siznificant conncction between
the earth lines of the two units is via the braiding of the coaxicl
signal lead., If the two amplifiers are operated from a common power
pack, a resistor of about 100 ohms should be included in series with
the H,T. - terminal of the broadband amplifier, so as to ensure that,
on plugging in the signal cable between the units, it makes a much
lower resistance earth connection between them than that occurring
via the H,T, = wiring., In this way the formation of an effective wiring
loop for picking up magnetically-induced interference is avoided,

The under-chassis layout of the amplifier is shown in Figure 12,
Bach valve is mounted in its own screened compartmert on the top of the
chassis, the screening partitions under the chassis being staggered
with respect to those on top, so as to.allow an open lead to be taken
from the anode circuit of one valve to the grid circuit of the next
without introducing anode-to-grid capacity across the first valve
considered, With this arrangement, no screened leads are necessary
in the interstoge wiring and stray capacities are kept to the minimum.
The remaining precautions taken are the svoidance, as far as practicable,
of wiring loops in the %%;ut circuit (especially on the primary side of
the input transformer) \ ), the use of only the best quality components
in goold condition throughout, and the avoidance of any conditions likely
to lead to erratic contacts anywhere in the circuit. The result has
been that during mony months of use there has never been any evidence
of spurious noise, crackling,etc. due to causes lying within the
amplifier,
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5 CUNSIDERLTION CF METHCDS FOR OBTLAINING 4 STILL LOWER NOISE F.CT(R
5e¢1 General

. !

In Section 1, it was mentioned that, when grid-current noise is a
significant contribution, it is by no means obvious that the lowest
noise factor is necessarily obtained by stepping up to the highest possible
grid impedance and adjusting the valve operating conditions approprictely.
In the present section, the variation of grid current and equivalent shot
and partiticn noise resistance with valve operating conditions will each
be considered, leading to a method of designing equipment -of the present
tyre for minimum noise factor, It will be shown that the total valve
noise can be made so small in relation to the noise contributed by the
losses in a transformer such as that described in Section 3, that it is
only by designing an improved transformer that the full benefit of the
reduced valve noise can be obtained, Suggestions for an improved design
of room-temperature transformer will be mnde,

It is believed that a noise factor not greater than 1 dB, with the
source at 20°%K, should be attainable by the improved methods described,

5.2 Variation of Equivalent Shot and Partition Noise Resistance
with Operating Conditions

A theoretical formula, which appears to have very wide acceptance,(z)
for shot and partition noise in pentodes with oxide-coated cathodes, is:-

—

Roq = 2:5x T 51 +8 a2 e (11)
gn ot Ip L Zn
where: - Req = Equivalent noise resistance in kilchms
Gy = Mutual conductance in md/V
I, = wuncde current in md

Ig2= Screen current in mi.

The second term inside the braokets in equation (11) rcoresents the
extra contribution due to partition noise,

The above formula is properly applied, however, only when the anode
currcnt of a valve is limited mainly by the space-charge mechanism and
where the velocity of emission of electrons has only a minor cffect,
Under such space-~charge-limited conditions there is a pronounced minimum
in the potential distribution between cathode and anode, this minimum
lying close to the cathode in the grid-cathode space and being respons-
ible for the peculiar phenomenon of "space-charge smoothing of shot
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noise fluctuations". When, on the other hand, a valve is operated
at obnormally low anode and screen voltages and currents, there is

no such potential minimum within the grid-cathode space and a retard-
ing field® exists throughout the grid-cathode space, rendering the
mechanism of space charge smoothing ineffective, Under these
conditions, the same basic -theory that led to equation (11) now

leads to the simpler result:-

20 I, . '
= o — . e 12
by ™ s (12)

Some ne%éurumeﬁts were mode on an ME14L00 pentode, at a fixed
grid bias of -2, v V, to determine the variation of gm'W1th T, and
g2’ V, g2 peln aagustea as required, From these results R eq W

determlned ‘using formulae (11) and (12), and the curves shown in
Figure 13, curves (a) and (b) respectively, were plotted,

T T
\I(€) Ve =39V L
/
30 o |~
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= 20 X N ‘\\~[ _ _(!,_)’{
= \ = —IRETARING
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= B e R Ny . _1 @ _|
PACE - CHARGE
0 FORM UL§ )
0 01 02 03 04 05 06 07 08 09 0 Il
I.IN mA
Figure 13

Variation of Equivalent Noise
Resistance with Jnocde Current
for Fentode-oconnected ME 1400

Broken lines show theoretical curves,
Pull lines show experimental curves,

i

*® : : .
i.e., an electrostatic field such that the force emerted on an
electron in the ficld is in the opposite dircction to its velocity
of emission from the cathode, ‘
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The valve was then inserted in the amplifier circuit of Fizure 3,
the input stage being temporarily modified to enable the operating
conditions to be adjusted as required. With the 80U c/s tuned circuit
in operation, the output was fed to a linear rectifier and pen recorder,
Provision was made for inserting resistances of O, 30 and 50 kilohms in
the grid circuit and, for each set of valve operating conditions, record-
ings were made for a few minutes with each of the above resistance values
in circuit. From these recordings, the mean square noise output, in
arbitrary units, was deduced, and it was verified that, in every case,
the mean square noise varied linecarly with the value of resistance
inserted in the grid circuit, i.e., that the three points obtained for
the three values of grid resistance lay on a straight line, (The fact
that good straight lines were obtained provided a means of checking that
genuine noise was being measured, and that there was no significant
component due to interference pick-up when the grid circuit impedance
was increased), The negative intercepts of these straight line graphs
on the resistance axis gave the values of R,, as determined experimentally,

The results have been plotted as curves (c), (d) and (e) for threc values
of heater voltage. It will be seen that curve (c), for Vhtr = 6,37,
lies between the two thecretical curves, tending towards the "space ~-charge -
limited" curve at higher anode currents and towards the "retarding field"
curve at lower anode currents, and it may therefore be said that the
measured curve is in reasonable agreement with the theory. The large
increase in noise with reduction of heater voltage, at higher anode
currents, is rather difficult to explain, however, since even with

Vhtr = 3.9V the available cathode emission is much greater than the
actual anode current used, 4 further experimental observation is that
the equivalent noise resistance, for an anode current of 170 pa,

is approximately twice as great with a negative grid-bias of 4 V. as
with the bias of 2 V. used for the rest of the measurements; this can

be explained, at least qualitatively, by the reduction of g, which
ococurs with large negative bias and high screen voltage.

Inasfar as the theory used has taken no account of flicker noise,

the satisfactory experimental agreement obtained would seem to indicate
that, at 800 ¢/s and over the anode-current range investigated, flicker
noise does not contribute very significantly to the total valws noise
if a good specimen of valve is used, This result is in agreement with
the prediction of G, R, Nicoll, to whom the author is much indebted for
helpful advice on the valve noise problem, In an unpublished theoret-
ical and experimental investigation by Nicoll and Warner,®carried out
in 1951, the following formula was given for the equivalent noise
resistance of a pentode, including flicker noisei-

I ' ' 8I,5 | '
Rogq = 20 & e x M+ %2 x 1 —22 { eee (13)
4  é&n I, + Igp t o { €m i

where I, is defined as the value of anode current at which flicker
noise contributes half the total mean square valve noise; I, varies

* .
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considerably from one valve sample %o another at a given frequency,
and is also approximately proportional to frequency.

This formula, though not absclute, in the sense that I, requires
to be determined experimentally for one set of operating conditions,
is useful insofar as it enables the variation in flicker noise for
any change in the operating conditions to be determined, A satis-
factory degree of agreement with experimental results was obtained.

5.3 Variation of Grid Current with Uperating Conditions

It will be assumed, in the following treatment, that sufficient
negative bias is used to ensure that grid current due to the
collection of clectrons by the grid, is negligible; a grid bias of
- 2,0V is sufficient to fulfil this condition.

Referenoe (2) states that, in a triode-connected valve which has
been ged for a few days and selected for low grid current, the
reverse grid current is found to obey approximately the relationship:-

T = EL V2 | ee (14)

where K is a constant varying considerably from one valve to
another, and the grid current is "reverse" grid current - i.e.,
in the opposite direction to that caused by the collection of
electrons by the grid. ©No theoretical explanation for this
formula is given in the Reference, nor is there any indication
how the formula should be modified tc suit pentode operation
with V_ not equal to ng.

Several measurements were therefore made on an ME1LCU
valve operated as a -peatode, with a heater voltage of 5,0 V;
it was found that all the results obtained agreed with the
following empirical formule, within about + 20%: -

Iy =K I Vg Voo (15)
where X = 1.0 x 10~
Igl = Grid current in amps.
ik = Cathode current in amps.

i,e., run continuously under normal working conditions.
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Anode voltage in volts.

Screen voltage in volts,

il

Two of the results obtained are shown as graphs’in Figure 14.
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Valve-Noise Characteristics

No satisfactory explanation of equation (15) has been found, but,
as a result of a discussion with 4.C., Prior of R.R.E., the following

facts were brought to the author's attention:=-

(a) The vacuum pressure in aﬁy good mo@grn receiving valve, after
ageing for a few days, should not exceed 10 ~ mm, of mercury, most of
the gas left in the wvalve after manufacture being absorbed by the

cathode during the ageing process,

(b) At such a low gas pressure, ionization of the gas could not
account for nearly as much grid current as is found in practice.
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(n3th?§ mechanism for the production of reverse grid

ourrent apparently first suggested by Prof. W, B, Nottingham
of M.I.T., is that, when electrons bombard the anode of a valve, soft
X-rays are produced which then cause the emission of photo-electrons
from the grid. . In reference (8), some good evidence is given that
this mechoanism is in fact mainlg responsible for the residual grid
current at pressures bedow 107° mm of mercury, and the.relatiocn
between grid current and anode voltage is a simple power law with an
index between 1.5 and 2, 0.%

After the conclusion of the above grid-current measurements on
an ME14L00, J. Canning and S.,J, Widdows made some grid-current
measurements on 12 CV2135's and 12 CV4138's, tricde connected and with
a heater voltage of approximately 6.3 V, A grid bias of - 2,0 V, was
used throughout, and appropriate values of anode voltage were applied
to give cathode currents of the order of 10, 2,5 and 0,5 mA for each
valve, The grid current was measured at each of these cathode currents,
both when the valves were new, and after ageing for 100 hours, With
most of the valves, the ageing process gave a reduction in grid current
of two or threc times, and it was then found that the measured grid
current values fitted an equation of the same form as (14) sufficiently
closely for the equation to be of practical utility. On determining
the values of K by substituting the figures for I, = 2,5 mh in equation
(14), for each valve, it was found that, with the exceptlon of two
valves out of the 24 tested, K was always within the limits + 100%
to - 50% of the value determlned by the author for an ME14OO.

The above results su%gest that formula (14),  and probably (15)
also, with K = 1,0 x 107", may be used to give the order of magni-
tude of grid current in any small receiving valve which has been
well aged, but tests on much larger numbers of valves would be
necessary before any rigid conclusions could be reached.

® ‘
No theoretical justification for the observed power law is given.,

Prior has pointed out that the fraction of the energy of an
electron converted to X-rays is proportional to the atomic number
Z of the target element multiplied by the energy of the electron -
i.e., it is proportional to ZV, where V is the target voltage.
Hence the total energy converted to X-rays is proportional to 4
ZW2x (number of electrons)s  On the assumption, the justification
for which is rather doubtful, that the number of photo-electrons
emitted from the grid is proportional to this total X-ray energy,
the above relationship leads directly to an equation of the: some
form as equation (14), i.e.

=K Ik v, 2

‘Igl
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5.4 Variation of Total Valve Noise with Operating Conditions

In designing equipment of the present type for minimum noise factor,
the aim, as far as valve noise is concerned, is to obtain the smallest
possible wvalue of

Mean square shot-and-partition + Mean square grid-current
' noise noise

‘Mean square source noise .

The initial calculation will be based on a source temperature of
20% and a room temperature of 290K, with an ideal transformer system
stepping up to 1 megohm. The mean square noise from 1 megohm at 20%K
is the same as that from a resistance of 1 megohm x (20/290), i.c.
69 kilohms at room temperature, Hence, under these conditions:=-
Mean squore shot-and-partition noise _ Egg (16)
' Mean square scurce noise 69 °°

where Req = equivalent room-temperature resistance, in kilohms,
' representing shot and partition noise. ‘ .

The measured volues of Ryy, as given in Figure 13, curve (c), my then be
used in equation (16) to gbtain Figure 14, curve (a). On increasing the
transformer secondary impedance to 2 Iigohms, which requires the turns
ratio to be multiplied by'VZ, the r.m.s. source noise at the secondary
is multiplied by V2 and the mean square noise by 2; since the valve
noise (shot and partition only) is unaffected by increasing the trans-
former rativ, it follows that the curve corresponding to Figure 14,
curve (ag, for a secondary impedance of 2 megohms, is the same as
curve (2a), but shifted up by a factor of 2, Curves for 4 megohms,
8 megohms, etec., may thus easily be drawn.

The basic formula relating to grid-current noise is™:-

. 22
where:- 7 5 = Mean square value of shot-noise component
lon of grid current.
e = Charge of an electron = 1.60 x 1019 coulomb.

® This formula can be applied correctly to determining the total grid
current noise only if I, is caused by a single significant effect; c.gz.,
if I, = O due to balancing of forward and reverse components, each compone:
Willgproduce shot noise and the total grid current shot noise (mean square
will be the sum of the mean square values ‘due to each component.
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. . %
I Mean grid current in amps,

g
of

i

Noise bandwidth in o/s.
The mean square grid currént noise voltage at the grid is:-
2 e Ig 5f(Ro")2
where R," is the source resistance referred to the grid.

Hence

Mean square Ig noise ) 2 @ Ig éf(Ro")z
Mecan square source noise L k T, Ry" 6F
e I R."
= —& 0 ... (18)
2k TO

where k is Boltzmann's constant and T, is source tempecrature.
With R)" = 1 megohm and T = 20 K, formula (18) becomes: -

Mean square Ig noise

= 2. 8 e s 0
Mean square source noise 9 x 10 Ig (19)

Using formula (15) for I_, (19) may be evaluated for various
values of Iy, taking V 1 =-2.0 V and using the minimum valus of

Vy consistent with keeglng camf'ortably clear of bottoming, Vs
was taken as LO V at Ik = 50 pd, and increased gradually to 60 V
at 1.5 mA. In this manner, Figure 1, curve (e) was deriveds
other curves, for R " = 2, L, 8 megohms may then be drawn as
shown, The variation of (total mean square valve noise/mean
square source noise) with annde current, for various grid circuit
impedances, may then be obtained by adding the ordinates of the
appropriate pairs of curves} these total noise curves are shown
full-line in Figure 1. It will be seen that, provided the valve
is operated at the most suitable value of anode current, the total
valve noise becomes smaller and smaller in relation to the source
noise as the secondary impedance of the input transformer is made
higher and higher. It should be noted that this is so only
because the twn sets of curves.are of unequal steepness.

It will be seen that by stepping up to 4 megohms, and running
at an an~de current »f about 0.35 mA, the total mean square valve

X
See fontnote on page 35.
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noise is about 0.05 of the mean square source noise with the source at
20°K, .issuming a noiscless transformer, the equipment would then give

a noise factor of 3dB with the source at 20%K x 0,05, i.e., 19K, and =
the noise factor with the source at 20°K would be 10 logyg 1.05, i.e.,

about 0,22 dB, It is almost certain that, in practice, the limiting
factor would turn out to be the tronsformer design, and calculations
based on the analysis in Jppendix % show that a ratio of shunt to scries
loss resistance of about 1,75 x 10° would be required to make the trans-
former noisc abcut equal to the amplifier noise, and therbby'to cchieve

a total noisc factor in the region of 0,4 dB,

With a transformer of the same size as that used in the-equipment
described in this paper, the required improvement in shunt-to-series-loss
resistance ratio could in theory be obtained by reducing the lamination
thickness down to about 0,00033 in.,  This would require the use of a
toroidal tape-weund corec, the suggested winding arrangement having the
primary as a distributed winding round the circumference of the toroid
with the seccndary in a tall and narrow section at one place. Since
nearly all the outside of the secondary would then be in open space,
secondary stray capacity could probably be reduced, with care, to about
15 pF.  With thinner magnetic material, the turns required for equalizing
the noise contributions from the shunt and series losses would be less
than with thicker material, and difficulty mlght be experienced in keeping
the primary inductance sufficiently high. A material such as Supermalloy
could be used if necessary, however, the very'hlgh perneablllty of which
should overcome the dlfflculty. :

In aiming to obtain the very best possible noise factor, it would be
best to limit the working frequency range to that applying when the tuned
circuit is in use, rather than try to achieve an alternative wide band-
width in the same design, as done in the present equipment. In designing
for optimum performance at frequencies well under 800 c/s, it would be
necessary tc consider flicker noise, which would result in the optimum
valve current being lower than the optimum for higher frequencies.

It will be seen from Figure 14 that the valve current used in the
equipment described in the present poper is considercbly less than the
optimum for 800 ¢/s operation, which would be in the region of 1 mi.

It will be noticed, however, that the increase in noise is very gradual
for a reduction of valve current below the optimum, but much more rapid
above the optimum; it is desireble in practice, therefore, to operate
at, syy, about half the true optimum current, so that a slight increase
in grid current will not cause too great a deterioration in performance.
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APTENDIX 1

(a) Effect of Shunt Resistance on Noise Factor

The Noise, Factor of any device may be efired in several ways, but the
simplest definition for the present purpose is:-

Total mean square noise output voltage
Component of mean square noise output
voltage due to Johnson noise in input
source impedance

Noise factor = 10logyg
in decibels

Referring to Figure A, let the signal source have resistance R  at
temperature T,, being shunted by a resistance Rgy at temperature Tgpe

Then the noise factor is given by:-

B

2
) .. N
(WkTRo62)2 x —Ssh ! 4 (kT R 188)F x

| _
N.F. = 10log, _ Ro +Bept L - Rg + Ry
| + R
i (4LXToRoSF) % x —sh
- 5 Ro +Rgp |
L , §
- 10log, . To Ro Bsh® + TshRsh Ro
10 T_ R, Rqp?
. o *‘o “'sh
[ 1
T, R
= 10log, 1+ -8h o aB e (1)
© To Bsn ;

The second term in the brackets may be regarded as the undesired contrib-
ution due to the shunt lods resistance Rgp, the first term being the
desired contribution due te Johnson noise in the source,

R >
" g oUTPUT
S ,

atr,, Figure A
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(b) Effect of Secries Resistance on Noise Factor

Referring to Figure B, let the signal source have resistance
Ro at temperature T haV1ng in scries with it a resistance Tee at

temperature Tge. Then the noise factor is given by:=-

4kT§R36f + LT _ r, 0f

N.F. = 10log, , 2 3 8¢ vo. (id)
LKT RS :
l T r i
= 1Olog1o §1 + S€ S

ToRo
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L
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(c) Effect of Combined Shunt and Serleg Resistance on Noise
Factor

When both shunt and series resistances are simultaneously
present, the noise factor may be calculated in the same basic
memmer as above, but the result depends on the position of the
series resistance in relation to the shunt resistance, However,
on the assumption that R_, is much greater than RO and ry, much
less than Rj - a condition which applies in the present desiga
problem - the relative position of the resistances is of negligible
importance, and it is apprroximately true to say that the noise
contributed by one resistance is independent of the presence of
the other, TUnder these- conditions, the noise factor is given by:-

.

i

! TR TgeT
N.F. = 10log,, |1+ 222 + 5222

(iii)
T Rsn ToRo

- -
If Tgp = Tge = T, then the noise factor is given by:-

N F. =V1Olog10

=)

II\O | Rsh RO J

t*l + _T___ g_q_ -+ rse\)—{ ) ss e (iV)
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APPENDIX 2

The following calculation refers to the condition when a 300 chm
source, at 209K, is connected directly to the room~-temperature transforrer,

The calculated transformer loss resistance values are used, but the
equivalent valve noise resistance is the measured value of 25 kilohms.

Source resistance referred to grid

6

= 300 x (59.6)2 x 1077 = 1,07 megohms, Mean square noise ... 1 UNIT

Copper resistance of room-temperature
transformer, referred tc grid

= 4.0 + 1.30 x (59.6)% = 8.62 kilohms

Hence, from ippendix 1, relative

noise contribution from this loss

= (290/20) x (0.00862/1.07)

= 0,117 Unit. Mean square noise ..., 0,117 UNIT

Eddy-current loss of room-temperature
tronsformer, referred to grid, 72megohms

Hence, from appendix 1, relative
noise contribution from this loss
= (290/20) x (1,07/72) = 0.216 Unit Mean square noise ... 0,216 UNT

relative noise contribution from

shot and partition noise

(29G/20) x (0.025/1.07)

0.339 Unit . Mean square noiseé ... 0.339 UNI

From formula (19) of Section
5.4, assuming a grid current
of 1O'11A, which is the max-
imum value quoted by the makers
for the conditions used, the
relative contribution from
grid-current noise = 0,003 Unit .
. o TOTAL mean sguare
noise, other than
from source .r. U675 UNI

Mean sgquare noise ..., 0.003 UWI

Hence Foise Factor = 10logy (1 + 0.675) = 2,24 dB

(iith o shunt loss resistance of 36 megohms, as obtained by mcasurement
in room~temperature transformer No, 1, the relative noise contribution
from this cause is U.432 Unit, giving a Noise F8ctor, with the other
contributions as above, of 2,77 dB, which agrees well with the

measured Noise Factor).
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SOME ASFECTS CF SOLAR RADIO NOISE
By V. é:i.. Hu_ghes, M.SC-, F.RnA$:S-

The dramatic discovery by J. S. Hoy(!) in 1942 that sunspots were
capable of emitting intense radiation at metre wavelengths was not made
public until the lifting of security restrictions in 1946. Since then
a great deal of information has been obtained both in this country and
abroad on the behaviour of solar radio wave radiation in the band which
is limited at longer wavelengths by attenuation in the ionosphere and o
shorter wavelcengths by atmospheric absorption and receeiver sensitivity.
Various types of radiation are now recognised, and it is possible to
detect not only the intense levels related to solar activity but also
the basic thermal radiation and to confirm the results suggested
by optical 2ethods that the temperature in the solar corona is of the
order of 10° deg.K.

It is not the purpose here to give a complete survey of solar
radiation but to give a general picture and to deal with some of the more

.recent work, It is convenient to classify solar radiation into threc
components ( ) the background level of the quiescent sun, the slowly
varying component associated with sunspots and the more rapid short
duration increases normally associcted with solar flares, These three
divisions, known as the B, S and X ccomponents respectively, will be
considered in turn., Finally a description will be given of some of the
measurements made at R.R,E. during the solar eclipse of 30th June, 1954.

The Backiround RaulatlonAjB Component )

4t OpthLl wavelengths the sun appears as a bright disk, surrcunded
by a faint atmosphere or corona, Because of the great contrast between
‘the corona and the sun itselfitis normally only seen at times of a total
eclipse, Its form at the time of the total eclipse of 30th Jutie 1954 is
shown in Plate I. This corona consists mainly of jonized hyurowen which,
though transparent to optical wavelenzths, obsorbs and emits raliation at
radio wavelengths to a degree depending on electron density and temperature.
Most of the radiation at a particular wavelength will originate close to
the region in the corona where the absorption is high, and the radiation
received will approximate to that corresponding to the electron temperature
at that point. Also, the limit to propagation of radiation is that the
refractive index must be greater than zero. Since the refractive index
becomes zero at the wavelength \ where 32 = K/N, K beln& a constant and N
the electron density, and since the electron density increases with
deareasing height in the corona, the shorter the wave length the greater
the depth from which radiation may be received. This is shown in Figure
1, for the case where there is no magnetic field. However, the electron
temperature increases with increasing radial distance from the sun, rising
from about 6000 deg. K at the photosphere to sbout 10° deg. K in the corona,
and since the intensity received along a ray path originating in the sun is
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a function of the absorption (proportional to N?), the refractive
index and the electron temperature along that path, the intensity
distribution across the sun may be expected to be non-uniform., A
ray criginating towards the limb will travel a greater distance
in the higher temperature corona than a ray which originates from
the centre of the disk, and refraction of the rays in traversing
regions of the corona where the refractive index departs from
unity will also modify the distribution.

It was first suggested by Martyn(3) that,though at wavelengths
of the order of 1 metre the solar radie disk would tend to be :
uniformly bright and at a temps:nture of ebout 10° deg, K. eorres-
ponding to the coronal temperature, at wavelengths of 60 om and less
the rodiation from the centre of the sun would decrease kinec it
originates mninly in the lower temperature corona and chromosphers,
whilst the radiation from the 1limb would not decrease a§ rapidly due
to the rays traversing the higher temperature corona. The resulf

.



would be that the sun appears to have a bright ring round the %i b,
Simil?r calculations have been made by others including Hagen T and
Smerd using modified electron temperature distributions and taking
into account the effect of refraction in the corona, The results all
indicate "limb' brightening" at the shorter wavelengths, the wavelength
at which it occurs and its emplitude depending on the assumed parameters
of the coronal model,

Difficulty arises over the testing of the various coronal models.
A high resolving power is required and measurements may be distorted by
the presence of high intensity sources on the solar disk. Three methods
have been used; interferometer methods, the use of large aerials and
eclipse measurements,

Interferometer methods. The principle of this method is analogous to
the Michelson interferometer., A series of measurements are obtained by
using two aerials at various spaoings. At each spacing the amplitude of
the signal obtained when the source passes through the interference lobes
of the two aerials is proportional to the angular frequency component
corresponding to the lobe spacing across the source, and the distribution
across the source is given by the Fourier tra?ggorm of the curve relating
signal amplitude to aerial spacing. Stanier used this method at a
wave length of 60 cm but failed to detect any evidence of lim ? %rlghtening,
but more recent measurements by O'Brien and Tandberg-Hanssen using -
interferometers with axes inclined at various angles to the solar axis
of rotation have shown that not only is there limb brightening but the
limb brightening is confined to the equatorial regions, the maximum
occurring at O, 4 R, and not at 1.0 R, as predicted from theory. (R, is
the radius of the photosphere) Thls lack of agreement may be due to
either a change in elecotron density during th? 3unspot cycle as has been
shown from a recent analysis by Van de Hulst or to the presence of
emitting regions on the sun at the time that Stanier was obtaining his
measurements, That the sun wshould show some form of non-radial symmetry
is not surprising from examination o§ photographs of the solar corona and
this has been confirmed by 0'Brien(9) at the wavelength of 1.4 metres, this
result also showing limb brightening at the equator, Some contours of
radio noise across the solar disk obtained using interferometer techniques

are shown in Figure 2,

Large aerial systems, To obtain an angular resolution corresponding
to 1/10th the solar subtension,a beamwidth of 3 mins. of arc is required.
This implies an aerial aperture of just over 1000 wavelengths. Such large
aerials involve difficulties because of their size at metre wavelengths and
tolerances in constructior at short wavelengths., However, a large 50 ft,
diameter paraboloid which can be used at wavelengths down to about 8 mm has
recently been constructed at the Naval Research Laboratories, Washington,
and results as yet unpublished suggest that at this wavelength both centre

and limb brightening exist,
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Pigure 2

Distribution of Radio Brightness
across the Sun, with Radius of Photosphere as Unit:

(&) A = 1.4 m. Interferometer technique (O'Brien)
(b) N = 60 cm. Interferometer technique (0'Brien & Tandberg-

4 Hanssen)
(¢) A = 21 om. Diffraction grating (Christiansen & Warburton).

It is easier to obtain a discrimination in one dimension by the use
of a linear array an? ssme aerials of this type have been constructed.
Covington and Broten 10) use a waveguide array 150 ft. long, giving a
beamwidth of 8 mins, of arc and, by use of a }inear diffraction grating
gonsisting of 32 paraboloids, Christiansen(11 has obtained a resolution
of 3 mins., of arc at the wavelength of 25 om and Swarup and Parthasarathy
8.26 mins, of arc for the wavelength of 60 cm using the same apparatus.

(12)
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All these experiments show a brightening towards the 1limb in the
one dimensional case,, The use of the diffraction grating in two
orthogonal planes 13) also shows a lack of circular symmetry,
Figure 2, :

Eclipse results, . The main advantage of eclipse measurcments
is the increased resclving power, especially for the: measurement of
bright sources, but the accuracies obtained for the radial distrib-
ution are not very high. They do provide a means of checking results
obtained by other methods and originally led Denisse, Blum and Steinberg (14)
to conclude that at a wavelength of 18 metres the sun showed marked :
departures from radial symmetry. This result was arrived at from
measurements taken at three widely separated points, one on the path
of totality and two others at sites where the eolipse was partial,
The path of the moon's centre acrcss the sun and the shape of the
radio sun i? sgown in Pigure 3. Recent measurements made by Hey
and Huoghes 15 during the eclipse of 3Cth June, 1954 indicate that
at a wavelength of 10,5 cm a small amount of asymmetry exists; this
will be described later in more detail, and Steinberg (private
communication) suggests that even at 3 om non-radial symmetry exists.

Figure 3

Tha Shape of the Radio Sun a2t A = 1.78 m.,
ootained from the Soler Helipases of 1st
_ Sept. 1951 and 25th Febh,1952

The straight lines indicate the luocus of the moon's centre
and the percentages shown are the reduction in solar intensity
at the optical contacts (Denisse, Blum & Steinberg).
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Discrepancies exist in the measurements made by the different
methods and by the same methods used at different times., It is possible
that the background level may vary and that the shape of the radio sun
may change in form, as does the shape of the solar corcna, depending on
the phase of the sunspot cycle, The presence of bright radio sources
on the sun, even in the absence of sunspotg, may also lead to some of
the discrepancies, However, Eiddington(16) has analysed the available
information and obtained curves showing the opparent disk temperature ‘and
central brightness temperature for the average spot free sun (ca 1948)
and for the sun after a prolonged absence of sunspots. This is shown in
Pigure L. ‘

T
—— APPARENT DISK TEMP
--—CENTRAL BRIGHTNESS TEMP.
X AVERAGE SPOT-FREE SUN (I948)
© SUN AFTER PROLONGED ABSENCE OF
SPOTS.

S

Figure L

Curves of Solar
Temperature (B Component)
against Wave length

(Piddington)

IS

S

EFFECTIVE TEMPERATURE (DEG.K.)

100 10 10 0l
WAVELENGTH N CENTIMETRES

The Slowly Varying Component (S Component)

During redioc observations o% the eclipse of 23rd November,1946 at a
wavelength of 10.3 cm, Covington 1 noticed, from the obscuration of a
sunspot group, that the signal received from the sunspot was very much
greater than that from the remainder of the disk, That sunspots are

the source of inc egsed radiation has also been shown in a similar manner
by other workers ’ 193 20) ot wavelengths of 50 cm, 10 om and 3.2 cm.
Covington also showed 21 that the variations in 10,7 om radiation from
the sun showed striking similarity to the variations in sunspot number,
and Denisse 22) taking the analysis further found successively better
correlation between increased Solar radiation and sunspot number (N),
integrated sunspot area (XA) and the factor 2 A gg where H, is the
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magnetic field of the sunspot Piddin Son and Minnett(z) have used

the results of other workers (23 2k, 25 together with Covington and
their own to obtain the spectrum of the S component in terms of increased
solar temperature per unit sunspot area, Their results are shown in
FPigure 5, Most of the radiation is circularly polarised,

10® = N 100

-&F

| Tec ¢

EFFECTIVE SUNSPOT
TEMP.

, \

10 \}G
SOLAR BACKGROUN
TEMP.

10 100 10 0
WAVELENGTH IN CENTIMETRES.

INCREASE IN SOLAR TEMPERATURE PER. UNIT SUNSPOT AREA.

EFFECTIVE  TEMPERATURE  (DEG. K))

Figure 5

Spectra of Sunspot & Background
Radiation against Wavelength

6

The unit of sunspot area is 107° x solar area,

If the emitting area is the same as the sunspot area, it is
possible to determine the effective temperature of sunspots and,
using this assumption, Figure 5 also shows the cffective sunspot
temperature in comparison with the effective temperature of the-
spot-free sun. There is not precise agreement between the temper-
atures obtained by this means and those obtained by Covington and
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Broten(qo) using the 150 ft, Wavegulde array, results from the latter,
for three sunspots, varying from 3. 10° to 2,107 dege. K as against 10
deg. K. This may be explained by the fact that Covington and Broten take
the emitting,region as being larger than the sunspot area, whereas the
other method is a statistical one and may be influenced by the presence
of bright regions not associated with visual spots.

The slowly varying.component does not involve temperaturesgreatly in
excess of coronal temperatures and, since there are no a priori arguments
to decide between thermal and non-thermal mechanisms, the simplest hypo-
thesis is that it originates in ocoronal condensation above the level of a
spot, If the coronal density were to increase, the temperature distri-
bution remeining congtant, then radiation at a particular frequency would
originate at greater heights in the higher temperature regicns, and an
increase in diameter of the emitting region of ‘ten times cver th 2 diame ter
of the spot at a region in the oorona where the temperature is 10° deg,K
would show the sunspot as having an effective temperature of 10° deg. K, in
agreement with the curve of sunspot terperature as shown in Figure 5,
model of a coronal condensation as suggested by Waldmeier and Muller (265
is shown in Figure 6.

32x10°
43x10

A

Figure 6

Model Coronal Condensation

The diameter is 125,000 km., Electron densities,
N, are per c.c, (Waldmeier & Muller)
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That noise storms originate in high regions in the solar atmosphere
has been shown by Payne-Scott and Little(27%, who measured sources at
heights of 0.3 to 1,0 photospheric radii above the sun's visible
surface, using o wavelength of 3.1 metres, Though noige storms are,
strictly speaking, not the slowly varying component, they are the
manifestation of sunspot radiation at longer wavelengths, ard
usually occur when sunspots are on the centre of the disk, In
other words, though at centimetre wavelengths the radiation from
sunspots tends to be imsotropic, producing the true slowly varying
component, at longer wavelengths they have directional gg3racter-
istics, producing noise storms, and Mechin and O'Brien(‘ have
shown that the emission widths, between half power points, are

36°, 20° and 15° for wavelengths of 50 cm, 1.7 metres and 3.7

metres respectively, these angular widths corresponding to increases
lasting for 2,7, 1.5 and 0,6 days respectively,

Burst (X Component)

The X cgomponent consists of increases in radio noise of
short duration, usually associated with solar flares or small
brightenings on the solar disk observed in the Hgz spectral line
from atomic hydrogen., Flares, besides producing radio effects,
are also thought to be a source of cosmic rays, X-rays and ultra
videt radiation, as well as being involved in the emission of
corpuscular streams, all of which cause terrestrial effects such
as ionospheric disturbances, magnetic storms and aurorae.

At the wavelength of 10,7 cm, the X component consists mainly
of increases in radio noise of up to the order of a few times the
basic oomfgnsnt and has been classified by Dodson, Hedeman and
Covington ?) into six categories; these include simple bursts,
multiple bursts, gradual rise and falls, and combinations of
these, It is found that if a flare occurs on the solar disk
there is a 57% probability of a radio burst, independent of the
position of the flare, whilst gradual rise and falls result more
frequently when a flare is on the centre of the disk, and last as
long as or longer than the flare, In either case, a radio event
appears always to be associated with a flare., TFigure 7 shows an
unpublished result obtained by Hey and Hughes of the variation in
solar radiation with the line widths of He during an intense
flare of 18th May 1951. The Ha  variation was kindly supplied
by Ellison from the Royal Observatory, Edinburgh,

At metre wavelengtls the X component becomes more intense
anl, using the panoramic receiver, Wild 30) has obtained spectra
of the so called "outbursts" in the range of 70 = 130 Mc/s showing
a drift in spectral features towards low frequencies at a rate of
abouz e Nb/s per sec. The ex*ension of the range to 4O - 210
Mc/s(31) shows an initial very rapid drift together with the
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Pigure

Comparison between Increased Solar Radiation at
A = 10 cm. and Line Width of Hg during Solar

‘Plare of 18th May, 1951

previously measured slow drift with the addition of a second harmonic
term, the latter being shown in Figure 8, The interpretation of these
results is based on the principle that radiations at a particular wave-
length can only escape from the sun when the source reaches a height
where the electron density is such that the refractive index is greatsr
than zero; the flare initiates firstly a component of high velocity -
about a third that of light - which may be associated with cosmic rays,
followed by the much slower component with velocity of about 400 = 600
km/s which appears to be associated with the emission of corpuscular
streams., Whatever the cause of the intense radio emission, it appears
that some non-linear mechanism 1s operative and the radiation is non-

thermal,

Further confirmation of the movement of souioss of i?te?se radiation
on the solar-disk wasc obtained by Little and Payne-Scott 32), 1n this
case, the movement of the sources in directions across the disk normal

to the line of sight was observed by means of an interferometer, the
lobes being swept across the sun 25 times a second, Six outbursts
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were cbserved, initiated by flares, and in each case large scale movements
were observed together with changes in polarization. Initially, the '
polarization was random, but during the course of the flares the radiation
appears tu go through stages of circular, linear or elliptical and finally
circular polarization,

An interesting fea ure of radio bursts was first pointedocut by Hey,
Parsons and Pnillips who reported that, at a wavelength of 4.1 metres,
radio burgts associated with solar flares occurred more often on the castern
k2¥ of the sun than on the western. The explanation of this was that the
region of the flare is the source of corpuscular emission which, because
of solar rotation east to west, sprays out like a rotating hosepipe.
Hence a flare on the west of the sun will be more obscured than one on the
. east, A more recent ana%gs’s at the shorter wavelength of 1.5 metres by
Dodson, Hedeman and Cwren %) failed to indicate any significant asymmetry
but, as pointed out by Hey and Hughes,(55 “this may be due to the expected
smaller absorption at the shorter wavelength and far more results would be
requir?%égo cobtain a significant answer, Turther analysis by Hey and
Hughes confirms the asymmetry and it is pointed out that absorption,
if absorption is the cause, must be taking place close to the source of
radiation. This kind of analysis is important since, though corpuscular
streams are assumed to exist and go a long way to explain a number of
terrestrial effects such ag magnetic storms and aurocrae, very little direct
evidence of their existence has been obtained,

Solar Eclipse Measurements of 30th June 1954

& solar eclipse is of interest to radio astronomers since it enables
check measurements to be made on the form of the distribution across the
sun, The eclipse of 30th June 1954 was ideal since it occurred at a time
of sunspot minimum, at a time when there appeared to be no disturbed regions
on the solar surface, The path of totality stretched from the centre of
the North american Continent, through Southern Greenland and Scandinavia
to the borders of India, the centre of the path being in South Scandinavia,

Two expeditions were organised from R.R.E., one to the path of totality
in Southern Norway where measurements were made at a wavelength of about
8 mm, and one to a local site near Malvern where measurements were obtained
at the two wavelength bands of 3 cm and 10 cm. In order to give some idea
of the type of equipment used and the results obtained, only the 10 cm
measurements will be described,

The object of the experiment was to determine the shape of the sun
at the wavelength of 10 cm, with a view to measuring the extent of limb
brightening, by observing the way in which the intensity of the received
radiation from the sun varied throughout the eclipse., If it may be
assumed, as is possibly true at the very short microwavelengths, that the
distribution across the sun shows circular symmetry, then the maximum



amount of information is obtained.in a region where the eclipse is
total, But, since for totality the path of the moon's centre is
along a solar diameter, the eclipse curve will be symmetrical with
respect to sun-moon separation irrespective of whether the radiation
is cirgularly symetrical or tends towards the type of distribution
as in Figures 2 or 3, and a large numbser of solutions will be found
to fit the experimental results, On the other hand, if observations
arc tdken where the eclipse is partial, the path of the moon's centre
follows a chord on the sclar surface; if the eclipse curve is
symmetrical then it is justified to assume circular symmetry, whilst
if the two halves of the eclipse curve are not the same, added
information is obtained concerning the shape of the distribution which
may suggest further experiments. The Malvern arca was ideal for
checking solar symmetry, since at totality about three quarters of
the sun was eclipsed,

Uwing to the small power levels involved, it was necessary to
choose a site that was free from interference, and with this in
mind it was decided to set up the equipment in Ledbury, about 7 miles
from Malvern, and screened from the radar interference of the
Establishment by the line of the Malvern Hills, The equipment was
positioned and set in operation ebout a week before the day of the
eclipse.

The Radiometer

The radiometer is an equipment designed to measure small noise
powers normally with an accuragy corresponding to variations in
effective temperature of 1 deg. K. At microwavelengths these
measurements are made with receivers having internal noise levels
corresponding to an input noise power of about 300C deg.K, and if
a simple "straight" receiver were used a high degree of gain
stability'Wou%% Be required. This diffioculty was partially over-
come by Dicke 7) who reduced the effect of receiver gain varia-
tions by periodically inserting a disk of attenuating material:
into the waveguide between the aerial and the receiver, using
the receiver to measure the difference between the eerial temper-
ature and the temperature of the disk. The difficulty still
remains of measuring accurately aerial temperatures near absolute
zero or room temperature, since in the former case a gain stability
of the order of U.3% is required, and in the latter case difficulty
arises in the accurate measurement of the temperature of the rotating

attenuator disk.

The present system overcomes the remaining difficulties by the
use of a waveguide switch which alternately switches the receiver,
about 30 timss a second, between the aerial and a standard noise
source consisting of a variable precision attenuator and accurately
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calibrated argon discharge tube (38) and, since the aerial temperature

is liable to be less than room temperature, a directional coupler is
used to increase the effective temperature of the aerial arm of the
switch by about 300 deg.K. The receiver is used as a null detector or
a vernier -enabling small temperature variations about the value corres-
ponding to the setting of the attenuator of the standard noise source to
be measured, :

The block schematic diagram of the radiometer is shown in Figure 9,
the remainder of the equipment following conventional lines. The gain of
the receiver was such that full scale deflection of the recorder corres-
ponded to about 1Uf of the total received solar noise; as the eclipse
progressed, the standard noise source was reset in order to keep the
recorder on scale. The resulting relative accuracy in measurement of
the eclipse curve corresponded to 1 deg. K or 0,5% of the level of the
uneclipsed sun.

The aerial or radio telescope consisted of a 5 ft, diameter paraboloid
mounted on the roof of a radar cabin, To enable the aerial to follow the
sun, azimuth and elevation infOfmagion was fed into the servo-controls
from a computer. The computer(’9) is based on a model of the celestial
sphere, and is shown in Plate IT,

The calibration of the whole equipment was obtained by directing the
aerial tuwards a waveguide horn fed from a discharge tube, The waveguide
horn simulates a source whose area is given by the effective area of the
horn and whose temperature is the same as the effective temperature of the
discharge tube (11,190 deg.K)., By measuring the increase in effective
temperature of the aerial,and knowing the effective angular subtension at
the aerial of the waveguide horn, the calibration is obtained,

The Results

The sky was cloudy on the morning of the eclipse, but there were
sufficient clear patches to allow last minute optical checks on the
alignment of the aerial, As the eclipse progressed the sky became
completely overcast, but it was reassuring to note that at the end of the
eclipse the solar level had returned to its pre-eclipse value., In order
to check the alignment accuracy of the aerial, measurements were repeated
the following day, and it was confirmed that the aerial was positioned
accurately on the sun throughout the region of the sky covered by the

eclipse.

The eclipse curve obtained is shown in Figure 10 together with the
path of the moon's centre across the sun. The initial feature observed
from the curve is the slight asymmetry in the two halves, this asymmetry
appearing more obvious when the two halves of the curve are plotted in
terms of the sun-moon separation as in Figure 11, The probable explanation
of this is that the distribution across the sun is not circularly symm-
etrical, but tends more to an elliptical shape. This is also suggested
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Pigure 10

Eclipse Curve for 30th June, 1954,
together with Path of the Moon's Centre
with respect to the Solar Disk

by the fact that the radius of the sun is slightly greater at the end of
the eclipse than at the beginning., A comparison of the eclipse curve
with the curve that would have been obtained had the sun uniform bright-
ness shows that the deorease at the start of the eclipse is more rapid
and hence indicates a greater intensity at the limb than for a uniform
model. This also holds if a uniform disk is assumed of radius 10%
greater than the optical disk, this figure being the suggested value -
for the size of the radio disk from timing the start of the radio
eclipse, Hence the results obtained indicate that, at the wavelength
of 10 cm, the form of the sun is probably somewhat similar to that at
slightly longer wavelengths (cf. Figure 2), It is interesting to

note that, even at the wavelength of
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Comparison of Two Halves of
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3 om, Steinberg (private communication) suggests that the
asymmetry still exists. .

A more detailed analysis is at present in progress;
the initial results suggest a certain amount of limb

brightening.
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THE NATURE CF THE RADIC EMISSICN FRUM THE
GALAXY AND DISCRETE SUURCES

by R. L. Adgie, B.:i.
. 4 ’

Radio Astronom¥ gas made enormcus progress since Jansky's original
discovery in 1932(1) of a radio frequency radiation with an origin
beyond the earth, but the process by which these waves are generated
is still not fully understood, It is the object of this article to
review the experimental evidence at present available and to outline
briefly sume of the possible radiation mechanisms,

The General Background rRadiation

There are two parameters of the background radiation which can be
determined at a given frequency - the spatial distribution and the
absolute intensity. All the results at various frequencies show the
same general features in spatial distribution, i.e., the "contours of
radio brightness" follow roughly the distribution of visual stars
throughout the galaxy with a maximum towards the galactic centre.(2:3,4)
But the integrated radiation from the stars, radiating with the same
intensity as the sun, is too small to account for this zeneral back-
ground., Apart from a spectral line of hydrogen at 1420 Mc/s, the
power per unit bandwidth varies only slowly with frequency. In this
respect the spectrum of the emission is similar to the continuous cr
white light spectrum of sunlight, and in fact the emission is described
by some radio engineers as "white noise'.

The signal fed tc the receiver has of course an amplitude which
is fluctuating in a random manner, but the noise power in a given -
bandwidth can be defined as the 2.M.5. value averaged over a suffic-
iently long period, This type of signal is also produced by the
receiver itself wnd one of the technical problems of Radio Astronomy
is to measure the noise signals picked up by the aerial in the presence
of this receiver noise., ‘ ‘

The normal method of designating the brightness of the background
radiation is in terms of the flux radiated by unit area into unit
solid angle, Tigure 1 shows the spectrum of the background radiation
plotted in these units and also two curves for black body radiators
at temperatures of 1000 degrees and 10,000 degrees. The spectrum of
the background does not coincide with any black body curve but it is
frequently convenient to express the brightness at one frequency in
terms of the temperature of a black body that would have the same
brizhtness at that frequency. The apparent temperature of the back-
ground therefore rises rapidly at low frequencies.
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The full expression for the black body cvurve is given by
Planck's theory:- '

2hy v.2 dv
- R
ke, e

where B is the brightness, T the temperature, h Planck's constant and
k Boltzmann's constant,’

When hv is small compared to kT (corresponding to classical
physics), the formula approximates to

2kT“2
B o= S
. (6]

which is the Rayleigh-Jeans Law.

As can be seen from the black body curves in Figure 1, the
Rayleigh-Jeans Law will be applicable at radio frequencies. On the
log scales used, B o V2 corresponds to a straight line of slope 2).

In m.k.s, units the Rayleigh-Jeans Law gives
B = 3,06 10740 1,2 ‘W m'2 (c:/s)"'1 steradian™]

The observe% Sackground temperature ét 9 Mc/s is greater than
100G00C" degrees 5 s Which suggests a very efficient radiating
mechanism that gives a brightness far greater than the expected

thermal radiation®*%,

All the background surveys show a surprisingly large intensity
in the direction of the galactic poles, far more than would be
expected from an interstellar origin. This was thought to be the
unresolved radiation from many extragalactic radio sources, but two
pieces of i?forgation obtained at Cambridge have indicated a new
possibility 6,7 .

The Andromeda Nebula is a nearby galaxy and, like our own
galaxy, produces non-thermal radio emission. But more than half of
the total radiation appears to originate from regions having a
spherical distribution extending well cutside the gelactic

¥  The steradian is the unit of solid angle,

X% Interstellar gas has a temperature of about 100 degrees which
rises to about 10,000 degrees close to hot stars.
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plane; This spherical distribution also fits the contours of
brightness found in our owi galaxy and. actcounts forimestiof the
radiation observed at the galactic poles. Figure 2 illustrates
this "radio galaxy". The discovery of this new distribution does
of course raise the difficulty of finding an explanation for its
origin, as very few visual stars are observed at such large
distances from the galactic plane,

The background has the same radio spectrum for different
directions(8 and it seems natural to suppose that both the
galactic and spherical distributions originate from similar
emission mechanisms. At 81,5 Mc/s the background temperature
near the galactic goles is about 1000 degrees(7 ;3 the brightness
varies as v ~Os giving a variation of apparent temperature
of v=2.5, Thcrefore at the lower frequencies, the whole of the
sky appears, to an aerial, to be very hot and the radiation
that is received will normally produce more noise than the
receiver itself,

NON - THERMAL RADIO SOURCE
SPHERICAL DISTRIBUTION. .

NON- THERMAL RADIO SOURCE
GALACTIC DISTRIBUTION.

i o s .
,,,,,, Gl Ll b “GALACTIC PLANE.

THIN DISC OF
IONISED HYDROGEN.

- 90,000 LIGHT YEARS.

Figure 2

A Section through the
"Radio Galaxy"
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Galactic Thermal Emission from Ionised Hydrogen

Close to bright stars, clouds of hydrogen become ionised by the
intense radiation and, having a kinetic temperature of about 10,000
degrees, can produce sufficient thermal radio emission to be detccted.

In the rarefied ionised gas (the density is about 1 atom per
G.G.) the electrons will be accelerated into hyperbolic orbits as they
approach near to a proton and generate electromagnetic radiation, The
loss of energy by the electron is not limited to specific values, as
in transisionse between fixed atomic energy levels, and the radiation
will have a continuous spectrum with an intensity appropriate to the
electron velocities, The electron velocities will be determined by
the thermal agitation of the gas and the intensity of the radiation
will correspond to the actual gas temperature. (A sinilar process
produces the continuous X-ray spectrum, except that in this case the
electrons are not thermal but have been accelerated to high velocities
by the anode-cathode potential).

The full black body brightness will not be produced if the ionised
gas cloud is semi-transparent. If the absorption coefficient is x,
then the brightness will be:-

. {xds
B, = BO (1 -e Ju )

-

where By is the black body brightness,

jkds is the integral of the absorption along a line of sight
through the cloud, and is called the "optical depth". For large
values of optical depth, B approaches By, but for small values,
B = By fxds. Now x varies as v~ and B, as v2 so B becomes independ-
ent of -v when the cloud is "optically thin".

The large ionised gas cloud known as the Orion Nebula was first
detected at 3000 MC/S(9% with an apparent temperature of 100 degrees,
i.e., fxds = 0,01, so the cloud is "optically thin" at this frequency.
The brightness curve is shown in Pigure 1; as the cloud becomes
optically thick at low frequencies it joins the 10,000 degree black
body curve and its brightness then rapidly falls until it equals that
of the background at about 50 Mc/s. Below this frequency the cloud
would be detected as a cold area in the hot background.

In addition to several isolated -ionised clouds, a co?$i uous band

has been detected which is confined to the galactic plane 0) due to a
thin disc like concentration of bright stars, Figure 3 shows the
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appearance of this narrow band when seen both in emission and absorption
the transition from optically thin to optically thick occurring at about
50 Nb/é. At frequencies above about 500 Mc/s the non-thermal back-
ground fallsbelow the detection limit of most receivers, but the ionised
hydrogen still remains sufficiently intense to be detected,

PN
] S

200000

-2
/ \ 20 Mc/s
-20°  -10° 0 10° 20°

GALACTIC LATITUDE .

APPARENT BRIGHTNESS TEMPERATURE (DEGREES)

Figure 3

The Effect of Tonised Hydrogen on the
General Background Radiation

The diagrams show the approximate variation of
brightness temperature that would be obtained if a
narrow beam acrial were swept ‘across the galactic
plane close to the galactic centre,
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Discrete Sources of Radio Emission

& search for discrete sources has recently been completed at
Cambrilge, (11 giving a total of 1936 sources. 30 of these have large
anzular diaméters between 20 min. and 2° of arc, and appear to be
concentrated in the galactic plane.. The remainder have small
anzular diameters and appear to be isotropic.

Knowing the intensity and angular diameter, the brightness can
be computed; as with the background radiation, it is far in excess
of that expected from a thermal emission mechanism,

The approximate brightness curve for the intense radio source
in Cygnus is shown in Pigure 1; the apparent brightness temperature
rises to about 10'Y degrees at low frequencies™,

A few of the most intense scurces have been observeu'uvbr a
wide range of frequencies and they all appear to have spectra
similar to that of Cygnus.

The brlghtness variations range from 19+0 to 142 with an
average of W -0.6 (8 . This average is close to the value observed
for the general background radiation. But the integrated radiation
from many discrete sources. of the type already observed falls well
short of the observed background brightness, and to account for the
increase of brightness:in the golactic plane a far larocr degree of
galactic concentration would bc required,

It . 1s possible that the background is the integrated radiation
from a different class of discrete sources whose brightness ‘is too
low to allow them to be observed individually, but huv1ng a very
high density. : ,

about 20 of the discrete radio sources have been identified with
visual cbjects and a comparison of the optical and radio data
provides*valuable information about radiating mechanisms,

TIdentified GuluCth Ubjects

The remnants of the two supernovae of 1054 (Crab Nebula) and
1604 (Ksnlcr s Superncva) form powerful radio sources but appear as
fairly f 1nt visual nebu1031tles. :

X There is now some eYidince that the brightness begins to fall
“agatn below 20 Me/s 12 L I .
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Several other faint nebulosities are associated with radic sources
(including the most intense source in Cassiopeia) but their origin is
unknown,

The optical measurements show violent internal motions in these
sources, indicating severe turbulence. This mechanical encrgy of
motion must, by some means, be translated. into intense radic
emission.

The extensive dust clouds prevent any visual observations in many
directions in the galactic plane without affecting the transmission of
radio waves, Several of the large diameter scurces cbserved close to
the galactic plane must be galactic objects, but their identification
with visual objects will be prevented by this dust.

Identified Dxtragalactic Objects

The radio emission from about 10 galaxies has been detected,(13)
including the andromeda Nebula, and their brightness agrees roughly
with the Lrizhtness of our own galaxy, i.e., they are normal non-
thermal emitters,

The c¢ther raldio sources identified as galaxies have all shown an
extremely high radio brightness which is associated with some
peculiarity in the galaxy., For example, the intense radio source in .
Virgo has been identified as NGC L4486, a galaxy having a very high
velccity jet of material ejected from one side, Five of these
"peculiar" objects have been identified as two galaxies very close
together and probably in collision, the well known examples of this
class being the intense source in Cygnus.

During the collision the stars in each galaxy, being separated
by such enormous distances, will pass between each other unimpeded,
but the interstellar gas will be subjected to large changing
gravitational fields and will probably be set into viclent turbulent
motion. These conditions are similar to those existing, on a much
smaller scale, in the galactic radio sources, and it is probable
that the same mechanism produces the radio emission®.

4s a result of the collision, the radio brightness of Cygnus
has been increased by a factor of 102 over a normal galaxy, and it
is interesting to speculate on the plight of an observer living in
the centre of Cygnus. The visual effects of the collision would be
very small, only an abnormal distribution of stars. it radio

% No significant differences in radio spectra have been observed
for the galactic and extra-galactic sources,
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frequencies the backzround radiation would be really intensc,

moking it extremely difficult to detect the discrete sources of
radio emission anld producing very large noise powers in low
frequency receivers, For example, at 50 Mb/s the equivalent
brightness{teﬁperaturewtuﬂibe about 109 degrees and the nuise power
produced at the input of a receiver would be about 10° times the
receiver noise. (The noise voltage produced in a bandwidth of

L Mc/s would be about 2 mV),

The Cygnus source is as much as 200 million light-ycars away
and yet is the second most intense radio source, If it werc at 10
 times this distance it would be beyond the range of the 200 inch
telescope at Mount Palomar but would still remain fairly intensec at
radio frequencies (the weakest sources obtained in the Cambrilge
survey are less than one thousandth of the intensity of Cygnus).
It seems very likely that most of the weak radio sources found in
the Cambridge survey are examples of colliding galaxies which are
too distant to be observed with even the largest optical telescope( 4).

Radio observations can therefore give valuable information about
parts of the universe inaccessible to optical instruments., It is
possible to "see" to distant parts of our own galaxy where optical
observations are impossible because of dust obscuration, and to very
great distances into space. In adlition to the non-thermal emission
mechanism providing a very efficient radio frequency generator, the
spectrum plays an important part in increasing the range of radio
obssrvations.,

41l the distant galaxies appear to be travelling away from us
with a velocity proportional to their distance and this motion
produces a doppler shift in the radiation which effectively shifts
the spsctrum tou lower frequencies. Referring again to Figure 1,
the optical emission comes from stars in these galaxies having a
temperature of about 10,000 degrees, i.e., the optical frequencies
lie near the maximum of the black body curve. 4 doppler shift of
the spectrum to lower frequencies produces a very sharp reduction
in brightness compared to an equivalent shift of the Cygnus spectrum,

Non=Thermal Emission

An efficient transformation of mechanical energy into electro-
magnetic radiation is possible with some form of coherent oscillator.
It is now thought that the enhanced radiation from the sun is caused
by plasma oscillations in the ionised corona, but it is difficult to
account for the continuous spectrum observed in galactic radiation
by such a process.
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Electrons, having a small mass, would need only small amounts of
mechanical energyy to raise them to the high velocities required for
intense radiation. The problem is to find a process which will first
produce high velocity electrons and then accelerate them to produce
electro-magnetic radiation,

It is thought that weak magnetic fields, of the order of 10k
gauss, exist in the interstellar gas clouds, maintained presumably by
the turbulent motion of the ionisation, and these clouds have random
velocities of a few km/éec. A fast electron will be deviated from a
straight path during its passage through a cloud and some of the
momentum of the cloud will be imparted to the electfon, An electron
will spend longer in a cloud which is moving in the same direction |,
as itself tHowinone moving against it, so the result of many encounters
will be to speed up the electron, This process can be considered as
an attempt on the part of the electrons to reach thermal equilibrium
with the gas clouds through elastic collisions, and though the clouds
have only small random velocities, because of their large relative

mass, they can accelerate the electrons to high energies®,

The transverse acceleration imposed by the magnetic fields will
produce ¢lectro-magnetic radiation and, because of the relativistic
velocitics, this radiation will be confined to a narrow cone along
the direction of travel. Thus, a given electron will produce a
short pulse of radiation as the line of sight coincides with its
trajectory, as shown in Figure &4,

TYPE OF PULSE RECEIVED J

Figure 4

Radiation by Relativistic Electrons
in a Magnetic Field

¥ Velocities are achieved which exceed 0,99995 ¢, corresponiing to
an energy of 100 times the rest mass. Energies of 107 times the
rest mass are attained in some discrete sources.
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The frequency srectrum will be given by the fourier components
of this pul? 3nd the frequencies having the largest amplitule will
be close toll

2 4019 108 B2 ofs

wherc B is strength of the maonetlc fleld in gouss and the electron
energy is Y times the rest mass. '

The power radiated = 1,58 1012 B2 YZ ergs/sec,

Thus a radio frequency power spectrum of v 0+5 should be associated
Wlth an electron energy spectrum of y-2 % . The observed snergy spsctrum of
cosmic rays is ncarcr to Y=J. ‘but, since the cosmic rays measured are
mainly protons, this Cifference may not be significant, .

As yet no conclusive evidence has been found that cosmic rays
originate from beyond the solar system, but the high energies measured
in air showers do indicate the necessity for an accelerating mechanism
operating in the interstellar space similar to that which gives the
high energy clectrons required for the production of radio frequency
radiation.

Most theoreticians are satisfied that the non-thermal galactlc
ralio emission is caused by relativistic electrons moving in' magnetic
fields, but the process which accelerates these electrons to high.
energics is not fully understood, The theory desecribed abové“gives”'
one possible sclution to this problem, but unfortunately only
operates on clectrons with high initial energies. The turbulent
motions associated with the discrete sources would certainly help
to establish high energy gas clouds and their associated magnetic
fields required by this theory. The initial high energy electrons
could be produced by supernovac explosions or a thermonuclcar
reaction in colliding gas clouds,

References
1.  Jansky, K., Proc, I.R.E., 20, 1920 (1932).

2, BHey, J. 8., Fhillips, J. W., and Parsons, S, J., Froc. Roy., Soc.,
192, 425 (1948), ‘

3. Bolton, J. G., and Westfold, K. C., Aust. J. Sci. Res.,4,3,19 (1950).

¥
Radio frequency power in range » toVv + dY is proportlonal to v=0.52y
which™ig therefore priuporticnal to- CYZ)’ ydy or dy

No. of;?lectronSrin range v to y+dy is proportional to Y'2 dy

...73-



k. Allen, C,W., and Gum, C.S., aust. J. Sci. Res., A3, 224 (1950).

5. Higgins, C.S., and Shain, C.A., Just. 7. Fhys., 7, 460 (1954).

6. Baldwin, J.E., Nature, 17k, 320 (1954).

7.. Baldwin, J.E., Reported at I.A.U. 1955,%

8. Adgié, R.L., Reported at I.A,U. 1955,

9. Hadldock, F.T., Mayer, C,H.,, and Sloanaker, R.M., A.strophys. J,
119, 456 (195h)

10. Schever, P,4.G.,, and Ryle, M., Mon, Not, Roy. Astron., Soc.,
113, 3 (1953). |

11. Shakeshaft, J.R., et al., In publication and reported at
I.AU. 1955,

12, Lamden, R.J., and Lovell, 4.C.B., Reported at I,A.U., 1955.

13. Pawsey, J.L., Reported é.‘t L.AU. 1955, |

14, R_yle:,' M., In publication and reported at I,A.U, 1955.

15. Hoyle, F., Nature, 173, 483 (1954).

¥*

International astronomical Union Symposium on Radio dstronomy,

1955.

_74_



BOCOK REVIEW

THE THECRY AND PRACTICE OF COMMUNICATIONS, ELECTRONICS,
) FEEDBACK AND SERVOMECHANTISMS
By J. Smith, 985 pp., 278 figs., Electron Press Ltd., London,

This book is of a very comprehensive nature, covering the theory
and practice of communications, electronics, feedback end servomechanisms,

The author is to be congratulated on his choice of a heptode for
the pre—amplifier in the non~linear multiple-loop guided weapon auto-
matic launcher laying computer. A section describing the functions
of the various grids would have been of value in this section, however.

There is an appalling error on p. 742 which spoils what otherwise
might have been a fairly useful book. The author states that the
conversion conductance of the 6L8G heptode usually lies between 0.35 mA/V
and 0.40 mA/V. This is grossly misleading since it is only necessary
to test a few dozen valves of this type to find one with a conversion
conductance as low as 0.346 mA/V, Also, researches by the undersigned
several years ago showed that it is possible to achieve a conversion
conductance of 0.422 mA/V from this valve for short periods using three
times the recommended heater voltage. Considerable space is devoted to
the new cascode-hexode valve, the author succumbing tc modern trends.
Even though a conversion conductance cf 19.7 m4i/V up to 150 Mc/s is
obtainable from this new device, there is still a lot to be said in
favour of the well-tried heptode.

The author was formerly with a Government Research Establishment
and he has restricted his scope to only those aspects of electricity
which are investigated in these Establishments. This failing seems
distressingly common nowadays, but nevertheless this book might prove
a useful contribution. The book is printed on good quality paper and
is handsomely bound in green leather with gilt embossed lettering.

P. PENTAGRID

(To would-be authors and reviewers - this may provide timely warning - Ed.)
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